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Editorial on the Research Topic
 Towards the Control of Thermal Expansion: From 1996 to Today



Most materials expand on heating, known as positive thermal expansion (PTE). Thermal expansion is critical in many technological applications, like precise instruments, glazes and coating materials, optical and electronic devices, high-temperature materials design. As a matter of fact, different materials in contact with each other can have different thermal expansion, giving rise to thermal shock breakage. For this reason, controlling thermal expansion represents a challenge for materials design.

Negative thermal expansion (NTE), that is material contraction on heating over a certain temperature range, is relatively rare but has important technological applications. Since the large isotropic NTE was discovered in zirconium tungstate over a wide temperature range in 1996, the interest in NTE has rapidly grown to become the most promising route to achieve the control of thermal expansion. Since then, many NTE materials have been discovered.

NTE phenomenon is known to arise from a range of different physical mechanisms, such as low-energy vibrational modes, ferroelectricity, magnetic, and valence transitions. However, this does not lead to straightforward control of thermal expansion. Moreover, composites of negative and positive thermal expansion materials may fail after repeated cycling, so direct control of thermal expansion within a single homogenous phase is desirable and yet difficult to achieve. To date, different methods are under investigation to achieve the control of thermal expansion.

The present Research Topic includes a collection of original research and review (mini review) articles dedicated to the physical-chemical phenomena connected to NTE and to the state-of-the-art for control thermal expansion. The collection begins with a review by Takenaka on phase-transition type NTE materials, presenting some recent works related to how giant NTE materials are used as practical thermal expansion compensators. Hu et al. present a second review on the NTE behavior in materials with giant magnetocaloric effects (MCE), including some representative examples of MCE materials. An article perspective is presented by Attfield, where NTE is classified in terms of intrinsic structural and electronic mechanisms, and morphological NTE due to the specific morphology of the sample.

Many articles of the collection are dedicated to developing new materials with zero or adjustable thermal expansion. Liu et al. fabricated Zr2MoP2O12/ZrO2 composites with a variable coefficient of thermal expansion (CTE) from −5.7 × 10−6 K−1 to +5.6 × 10−6 K−1 by changing the Zr2MoP2O12 content, reaching a near zero CTE from 25 to 700°C for the composition ratio Zr2MoP2O12/ZrO2 of 2:1. Similarly, Zhang et al. synthetized Zr2WP2O12/ZrO2 composites and adjusted the CTE from −3.3 × 10−6 K−1 to +4.1 × 10−6 K−1 by varying the mass ratio Zr2WP2O12/ZrO2, obtaining again a zero CTE for the ratio 2:1. Near-zero thermal expansion behavior over a wide temperature range was also found out by Li et al. in HfMg1−xZnxMo3O12 solid solutions, whose phase transition temperature from monoclinic to orthorhombic structure increases with the content of Zn2+. Giant NTE properties were observed in Fe-doped MnNiGe compounds by Zhao et al. with CTE values of about −285 × 10−6 K−1 and −1167 × 10−6 K−1 in Mn0.90Fe0.10NiGe and MnNi0.90Fe0.10Ge, respectively. Furthermore, these materials were combined with Cu in order to control their NTE properties. Guo et al. investigated NTE and magnetic properties of anti-perovskite Ga1−xCrxN0.83Mn3 compounds. They observed that Cr doping introduces ferromagnetic order thus giving rise to the broadening of NTE temperature window. Finally, Zhou et al. obtained huge PTE and NTE in fence-like metal organic frameworks obtained with a series of transition metal ions.

Part of the published works have a computational character. By using an efficient approach for obtaining the variation of the dynamical matrix as a function of the lattice constant, Vila et al. obtained that the large NTE of ZrW2O8 arises almost exclusively from the transverse contributions of the O-atoms. A second study was performed by Vila et al. on ZrW2O8, combining theoretical calculations of the structure and vibrational properties with the experimental results from extended x-ray absorption fine structure spectroscopy. Ab initio lattice dynamics calculations were combined with inelastic neutron scattering by Singh et al. to study the NTE dynamics in the metal organic framework compound AgC4N3. Ablitt et al. performed density functional theory simulations in Ruddlesden–Popper layered perovskite series, showing that by changing the fraction of layer interface in the structure one may control the anisotropic compliance necessary for the pronounced uniaxial NTE observed in these systems. Occhialini et al. discussed the broad issue of structural NTE with particular attention on perovskite-structured materials, providing a model treatment beyond mean field theory to identify the key elements that move toward control of NTE. First-principles calculations were performed in NiSi and isostructural compound NiGe by Goel et al. with the aim of studying the phonon modes which give the major contribution to the NTE behavior in NiSi, and reasons for negligible NTE in NiGe.

Lastly, high-pressure synchrotron powder X-ray diffraction studies of Cr2Mo3O12 and Y2Mo3O12 were conducted by Young et al. revealing that the monoclinic polymorphs of these materials do not undergo phase transitions within the studied pressure range, making them unique among the A2M3O12 family of NTE materials. Jiang et al. investigated the thermal expansion properties of the ultraviolet non-linear optical crystal BaAlBO3F2 and the practical implications were discussed. Wang et al. proposed the new strain gauge method to measure the thermal expansion and magnetostriction of solid materials at low temperatures, opening up an interesting way for exploring potential magnetostrictive and NTE materials.

In summary, the present papers taken together give an overview of research on NTE and on the tuning of thermal expansion. We hope that the different perspectives here reported will inspire new studies and findings toward the design of materials with controlled thermal expansion.
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To meet strong demands for the control of thermal expansion necessary because of the advanced development of industrial technology, widely various giant negative thermal expansion (NTE) materials have been developed during the last decade. Discovery of large isotropic NTE in ZrW2O8 has greatly advanced research on NTE deriving from its characteristic crystal structure, which is now classified as conventional NTE. Materials classified in this category have increased rapidly. In addition to development of conventional NTE materials, remarkable progress has been made in phase-transition-type NTE materials using a phase transition accompanied by volume contraction upon heating. These giant NTE materials have brought a paradigm shift in the control of thermal expansion. This report classifies and reviews mechanisms and materials of NTE to suggest means of improving their functionality and of developing new materials. A subsequent summary presents some recent activities related to how these giant NTE materials are used as practical thermal expansion compensators, with some examples of composites containing these NTE materials.

Keywords: negative thermal expansion, phase transition, thermal expansion control, composites, microstructural effects

INTRODUCTION

Control of thermal expansion, an urgent demand in modern industrial technology, is making remarkable progress. Even a minute change of 10−5 in linear distortion fatally degrades the performance of high-precision devices and instruments. Furthermore, for a device comprising multiple materials, mismatched thermal expansion between the constituents themselves can cause severe damage such as exfoliation of interfaces and breakage of wires. In addition to work in fields that have traditionally avoided the adverse influence of thermal expansion such as optical instruments and precise machining equipment, control of thermal expansion has been strongly sought in recent years for advanced electronics such as power semiconductor devices, thermoelectric conversion systems, and fuel cells. Difficulties attributable to thermal expansion control are universal and are difficult to resolve.

The core technology of thermal expansion control is negative thermal expansion (NTE) materials: substances that contract when heated (Chu et al., 1987; Sleight, 1998; Evans, 1999; Barrera et al., 2005; Lind, 2012; Takenaka, 2012; Chen et al., 2015). After discovery of the large isotropic NTE of ZrW2O8 in 1996, for which the coefficient of linear thermal expansion αL (subscript L signifying “linear”) reaches −9 × 10−6 K−1 (Mary et al., 1996), the successive discovery of giant NTE materials has encouraged remarkable progress of research in this field, particularly during the last decade. Such development has brought a paradigm shift for the control of thermal expansion. For further improvement of the NTE functions and for the development of new materials, the achievements of the last two decades in this field are summarized briefly, particularly addressing recently discovered giant NTE materials (Figure 1).
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FIGURE 1. Classification of negative thermal expansion materials. Materials are divisible into two categories: conventional and phase-transition-type materials.



POSITIVE AND NEGATIVE THERMAL EXPANSION

Thermal Expansion of Solids

The origin of thermal expansion of solids can be summarized briefly (Cochran, 1973). One might consider atoms connected together by springs as a model of solids, but these springs are anharmonic and do not exactly and simply obey Hooke's law. The atoms are prevented from becoming extremely close to one another because of Pauli's exclusion principle. As a result, excursions to longer interatomic distances occur more readily than those to shorter interatomic distances. Consequently, the average interatomic distance increases concomitantly with increasing temperature T. More intuitively, one can generally infer from Pauli's exclusion principle that as the temperature rises and the thermal vibration of an atom increases, it tries to maintain its distance from other atoms to avoid mutual collision. This increasing distance with vibration explains thermal expansion.

Conventional NTE Materials

In stark contrast to ordinary materials, some materials contract upon heating. Some examples are those of a silicon oxide family including β-eucryptite (LiAlSiO4) and cordierite (Mg2Al2Si5O18), which were reported in the 1950s (Gillery and Bush, 1959). These silicates have strong covalent bonds such as Al–O and Si–O bonds, and not so strong ionic bonds such as Li–O and Mg–O bonds. The ionic bonds expand on heating, resulting in the expansion of two-dimensional sheets in β-eucryptite, for example. Thermal expansion of these ionic bonds pulls the two-dimensional sheets closer together because these two-dimensional sheets are joined by strong covalent bonds that do not expand when heated (Figure 2). For β-eucryptite with a hexagonal crystal lattice, on warming from 293 K to 1073 K, the in-plane (a axis) direction in which the Li–O bond is dominant expands 0.62%, whereas the out-of-plane (c axis) direction, in which the Si–O bond is dominant, contracts 1.39%. This thermal distortion causes unit-cell volume contraction of 0.15%. From another viewpoint, open spaces are filled by the thermal distortion of strong covalent bonds. This concept is exemplified more clearly in the open-framework or flexible-network materials described next. Readers might doubt that the NTE of β-eucryptite is much larger. Details of the discrepancy between the unit-cell volumetric NTE and the bulk NTE are discussed in Chapter 4.
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FIGURE 2. Schematic of anisotropic thermal expansion in the silicates. As the shaded layers undergo thermal expansion, they are pulled closer together in the direction perpendicular to the layer, which causes significant thermal contraction in this direction and yields slight net volumetric thermal contraction.



Flexible-network materials are a well-known family of NTE materials that includes ZrW2O8 and vanadates and phosphates of certain kinds (Mary et al., 1996; Pryde et al., 1996; Evans et al., 1997). This network consists of rigid units connected by soft linkages. The rigid units are formed by strong covalent bonds. For ZrW2O8, W–O covalent bonds are strong. Therefore WO4 units are rigid. They do not expand on heating. By contrast, although the W–O and Zr–O bond distances are not changed, the Zr–O–W linkages are soft. Transverse oxygen displacement is induced easily on heating. These displacements consume open spaces in the crystal structure, resulting in volumetric NTE (Figure 3). Different from the silicates, anisotropic lattice thermal expansion is unimportant. The volume change related to NTE is much greater. In fact, ZrW2O8 has attracted great attention because of its large and isotropic NTE of αL = −9 × 10−6 K−1 (Mary et al., 1996). NTE appears at the whole T range below 1443 K. The total volume change related to NTE, ΔV/V, reaches 2.7% (Evans, 1999).
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FIGURE 3. Schematic of negative thermal expansion in a flexible network. A vibrational mode consuming an open space in a crystal lattice is thermally excited, which yields net volumetric thermal contraction.



Negative thermal expansion that is explainable from the concept that strong atomic bonds and thermally induced deformation fill open spaces in the crystal lattice explains conventional NTE materials (Figure 1), which include widely diverse materials. In addition to cyanides (Chapman et al., 2006; Phillips et al., 2008), the fluoride group (Greve et al., 2010; Attfield, 2011; Chatterji et al., 2011; Chen et al., 2017), such as ScF3 and ZnF2, has attracted attention recently. Particularly, Cd(CN)2·xCCl4 shows large NTE of αL = −34 × 10−6 K−1 and ΔV/V = 2.1% at T = 175–375 K (Phillips et al., 2008).

At present, most industrial thermal-expansion compensators, including β-eucryptite, belong to the group of conventional type oxides. This type of NTE has a structural origin for its phenomena. Therefore, NTE appears in almost the entire T range, which is extremely important industrially. However, when discussing practically used materials, their NTE magnitude, at most αL = −7 × 10−6 K−1, is not large from today's perspective. Because the coexistence of strong and not strong chemical bonds is fundamentally important for conventional NTE, low thermal conductivity and low stiffness are unavoidable in these materials. Low thermal conductivity and low stiffness are weak points even for some phase-transition-type NTE materials described in the next chapter. Diligent efforts are continuing toward overcoming them. For example, high thermal conductivity is indispensable for rapid heat dissipation of devices. Development of NTE materials with high thermal conductivity is desired.

PHASE-TRANSITION TYPE NTE MATERIALS

Various attempts have been made to overcome the shortcomings of the conventional NTE materials presented in the preceding chapter. The current trend of NTE material development is to use the phase transition accompanied by volume contraction upon heating. The effectiveness of this approach was recognized widely by discovery of the giant NTE of αL = −25 × 10−6 K−1 in antiferromagnetic antiperovskite Mn3Zn1−xGexN, which uses magnetovolume effects (Takenaka and Takagi, 2005). The giant NTE of manganese nitride strongly influenced subsequent NTE research, leading to the discovery of many NTE materials using magnetic, ferroelectric, charge-transfer, and metal–insulator phase transitions. The phase-transition type NTE concept became dominant in the field (Figure 1). The relation between phase transition and NTE might not be a modern concept because NTE accompanying the magnetic transition (Fe-Pt Invar alloy, Wasserman, 1990) and the ferroelectric transition (PbTiO3, Shirane and Hoshino, 1951) has been known for a long time. The novelty of the present method is the modification of the properties of “mother” materials showing a phase transition (in many cases, first-order phase transition), intentionally using chemical approaches such as element substitution (Figure 4).
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FIGURE 4. Concept of total volume change ΔV/V related to negative thermal expansion (NTE). In the case of phase-transition-type NTE materials, “slope” αV (coefficient of volumetric thermal expansion) shares a tradeoff relation with the width of the operating-temperature window ΔT, roughly described as ΔV/V~|αV|ΔT. As an isotropic material, a coefficient of linear thermal expansion αL is related to αV as αV = 3αL. Therefore, coefficients αV and αL are not intrinsic for such phase-transition-type materials. Instead, the total volume change ΔV/V is the intrinsic index indicating the potential of NTE.



Specifications of the recently discovered giant NTE materials are presented in Table 1. Phase-transition type materials have an operating temperature that is limited to several tens to 100 K around the phase transition, but they have a negative αL that is several times to 10 times larger than those of conventional type materials. Although a wide operating temperature window ΔT is generally suitable for practical applications, limited ΔT presents no difficulty in many cases, such as precision equipment that is expected to operate at room temperatures. Bi0.95La0.05NiO3 exhibits large negative αL of −82 × 10−6 K−1 (Azuma et al., 2015), which is comparable to the magnitude of positive αL of epoxy resin, although the operating-temperature window ΔT is not so wide (60 K). Despite that operating temperature window limitation, it is of great importance that it suppresses the thermal expansion of plastics, which has heretofore been difficult.


Table 1. Parameters related to crystallographic negative thermal expansion for prototypical materials.
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For phase-transition-type NTE materials, a certain mechanism causes excessive shrinkage that can overcome positive lattice thermal expansion. The mechanisms of prototypical phase-transition-type NTE are described in this chapter. It is noteworthy that the mode of classification, including the conventional type, is not absolute. For example, ferroelectric transition and charge-transfer transition have a common point of charge disproportionation. Other phase transitions such as structural phase transition are often coupled with the magnetic transition.

It is noteworthy that slope αL presents a tradeoff relation with the width of operating-temperature window ΔT in the case of phase-transition-type NTE materials (Figure 4). The total volume change ΔV/V is a value that is peculiar to the substance. It is difficult to increase it artificially. As a result, the wider the operating-temperature window ΔT becomes, the smaller the negative slope αL becomes. For isotropic materials, we obtain the simple relation of ΔV/V = 3αLΔT. Therefore, slope αL is not intrinsic for such phase-transition-type materials. Instead, ΔV/V is the intrinsic and the most important index indicating the potential of NTE. The word “giant” is customarily used in the field, but no clear definition exists. One important turning point was the discovery of ZrW2O8 in 1996, and a material that surpasses it by the negative coefficient of linear thermal expansion and/or the total volume change related to NTE: a so-called giant NTE material.

Magnetic Transition

The magnetovolume effect is a phenomenon by which the volume changes according to the amplitude of the magnetic moment in itinerant systems. The relative volume change attributable to magnetism is known as the spontaneous volume magnetostriction ωs. Generally speaking, less-itinerant electrons are necessary for magnetism. Electronic spins are aligned via the exchange interaction. That exchange interaction does not work well when electrons are itinerant. Volume expansion decreases the overlap of electronic orbitals and makes electrons less itinerant. This effect is explainable by the electronic theory of solids as follows: volume expansion suppresses the bandwidth and condenses the density of states near the Fermi level EF, which is helpful for magnetism (Figure 5). Therefore, if possible, the system expands the volume to assist magnetism when the magnetic order sets in. This expansion is the magnetovolume effect, which is intimately related with the origin of magnetism in metals. Therefore, it has persisted as a central topic in the field of condensed-matter physics.
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FIGURE 5. Relation between volume and density of states at the Fermi level D(EF) (schematic). Volume expansion shrinks the electronic band width and therefore enhances D(EF), which is favorable for the magnetic state. It also strengthens the electronic repulsion effects.



The materials classified into this category include 36Ni-Fe alloy (Invar alloy, which has low thermal expansion rather than negative thermal expansion) (Wasserman, 1990), Fe3Pt (Sumiyama et al., 1979), YMn2 (Nakamura et al., 1988) in the past, and Mn3AN (where A is a transition metal or semiconducting elements, Takenaka and Takagi, 2005; Hamada and Takenaka, 2011; Wang et al., 2012; Takenaka et al., 2014), La(Fe, Si, Co)13 (Fujita et al., 2001; Huang et al., 2013), and MnCo0.98Cr0.02Ge (Zhao et al., 2015) in recent years. Mass production technology developed in 2012 for manganese nitrides has made them commercially available (Smartec®; Kojundo Chemical Lab. Co. Ltd., Japan, Kawahara et al., 2017).

The low thermal expansion of 36Ni-Fe Invar alloy was reportedly explained by the difference in atomic radius in the early stages of research. The concept of the 2γ model (Weiss, 1963) is that upon heating, the spin configuration of Fe changes gradually from a high-spin state with a larger radius to a low-spin state with a smaller radius. A controversy has long persisted (van Schilfgaarde et al., 1999) between this atomic picture and the itinerant-electron picture described in earlier paragraphs, which emphasizes the contribution from electronic density anomaly near EF (Wohlfarth, 1977; Moriya and Usami, 1980). Although details are not included herein, metallic electronic images are regarded as superior in the sense that they can universally explain the magnetovolume effect of various materials, not merely Invar alloys. Nevertheless, differences in atomic radius between high-spin and low-spin states can play an important role in volume change in real materials such as cobalt oxides (Burley et al., 2004). The 2γ model, which still holds importance as a possible mechanism of NTE, is closely related to NTE caused by charge transfer in the sense that NTE is induced by a change in the atomic radius.

Negative thermal expansion is reported also for localized-moment magnets of certain kinds. Actually, NTE is known to appear in the T range of several tens of degrees on the high T side of the magnetic transition with a compound having a certain spinel or breathing pyrochlore structure (Hemberger et al., 2007; Okamoto et al., 2018; Pokharel et al., 2018). In these materials, NTE disappears below the critical temperature at which the magnetic long-range order is formed. From the localized-moment picture, the magnetovolume effect is attributed to the peculiar volume dependence of the magnetic exchange interaction J, ∂J/∂ω (ω = ΔV/V) (Hausch, 1973). The generalized framework extended to the strain derivative of J is also discussed (Filippetti and Hill, 2000). The argument based on the Bethe–Slater curve of single J discussed previously is too naive to explain the diverse phenomena of real materials. However, if there exist multiple (e.g., ferromagnetic and antiferromagnetic) J and competition between them, then the once discarded localized-moment picture might be revived as worthy of consideration.

Ferroelectric Transition

Actually, NTE is widely known to appear in ferroelectric materials with charge disproportionation such as PbTiO3 (Shirane and Hoshino, 1951), 0.4PbTiO3-0.6BiFeO3 (Chen et al., 2006), Sn2P2S6 (Rong et al., 2016), and Pb(Ti,V)O3 (Pan et al., 2017). From general consideration of the relation between valence and bond length, the averaged bond length in the charge disproportionate case is greater than the bond length in the charge uniform case (Evans, 1999, Figure 6). Atomic bonds are readily expanded, but they are difficult to shrink. We can regard that fact as representing a kind of anharmonicity of atomic bonds. It is noteworthy that anisotropy is fundamentally important for NTE materials of this type. Phenomenologically, dielectric polarization corresponds to volume change (Chen et al., 2015), similar to magnetic NTE materials in which magnetic moments are intimately related to the volume change, but their physical origin differs greatly.
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FIGURE 6. Schematic of negative thermal expansion in a ferroelectric material with charge disproportionation. When charge disproportionation occurs, because the higher-valence interatomic bond length does not shrink as much as the lower-valence one expands (Bottom), the bond length becomes longer than that of the averaged case (Upper).



Charge-Transfer Transition

When charge transfer occurs between the constituent elements, atoms with an increasing number of valence electrons become larger. On the other hand, those with a decreasing number of valence electrons become smaller. However, the change in the atomic radius varies according to the atomic species, electronic configuration, etc. In addition, the effect of the atomic radius on the crystal size depends on the atom's position in the crystal structure. If the contribution from atoms with a decreasing number of valence electrons upon heating is greater, then one can expect net NTE.

A famous example of charge-transfer-type NTE materials, bismuth-nickel oxides (Azuma et al., 2011, 2015), is discussed next. When these oxides are warmed, charges are transferred from Ni to Bi. Therefore, the atomic radius of Ni contracts and that of bismuth expands on warming, but the atomic radius of nickel dominates the lattice volume because the Ni–O octahedron dominates the lattice volume. For that reason, the net volumetric NTE occurs in the bismuth-nickel oxide. A similar mechanism functions for NTE of LaCu3Fe4O12 (Yamada et al., 2011).

Negative thermal expansion is also induced by intra-atomic charge transfer that increases the 4f electron number with decreasing temperature. For example, Sm1−xYxS (Jayaraman et al., 1975; Alekseev et al., 2006), Sm2.75C60 (Arvanitidis et al., 2003), and YbGaGe (Salvador et al., 2003; Sleight, 2003) are known for negative or low thermal expansion by such a mechanism. In the case of Sm, two electronic configurations of (4f)5(5d)1 and (4f)6 compete energetically, but the atomic radius is determined mainly by the 4f electron number. Therefore, NTE appears if the electrons are transferred from the 5d to the 4f orbitals with decreasing temperature.

Metal–Insulator Transition

An example in which the effect of electronic repulsion manifests as an apparent physical property is a Mott insulator (Mott, 1990). In transition metal compounds of a certain kind, the metallic state is often lost because of electronic correlations at low temperatures and the system becomes an insulating state. This transition is called a Mott transition. Generally, a Mott insulating state appears at the lower-T side. The volume of the low-T insulating phase is known to expand upon Mott transition for V2O3 (1.5%) (McWhan and Remeika, 1970) and NiS (1.8%) (Matoba et al., 1991). The mechanism of volume expansion in the insulating state might resemble a magnetovolume effect in the itinerant-electron magnets (Figure 5). It can be understood that volume expansion suppresses the bandwidth and that it therefore enhances electronic-correlation effects, which stabilizes the low-T Mott insulating state. Furthermore, Ca2RuO4 (Takenaka et al., 2017a) is classified into this category, as explained in the next chapter.

Other Factors

Some materials are also known to have volume of the low-T phase which becomes greater than that of the high-T phase with the phase transition because of mechanisms other than the four explained above. They are not understood so systematically as the four above, but they are suggestive for the development of new materials. They are therefore explained here. Silver iodide, AgI (Lawn, 1964; Kumar et al., 2006), which is known as a superionic conductor, undergoes a structural phase transition from β and γ phases with larger volume at low temperatures to α phase and smaller volume at high temperatures near 400 K. The volume change is known to reach 5%. The fact that the relation between NTE and ionic conductivity is discussed (Sleight, 1998) also for the famous NTE material β-eucryptite is suggestive of its importance for future development.

Related to a structural phase transition, certain martensitic transformations accompany volume expansion on cooling. For example, MnCoGe is known to expand by 3.9% in the martensitic transformation from high-T hexagonal phase to low-T orthorhombic phase at around 370 K (Johnson, 1975). Actually, MnCo0.98Cr0.02Ge, with one of the largest total volume change related to NTE found to date, belongs to the same family and shows the same martensitic transformation simultaneously with the magnetic transition (Zhao et al., 2015). Correlation between magnetism and structure in these materials is an interesting subject that has yet to be explored (Kanomata et al., 1995).

Although the relation between NTE and superconductivity is not well understood, Ca0.85La0.15Fe2As2 with the superconducting transition temperature of 43 K exhibits a marked NTE of αL = −16 × 10−6 K−1 and ΔV/V = 1.4% at almost all temperatures below 300 K (Robello et al., 2012). Orbital ordering is regarded as involving the Mott transition in Ca2RuO4 (Mizokawa et al., 2001; Qi et al., 2010) and, although weak, NTE appears just above the Verwey transition (ca. 110 K) in Fe3O4 (Wright et al., 2000). These results suggest that an orbital-ordering transition might be a universal mechanism of NTE.

Mechanism of Broadening Volume Change

From the viewpoint of the mechanism of how the sharp volume change accompanying the first-order phase transition becomes a gradual change with temperature, the phase-transition-type NTE materials are broadly divisible into two categories: “phase-separation” type and “second-order-transition” type. In the former category, which includes bismuth-nickel oxides (Azuma et al., 2011, 2015), the system separates into the larger-unit-cell L phase and the smaller-unit-cell S phase, while preserving the first-order phase transition. NTE is induced because the volume fraction of the L phase increases concomitantly with decreasing T. In the latter category, which includes magnetic NTE materials such as antiperovskite manganese nitrides (Takenaka and Takagi, 2005; Hamada and Takenaka, 2011; Wang et al., 2012; Takenaka et al., 2014), the phase transition changes from first-order-like to second-order-like. Negative thermal expansion of these materials is characterized by a gradual increase in the unit-cell volume of a single phase with decreasing T without phase separation. For manganese nitrides, a detailed neutron diffraction study (Iikubo et al., 2008) demonstrated that the evolution of the amplitude of the magnetic moment is in one-to-one correspondence with the volume increase due to NTE. For the phase-transition-type materials, the mechanism of broadening the volume change is a key issue dominating the operating-temperatures of NTE. To elucidate the broadening mechanism, a certain kind of diffraction study and microscopic observations are required in addition to dilatometry.

ANISOTROPIC THERMAL EXPANSION AND MICROSTRUCTURAL EFFECTS

Negative thermal expansion discussed in the former chapters is associated with NTE of the crystallographic unit cell. For these materials, NTE of the unit cell found using a crystallographic technique such as x-ray diffraction and NTE of the bulk measured using a dilatometric technique are fundamentally equal. However, in some cases, the crystallographic NTE and the dilatometric NTE do not coincide. Actually, β-eucryptite, which is a representative practical thermal-expansion compensator, is one example. The colossal NTE measured in the sintered body of layered ruthenium oxide Ca2RuO4 (Takenaka et al., 2017a) reaffirmed this discrepancy as an important subject in NTE research (Figure 7). The total volume change ΔV/V related to NTE reaches a maximum of 6.7%, exceeding twice the former maximum (3.2%) obtained with MnCo0.98Cr0.02Ge (Zhao et al., 2015). Despite the wide operating-temperature window of 135–345 K (ΔT = 210 K), αL shows a remarkable size of −115 × 10−6 K−1 because of this large total volume change.


[image: image]

FIGURE 7. Linear thermal expansion of Ca2Ru1−xMxO4−y (M = Fe, Cu). Reference temperature: 500 K. Inset: Linear thermal expansion ΔL/L of Ca2Ru0.92Fe0.08O3.82 before and after 20 iterations of thermal cycling (reference temperature: 500 K). Data related to the warming process were collected using a laser interference dilatometer. Referred from earlier reports (Takenaka et al., 2017a,b). For comparison, data of MnCo0.98Cr0.02Ge (Zhao et al., 2015) are also shown.



Originally, Ca2RuO4 was known for unit-cell volume expansion of about 1% at the onset of high-T metallic to low-T insulating phase transition at 360 K (Friedt et al., 2001; Qi et al., 2012). Therefore, Ca2RuO4 is classified as the metal–insulator transition category of NTE described in the preceding chapter. Even in our sample showing a huge bulk NTE, during warming from 150 to 340 K, the c axis expands by 4.6%, whereas the a axis and the b axis shrink respectively by 0.6 and 5.0%. As a result, the unit cell shrinks by 1%. The anisotropic thermal expansion of this unit cell and the fairly large NTE with volume change of ΔV/V = 1% are regarded as attributable to the Mott transition coupled with electronic orbital ordering, although the details remain to be explored.

The colossal NTE of Ca2RuO4 ceramics is proposed as explainable by anisotropic thermal deformation of the crystal grain which fills in the volume of pores that are contained in the sintered body (Figure 8). Such deformation is trivial in the field of ceramics. Moreover, it is not limited to β-eucryptite, for example, also known as MgTi2O5 (Kuszyk and Bradt, 1973; Ohya et al., 1987; Yamai and Ota, 1993). In most cases, however, it is a “one-time” phenomenon that induces microcracks, which is useless as a practical thermal-expansion compensator. One well-known exception is β-eucryptite, the practical use of which was achieved by overcoming the difficulty of advanced control of microcracks (Pelletant et al., 2012; Benavente et al., 2016). Although the NTE characteristics of β-eucryptite vary according to fabrication conditions, the total volume change of the bulk specimen (1.7%) reaches 10 times that of the unit cell (0.15%); also, αL is −7 × 10−6 K−1.
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FIGURE 8. Schematic explanation ΔL/L of microstructural effect for bulk negative thermal expansion. The ceramic body consists of crystal grains with anisotropic thermal expansion and pores. When the temperature increases, the crystal grain expands in one direction and contracts in a perpendicular direction. If there exists open space in the direction in which the crystal grain expands, then this ceramic body contracts.



The ruthenium oxides are characterized by rather low onset temperatures of anisotropic thermal expansion of the unit cell, which is about 500 K. For many other materials including β-eucryptite and MgTi2O5, the onset temperature is close to the sintering temperature, typically over 1,300 K. Therefore, the inner stress accumulates greatly during cooling to room temperature. Compared with those, the accumulated inner stresses are expected to be much smaller for the ruthenates. Indeed, the linear thermal expansion ΔL(T)/L of Ca2Ru0.92Fe0.08O3.82 is reproducible after 20 repetitions of thermal cycling of 300 K → 500 K → 300 K (inset of Figure 7), which suggests that possible degradation of the characteristics because of the thermal history is avoidable. Recently reported theoretical calculations indicate that the microstructural effects without cracks can reproduce the gigantic NTE observed in the ruthenate sintered body (Takezawa et al., 2018). Enhancement of NTE in the ruthenates occurs at a scale of 10 times that of β-eucryptite. Examples for which the material structure is deeply involved in the bulk function of NTE do not exist among recently discovered NTE materials. The concept of microstructural effects provides a strategy for realizing giant NTE. Control of thermal expansion using specific characteristics of materials, particularly in a negative α region, are highly limited in an operating temperature and/or a magnitude of α because of the severe constraints of available materials. To overcome these difficulties, designated structures consisting of two materials having different (positive) thermal expansions and voids are proposed as an artificial materials showing NTE (Takezawa et al., 2015; Wang et al., 2016). The present result is expected to stimulate those activities as a “natural” counterpart of the artificial structures. Structures composed of Structures composed of crystal grains exhibiting anisotropic thermal expansion and voids are expected to be important subjects of future NTE research.

COMPOSITES CONTAINING GIANT NTE MATERIALS

Forming a composite using a NTE material as a thermal-expansion compensator is an effective method of controlling the thermal expansion of a material. Many commercial materials exist such as zero-expansion glass used for precision optical equipment and a zero-expansion ceramic material used for semiconductor device manufacturing. Many earlier studies have examined composites containing NTE materials, particularly β-eucryptite (Xue et al., 2010; Borrell et al., 2012) and ZrW2O8 (Holzer and Dunand, 1999; Matsumoto et al., 2003; Sullivan and Lukehart, 2005; Lind et al., 2011), as thermal expansion compensating fillers. Regarding phase-transition-type giant NTE materials, composites containing Mn3AN (Ding et al., 2011; Takenaka et al., 2012, 2015; Takenaka and Ichigo, 2014; Lin et al., 2017), BiNi1−xFexO3 (Nabetani et al., 2015), La(Fe, Si, Co)13 (Shan et al., 2015), and Ca2Ru0.92Fe0.08O3.82 (Takenaka et al., 2017b) have been reported. Because their chemical reactivity is higher at high temperatures than those of conventional NTE materials, phase-transition-type NTE materials are difficult to use as thermal expansion compensating filler, particularly in cases of metal matrix composites (MMCs). However, powder metallurgy, which enables us to form MMCs at lower temperatures and in a shorter time than when using the conventional method, produced MMCs containing manganese nitrides (Ding et al., 2011; Takenaka et al., 2012, 2015). Some concern arose about difficulties arising from a large thermal expansion difference at the interface between the matrix and the gigantic NTE material. Additional research on the interfaces is expected to be indispensable for the development of industrial materials with high reliability, although this difficulty has not arisen for some composites at present (Takenaka and Ichigo, 2014). Here, plastic matrix composites (PMCs) containing manganese nitrides and ruthenium oxides are discussed.

Generally, the operating temperatures of phase-transition-type NTE materials are not high (ca. 600 K at highest). Therefore, plastics for which the operating temperature range and composite processing temperature are low are indeed the most compatible matrices. In electronic devices, plastics are used in various components such as printed circuit boards, sealing materials, and substrate-chip bonding films. As miniaturization and high integration of integrated circuits progress, problems originating from thermal expansion mismatch between these plastics and inorganic materials such as semiconductors have become more severe. To suppress the large thermal expansion of plastics, conventional thermal expansion compensators such as silica are insufficient. The use of large NTE of phase-transition-type NTE materials is indispensable. Furthermore, control of thermal expansion at a local region at the micrometer level in an integrated circuit, such as underfill of a three-dimensional integrated circuit (3DIC) is strongly demanded (Kino et al., 2017). It is technically important to miniaturize the particle diameter of a giant NTE material to submicrometer size, or less (Lin et al., 2016; Yang et al., 2016).

Before presenting scientific arguments, to summarize briefly how to evaluate the thermal expansion of composites, the author presents discussion of a simple case in which particles of an isotropic reinforcement are dispersed uniformly in an isotropic matrix for analyzing PMCs containing thermal expansion compensating particles. In that case, thermal expansion of the composite falls between the two bounds: The rule of mixture (ROM) and Turner's model (Takenaka, 2012). A bound, ROM, is given, assuming that thermally induced stress is uniform throughout a composite, which is equivalent to saying that the matrix and the filler exhibit their own thermal expansion independently. Consequently, the thermal expansion of a composite is given as the volume-weighted sum of contributions from the matrix and the dispersed filler.
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Another bound, that of Turner's model, is given as the approximation that strain is uniform throughout a composite as a result of elastic interactions between the matrix and the filler at the interfaces. It gives the following estimation.

[image: image]

In the equations above, subscripts c, m, and t respectively denote a composite, matrix, and thermal-expansion compensator. Also, vm and vt respectively represent the volume fractions of the matrix and thermal-expansion compensator; vm + vt = 1. E represents Young's modulus. In Equation (2), the constituent with the larger elastic modulus contributes more to αc beyond the volume fraction. In the case of PMCs containing NTE filler, the relations αm > αt and Em < Et are always fulfilled. Therefore, Equation (1), ROM, gives the upper bound; Equation (2), Turner's model, gives the lower bound for αc.

Figure 9 displays a plot of the ΔL(T)/L experimental values along with curves calculated assuming ROM and Turner's moles for 38 vol%-Mn3.25Zn0.5Sn0.25N/polyamide-imide composite (Takenaka and Ichigo, 2014). The typical grain size of the nitride filler is 30–50 μm. This nitride thermal expansion compensating filler shows a huge NTE of αL = −45 × 10−6 K−1 at T = 305–340 K, resulting in NTE (αL = −3 × 10−6 K−1 at T = 315–327 K) for the composite. Displacement in ΔL/L is less than 160 ppm at T = 303–333 K, equivalent to the averaged αL of 5.3 × 10−6 K−1. The obtained ΔL(T)/L of the composite is between the ROM and Turner's estimates. This result reflects much larger E of the nitride filler (200 GPa, Nakamura et al., 2009) than the matrix (5 GPa, Reinecke et al., 1996), demonstrating the excellent thermal expansion compensating capability of the manganese nitride.
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FIGURE 9. Linear thermal expansion ΔL/L of 38 vol%-Mn3.25Zn0.5Sn0.25N/polyamide-imide composite. Reference temperature: 250 K. Data were collected on a warming process using a laser interference dilatometer. Curves calculated by assuming the ROM and Turner's model are also displayed for comparison. Referred from an earlier report (Takenaka and Ichigo, 2014).



The results of bis-phenol epoxy resin matrix composite in which the ruthenium oxide particles are dispersed (Takenaka et al., 2017b) can be discussed next. The filler is Ca2Ru0.92Fe0.08O3.82. Although Fe doping somewhat suppresses negative αL to −28 × 10−6 K−1, the operating temperature window is expanded to 100–500 K. Furthermore, T-linearity of ΔL(T)/L is improved. Thermal expansion exhibits almost T-linear behavior, even near the lowest temperature used for the present dilatometry measurements. Therefore, NTE apparently continues down to the lower temperature. In that case, the total volume change ΔV/V might become greater than the present estimate of 2.8% (T = 100–500 K). Unfortunately, thermal expansion below 100 K was not measured successfully because of exfoliation of the strain gage. Nevertheless, the composite exhibits low thermal expansion down to 4 K, suggesting NTE of the ruthenate below 100 K.

Figure 10A presents a plot of the ΔL(T)/L experimental values for the 56 vol%- Ca2Ru0.92Fe0.08O3.82/bis-phenol epoxy resin composite (Takenaka et al., 2017b). For the epoxy resin and the composite, ΔL(T)/L was measured down to 5 K using a strain gage. Figure 10B depicts an SEM image of the composite. Dark-gray and light-gray regions respectively represent the epoxy-resin matrix and the ruthenate filler. The ruthenate filler particles, with average size of 20–30 μm, are dispersed uniformly. Each particle is regarded as consisting of smaller crystal grains (ca. 80vol%) and pores (ca. 20vol%). Here, Young's modulus of the epoxy resin is 3.2 GPa (Nabetani et al., 2015). Young's modulus of the ruthenate ceramics particle is estimated as 100 GPa considering the Young's modulus of the related substance Sr2RuO4 of 160 GPa (Hao et al., 2014) and sample porosity of 0.2 (Wagh et al., 1991). The obtained linear thermal expansion of the composite falls between Equations (1, 2), similar to reports of many earlier studies (Sullivan and Lukehart, 2005; Takenaka and Ichigo, 2014; Nabetani et al., 2015). Therefore, the ruthenium oxide particles dispersed in the composite have sufficient stiffness and negative αL. They suppress thermal expansion of the matrix effectively via elastic interactions at the interfaces.
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FIGURE 10. (A) Linear thermal expansion (a) and microscopic image (B) of 56 vol%-Ca2Ru0.92Fe0.08O3.82/epoxy composite. Reference temperature: 400 K. Curves calculated by assuming the ROM and Turner's model are also displayed for comparison. Reproduced from an earlier report (Takenaka et al., 2017b). Copyright (2017) The Japan Society of Applied Physics.



CONCLUDING REMARKS

Because of the phase transition accompanied by large volume contraction on heating, giant NTE beyond that of conventional materials has been realized. That achievement has enabled us to compensate the large thermal expansion of plastics, which has been difficult to date, although the operating temperature ranges of the accomplishments have remained limited. The conventional wisdom of materials science, which has held that “negative CTE cannot be so large,” has been rejected. Concepts and technologies related to thermal expansion control are about to change dramatically. One remarkable achievement in recent years is the huge NTE observed for ruthenium oxide sintered bodies. A structure comprising crystal grains exhibiting anisotropic thermal expansion and pores presents fertile ground for the development of new NTE materials. Today, thermal expansion adjustable composites are being fabricated using recently discovered giant NTE materials including the ruthenates.
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Negative thermal expansion (NTE) behaviors in the materials with giant magnetocaloric effects (MCE) have been reviewed. Attentions are mainly focused on the hexagonal Ni2In-type MM'X compounds. Other MCE materials, such as La(Fe,Si)13, RCo2, and antiperovskite compounds are also simply introduced. The novel MCE and phase-transition-type NTE materials have similar physics origin though the applications are distinct. Spin-lattice coupling plays a key role for the both effect of NTE and giant MCE. Most of the giant MCE materials show abnormal lattice expansion owing to magnetic interactions, which provides a natural platform for exploring NTE materials. We anticipate that the present review can help finding more ways to regulate phase transition and dig novel NTE materials.
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INTRODUCTION

Magnetic cooling technique based on magnetocaloric effect (MCE) has attracted an increasing attention for its environmental-friendly and energy-saving superiority compared to conventional vapor compression technique (Annaorazov et al., 1996; Pecharsky and Gschneidner, 1997; Hu et al., 2000a, 2001; Wada and Tanabe, 2001; Tegus et al., 2002; Fujita et al., 2003; Gschneidner et al., 2005; Krenke et al., 2005; Shen et al., 2009; Liu E. K. et al., 2012; Liu J. et al., 2012; Wu et al., 2015). The discovery of giant MCE materials, such as FeRh (Annaorazov et al., 1996), Gd5Si2Ge2 (Pecharsky and Gschneidner, 1997; Gschneidner et al., 2005), La(Fe,Si)13 (Hu et al., 2001; Fujita et al., 2003; Shen et al., 2009), MnFeP(As,Ge) (Tegus et al., 2002), MnAs (Wada and Tanabe, 2001), NiMn-based Heusler alloys (Hu et al., 2000a; Krenke et al., 2005; Liu J. et al., 2012), Ni2In-type MM'X compounds (Liu E. K. et al., 2012; Wu et al., 2015), has promoted the developing of solid-state magnetic refrigeration technique. A common feature of these materials is the strong spin-lattice coupling. In other words, magnetic and structural transition concurrently takes place, and the change of lattice during the transition does contribute to the giant MCE. Note that a number of MCE materials show abnormal lattice expansion owing to magnetic interactions, which provides a natural platform for exploring negative thermal expansion materials. However, not all the giant MCE materials show negative thermal expansion (NTE), some of them still show positive thermal expansion (PTE), depending entirely on the characteristics of the magnetostructural/magnetoelastic transition and the specific physical origin in different systems.

For example, FeRh alloy shows giant MCE. It crystallizes in the CsCl-type cubic structure and experiences PTE with volume change of ΔV/V~ + 0.9% along with the AFM-FM (antiferromagnetic-ferromagnetic) transition without the change of space group. Gd5Si2Ge2 also exhibits giant MCE (Pecharsky and Gschneidner, 1997), which originates from a coupled magnetostructural transition in which slabs of a well defined arrangement of R and T atoms shift ~0.5Å with respect to one another along the a-axis when the transition occurs under the influence of temperature (Gschneidner et al., 1997; Morellon et al., 2000). Such a shift gives rise to a PTE with volume change of ΔV/V ~ + (0.4–1)% depending on the compositions. MnFeP1−xAsx (0.15 < x < 0.66) alloys with giant MCE crystallize in hexagonal Fe2P-type structure and undergo a first-order FM-PM (paramganetic) magnetic transition around room temperature (Tegus et al., 2002). The space group (P[image: image] 2m) keeps unchanged upon the magnetic transition, but the lattice shows an anomaly expansion in the direction of the a and b axes and a contraction of the c axis as the FM phase is formed, which originates from an increase in the intralayer metal-metal bond distance (Liu et al., 2009). As a result, a PTE with ΔV/V ~ + 0.06% was observed with increasing temperature. The FM Heusler alloy Ni2MnGa with L21 structure shows a giant MCE owing to the martensitic magnetostructural transformation from FM austenitic to FM martensitic phase (Wada and Tanabe, 2001). On heating, the alloy displays a PTE with ΔV/V ~ + 1%.

However, the La(Fe1−xSix)13-based materials with giant MCE show NTE with ΔV/ V~ – (1.0–1.6)% around TC, depending on compositions, due to the itinerant ferromagnetic nature of the materials (Shen et al., 2009). The space group (Fm[image: image] c) keeps unchanged across the magnetic transition. Moreover, the hexagonal MnCoGe/MnNiGe-based compounds also show giant MCE and NTE. The optimal compositions undergo a magnetostructural transition from a Ni2In-type hexagonal PM phase (space group P63/mmc) to a TiNiSi-type orthorhombic FM phase (space group Pnma). The c axis of hexagonal phase expands while the a-axis contracts upon the martensitic structural transition. As a result, NTE as large as ΔV/V = –(2.68–3.9)% occurs depending on compositions (Liu E. K. et al., 2012; Wu et al., 2015; Zhao et al., 2015).

Materials with precise thermal expansion or zero thermal expansion (ZTE) are in urgent demand in modern industry (Rathmann et al., 1968; Namba et al., 2001; Du et al., 2016), such as engineered components, optical mirrors, and printed circuit boards. Generally, ZTE can be reached by combining the materials with PTE and NTE coefficients. To meet various demands, lots of efforts have been made to search for NTE materials, and a number of materials have been discovered showing giant NTE, e.g., ZrW2O8 (Mary et al., 1996), CuO nanoparticles (Zheng et al., 2008), (Bi,La)NiO3 (Azuma et al., 2011), PbTiO3-based compounds (Chen et al., 2011), antiperovskite manganese nitrides (Takenaka and Takagi, 2005; Iikubo et al., 2008; Sun et al., 2010a; Song et al., 2011; Wang et al., 2012; Lin et al., 2015), La(Fe,Co,Si)13 (Huang et al., 2013), MnCoGe-based materials (Zhao et al., 2015), and reduced Ca2RuO4 (Takenaka et al., 2017). Among these NTE materials, the phase-transition-type materials (Takenaka and Takagi, 2005; Iikubo et al., 2008; Sun et al., 2010a; Song et al., 2011; Huang et al., 2013; Zhao et al., 2015) have attracted specific attention.

In this paper, we mainly review the negative thermal expansion behaviors based on magnetostructural or magnetoelastic transition in the materials showing giant magnetocaloric effect. Here, the magnetostructural transition refers to the concurrent magnetic and structural transition where the lattice structure (space group) changes during the transition, while the magnetoelastic transition refers to the concurrent magnetic and elastic transition where the lattice structure (space group) remains unchanged but lattice parameter changes elastically.

LA(FE,SI)13-BASED COMPOUNDS

Crystal Structure

LaFe13 does not exist due to the positive formation enthalpy between La and Fe. To get LaFe13-based alloys, a third element is needed. The first stable LaFe13−xMx compounds were made by Krypiakewytsch et al. (1968) in 1968 when Fe was partially replaced by Si or Al. The compounds show cubic NaZn13-type structure with space-group of Fm[image: image]c. In the structure, La atoms occupy the 8a site, while Fe atoms occupy the 8b and 96i sites. Fe atoms at these two sites are denoted as FeI and FeII, respectively. Al or Si randomly substitute for FeII site. Fe atoms at FeI site and La form a CsCl structure. The FeI are surrounded by an icosahedron of 12 FeII, and the FeII are surrounded by nine nearest FeII and one FeI, as shown in Figure 1.
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FIGURE 1. Crystal structure of NaZn13-type La(Fe,X)13 compounds.



Magnetocaloric Effect

By analyzing phase formation rule of NaZn13-type compounds, LaFe13−xSix compounds with Si content ranging from x = 1.2 to 2.4 were successfully synthesized (Hu, 2002; Shen et al., 2009). In 2001, we firstly reported the large MCE in LaFe11.4Si1.6, originating from a negative lattice expansion and a field-induced itinerant-electron metamagnetic transition (Hu et al., 2001). The maximal magnetic entropy change, –ΔS, reaches 19.4 J kg−1K−1 around 213 K under a magnetic field change of 0-5T, largely exceeding that of LaFe10.4Si2.6 with typical second-order transition, as shown in Figure 2A. The differential curves given in the inset of Figure 2A clearly illustrates the asymmetrical broadening of –ΔS peak caused by the field-induced itinerant-electron metamagnetic transition. Figure 2B displays the comparison of lattice change around phase transition between LaFe11.4Si1.6 and LaFe10.4Si2.6. One can notice, for LaFe11.4Si1.6, the negative expansion of lattice parameter can be as much as −0.4%.
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FIGURE 2. (A) Magnetic entropy change –ΔS of LaFe11.4Si1.6 compared with LaFe10.4Si2.6. The differential curves of –ΔS for the former is given in the inset. (B) Temperature dependence of lattice parameter of LaFe11.4Si1.6 compared to that of LaFe10.4Si2.6. Reprinted with permission from Hu et al. (2001).



Introducing the substitution of Co for Fe or interstitial atoms C/H can both impact the exchange coupling between the magnetic elements. This fact can adjust the temperature of phase transition in a wide temperature range covering room temperature while a large MCE is maintained. The maximal room temperature –ΔS can reach 12 J kg−1K−1 and 20 J kg−1K−1 under 2 T and 5 T magnetic fields, respectively, for the typical La(Fe,Si)13-based compounds (Hu et al., 2002; Shen et al., 2009). The large MCE make the La(Fe,Si)13-based compounds attractive to be as room temperature refrigerants. For La(Fe1−xCox)11.9Si1.1 (Hu et al., 2002, 2005), the –ΔS is one times larger than the conventional refrigerant Gd, and is comparable or even exceeds that of Gd5Si2Ge2, the milestone MCE material discovered in 1997 (Pecharsky and Gschneidner, 1997). The large MCE is closely related to negative lattice expansion across phase transition, which can be identified in the temperature dependence of lattice parameter for La(Fe1−xCox)11.9Si1.1 (x = 0.04, 0.06, 0.08) compounds (Figure 3).
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FIGURE 3. The temperature dependence of lattice parameter for La(Fe1−xCox)11.9Si1.1 (x = 0.04, 0.06, 0.08) compounds. Reprinted with permission from Hu et al. (2005).



Negative Thermal Expansion Behaviors

Although the large MCE of La(Fe,Si)13-based compounds owing to the significant negative lattice expansion was discovered in the early 2000 (Hu et al., 2000b; Shen et al., 2009), these materials have never been considered as negative thermal expansion (NTE) materials till 2013. As NTE materials, Huang et al. firstly reported the giant NTE in La(Fe,Si,Co)13 compounds (Huang et al., 2013).

For LaFe13−xSix, the NTE properties were found to be strongly dependent on the Si contents. A sharp volume change from 170 to 240 K was observed in LaFe11.5Si1.5 with a NTE temperature window (ΔT) about 70 K. The estimated ΔL/L is 3.5 × 10−3, which is comparable to those of Mn3ZnN (4.6 × 10−3) (Takenaka and Takagi, 2005) and Mn3GaN (3.8 × 10−3) (Takenaka et al., 2008). With increasing Si content from x = 1.5 to 2.4, the linear expansion becomes broader gradually, leading to a large negative slope in a wider temperature range. This result illustrates that the replacement of Fe by Si can broaden the temperature window of NTE. However, the numerical values of NTE coefficient rapidly drop with the increase of Si content, which is an unfavorable character for practical applications.

To improve the performance of NTE behavior, the substitution of Co for Fe was introduced. Figure 4 displays linear thermal expansion as a function of temperature and its comparison with magnetization for LaFe11.5−xCoxSi1.5. Increasing Co content broadens the temperature window, ΔT, of NTE, and drives it to a higher temperature. The ΔT width of NTE is 74 K, 90 K, and 110 K for x = 0.2, 0.4, and 1.0, respectively. More importantly, the change of ΔL/L within the NTE window reduces less rapidly with Co compared to the case with Si. The composition with x = 0.10 produces an average coefficient of thermal expansion (CTE) of [image: image] = −26.1 × 10−6 K−1 from 240 K to 350 K, covering room temperature. This numerical value of [image: image] is about 3 times larger than that of the commercial NTE materials ZrW2O8 with α = −9 × 10−6 K−1. Moreover, the absolute value of the negative CTE reaches those of high-expansion metals such as Al (α = 23 × 10−6 K−1 at room temperature). These findings suggest the potential application of La(Fe,Si)13-based compounds as NTE materials.
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FIGURE 4. Temperature dependence of (A) linear thermal expansions ΔL/L (reference temperature: 360 K) compared to (B) the magnetization for LaFe11.5−xCoxSi1.5 (x = 0.2, 0.4, 0.6, 0.8, and 1.0). Reprinted with permission from Huang et al. (2013).



More interestingly, zero thermal expansion (ZTE) has been recently reported in La(Fe,Si)13-based compounds in a wide temperature range away from phase transition (Li et al., 2017), which is a fascinating phenomenon in these compounds.

NI2IN-TYPE MM'X COMPOUNDS

Crystal Structure

Hexagonal Ni2In-type MM'X (M, M' = transitional element, X = main element) compounds have attracted lots of attention owing to the rich magnetic and structural behaviors. Ferromagnetic or antiferromagnetic coupling occurs depending on the compositions and atomic local environments (Niziol et al., 1981; Caron et al., 2011; Gercsi et al., 2011; Liu E. K. et al., 2012). As a member of family, the stoichiometric MnCoGe alloy undergoes diffusionless martensitic structural transition, Tstru, from Ni2In-type hexagonal (space group: P63/mmc) to TiNiSi-type orthorthombic (space group: Pnma) structure at Tstru ~420 K and a transition of ferromagnetic ordering at Tc~345 K (Niziol et al., 1981). Both the martensitic and austenitic phases display ferromagnetic nature, and the orthorhombic phase shows a higher magnetic moment Ms ~4.13 μB than the hexagonal phase (Ms ~2.76 μB) (Niziol et al., 1981). On the other hand, the stoichiometric MnNiGe undergoes a similar martensitic structural transformation at Tstru~470 K, and a magnetic transition at T[image: image] ~346 K. The martensitic and austenitic phases have distinct magnetic structure. The former shows spiral antiferromagnetic (AFM) coupling with Neel temperature T[image: image] at 346 K while the latter exhibits ferromagnetic (FM) nature with intrinsic Curie temperature T[image: image] at 205 K (Niziol et al., 1981).

Figure 5 shows the sketches of orthorhombic martensitic and hexagonal austenitic structures for MnCoGe (Wu et al., 2015).


[image: image]

FIGURE 5. The sketches of (A) orthorhombic martensitic and (B) hexagonal austenitic structures. The black lines in (A) enclose one unit cell of TiNiSi-type orthorhombic structure while the purple lines in (B) enclose the one of Ni2In-type hexagonal structure. The unit cell of hexagonal phase transforms into the zigzag-type structure in the orthorhombic phase, as indicated by purple lines in (A).



Magnetocaloric and Barocaloric Effects

For the MM'X compounds, austenitic phase has a smaller volume than martensitic phase. This fact prompts one to think that the introduction of smaller atoms or vacancies may stabilize the austenitic phase and shift Tstru to a lower temperature. Following this way, magnetostructural transition has been indeed realized by introducing smaller atoms or vacancies, such as MnCo1−xGe (Wang et al., 2006), Mn1−xCoGe (Liu et al., 2010), Mn1−xCrxCoGe (Caron et al., 2011). Moreover, It has demonstrated that valence electron concentration (e/a) can also affect Tstru. By introducing Indium (In) atom (2.00 Å, 5s25p1) with a larger radius but fewer e/a to replace Mn (1.79 Å, 3d54s2), Co (1.67 Å, 3d74s2), or Ge (1.52 Å, 4s24p2), magnetostructural transition is also created in (Liu E. K. et al., 2012). As a result, large MCE has been observed in these MnCoGe-based materials.

On the other hand, it has been found that, for MnNiGe, the AFM coupling in the martensitic structure is not robust. The replacements of Mn or Ni by Fe atom can convert the AFM into FM coupling and stabilize the austenitic phase (Liu E. K. et al., 2012). As a result, the Tstru shifts to low temperature, and magnetostructural transition is realized and hence large MCE appears in an extended temperature window from 350 K down to 70 K in MnFeNiGe alloys.

Moreover, giant barocaloric effect has been demonstrated in MnCoGe0.99In0.01 compound (Wu et al., 2015). Neutron powder diffraction (NPD) studies indicated that the lattice of hexagonal phase expands significantly along the c-axis (cH) by 11.3% while contracts along the a-axis (aH) by −6.8% during the magnetostructural transformation, Tmstru. As a result, negative lattice expansion as large as ΔV/V = (Vortho/2-Vhex)/Vhex~ −3.9% occurs for MnCoGe0.99In0.01, as shown in Figure 6. Note that the unit cell volume and lattice constants of hexagonal and orthorhombic phases have relations as ao = cH, bo = aH, co = √3aH and VO = 2VH.
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FIGURE 6. Lattice constants and unit-cell volume of hex. and orth. structure as a function of temperature for MnCoGe0.99In0.01. The blue and red symbols correspond to the hex. and orth. structure, respectively. The red circle, red square and red rhombus stand for ao, co/√3 and bo, respectively. The blue pentagon and blue star represent the ch and ah, respectively. The unit-cell volume of hex. and half of unit-cell volume of orth. structure are symbolized as blue and red triangle, respectively. Reproduced under a Creative Commons Attribution 4.0 International License from Wu et al. (2015).



The calorimetric measurements using a differential scanning calorimeter (DSC) revealed that the total change of transition entropy can be as large as 55 J kg−1K−1 contributed by the large difference of internal energy across the transition for MnCoGe0.99In0.01. High resolution NPD studies under hydrostatic pressure revealed that pressure can shift the Tmstr to lower temperature at a rate of 7.7 K/kbar. The large latent heat and high sensitivity of the magnetostructural transition to pressure result in giant inverse barocaloric effect (Wu et al., 2015). The entropy change, ΔS, and adiabatic temperature change, ΔTad, under a pressure of 3 kbar reaches 52 J kg−1K−1 and −18 K, which exceed those of most materials, including the giant magnetocaloric effect driven by a magnetic field of 5 T (Gschneidner et al., 2005) that can be only available by superconducting magnets. The refrigeration cooling power (RCP) reaches 1190 J kg−1.

Negative Thermal Expansion Behavior

Similar to the case of La(Fe,Si)13-based compounds, the Ni2In-type MM'X compounds have rarely been considered as negative thermal expansion (NTE) materials because of the limited temperature region of phase transition, though they surely have significant negative lattice expansion and large MCE and barocaloric effect owing to the magnetostructural transition.

Giant Negative Thermal Expansion in MnCoGe-Based Materials

In 2015, Zhao et al. firstly reported giant NTE in bonded MnCoGe-based materials (Zhao et al., 2015). The as-prepared compounds are very brittle and even collapse into powders during preparation. Through introducing a few amounts (3–4 wt%) of epoxy to bond the powders, residual stress was introduced, hence the structural transition was broadened due to the lattice softening enforced by the stress. Hence, giant NTE has been achieved in a wide temperature region. Moreover, excellent mechanical properties and tunable electrical conductivity has been demonstrated for the bonded powders.

Neutron powder diffraction (NPD) studies indicate that the change of lattice volume during the magnetic transition can be as much as 3.9, 3.9, and 3.8% for MnCoGe1−xInx (x = 0.01, 0.02), and MnCoGe0.97Sb0.03, respectively. Accordingly, the evaluated linear expansion is equal to ΔL/L ~10,995 × 10−6 and the average NTE coefficient is about [image: image] ~ −183.3 × 10−6/K if the polycrystalline powder is supposed to expand isotropically for MnCoGe0.99In0.01.

Linear expansion, ΔL/L, was measured using high resolution strain gauge for the bonded plates. It was found that the ΔL/L behaves isotropically, independent of the in-plane measured axis. Figure 7 shows the ΔL/L as a function of temperature for some typical compositions. The maximal ΔL/L keeps above 10,231 × 10−6, while the average linear NTE coefficient ranges from −51.5 × 10−6/K to −94.7 × 10−6/K in the tunable temperature region from ~60 to 330 K covering room temperature for the bonded MnCoGe-based materials with different compositions. Because of the significant broadening of phase transition caused by residual stress and the possibly porosities introduced, the ΔL/L and [image: image] are somewhat smaller than those estimated from the X-ray diffraction (XRD) or NPD measurements. However, the maximal ΔL/L measured has reached 93% of the crystallographic value. These novel NTE properties are over the performance of most other reported materials previously. For example, the average [image: image] ~ −51.5 × 10−6/K with operation temperature window as wide as 210 K was observed in MnCo0.98Cr0.02Ge, which is more than 5 times larger than that of the commercial NTE materials ZrW2O8 with [image: image] = −9 × 10−6/K.1 More interestingly, in the temperature region from 250 to 305 K covering room temperature, the CET α (−119 × 10−6/K) remains nearly independent of temperature (see Figure 7A), and this value is about 40% larger than the that (−82 × 10−6 /K) of Bi0.95La0.05NiO3 (320–380 K) (Azuma et al., 2011), and more than four times larger than the α (−25 × 10−6 /K) of an antiperovskite manganese nitride (316–386 K) (Takenaka and Takagi, 2005).
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FIGURE 7. Temperature dependent linear thermal expansions ΔL/L (the reference temperature is 390 K) for bonded samples with various compositions (A) Mn0.97In0.03CoGe, MnCo0.98Cr0.02Ge, and (B) MnCoGe0.99, MnCoGe0.99In0.01. Reprinted with permission from Zhao et al. (2015).



Figures 8A,B presents the temperature dependence of magnetization (M-T curves) measured under a 0.3 T magnetic field for the bonded and as-prepared compositions with and without magnetostructural coupling. From Figure 8 and the dM/dT plots in the insets, one can distinguish that the structural/magnetostructural transformation (Tstru/Tmstru) was significantly broadened while the pure magnetic transition keeps unchanged around TC for the bonded samples. For the bonded MnCoGe0.99 with magnetostructural transition, the Tmstru shifts by 10 K to low temperature, while for the Mn0.97In0.03CoGe with decoupled Tstru and TC, the Tstru shifts by 7 K to low temperature while TC keeps unchanged (261 K). The significant broadening of the structural/magnetostructural transformation enforced by the residual stress governs the NTE behavior in the bonded samples.
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FIGURE 8. The comparison of temperature dependent magnetization under 0.3T for the bonded and as-prepared compositions (A) MnCoGe0.99 with magnetostructural coupling and (B) Mn0.97In0.03CoGe with decoupled Tstru and TC. The insets show corresponding dM/dT plots. Reprinted with permission from Zhao et al. (2015).



From viewpoint of industry, electrical conductivity is a critical parameter for practical applications. For the bonded MnCoGe-based materials, the electrical conductivity can be adjusted through choosing distinct binders. It has been experimentally demonstrated that the electrical resistivity for the materials with Ag-epoxy as binder is lower than the one with epoxy as binder by 3 orders of magnitude. Moreover, the mechanical properties have been largely improved. All these suggest the high potential of MnCoGe-based compounds as NTE materials, which can be used to compensate the materials with high PTE, such as the popularly-used organic or plastic materials.

Ultra-Low Thermal Expansion Realized in MnCoGe0.99In0.01 Through Self-Compensation

The martensitic structural transition in Ni2In-type MM'X compounds behaves extremely sensitive to pressure compared to magnetic field (Wu et al., 2015). The introduced residual strain and defects during pulverization (Wu et al., 2016) or cold pressing (Liu et al., 2015) can also affect the magnetostructural coupling besides hydrostatic pressure. It has been reported that the introduced residual strain in the MnCoGe1−xInx thin slices prepared by cold pressing can stabilize the austenite phase, as a result, the temperature window of martensitic transformation is broadened, the magnetic and structural transition becomes decoupling (Liu et al., 2015). Similarly, with reducing particle size, austenitic phase becomes stable and a high fraction of austenitic phase loses the martensitic transformation, and retains the hexagonal FM structure in the entire temperature range. Considering the large difference of volume between austenitic and martensitic phases, one may prompt to think that adjusting phase fraction and magnetostructural transition through residual strain can lead to controllable NTE or even ZTE.

Indeed, ultra-low thermal expansion has been realized in the giant NTE material MnCoGe0.99In0.01 by controlling the crystallinity degree and phase transition (Shen et al., 2017). A high fraction of sample can be converted into amorphous structure by ball milling, which turns to show PTE while the remained crystallites exhibit decreased NTE in an extended temperature window. Ultra-low thermal expansion can be reached and the NTE can be totally adjusted through self-compensation effect.

Samples with different particle sizes were made through energetic ball milling. For small particles, high-resolution TEM (transmission electron microscopy) images indicate the mixture of a high fraction of amorphous structures and nanocrystallites full of atomic defects. The amounts of the amorphous structure were estimated by high-resolution neutron powder diffraction (NPD).

Figure 9 shows ΔL/L vs. temperature for the bonded particles compared to the bulk, which was measured by using high-resolution strain gauge. One can notice that the maximal ΔL/L declines while the operating ΔT significantly broadens with reducing particle size. For small particles P3 (2–5 μm) and P4 (1–2 μm), NTE dominates in the entirely measured temperature range from 310 K to 100 K.
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FIGURE 9. Linear thermal expansion ΔL/L as a function of temperature for the bonded MnCoGe0.99In0.01 samples with different particle size in comparison to the bulk (the reference temperature is 390 K). Particle size: P1 (10–20 μm), P3 (2–5 μm), P4 (1–2 μm), and P5 (0.3–1 μm). The morphology of the bonded sample is shown in the inset. Adapted from Shen et al. (2017). APL Materials, Vol. 5, Article ID 106102, (2017); licensed under a Creative Commons Attribution (CC BY) license.



For the smallest particles with size P5 (0.3–1 μm), the NTE disappears and turns out to be ultra-low PTE, and the CTE α is as small as + 0.68 × 10−6/K from 200 to 310 K. This result suggests that the material can be also useful as a ZTE material, in addition to be used as compensators for PTE material. Moreover, one can notice that the low NTE for P4 (1–2 μm) and the ultra-low PTE for P5 (0.3–1 μm) is nearly independent of temperature in the corresponding temperature region (see the pink lines in Figure 9), which is appreciable for practical applications.

The tunable CTE with particle size originates from the coexistence of crystalline phases and amorphous structure, particularly for the small particles. Variable temperature XRD and neutron NPD studies revealed that the phase ratio changes remarkably with crystallite size. About 7, 14.5, 38.5, 44.8, and 55.2% austenitic phase lost the martensitic transformation and remains the hexagonal structure down to low temperature for the particles P1 (10–20 μm), P2 (5–10 μm), P3 (2–5 μm), P4 (1–2 μm), and P5 (0.3–1 μm), respectively.

Figure 10 shows the unit cell volume as a function of temperature (V-T curve) for the orthorhombic structure (red dot), hexagonal structure (blue dot), and the weighted average volume [image: image] (black dot) calculated based on the refined phase fraction. Moreover, the temperature dependence of lattice volume was fit based on the Grüneisen law, and the results agree well with the refined results for either orthorhombic or hexagonal phase.
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FIGURE 10. Refined unit cell volumes of martensitic structure (red dot), austenitic structure (blue dot), and the weighted average (black dot), as a function of temperature for the overall crystalline phases of various particles of MnCoGe0.99In0.01: (A) P1(10~20 μm), (B) P2(5~10 μm), (C) P4(1~2 μm), (D) P5(0.3~1 μm). The fitting curves according to Grüneisen law are represented by the small dots. Adapted from Shen et al. (2017). APL Materials, Vol. 5, Article ID 106102, (2017); licensed under a Creative Commons Attribution (CC BY) license.



From Figure 10 (black curve), one can notice that PTE occurs below 290 K and turns to be NTE above this point. TEM studies indicated that crystallite size reduces with particle size, and the average crystallite sizes are about 15 nm and 8 nm for P4 (1–2 μm) and P5 (0.3–1 μm), respectively. With reducing the crystallite size, the both PTE and NTE coefficients decline, which are mainly caused by the instability of magnetostructural transformation due to residual stress and defects.

On the other hand, the contribution from amorphous structure cannot be ignored, noting the amount reaches 40% for the smallest particles P5(0.3~1 μm). Detailed analysis indicated that the amorphous structure shows positive thermal expansion (PTE), and its compensation effect plays an essential role in the realization of ultra-low expansion even if the possible contribution from the small fraction of epoxy was considered. Details were given in the Supplementary Material in Shen et al. (2017).

Colossal Negative Thermal Expansion in Fine-Powdered Mn0.98CoGe

In 2016, Lin et al. prepared fine-powdered Mn0.98CoGe by two ways of high energy ball milling (BM) and repeated thermal cycling (TC) across the martensitic transformation, and compared the NTE behaviors (Lin et al., 2016). It was found that the both ways can make the temperature window (ΔT) of NTE broadening. For the powders experienced TC for ten times, the ΔT broadens to 90 K (309–399 K), and the CTE is about αL ~ −141 × 10−6/K.

The SEM result showed that the average particle size for the powder of Mn0.98CoGe alloy through 10 times of TC treatments is 8.2 μm, and for the powder through 0.5, 5, and 12 h of BM process are 7.4, 3.9, and 2.2 μm, respectively.

Figures 11A–D display the refined phase fractions for both orthorhombic and hexagonal phases based on the variable temperature XRD patterns for typical samples. For the powders experienced TC for 10 times, the transition of two phases is ~98%. For the powders prepared by BM for 0.5 h, the martensite transformation is broadened, and the transition ratio decreased to ~93%. With increasing BM time to 5 and 12 h, the martensite transformation window was further broadened, and the transition ratio reduced to ~60 and 36%, respectively.
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FIGURE 11. The temperature dependent phase fraction for the Mn0.98CoGe samples prepared by (A) TC for 10 times, (B) BM for 0.5 h, (C) BM for 5 h, and (D) BM for12 h; The temperature dependent volumetric thermal expansions ΔV/V (the reference temperature is 438 K) for the corresponding samples is shown in (E–H), respectively. The NTE temperature region is highlighted for all samples. Reprinted with permission from Lin et al. (2016).



Figures 11E–H show the corresponding volumetric thermal expansion coefficient (αV) calculated based on the refined phase volume and fraction. For the powders experienced TC for 10 times, NTE effect appears between 309 and 399 K (ΔT = 90 K), and the corresponding αV is about −423 × 10−6/K. For the powders prepared by BM for 0.5 h, ΔT extends to 135 K (from 258 to 393 K), and αV value becomes −238 × 10−6/K. Further increasing BM time to 5 and 12 h results in the decreases of both ΔT and αV, and the αV values are about −135 × 10−6/K (236–366 K, ΔT = 130 K) and −93 × 10−6/K (264–303 K, ΔT = 39 K), respectively. The corresponding linear αL values are about −141 × 10−6/K (ΔT = 90 K), −79.6 × 10−6/K (ΔT = 135 K), −45 × 10−6/K (ΔT = 130 K), and −31 × 10−6/K (ΔT = 39 K) for the samples experienced TC for 10 times, BM for 0.5 h, BM for 5 h, and BM for 12 h, respectively.

For the samples experienced TC for 10 times, the both temperature window of NTE and the αL magnitude are larger than those of typical NTE material Bi0.95La0.05NiO3 (αL = −137 × 10−6/K, 320–380 K) (Azuma et al., 2011). This αL magnitude for the samples experienced TC for 10 times is several times larger than that of common metals (Takenaka et al., 2012) and even larger than that of most polymers (Sullivan and Lukehart, 2005; Chu et al., 2012; Takenaka and Ichigo, 2014).

The NTE behavior has different origins for the samples prepared by the two ways. For the powder prepared by BM, the broadening of temperature window of martensitic transformation originates from the accumulated residual strain. With increasing the BM time, the overall NTE window first expands and then shrinks. For the powder prepared by TC, the sample does not suffer any external pressure, and the introduced strain is thus weaker than the case by BM, hence leading to the completely different evolution of phase transition with temperature.

All these results suggest the TC or slightly BM treatments can both extend temperature interval and optimize the NTE properties, which have high potential applications as the PTE compensators by forming composites.

Negative Thermal Expansion in Mn-Co-Ge-In Thin Films

In recent years, many materials with magnetostructural transition, such as Gd5Si2Ge2 (Pires et al., 2015), FeRh (Zhou et al., 2013), metamagnetic NiMn-based Heusler alloys (Akkera et al., 2015), and MnAs (Mosca et al., 2008), have been explored in nanostructured thin films, aiming to activate novel properties and explore applications in micro-scale of these materials. Recently, Liu et al. firstly explored the fabrication of MnCoGe-based alloy films, and studied the magnetocaloric effect and thermal expansion behaviors of the films obtained (Liu et al., 2018).

MnCoGe0.995In0.005 films with thickness of 45 nm were successfully grown on (001)–LaAlO3, (001)–SrTiO3, and (0001)–Al2O3 substrates by using pulsed laser deposition (PLD) technique. It was found that the obtained films exhibit three dimensional growth mode, and the island size varies for thin films grown on different substrates. Room temperature XRD patterns imply that the films crystallize in mixed hexagonal and orthorhombic structures, which are textured along the out of plane (001) direction for the hexagonal structure and (h00) orientations for the orthorhombic structure. For all the films, there exists obvious thermal hysteresis between the heating and cooling process in a wide temperature range, indicating that first-order magnetostructural transformation was retained. Moreover, the temperature window of the transformation for the films significantly broadened compared to that of the bulk alloy.

The broadened magnetostructural transformation of Mn-Co-Ge-In films can be ascribed to the stress effect and crystalline defects. Besides, the commercially supplied Al2O3, SrTiO3, and LaAlO3 substrates have positive linear thermal expansion coefficients + 7.5 × 10−6/K, + 9.4 × 10−6/K, and + 1 × 10−5/K, respectively. Consequently, the different films denote tunable negative thermal expansion due to different island size and strain state of the films along with the compensating effect from substrates. As can be seen from Figure 12, for Mn-Co-Ge-In/Al2O3 and Mn-Co-Ge-In/SrTiO3, the NTE coefficients are −6.56 × 10−6/K (from 270 K to 390 K) and −4.82 × 10−6/K (from 290 K to 390 K), respectively. These values are a bit smaller in comparison to those of the well-known commercial NTE materials ZrW2O8 (−9 × 10−6/K). Otherwise, the Mn-Co-Ge-In/LAO with the smallest island size denotes near-zero CTE of −2 × 10−6/K in the temperature range from 290 to 390 K.
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FIGURE 12. Temperature dependent linear thermal expansion ΔL/L for the Mn-Co-Ge-In thin films grown on Al2O3 (A), SrTiO3 (B), LaAlO3 (C). Each has been repeated at least two times. Reprinted with permission from Liu et al. (2018).



The deposition of films completely overcomes the brittleness nature of Mn-Co-Ge-In alloy and much more durable. Repeated experiments demonstrated that the NTE behavior is completely repeatable between different cycles for the all films (Figure 12). All the results denotes that durable thin films with different CTE can be designed through choosing appropriate substrates or introducing a buffer layer, which would be quite useful for practical applications.

Negative Thermal Expansion in Fe-Doped MnNiGe Composites

Similar to MnCoGe-based alloys, MnNiGe-based alloys also denote NTE due to the martensitic transition from Ni2In-type hexagonal to TiNiSi-type orthorhombic structure. Still, Fe-doped MnNiGe alloys naturally crack into small pieces after annealing. Recently, by preparing the alloy through solid state interaction, Zhao et al. (2018) reported the NTE of MnNiGe-based alloy. The average CTE of Mn0.9Fe0.1NiGe alloy with Fe replacing Mn reaches a giant value of αL ~ −285.23 × 10−6 K in a temperature window from 192 to 305 K (ΔT = 113 K), while the αL of MnNi0.9Fe0.1Ge alloy with Fe replacing Ni reaches −1,167 × 10−6/K in a narrow temperature window (246–305 K, ΔT = 59 K). The introduction of Fe changes the magnetic state of martensitic phase from the spiral AFM structure into FM state.

Furthermore, commercial Cu powders with positive thermal expansion has been chosen as the matrix metal, both acting as the compensators to control CTE and bonder to increase the mechanical properties of the alloy. The study (Zhao et al., 2018) revealed that the introduced Cu powers rarely react with the Fe-doped MnNiGe alloy. The cracks and holes can be filled by Cu particles, and the resulted MnNiGe/x%Cu composites is more compact with increasing Cu contents. The CTE of both Mn0.9Fe0.1NiGe and MnNi0.9Fe0.1Ge alloy decreases by introducing 35% Cu, as shown in Figure 13A. The linear thermal expansion behavior of Mn0.92Fe0.08NiGe/x% Cu and Mn0.84Fe0.16NiGe/x% Cu are presented in Figures 13B,C. The absolute CTE values of the two serials of composites decrease and the NTE temperature windows become narrow with increasing the Cu ratio. Increasing the Cu content to 70%, the composites display near-ZTE behaviors due to the compensation effect between the PTE properties of Cu matrix and the NTE properties of Fe-doped MnNiGe alloys. A low thermal expansion behavior with a CTE αL ~ −4.73 × 10−6/K was observed in a temperature range from 173 to 229 K (ΔT = 56 K). In MnNi0.92Fe0.08/10%Cu composite, a low αL ~1.16 × 10−6 /K is also achieved in a wide temperature range from 125 to 215 K (ΔT = 90 K).
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FIGURE 13. The temperature dependence of ΔL/L0 curves of (A) Mn0.9Fe0.1NiGe, MnNi0.9Fe0.1Ge, Mn0.9Fe0.1NiGe/35%Cu and MnNi0.9Fe0.1Ge/35%Cu, (B) MnNi0.92Fe0.08Ge/x%Cu (x = 15, 25, 30, 40, 50, 70, 85, 100), and (C) MnNi0.94Fe0.16Ge /x%Cu (x = 10, 20, 30), where the L0 is the length of the sample at 123 K. Reproduced under a Creative Commons Attribution 4.0 International License from (Zhao et al., 2018).



In addition, the mechanical performance can be enhanced for the Fe-doped MnNiGe compounds with Cu as binders. All these suggest the high potential of the composites as NTE materials.

RCo2 COMPOUNDS

Crystal Structure

The cubic Laves phases RCo2 (R = rare earth elements) have intensively been studied for the rich magnetic properties, which arise from the highly localized 4f electrons of rare earth elements and the interactions with the itinerant 3d electrons of the transition elements. For the RCo2 with R = Nd, Pr, Sm, Gd, Tb, Tm, the magnetic transition is of second-order in nature, while for R = Dy, Ho, and Er, the magnetic transition becomes of first-order (Khmelevskyi and Mohn, 2000). RCo2 compounds have a cubic Laves C15 structure with space group Fd[image: image]m around room temperature. In the cubic C15 structure, rare atoms locate at sites 8(a) (0.125, 0.125, 0.125) and Co atoms at sites 16(d) (0.5, 0.5, 0.5) (Figure 14A; Ouyang et al., 2005a). With temperature decreasing, ErCo2 and TbCo2 exhibit a rhombohedral distortion (space group R[image: image]m) below Curie temperature TC (Ouyang et al., 2005a; Kozlenko et al., 2015). At low temperature, Er (Tb), Co1, and Co2 atoms occupy Wyckoff sites 6c (0, 0, z), 3b (0, 0, 0.5) and 9e (0.5, 0, 0), respectively. Figure 14B shows the crystal and magnetic structure of the TbCo1.9Fe0.1 compound at 10 K, the moments of Tb and Co atoms are antiparallel alignment along the c axis, which is similar to that of ErCo2 and TbCo2. However, NdCo2 and HoCo2 (Ouyang et al., 2005b; Mudryk et al., 2016) undergo two crystallographic transitions: the room temperature cubic lattice (space group Fd[image: image]m) transforms into the tetragonal one (I41/amd) at TC, and then becomes orthorhombic (space group: Fddd) below spin orientation TSR.
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FIGURE 14. (A) Schematic of crystal structure for RCo2 cubic Laves phase(space group Fd[image: image]m). (B) Crystal and magnetic structure of TbCo1.9Fe0.1 compound with rhombohedral distortion (space group R[image: image]m) at 10 K. (B) reprinted with permission from (Song et al., 2018). Copyright 2018, ACS Publishing Limited.



Magnetocaloric Effect

Numerous studies have been carried out on phase transition and magnetocaloric effect (MCE) for RCo2 compounds (Wada et al., 1999, 2001; Duc et al., 2002; Gomes et al., 2002; Wang et al., 2002a,b, 2003; Liu and Altounian, 2005). Experimental and theoretical investigations show that the compounds with R = Er, Ho, and Dy show giant MCE owing to the first-order nature of magnetic transition. In 2001, Wada et al. reported the MCE of single crystal ErCo2. The maximum magnetic entropy change, –ΔS, is as high as 10.6 J mol−1 K−1 (37.2 J kg−1 K−1) and the maximal adiabatic temperature change, ΔTad, reaches ~9.2 K under a magnetic field change of 0–5 T (Wada et al., 1999). Owing to the large MCE, ErCo2 is usually considered to be a standard material for comparison in the low temperature region around 30 K. Furthermore, the maximum entropy change of DyCo2 and HoCo2 is 11 and 20 J kg−1 K−1 (Duc et al., 2002) under 0–5 T, respectively. The large MCE of RCo2 compounds is relevant to the large magnetic moment of R atoms, and more importantly, the crystallographic transition with negative volume expansion of different amplitudes also plays a key role for the various MCE. A small magnetic moment is induced in Co atoms, which is usually antiparallel to R atoms, resulting in the ferrimagnetic nature of the compounds.

In addition, some studies indicated that the replacement of R atoms by other Lanthanide elements can regulate the phase transition and MCE. Liu et al. (Liu and Altounian, 2005) reported that the Curie temperature of (Er1−xGdx)Co2 increases from 32 to 403 K with the substitution of Er by Gd. However, the maximum value of -ΔS under 0–5 T decreases from 15.3 J kg−1 K−1 at x = 0.1 to 3.2 J kg−1 K−1 at x = 0.6. Furthermore, it has been found that the substitution of Dy by Gd will rapidly reduce the MCE in DyCo2 (Wang et al., 2002b), but replacing Tb with Er increases the MCE of TbCo2 (Gomes et al., 2002). On the other hand, Wang et al. (2002a) reported that using 7% of Si to replace Co can increase the Curie temperature of DyCo2 up to 168 K, but weakens the first-order phase transition properties and causes a significant reduction in the magnetocaloric effect. It is worth mentioning that the replacement of Co by Ni lowers TC of Ho(Co1−xNix)2, while the large MCE is retained up to x = 0.1 though the phase transition changed from first-order to the second-order in nature (Wada et al., 2001).

Negative Thermal Expansion Behaviors

In RCo2 compounds with R = Dy, Ho, and Er, the magnetic ordering around TC is accompanied by negative thermal expansion of lattice. Recently, Song et al. reported a wide temperature ZTE in the Tb(Co, Fe)2 and found a negligible thermal expansion coefficient, αL, in TbCo1.9Fe0.1, which is nearly two orders smaller than that of the common alloys (Song et al., 2018).

Figure 15A displays the temperature dependent linear thermal expansion (ΔL/L0) for Tb(Co2−xFex) compounds. It is found that the NTE and PTE can be obtained by adjusting the Fe concentration in Tb(Co2−xFex). Remarkably, the TbCo1.9Fe0.1 compound exhibits a ZTE property over a wide temperature range from 123 to 307 K. The average linear CTE of Tb(Co1.9Fe0.1) is αL = 0.48 × 10−6 K−1 and intrinsic unit cell also confirmed the reliability of ZTE which was determined by SXRD (synchrotron X-ray diffraction), as shown in Figure 15B. This CTE of Tb(Co1.9Fe0.1) is about two orders of magnitude smaller than that of the Al (αL = 23.1 × 10−6 K−1) and Cu (αL = 17.7 × 10−6K−1). Furthermore, this value is also smaller than the CTE of Invar alloys with composition Fe0.65Ni0.35 (αL = 1.5 × 10−6 K−1, 193–373 K) (Guillaume, 1897).


[image: image]

FIGURE 15. (A) Temperature dependent linear thermal expansion (ΔL/L0) of Tb(Co2−xFex). (B) The ZTE in the TbCo1.9Fe0.1 measured by both dilatometer and SXRD. Reprinted with permission from (Song et al., 2018). Copyright 2018, ACS Publishing Limited.



The magnetic moment of Tb atoms, MTb, plays a dominationg role in the ferrimagnetic nature of the Tb(Co2−xFex) compounds. The spontaneous volume magnetostriction (ωs) was used to quantitatively describe the contribution of magentovolume effect to the abnormal change of lattice. For TbCo1.9Fe0.1, and the ωs is denoted by ωs = ωexp-ωnm,where ωexp is the unit cell volume obtained by NPD, and ωnm is calculated based on the Debye-Grüneisen relationship. A strong correlation between M[image: image] and ωs was denoted by the equation ωs(T) = k C M(T)2, where k and C represent compressibility and magnetovolume coupling constant, and M(T) the amplitudes of magnetization (Gruneisen and Goens, 1926; Sayetat et al., 1998). That is to say, the spontaneous magnetostriction is closely related to the magnetization. The decrease of magnetization with temperature is responsible for the negative contribution to volume expansion, which neutralizes the normal lattice expansion, and hence produces the ZTE.

A Brief Introduction on Antiperovskite Compounds

Antiperovskite compounds A3BC (A = Fe, Mn; B = Ga, Sn, Cu, Zr, Fe, Co; C = C, N, H) are well-known (Takenaka and Takagi, 2005; Iikubo et al., 2008; Sun et al., 2010a,b, 2012; Song et al., 2011; Wang et al., 2012; Lin et al., 2015; Shi et al., 2016, 2018; Guo et al., 2018) for the rich characteristics of NTE and ZTE, as well as the baromagnetic, and barocaloric properties, though the comprehensive performance of MCE is not as good as the conventional material Gd around room temperature. This material has a very large family, which shows rich magnetic and lattice structure depending on compositions and atomic occupations. Experts, such as C. Wang's group and Y.P. Sun's group, have done a lot of excellent studies in the antiperovskite compounds, particularly on the NTE properties. Moreover, fascinating properties were also reported in some compositions, such as baromagnetic (Shi et al., 2016), barocaloric effect caused by spin frustration (Matsunami et al., 2015), and large magnetocaloric effect (Sun et al., 2012). Specifically, C. Wang' group have reported a large amount of research work on NTE and MCE in antiperovskite compounds and also thought that lattice entropy is important to be excited due to large negative thermal expansion behavior driven by magnetic effects in the antiperovskite compounds so as to improve the magnetocaloric effect. A specific review article focusing on the antiperovskite compounds should be summarized separately, and we do not address more here.

CONCLUSION

In summary, negative thermal expansion (NTE) behaviors in the materials with giant magnetocaloric effects (MCE) have been reviewed. Representative materials including La(Fe,Si)13, MM'X, and RCo2 have been included. Antiperovskite compounds are also briefly introduced. MCE materials are used for magnetic refrigeration while NTE materials for thermal compensation. Although the materials have distinct applications, the physical sources are similar particularly for the novel MCE and phase-transition-type NTE materials, both originating from the strong spin-lattice coupling. A number of MCE materials show abnormal lattice expansion owing to magnetic interactions, which provides a natural platform for exploring negative thermal expansion materials. The magnetostructural transformation in the giant MCE materials can be adjusted by utilizing its sensitivity to chemical/physical pressure, hence abnormal lattice expansion in an extended temperature range can be achieved. The present review provides implications for developing novel NTE materials and multifunctional devices.
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Negative thermal expansion (NTE) upon heating is an unusual property but is observed in many materials over varying ranges of temperature. A brief review of mechanisms for NTE and prominent materials will be presented here. Broadly there are two basic mechanisms for intrinsic NTE within a homogenous solid; structural and electronic. Structural NTE is driven by transverse vibrational motion in insulating framework–type materials e.g., ZrW2O8 and ScF3. Electronic NTE results from thermal changes in electronic structure or magnetism and is often associated with phase transitions. A classic example is the Invar alloy, Fe0.64Ni0.36, but many exotic mechanisms have been discovered more recently such as colossal NTE driven by Bi–Ni charge transfer in the perovskite BiNiO3. In addition there are several types of NTE that result from specific sample morphologies. Several simple materials, e.g., Au, CuO, are reported to show NTE as nanoparticles but not in the bulk. Microstructural enhancements of NTE can be achieved in ceramics of materials with anisotropic thermal expansion such as beta–eucryptite and Ca2RuO4, and artificial NTE metamaterials can be fabricated from engineered structures of normal (positive) thermal expansion substances.

Keywords: thermal expansion, negative thermal expansion, thermal expansion coefficient, structural NTE, electronic NTE, morphological NTE

INTRODUCTION

NTE (negative thermal expansion) refers to the unusual phenomenon of volume contraction upon heating. Although most materials display positive thermal expansion (PTE) on heating, NTE is found in a wide variety of substances over varying ranges of temperature. This brief review is an attempt to summarize the mechanisms and prominent materials that show NTE. Further details may be found in more substantial reviews published by other authors in recent years (Lind, 2012; Takenaka, 2012; Chen et al., 2015; Dove and Fang, 2016; Liu et al., 2018; Mittal et al., 2018) and in the other papers in this special issue.

Control of thermal expansion is important for many applications from ceramic cooker hobs to housings for optical devices, with zero thermal expansion (ZTE) materials or composites of PTE and NTE components being particularly useful. Thermal expansion is quantified through the linear or volume (bulk) thermal expansion coefficients (TECs), αL = (1/L)(dL/dT), and αV = (1/V)(dV/dT), which respectively measure the change in length L or volume V of an object with temperature T. αL and αV are typically quoted in 10−6 K−1 units, equivalent to ppm (parts per million) K−1 or MK−1. Isotropic substances such as simple liquids, glasses, polycrystalline ceramics, and cubic crystals, have the same αL in all directions with αV = 3αL. ZrW2O8 is a famous example of a cubic NTE material (Mary et al., 1996). However uniaxial (tetragonal, hexagonal, or trigonal) crystals may have different linear TECs α|| and α⊥ parallel and perpendicular to the unique symmetry axis, respectively, and crystals with orthorhombic or lower symmetry have three different values α1, α2, and α3 in mutually perpendicular directions. The volume TEC is given by αV = α|| + 2α⊥ or αV = α1 + α2 + α3 and when the linear TECs are very different, such as a mix of negative and positive values, then highly anisotropic thermal expansion may be obtained. TECs of crystalline materials are usually measured by determining how unit cell lengths change with temperature from diffraction measurements. Direct strain gauge (dilatometry) measurements of crystals can also be used, and are particularly useful for ceramics and amorphous materials such as glasses. Diffraction and dilatometry expansion measurements can give different results due to the effects of microstructure, as discussed in section Microstructural NTE.

NTE materials have negative αV over some temperature range. Reported αV values vary from −1 to −1,000 × 10−6 K−1, but it is also important to consider the temperature range to which the quoted αV refers as very large negative αV's may result from modest volume decreases over very narrow temperature ranges at a phase transition. For this reason it is often more useful to consider the overall volume decrease; materials with –ΔL/L > 1% and so –ΔV/V > 3% have notably large NTE.

The thermodynamic origin of thermal expansion in solids is expressed through the relation αV = γCV/BV where CV is heat capacity at constant V, B = –V(dp/dV) is the bulk modulus with p being pressure, and γ is the weighted or macroscopic Grüneisen parameter summed over values for the active phonon frequencies ωi as γi = –d(ln ωi)/d(ln V). CV and B always take positive values, hence variations in the sign of αV arise from corresponding variations in the sign of γ. NTE is often associated with other unusual lattice properties such as negative linear compressibility under applied pressure (Mittal et al., 2018) and pressure-induced softening where dB/dp becomes negative (Dove and Fang, 2016).

Conventional PTE arises because γ is usually positive as a consequence of the shape of the interatomic potential for bonding between two atoms, as shown in Figure 1. Anharmonicity in the shape of the potential leads to an increase in the average interatomic distance as higher vibrational states become more populated as temperature rises. As this pairwise potential shape applies qualitatively to all type of chemical bonding, it might appear that PTE should be a universal behavior, but NTE can arise from two “escapes” that circumvent the latter argument.
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FIGURE 1. The interatomic bonding potential, showing the variation of potential energy with interatomic distance for a pair of bonded atoms. Vibrational energy levels are quantised and with increasing temperature the occupation of higher levels leads to a slight increase in the mean interatomic distance relative to the minimum–energy equilibrium distance as shown.



INTRINSIC NTE MECHANISMS

Structural NTE

The first “escape” from the universal PTE behavior expected from the interatomic potential in Figure 1 arises from the more complex vibrational properties of large arrays of atoms. Figure 2 shows some of the possible motions for a chain of atoms. Longitudinal (L) vibrations in the direction of the bonds (Figure 2A) tend to lengthen the chain as temperature increases through thermal expansion of the individual bonds via the anharmonicity of the interatomic potential (Figure 1). However, transverse (T) motions perpendicular to the direction of the chain tend to shorten the chain–length as the amplitude of vibration increases with temperature (Figures 2B,C) and so can lead to NTE. This is sometimes known as the tension or “guitar string” effect. Lattice vibrations, also known as phonons, are usefully classified as optic (O) with short wavelengths and high frequencies and energies, or acoustic (A) with long wavelengths and low frequencies and energies. Transverse optic (TO) phonons like that shown in Figure 2B lead to large chain shortening (NTE) but may only be excited at high temperatures in view of their high energies, whereas transverse acoustic (TA) modes that lead to more modest NTE are excited at lower temperatures. Detailed theoretical and experimental analyses of phonon spectra are needed to assess the contributions of TO and TA vibrations to the NTE of real materials (Dove and Fang, 2016; Mittal et al., 2018).
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FIGURE 2. Schematic illustrations of lattice modes for a chain of atoms. (A) Longitudinal optic (LO) mode leading to PTE through asymmetry of the pairwise bonding potential shown in Figure 1. (B) High energy transverse optic (TO) mode that greatly shortens the chain giving large NTE as the vibrational amplitude increases with temperature. (C) Low energy transverse acoustic (TA) mode leading to more modest NTE as temperature increases.



Structural NTE results when the shortening effects of the transverse phonon amplitudes due to bending or torsional motions outweigh the expansion effects of the longitudinal modes. Low atomic connectivity so that atoms have free space to move into during transverse motions leading to large amplitudes is a necessary feature for NTE to prevail. Planar 3-coordination is the maximum connectivity known to lead to negative expansion, as exemplified by graphene sheets of carbon atoms (Yoon et al., 2011). However when these sheets are stacked in the three-dimensional lattice of graphite, conventional PTE arising from soft van der Waals bonding potentials in the stacking (high symmetry) direction gives a large α|| = 23.1 × 10−6 K−1 that outweighs the NTE in the perpendicular directions (α⊥ = −0.6 × 10−6 K−1) leading to bulk PTE (αV = α|| + 2α⊥ = 21.9 × 10−6 K−1) (Morgan, 1972).

Bulk structural NTE requires a large proportion of 2-coordinate linker groups, connecting more highly-coordinated atoms into a three-dimensional structure. Some representative examples of structural NTE material types, with 2-connected linkers underlined, are ScF3, Ag2O, ZrW2O8, ZrV2O7, LiAlSiO4 (the mineral β-eucryptite), zeolitic forms of SiO2 (e.g., ITQ-4) and related AlPO4 (e.g., AlPO4-17) frameworks, Cd(CN)2, Co3[Co(CN)6]2, and metal organic frameworks such as IRMOF-1 (Zn4O(bdc)3, where bdc is 1,4-benzodicarboxylate). These have αV values of magnitude −20 to −120 × 10−6 K−1 over typical temperature ranges of a few hundred K; details and citations are shown in Dove and Fang (2016). All of these materials have the majority of their atoms in the 2-connected linkers. The metal fluoride and oxide examples have 2-coordinate atoms linking tetrahedral or octahedral units together. These polyhedra tend to be rigid so the transverse vibrations of the lattice may be described in the rigid unit mode (RUM) picture (Dove and Fang, 2016).

The importance of the transverse motions of the linker atoms or groups to NTE is further demonstrated by changes observed when additional molecules or ions are inserted into NTE materials. The inserted species within cavities in the structure are adjacent to the linkers and so reduce the amplitudes of their transverse vibrations. Redox insertion of only 6% Li into Fe-doped ScF3 switches the TEC from negative to positive (Chen et al., 2017), and the same change is found when K+ or H2O is inserted into the channels of the cyanide framework material YFe(CN)6 (Gao et al., 2017).

Electronic NTE

A disparate group of materials, usually dense metal alloys or ceramics, display NTE that is not driven by the structural (transverse vibration) mechanism. Although they have a wide variety of physical properties, and so are sometimes described as having different NTE mechanisms, they have the common feature that NTE results from thermal changes in the interatomic bonding potential, as illustrated in Figure 3. Changes in bonding with temperature such that the interatomic potential becomes more strongly bonding can shift the curve to a smaller equilibrium distance at higher temperature. This may occur through a relatively sharp first order phase transition between two distinct states, or the potential may gradually evolve with changing temperature through a second or higher order transition. When the effect of this “escape” outweighs the usual PTE from the anharmonicity of the potentials then NTE may be observed over temperature range of the crossover.
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FIGURE 3. Illustration of electronic mechanisms for NTE, where the interatomic bonding potential changes with temperature, moving to a more strongly bonding curve with smaller equilibrium distance at higher temperature. This may occur through a relatively sharp first order phase transition between two distinct states, or the potential may gradually evolve with changing temperature.



Figure 4 illustrates the schematic changes in lattice volume with temperature for a material displaying electronic NTE. Both the larger-volume low-T and the smaller-volume high-T states shown in Figure 3 display conventional PTE behavior, but the change between them in the crossover region with lower and upper temperatures Tl and Tu leads to NTE. Tu often marks an ordering temperature such as a magnetic or ferroelectric Curie transition, and the lower limit Tl is reached where the order parameter (magnetization or electric polarization) is fully saturated. In other cases such as charge transfer materials, Tl and Tu mark the lower and upper limits of the two-phase region where the low-T and high-T phases coexist. The electronically-induced excess volume ΔVex relative to the extrapolated volume of the high-T state, VHT, may be used to calculate the spontaneous volume striction ΔVex/VHT. Variations in the magnitude of ΔVex and in the separation between Tl and Tu may be used to tune electronic materials from reduced PTE, through ZTE to NTE behavior. A famous material that launched the study of unusual thermal expansion properties is the Invar alloy Fe0.64Ni0.36 named for an invariant length with a very small αL = 1 × 10−6 K−1 (effectively ZTE) below magnetic TC = 500 K.
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FIGURE 4. Schematic changes in lattice volume with temperature for a material displaying electronic NTE. The change from the larger-volume low-T to the smaller-volume high-T states (as shown in Figure 3) leads to NTE in the crossover region with lower and upper temperatures Tl and Tu. Tu often marks an ordering temperature such as a magnetic or ferroelectric Curie transition. The electronically-induced excess volume ΔVex relative to the extrapolated volume of the high-T state is shown.



The transitions or changes that give rise to electronic NTE are usually associated with an increase in electron delocalization on passing from the low-T to the high-T phase. The low-T phase is more electron localized or correlated (e.g., magnetically ordered), due to electron-electron repulsions that may be described by the Hubbard U energy, while the more electron delocalized or disordered high-T phase is stabilized by entropy. Electrons near the Fermi level are often in d- or f-states that are non-bonding or weakly antibonding, so their delocalization allows the bonding potential to become more negative and shift to shorter distance as shown in Figure 3.

Classes of materials where electronic NTE is found are;

• Metallic magnets, notably the Invar alloy above, also R2Fe17 (R = rare earth) and related intermetallics, the permanent magnet family R2Fe14B, the Mn3(Cu,Ge)N antiperovskites, and metallic perovskite oxides SrRuO3 and manganites such as La0.8Ba0.2MnO3. NTE is usually observed over a wide temperature range below the magnetic Curie transition.

• Insulating magnets—these generally do not show NTE but some examples are found for frustrated spinels e.g., CdCr2O4 and CdCr2S4, the multiferroic Pb(Fe0.5Nb0.5)O3, and orbitally ordered MnF3, below their Curie or Néel temperatures.

• Charge transfer materials, e.g., Bi0.95La0.05NiO3, LaCu3Fe4O12, Sm0.67Y0.33S, Sm2.75C60, and Yb8Ge3Sb5, can show very large NTE resulting from volume collapses at metal to insulator charge transfer transitions. Bi0.95La0.05NiO3 has αV = −410 × 10−6 K−1 between 300 and 370 K, termed colossal NTE (CNTE). The oxides have intermetallic Bi/Ni or Cu/Fe charge transfer transitions, whereas electrons released through the ionization process R2+ → R3+ + e− in the R = Sm, Yb materials are delocalized in the conduction band at high temperatures. NTE in V2OPO4 where charge ordering occurs without a metal-insulator transition was recently reported (Pachoud et al., 2018).

• Orbital ordering transitions usually associated with first-order Jahn-Teller distortions give rise to NTE in several materials. Ca2RuO4 has orbital order associated with a metal-insulator transition, while insulating LaMnO3 which is much studied as the parent phase of the perovskite manganites undergoes a 0.4% cell volume decrease at 750 K where the orbital order-disorder transition occurs.

• Ferroelectrics associated with off-center displacements of cations to give a net polarization sometimes show NTE below their Curie transitions. Prominent examples are perovskite oxides of lead with transition metal cations showing a second-order Jahn-Teller effect such as PbTiO3, Pb(Mg0.33Ta0.67)O3, and Pb(Fe0.5Nb0.5)O3. Cooling below TC leads to a change from symmetric O–M–O–M–O to asymmetric O……M-O……M-O chains of atoms leading to polarity in the chain direction. The lengthening of O……M bonds where electrons are localized in antibonding states outweighs the shortening of the M-O bonds, leading to a net expansion in the polar chain direction on cooling and hence the excess volume associated with NTE below TC. This can lead to very large volume collapses on warming, for example, Pb0.8Bi0.2VO3 shows ΔV/V = −7.9% around TC ≈ 600 K (Yamamoto et al., 2018).

• Superconductors sometimes show an excess volume and NTE below their critical temperatures Tc, for example in MgB2, La1.85Sr0.15CuO4, and NdFeAsO0.89F0.11. Electron-phonon coupling is directly implicated in the superconducting mechanism for BCS-type MgB2, whereas the latter two materials are unconventional superconductors where a magnetic pairing mechanism may be important. Loss of bonding electron density at the Fermi level due to electron-pairing below Tc is the general cause of NTE in superconductors.

Further details and citations when not shown above are given in the comprehensive review of NTE in functional materials by Chen et al. (2015).

MORPHOLOGICAL NTE

The structural and electronic mechanisms for NTE described above apply to chemically homogenous materials such as a single crystal. However, there are further instances where NTE can arise or differ from the normal bulk behavior due to the specific morphology of the sample.

Nanoparticle NTE

A variety of materials that show bulk PTE have been found to display NTE when prepared as small particles, usually in the nanoscale regime. For example, the magnetic insulators CuO and MnF2 show PTE in the bulk but as 5 nm particles they display NTE below their Néel temperatures. CuO has a giant NTE of αV = −110 × 10−6 K−1 between 20 and 170 K (Zheng et al., 2008). Nanoparticles of Au (Li et al., 2002) and TiO2 (Zhu et al., 2016) are also reported to display NTE.

The origin of nanoparticle NTE is usually electronic as, for example, the excess volume of CuO particles above follows the general behavior shown in Figure 4. Localization of ordered or correlated states tends to be enhanced at and near surfaces so the associated lattice expansion on cooling can dominate the overall behavior in small particles with a large proportion of surface atoms. The structural NTE mechanism could also play a part as surface atoms have a lower connectivity than the bulk so transverse vibrational amplitudes may be enhanced.

Microstructural NTE

Direct measurement of αV for ceramic samples sometimes gives a more negative value than that expected from crystallographic measurement of the linear TECs. The excess negative expansion is achieved by reducing the volumes of microcracks or voids within the ceramic on heating, as illustrated schematically in Figure 5. Microstructural NTE was reported in an early study of β-eucryptite (LiAlSiO4) (Gillery and Bush, 1959) and very large effects have recently been discovered in Ca2RuO4 (Takenaka et al., 2017a). These ceramic materials both have anisotropic thermal expansion with one strongly negative coefficient that dominates the expansion of their ceramics. For example, on heating from 150 to 340 K, the orthorhombic a, b, and c axes of Ca2RuO4 show length changes of −0.6, −5.0, and +4.5% respectively, so an overall ΔV/V = −1.1% is expected. However an 80% dense ceramic sample gave ΔV/V = −6.7% revealing a substantial microstructural NTE effect.
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FIGURE 5. Illustrative two-dimensional model for the microstructural NTE effect, showing three crystallites enclosing a void. The crystallites shown have contracted by 10% along their long axis and expanded by 10% in the perpendicular direction on changing from low T to high T, so their total area has not changed. However, the enclosing area for the ensemble shown by broken lines undergoes an overall decrease of 8%, illustrating how anisotropic thermal expansion may lead to overall NTE.



Anisotropic thermal expansion leads to stresses at grain boundaries that result in microcracking in β-eucryptite ceramics on cooling to room temperature after sintering. Reduction of the microcrack volumes on subsequent heating results in bulk NTE and an enhancement of the excess NTE with increasing grain size (and hence internal microcrack volume) has been established (Pelletant et al., 2012). However, this is less problematic for Ca2RuO4-based ceramics, which have been combined with epoxy resin to generate ZTE materials that are stable to microcracking on thermal cycling (Takenaka et al., 2017b).

Metamaterials NTE

Artificial structures consisting of two or more materials with different TECs (which may all be positive) can be engineered to contract when heating. A simple example based on bonded strips of two materials with different positive TECs is shown in Figure 6. The structure contracts on heating through reduction of the volume of internal voids, which outweighs the increase in volume of the materials themselves. Designs for three-dimensional cellular metamaterials with varying TECs based on the use of such bimaterial connectors were proposed by Lakes (2007).
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FIGURE 6. Illustrative two-dimensional example of an NTE metamaterial consisting of a square lattice of bimaterial strips acting as struts between 4-connected nodes. On heating from the low T to the high T state, the light and dark gray materials respectively expand in length by 6 and 17%, but the separation between nodes decreases by 4% corresponding to an 8% area contraction. Hence the metamaterial consisting of only PTE substances shows bulk NTE.



Recent developments in additive manufacturing through three-dimensional printing technologies have enabled metamaterials with bulk NTE to be generated. In a recent example, a two-component polymer metamaterial showed bulk negative expansion with αL = −50 × 10−6 K−1 although the individual components had PTE with an average αL = 40 × 10−6 K−1 (Qu et al., 2017).

SUMMARY

Although many diverse examples of NTE materials are reported, they may be classified according to two types of intrinsic mechanism. Electronic NTE arises from reduction in first-neighbor distances upon heating due to changes in the interatomic potential. These changes may arise from a variety of physical property transitions such as magnetism, charge transfer, ferroelectricity, and superconductivity that alter the distribution of electron density. Structural NTE occurs through reduction in second- or higher- neighbor distances upon heating due to dominant effects of transverse vibrations such as bending or torsional modes, and is found in many framework-type materials with a high proportion of 2-connected linkers.

The intrinsic NTE mechanisms may be enhanced in nanoparticles, most likely through electronic effects from localization of ordered or correlated states near surfaces. Further morphological mechanisms for NTE of bulk artifacts result from reducing the volume of internal voids upon heating. Microstructural NTE is found for ceramics of materials having anisotropic thermal expansion coefficients. Artificial structures of substances with different expansion coefficients may be used to generate metamaterials with NTE even when the individual components have PTE behavior.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and approved it for publication.

FUNDING

The author acknowledges financial support from EPSRC.

ACKNOWLEDGMENTS

This paper is based upon a talk presented at the 2nd International Symposium on Negative Thermal Expansion and Related Materials (ISNTE-II) at Tokyo Institute of Technology, Yokohama, Japan in December 2017. The author thanks the organizers and participants for their contributions that helped to shape the ideas presented in this paper.

REFERENCES

 Chen, J., Gao, Q., Sanson, A., Jiang, X., Huang, Q., Carnera, A., et al. (2017). Tunable thermal expansion in framework materials through redox intercalation. Nat. Commun. 8:14441. doi: 10.1038/ncomms14441

 Chen, J., Hu, L., Deng, J., and Xing, X. (2015). Negative thermal expansion in functional materials: controllable thermal expansion by chemical modifications. Chem. Soc. Rev. 44, 3522–3567. doi: 10.1039/C4CS00461B

 Dove, M. T., and Fang, H. (2016). Negative thermal expansion and associated anomalous physical properties: review of the lattice dynamics theoretical foundation. Rep. Prog. Phys. 79:066503. doi: 10.1088/0034-4885/79/6/066503

 Gao, Q., Chen, J., Sun, Q., Chang, D., Huang, Q., Wu, H., et al. (2017). Switching between giant positive and negative thermal expansions of a YFe(CN)6-based Prussian blue analogue induced by guest species. Angew. Chem. Int. Ed. 56, 9023–9028. doi: 10.1002/anie.201702955

 Gillery, F. H., and Bush, E. A. (1959). Thermal contraction of β-eucryptite-. (Li2O.Al2O3.2SiO2) by X-ray and dilatometer methods. J. Am. Cer. Soc. 42, 175–177. doi: 10.1111/j.1151-2916.1959.tb12942.x

 Lakes, R. (2007). Cellular solids with tunable positive or negative thermal expansion of unbounded magnitude. Appl. Phys. Lett. 90:221905. doi: 10.1063/1.2743951

 Li, W. H., Wu, S. Y., Yang, C. C., Lai, S. K., Lee, K. C., Huang, H. L., et al. (2002). Thermal contraction of Au nanoparticles. Phys. Rev. Lett. 89:135504. doi: 10.1103/PhysRevLett.89.135504

 Lind, C. (2012). Two decades of negative thermal expansion research: where do we stand? Materials 5, 1125–1154. doi: 10.3390/ma5061125

 Liu, Z., Gao, Q., Chen, J., Deng, J., Lin, K., and Xing, X. R. (2018). Negative thermal expansion in molecular materials. Chem. Commun. 54, 5164–5176. doi: 10.1039/C8CC03219J

 Mary, T. A., Evans, J. S. O., Vogt, T., and Sleight, A. W. (1996). Negative thermal expansion from 0.3 to 1050 Kelvin in ZrW2O8. Science 272, 90–92. doi: 10.1126/science.272.5258.90

 Mittal, R., Gupta, M. K., and Chaplot, S. L. (2018). Phonons and anomalous thermal expansion behavior in crystalline solids. Prog. Materials Sci. 92, 360–445. doi: 10.1016/j.pmatsci.2017.10.002

 Morgan, W. C. (1972). Thermal expansion coefficients of graphite crystals. Carbon 10, 73–79. doi: 10.1016/0008-6223(72)90011-5

 Pachoud, E., Cumby, J., Lithgow, C. T., and Attfield, J. P. (2018). Charge order and negative thermal expansion in V2OPO4. J. Am. Chem. Soc. 140, 636–641. doi: 10.1021/jacs.7b09441

 Pelletant, A., Reveron, H., Chêvalier, J., Fantozzi, G., Blanchard, L., Guinot, F., et al. (2012). Grain size dependence of pure β-eucryptite thermal expansion coefficient. Mater. Lett. 66, 68–71. doi: 10.1016/j.matlet.2011.07.107

 Qu, J., Kadic, M., Naber, A., and Wegener, M. (2017). Micro-structured two-component 3D metamaterials with negative thermal-expansion coefficient from positive constituents. Sci. Rep. 7:40643. doi: 10.1038/srep40643

 Takenaka, K. (2012). Negative thermal expansion materials: technological key for control of thermal expansion. Sci. Technol. Adv. Mater. 13:013001. doi: 10.1088/1468-6996/13/1/013001

 Takenaka, K., Okamoto, Y., Shinoda, T., Katayama, N., and Sakai, Y. (2017a). Colossal negative thermal expansion in reduced layered ruthenate. Nature Comm. 8:14102. doi: 10.1038/ncomms14102

 Takenaka, K., Shinoda, T., Inoue, N., Okamoto, Y., Katayama, N., Sakai, Y., et al. (2017b). Giant negative thermal expansion in Fe-doped layered ruthenate ceramics. Appl. Phys. Express 10:115501. doi: 10.7567/APEX.10.115501

 Yamamoto, H., Imai, T., Sakai, Y., and Azuma, M. (2018). Colossal negative thermal expansion in electron-doped PbVO3 perovskites. Angew. Chem. Int. Ed. 57, 1–5. doi: 10.1002/anie.201804082

 Yoon, D., Son, Y. W., and Cheong, H. (2011). Negative thermal expansion coefficient of graphene measured by Raman spectroscopy. Nano Lett. 11, 3227–3231. doi: 10.1021/nl201488g

 Zheng, X. G., Kubozono, H., Yamada, H., Kato, K., Ishiwata, Y., and Xu, C. N. (2008). Giant negative thermal expansion in magnetic nanocrystals. Nature Nat. Nanotechnol. 3, 724–726. doi: 10.1038/nnano.2008.309

 Zhu, H., Li, Q., Ren, Y., Fan, L., Chen, J., Deng, J., et al. (2016). Hydration and thermal expansion in anatase nanoparticles. Adv Mater. 28, 6894–6899. doi: 10.1002/adma.201600973

Conflict of Interest Statement: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Attfield. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







	
	ORIGINAL RESEARCH
published: 14 August 2018
doi: 10.3389/fchem.2018.00347





[image: image2]

Adjustable Thermal Expansion Properties in Zr2MoP2O12/ZrO2 Ceramic Composites


Hongfei Liu1, Weikang Sun1, Xiang Xie1, Lu Yang1, Zhiping Zhang2*, Min Zhou1, Xianghua Zeng1 and Xiaobing Chen2


1Department of Microelectronics, School of Physical Science and Technology, Yangzhou University, Yangzhou, China

2Department of Electrical and Mechanical Engineering, Guangling College, Yangzhou University, Yangzhou, China

Edited by:
Jun Chen, University of Science and Technology Beijing, China

Reviewed by:
Kewen Shi, Beihang University, China
 Sihao Deng, Southwest University of Science and Technology, China
 Cristina Artini, Università di Genova, Italy

* Correspondence: Zhiping Zhang, zp-hf@163.com

Specialty section: This article was submitted to Physical Chemistry and Chemical Physics, a section of the journal Frontiers in Chemistry

Received: 02 May 2018
 Accepted: 24 July 2018
 Published: 14 August 2018

Citation: Liu H, Sun W, Xie X, Yang L, Zhang Z, Zhou M, Zeng X and Chen X (2018) Adjustable Thermal Expansion Properties in Zr2MoP2O12/ZrO2 Ceramic Composites. Front. Chem. 6:347. doi: 10.3389/fchem.2018.00347



Zr2MoP2O12/ZrO2 composites were successfully synthesized by the solid state method in attempt to fabricate the near-zero thermal expansion ceramics. The phase composition, micromorphology and thermal expansion behavior of the Zr2MoP2O12/ZrO2 composites with different mass ratios were investigated using X-ray diffraction, scanning electron microscopy and thermal mechanical analysis. Results indicate that Zr2MoP2O12/ZrO2 composites can be prepared by pre-sintering at 500°C for 3 h and then sintering at 1050°C for 6 h. The resulting Zr2MoP2O12/ZrO2 composites consisted of orthorhombic Zr2MoP2O12 and monoclinic ZrO2. With increasing content of Zr2MoP2O12, the Zr2MoP2O12/ZrO2 ceramics became more compact and the coefficient of thermal expansion decreased gradually. Zr2MoP2O12/ZrO2 composites show an adjustable coefficient of thermal expansion (CTE) from 5.57 × 10−6 K−1 to −5.73 × 10−6 K−1 by changing the mass ratio of Zr2MoP2O12 and ZrO2. The Zr2MoP2O12/ZrO2 composite with a mass ratio of 2:1 showed near zero thermal expansion, and the average linear thermal expansion coefficient is measured to be 0.0065 × 10−6 K−1 in the temperature range from 25 to 700°C.
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INTRODUCTION

It is well known that the vast majority of materials expand on heating. However, some materials shrink as the temperature rises and display negative thermal expansion (NTE). NTE materials have attracted considerable attention due to the anomalous phenomenon and their potential application in controlled thermal expansion composites and other areas (Chen et al., 2015). Control of thermal expansion is crucial to many applications. Mismatch of thermal expansion in component materials of high-precision device may result in serious problems, such as mechanical destruction and positional deviation. An easy method to prepare the material with near-zero or low thermal expansion is combining NTE materials with positive thermal expansion materials (Liu et al.2012; 2012a; Gao et al., 2016; Zhang et al., 2017). Materials displaying zero or low thermal expansion are both dimensionally stable and highly resistant to thermal shock.

The longtime leading NTE exemplar was ZrW2O8. Cubic ZrW2O8 exhibits strong isotropic NTE over a wide temperature range (Mary et al., 1996; Nishiiyama et al., 2006; Kanamori et al., 2008; Banek et al., 2010; Liu et al., 2011, 2012b). With the goal of thermal expansion control, several studies of the composites containing ZrW2O8 have been reported, such as ZrW2O8/ZrO2 (Lommens et al., 2005; Yang et al., 2007), ZrW2O8/Cu (Yilmaz, 2002), ZrW2O8/Al (Wu et al., 2013), ZrW2O8/cement (Kofteros et al., 2001), ZrW2O8/PI, and ZrW2O8/epoxy (Sullivan and Lukehart, 2005; Yang et al., 2010). The thermal expansion coefficient of composites can be effectively controlled by using ZrW2O8 as NTE filler, however, the cubic ZrW2O8 is metastable at room temperature and needs to be quenched after sintering at 1200°C. Meanwhile, ZrW2O8 undergoes a structural phase transition from α -ZrW2O8 to β -ZrW2O8 at around 160°C and the coefficient of thermal expansion will decrease from about −8.8 × 10−6 K−1 to −4.9 × 10−6 K−1. In addition, when ZrW2O8 was heated to about 740°C in air, it will decompose into ZrO2 and WO3 (Mary et al., 1996; Nishiiyama et al., 2006; Kanamori et al., 2008; Banek et al., 2010; Liu et al., 2011, 2012b). Quenching, thermal decomposition and the abrupt change of thermal expansion are disadvantageous for composite design.

Orthorhombic Zr2MoP2O12, a member of A2M3O12 family, has received widespread attention in recent years. It shows stable NTE and its average linear expansion coefficient is −4.5 × 10−6 K−1 over a broad temperature range from −264 to 1050°C. What's more, it overcomes all the limitations of ZrW2O8 discussed above, suggesting its potential use for fabricating near-zero or low thermal expansion materials (Cetinkol et al., 2009; Isobe et al., 2016). ZrO2 ceramics has been widely used in optical, electrical and high temperature fields. The average linear thermal expansion coefficient of ZrO2 is about 10 × 10−6 K−1(Lommens et al., 2005; Yang et al., 2007). The absolute values of thermal expansion coefficient of ZrO2 and Zr2MoP2O12 are thus similar but have opposite signs, suggesting that these materials are good candidates for the preparation of ceramic composites with tunable CTEs. In this work, a new series of Zr2MoP2O12/ZrO2 composites were synthesized by solid state method with the goal of tailoring the thermal expansion. The effects of mass ratio between Zr2MoP2O12 and ZrO2 on the phase composition, microstructure, and thermal expansion coefficient of the Zr2MoP2O12/ZrO2 ceramic composites were also investigated.

EXPERIMENTAL

Sample Preparation

Zr2MoP2O12, ZrO2, and Zr2MoP2O12/ZrO2 composites (mass ratios: 1:2, 1:1, 2:1) were prepared using stoichiometric amounts of ZrO2 (purity ≥99.95%, metals basis), MoO3 (purity ≥99.99%, metals basis), and NH4H2PO4 (purity ≥99.5%, metals basis). A summary of samples prepared can be found in Table 1. The starting compounds were mixed in ethanol using ball milling for 6 h to form a uniform mixture and dried at 80°C, then the mixtures were pre-heated at 500°C for 3 h. The mixtures, under 50 MPa, were cold pressed into pellets which were 7 mm in diameter and about 2 mm in thickness. Finally, the pellets were calcined at 1050°C in air for 6 h and cooled down in the furnace. In the solid-state synthesis, the following reactions may take place:
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Table 1. Synthesis conditions for ZrO2, Zr2MoP2O12, and Zr2MoP2O12/ZrO2 ceramics.
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In this work, the 2:1 Zr2MoP2O12/ZrO2 composite was also prepared using the pure Zr2MoP2O12 and ZrO2 as raw materials, and the synthetic process is the same as that of the above process.

Experimental Techniques

Identification of the different phases presented in the samples was performed using powder X-ray diffraction (PXRD) on a Shimadzu XRD 7000 with Cu Ka radiation. Data were collected at 40 kV and 35 mA, with a scanning speed of 5°/min over an angular range of 10–60°. The micromorphologies of the samples were observed using a scanning electron microscopy (SEM, TESCAN VEGA3). The elemental composition of the samples were analyzed using energy-dispersive X-ray spectrometry (EDX, Bruker XFlash 6160) as well.The CTEs of the samples were measured by thermal mechanical analyzer (TMA/SS, Seiko 6300) using a heating rate of 5°C/min from room temperature to 700°C in air.

RESULTS AND DISCUSSION

XRD Analysis

Figure 1 shows typical XRD patterns of the Zr2MoP2O12/ZrO2 (mass ratios 1:2, 1:1, and 2:1) composites in addition to those of the pure Zr2MoP2O12 and ZrO2 ceramics obtained under the same preparation condition. Figure 1a shows typical powder XRD pattern of pure ZrO2 ceramics sintered at 1050°C for 6 h, all the observed reflections could be well indexed and attributed to monoclinic ZrO2 in agreement with JCPDS card number 65–1,023. The typical powder XRD pattern of pure Zr2MoP2O12 specimen sintered at 1050°C for 6 h is shown in Figure 1e, all diffraction peaks match those expected for orthorhombic Zr2MoP2O12, which agrees with literature reports (Cetinkol et al., 2009; Isobe et al., 2016). No impurity phases were detected, confirming the purity of the two products. The PXRD patterns of the Zr2MoP2O12/ZrO2 (mass ratio: 1:2, 1:1, and 2:1) composites were shown in Figures 1b–d, it can be seen that all the diffraction peaks of the specimens could be indexed as both monoclinic ZrO2 and orthorhombic Zr2MoP2O12. With increasing mass ratio of Zr2MoP2O12, the intensity of diffraction peaks of Zr2MoP2O12 become much stronger. The diffraction peaks of both ZrO2 and Zr2MoP2O12 were sharp and intense, indicating their highly crystalline nature.
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FIGURE 1. XRD patterns of the obtained ZrO2 ceramics, Zr2MoP2O12 ceramics and Zr2MoP2O12/ZrO2 composites with different mass ratios sintered at 1050°C for 6 h.



To investigate whether a chemical reaction occurred between ZrO2 and Zr2MoP2O12 during sintering at 1050°C. The 2:1 Zr2MoP2O12/ZrO2 composite was also prepared using the pure Zr2MoP2O12 and ZrO2 as raw materials. The Zr2MoP2O12 was mixed with ZrO2 at a mass ratio of 2:1 and finally calcined at 1050°C in air for 6 h. The XRD patterns of the ZrO2, Zr2MoP2O12, and 2:1 Zr2MoP2O12/ZrO2 were shown in Figure 2. Except for monoclinic ZrO2 and orthorhombic Zr2MoP2O12, no new peaks were detected, confirming that no chemical reaction occurred between ZrO2 and Zr2MoP2O12 during sintering at 1050°C.
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FIGURE 2. XRD patterns of the obtained 2:1 Zr2MoP2O12/ZrO2 composites sintered at 1050°C for 6 h using the Zr2MoP2O12 and ZrO2 as raw materials, and the XRD patterns of pure Zr2MoP2O12 and ZrO2 were also given for reference.



SEM Images and Density Analysis

Further study was carried out by the SEM analysis to identify microstructures of as-prepared Zr2MoP2O12, ZrO2, and Zr2MoP2O12/ZrO2 composites. Figure 3 shows SEM images of fracture surfaces of the pure ZrO2, pure Zr2MoP2O12 sintered bodies, and the Zr2MoP2O12/ZrO2 composites fabricated with different mass ratio of 1:2, 1:1, and 2:1. As shown in Figure 3a, as-prepared ZrO2 ceramics sintered at 1050°C is not compact and the ZrO2 grain growth is not observed obviously due to the insufficient sintering. The SEM images of the Zr2MoP2O12/ZrO2 composites fabricated at different mass ratio of 1:2, 1:1, and 2:1 are shown in Figures 3b–d. It can be seen that the Zr2MoP2O12/ZrO2 composites show nearly the same SEM images of fracture surfaces, which consist of irregular grains and some pores. With increasing content of Zr2MoP2O12, Zr2MoP2O12/ZrO2 ceramics became denser and displayed larger particle sizes and less porosity, suggesting that the increase of Zr2MoP2O12 slightly promoted the particle growth and increased the density of the Zr2MoP2O12/ZrO2 ceramics. Figure 3e shows the SEM images of fracture surfaces of the obtained pure Zr2MoP2O12 ceramics. The Zr2MoP2O12 sintered body was denser compared with the ZrO2 ceramics fabricated at same sintering temperature. It is compact, which is in agreement with the results reported earlier (Cetinkol et al., 2009; Isobe et al., 2016). The elemental composition and distribution of 2:1 Zr2MoP2O12/ZrO2 composite was also investigated using the EDX. The distribution of zirconium, oxygen, phosphorus, molybdenum is shown in Figures 3f–j.
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FIGURE 3. SEM images of the obtained ZrO2 ceramics, Zr2MoP2O12 ceramics and Zr2MoP2O12/ZrO2 composites with different mass ratios sintered at 1050°C for 6 h. (a) ZrO2 (b) Zr2MoP2O12:ZrO2 = 1:2 (c) Zr2MoP2O12:ZrO2 = 1:1 (d) Zr2MoP2O12:ZrO2 = 2:1 (e) Zr2MoP2O12 (f) overlaid with elemental analysis results of 2:1 Zr2MoP2O12/ZrO2 composite using EDX (g–j) distribution of zirconium, oxygen, phosphorus, molybdenum elements in the selected area.



Thermal Expansion Properties

For a better analysis of the thermal expansion behaviors of the composites, Figure 4A shows the thermal expansion curves of the Zr2MoP2O12/ZrO2 composites with different mass ratio calcined at 1050°C for 6 h. The thermal expansion curves of the pure Zr2MoP2O12 and pure ZrO2 ceramics are also given for reference. As shown in Figures 4A–a, Pure ZrO2 specimen shows positive thermal expansion in the testing temperature from 25 to 700°C with an average linear thermal expansion coefficient of 5.57 × 10−6 K−1, which agrees with literature reports (Lommens et al., 2005; Yang et al., 2007). In Figures 4A-e, it can be seen that pure Zr2MoP2O12 ceramics showed strong negative thermal expansion. Its average linear thermal expansion coefficient was measured to be −5.73 × 10−6 K−1 in the testing temperature range of 25–700°C. It can be found that the thermal expansion curves of the obtained samples except pure Zr2MoP2O12 ceramics overlap below 200°C, this abnormal behavior in the beginning of thermal expansion curves may be caused by the instrument. Above 200°C, all the samples show stable and almost linear change in the curves of thermal expansion with the increased temperature. Based on the above SEM analysis, the compact microstructure of the composites will promotes the stability of thermal expansion performance. Average linear thermal expansion coefficients of the obtained pure ZrO2, pure Zr2MoP2O12, and Zr2MoP2O12/ZrO2 composites with different mass ratios are summarized in Table 2. With increasing content of Zr2MoP2O12, the thermal expansion coefficient of Zr2MoP2O12/ZrO2 composite decreased gradually. The 1:2 Zr2MoP2O12/ZrO2 composite showed positive thermal expansion with a thermal expansion coefficient of 2.30 × 10−6 K−1. When the mass ratio of Zr2MoP2O12/ZrO2 decreased to 1:1, the composite also exhibited positive thermal expansion, but the CTE value decreased to 1.14 × 10−6 K−1. The 2:1 Zr2MoP2O12/ZrO2 composite showed very low thermal expansion with an average linear thermal expansion coefficient of 0.0082 × 10−6 K−1 in the temperature range of 25–700°C. Figure 4B shows the cyclic thermal expansion curves of the Zr2MoP2O12/ZrO2 composites. The two thermal expansion curves are almost the same, and the second average linear thermal expansion coefficient was test to be 0.0049 × 10−6 K−1 in the same temperature range, indicating the 2:1 Zr2MoP2O12/ZrO2 composite shows a stable thermal expansion property and the mass ratio of 2:1 (Zr2MoP2O12/ZrO2) is appropriate one. With the increase of the temperature, the volume shrinkage of the NTE Zr2MoP2O12 just can accommodate the volume expansion of ZrO2, which will keep a little change of the volume value of the 2:1 Zr2MoP2O12/ZrO2 composite. This near-zero expansion ceramic composite can withstand thermal stresses arising during sintering and subsequent quenching, which is an important criterion for a number of potential application in many fields. The results suggest that the thermal expansion coefficients of Zr2MoP2O12/ZrO2 composites can be tailored from 5.57 × 10−6 K−1 to −5.73 × 10−6 K−1 by adjusting the weight fraction of Zr2MoP2O12. Figure 5 shows the relation between coefficients of thermal expansion and the mass ratio of the Zr2MoP2O12/ZrO2 composites sintered at 1050°C for 6 h. The points is the data measured in the work. There is no linear relationship between the coefficients of thermal expansion and the mass ratio of the Zr2MoP2O12/ZrO2 composites. The red line is the best-fit line. According to the fitting equation, when the mass ration of Zr2MoP2O12/ZrO2 is 0.57, the Zr2MoP2O12/ZrO2 composite show zero thermal expansion. This fitting result deviates from the data obtained in the experiment. When the mass ration of Zr2MoP2O12/ZrO2 is 0.67, the near-zero thermal expansion Zr2MoP2O12/ZrO2 composite was obtained. This deviation mainly caused by the defects in the composites, such as pores and microcracks.
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FIGURE 4. (A)Thermal expansion curves of the obtained ZrO2 ceramics, Zr2MoP2O12 ceramics and Zr2MoP2O12/ZrO2 composites with different mass rati006Fs sintered at 1050°C for 6 h. (a) ZrO2 (b) Zr2MoP2O12:ZrO2 = 1:2 (c) Zr2MoP2O12:ZrO2 = 1:1 (d) Zr2MoP2O12:ZrO2 = 2:1 (e) Zr2MoP2O12. (B) Cyclic thermal expansion curves of the 2:1 Zr2MoP2O12/ZrO2 composite.




Table 2. Average linear thermal expansion coefficients of ZrO2 ceramics, Zr2MoP2O12 ceramics, and Zr2MoP2O12/ZrO2 composites with different mass ratios in corresponding testing temperature range from 25 to 700°C.
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FIGURE 5. Relation between coefficients of thermal expansion and the mass ratio of the Zr2MoP2O12/ZrO2 composites sintered at 1050°C for 6 h.



CONCLUSIONS

With the goal of thermal expansion control, NTE Zr2MoP2O12 was combined with the positive thermal expansion ZrO2 to fabricate the composites with a tailorable thermal expansion. The obtained Zr2MoP2O12/ZrO2 composites synthesized at 1050°C for 6 h were composed of orthorhombic Zr2MoP2O12 and monoclinic ZrO2, no intermediate phase was observed. With increasing content of Zr2MoP2O12, the thermal expansion coefficient of Zr2MoP2O12/ZrO2 composite decreased while the density of the composite increased gradually. The thermal expansion coefficients of the Zr2MoP2O12/ZrO2 composites can be tailored from 5.57 × 10−6 K−1 to −5.73 × 10−6 K−1 by changing the weight fraction of Zr2MoP2O12. In addition, the 2:1 Zr2MoP2O12/ZrO2 composite displayed near-zero thermal expansion with an average linear thermal expansion coefficient of 0.0065 × 10−6 K−1 in the testing temperature range of 25–700°C. This near-zero thermal expansion material will have a number of potential application in many fields due to its dimensional stability and high resistance to thermal shock.
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Zr2WP2O12/ZrO2 composites were fabricated by solid state reaction with the goal of tailoring the thermal expansion coefficient. XRD, SEM and TMA were used to investigate the composition, microstructure, and thermal expansion behavior of Zr2WP2O12/ZrO2 composites with different mass ratio. Relative densities of all the resulting Zr2WP2O12/ZrO2 samples were also tested by Archimedes' methods. The obtained Zr2WP2O12/ZrO2 composites were comprised of orthorhombic Zr2WP2O12 and monoclinic ZrO2. As the increase of the Zr2WP2O12, the relative densities of Zr2WP2O12/ZrO2 ceramic composites increased gradually. The coefficient of thermal expansion of the Zr2WP2O12/ZrO2 composites can be tailored from 4.1 × 10−6 K−1 to −3.3 × 10−6 K−1 by changing the content of Zr2WP2O12. The 2:1 Zr2WP2O12/ZrO2 specimen shows close to zero thermal expansion from 25 to 700°C with an average linear thermal expansion coefficient of −0.09 × 10−6 K−1. These adjustable and near zero expansion ceramic composites will have great potential application in many fields.

Keywords: Zr2WP2O12, ZrO2, composites, thermal expansion, ceramics

INTRODUCTION

Lots of materials known to show positive thermal expansion as temperature increase. In contrast, some materials show completely different thermal expansion properties and contract upon heating. This negative thermal expansion (NTE) phenomena has been found in some A2(MO4)3 compounds, where the A cation can be a trivalent main group metal, transition metal, or rare earth element ranging from Lu to Ho, while M corresponds to W or Mo (Sumithra and Umarji, 2004, 2006; Liu H. F. et al., 2012; Liu Q. Q. et al., 2012; Liu et al., 2015). In addition, compounds with aliovalent cations on the A and M site have been reported. For example, Zr2WP2O12 has been reported to exhibit strong and stable NTE over a wide temperature range. Zr2WP2O12 adopts the orthorhombic Sc2W3O12 structure, which consists of ZrO6 octahedra that share corners with two WO4 tetrahedra and four PO4 tetrahedra. Zr-O-W (P) linkages in this structure will lead to the volume contraction due to transverse vibration of bridging oxygen atoms as temperature increase (Isobe et al., 2008, 2009; Cetinkol and Wilkinson, 2009; Tani et al., 2010).

Thermal expansion is an important property of materials, and mismatch in thermal expansion often induces unstable performance or failure of devices in the field of microelectronics, optics and micromachines. To avoid the above problems, control of thermal expansion of materials can be necessary. An easy approach is to mix the NTE material with the positive thermal expansion material in the right proportion.

Most studies describing attempts to synthesize controllable thermal expansion composites mainly focus on ZrW2O8 based composites, such as ZrW2O8/ZrO2 (De Buysser et al., 2004; Lommens et al., 2005; Yang et al., 2007; Khazeni et al., 2011; Romao et al., 2015), ZrW2O8/Cu and ZrW2O8/polyimide (Yilmaz, 2002; Sullivan and Lukehart, 2005; Yang et al., 2010; Hu et al., 2014). The coefficient of thermal expansion (CTE) of the composites drops with the increase of the ZrW2O8 filler. However, the cubic NTE phase of ZrW2O8 is metastable at room temperature, and has to be prepared by rapid quenching after sintering at 1,200°C. Cubic ZrW2O8 show a isotropic NTE over a wide temperature range, but a phase transition from α -ZrW2O8 to β -ZrW2O8 occurs around 160°C, which leads to the decrease of CTE. This change in thermal expansion may be disadvantageous for composite design. Moreover, when heated to 740°C, ZrW2O8 decomposes into ZrO2 and WO3 (Mary et al., 1996; Banek et al., 2010; Gao et al., 2016). In addition, cubic ZrW2O8 undergoes a pressure induced phase transition to an orthorhombic phase with a positive CTE. This transformation has been observed in composites during thermal cycling, and leads to irreproducible thermal expansion behavior (Perottoni and Jornada, 1998; Miao et al., 2004; Varga et al., 2007; Liu et al., 2014).

Zr2WP2O12 is a new NTE material for use as a filler to adjust the CTE of ceramics, glasses, metals, and polymers. It exhibits a strong NTE over the broadest temperature range (room temperature to its sublimation point of about 1,600°C). Moreover, it does not suffer from the same limitations as ZrW2O8, as it is thermodynamically stable and does not undergo any phase transformations.

The synthesis and NTE behavior of Zr2WP2O12 ceramics have been reported previously (Isobe et al., 2008, 2009; Cetinkol and Wilkinson, 2009; Tani et al., 2010). Zr2WP2O12 ceramics show stable NTE with an average linear CET of about −5 × 10−6 K−1. In addition, the Zr2WP2O12 ceramics display excellent mechanical properties (Isobe et al., 2008, 2009; Cetinkol and Wilkinson, 2009). ZrO2 ceramics and fibers has been widely used in optics, electronics and high temperature fields (Lommens et al., 2005; Yang et al., 2007). In some special occasions, ZrO2 need to keep precision dimensional stability with the change in temperature, because a mismatch in size among different precision devices can cause some problems. The average linear CTE of ZrO2 is about 10 × 10−6 K−1 from room temperature to 1,000°C. The absolute values of the CTE of ZrO2 and Zr2WP2O12 are thus similar but have opposite signs, suggesting that these materials are good candidates for the preparation of ceramic composites with tunable CTEs. It is beneficial that ZrO2 does not react with Zr2WP2O12 at high temperatures, as it is a starting material in the solid state synthesis of Zr2WP2O12.

A new series of Zr2WP2O12/ZrO2 ceramic composites that are expected to show an adjustable CTE were synthesized by a solid state reaction method. This work is devoted to exploring the effects of mass ratio of Zr2WP2O12 and ZrO2 on the microstructure, density, and CTE values of the Zr2WP2O12/ZrO2 ceramic composites.

EXPERIMENTAL DETAILS

All Zr2WP2O12, ZrO2, and Zr2WP2O12/ZrO2 ceramics (mass ratios: 1:1, 2:1, 3:1, 4:1) were synthesized through a conventional solid state route. The raw materials were ZrO2 (Aladdin, purity ≥99.95%), WO3 (Aladdin, purity ≥99.95%), and NH4H2PO4 powders (Aladdin, purity ≥99.5%). A summary of samples prepared can be found in Table 1. Reactant mixtures were milled for 6 h to form a homogeneous powder and dried at 80°C, followed by heating at 500°C for 3 h. After this pre-sintering step, the mixtures were uni-axially cold pressed into pellets of 7 mm in diameter and about 2 mm in thickness. Pellets were calcined at 1,200°C in air for 6 h and cooled down in the furnace.


Table 1. Synthesis conditions for ZrO2/Zr2WP2O12 ceramics.
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Powder X-ray diffraction experiments were performed on a Shimadzu XRD 7000 using CuKα radiation. Data were collected at 40 kV and 30 mA over the 10° to 60° 2θ range with a scanning speed of 5°/min. The fractured surface morphologies of the samples were observed using a TESCAN VEGA3 scanning electron microscope (SEM). The relative densities of the resulting samples were measured using Archimedes' method. The CTEs of the samples were measured with a Seiko 6300 TMA/SS thermal mechanical analyzer at a heating rate of 5°C/min in air between 25 and 700°C.

RESULTS AND DISCUSSION

XRD Analysis

Figure 1 shows typical room temperature XRD patterns of Zr2WP2O12/ZrO2 composites with different mass ratios synthesized at 1,200°C for 6 h. The XRD patterns of pure ZrO2 and pure Zr2WP2O12 ceramics are also displayed for reference. For pure ZrO2 ceramics (Figure 1A), all observed reflections could be well indexed and attributed to monoclinic ZrO2 in agreement with JCPDS card number 65–1,023. For pure Zr2WP2O12 ceramics (Figure 1F), all diffraction peaks matched those expected for orthorhombic Zr2WP2O12 (JCPDS 43-0258). No impurity phases were detected. XRD patterns of Zr2WP2O12/ZrO2 composites with mass ratios of 1:1, 2:1, 3:1, and 4:1 (Figures 1B–E) displayed diffraction peaks belonging to both monoclinic ZrO2 and orthorhombic Zr2WP2O12. As no intermediate phase exists between ZrO2 and Zr2WP2O12, no reaction can occur between excess ZrO2 and Zr2WP2O12. As expected, the diffraction peaks of Zr2WP2O12 became more intense with increasing mass ratio of Zr2WP2O12.
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FIGURE 1. XRD patterns of ZrO2, Zr2WP2O12, and Zr2WP2O12-ZrO2 composites with different mass ratios sintered at 1,200°C for 6 h. (A) ZrO2, (B) 1:1 Zr2WP2O12:ZrO2, (C) 2:1 Zr2WP2O12:ZrO2, (D) 3:1 Zr2WP2O12:ZrO2, (E) 4:1 Zr2WP2O12-ZrO2, (F) Zr2WP2O12.



SEM and Density Analysis

SEM micrographs of different weight ratio Zr2WP2O12/ZrO2 ceramic composites, ZrO2 and Zr2WP2O12 ceramics after sintering at 1,200°C for 6 h are shown in Figure 2. The SEM image of the ZrO2 ceramics (Figure 2a revealed significant porosity, which is likely due to insufficient sintering. It is known that the sintering temperature required to fabricate dense and tough ZrO2 ceramics is higher than 1,400°C (Varga et al., 2007). Figures 2b–e show SEM images of sintered Zr2WP2O12/ZrO2 ceramic composites as a function of different mass ratios. With increasing amount of Zr2WP2O12, Zr2WP2O12/ZrO2 ceramic composites sintered for the same time at the same temperature became denser and displayed larger grain sizes and less porosity. The average grain size of 1:1 Zr2WP2O12/ZrO2 composites was about 2–3 μm, but increased to about 6–8 μm when the mass ratio of Zr2WP2O12/ZrO2 was increased to 4:1. Pure Zr2WP2O12 (Figure 2f) showed a wide size distribution of spherical grains with some residual porosity, which is in agreement with results reported earlier (Isobe et al., 2008, 2009; Cetinkol and Wilkinson, 2009). Figure 3 shows the composition maps analysis of the 2:1 Zr2WP2O12:ZrO2 composite. Homogeneous spatial distributions of Zr, P, W, and O elements were observed. These results indicates that Zr2WP2O12 and ZrO2 phase uniformly distributed as expected.
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FIGURE 2. SEM images of ZrO2, Zr2WP2O12, and Zr2WP2O12-ZrO2 composites with different mass ratios sintered at 1,200°C for 6 h, (a) ZrO2, (b) 1:1 Zr2WP2O12:ZrO2, (c) 2:1 Zr2WP2O12:ZrO2, (d) 3:1 Zr2WP2O12:ZrO2, (e) 4:1 Zr2WP2O12-ZrO2, (f) Zr2WP2O12.
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FIGURE 3. EDX composition maps (a) Zr, P, W and O, (b) Zr, (c) P, (d) O, and (e) W analysis for 2:1 Zr2WP2O12:ZrO2 composite.



In this work, the densities of the resulting Zr2WP2O12, ZrO2, and Zr2WP2O12/ZrO2 (mass ratio: 1:1, 2:1, 3:1, 4:1) ceramics were also measured using Archimedes' technique. The relative densities were calculated from theoretical values for Zr2WP2O12 (3.63 g/cm3) and ZrO2 (5.817 g/cm3). As shown in Table 2, the results are consistent with the SEM analysis above. The relative densities of pure Zr2WP2O12 and ZrO2 were low, however, the densities of Zr2WP2O12/ZrO2 (mass ratio: 1:1, 2:1, 3:1, 4:1) ceramics increased with increasing content of Zr2WP2O12. For a 4:1 mass ratio Zr2WP2O12/ZrO2 composite, the relative density of the sample reached 91.5% of the theoretical density values. The sintering temperature of Zr2WP2O12 is lower than that of ZrO2, which results in a decreased sintering temperature and better densification of Zr2WP2O12/ZrO2 ceramics with increasing content of Zr2WP2O12.


Table 2. Relative densities of ZrO2, Zr2WP2O12, and Zr2WP2O12-ZrO2 composites with different mass ratios.
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Thermal Expansion Analysis

Figure 4 gives the information about the thermal expansion of all the Zr2WP2O12/ZrO2 ceramic composites synthesized at 1,200°C for 6 h. For purposes of comparison, the thermal expansion curves of pure ZrO2 and pure Zr2WP2O12 ceramics are also given in Figure 4. Average linear CTEs of the obtained ZrO2, Zr2WP2O12, and Zr2WP2O12/ZrO2 ceramics with different mass ratios are summarized in Table 3. Pure ZrO2 ceramics (Figure 4A) showed positive thermal expansion between 25 and 700°C, and the average linear CTE was measured to be 4.1 × 10−6 K−1, which is lower than the value reported in the literature (Lommens et al., 2005; Yang et al., 2007). This is likely due to insufficient sintering of the ZrO2 ceramics, as some of the expansion can be absorbed by the empty pore space. Pure Zr2WP2O12 ceramics (Figure 4F) showed NTE in the testing temperature range. The average linear CTE of the Zr2WP2O12 ceramics was measured to be −3.3 × 10−6 K−1 in the temperature range of 25–700°C, which is consistent with literature reports (Cetinkol and Wilkinson, 2009; Isobe et al., 2009). As can be expected, the CTEs of the Zr2WP2O12/ZrO2 composites decreased from 4.1 × 10−6 K−1 to −3.3 × 10−6 K−1 as the weight fraction of Zr2WP2O12 was increased. As shown in Figure 4C, the 2:1 Zr2WP2O12/ZrO2 specimen showed close to zero thermal expansion with an average linear CTE of −0.09 × 10−6 K−1 in the temperature range of 25–700°C. This near zero expansion ceramic composite will have a number of potential applications in many fields. These results suggest that the CTE of the Zr2WP2O12-ZrO2 composites can be modified in the range from 4.1 × 10−6 K−1 to −3.3 × 10−6 K−1, and that it is even possible to achieve zero thermal expansion by adjusting the mass ratios of Zr2WP2O12 and ZrO2.
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FIGURE 4. Thermal expansion curves of ZrO2, Zr2WP2O12, and Zr2WP2O12-ZrO2 composites. (A) ZrO2, (B) 1:1 Zr2WP2O12:ZrO2, (C) 2:1 Zr2WP2O12:ZrO2, (D) 3:1 Zr2WP2O12:ZrO2, (E) 4:1 Zr2WP2O12-ZrO2, (F) Zr2WP2O12.




Table 3. Average linear thermal expansion coefficients of ZrO2, Zr2WP2O12, and Zr2WP2O12-ZrO2 composites in corresponding testing temperature range from 25 to 700°C.
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CONCLUSIONS

Zr2WP2O12/ZrO2 ceramic composites with adjustable thermal expansion coefficients were successfully fabricated by a solid state reaction method. The composites consisted of orthorhombic Zr2WP2O12 and monoclinic ZrO2 with no intermediate phases observed. With increasing amount of Zr2WP2O12, the relative densities of the Zr2WP2O12/ZrO2 ceramic composites increased gradually. The CTE of the Zr2WP2O12/ZrO2 composites can be tailored from 4.1 × 10−6 K−1 to −3.3 × 10−6 K−1 by changing the weight fraction of Zr2WP2O12. For a mass ratio of Zr2WP2O12/ZrO2 of 2:1, the Zr2WP2O12/ZrO2 ceramic composite showed close to zero thermal expansion with an average linear CTE of −0.09 × 10−6 K−1 between 25 and 700°C.

AUTHOR CONTRIBUTIONS

HL, XC, and ZZ designed experiments; WS and GX carried out experiments; HL, ZZ, and XZ analyzed experimental results and wrote the manuscript.

ACKNOWLEDGMENTS

The authors thank the National Natural Science Foundation of China (No.51602280 and No.51102207). Qing Lan Project of Jiangsu Province. Guang ling College of Yangzhou University Natural Science Research Foundation (No. ZKZD17001). The authors are grateful to Dr. Cora Lind-Kovacs for revising the paper.

REFERENCES

 Banek, N. A., Baiz, H. I., Latigo, A., and Lind, C. (2010). Autohydration of nanosized cubic zirconium tungstate. J. Am. Chem. Soc. 132, 8278–8279. doi: 10.1021/ja101475f

 Cetinkol, M., and Wilkinson, A. P. (2009). Pressure dependence of negative thermal expansion in Zr2(WO4)(PO4)2. Solid State Commun. 149, 421–424. doi: 10.1016/j.ssc.2009.01.002

 De Buysser, K., Lommens, P., De Meyer, C., Bruneel, E., Hoste, S., and Driessche, I. V. (2004). ZrO2-ZrW2O8 composites with tailor-made thermal expansion. Ceram. Silikaty 48, 139–144.

 Gao, X., Coleman, M. R., and Lind, C. (2016). Surface modification of ZrW2O8 and ZrW2O7(OH)2·2H2O filler particles for controlled thermal expansion polycarbonate composites. Pol. Comp. 37, 1359–1368. doi: 10.1002/pc.23304

 Hu, L., Chen, J., Fan, L. L., Ren, Y., Rong, Y. C., Pan, Z., et al. (2014). Zero thermal expansion and ferromagnetism in cubic Sc1−xMxF3 (M = Ga, Fe) over a wide temperature range. J. Am. Chem. Soc. 136, 13566–13569. doi: 10.1021/ja5077487

 Isobe, T., Kato, Y., Mizutani, M., Ota, T., and Daimon, K. (2008). Pressureless sintering of negative thermal expansion ZrW2O8/Zr2WP2O12 composites. Mater. Lett. 62, 3913–3915. doi: 10.1016/j.matlet.2008.05.046

 Isobe, T., Umezome, T., Kameshima, Y., Nakajima, A., and Okada, K. (2009). Preparation and properties of negative thermal expansion Zr2WP2O12 ceramics. Mater. Res. Bull. 44, 2045–2049. doi: 10.1016/j.materresbull.2009.07.020

 Khazeni, N., Mavis, B., Gunduz, G., and Colak, U. (2011). Synthesis of zirconium tungstate-zirconia core-shell composite particles. Mater. Res. Bull. 46, 2025–2031. doi: 10.1016/j.materresbull.2011.07.006

 Liu, H. F., Pan, K. M., Jin, Q., Zhang, Z. P., Wang, G., and Zeng, X. H. (2014). Negative thermal expansion and shift in phase transition temperature in Mo-substituted ZrW2O8 thin films prepared by pulsed laser deposition. Ceram. Int. 40, 3873–3878. doi: 10.1016/j.ceramint.2013.08.028

 Liu, H. F., Zhang, W., Zhang, Z. P., and Chen, X. B. (2012). Synthesis and negative thermal expansion properties of solid solutions Yb2−xLaxW3O12 (0 ≤ x ≤ 2). Ceram. Int. 38, 2951–2956. doi: 10.1016/j.ceramint.2011.11.072

 Liu, H. F., Zhang, Z. P., Ma, J., Zhu, J., and Zeng, X. H. (2015). Effect of isovalent substitution on phase transition and negative thermal expansion of In2−xScxW3O12 ceramics. Ceram. Int. 41, 9873–9877. doi: 10.1016/j.ceramint.2015.04.062

 Liu, Q. Q., Yang, J., Cheng, X. N., Liang, G. S., and Sun, X. J. (2012). Preparation and characterization of negative thermal expansion Sc2W3O12/Cu core–shell composite. Ceram. Int. 38, 541–545. doi: 10.1016/j.ceramint.2011.07.041

 Lommens, P., Meyer, C. D., Bruneel, E., Buysser, K. D., Driessche, I. V., and Hoste, S. (2005). Synthesis and thermal expansion of ZrO2/ZrW2O8 composites. J. Eur. Ceram. Soc. 25, 3605–3610. doi: 10.1016/j.jeurceramsoc.2004.09.015

 Mary, T. A., Evans, J. S. O., Vogt, T., and Sleight, A. W. (1996). Negative thermal expansion from 0.3 K to 1050 K in ZrW2O8. Science 272, 90–92. doi: 10.1126/science.272.5258.90

 Miao, X. G., Sun, D., Hoo, P. W., Liu, J. L., Hu, Y. F., and Chen, Y. M. (2004). Effect of titania addition on yttria-stabilised tetragonal zirconia ceramics sintered at high temperatures. Ceram. Int. 30, 1041–1047. doi: 10.1016/j.ceramint.2003.10.025

 Perottoni, C. A., and Jornada, J. A. H. (1998). Pressure-induced amorphization and negative thermal expansion in ZrW2O8. Science 280, 886–888. doi: 10.1126/science.280.5365.886

 Romao, C. P., Marinkovic, B. A., Werner-Zwanzige, U., and White, M. A. (2015). Thermal expansion reduction in alumina-toughened zirconia by incorporation of zirconium tungstate and aluminum tungstate. J. Am. Chem. Soc. 98, 2858–2865. doi: 10.1111/jace.13675

 Sullivan, L. M., and Lukehart, C. M. (2005). Zirconium tungstate (ZrW2O8)/polyimide nanocomposites exhibiting reduced coefficient of thermal expansion. Chem. Mater. 17, 2136–2141. doi: 10.1021/cm0482737

 Sumithra, S., and Umarji, A. M. (2004). Role of crystal structure on the thermal expansion of Ln2W3O12 (Ln = La, Nd, Dy, Y., Er and Yb). Solid State Sci. 6, 1313–1319. doi: 10.1016/j.solidstatesciences.2004.07.023

 Sumithra, S., and Umarji, A. M. (2006). Negative thermal expansion in rare earth molybdates. Solid State Sci. 8, 1453–1458. doi: 10.1016/j.solidstatesciences.2006.03.010

 Tani, J., Takahashi, M., and Kido, H. (2010). Fabrication and thermal expansion properties of ZrW2O8/Zr2WP2O12 composites. J. Eur. Ceram. Soc. 30, 1483–1488. doi: 10.1016/j.jeurceramsoc.2009.11.010

 Varga, T., Lind, C., Wilkinson, A. P., Xu, H., Lesher, C. E., and Navrotsky, A. (2007). Heats of formation for several crystalline polymorphs and pressure-induced amorphous forms of AMo2O8 (A = Zr, Hf) and ZrW2O8. Chem. Mater. 19, 468–476. doi: 10.1021/cm0617743

 Yang, J., Yang, Y. S., Liu, Q. Q., Xu, G. F., and Cheng, X. N. (2010). Preparation of negative thermal expansion ZrW2O8 powders and its application in polyimide/ZrW2O8 composites. J. Mater. Sci. Technol. 26, 665–668. doi: 10.1016/S1005-0302(10)60103-X

 Yang, X. B., Cheng, X. N., Yan, X. H., Yang, J., Fu, T. B., and Qiu, J. (2007). Synthesis of ZrO2/ZrW2O8 composites with low thermal expansion. Compos. Sci. Technol. 67, 1167–1171. doi: 10.1016/j.compscitech.2006.05.012

 Yilmaz, S. (2002). Thermal mismatch stress development in Cu-ZrW2O8 composite investigated by synchrotron X-ray diffraction. Comp. Sci. Technol. 62, 1835–1839. doi: 10.1016/S0266-3538(02)00104-5

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Zhang, Sun, Liu, Xie, Chen and Zeng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







	
	ORIGINAL RESEARCH
published: 17 April 2018
doi: 10.3389/fchem.2018.00115





[image: image2]

Near-Zero Thermal Expansion and Phase Transitions in HfMg1−xZnxMo3O12


Sailei Li1, Xianghong Ge1,2, Huanli Yuan1,3, Dongxia Chen1, Juan Guo1, Ruofan Shen1, Mingju Chao1 and Erjun Liang1*


1School of Physical Science & Engineering and Key Laboratory of Materials Physics of Ministry of Education, Zhengzhou University, Zhengzhou, China

2College of Science, Zhongyuan University of Technology, Zhengzhou, China

3Department of Physics and Electronic Engineering, Zhoukou Normal University, Zhoukou, China

Edited by:
Jun Chen, University of Science and Technology Beijing, China

Reviewed by:
Xuehua Yan, Jiangsu University, China
 Ying Sun, Beihang University, China

* Correspondence: Erjun Liang, ejliang@zzu.edu.cn

Specialty section: This article was submitted to Physical Chemistry and Chemical Physics, a section of the journal Frontiers in Chemistry

Received: 15 January 2018
 Accepted: 29 March 2018
 Published: 17 April 2018

Citation: Li S, Ge X, Yuan H, Chen D, Guo J, Shen R, Chao M and Liang E (2018) Near-Zero Thermal Expansion and Phase Transitions in HfMg1−xZnxMo3O12. Front. Chem. 6:115. doi: 10.3389/fchem.2018.00115



The effects of Zn2+ incorporation on the phase formation, thermal expansion, phase transition, and vibrational properties of HfMg1−xZnxMo3O12 are investigated by XRD, dilatometry, and Raman spectroscopy. The results show that (i) single phase formation is only possible for x ≤ 0.5, otherwise, additional phases of HfMo2O8 and ZnMoO4 appear; (ii) The phase transition temperature from monoclinic to orthorhombic structure of the single phase HfMg1−xZnxMo3O12 can be well-tailored, which increases with the content of Zn2+; (iii) The incorporation of Zn2+ leads to an pronounced reduction in the positive expansion of the b-axis and an enhanced negative thermal expansion (NTE) in the c-axes, leading to a near-zero thermal expansion (ZTE) property with lower anisotropy over a wide temperature range; (iv) Replacement of Mg2+ by Zn2+ weakens the Mo–O bonds as revealed by obvious red shifts of all the Mo–O stretching modes with increasing the content of Zn2+ and improves the sintering performance of the samples which is observed by SEM. The mechanisms of the negative and near-ZTE are discussed.

Keywords: thermal expansion, near-zero thermal expansion, phase transition, X-ray diffraction (XRD), Raman spectrum

INTRODUCTION

Large difference in coefficients of thermal expansion (CTE) of materials could lead to performance deterioration and even failure of devices due to thermal stress when temperature changes abruptly or frequently. Since most materials expand on heating and contract on cooling, materials with opposite property, namely negative thermal expansion (NTE), are particularly desired for tailoring CTEs. The rediscovery of NTE in ZrW2O8 in a wide temperature range (Evans et al., 1996, 1997a) triggered continuous efforts on understanding the NTE phenomenon and searching for more NTE materials (Yang et al., 2007; Chen et al., 2013, 2015; Tallentire et al., 2013; Lama et al., 2014; Liu et al., 2014; Peng et al., 2014; Xiao et al., 2014; Hu et al., 2015). To date, different families of NTE materials based on various mechanisms, such as the phonon effect (Pryde et al., 1996; Wang et al., 2011; Bridges et al., 2014; Cheng et al., 2016a; Ge et al., 2016a), magnetovolume effect (Takenaka and Takagi, 2005; Qu et al., 2012; Yan et al., 2014), spontaneous ferroelectric polarization (Chen et al., 2013; Peng et al., 2016), and charge transfer (Long et al., 2009; Azuma et al., 2011; Yamada et al., 2016) have been reported. Among the materials, the family of A2M3O12 (A = transition metal or a mixture of tetravalent and bivalent cations, M = W, Mo) have been particularly attractive, because whose NTEs go over a wide temperature range and can be tuned from low positive to large negative values due to chemical flexibility (Evans et al., 1997b; Suzuki and Omote, 2006; Wu et al., 2009, 2012, 2014; Li et al., 2011; Das et al., 2013; Miller et al., 2013; Song et al., 2014a; Liu et al., 2015; Chen et al., 2016; Cheng et al., 2016a).

In recent years, a number of novel NTE materials have been designed based on the basic structure of A2M3O12 family, including those with a general formula ABM3O12 where A is tetravalent Hf4+ or Zr4+ and B is bivalent cation Mg2+ or Mn2+, and M is W or Mo or a combination of them (Suzuki and Omote, 2004; Baiz et al., 2008; Gindhart et al., 2008; Marinkovic et al., 2008; Song et al., 2013; Li et al., 2014, 2016, 2017; Ge et al., 2016a; Liu et al., 2018) and those with a formula ABM2XO12 where A and M are the same as in ABM3O12, B is a trivalent cation and X is P5+ or V5+ (Chen et al., 2016; Cheng et al., 2016b, 2017; Ge et al., 2016b,c). The most distinct characteristics of the materials with formula ABM2XO12 are that they exhibit NTE over a wide temperature range and intense photoluminescence in the visible range. Nearly an order higher ionic conductivity was observed for HfMgW3O12 with respect to the family A2M3O12 (Omote et al., 2011). HfMgMo3O12 with a linear CTE of 1.02 × 10−6 K−1 from 298 to 1013 K was reported by Marinkovic et al. (2008). It crystallizes in orthorhombic symmetry with space group Pnma(62) or Pna21 (33) and transforms to monoclinic structure at 175 K (Miller et al., 2012).

In this paper, we investigate the effects of Zn2+ incorporation on the structure, phase transition, thermal expansion, and vibrational properties of HfMgMo3O12. It is shown that single phase solid solution of HfMg1−xZnxMo3O12 can be achieved only for the compositions of x ≤ 0.5, otherwise, additional phases of HfMo2O8 and ZnMoO4 appear. The monoclinic to orthorhombic phase transition temperature increases with the content of Zn2+ for x ≤ 0.5 so that HfMg0.5Zn0.5Mo3O12 crystallizes in monoclinic phase and all other samples (x ≤ 0.4) adopt orthorhombic structure at room temperature (RT). The incorporation of Zn2+ alters the axial CTE differently for each axis and finally results in near-zero thermal expansion (ZTE) property over wide temperature ranges with smaller thermal expansion anisotropy with respect to HfMgMo3O12. The mechanisms of Zn2+ incorporation on the phase transition, thermal expansion and vibrational properties are discussed.

EXPERIMENTAL

Analytic grade reagents of HfO2, MgO, ZnO, and MoO3 were mixed with stoichiometric ratios for HfMg1−xZnxMo3O12 with x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 1.0. The mixtures were ground in an agate mortar for 2 h, then, pressed under 325 MPa into cylinders with diameter of 10 mm and height of 6 mm using a uniaxial tablet machine. The cylinders were sintered at 1,073 K for 5 h in a muffle furnace in air and cooled down to 300 K naturally.

The as-prepared samples were analyzed by XRD with a PANalytical X'Pert PRO X-ray Diffractometer to identify the crystalline phase. Variable-temperature X-ray powder data were collected on a Rigaku (Japan, SmartLab 3KW) diffractometer with Cu Kα (λ = 0.15405 nm) radiation. Diffraction data were collected with a step size of 0.01° in the 2θ range of 10°–120°. The sample was heated at a rate of 10 K/min and remained at each measurement temperature for 5 min before measurement. Unit cell dimensions above the phase transition temperature were determined with software of PowderX. Variable-temperature/RT Raman spectra were recorded with A LabRAM HR Evolution Raman spectrometer (France HORIBA JobinYvon S.A.A.) equipped with a Linkam THMS600 Heating and Freezing Stage (Japan Hightech) (an accuracy of ±0.1 K). The excitation wavelength is 633 nm and low excitation laser power is necessary to avoid local heating by the laser. The microstructures and energy dispersive spectra of the samples were examined with a scanning electron microscope (SEM, Model Quanta 250). The relative length changes were measured with LINSEIS DIL L75 dilatometer at the heating and cooling rates of 5 K/min.

RESULTS AND DISCUSSION

Figure 1A shows the XRD patterns of the solid solutions of HfMg1−xZnxMo3O12. When x = 0.0, the diffraction peaks are corresponding to HfMgMo3O12, which adopts an orthorhombic structure with space group Pnma or Pna21 (Marinkovic et al., 2008). No obvious changes in the XRD patterns could be observed with increasing the content of Zn2+ till x = 0.4. It is reasonable to conclude that HfMg1−xZnxMo3O12 for x ≤ 0.4 crystallized in an orthorhombic structure. Nevertheless, some subtle changes are observed for x = 0.5, such as the weak peak appearing at about 25.6° which is characteristic for a monoclinic structure (Song et al., 2014b; Ge et al., 2016a) of ABMo3O12. HfMg0.5Zn0.5Mo3O12 at RT is thus identified as a monoclinic structure. The XRD patterns change obviously with further increasing content of Zn2+. Detailed analyses show that the newly appeared peaks correspond well to HfMo2O8 and ZnMoO4 (Reichelt et al., 2000; Allen et al., 2004), respectively.
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FIGURE 1. (A) X-ray diffraction patterns of the solid solutions of HfMg1−xZnxMo3O12; (B) Raman spectra of the solid solutions of HfMg1−xZnxMo3O12.



The above analysis is supported by Raman spectroscopic analysis (Figure 1B). The Raman spectra are consistent with each other for x ≤ 0.4 while the Raman band at 988 cm−1 splits into two bands at 980 and 998 cm−1 for x = 0.5 (as indicated by the black arrowhead), which is characteristic for a phase transition from higher orthorhombic symmetry to lower monoclinic symmetry (Li et al., 2011; Ge et al., 2016a) for the ABMo3O12 family. Distinct changes of the Raman spectra occur for higher content of Zn2+. The new Raman bands at about 175, 328, 362, 772, 943, and 1,008 cm−1 correspond well to HfMo2O8 (Liang et al., 2008b) and that around 968 cm−1 arises from ZnMoO4 (Ahsaine et al., 2016). Both XRD and Raman analyses demonstrate that a single phase solid solution of HfMg1−xZnxMo3O12 is only possible for x ≤ 0.5 and additional phases of HfMo2O8 and ZnMoO4 form for x ≥ 0.6. At RT, HfMg1−xZnxMo3O12 for x ≤ 0.4 adopt an orthorhombic structure while HfMg0.5Zn0.5Mo3O12 crystallizes in a monoclinic structure.

Raman spectroscopy is very sensitive to the monoclinic-to-orthorhombic phase transition (Li et al., 2011, 2016; Ge et al., 2016a). In order to get some insights into the influence of Zn2+ on the phase transition, we carried out temperature-dependent Raman spectral observation of HfMg1−xZnxMo3O12 (x ≤ 0.5) as shown in Figure 2. The XRD analyses suggest that HfMg1−xZnxMo3O12 (x ≤ 0.5) have similar open framework structure as HfMgMo3O12. In the orthorhombic phase, there are four molecular formulas in a unit cell, in which each MoO4 tetrahedron sharing its four vortexes with HfO6/MgO6 octahedra and each HfO6/MgO6 octahedron shares its corners with six MoO4 tetrahedra. Hf and Mg are alternatively aligned in the [010] direction forming a quasi-layered structure (Omote et al., 2011). The Raman modes from 1,050 to 900 cm−1, from 900 to 750 cm−1, from 400 to 320 cm−1, and from 320 to 280 cm−1 are identified as symmetric stretching (ν1), asymmetric stretching (ν3), asymmetric bending (ν4), and symmetric bending (ν2) modes in the MoO4 tetrahedra, respectively (Liang et al., 2008a; Li et al., 2011). Figure 2A shows the temperature dependent Raman spectra of HfMgMo3O12. The most distinctive change of the Raman spectra is the disappearance of the band at about 1,001 cm−1 with temperature increase from 168 to 178 K, which can be regarded as characteristic of the phase transition from low temperature monoclinic to high temperature orthorhombic structure (Li et al., 2011; Ge et al., 2016a). The phase transition temperature agrees well with the result derived from XRD analysis (Miller et al., 2012). In Figures 2B–F we present the temperature dependent Raman spectra for Zn2+-containing samples. It is shown that the vanishing of the characteristic Raman band for the monoclinic structure occurs in the ranges of 168–178, 203–213, 223–233, 258–268, 283–293, and 318–328 K for x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5, respectively, demonstrating that the phase transition temperature increases with the content of Zn2+.
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FIGURE 2. Temperature-dependent Raman spectra of HfMg1−xZnxMo3O12 with x = 0.0 (A), 0.1 (B), 0.2 (C), 0.3 (D), 0.4 (E), and 0.5 (F).



In the orthorhombic structure of HfMg1−xZnxMo3O12 (x ≤ 0.5), the four vortexes of each MoO4 tetrahedron are shared with two HfO6 and two MgO6/ZnO6 octahedra while each HfO6/MgO6/ZnO6 octahedron shares its corners with six MoO4 tetrahedra. Statistically, each MoO4 tetrahedron links to 0.0, 0.2, 0.4, 0.8, and 1.0 ZnO6 octahedron for x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5. Since the ionic radius of Zn2+ is 74 pm which is slightly larger than that of Mg2+ (72 pm), large lattice distortion and increase in phase transition temperature is not expected if only the ionic radius is considered. The experimentally observed obvious increase in phase transition temperature is therefore attributed to the difference in electronegativity between Zn2+ (1.65 Pauling) and Mg2+ (1.31 Pauling). Replacement of Mg2+ by Zn2+ causes an increase in electronegativity at theZn2+-cation side and a decrease in the effective negative charge on oxygen, and hence a decrease in the oxygen-oxygen repulsion. With increasing the content of Zn2+, oxygen-oxygen attractive forces increase, causing the network collapse transition to occur at higher temperatures (Evans et al., 1997b).

Figure 3 shows the relative length changes of sintered cylinders with increasing temperature measured by dilatometry. All the samples for x ≤ 0.6 exhibit abrupt length increase around the temperature of monoclinic to orthorhombic phase transition. The phase transition temperature increases with increasing the content of Zn2+ except the one for x = 0.6 whose phase transition temperature is lower than that of x ≤ 0.5 due to the generation of HfMo2O8 and ZnMoO4. In this case, it can be deduced that the real content of Zn2+ in HfMg1−xZnxMo3O12 is lower than HfMg0.5Zn0.5Mo3O12. These results comply well with the above Raman spectroscopic analyses. The CTEs are calculated from the relative length change and shown in the Table 1. It indicates that all the single phase samples present excellent near-ZTE property above the phase transition temperature. It is interesting to notice that even for the multi-phase samples for x = 0.8 and 1.0, a near-ZTE property in a wide temperature range are realized. However, in this paper we focus on the effect of Zn2+ incorporation on the structure and properties of the single phase HfMg1−xZnxMo3O12.
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FIGURE 3. Variations of relative length of the solid solutions of HfMg1−xZnxMo3O12 with increasing temperature from 170 to 673 K.




Table 1. Values of CTEs of HfMg1−xZnxMo3O12.
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In order to get insight into the axial thermal expansion property, we carried out temperature-dependent powder XRD measurements for the samples of x = 0.2 and 0.3. For comparison, variable-temperature XRD data of HfMgMo3O12 were also collected. Figure 4A shows the selected temperature-dependent XRD patterns for HfMg0.7Zn0.3Mo3O12 at different temperatures. It is obvious that its XRD pattern changes distinctively around 225 K, which is attributed to the phase transformation from lower temperature monoclinic to higher temperature orthorhombic structure. Lattice constants and cell volume at each temperature are calculated and given in Figure 4B. It is evident that the a- and c-axes contract while the b-axis expands with increasing temperature. The CTEs for the a-, b-, and c-axes and volume are calculated to be [image: image], [image: image], [image: image], [image: image], respectively. This gives rise to a linear CTE [image: image]. Similar axial thermal expansion behaviors are obtained for HfMg0.8Zn0.2Mo3O12 from temperature dependent XRD measurements (not shown here). The changes of its lattice constants and volume with temperature are given in Figure 4C. The CTEs for the a-, b-, and c-axes and volume are calculated to be [image: image], [image: image], [image: image], [image: image], respectively, corresponding to a linear CTE [image: image]. These results are consistent with the values measured by dilatometry, confirming HfMg0.7Zn0.3Mo3O12 and HfMg0.8Zn0.2Mo3O12 being intrinsically ZTE materials. Figure 4D shows the changes of lattice constants and volume of HfMgMo3O12 with temperature.
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FIGURE 4. (A) Variable-temperature XRD patterns of HfMg0.7Zn0.3Mo3O12 (The XRD patterns were measured for 2θ = 10°-120°, here only a small range is shown for clarity); Changes of lattice constants and volume of HfMg1−xZnxMo3O12 with temperature: (B) for x = 0.3, (C) for x = 0.2, (D) for HfMgMo3O12.



Considering the fact that the intrinsic linear CTE of HfMgMo3O12 is 1.02 × 10−6 K−1 (Marinkovic et al., 2008), it is reasonable to conclude that the incorporation of Zn2+ reduces the linear CTE and results in near ZTE of HfMg1−xZnxMo3O12. A comparison of the axial CTEs for HfMgMo3O12, HfMg0.8Zn0.2Mo3O12, and HfMg0.7Zn0.3Mo3O12 are given in Table 2. It is found that partial substitution of Mg2+ by Zn2+ leads to a significant reduction of the CTE in the b-axis and an increase of the NTE in the c-axis, resulting in a near ZTE and lower anisotropy of thermal expansion in the Zn-containing compounds with respect to HfMgMo3O12 (see Table 2). The anisotropy of thermal expansion is defined as the maximum difference in the axial thermal expansion coefficients (Srikanth et al., 1992; Miller et al., 2013). The near zero linear thermal expansion and lower anisotropy property of the Zn-containing compounds suggest that they could withstand higher thermal shock resistance.


Table 2. Intrinsic thermal expansion coefficients (α) for HfMg0.7Zn0.3Mo3O12 and HfMg0.8Zn0.2Mo3O12 as obtained from variable-temperature XRD and literature and experimental values for HfMgMo3O12.
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The difference in the linear CTEs measured by XRD and dilatometry could be understood by the microstructural effects. In contrast to XRD measurement which gives the thermal expansion property of cell lattice, dilatometry reveals the bulk thermal expansion property, including both intrinsic (thermal expansion of a material arising from the lattice dynamics) and extrinsic (thermal expansion related to microstructures such as texture, grain size, grain boundaries, poses, and microcracks) effects. The difference measured by the two methods reflects the extrinsic effect in the sintered bulk, which, on heating, can add a small negative component to the intrinsic linear expansion coefficients. Generally speaking, a smaller difference suggests a better sintered quality of the bulk material which is desired for most applications. The absolute differences for the Zn-containing compounds (Δ[image: image] for x = 0.2 and Δ[image: image] for x = 0.3) are obviously smaller than that for HfMgMo3O12 (Δ[image: image]). It means that partial substitution of Mg2+by Zn2+ in HfMgMo3O12 could improve the sintering performance of the material and minimize the possible contributions of extrinsic effects. The analysis is supported by microstructural observation.

Figure 5 shows the SEM images of HfMg1−xZnxMo3O12 ceramics with x = 0.0 (Figure 5A), 0.1 (Figure 5B), 0.2 (Figure 5C), 0.3 (Figure 5D), 0.4 (Figure 5E), and 0.5 (Figure 5F). The micro morphology of the sample for x = 0.1 is dominated by well crystallized polyhdra or truncated polyhedra and the average particle size is obviously smaller than that of HfMgMo3O12. With increasing the content of Zn2+, the polyhedra become more rounded. Compared to HfMgMo3O12, the incorporation of Zn2+ seems to lead to less pores in the ceramic bodies and pores can hardly be found in the solid solutions for x = 0.1–0.3. It illustrates that proper amount incorporation of Zn2+ favors the formation of uniform distribution of particles and efficient reduction of porosity in the sintered body.
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FIGURE 5. SEM images of HfMg1−xZnxMo3O12 with x = 0.0 (A), 0.1 (B), 0.2 (C), 0.3 (D), 0.4 (E), and 0.5 (F).



The schematic diagram of HfMgMo3O12 is given in Figure 6A to help us understand the mechanism of the phenomenons. In HfMg1−xZnxMo3O12 (x ≤ 0.5), Zn2+ is expected to substitute for Mg2+ due to the same valence and similar cation radius and each ZnO6 octahedron shares all its corners with six MoO4 tetrahedra. In order to see the bond strength changes induced by local electronic environment upon substitution of Zn2+for Mg2+, we show in Figure 6B the Raman spectra of the stretching region for x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5. It is obvious that all the stretching modes shift successively to lower wavenumbers with increasing the content of Zn2+, indicating a softening of the Mo-O bonds upon incorporation of Zn2+. Once an Mg2+ is replaced by Zn2+, the local electronic equilibrium around the MoO4 tetrahedron is broken. Zn2+ has obviously a higher electronegativity and ability to drag electrons to the ZnO6 octahedron from its connected six MoO4 tetrahedra than Mg2+, resulting in the weakening of the Mo–O bonds. The differences in ionic radius and electronegativity could cause a slight rotation of the connected polyhedra and hence the M-O-M linkages. This is probably the reason that the positive expansion of the b-axis is pronouncedly reduced and the NTE in the c-axes become more negative, resulting hence in a lower anisotropy in thermal expansion and near-zero CTEs of the Zn-containing compounds. Due to the large difference in electronegativity between Zn2+ (1.65 Pauling) and Mg2+ (1.31 Pauling), the more of Zn2+ is incorporated, the more of the MoO4 tetrahedra get distorted as revealed by Raman spectroscopy, resulting in larger distortion and instability of the lattice. When the forming energy for the single phase exceeds that for the multi-phases, then the multi-phases form.
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FIGURE 6. (A) Schematic diagram of HfMgMo3O12 building block (red sphere indicates oxygen atom); (B) Raman spectra of HfMg1−xZnxMo3O12 in the high wavenumber regions; (C) Temperature-dependent Raman spectra of HfMg0.9Zn0.1Mo3O12 in the low wavenumber region.



Figure 6C shows the temperature-dependent Raman spectra of HfMg0.9Zn0.1Mo3O12 in the low wavenumber region. Obvious change of the Raman spectra occur between 203 and 213 K, corresponding to the monoclinic to orthorhombic phase transition, such as the appearance of new Raman modes at about 27,44, 86, 159, and 182 cm–1. The modes at about 44 and 86 cm–1 are split into two or three modes in the low temperature phase and become degenerated in the high temperature phase. The low wavenumber modes arise from the external librational and translational vibrations of the connected octahedra–tetrahedra, or the librational and translational motions of metal ions in the Hf(Mg/Zn)–O–Mo linkages, which can also be regarded as the transverse vibrations of the bridging oxygen from the point of view of relative movement. Such an harmonic vibrations along with the distortion of the polyhedra are believed to be the origin of the NTE in the open frame work structure since they bring the two end atoms closer upon heating (Evans, 1999; Ding et al., 2008; Marinkovic et al., 2009; Wang et al., 2013).

CONCLUSION

Solid solutions of HfMg1−xZnxMo3O12 with near-ZTE are successfully synthesized by solid state reaction and the effects of Zn2+ incorporation on the phase formation, thermal expansion, phase transition, and vibrational properties and micro-morphologies are investigated by XRD, dilatometry, Raman spectroscopy, and SEM. It is shown that (i) single phase formation is only possible for x ≤ 0.5, otherwise, additional phases of HfMo2O8 and ZnMoO4 generate; (ii) HfMg1−xZnxMo3O12 crystallize in an orthorhombic structure for x ≤ 0.4 and in a monoclinic structure for x = 0.5 at RT; (iii) The phase transition temperature from monoclinic to orthorhombic structure increases with the content of Zn2+, which occurs within 168–178, 203–213, 223–233, 258–268, 283–293, and 318–328 K for x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5, respectively; (iv) The incorporation of Zn2+ leads to an pronounced reduction in the positive expansion of the b-axis and an enhanced NTE in c-axes, making the Zn-containing materials exhibit near-ZTE over a wide temperature range and lower anisotropy in thermal expansion in the orthorhombic phase; (v) Replacement of Mg2+ by Zn2+ breaks the local electronic equilibrium around the MoO4 tetrahedron and weakens the Mo–O bonds, leading to obvious red shifts of all the Mo–O stretching modes with increasing the content of Zn2+ due to obviously higher electronegativity of Zn2+ than Mg2+; (vi) The incorporation of Zn2+ improves sintering property of samples, minimizing the possible contributions of extrinsic effects such as pores, which is preferred for most applications.
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Fe-doped MnNiGe alloys were successfully synthesized by solid-state reaction. Giant negative thermal expansion (NTE) behaviors with the coefficients of thermal expansion (CTE) of −285.23 × 10−6 K−1 (192–305 K) and −1167.09 × 10−6 K−1 (246–305 K) have been obtained in Mn0.90Fe0.10NiGe and MnNi0.90Fe0.10Ge, respectively. Furthermore, these materials were combined with Cu in order to control the NTE properties. The results indicate that the absolute value of CTE gradually decreases with increasing Cu contents. In Mn0.92Fe0.08NiGe/x%Cu, the CTE gradually changes from −64.92 × 10−6 K−1 (125–274 K) to −4.73 × 10−6 K−1 (173–229 K) with increasing value of x from 15 to 70. The magnetic measurements reveal that the NTE behaviors in this work are strongly correlated with the process of the magnetic phase transition and the introduction of Fe atoms could also change the spiral anti-ferromagnetic (s-AFM) state into ferromagnetic (FM) state at low temperature. Our study launches a new candidate for controlling thermal expansion properties of metal matrix materials which could have potential application in variable temperature environment.

Keywords: Fe-Doped MnNiGe, Heusler alloys, negative thermal expansion, magnetic transition, composites

INTRODUCTION

Solid materials usually expand during heating while contract during cooling, i.e., positive thermal expansion (PTE). When functional materials are used in variable temperature environment, PTE will reduce the structural stability and safety reliability of precision parts, or even destroy the functional properties of materials (Chen et al., 2015). Thus, zero thermal expansion (ZTE) or controllable thermal expansion materials are highly required and also wildly applied (Wang et al., 2012) in areas such as aerospace, optical instruments, high-precision machining and processing, microelectronic devices, electro-optical sensor, electronic packaging, and so on. It is important to explore new NTE materials, which could be used to combine with PTE materials as thermal-expansion compensators to obtain near-ZTE materials by adjusting their mass ratio. Until now, there are some kinds of material systems with NTE property have been reported, such as ZrW2O8 (Sun X. J. et al., 2013; Ge et al., 2016), PbTiO3-based compounds (Chen et al., 2011), (Bi,La)NiO3 (Azuma et al., 2011), antiperovskite manganese nitrides (Sun et al., 2012b; Yan et al., 2012), ScF3-based compounds (Greve et al., 2010), La(Fe,Co,Si)13 (Huang et al., 2013), MnCoGe-based materials (Zhao et al., 2015), Ca2RuO4 (Takenaka et al., 2017), and so on. The previous studies have revealed different mechanisms which lead to the NTE behaviors, including phonon model (Li et al., 2002), rigid unit modes (Dove et al., 1995), phase transition mechanism (Xing et al., 2003), electronic valence transfer mechanism (Arvanitidis et al., 2003), magnetic transition mechanism (Sun et al., 2012a), and so on.

Recently, MnM'X (M': Co, Ni, Fe, et al, X: Si, Ge, Sn, et al) Heusler alloys have attracted a lot of attention due to the abundant structural and magnetic properties. In 2013, researchers found that the volume of polycrystalline MnCoSi alloy contracted about 0.2% at 300 K (Barcza et al., 2013). Especially, Zhao et al. (2015) found that MnCo0.98Cr0.02Ge, bonded with 3–4 wt.% epoxy, undergoes a giant NTE with a linear thermal coefficient of −119 × 10−6 K−1 from 250 to 305 K during the martensitic structural transition. Furthermore, the result from Lin et al. (2016) indicates that fine-powder Mn0.98CoGe can broaden the NTE temperature window to ~135 K (258–393 K) with CTE −79.6 × 10−6 K−1.

As a typical MnM'X Heusler alloy, MnNiGe undergoes a martensitic structural transition from the hexagonal Ni2In-type structure (space group P63/mmc, 194) to orthorhombic TiNiSi-type structure (space group Pnma, 62) at ~470 K during cooling process (Ma et al., 2015), which means that there is a potentially good negative thermal expansion effect in this system. Otherwise, the previous study indicates that the introduction of Fe in MnNiGe alloy can change the magnetic competing relationship in parent phases (Liu et al., 2012). And researchers do have observed NTE property in MnNiGe-based compounds after combining with epoxy resin, i.e., a giant CTE of −60.7 × 10−6 K−1 over 231–338 K (ΔT = 107 K) and a near-ZTE of 0.6 × 10−6 K−1 over 175–231 K (ΔT = 56 K) for the sample of Mn0.94Fe0.06NiGe after mixing with 20 wt.% of epoxy resin (Xu et al., 2017). Unfortunately, the NTE properties of pure MnNiGe-based compounds have not been reported due to the brittle of MnNiGe-based compounds, to our knowledge. Thus, we prepared Fe-doped MnNiGe compounds successfully by solid-state reaction, and observed the giant NTE properties near room temperature (RT) in pure parent alloys. Moreover, the NTE properties were further controlled by combining with commercial Cu. The obtained results in this work broaden the application of Fe-doped MnNiGe alloys.

EXPERIMENTAL DETAILS

Polycrystalline samples of Mn1−xFexNiGe (x = 0.08, 0.10, 0.16) and MnNi0.90Fe0.10Ge, Mn1−xFexNiGe/Cu (x = 0.08, 0.10, 0.16) and MnNi0.90Fe0.10Ge/Cu composites (hereafter referred as MFx (x = 8, 10, 16) and NF10, MFx/Cu (x = 8, 10, 16) and NF10/Cu, respectively) were prepared by solid-state reaction, using Mn, Fe, Ni, Ge, and Cu (4N) powders as raw materials (Deng et al., 2015). Firstly, the stoichiometric amounts of the starting materials (Mn, Ni, Fe, Ge powders) were mixed, then ground about 2 h in a mortar and pressed into pellets by tablet machine. The pellets were sealed in a quartz tube under vacuum (10−5 Pa). The quartz tube was sintered in a box furnace at 900°C for 80 h and cooled down to RT. Then, the composites of Mn1−xFexNiGe/Cu (x = 0.08, 0.10, 0.16), MnNi0.90Fe0.10Ge/Cu were prepared by mixing Mn1−xFexNiGe (x = 0.08, 0.10, 0.16), MnNi0.90Fe0.10Ge and commercial Cu powder with different mass ratio, respectively. After grounding the mixture in an agate mortar for 1 h, the mixture was pressed into rectangular blocks and sealed into quartz tubes in vacuum. Finally, the quartz tubes were sintered in a box furnace at 500°C for 10 h, and then cooled down to RT naturally.

X-ray diffraction (XRD) patterns were obtained from an X' Pert PRO powder diffractometer using Cu Kα radiation at (RT), and the XRD data were handled with a software MDI jade 6.0. The linear thermal expansion coefficients of samples were measured from 125 to 475 K by using a Netzsch DIL 402C dilatometer. The instantaneous linear coefficient of thermal expansion αl over certain temperature range for every sample was calculated based on the as-measured thermal strain. The αl is defined as:
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where dL and dT are the variations in length and temperature respectively, L0 is the initial length at 125 K, dL/L0 is the thermal expansion strain (Chen et al., 2015).

The temperature dependence of magnetization curves were measured between 10 and 450 K under zero field-cooling condition (ZFC) in an applied magnetic field of 1,000 Oe using a Physical Property Measurement System (PPMS). A scanning electron microscopy (SEM, NanoSEM430, FEI) was used to characterize the microstructure of composites.

RESULTS AND DISCUSSION

Phase Purity and Crystal Structure

First, the room temperature XRD patterns of MF8, MF10, MF16, and NF10 are collected to inspect the effect of Fe doping on the crystal structure of MnNiGe alloy. As shown in Figure 1, the mainly diffraction patterns of samples can be indexed using hexagonal Ni2In-type structure. Based on XRD data, the lattice parameters (ah and ch) of MF8, MF10, MF16, and NF10 are calculated by Rietveld refinement as shown in Figure 1. The results indicate that both ah and ch decrease with increasing Fe doping content at Mn sites because the atom radius of the Mn is larger than Fe. From the enlarged view of XRD patterns in the inset of Figure 1, it is clear that residual orthorhombic TiNiSi-type structure appeared in the main matrix of hexagonal Ni2In-type structure for all four samples, the residual mass fractions of orthorhombic phase are calculated to be 14, 4, 4, and 3 wt.%, respectively.
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FIGURE 1. Room temperature X-ray diffraction patterns of (A) MF8, (B) MF10, (C) MF16, and (D) NF10.



Thermal Expansion Properties

Linear thermal expansion curves of samples have been recorded from 125 to 475 K in Figure 2. Table 1 lists the thermal expansion values and the related temperature ranges. As shown in Figure 2A, obvious NTE behaviors are observed in MF10 and NF10 near RT, respectively. The average CTE of MF10 reaches to a giant value of −285.23 × 10−6 K−1 with a wide operation-temperature range of 192–305 K (ΔT = 113 K), while the CTE of NF10 is as large as −1167.09 × 10−6 K−1 with a temperature range of 246–305 K (ΔT = 59 K). The results indicate that Fe-doped at Ni sites in MnNiGe has a broader temperature range while a larger CTE value can be obtained by Fe doping at Mn sites. Unfortunately, the dL/L0 curves of pure MF8 and MF16 have not been obtained due to the brittle of the two samples. By comparison, the CTE of Fe-doping MnNiGe is obviously larger than the reported systems such as ZrW2O8 (−9.1 × 10−6 K−1) (Mary et al., 1996), MnCoGe-based compound (−141 × 10−6 K−1) (Zhao et al., 2015; Lin et al., 2016), and Mn-Co-Ge-In compound (−51.5 × 10−6 K−1) (Shen et al., 2017).
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FIGURE 2. The temperature dependence of dL/L0 curves of (A) MF10, NF10, MF10/35%Cu and NF10/35%Cu, (B) MF8/x%Cu (x = 15, 25, 30, 40, 50, 70, 85, 100) and (C) MF16/x%Cu (x = 10, 20, 30), where the L0 is the length of the sample at 123 K; (D) X-Ray patterns of MF8/x%Cu composites at RT; the repeated measurement temperature dependence of dL/L0 curves of (E) MF8/70%Cu and (F) MF10/35%Cu.




Table 1. CTEs and ΔT of the composites with different Cu mass ratio.
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One of the typical applications for NTE materials is to control thermal expansion behaviors in the form of PTE/NTE composites. In this work, commercial Cu has been selected as matrix metal because of its excellent electronic and mechanic properties and wide usage in the electronic industrial area. Otherwise, in our materials, Fe-doped MnNiGe alloys always collapsed during naturally cooling or the measurement process of CTE, the combination with Cu can also increase the mechanical property of Fe-doped MnNiGe alloys. Therefore, variable mass ratio of MF8/x%Cu (x = 15, 25, 30, 40, 50, 70, 85, 100), MF16/x%Cu (x = 10, 20, 30), MF10/35%Cu and NF10/35%Cu compounds were prepared. Figure 2D displays the XRD patterns of the MF8/x%Cu composites. All of the diffraction peaks can be indexed as characteristic peaks of either MF8 or Cu and no additional peaks were observed, indicating that no chemical reaction generated between MF8 and Cu during heating treatment in furnace.

The measurements for linear thermal expansion behaviors have been carried out as shown in Figure 2. The amplitudes of the NTE behaviors (ΔL/L0) in MF10 and NF10 obviously decrease from 3.18 to 0.40% and 6.95 to 0.32% by introducing 35%Cu, and the CTEs (listed in Table 1) gradually decrease from −285.23 × 10−6 K−1 (192–305 K) and −1167.09 × 10−6 K−1 (246–305 K) to −26.15 × 10−6 K−1 (167–290 K) and −56.73 × 10−6 K−1 (176–247 K), respectively, as shown in Figure 2A. The linear thermal expansion behaviors of MF8/x%Cu and MF16/x%Cu are presented in Figures 2B,C).With the increasing of Cu mass ratio x for both of the two serials composites, the NTE temperature ranges become narrow, i.e., the decreasing of the ΔT, and the absolute CTE values increase. Obviously, in MF8/x%Cu serials composites, a low thermal expansion behavior with a CTE of −4.73 × 10−6 K−1 in a wide temperature range 173–229 K (ΔT = 56 K) is observed in MF8/70%Cu composite. When the mass ratio of Cu is 30% (sample No. 7 in Table 1), the CTE is −41.99 × 10−6 K−1 between 126 K to 270 K. The NTE behavior is observed in the temperature range 119–274 K (ΔT = 155 K) for sample MF8/15%Cu, and the corresponding CTE is −64.92 × 10−6 K−1. In MF16/10%Cu composite, there is a low CTE of 1.16 × 10−6 K−1 in a wide temperature range 125–215 K (ΔT = 90 K). With further increasing temperature, a sharp decreasing in NTE curve is observed and the corresponding CTE is −174.58 × 10−6 K−1 (216–228 K). However, the negative thermal expansion disappeared when the mass ratio of Cu increases to 30% in MF16/x%Cu composites, this may be due to the NTE temperature region decreases to below 125 K which is the minimum measuring temperature limit. In order to confirm the stability of the NTE behavior in our samples, we measured the thermal expansion properties of MF10/35%Cu and MF8/70%Cu again and the results are very close to the first measurement result, as shown in Figures 2E,F. Therefore, our studies suggest this could be a new alternative for metal matrix composites to achieve near-ZTE materials.

Magnetic Properties

To well understand the thermal expansion property of samples, magnetic properties are further investigated. Temperature dependence of magnetization (M-T) curves of the Fe-doped MnNiGe alloys are first carried out as shown in Figure 3A (the inset presents the breaking part of MF16), and the related dM/dT-T curves are shown in Figure 3B. The M-T curves of MF8, MF10, and NF10 increase slowly first and then drop sharply with temperature increasing, indicating that a magnetic transition occurred. With further increasing temperature, the M-T curves undergo another sharp drop and hence enter into paramagnetic phases (PM). There are two transition points of magnetic properties, which indicates two different ordered magnetic phases exist in MF8, MF10, and NF10. The magnetic transition temperature points (the low transition temperature Tt and Néel temperature TN) are defined in Figure 3B (Azuma et al., 2011) to be Tt = 158 K, 146 K and 112 K, TN = 272, 224, and 218 K for MF8, MF10, and NF10, respectively.
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FIGURE 3. (A) M-T curves (ZFC) of MF8, MF10, MF16, and NF10 with external magnetic field of 1000 Oe; (B) the related dM/dT-T curves of four samples; (C) the isothermal M(H) curves of MF10, MF16, and NF10 at 10 K; (D) M(T) curves and dL/L0 curves of pure MF10 and NF10 over 125–400 K.



In order to clarify the types of magnetic phases, the isothermal magnetization M(H) curves at 10 K of MF10 and NF10 are carried out in Figure 3C. The M-H curves of MF10 and NF10 tend to be linear behavior with no hysteresis behaviors and near zero macroscopic saturation magnetization in the low magnetic field, indicating typical AFM characters (Song et al., 2008; Sun Y. et al., 2013). The slightly bending of the M-H curves may be caused by a potential magnetic phase transition under external magnetic field. Depending on the previous studies, this AFM phase in low temperature is the typical spiral AFM (s-AFM) (Johnson and Frederick, 1973). In MF10 and NF10, with temperature increasing to Tt, s-AFM phase transforms to another AFM phase, of which the magnetization is lower than that of s-AFM, as shown in Figure 3A. With further increasing temperature, all of the three samples transit to PM phase at TN, successively. However, only one magnetic phase transition is observed in MF16, and the M-H curve shows typical FM characteristics which indicates the magnetic transition of MF16 is a FM-PM transition at Currie temperature TC = 128 K as shown in Figure 3B. In addition, in MFx (x = 8, 10, 16), with Fe content increasing, the magnetization increased (Figure 3A) and Tt or TN/TC decreased regularly (Figure 3B), signifying that the introduction of Fe has changed the s-AFM structure into an FM state. Moreover, Figure 3D shows the relationship of dL/dL0 and M(T) curves in MF10 and NF10. The black real line and the black dot real line are dL/dL0 curve and M(T) curve for MF10, while the temperature range related NTE property has been defined by the perpendicular black dot dash line with a double arrow. Similarly, the red ones are corresponding to NF10. It is clear that the large temperature windows of observed NTE behaviors are in consistent with the magnetization decreasing slowly during the AFM-PM transformation in MF10 and NF10, which indicates a strong relationship between magnetism and thermal expansion properties in these serials compounds, as well the composites.

Microstructural Properties

The microstructures of pure MF10 and NF10, composites MF8/70%Cu and MF10/35%Cu are carried out and shown in Figure 4. Firstly, in both of MF10 and NF10 samples have massive cavities, and the size of cavities in MF10 is smaller (~28 μm) than that in NF10 in which the size of cavities is as large as 60 μm. Compared with the results of NTE in Figure 2A, large size of cavities sample (NF10) has a larger NTE behavior which indicated that the porosity in pure Fe-doped MnNiGe has positive contribution to the large NTE behaviors. Otherwise, it is clear that two kinds of aggregations and a few holes and cracks can be seen in composites samples. One aggregation consists of small flaky particles with a size ~5 μm, and the other one consists of irregular and granular particles with a larger size (more than 20 μm). Meanwhile, the chemical compositions of these areas are also analyzed by the energy dispersive X-Ray spectroscopy (EDS). We labeled the locations containing different species in Figures 5A,D as areas 1 and 2, areas 3 and 4, respectively. The related EDS of areas 1–2 and areas 3–4 are shown in Figures 5B,C and Figures 5E,F, respectively. As shown in Figure 5, Mn, Ni, Fe, Ge, and Cu peaks are observed in all of the spectra. In MF8/70%Cu, the composition analysis demonstrates that the atomic ratio of area 1 is Mn: Fe: Ni: Ge: Cu = 24.36: 3.77: 35.70: 32.95: 3.22. Combined with Figure 2D, the main component of area 1 is MF8, the small amount of Cu is mainly originating from the adherence during mixed grinding and isothermal heat treatment. The atomic ratio of the area 2 is Mn: Fe: Ni: Ge: Cu = 2.01: 0.22: 0.83: 1.30: 95.62, which indicates the major component of the particles in area 2 is Cu metal. Using the same analysis method, the main component of area 3 is MF10, while the component of area 4 is mainly Cu, as shown in Figures 5E,F. It can be found that the cracks and holes are filled with Cu particles and the composites have a more compact structure with increasing Cu content, i.e., the MF8 is well dispersed in Cu matrix in MF8/70%Cu, where the stability of the composites is guaranteed (Yan et al., 2014). The composites display low thermal expansion or near-ZTE properties due to the competition between the positive expansion property of Cu matrix and the negative thermal expansion properties of Fe-doped MnNiGe alloys when placed in a variable temperature environment.
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FIGURE 4. SEM images of (A) MF10 and (B) NF10, (C,D) MF8/70%Cu, (E,F) MF10/35%Cu.
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FIGURE 5. SEM images of (A) MF8/70%Cu and (D) MF10/35%Cu, respectively and related EDS spectra of (B,C) in (A) and (E,F) in (D), respectively.



CONCLUSION

In summary, polycrystalline samples of Mn1−xFexNiGe (x = 0.08, 0.10, 0.16) and MnNi0.90Fe0.10Ge were prepared by solid-state reaction. Giant negative thermal expansion properties were observed over a wide temperature region in Fe-doped MnNiGe compounds. Especially, the average coefficient of thermal expansion (CTE) for NF10 reaches as large as −1167.09 × 10−6 K−1 between 246 and 305 K (ΔT = 59 K). The scanning electron microscopy results show that the porosity has positive contribution to the NTE behavior of MF10 and NF10. AFM-PM phase transition, which is correlated with negative thermal expansion (NTE) of the samples, has been characterized by the magnetic measurements. The Mn1−xFexNiGe/Cu (x = 8, 16) composites with controllable thermal expansion have been successfully prepared by adjusting the mass ratio of Cu. In MF8/x%Cu composites, the absolute value of average CTE gradually decreases with increasing matrix Cu content and the CTE reaches to −4.73 × 10−6 K−1 (173–229 K) with 70%Cu. In addition, the combining with metal Cu also modifies the mechanical performance of Fe-doped MnNiGe compounds. This can be a new candidate for controlling thermal expansion properties of metal matrix materials which may have potential applications in variable temperature environment.
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Negative thermal expansion (NTE) and magnetic properties were investigated for antiperovskite Ga1−xCrxN0.83Mn3 compounds. As x increases, the temperature span (ΔT) of NTE related with Γ5g antiferromagnetic (AFM) order is expanded and shifted to lower temperatures. At x = 0.1, NTE happens between 256 and 318 K (ΔT = 62 K) with an average linear coefficient of thermal expansion, αL = −46 ppm/K. The ΔT is expanded to 81 K (151–232 K) in x = 0.2 with αL = −22.6 ppm/K. Finally, NTE is no longer visible for x ≥ 0.3. Ferromagnetic order is introduced by Cr doping and continuously strengthened with increasing x, which may impede the AFM ordering and thus account for the broadening of NTE temperature window. Moreover, our specific heat measurement suggests the electronic density of states at the Fermi level is enhanced upon Cr doping, which favors the FM order rather than the AFM one.

Keywords: negative thermal expansion, antiferromagnetic order, specific heat, antiperovskite compounds, Cr substitution

INTRODUCTION

Negative thermal expansion (NTE) materials, which contract upon heating, have received great attentions recently (Mary et al., 1996; Takenaka and Takagi, 2005; Goodwin et al., 2008; Long et al., 2009; Greve et al., 2010; Azuma et al., 2011; Yamada et al., 2011; Huang et al., 2013; Panda et al., 2014; Zhao et al., 2015). From the view point of applications, NTE materials can be used as fillers for compensating and controlling the positive thermal expansion (PTE) of normal materials by forming composites (Romao et al., 2003; Chen et al., 2015). NTE has been observed in many materials due to different mechanisms, including flexible framework in crystal structure (Mary et al., 1996; Goodwin et al., 2008; Greve et al., 2010; Ge et al., 2016; Hu et al., 2016; Jiang et al., 2016), ferroelectricity (Xing et al., 2003; Chen et al., 2013), charge transformation (Long et al., 2009; Azuma et al., 2011; Yamada et al., 2011), magnetovolume effect (MVE) (Takenaka and Takagi, 2005; Huang et al., 2013; Li et al., 2015, 2016), and martensitic transformation (Zhao et al., 2015; Lin et al., 2016). Among them, the NTE related with MVE in antiperovskite manganese nitrides ANMn3 (A: transition metal or semiconducting elements) has been extensively studied because of the large and isotropic NTE with tunable linear coefficient of thermal expansion (αL), good mechanical properties (large Young's modulus and hardness) and thermal/electrical conductivities (Takenaka and Takagi, 2005; Sun et al., 2007; Huang et al., 2008; Song et al., 2011; Tong et al., 2013a,b; Tan et al., 2014).

Large lattice volume contraction of a few percent at the antiferromagnetic (AFM) to paramagnetic (PM) phase transition due to MVE has been reported in antiperovskite manganese nitrides decades ago (Fruchart and Bertaut, 1978). However, due to the limited temperature window (a few K) of MVE, these materials cannot be practically used as PTE compensators. In 2005, Takenaka firstly reported the broadening of MVE window in Cu1−xGexNMn3 (Takenaka and Takagi, 2005). From then on, many studies reported the NTE properties in ANMn3 (A = Zn, Ga, Ag, and Cu) by substituting A with non-magnetic elements, such as Ge, Sn, Si (Sun et al., 2007, 2010a,b; Huang et al., 2008; Takenaka et al., 2008; Dai et al., 2014). Neutron diffraction studies indicated that the pronounced MVE occurs due to the ordering of the non-collinear triangular Γ5g AFM spin configuration, and the non-magnetic element doping slows down the ordering of Γ5g AFM phase (Iikubo et al., 2008a; Song et al., 2011; Deng et al., 2015a,b). Local structure measured via the neutron pair distribution function (PDF) (Iikubo et al., 2008b; Tong et al., 2013a) and x-ray absorption fine structure measurements (Matsuno et al., 2009) suggested a strong relation between the broadening of AFM transition and the local lattice distortions, though a detailed mechanism is still under debate (Tong et al., 2013a). Very recently, we found that by partially replacing A in ANMn3 (i.e., GaN0.8Mn3, AgNMn3) with Mn, the MVE window was expanded as well (Guo et al., 2015; Lin et al., 2015), while local structural distortion was not observed (Guo et al., 2015). For example, in Ga1−xMnxN0.8Mn3 the ΔT of NTE reaches 54 K (between 255 and 309 K, αL = −42 ppm/K) and 73 K (between 206 and 279 K, αL = −25 ppm/K) for x = 0.25 and 0.3, respectively (Guo et al., 2015). Large NTE with αL ~ −20 ppm/K at cryogenic temperatures (below 120 K) was achieved in (Ga0.7Cu0.3)1−xMnxNMn3 with x = 0.25 and 0.3 (Guo et al., 2017). In those Mn-doped compounds, in addition to the AFM order that gives rise to the large volume change, the coexisting FM order was demonstrated to impede the growth of the AFM order and thus cause the broadened ΔT of lattice contraction (Guo et al., 2015, 2017; Lin et al., 2015). It is interesting to check whether other 3d elements can tune the NTE of ANMn3 as the Mn does.

Here, we report influences of Cr substitution for Ga on thermal expansion and magnetic properties of MVE-compound GaN0.83Mn3. GaN0.83Mn3 is AFM below TN ~ 360 K (Kasugai et al., 2012). Upon substituting Cr for Ga, the AFM ground is quickly suppressed. Meanwhile, FM order is introduced and increasingly enhanced with increasing Cr doping level. Accompanying with the suppression of AFM state, the sharp MVE of the parent compound is quickly moved to lower temperatures and the related temperature range is widened. A quite large NTE temperature window of 81 K (151–232 K) with a considerably large average αL ~ −22.6 ppm/K was observed in x = 0.2. The emergence of FM order can be attributed to the increasing electronic density of states (DOS) at the Fermi energy (EF) as indicated by the increased electronic contribution to the specific heat at low temperatures.

EXPERIMENTAL

Polycrystalline samples Ga1−xCrxN0.83Mn3 (x = 0, 0.1, 0.2, 0.3, 0.4) were prepared by direct solid state reaction with Ga ingot (4N), Cr (3N), Mn (4N), and self-made Mn2N powders. The starting materials were mixed in the desired proportions, sealed in evacuated quartz tubes (10−3 Pa) and then annealed at 873–973 K for 5 days. After quenching the tubes to room temperature, the products were pulverized, mixed, pressed into pellets, and annealed again at 1,073–1,173 K for extra 8 days. The final samples were checked by X-ray diffraction (XRD) on a Bruker X-ray diffractometer (D8 Advance) with Cu Kα radiations at room temperature. The magnetization measurements were performed on a Superconducting Quantum Interference Device Magnetometer (SQUID, Quantum Design). By using a strain gauge, linear thermal expansion ΔL/L was measured on a Physical Property Measurement System (PPMS, Quantum Design; Lin et al., 2015). On the same PPMS system, specific heat was measured for x = 0 and 0.2 compounds.

RESULTS AND DISCUSSION

Figure 1 shows the room-temperature XRD patterns for Ga1−xCrxN0.83Mn3 (x = 0, 0.1, 0.2, 0.3, 0.4) samples. All the samples are single-phase with a typical cubic antiperovskite structure (space group: Pm-3m), except for a very small amount of CrN detected in x = 0.4. The (111) peak shifts toward higher angles as x increases, which indicates the decrease of lattice constant with the increase of Cr content. Figure 2A presents the temperature dependent magnetization M(T) of Ga1−xCrxN0.83Mn3 (0 ≤ x ≤ 0.3) measured at H = 100 Oe under both zero-field-cooling (ZFC) and field-cooling (FC) modes. As shown in Figure 2B, there is a kink at 358 K for x = 0, indicating an AFM to PM transition as often observed in antiperovskite manganese nitrides. This value agrees well with the Neel temperature (TN) of GaN0.83Mn3 reported previously (Kasugai et al., 2012). When x = 0.1, TN is decreased to 318 K. In slightly Mn-doped Ga1−xMnxN0.8Mn3 (Guo et al., 2015), (Ga0.7Cu0.3)1−xMnxN0.8Mn3 (Guo et al., 2017), and Ag1−xMnxNMn3 (Lin et al., 2015), the M(T)s are featured by a clear peak in the ZFC curves, while the related FC M(T)s show a FM-like transition. This behavior was verified as a glassy transition (Guo et al., 2015, 2017; Lin et al., 2015). In contrast, for x = 0.1 Cr doped sample, FM-like transition was observed at around 120 K in both ZFC and FC M(T) curves with an obvious divergence between them at lower temperatures. The absence of peak in ZFC M(T) curve is indicative of the emergence of long range FM order below 120 K. For x = 0.2, the FM-like transition is increased to 230 K. The kink on ZFC M(T) referring to TN is no longer visible. Instead, a drop of magnetization happens at 210 K in both ZFC and FC M(T) curves, similar to that observed in Ga1−xMnxN0.8Mn3 with x = 0.3 (Guo et al., 2015). The M(T) curves for x = 0.3 display a FM transition at 322 K, though the FC curve deviates from the ZFC one at low temperatures. Figure 3 shows the isothermal hysteresis loop M(H)s at 5 K for x = 0–0.3 samples. The magnetization at 45 kOe (M45kOe) increases quickly and linearly with increasing x (inset of Figure 3). At the same time the slopes of M(H) curves at high magnetic fields become smaller as x increases, indicating the FM component is enhanced at the expense of AFM component. For x = 0.3, a FM ground state is established.
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FIGURE 1. X-ray diffractions at room temperature for Ga1−xCrxN0.83Mn3 (x = 0, 0.1, 0.2, 0.3, 0.4). The asterisk marks the diffractions from CrN.
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FIGURE 2. (A) The magnetization M(T) measured at both zero-field-cooling (ZFC) and field-cooling (FC) modes for Ga1−xCrxN0.83Mn3 (x = 0, 0.1, 0.2, 0.3). (B) shows an enlargement of the high-temperature ZFC data for x = 0 and 0.1, where the antiferromagnetic to paramagnetic transition at TN is marked in each curve.
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FIGURE 3. The isothermal magnetization M(H) loops at 5K for Ga1−xCrxN0.83Mn3 (x = 0, 0.1, 0.2, 0.3) measured between −45 and 45 kOe. Inset shows the magnetization at 45 kOe, M45kOe, as a function of Cr content (x).



Figure 4 shows the linear thermal expansion ΔL/L (380 K) for Ga1−xCrxN0.83Mn3 (0.1 ≤ x ≤ 0.4). Because of the large volume change at TN which is above room temperature, the as-prepared GaN0.83Mn3 sample was brittle and thus not subjected to the strain gauge measurement. As shown in Figure 4, at x = 0.1, the lattice undergoes a continuous shrinkage upon heating between 256 and 318 K (ΔT = 62 K) with an average αL = −46 ppm/K. The onset temperature of NTE region is consistent with the broad AFM transition shown in Figure 2B. For x = 0.2, The NTE temperature window shifts to 151–232 K (ΔT = 81 K), and the corresponding average αL is about ~ −22.6 ppm/K. The lattice contraction coincides well with the drop of magnetization displayed in both ZFC and FC M(T)s as shown in Figure 2A. When x is further increased (≥0.3), no NTE was observed down to 5 K.
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FIGURE 4. Linear thermal expansion ΔL/L (380 K) for Ga1−xCrxN0.83Mn3 (x = 0.1, 0.2, 0.3 and 0.4). The temperature range of negative thermal expansion and the related average linear coefficient of thermal expansion are marked for x = 0.1 and 0.2.



Among the many ordered spin configurations, the Γ5g-type AFM one is special because it adopts a larger lattice volume relative to the PM or FM state, which is considered as the prerequisite for the showing up of NTE (Takenaka et al., 2014). The Γ5g-type AFM order is the ground state below TN for the x < 0.2 compounds (Kasugai et al., 2012). Most likely, this particular AFM order is involved below 210 K in x = 0.2 sample, as manifested by the drop of the magnetization shown in Figure 2A. Upon doping with Cr, the FM order emergences and becomes increasingly strong with x, as revealed by enhanced TC and the low-temperature magnetization. The strengthened FM phase would impede the growth and propagation of AFM order upon cooling probably via the magnetically coupled AFM/FM interfaces (Guo et al., 2015). When x is increased to 0.3, the FM phase is overwhelmingly strong so that the MVE associated with the AFM ordering is no longer able to influence the overall thermal expansion. As a result, the x = 0.3 compound displays a normal PTE.

The parent compound of Ga1−xMnxN0.8Mn3 is very close to that of the current solid solutions in terms of the chemical composition and the value of TN. However, Cr doping is more effective in disturbing the AFM order and consequently in expanding the temperature range of lattice contraction relative to Mn doping. For example, with 20% Cr doping the ΔT of NTE is about 80 K, which is even larger than that of 30% Mn doped sample (ΔT = 73 K; Guo et al., 2015). As shown in the inset of Figure 3, M45kOe at 5 K increases linearly with Cr doping level and reaches 31.8 emu/g for x = 0.3. But, for Ga1−xMnxN0.8Mn3 the value of M45kOe at 5 K shows a tendency toward saturation with increasing x, and the related value for x = 0.3 is only 22.3 emu/g (Guo et al., 2015). Such a difference indicates the more rapid strengthening of FM order in Cr-doped compounds than in Mn-doped ones. So the AFM phase in Cr-doped sample experienced a stronger impendence from the more rapidly developing FM order, leading to a wider NTE window relative to Mn-doped compounds at the same doping level.

Figure 5 shows the specific heat Cp(T) for GaN0.83Mn3 and Ga0.8Cr0.2N0.83Mn3 between 6 and 245 K. A broad peak was observed at 220 K for x = 0.2 compound, which is resulted from the structural transition (i.e., the NTE) observed in Figure 4. As shown in the inset of Figure 5, the low-temperature specific heat data for each compound plotted as Cp(T)/T vs. T2 can be well-fitted linearly by using the expression, Cp(T)/T = γ+βT2, where γ (i.e., the Sommerfeld constant) represents for the electronic contribution, the second term is the lattice contribution based on the Debye approximation (Wang et al., 2010). The fitted values of γ are equal to 24.3(3) and 30.2(1) mJ/(mol K2) for GaN0.83Mn3 and Ga0.8Cr0.2N0.83Mn3, respectively. The value of γ corresponds to the density of the electronic DOS at EF in the ground state. The enhanced γ in the Cr-doped compound indicates an enhancement of DOS at EF. According the Stoner criterion, FM interactions are enhanced in Cr-doped compound compared with the parent compound (Wang et al., 2010). This may explain why Cr doping suppresses the AFM ground state and finally changes the background to FM in x = 0.3 compound. According to the result reported by Garica, the γ is remarkably suppressed when the PM state transforms to AFM phase in GaNMn3 (Garcia et al., 1980), which suggests again that the increased DOS at EF is not beneficial to the stabilization of AFM ground state of GaN0.83Mn3.
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FIGURE 5. Specific heat Cp(T) for Ga1−xCrxN0.83Mn3 with x = 0 and 0.2. Inset shows a linear fit to the Cp(T)/T vs. T2 curves at low temperatures. The fitted electronic coefficients of specific heat (γ, the Sommerfeld constant) are shown for both compounds.



Although there are no theoretical reports on the electronic structure of Cr-doped GaNMn3, studies on GaNMn3 and Mn4N may give some hints of understanding the magnetism of current compounds. In GaNMn3, all Mn atoms locate at the face centers of the cubic lattice. The hybridized Mn 3d states with N 2p orbitals contribute mainly to the DOS at EF (Miao et al., 2005). But Ga contributes little to the overall DOS at EF (Miao et al., 2005). However, as to Mn4N, the corner Mn atoms (MnI) contribute a lot to the DOS at EF, while contribution from the face-center Mn atoms (MnII) is very similar to that in GaNMn3 (Miao et al., 2005). In Mn4N the magnetic moments at MnI (3.5 μB) are antiparallel to those at MnII (0.9 μB), leading to a ferrimagnetic ground state below 756 K (Takei et al., 1962). So MnI atoms play a dominant role in determining the magnetic properties of Mn4N. Analogously, when Cr elements occupy the corner sites (i.e., Ga sites) of the GaN0.83Mn3, their 3d orbitals will contribute to the DOS at EF. So the substitution of Cr for Ga introduces extra d electrons to the system, and thus increases the DOS at EF, leading to the enhanced FM interactions. A thorough theoretical study on the electronic band structures is needed in order to shed lights on the differences of magnetism and thermal expansion between Cr and Mn doped compounds.

CONCLUSIONS

In summary, we report large NTE at low temperatures in antiperovskite compounds Ga1−xCrxN0.83Mn3 (0 ≤ x ≤ 0.3). With increasing x, the NTE window was expanded and moved to lower temperatures quickly. For x = 0.1 and x = 0.2, the NTE occurs at 256–318 K (ΔT = 62 K) and 151–232 K (ΔT = 81 K) with an average αL of −46 and −22.6 ppm/K, respectively. Finally, for x ≥ 0.3, NTE was not observed down to 5 K. As revealed by the specific heat measurement, Cr doping increases the DOS at EF, which favors the emergence of FM order against the AFM background. The competing FM order was suggested to suppress the original AFM order and hinder its propagation upon cooling, leading to the NTE with wide ΔT.
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Solvothermal reactions of 3-(4-pyridyl)-benzoic acid (Hpba) with a series of transition metal ions yielded isostructral metal-organic frameworks [M(pba)2]·2DMA (MCF-52; M = Ni2+, Co2+, Zn2+, Cd2+, or mixed Zn2+/Cd2+; DMA = N,N-dimethylacetamide) possessing two-dimensional fence-like coordination networks based on mononuclear 4-connected metal nodes and 2-connected organic ligands. Variable-temperature single-crystal X-ray diffraction studies of these materials revealed huge positive and negative thermal expansions with |α| > 150 × 10−6 K−1, in which the larger metal ions give the larger thermal expansion coefficients, because the increased space not only enhance the ligand vibrational motion and hinged-fence effect, but also allow larger changes of steric hindrance between the layers. In addition, the solid-solution crystal with mixed metal ions further validates the abundant thermal expansion mechanisms of these metal-organic layers.

Keywords: thermal expansion, porous coordination polymers, metal-organic framework, flexibility, pyridyl-carboxylate, structure-property relationship, metal ion radius, solid solution

INTRODUCTION

Most solids expand slightly as temperature increases (0 < α < 20 × 10−6 K−1, α for axial thermal expansion coefficients, α = ∂l/∂T × 1/l), which is known as thermal expansion or positive thermal expansion (PTE). Though the structure changes of PTE materials are very small, thermal expansion can often affect other material properties, for example, lead to the loss of precision and function for optical instruments, microelectronic devices so on (Evans, 1999; Liu et al., 2018). In contrast, materials with abnormal thermal expansion behaviors, such as zero thermal expansion (ZTE, |α| ≈ 0 × 10−6 K−1), negative thermal expansion (NTE, α < 0 × 10−6 K−1), or very large thermal expansion (|α| > 100 × 10−6 K−1), are scarce (Mary et al., 1996; Chapman et al., 2005; Goodwin et al., 2008; Das et al., 2010; Zhou et al., 2015). NTE compounds may be applied to compensate the thermal expansion of a “normal” PTE material, so that it can remain functional in extremely high or low temperatures without degradation (Mary et al., 1996; Chapman et al., 2005; Rowsell et al., 2005; Wu et al., 2008; Zhou et al., 2016). On the other hand, materials with exceptionally large PTE and NTE can be useful to design sensitive thermomechanical actuators (Das et al., 2010; Zhou et al., 2013, 2015). However, designing and controlling thermal expansion behaviors of materials are still great challenges.

By virtue of their notable porosities and framework flexibilities, porous coordination polymers (PCPs), also known as metal-organic frameworks (MOFs), can show large structural responses toward the change of various environmental parameters, such as temperature, pressure, and magnetic/electric fields (Férey and Serre, 2009; Horike et al., 2009; Nagarkar et al., 2014; Schneemann et al., 2014; Chang et al., 2015; Kanoo et al., 2017; Zhang et al., 2017). Researches on the abnormal thermal expansion behaviors of MOFs have received more and more attentions in recent years (Rowsell et al., 2005; Yang et al., 2009; DeVries et al., 2011; Grobler et al., 2013; Wei et al., 2013; Zhou et al., 2013, 2015; Cai and Katrusiak, 2014; Li et al., 2017). Due to the unique host-guest interactions, the thermal expansion of MOFs can be effectively tuned by the type and amount of guest molecules (Phillips et al., 2008; Yang et al., 2009; Grobler et al., 2013). Besides the steric hindrance and supramolecular interactions caused by the guest molecule (Goodwin et al., 2005; Grobler et al., 2013), the motion of a guest molecule and the thermal expansion of a guest aggregation can also modulate the thermal expansion properties of framework materials (Zhou et al., 2013, 2015). However, the thermal expansion coefficients of MOFs are difficult to tune finely and on demand by using the host-guest mechanism, because guest changing can induce much larger structural transformation and guest loading can be easily disturbed in the open environment. From the view point of framework/material design, it is more direct and predictable to tune the thermal expansion of the framework by changing the metal nodes and/or the organic linkers while maintaining the connection of the framework (Chapman et al., 2006; Korcok et al., 2009). Actually, the variation of metal nodes often affects the flexibility and dynamic responsive behaviors of the framework materials (Millange et al., 2008; Choi et al., 2010; Wang et al., 2011; He et al., 2017), but it has been rarely utilized to regulate the thermal expansion behaviors of MOFs, since the structural variations in such systems are always very small and difficult to quantitatively visualized.

Herein, we report a series of isostructral fence-like MOFs [M(pba)2]·2DMA (1; MCF-52; M = Ni2+, Co2+, Zn2+, Cd2+, or mixed Zn2+/Cd2+; Hpba = (3-pyridin-4-yl)benzoic acid; DMA = N,N-dimethylacetamide) exhibiting huge and controllable PTE and NTE (αa = 154~228 × 10−6 K−1, αb = 41~164 × 10−6 K−1 and αc = −37~−152 × 10−6 K−1) dependent on the metal-ion radius. The thermal expansion mechanisms were systematically studied by comparing their single-crystal structures at different temperatures.

MATERIALS AND METHODS

Materials and Instruments

All commercially available reagents and solvents were used as received without further purification. The ligand Hpba was synthesized according to the reported procedure (Zhou et al., 2013). Elemental (C, H, N) analyses (EA) were performed with a Vario EL elemental analyzer. Infrared (IR) spectra were recorded with a Bruker TENSOR 27 Fourier transform FT-IR spectrophotometer on KBr pellets in the range of 4,000–400 cm−1. Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) results were collected by an Optima8300 coupled plasma-atomic emission spectrophotometer. Powder X-ray diffraction (PXRD) patterns were collected on a Bruker D8 ADVANCE X-ray powder diffractometer (Cu Kα, λ = 1.5418 Å). Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) images were recorded on a Quanta 400 field-emitted SEM device. Thermogravimetry (TG) analyses were performed on a TA Q50 instrument with a ramp rate of 10°C min−1 under a nitrogen flow. The high-pressure CO2 adsorption isotherm was measured on an automatic volumetric BELSORP-HP sorption apparatus in the range of 0–40 bar at 298 K. Prior to the sorption measurement, the as-synthesized sample was placed in the sample tube and dried under high vacuum at 230°C for 6 h to remove the solvent guests.

Synthesis

Hpba (0.80 g, 4.0 mmol) was dissolved in DMA (60 mL) using a 250-mL vial, to which a DMA solution of Cd(NO3)2·6H2O (0.1 mol/L, 20 mL) and methanol (40 mL) were sequentially added. The mixture was then sealed with a screw cap, and heated to 90°C for 72 h. Colorless block-like crystals of [Cd(pba)2]·2DMA (MCF-52-Cd) were filtered and washed by DMA (yielded 1090 mg, ca. 80%). EA calcd (%) for [Cd(pba)2]·2DMA (C32H34N4O6Cd): C 56.27, H 5.02, N 8.20; Found: C 56.04, H 4.97, N 8.37. IR: 432(m), 472(w), 548(s), 589(m), 626(s), 682(s), 694(m), 769(s), 825(w), 845(m), 924(w), 1016(m), 1064(w), 1185(w), 1223(w), 1270(w), 1296(w), 1391(s), 1436(m), 1504(w), 1542(s), 1612(s),1637(m), 2938(w), 3071(w).

Crystallography

Single-crystal X-ray diffraction (SCXRD) data were recorded on an Agilent SuperNova CCD diffractometer using mirror-monochromated Cu Kα radiation. The single crystals of [M(pba)2]·2DMA were mounted on the top of a glass fiber. The test temperature was controlled by dry N2 open flow using a Cryostream Plus cooler system, and corrected by a thermal couple at the crystal position. The variable-temperature unit-cell parameters (Tables S1–S5) were obtained by indexing the diffraction spots obtained with 30 diffraction images. Absorption corrections were applied by using the multi-scan program CrysAlisPro. The crystal structures were solved through the direct method and developed by the difference Fourier technique using the SHELXTL software package. Anisotropic thermal parameters were used to refine all non-hydrogen atoms of the frameworks. Hydrogen atoms were generated geometrically and the positions were refined in the riding mode. Crystallographic data are provided in Datasheet 1 and structural refinement details are summarized in Tables S6–S10. CCDC 1844211–1844220 for [M(pba)2]·2DMA contain the supplementary crystallographic data.

RESULTS AND DISCUSSION

Synthesis, Structure, Stability, and Porosity

High-quality single-crystal samples of [Cd(pba)2]·2DMA can be obtained through solvothermal reaction of Cd(NO3)2 and Hpba in mixed solvent DMA/methanol at 90°C. SCXRD revealed that [Cd(pba)2]·2DMA crystallizes in the orthogonal space group P212121, containing one Cd2+ ion with pseudo-octahedron coordination configuration, two bent pba− ligands and two DMA guest molecules in its asymmetric unit. Each Cd2+ ion is coordinated by two carboxylate groups and two pyridyl groups from four pba− ligands with a tetrahedral configuration, in which the carboxylate group exhibits the bidentate chelating mode. Each pba− ligand coordinates with two Cd2+ ions by using its carboxylate and pyridyl ends. Considering Cd2+ ions as 4-connected nodes and pba− ligands as linkers, the coordination network can be simplified as a two-dimensional (2D) rhombus grid or a typical hinged fence with the 4-connected sql topology parallel to the bc-plane (Figure 1). Such 2D grids stack in a zigzag-offset fashion via C–H···O hydrogen bonds and C–H···π interactions to form the 3D supramolecular structure (Figure 2). Thanks to the long ligands, after layers stacking, 1D rhombus nano-channels with a cross-sectional area up to 8.5 × 11.3 Å2 are formed along the a-axis direction and the solvent accessible void reaches 46%. The DMA guests are packed closely in a “face to face” way in the channels (Figure 1C).


[image: image]

FIGURE 1. Perspective views of the crystal structure of [M(pba)2]·2DMA. (A) Coordination environment of the metal node. (B) The metal-organic fence, and the definition of its interior angle. (C) The stacking structure of metal-organic fences with DMA as guests, which are highlighted in pink. Metal ion: orange, C: dark gray, H: light gray, N: blue, O: red.
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FIGURE 2. The stacking mode of the metal-organic fences. (A) Top view of the stacking layers. (B) Side view of the stacking layers. (C) Stacking of the tetrahedral building units of adjacent layers (highlighted in the space-filling mode). (D) The key atoms of adjacent tetrahedral building units.



Comparison between the measured PXRD pattern and the simulated one shows the high purity of the [Cd(pba)2]·2DMA samples (Figure S1). Then we also studied the stability and porosity of [Cd(pba)2]·2DMA. The TG curve (Figure S2) showed no weight loss below 80°C. Although the pore diameter is large, the relatively high boiling point and closely packing of DMA guest can effectively limit the guest escape. Then a steady plateau starts up from 230°C until decomposition above 350°C, and the weight loss of 26.4%, according with the theoretical value of 25.6%, meaning that the guests can be removed completely. Thus, the as-synthesized samples of [Cd(pba)2]·2DMA were activated by heating at 230°C under vacuum. The PXRD pattern shows the crystallinity can't maintain well after activation, which may be attributed to that the entire framework is formed by stacking 2D layers through the relatively weak van der Waals force. Interestingly, activated [Cd(pba)2] can revert to its original crystallinity after exposed to the DMA vapor. In addition, high pressure sorption experiment showed that activated [Cd(pba)2] can adsorb considerable amount of CO2 at 298 K and 40 bar (Figure S3), giving a pore volume of 0.16 cm3/g and a BET surface area of 347 m2/g. These results indicated that the desolvation-induced amorphism arises from local distortions of the coordination framework rather than destroying the framework connections.

Thermal Expansion Properties

The hinged-fence structural models may bring notable thermal expansion behaviors (DeVries et al., 2011; Zhou et al., 2013, 2015). In situ variable-temperature SCXRD measurements in the range of 112–300 K were used to characterize the thermal expansion properties of [Cd(pba)2]·2DMA (Figure 3 and Table 1). Encouragingly, [Cd(pba)2]·2DMA possesses the exceptionally large thermal expansion coefficients. From 112 to 300 K, the a-, b-, and c-axes of [Cd(pba)2]·2DMA change +4.2, +3.1, and −2.9%, respectively, giving linear thermal expansion coefficients αa = +226 × 10−6 K−1, αb = +165 × 10−6 [image: image] and αc = −155 × 10−6 K−1. As a combined result, the volume increased by 4.3%, corresponding to a thermal expansion coefficient of +233 × 10−6 K−1. It is worth noting that this is the first solid material exhibiting such huge thermal expansion with all axial thermal expansion coefficients |α| > 150 × 10−6 K−1 (Goodwin et al., 2008; Das et al., 2010; Zhou et al., 2015).
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FIGURE 3. Thermal expansion behaviors of [M(pba)2]·2DMA.




Table 1. Thermal expansion coefficients of this series of isostructral metal-organic fences based on different metal ions.

[image: image]



To clarify the structural origin of such huge expansion behaviors of these isostructural compounds, their single-crystal structures were determined at 112 K and 300 K. Structural analyses revealed that the interlayer interactions are mainly C–H···π interactions between the aromatic rings. From 112 to 300 K, the two shortest C–H···π separations, C6–H6···C22 and C18–H18···C10, increased from 3.036(5) and 3.115(5) Å to 3.128(5) and 3.285(5) Å, respectively, resulting in an increase of the interlayer distance from 5.750(1) to 5.978(1) Å and the huge PTE of the a-axis. The temperature change also causes the hinged-fence effect of the 2D rhombus grids parallel to the bc-plane, resulting in the reverse thermal expansion behavior of the b- and c-axes. The angle between adjacent pyridyl groups of the grid is defined as θ (Figure 1B). As the temperature rises from 112 to 300 K, θ decreases from 101.8° to 98.5°, causing the deformation of the entire metal-organic fence with the PTE of the b-axis and the NTE of the c-axis (Table 2). The comparison of structural detail between 112 and 300 K shows that the changes are very small in coordination bond lengths (Δmax < 0.02 Å, Table S11) but very large in the coordination bond angles (Δmax > 4°, Tables S12–S16). In other words, the distortion of the metallic coordination octahedron is the main source of such a huge thermal expansion.


Table 2. Temperature induced variation of the interior angle θ (°) for the metal-organic fences.

[image: image]



Replacing Cd(NO3)2·6H2O by Ni(NO3)2·6H2O, Co(NO3)2·6H2O, or Zn(NO3)2·6H2O in the synthesis gave isostructural crystals of [Ni(pba)2]·2DMA, [Co(pba)2]·2DMA, and [Zn(pba)2]·2DMA, respectively (Figure S4). SCXRD from 112 to 300 K showed that the thermal expansion magnitude of these compounds is in the same order of their metal ion radii, i.e., Ni (0.69 Å) < Co (0.72 Å) < Zn (0.74 Å) < Cd (0.92 Å). Specifically, as the radii of the metal ions increases from 0.69 Å to 0.92 Å, the thermal expansion coefficient of the a-axis increases by 48%, while the thermal expansion coefficients of the b- and c-axes increase by more than 300% (Figure 3 and Table 1). In other words, the metal ion has a significant impact for the thermal expansion of the bc-plane showing the hinged-fence effect. Analyzing the crystal-structure details showed that, from 112 to 300 K, the maximal variation of coordination bond angles is less than 1.5° in [Ni(pba)2]·2DMA but more than 4.0° in [Cd(pba)2]·2DMA (Tables S12–S16), meanwhile the fence angle θ decreases by only 0.8° in [Ni(pba)2]·2DMA but decreases by 3.3° in [Cd(pba)2]·2DMA (Table 2). Thus, it can be seen that the increase of metal ion radius can effectively enlarge the distortion of the coordination octahedron and enhance the hinged-fence effect.

The relationship between the PTE of the a-axis and the metal ion radius can be explained by the change of steric hindrance. Each metal ion coordinates with two carboxyl groups and two pyridyl groups arranged in a tetrahedral configuration. The tetrahedral building units in adjacent layers intercalate into each other. The shapes of the tetrahedral units, defined by the locations of the pyridyl groups and carboxyl groups, control the steric hindrance between the interlayer tetrahedra. Detailed analyses of crystal structures with different metal ions showed that the larger metal ions correspond to the more open tetrahedra (O2···C24 and O4···C12 between the pyridyl groups and carboxyl groups), smaller steric hindrance, and shorter interlayer separation (i.e., the a-axis length). Further, the larger the metal ions allow the coordination tetrahedra to be more flexible, leading to the greater changes of the interlayer separations and the larger PTE of the a-axis (Figure 4 and Table S17).


[image: image]

FIGURE 4. Elucidation of the thermal expansion mechanism for the fence stacking. (A) The tetrahedral building unit. (B) The selected parameters and variations for the geometry of the tetrahedral building unit and the interlayer separation/interaction. (C) Schematic views of thermal expansion upon the change of steric hindrance and metal ions.



Solid-solution-type MOFs have been successfully used to achieve adsorption properties between those of two corresponding parent phases (Deng et al., 2010; Horike et al., 2012; Chen et al., 2015; Inukai et al., 2015), but this strategy has not been applied to control thermal expansion behaviors. Preliminary trial showed that using a 1:1 mixture of Cd(NO3)2·6H2O and Zn(NO3)2·6H2O as starting material can give solid-solution crystals [Zn0.77Cd0.23(pba)2]·2DMA, in which the Zn/Cd ratio was determined by ICP-AES measurement of the acid-digested samples. SEM and EDS images revealed that Zn2+ and Cd2+ ions were uniformly distributed in the crystal (Figure 5). Variable-temperature SCXRD showed that the unit-cell parameters of [Zn0.77Cd0.23(pba)2]·2DMA are in between those of [Zn(pba)2]·2DMA and [Cd(pba)2]·2DMA (Figure 3 and Table 1). Free refinements of the single-crystal structures of [Zn0.77Cd0.23(pba)2]·2DMA at 112 and 300 K gave the Zn2+/Cd2+ occupancy of 0.75/0.25 (Table S10), in agreement with the results of ICP-AES. As expected, the thermal expansion magnitude of its bc-plane is between that of [Zn(pba)2]·2DMA and [Cd(pba)2]·2DMA. The structural details show that, from 112 to 300 K, the temperature-induced variation of the fence angle θ is 2.9° between 1.7° of [Zn(pba)2]·2DMA and 3.3° of [Cd(pba)2]·2DMA (Table 2). Unexpectedly, the thermal expansion of the a-axis of [Zn0.77Cd0.23(pba)2]·2DMA approximates to that of [Zn(pba)2]·2DMA, rather than in between those of [Zn(pba)2]·2DMA and [Cd(pba)2]·2DMA. As mentioned above, the thermal expansion behavior of the a-axis depends on the distance between the vertices of the tetrahedral units and the corresponding steric hindrance. In [Zn0.77Cd0.23(pba)2]·2DMA, the smaller ion Zn(II) with the larger steric hindrance may restrain the proximity of the adjacent layers, so that its thermal expansion behavior of a-axis is mainly dependent on Zn(II).


[image: image]

FIGURE 5. SEM and EDS images of [Zn0.77Cd0.23(pba)2]·2DMA. (A) SEM image of [Zn0.77Cd0.23(pba)2]·2DMA. (B) EDS image of zinc. (C) EDS image of cadmium.



CONCLUSIONS

In summary, a series of isostructral metal-organic fences were obtained using the bent organic ligand with Ni(II), Co(II), Zn(II), and Cd(II). Due to the van der Waals interactions between these stacking 2D metal organic layers, the interlayer distance is particularly sensitive to temperature change, resulting in extraordinarily large PTE. On the other hand, the hinged-fence effect occurs across the metal-organic fence, causing cooperative large PTE and NTE behaviors. Interestingly, the larger ions possessing more flexible coordination geometries can not only induce larger fencing actions but also control the inter-layer steric hindrance, leading to larger thermal expansion magnitudes. Overall, this series of compounds exhibit abundant thermal expansion mechanisms and represent the first solid material with all axial thermal expansion coefficients |α| > 150 × 10−6 K−1.

AUTHOR CONTRIBUTIONS

J-PZ planned the research and supervised the project. H-LZ carried out the syntheses, characterization, and crystal structure determination. H-LZ, J-PZ, and X-MC analyzed the data and co-wrote the manuscript.

FUNDING

This work was financially supported by the National Basic Research Program of China (973 Project, 2014CB845602) and the National Natural Science Foundation of China (21731007, 91622109, and 21473260).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2018.00306/full#supplementary-material

REFERENCES

 Cai, W. Z., and Katrusiak, A. (2014). Giant negative linear compression positively coupled to massive thermal expansion in a metal-organic framework. Nat. Commun. 5:4337. doi: 10.1038/ncomms5337

 Chang, Z., Yang, D. H., Xu, J., Hu, T. L., and Bu, X. H. (2015). Flexible metal-organic frameworks: recent advances and potential applications. Adv. Mater. 27, 5432–5441. doi: 10.1002/adma.201501523

 Chapman, K. W., Chupas, P. J., and Kepert, C. J. (2005). Direct observation of a transverse vibrational mechanism for negative thermal expansion in Zn(CN)2: an atomic pair distribution function analysis. J. Am. Chem. Soc. 127, 15630–15636. doi: 10.1021/ja055197f

 Chapman, K. W., Chupas, P. J., and Kepert, C. J. (2006). Compositional dependence of negative thermal expansion in the Prussian blue analogues MPtIVPtII(CN)6 (M = Mn, Fe, Co, Ni, Cu, Zn, Cd). J. Am. Chem. Soc. 128, 7009–7014. doi: 10.1021/ja060916r

 Chen, S., Shang, R., Wang, B. W., Wang, Z. M., and Gao, S. (2015). An a-site mixed-ammonium solid solution perovskite series of [(NH2NH3)x(CH3NH3)1-x][Mn(HCOO)3] (x = 1.00-0.67). Angew. Chem. Int. Ed. 54, 11093–11096. doi: 10.1002/anie.201504396

 Choi, H. J., Dinca, M., Dailly, A., and Long, J. R. (2010). Hydrogen storage in water-stable metal-organic frameworks incorporating 1,3-and 1,4-benzenedipyrazolate. Energ. Environ. Sci. 3, 117–123. doi: 10.1039/B917512A

 Das, D., Jacobs, T., and Barbour, L. J. (2010). Exceptionally large positive and negative anisotropic thermal expansion of an organic crystalline material. Nat. Mater. 9, 36–39. doi: 10.1038/nmat2583

 Deng, H. X., Doonan, C. J., Furukawa, H., Ferreira, R. B., Towne, J., Knobler, C. B., et al. (2010). Multiple functional groups of varying ratios in metal-organic frameworks. Science 327, 846–850. doi: 10.1126/science.1181761

 DeVries, L. D., Barron, P. M., Hurley, E. P., Hu, C. H., and Choe, W. (2011). “Nanoscale lattice fence” in a metal-organic framework: interplay between hinged topology and highly an isotropic thermal response. J. Am. Chem. Soc. 133, 14848–14851. doi: 10.1021/ja2032822

 Evans, J. S. O. (1999). Negative thermal expansion materials. J. Chem. Soc. Dalton Trans. 3317–3326. doi: 10.1039/a904297k

 Férey, G., and Serre, C. (2009). Large breathing effects in three-dimensional porous hybrid matter: facts, analyses, rules and consequences. Chem. Soc. Rev. 38, 1380–1399. doi: 10.1039/b804302g

 Goodwin, A. L., Calleja, M., Conterio, M. J., Dove, M. T., Evans, J. S. O., Keen, D. A., et al. (2008). Colossal positive and negative thermal expansion in the framework material Ag3[Co(CN)6]. Science 319, 794–797. doi: 10.1126/science.1151442

 Goodwin, A. L., Chapman, K. W., and Kepert, C. J. (2005). Guest-dependent negative thermal expansion in nanoporous Prussian Blue analogues MPtIVPtII(CN)6∙x(H2O) (0 ≤ x ≤ 2; M = Zn, Cd). J. Am. Chem. Soc. 127, 17980–17981. doi: 10.1021/ja056460f

 Grobler, I., Smith, V. J., Bhatt, P. M., Herbert, S. A., and Barbour, L. J. (2013). Tunable anisotropic thermal expansion of a porous zinc(II) metal-organic framework. J. Am. Chem. Soc. 135, 6411–6414. doi: 10.1021/ja401671p

 He, C. T., Ye, Z. M., Xu, Y. T., Zhou, D. D., Zhou, H. L., Chen, D., et al. (2017). Hyperfine adjustment of flexible pore-surface pockets enables smart recognition of gas size and quadrupole moment. Chem. Sci. 8, 7560–7565. doi: 10.1039/C7SC03067C

 Horike, S., Inubushi, Y., Hori, T., Fukushima, T., and Kitagawa, S. (2012). A solid solution approach to 2D coordination polymers for CH4/CO2 and CH4/C2H6 gas separation: equilibrium and kinetic studies. Chem. Sci. 3, 116–120. doi: 10.1039/C1SC00591J

 Horike, S., Shimomura, S., and Kitagawa, S. (2009). Soft porous crystals. Nat. Chem. 1, 695–704. doi: 10.1038/nchem.444

 Inukai, M., Fukushima, T., Hijikata, Y., Ogiwara, N., Horike, S., and Kitagawa, S. (2015). Control of molecular rotor rotational frequencies in porous coordination polymers using a solid-solution approach. J. Am. Chem. Soc. 137, 12183–12186. doi: 10.1021/jacs.5b05413

 Kanoo, P., Haldar, R., Sutar, P., Chakraborty, A., and Maji, T. K. (2017). “Gated and stepwise sorption processes in functional metal-organic frameworks,” in Functional Supramolecular Materials: From Surfaces to MOFs, ed R. Banerjee (London: The Royal Society of Chemistry), 412–453. doi: 10.1039/9781788010276-00412

 Korcok, J. L., Katz, M. J., and Leznoff, D. B. (2009). Impact of metallophilicity on “colossal” positive and negative thermal expansion in a series of isostructural dicyanometallate coordination polymers. J. Am. Chem. Soc. 131, 4866–4871. doi: 10.1021/ja809631r

 Li, W., Wang, Z. M., Deschler, F., Gao, S., Friend, R. H., and Cheetham, A. K. (2017). Chemically diverse and multifunctional hybrid organic-inorganic perovskites. Nat. Rev. Mater. 2:16099. doi: 10.1038/natrevmats.2016.99

 Liu, Z., Gao, Q., Chen, J., Deng, J., Lin, K., and Xing, X. (2018). Negative thermal expansion in molecular materials. Chem. Commun. 54, 5164–5176. doi: 10.1039/C8CC01153B

 Mary, T. A., Evans, J. S. O., Vogt, T., and Sleight, A. W. (1996). Negative thermal expansion from 0.3 to 1050 Kelvin in ZrW2O8. Science 272, 90–92. doi: 10.1126/science.272.5258.90

 Millange, F., Guillou, N., Walton, R. I., Greneche, J. M., Margiolaki, I., and Férey, G. (2008). Effect of the nature of the metal on the breathing steps in MOFs with dynamic frameworks. Chem. Commun. 4732–4734. doi: 10.1039/b809419e

 Nagarkar, S. S., Desai, A. V., and Ghosh, S. K. (2014). Stimulus-responsive metal-organic frameworks. Chem. Asian J. 9, 2358–2376. doi: 10.1002/asia.201402004

 Phillips, A. E., Goodwin, A. L., Halder, G. J., Southon, P. D., and Kepert, C. J. (2008). Nanoporosity and exceptional negative thermal expansion in single-network cadmium cyanide. Angew. Chem. Int. Ed. 47, 1396–1399. doi: 10.1002/anie.200704421

 Rowsell, J. L. C., Spencer, E. C., Eckert, J., Howard, J. A. K., and Yaghi, O. M. (2005). Gas adsorption sites in a large-pore metal-organic framework. Science 309, 1350–1354. doi: 10.1126/science.1113247

 Schneemann, A., Bon, V., Schwedler, I., Senkovska, I., Kaskel, S., and Fischer, R. A. (2014). Flexible metal-organic frameworks. Chem. Soc. Rev. 43, 6062–6096. doi: 10.1039/C4CS00101J

 Wang, F., Liu, Z. S., Yang, H., Tan, Y. X., and Zhang, J. (2011). Hybrid zeolitic imidazolate frameworks with catalytically active TO4 building blocks. Angew. Chem. Int. Ed. 50, 450–453. doi: 10.1002/anie.201005917

 Wei, Y. S., Chen, K. J., Liao, P. Q., Zhu, B. Y., Lin, R. B., Zhou, H. L., et al. (2013). Turning on the flexibility of isoreticular porous coordination frameworks for drastically tunable framework breathing and thermal expansion. Chem. Sci. 4, 1539–1546. doi: 10.1039/c3sc22222e

 Wu, Y., Kobayashi, A., Halder, G. J., Peterson, V. K., Chapman, K. W., Lock, N., et al. (2008). Negative thermal expansion in the metal-organic framework material Cu3(1,3,5-benzenetricarboxylate)2. Angew. Chem. Int. Ed. 47, 8929–8932. doi: 10.1002/anie.200803925

 Yang, C., Wang, X. P., and Omary, M. A. (2009). Crystallographic observation of dynamic gas adsorption sites and thermal expansion in a breathable fluorous metal-organic framework. Angew. Chem. Int. Ed. 48, 2500–2505. doi: 10.1002/anie.200804739

 Zhang, J. P., Zhou, H. L., Zhou, D. D., Liao, P. Q., and Chen, X. M. (2017). Controlling flexibility of metal–organic frameworks. Natl. Sci. Rev. nwx127. doi: 10.1093/nsr/nwx127

 Zhou, H. L., Bai, J., Ye, J. W., Mo, Z. W., Zhang, W. X., Zhang, J. P., et al. (2016). Thermal and gas dual-responsive behaviors of an expanded UiO-66-type porous coordination polymer. ChemPlusChem 81, 817–821. doi: 10.1002/cplu.201600145

 Zhou, H. L., Lin, R. B., He, C. T., Zhang, Y. B., Feng, N. D., Wang, Q., et al. (2013). Direct visualization of a guest-triggered crystal deformation based on a flexible ultramicroporous framework. Nat. Commun. 4:2534. doi: 10.1038/ncomms3534

 Zhou, H. L., Zhang, Y. B., Zhang, J. P., and Chen, X. M. (2015). Supramolecular-jack-like guest in ultramicroporous crystal for exceptional thermal expansion behaviour. Nat. Commun. 6:6917. doi: 10.1038/ncomms7917

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Zhou, Zhang and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







	
	ORIGINAL RESEARCH
published: 30 July 2018
doi: 10.3389/fchem.2018.00296





[image: image2]

Efficient Calculation of the Negative Thermal Expansion in ZrW2O8


Fernando D. Vila*, Scott T. Hayashi and John J. Rehr


Department of Physics, University of Washington, Seattle, WA, United States

Edited by:
Andrea Sanson, Università Degli Studi di Padova, Italy

Reviewed by:
Simone Sanna, Justus Liebig Universität Gießen, Germany
 Alessandro Erba, Università degli Studi di Torino, Italy

* Correspondence: Fernando D. Vila, fdv@uw.edu

Specialty section: This article was submitted to Physical Chemistry and Chemical Physics, a section of the journal Frontiers in Chemistry

Received: 27 April 2018
 Accepted: 26 June 2018
 Published: 30 July 2018

Citation: Vila FD, Hayashi ST and Rehr JJ (2018) Efficient Calculation of the Negative Thermal Expansion in ZrW2O8. Front. Chem. 6:296. doi: 10.3389/fchem.2018.00296



We present a study of the origin of the negative thermal expansion (NTE) on ZrW2O8 by combining an efficient approach for computing the dynamical matrix with the Lanczos algorithm for generating the phonon density of states in the quasi-harmonic approximation. The simulations show that the NTE arises primarily from the motion of the O-sublattice, and in particular, from the transverse motion of the O atoms in the W–O and W–O–Zr bonds. In the low frequency range these combine to keep the WO4 tetrahedra rigid and induce internal distortions in the ZrO6 octahedra. The force constants associated with these distortions become stronger with expansion, resulting in negative Grüneisen parameters and NTE from the low frequency modes that dominate the positive contributions from the high frequency modes. This leads us to propose an anharmonic, two-frequency Einstein model that quantitatively captures the NTE behavior.

Keywords: zirconium tungstate, NTE, DFT, quasi-harmonic approximation, phonon density of states

1. INTRODUCTION

There has been considerable interest in recent years in developing materials with electronic and structural properties tuned toward specific applications. Likewise, there is broad interest in pre-screening potential materials using theoretical simulations in an effort to minimize their complexity and simplify their synthesis. Although great progress has been made in the prediction of many properties (Jain et al., 2013) such as band gaps, electronic properties, equilibrium structures, and spectra, thermal properties depend on additional calculations of vibrational properties and often remain difficult for first principles computational methods. This is typically due to the complexity of the materials under consideration. For example, complex ceramics like ZrW2O8 with large unit cells have heretofore been too demanding for routine screening using first principles calculations of both electronic and vibrational properties with conventional electronic structure codes. On the other hand, efficient calculations of many vibrational properties are now possible. For example, we have previously shown (Poiarkova and Rehr, 2001; Krappe and Rossner, 2002; Vila et al., 2007) that an efficient Lanczos algorithm for the projected phonon density of states (PDOS) obtained from standard density functional theory (DFT) calculations (Lee and Gonze, 1995; Rignanese et al., 1996; Baroni et al., 2001) of the dynamical matrix (DM) and the quasi-harmonic approximation (Allen and De Wette, 1969; Boyer, 1979) can produce accurate Debye-Waller factors for EXAFS and x-ray crystallography.

Here we develop an extension of this approach for efficient calculations of the thermal properties of ZrW2O8, a quintessential example of negative thermal expansion (NTE) ceramics, in which the NTE is large over a broad range of temperatures.

The origin of the NTE in ZrW2O8 is controversial, having been previously attributed to a variety of mechanisms. For instance, the Rigid Unit Mode (RUM) model (Hammonds et al., 1996; Pryde et al., 1996, 1997; Hancock et al., 2004; Tucker et al., 2005, 2007) suggests that the tetrahedra and octahedra that make up the structure are mostly unaffected by the active modes. In contrast, other works (Cao et al., 2002, 2003; Bridges et al., 2014) have suggested that these units are distorted while the Zr-W distance remains more or less unchanged. Yet another alternative (Mary et al., 1996; Gupta et al., 2013; Sanson, 2014) suggests that the Zr–O–W bonds bend, pulling the Zr and W atoms closer and thus causing the NTE. In this paper we take advantage of the local nature of the PDOS to study the origin of the NTE. This procedure allows us to partition the contributions to the Helmholtz free energy from different atomic sites and deduce the origin of NTE from the shifts in the local free energy minima. In a second study in this collection (Vila et al., under review) we apply these methods to study the effects of the NTE on the EXAFS properties of the system, such as the EXAFS mean square relative displacements for relevant single- and multiple-scattering paths (Cao et al., 2003), as well as the anisotropic behavior of the crystallographic mean square atomic displacements. The following sections present a brief summary of the Lanczos algorithm for the PDOS, show how we compute the dynamical matrix efficiently, give a detailed discussion of the volume and temperature effects on the force constants, potentials and PDOS, and present a simple two-frequency model that reproduces the observed NTE quite accurately.

2. METHODS

2.1. Helmholtz Free Energy

The quasi-harmonic approximation (QHA) (Allen and De Wette, 1969; Boyer, 1979) has been widely used to study thermal effects on the structural properties of both crystalline (Erba et al., 2015) and molecular solids (Erba et al., 2016; Brandenburg et al., 2017). QHA simulations usually rely on the full diagonalization of the force constant matrix obtained with density functional perturbation theory (DFPT) or other analytic derivative approaches (Baroni et al., 2010; Erba, 2014). We have previously shown (Vila et al., 2007) that it can also be combined with the Lanczos algorithm in order to avoid the full diagonalization and efficiently compute many thermal properties of materials. Briefly, the lattice thermal expansion a(T) can be obtained by minimizing the Helmholtz free energy A(a, T) at a given T,

[image: image]

Within the quasi-harmonic approximation A(a, T) is given by

[image: image]

where U(a) is the internal energy of the electronic system in its ground state, and F(a, T) is the total vibrational free energy (VFE) of the system

in the Born-Oppenheimer approximation. For convenience we define F(a, T) = F0(a) + FT(a, T). Here F0(a) and FT(a, T) are the zero-point and temperature-dependent components, respectively. They can be calculated in terms of the density of vibrational modes of the lattice ρ(a, ω) at a given a,
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where

[image: image]

is the total PDOS, and ρiα(a, ω) is the PDOS projected onto the α = {x, y, z} coordinate of atom i. For simplicity we assume in this work that the system contracts isotropically with a cubic unit cell of lattice constant a and ignore equilibrium distortions.

2.2. Projected Phonon Density of States

Although highly simplified phenomenological approaches like the Einstein and Debye models based on empirical data can be quite useful, they are generally inadequate to treat complex materials (Dimakis and Bunker, 1998; Poiarkova and Rehr, 1999). As an alternative which overcomes many of these limitations Poiarkova and Rehr (1999, 2001) introduced a method for EXAFS calculations in which the unit-normalized PDOS, projected onto a simple bond or arbitrary multiple-scattering path, is calculated from the imaginary part of the lattice dynamical Green's function. Vila et al. (2007) introduced an extension of the method to compute the PDOS projected onto atomic displacements ρiα(a, ω),

[image: image]

Here |iα > is a Lanczos seed vector representing a normalized, mass-weighted displacement of atom i along the Cartesian direction α such that the position of the center of mass of the cell is not changed, and D(a) is the dynamical matrix (DM) of force constants computed at lattice constant a,

[image: image]

where ujlα is the displacement of atom j in unit cell l along the direction α, and Mj is the mass of atom j. As described below, D(a(T)) can be interpolated from D(a), which makes the force constants depend parametrically on the temperature and thus includes the dominant effects of anharmonicity. Efficient calculations of the lattice dynamical Green's function can be accomplished using a continued fraction representation, with parameters obtained with the iterative Lanczos algorithm (Deuflhard and Hohmann, 1995). This approach yields an efficient many-pole representation for the PDOS; since the pole locations can be interpreted as Gaussian quadrature points (Haydock, 1980), the method is well suited for accurate spectral integrations, as needed for example in the calculation of the VFE. The first iteration of the Lanczos algorithm corresponds to a correlated Einstein model for the |iα > displacement such that ρiα(a, ω) = δ(ω−ωE) with an Einstein frequency [image: image]. Poiarkova et al. showed that a second tier continued fraction gave about 10% errors for EXAFS Debye-Waller factors, while Krappe and Rossner (2002) later showed that six iterations are needed to achieve convergence to within 1%. We have found (Vila et al., 2007) that 16 or more iterations may be needed to achieve the same precision for ρiα(a, ω). Nevertheless, this algorithm avoids the explicit calculations of phonon-spectra and hence permits highly efficient calculations.

2.3. Dynamical Matrix

The main computational bottleneck to using this approach for many complex materials of industrial or technological interest then lies in obtaining sufficiently accurate DMs. Although empirical or model potential estimates of the interatomic force constants are sometimes available, they are not useful in screening a broad range of potential new materials. Moreover, their temperature dependence usually limits their accuracy and generality. Nevertheless, we have previously shown (Vila et al., 2007) that ab initio DMs obtained from density functional theory (DFT) calculations provide accurate force constants that can be used to compute both EXAFS Debye-Waller factors and thermal expansion. In that study we restricted our attention to simple periodic systems using the methodology implemented in ABINIT (Gonze et al., 2002), described in detail in Gonze and Lee (1997). This method computes [image: image], the dynamical matrix in reciprocal space:

[image: image]

and then Fourier transforms it back into real space. This approach is efficient for systems with simple unit cells of just a few atoms and high symmetry. In this paper we extend this method by using our recently developed parallelization scheme (Vila et al., Submitted) for the efficient computation of the DM in more complex unit cells based on first principles DFT calculations. This method computes the real space DM in Equation (6) directly using finite differences in supercells, taking advantage of the real space efficiency of codes like VASP (Kresse and Hafner, 1993, 1994; Kresse and Furthmüller, 1996a,b; Kresse and Joubert, 1999). This real space approach is particularly well suited for large unit cells with low symmetry such as those in supercell simulations of supported nanoparticles. In such cases the use of analytic methods such as DFPT results in very demanding calculations both in computing time and memory. A similar approach has recently been described for molecular systems (Liu et al., 2017) that suggest that the high availability of commodity processors can be used to take advantage of the parallelization of the finite differences. Similarly, our approach also relies on the parallel computation of complete rows of the DM, directly from the analytical DFT forces in VASP as a function of the lattice constant:

[image: image]

where Fjlα is the force on atom j in unit cell l along the direction α. For the case of ZrW2O8 treated here we use centered finite differences with displacements of 0.015 Å, which provide sufficiently accurate force constants. The most efficient row partition of the DM depends on the configuration of the computing system used. Details for the partition used here are presented in section 2.5.

2.4. Other Considerations

As discussed in section 2.1, the temperature-dependence of the lattice constant a(T) is obtained by minimizing the free energy A(a, T) in Equation (2) with respect to a at a given temperature T. The temperature dependence can be obtained quite efficiently since it only requires the recomputation of the integral in Equation (3) given a PDOS ρiα(a, ω) at a certain lattice constant. The variation with lattice constant, however, requires the recomputation of ρiα(a, ω), and thus of D(a), which is the most computationally demanding step. In previous work (Vila et al., 2007) we solved this issue for simple materials by computing A(a, T) in a lattice constant grid that can be fitted or interpolated to find the minimum lattice constant as a function of temperature. To improve efficiency we took advantage of two properties of these simple systems: (i) we assumed that the shape of A(a, T) can be accurately described using a Morse potential form as a function of lattice constant; and (ii) we reduced the number of calculations of D(a) by taking advantage of the nearly linear behavior of D(a) as a function of lattice constant near equilibrium,

[image: image]

where D2 is the constant harmonic DM at a0, the lattice constant of minimum internal energy, and D3 is the constant matrix of anharmonic constants. This parametrization assumes that anharmonic contributions of order higher than cubic are small, and allows us to compute the DM for only two lattice constants that can be used to determine D2 and D3. This approach typically cuts the computational time by a factor of about 2/3 or more. Given the complexity of some of the systems in the present study and the importance of having reliable efficiency enhancements for computational screening of materials, here we have opted to verify that this approximation is still valid by computing the DMs over a more complete grid of lattice constants. We have also changed the form used to fit A(a, T) to a simple polynomial.

2.5. Computational Details

All structural optimizations and DM calculations were performed with VASP (Kresse and Hafner, 1993, 1994; Kresse and Furthmüller, 1996a,b; Kresse and Joubert, 1999) using PAW potentials (Kresse and Joubert, 1999) and the PBEsol exchange-correlation functional (Perdew et al., 2008). An 8 × 8 × 8 k-point grid was used in all calculations, which was sufficient to achieve converged results. To reduce the effect of Pulay stress, the planewave energy cutoff was set at 350 eV. The finite difference force calculations used a three point centered stencil with 0.015 Å displacements. To obtain the variation of the DM with respect to lattice constant, we start by optimizing the size of unit cell and the reduced positions of the atoms in it while preserving its symmetry. This produces an optimized unit cell expanded by 1% from the experimental value. Given that the reduced positions do not change with volume until the phase transition at about 430 K (Evans et al., 1999), we freeze them and expand/contract around the optimal lattice size. We compute the DM at expansions of 0.0, 0.5, 1.0, 1.5, and 2.0% with respect to the experimental lattice constant, which correspond to contractions of 0.5 and 1.0%, and expansions of 0.5 and 1.0% with respect to the optimal lattice contant. This procedure provides an adequate number of points for the interpolation of both the energies and components of the DM. For this material and taking into consideration the computing system being used, we partitioned the DM into 44 independent blocks, one per atom in the simulation cell, each using 512 processors for a total of 22,528. This procedure reduced the computing time from 33 h/core to 0.8 h/core. Equivalent simulations using DFPT in ABINIT would require on the order of 30–40 h/core, with a maximum number of processors of about 200–300.

3. RESULTS AND DISCUSSION

3.1. Structure

Figure 1 shows the structure of the unit cell of ZrW2O8 used here. The cell is composed of four ZrO6 octahedra linked to eight WO4 tetrahedra. The ZrO6 units are all equivalent, with three short and three long Zr–O bonds, each connecting to a WO4 unit (Figure 2A). The WO4 units have three long W–O bonds, connecting to the ZrO6 units, and a short one that is essentially free (Figure 2B). Unlike the ZrO6 units, there are two types of WO4 units depending on the direction of the free W–O bond: Four of them point toward a ZrO6 unit and have a truly free W–O bond, while the other four point to another WO4 unit and have a more restricted W–O bond. These two types of tetrahedra are paired (Figure 2B). Here we label the different types of atoms in the cell as follows: OSL and OLS are O atoms bridging WO4 and ZrO6 units, with short W–O and long Zr–O bonds, and vice versa. They correspond, respectively, to the O2 and O1 atoms in the more traditional notation (Mary et al., 1996). The OFF and OFR are O atoms in truly free and somewhat restricted W–O bonds, respectively. They correspond to the O4 and O3 atoms in the traditional notation (Mary et al., 1996). Finally, the W atoms bonded to OFF and OFR center are similarly labeled WFF and WFR, and correspond to the W1 and W2 atoms in the traditional notation (Mary et al., 1996), respectively. Table 1 presents a comparison between the experimental (Auray et al., 1995) and optimized structural parameters obtained in the PBEsol optimization. The changes in internal structure are minimal except for the overall expansion of the cell of 1% predicted by PBEsol.


[image: image]

FIGURE 1. Structure of the ZrW2O8 cell. The cell is composed of four equivalent Zr atoms (magenta), eight W atoms, of type WFF (blue) and WFR (green), and 32 O atoms of type OLS (yellow), OSL (red), OFR (orange) and OFF (black). Examples of the different types of O and W atoms are highlighted, and the coordination tetrahedra and octahedra are also included for clarity. The WFF, WFR, OLS, OSL, OFR, and OFF atoms correspond, respectively, to the W1, W2, O1, O2, O3, and O4 in the traditional notation (Mary et al., 1996).




[image: image]

FIGURE 2. Local structure of ZrW2O8 around the Zr octahedra (A) and W tetrahedra (B). The color key is the same as in Figure 1. Examples of the different types of O and W atoms are highlighted. The bottom figure shows the pairing of the two types of W atoms. The WFF, WFR, OLS, OSL, OFR, and OFF atoms correspond, respectively, to the W1, W2, O1, O2, O3, and O4 in the traditional notation (Mary et al., 1996).




Table 1. Experimental and theoretical structural parameters for the ZrW2O8 cell used in this work.

[image: image]



3.2. Bond Force Constants

Figure 3 shows the lattice constant dependence of the mean force constants for the parallel stretch and perpendicular scissoring displacements for the different bond types in ZrW2O8 (The numerical data for this and all other plots in this work can be found in Supplementary Data Sheet 1). The parallel force constants were obtained by rotating the 6 × 6 [image: image] blocks of the DM formed by jl and j′l′ near-neighbor atoms into a local coordinate system along the bond. The scissors force constants were obtained similarly by rotating the 3 × 3 (jl, jl)α, β block for O atom jl into coordinates parallel and perpendicular to the W–O bond. For the WFF–OFF and WFR–OFR bonds, motion of the O atoms orthogonal to the bonds is nearly equivalent in all directions. For the WFF–OLS and WFR–OSL bonds, we average over the in-plane and out-of-plane directions defined by the W–O–Zr plane. These directions are also nearly equivalent, with anisotropies of at most 20%.


[image: image]

FIGURE 3. Mean force constants for the parallel OW and OZr stretch (Top) and perpendicular OW scissoring (Bottom) displacements in ZrW2O8. The perpendicular force constants are averaged over two directions in the plane orthogonal to the W–O bond for the WFF–OFF and WFR–OFR bonds, and over the in-plane and out-of-plane directions for the WFF–OLS and WFR–OSL bonds. See text for further details.



We find that of all the elements of the DM, only those associated with the O atoms exhibit the positive anharmonicity essential to observe NTE. Indeed, only the deviations perpendicular to the bonds have positive slope (Figure 3, bottom). The force constants associated with the perpendicular O distortions are also much weaker than the parallel ones, and are therefore activated at much lower temperature. The strength of the parallel bond distortions follows closely the trends in the bond distances shown in Table 1, with the shorter WFF–OFF and WFR–OFR bonds having the largest force constants, followed by the slightly longer WFF–OLS and WFR–OSL bonds. As discussed in section 2.4, the components of the dynamical matrix should vary mostly linearly with cell expansion in simple systems. Given the large NTE observed for ZrW2O8, which implies the existence of significant anharmonicity, it is worth examining the accuracy of the linear approximation. Figure 3 shows that the linearity of the bond-parallel force constants is excellent for small displacements, while the transverse ones show a slight curvature. The mean absolute errors from a linear approximation are ± 3 N/m for the strong parallel displacements and only ± 0.4 N/m for the transverse ones. Consequently, the linear approximation can be used to estimate the the lattice dependence of the dynamical matrix to high accuracy.

3.3. Helmholtz and Vibrational Free Energies

Figure 4 (top) shows the variation with lattice constant and temperature of the internal energy U(a), total vibrational free energy F(a, T), and Helmholtz free energy A(a, T), together with the optimal lattice constant as a function of temperature obtained by fitting A(a, T) to a 5th-order polynomial and minimizing numerically. The NTE clearly arises from the lower relative VFE at smaller lattice constants. To help understand the origin of this behavior, the bottom of Figure 4 also shows a decomposition of the VFE at low and high temperature, obtained by partitioning the sum over atoms in Equation (3) into its O, W, and Zr components. This decomposition reveals that the W and Zr contributions to the VFE are virtually constant with variations in lattice constant; consequently the variation of total VFE closely follows the variation of only the O component. This further substantiates our finding that the perpendicular O distortions are the primary origin of NTE in ZrW2O8.
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FIGURE 4. (Top) Internal energy U(a), total vibrational free energy F(a, T) and Helmholtz free energy A(a, T) as a function of lattice constant and temperature. The potentials are interpolated using a 5th-order polynomial. The black dots indicate the optimal lattice constant as a function of temperature. (Bottom) Total F(a, T) and contributions from the O, W, and Zr sites.



3.4. Negative Thermal Expansion

The relative thermal expansion obtained by minimizing A(a, T) with respect to lattice constant is shown in Figure 5. The agreement with experiment is clearly very good except at very low temperatures, where the theoretical curve shows the expected flattening due to zero-point effects, which does not appear to be pronounced in the experiment (Evans et al., 1996). Figure 5 also shows the NTE that would be obtained by only considering the components of the VFE arising from the O, W, and Zr lattices. As expected from the previous discussion, the NTE arises exclusively from the O component. The Zr and W contributions have a minimal effect on the system, in contrast with the hypothesis (Mary et al., 1996; Gupta et al., 2013; Sanson, 2014) that the bending of the Zr–O–W bonds causes the NTE by pulling the Zr and W atoms together.


[image: image]

FIGURE 5. Total, O, W, and Zr components, and results from our two-pole model (see text) of relative thermal expansion in ZrW2O8 as a function of temperature. The experimental results are taken from Evans et al. (1996).



3.5. Total and Projected Phonon Densities of States

Figure 6 shows a comparison between the theoretical total density of states at 0 K and experiment (Ernst et al., 1998) obtained from inelastic neutron scattering at 300 K. The PDOS can be roughly divided into three regions: high frequency range (above 20 THz), associated with bond stretching modes, middle range (between 5 and 13 THz), corresponding mostly to bond bending modes, and low frequency range (below 5 THz), which are thought to correspond to librational and translational modes (Chaplot, 2005). The overall agreement is excellent; the small discrepancy at the lowest frequencies around 1 THz, where the Lanczos approach yields a single peak, is likely due to the size of the 44-atom unit cell used in the calculations.


[image: image]

FIGURE 6. Comparison of the theoretical (0 K) and experimental (Ernst et al., 1998) (300 K) total phonon density of states (DOS) in ZrW2O8. The experimental result has been vertically shifted for clarity.



To understand the physical origin of the NTE more completely, we consider the behavior of the projected phonon density of states, or PDOS. Figure 7 shows the PDOS projected onto the O, W, and Zr sites. The high frequency PDOS only has significant weight on the O sites. The W and Zr sites have most of their weight in the low and medium regions, respectively. The variation of the PDOS with lattice constant depends greatly on the projection site as shown by the Grüneisen parameters γ = dlnω/dlnV of the different sites and frequency ranges: The middle range is essentially independent of lattice constant with a γ = − 0.3 ± 0.3, except for the Zr sites which show a very small decrease of the frequencies with expansion and γ = 2.0. This positive γ results in the very small tendency to normal behavior seen in the Zr component of the thermal expansion shown in Figure 5. The high frequency range, found only on the O sites, also contributes to positive thermal expansion with a γ = 1.9 ± 0.2. These high frequencies result from the strong parallel force constants discussed in section 3.2, as demonstrated in Figure 8, which shows that the DOS projected onto the longitudinal (i.e., along the O–W or Zr–O–W direction) motion of the O atoms only has weight in the high frequency range. These stretch modes become weaker as the system expands, and would result in net positive thermal expansion if not countered by the low frequency region. In fact, if the high frequency range is neglected, the relative NTE at 0 K is overestimated by about 30%. The low frequency region exhibits a large negative γ = − 11 ± 2 for the O sites, and about γ = − 3 ± 1 for the W sites, in agreement with our finding that the W sites have a small contribution to the NTE, while the O sites account for most of it. For the overall low frequency range we estimate the same γ of − 8 ± 4, as in previous theoretical estimates, (Gupta et al., 2013) which is in reasonable agreement with experimental estimates ranging from − 7 to − 20 (Hancock et al., 2004). Figure 8 also shows the projection onto the transverse motion of the O atoms, which is localized in the medium and low frequency ranges, as expected for bending and librational modes, respectively.


[image: image]

FIGURE 7. Variation of the projected phonon density of states (PDOS) as a function of lattice constant in ZrW2O8. The partial PDOS projected onto O , W, and Zr sites are shown in the top, middle and lower panels, respectively. The curves for different lattice constants have been vertically shifted for clarity.
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FIGURE 8. Variation of the O-sites phonon density of states (PDOS) as a function of lattice constant in ZrW2O8, projected onto longitudinal (along the O–W or Zr–O–W direction), and transverse in-plane (ip) and out of plane (op) displacements. The curves for different lattice constants have been vertically shifted for clarity.



To explore the role of the rigid WO4 units on the NTE, we have also projected the PDOS onto rotational linear combinations of the transverse in-plane and out-of-plane distortions described above, with axes along the different W–O bonds (Figures 9, 10). These projections eliminate all the internal O–W–O bending contributions seen in the 5–12 THz range of Figure 8, with only features associated with O–Zr–O bending remaining in that range. All these PDOS features show the expected negative Grüneisen parameters γ, and point to the need for a mixed model that is neither purely rigid (Hammonds et al., 1996; Pryde et al., 1996, 1997; Hancock et al., 2004; Tucker et al., 2005, 2007) nor fully distorted (Cao et al., 2002, 2003; Bridges et al., 2014) but one in which the NTE arises from the rigid motion of WO4 units and the internal distortion of the ZrO6 ones.


[image: image]

FIGURE 9. Variation of the ZrW2O8 phonon density of states (PDOS) projected onto rotational coordinates around the WFF–OFF and WFF–OLS axes, as a function of the lattice constant. The curves for different lattice constants have been vertically shifted for clarity.




[image: image]

FIGURE 10. Variation of the ZrW2O8 phonon density of states (PDOS) projected onto rotational coordinates around the WFR–OFR and WFR–OSL axes, as a function of lattice constant. The curves for different lattice constants have been vertically shifted for clarity.



3.6. Simple NTE Model

Based on the results discussed in the previous sections, we are led to formulate a simple anharmonic two-frequency Einstein model to describe the NTE. This model is based on approximations to the different contributions to A(a, T) and F(a, T) in Equations (2) and (3). Near equilibrium the internal energy U(a) can be approximated accurately with a harmonic potential [image: image], and Δa ≡ a − a0. The VFE F(a, T) can be simplified by analyzing the different contributions arising from the PDOS of Figure 7: We have found that the total O-PDOS can be reduced to a very good approximation to just two constant weight poles representing the active regions of the O-PDOS: one for the low frequency (L) region below 5.4 THz with a negative Grüneisen coefficient, and a second high frequency (H) pole for the modes above 20 THz with a positive Grüneisen coefficient. The intermediate region of the O, Zr, and W PDOS do not contribute to the NTE since they are nearly constant with Δa. The contribution from the H pole can be further simplified by noticing that the H modes only contribute to F0(a) since at the temperatures relevant here the H modes are inactive. We can also take advantage of the linear behavior of the force constants as a function of Δa as discussed in section 2.4: For a given pole ν with effective force constant kν, we can write kν = k2ν + 6k3νΔa (Frenkel and Rehr, 1993; Vila et al., 2007), where k2ν and k3ν are, respectively, the effective quasi-harmonic and anharmonic force constants. Thus, the frequency ων associated with this pole can be approximated as

[image: image]

where we define [image: image], [image: image], and μν is the reduced mass associated with this pole. The linear behavior of the pole frequencies around a0 can be seen in the PDOS of Figure 7, from which the [image: image] and [image: image] parameters can be obtained. The poles weights wL and wH are taken at Δa = 0. With these approximations the Helmholtz free energy from Equation (2) can be written as:

[image: image]

where [image: image] and [image: image] are, respectively, the zero-point and temperature components of F(a, T) for ν = {L, H}. We can now find a(T) by applying the minimum condition in Equation (1) to the above A(a, T):

[image: image]

[image: image]

The last term in this expression can be further simplified by noticing in Figure 4 (bottom) the nearly linear behavior of F(a, T) around a0, and expanding [image: image] to first order in a. After this, we can calculate a(T) simply as:

[image: image]

using the internal energy minimum and constant a0 = 9.246 Å and KU = 85.82 eV/Å2, respectively, weights wL = 21.1 and wH = 30.0, harmonic frequency [image: image] THz, and effective anharmonic constants [image: image] THz/Å and [image: image] THz/Å. Our results are presented in Figure 5; they clearly show that this simplified two-pole Einstein model yields a quantitative description of the observed NTE. Of these contributions the L pole dominates but overestimates the NTE, while the H pole provides a 30% correction.

4. CONCLUSIONS

We have performed calculations of the thermal expansion of ZrW2O8 using an efficient approach for obtaining the variation of the dynamical matrix as a function of the lattice constant. The anomalous NTE arises almost exclusively from the transverse contributions of the O-atoms, as demonstrated by a partition of the vibrational free energy over the O, W, and Zr sites. This behavior results from the interplay between the normal positive Grüneisen parameter and hence PTE of the O-projected high frequency modes, and the anomalous negative-Grüneisen parameter driving the NTE from the low frequency modes. The low-frequency modes overestimate the effect of NTE, while the high-frequency modes provide a 30% correction. These low frequency modes are associated with distortions at the O sites transverse to the W–O or W–O–Zr bonds. More precisely, the rotational linear combination of these transverse distortions results in nearly rigid rotations of the WO4 tetrahedra and internal distortions of the ZrO6 octahedra. The mixed character of the low frequency modes is consistent with the variety of models previously proposed to account for the NTE. We have simplified this complex behavior by proposing a two-frequency anharmonic Einstein model of the O-PDOS which captures both the dominant negative- and weak positive-contributions to thermal expansion.
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Extended x-ray absorption fine structure (EXAFS) is well-suited for investigations of structure and disorder of complex materials. Recently, experimental measurements and analysis of EXAFS have been carried out to elucidate the mechanisms responsible for the negative thermal expansion (NTE) in zirconium tungstate (ZrW2O8). In contrast to previous work suggesting that transverse O-displacements are largely responsible, the EXAFS analysis suggested that correlated rotations and translations of octahedra and tetrahedra within the structure are a major source. In an effort to resolve this controversy, we have carried out ab initio calculations of the structure, lattice vibrations, and EXAFS of ZrW2O8 based on real-space multiple-scattering calculations using the FEFF9 code and auxiliary calculations of structure and Debye-Waller factors. We find that the theoretical simulations are consistent with observed EXAFS, and show that both of the above mechanisms contribute to the dynamical structure of ZrW2O8.
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1. INTRODUCTION

Zirconium tungstate (ZrW2O8) is remarkable for its large negative thermal expansion (NTE). Unlike other such materials, ZrW2O8 exhibits NTE over a wide range of temperatures from about 10 to 1,050 K. However, the microscopic mechanism(s) underlying its NTE is controversial. In several studies this has been associated primarily with the transverse motion of the central O atom in the Zr-O-W linkages (Figure 1).


[image: image]

FIGURE 1. Portion of the unit cell showing the two possible WO4–ZrO6 linkages in ZrW2O8, with Zr (magenta), W1 (blue) and W2 (green), O1 (yellow), O2 (red), O3 (orange), O4 (black). W1, O1, and W2, O2 are the atoms that form Zr-O-W linkages with bridging angles of 155° and 173°, respectively, while the O3 and O4 atoms are only weakly linked (Table 1). [111] denotes the body diagonal direction of the unit cell.



Recently, however, an alternative mechanism based on correlated translations of the W-centered oxygen tetrahedra and rotations of Zr-centered oxygen octahedra has been proposed (Cao et al., 2002, 2003; Bridges et al., 2014). This interpretation is based on experimental investigations of ZrW2O8 using extended x-ray absorption fine structure (EXAFS), a technique well suited for eludicating the structure and disorder in complex materials. X-ray total scattering results are consistent with this interpretation (Bridges et al., 2014). In particular these analyses suggest that the Zr-O2-W2 linkages are quite stiff, with the implication of limited transverse O motion. In an effort to resolve the controversy, we have carried out ab initio simulations of EXAFS of ZrW2O8 using the real-space multiple-scattering (RSMS) code FEFF9 (Rehr et al., 2009) and associated Debye-Waller factors (Vila et al., 2007). We find that these calculations are consistent with the observed EXAFS, and show that both of the above mechanisms contribute to the dynamical structure of ZrW2O8.

In the remainder of this work we first summarize the lattice structure of ZrW2O8, the multiple-scattering theory of EXAFS, and the theory of the multiple-scattering Debye-Waller factors. Subsequently we describe the results of our simulations, followed by a summary and conclusions.

2. THEORETICAL CONSIDERATIONS

2.1. Structure of ZrW2O8

The first step in our approach is a detailed treatment of the ground state equilibrium structure of ZrW2O8. Our calculations assume a periodic equilibrium structure with a 44-atom unit cell enclosing four equivalent Zr, 8 W, and 32 O atoms. The metal atoms are centered in polyhedra with O vertices: octahedra for Zr, and tetrahedra for W. The O atoms shared between the Zr-octahedra and W-tetrahedra form Zr–O–W “linkages.” This detailed structure was refined with ab initio DFT calculations using the VASP plane-wave pseudopotential code (Kresse and Hafner, 1993, 1994; Kresse and Furthmüller, 1996a,b; Kresse and Joubert, 1999). These calculations show that the structure has a large degree of asymmetry; the octahedra are slightly irregular, and the unit cell contains Zr-O-W bond linkages with equally populated bond angles of about 155 and 173° respectively (see Figure 1 and Table 1).


Table 1. Experimental and theoretical structural parameters for the 44-atom ZrW2O8 cell used in this work.

[image: image]



2.2. Multiple-Scattering EXAFS Theory

Formally, the normalized EXAFS at a given photon energy E is defined as χ = (μ−μ0)/μ0, where μ is the x-ray absorption coefficient and μ0 the smooth atomic background. Theoretically χ can be represented by a sum over all possible single- (SS) and multiple-scattering (MS) paths p taken by the photoelectron following photo-absorption (Rehr et al., 2009). Assuming the thermal and structural disorder is sufficiently small, χ(k) is given by the full path expansion

[image: image]

[image: image]

Here [image: image] is the wave-number of the photoelectron defined relative to threshold energy E0, [image: image] the effective scattering amplitude of path p, Φp the net scattering phase-shift, Np the degeneracy of the path, Rp the effective- (or half-)path length, [image: image] is the many-body amplitude factor, typically close to unity and path independent, λk is the mean free path, and [image: image] is the mean-square relative displacement (MSRD) of path p, which characterizes the path length fluctuations. Unless otherwise specified we use atomic units for the electron, e = ℏ = m = 1.

In this paper we are primarily interested in the EXAFS from the Zr K and W L3 edges, which are relevant to previous EXAFS studies of NTE in ZrW2O8. In particular our study focuses on the contributions to EXAFS from the SS and MS paths linking a given Zr atom to a nearby W atom or vice versa. These paths are denoted by the scattering atoms in the path. For example, the paths Zr-W-Zr, Zr-W-O-Zr, and Zr-O-W-O-Zr also have the highest amplitude importance ratios, which are defined relative to the amplitudes for the shortest Zr-O or W-O paths. As discussed in our companion study (Vila et al., 2018), the NTE in ZrW2O8 can be linked to anharmonic low frequency modes with negative Grüneisen parameters. This effect is strongest for modes with transverse O-displacements, which can also involve correlated rotations and translations. Thus we also discuss the effects of such transverse motion. Details of the dominant paths including averages of effective path lengths weighted by path degeneracy are listed in Table 2, where (W1, O1) and (W2, O2) denote the W and O atoms in the Zr-O-W bond angles of 155 and 173°, respectively.


Table 2. Properties of some selected Zr and W paths.
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2.3. EXAFS Debye-Waller Factors

The EXAFS Debye-Waller (DW) factors [image: image] provide a useful measure of damping from the correlated structural and thermal disorder in a given path. These Debye-Waller factors are essential, because they govern the exponential decay of the fine structure with increasing temperature and photoelectron energy. Our explicit calculations of [image: image] only include bond-length fluctuations (i.e., stretching contributions) in a given MS path, and neglect the usually negligible contributions from motion perpendicular to each bond (Poiarkova and Rehr, 1999a; Fornasini et al., 2004). Thus the MSRD for a given path is calculated in terms of averages over displacement-displacement correlation functions,

[image: image]

where np is the number of legs in the path and 〈···〉 denotes a thermal average. However, this MSRD neglects bond-angle fluctuations, which depend on a thermal average over the effective scattering amplitude [image: image] for a given path. This effect is largest for paths with forward scattering contributions, such as the Zr-O-W linkages. Expanding to 2nd order in the bond-bending angle θ and keeping only the lowest order contributions to the average, yields a damping term that can be represented as an angular Debye-Waller factor

[image: image]
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where [image: image].

We have shown that these vibrational properties can be efficiently computed by combining DFT calculations of the dynamical matrix (DM) of lattice force constants, with a Lanczos algorithm (Vila et al., 2007). An efficient implementation based on parallelized calculations of the DMs is described in a separate paper in this collection (Vila et al., 2018), and briefly summarized below. Thermal averages such as the EXAFS mean square relative displacements [image: image] of a single or multiple scattering path p are calculated in terms of Debye integrals over the phonon projected density of states (PDOS)

[image: image]

where μp is the reduced mass associated with the path, β = 1/kBT, and ρp(ω) is the PDOS for that path (Poiarkova and Rehr, 1999a,b). Higher order cumulants such as [image: image] due to anharmonic effects are neglected, which is generally a good approximation for the relatively stiff bonds considered here. In the reminder of this work the path index subscript p is ignored unless needed for clarity.

The key system-dependent ingredient for [image: image] in Equation (4) is the PDOS ρp(ω). Following Poiarkova and Rehr (1999a,b) the unit-normalized PDOS is obtained from the imaginary part of path specific matrix elements of the lattice dynamical Green's function

[image: image]

Here |p〉 is a Lanczos seed vector representing an initial normalized, mass-weighted displacement along path p, and D is the dynamical matrix

[image: image]

where U is the total internal energy of the system as a function of lattice coordinates, ujlα is a displacement of atom j in unit cell l along the direction α, and Mj is the mass of atom j. The phonon Green's function is obtained from a continued fraction representation with parameters derived from the Lanczos algorithm (Haydock, 1980; Deuflhard and Hohmann, 1995). This yields a many-pole representation of the PDOS

[image: image]

where wν and ων are the weights and frequencies of the Nν poles, respectively. Typically only a few tens of poles are needed to converge calculations of [image: image].
3. CALCULATIONS

3.1. Debye-Waller Factors

The computational details of the Debye-Waller factor calculations are similar to those in Vila et al. (2018). Briefly, structural optimizations and DM calculations were performed with VASP (Kresse and Hafner, 1993, 1994; Kresse and Furthmüller, 1996a,b; Kresse and Joubert, 1999) using PAW pseudopotentials (Kresse and Joubert, 1999) with the PBEsol exchange-correlation functional (Perdew et al., 2008), and an energy cutoff of 350 eV; a k-point grid of 8 × 8 × 8 was used to achieve converged results. The lattice constant of the cell and internal reduced coordinates of the atoms in it were optimized while preserving initial lattice symmetry for computational efficiency. This DFT optimization yields a unit cell expanded by about 1% from the experimental value (see Table 1) with internal reduced coordinates that are in good agreement with experiment. Given that the internal reduced coordinates do not change with volume until the phase transition at about 430 K (Evans et al., 1999), and that the change of force constants with temperature is small in the range studied, we use the 0 K optimized structure to compute the DM. The DM is obtained using a parallelized finite difference approach with a three point centered stencil with 0.015 Å atomic displacements. The structure of the unit cell as well as the dynamical matrix are available as Supplementary Material.

Figures 2, 3 show the average calculated MSRDs for the various SS paths (W–O–W, Zr–O–Zr, W–W–W, and Zr–W–Zr), together with comparisons to experiment. Since only bond-stretching contributions are included [image: image] these results have been shifted to account for the measured structural disorder [image: image] which contributes additively, i.e., [image: image]. The required shift was estimated by computing the mean absolute deviation between the theoretical and experimental MSRDs over the available temperature range. The static disorder has both physical and methodological origins. The physical static disorder arises mostly from the presence of defects and distortions which are intrinsic in materials like ZrW2O8, while the EXAFS analysis method introduces apparent disorder by collecting paths of closely similar lengths into a single contribution with a Debye-Waller factor that reflects the length variations. Thus, for the W–O–W and Zr–O–Zr paths, which correspond to strong, well-defined bonds, the static component is very small. For the W–W–W and Zr–W–Zr paths, on the other hand, the static disorder is significant since these paths connect different WO4 and ZrO6 units through a variety of soft bonds. Note that the bond stretching contributions to [image: image] for these paths only involve planar fluctuations of the atoms [image: image] in the path, and that contributions to [image: image] from transverse displacements are generally negligible, even for substantial transverse O-displacements. Nevertheless, angular damping Wp(θ) may be important for paths like Zr-O-W involving forward focusing (see below). Clearly the shifted MSRDs agree well with experiment (Bridges et al., 2014). Their associated Einstein temperatures ΘE = ℏωE/kB, where ωE is the mean vibrational frequency of the PDOS for a given path, are given in Table 3. Again the agreement with experiment is satisfactory, with the largest deviations occurring for the W–W–W paths. These paths are the longest ones and thus fall in the upper range of paths lengths that can be adequately described with the present simulation cell. The slight underestimation of the MSRD for these paths would likely be reduced with a larger simulation cell which would improve the representation of the low frequency- long spatial wavelength region of the phonon density of states. The computed MSRDs are consistent with physically expected interaction strengths. For example, the W–O and Zr–O bonds are the strongest, followed by the weak, long-range interactions between the Zr–W and W1–W2 pairs.


[image: image]

FIGURE 2. Comparison of the experimental (Bridges et al., 2014) and average theoretical single scattering MSRD [image: image] for the W–O–W and Zr–O–Zr in ZrW2O8. The theoretical values have been shifted vertically to account for experimental static disorder.




[image: image]

FIGURE 3. Comparison of the experimental (Bridges et al., 2014) and theoretical mean single scattering MSRD [image: image] for the W–W–W and Zr–W–Zr bonds in ZrW2O8. The theoretical values have been shifted vertically to account for experimental static disorder.




Table 3. Comparison of the theoretical and experimental (Bridges et al., 2014).

[image: image]



As noted above the most relevant paths for EXAFS studies of NTE are those involving the Zr and W atoms. Table 2 summarizes the structural properties of these paths, as well as their MSRDs (without static disorder corrections) at three temperatures. Note that the MSRDs for the SS and MS 173° paths are nearly identical, since they are nearly collinear and the push-pull distortions of the Zr–O and W–O bonds essentially cancel. For the 155° linkage paths, the MS MSRDs are also similar again because they involve near-neighbor bond distortions. The only exception is the Zr–W1–Zr path that is slightly softer. This path involves the nearly-independent coupling between the Zr and W atoms, which is dominated by the distortion of 2 Zr–O bonds and all 4 of the W–O bonds. This suggests that the MSRD of Zr–W1–Zr paths is larger because the W1–O1 bonds are longer, and thus weaker, than the W2–O2 ones. Figure 4 shows a comparison of the average theoretical DW factors for the Zr–W–Zr and Zr–O–W–Zr paths with experiment (Cao et al., 2003). Clearly our results match closely except at low temperature, where the experimental data also has significant errors. It is interesting to note that the larger slope for the Zr–W–Zr path arises from the Zr–W1–Zr contribution. Overall, the results in Figure 4 and Table 2 show that the length-fluctuations [image: image] of these paths are only weakly temperature dependent, and thus are “stiff,” consistent with the interpretation of Bridges et al. (2014). The stiffness of a given SS or MS path linkage is characterized by the effective spring constant κp for the DW factor of a given path p. It is reflected by its temperature dependence which varies as kBT/κp at high T. More precisely, [image: image] where [image: image] is the inverse 2nd moment of the PDOS. Thus the Zr–O–W linkage is considered stiff because for a large κp, the associated path DW factor varies weakly with temperature with a small slope 1/κp. Note however, that this weak temperature dependence does not preclude the existence of large transverse fluctuations of the O atoms in the linkages. Our calculations of the DM show that the transverse fluctuations perpendicular to the Zr–O–W plane have much smaller spring constants (Vila et al., 2018) and, hence, substantial larger values of u2 for the O atom in the linkage (see Figure 5).


[image: image]

FIGURE 4. Comparison of the experimental (Cao et al., 2003) and theoretical MSRD σ2 for the SS and MS paths associated with the Zr–W linkage in ZrW2O8. The theoretical values are shifted vertically to account for experimental static disorder.




[image: image]

FIGURE 5. Longitudinal and transverse MSDs u2 for the O1 and O2 bridging atoms.



3.2. Atomic Displacements

Figure 5 shows the longitudinal and transverse mean square displacements (MSD) u2 for the O1 and O2 linkage atoms. The in-plane transverse direction here is defined as the bisector of the Zr–O–W angle. The longitudinal and transverse out-of-plane directions are defined as the in- and out-of-plane perpendicular directions to this bisector, respectively. Although the 155° linkage is more asymmetric and therefore might be expected to be anisotropic, both types of linkages have similar transverse MSDs. In contrast the longitudinal motion has a relatively small, high-frequency amplitude with a large associated Einstein temperature of 600 K, as expected from the distortion along the stiff W–O and Zr–O bonds. Due to the weaker force constants associated with the bond bending (Vila et al., 2018), however, the transverse motion has an Einstein temperature of about 250 K. At T = 300 K this results in rms amplitudes u ≈ 0.12 Å. This corresponds roughly to linkage angle distortions of about δθ ≈ 6°, which are more than twice the longitudinal fluctuations at the same temperature. Although these transverse distortions are substantial, they have little effect on the bond stretching MSRDs (Poiarkova and Rehr, 1999a; Fornasini et al., 2004). For the SS paths, this is easy to see, since for a bond of length R, the perpendicular contribution from each atom is [image: image]. For the linkage bonds with R~ 2 Å and u~ 0.12 Å, we estimate that [image: image] 0.02 × 10−3 Å2, which is an order of magnitude smaller than the typical error margins for the experimental MSRDs. A similar approach can be used for the multiple scattering paths, where the contributions of all atoms in the path need to be added. On the other hand the angular DW factors Wp(θ) may still contribute to the damping of the EXAFS from these paths.

In the amplitude-phase representation of EXAFS the magnitude of each path contribution is given by [image: image], which eliminates the oscillations and thus emphasizes the amplitudes of the various paths. Figure 6 shows the amplitudes [image: image] for the 155 and 173° Zr–O–W linkages, including the Zr–W–Zr SS and Zr–W–O–Zr and Zr–O–W–O–Zr MS paths. Note that the amplitudes [image: image] do not include the Debye-Waller factors and thus have no temperature dependence. The Zr–W–Zr paths are not affected by the angle of the linkage for the Zr–W–O–Zr and Zr–O–W–O–Zr paths, also the amplitudes for the 173° linkage paths, are on average about twice as large as for the 155° paths. These differences are due to the angular dependence and forward scattering enhancement in [image: image] and are particularly strong for bond angles close to 180° and at high k.


[image: image]

FIGURE 6. EXAFS path amplitudes [image: image] for the Zr-W-Zr single-scattering and Zr-W-O-Zr and Zr-O-W-O-Zr MS paths with linkage angles 155 and 173°.



3.3. EXAFS Spectra

To assess the overall quality of our EXAFS calculations, Figure 7 shows comparisons of the experimental (Bridges et al., 2014) fine structure kχ(k) at 20, 165, and 300 K for the Zr K- and W-L3 edges to those obtained with FEFF. The theoretical results used optimized MSRDs with bond distances reduced by 1% to correct the overestimate of the lattice constant by DFT/PBEsol calculations. Our EXAFS calculations were obtained by including all SS and MS paths of up to 5.5 Å and np = 4 scattering legs, and by removing all path screening filters from FEFF. The experimental results (Bridges et al., 2014) find that the many-body amplitude factor [image: image] in Equation (1) is very close to 1, thus we use [image: image] in the EXAFS simulations. Clearly the agreement is quite satisfactory for the EXAFS range k [image: image] 5 Å−1, below which the path expansion approach is less appropriate and atomic background substraction artifacts are possible. The small, high frequency contribution noticeable in the Zr K-edge signal at 20 K corresponds to ~ 6.5 Å Zr–Zr–Zr paths which are not included in our simulation cell.


[image: image]

FIGURE 7. Comparison of the experimental (Bridges et al., 2014) and theoretical EXAFS fine structure kχ(k) at 20, 165, and 300 K for the Zr K edge (left) and the W L3 edge (right). The theory used the experimental lattice constant with optimized MSRDs to avoid small phase shifts due to the 1% error in the optimized PBEsol structure.



Finally Figure 8 shows the phase-corrected Fourier transforms (FTs) of the kχ(k). For these transforms the central atom theoretical phase-shift 2δl common to all paths is subtracted before being transformed (Rehr et al., 2009), resulting in peak positions closer to their geometrical locations. Again, the overall agreement is good, except for differences in the heights of some of the peaks, due probably to static and angular disorder in the DW factors. For the Zr absorber, the FTs clearly show the Zr–O peak at about 2 Å, and the different linkage paths between 3.5 and 4.2 Å.


[image: image]

FIGURE 8. Comparison of the Fourier transforms of the experimental (Bridges et al., 2014) and theoretical kχ(k) (Figure 7) at 20, 165, and 300 K for the Zr K edge (left) and the W L3 edge (right).



A potentially important issue is the effect of the Zr–O–W bond angle fluctuations during the complex low energy vibrations of the system, particularly for the Zr–O2–W2 linkage. The amplitudes of the MS peaks for the Zr–O–W linkages vary significantly with bond angle due to forward scattering through the O atom. While feff(θ) is strongly peaked in the forward direction and varies substantially with θ, the angular Debye-Waller factor in Equation (3) depends on the fluctuations [image: image] rad2. To estimate these effects we computed the average χ(k) for the Zr–O1–W1 and Zr–O2–W2 linkages over the distribution of angular distortions induced by mean u amplitues of about 0.12 Å. We find that with distortions of this amplitude the absolute change in χ(k) is only about 3 and −6% for the Zr–O1–W1 and Zr–O2–W2 linkages, respectively. This explains the good agreement between the calculations without including such averaging, and the data for the Zr edge in Figure 8. The actual situation can be more complicated, however, since the polyhedra can rotate as well as translate and a full treatment that takes this correlated motion into account would be desirable.

4. SUMMARY AND CONCLUSIONS

We have shown that theoretical calculations of structure, vibrational properties and the EXAFS of ZrW2O8 agree well with experiment (Bridges et al., 2014). The structural parameters are calculated using the DFT plane-wave pseudopotential VASP code with DFT/PBEsol while vibrational properties are obtained using a Lanczos algorithm and the phonon Green's function approach. The EXAFS calculations depend sensitively on these structural and vibrational properties. The fact that the calculations of the MSRDs for the most important SS and MS paths agree well show that an accurate treatment of correlated atomic motion is essential to understand the dynamic disorder. The small differences can likely be accounted for by static disorder and angular DW factors. For example, forward focusing effects in the Zr-O-W linkages are particularly important in these calculations. For example, the nearly collinear 173° paths contribute more to the amplitudes, due to enhanced forward scattering. Our calculations also show that transverse O fluctuations are substantial, consistent with results of our companion study (Vila et al., 2018), which imply that NTE is driven in part from the negative Grüneisen parameters of the low-frequency O modes. Thus while the effect of transverse fluctuations on the MSRDs is negligible, they may contribute to the angular DW factors. Our calculations also ignore anharmonic effects; although such effects are generally associated with thermal expansion (Frenkel and Rehr, 1993), this is a reasonable approximation for the dominant SS and MS paths with relatively stiff bonds. Overall our theoretical calculations yield results consistent with experiment for ZrW2O8 for a broad range of properties. In particular they show that both transverse motion and correlated atomic displacements are crucially important to understand the dynamic structure of this material.
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Anomalous Lattice Dynamics in AgC4N3: Insights From Inelastic Neutron Scattering and Density Functional Calculations
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We have performed temperature dependent inelastic neutron scattering measurements to study the anharmonicity of phonon spectra of AgC4N3. The analysis and interpretation of the experimental spectra is done using ab-initio lattice dynamics calculations. The calculated phonon spectrum over the entire Brillouin zone is used to derive linear thermal expansion coefficients. The effect of van der Waals interaction on structure stability has been investigated using advanced density functional methods. The calculated isothermal equation of states implies a negative linear compressibility along the c-axis of the crystal, which also leads to a negative thermal expansion along this direction. The role of elastic properties inducing the observed anomalous lattice behavior is discussed.

Keywords: negative thermal expansion, linear compressibility, ab-initio, density functional theory, lattice dynamics, phonon, inelastic neutron scattering
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INTRODUCTION

In recent years, a few crystalline materials are found to exhibit expansion along certain crystallographic axes on application of static pressure (Goodwin et al., 2008a; Cairns et al., 2012, 2013; Cairns and Goodwin, 2015; Gupta et al., 2017; Yeung et al., 2017). This type of abnormal behavior is known as negative linear or area compressibility (NLC or NAC). The behavior is basically observed in materials with highly anisotropic bonding and open framework type structures (Goodwin et al., 2008a; Weng et al., 2008; Cairns et al., 2012, 2013; Cairns and Goodwin, 2015; Wang et al., 2016, 2017; Gupta et al., 2017; Zeng et al., 2017a,b; Yan et al., 2018). The anisotropic character of elastic properties is a measure of the magnitude of NLC (or NAC) in a material. The anisotropy in elastic properties of a material together with mode Grüneisen parameters give rise to the anisotropic thermal expansion (Gupta et al., 2016, 2017; Singh et al., 2017a; Mittal et al., 2018). Therefore, there is a close relation between the nature and magnitude of anisotropic thermal expansion and compressibility. Compounds which exhibit negative linear or area compressibilities are also found to show negative linear or area thermal expansion behavior along that particular directions (Conterio et al., 2008; Goodwin et al., 2008a,b, 2009; Gupta et al., 2017; Sapnik et al., 2018). However, the opposite is not true. Materials exhibiting the above properties are useful for pressure/temperature sensors, artificial muscles and can be used in piezoelectric applications (Burtch et al., 2017; Mirvakili and Hunter, 2017).

Many cyanide based metal organic flexible framework structures (Conterio et al., 2008; Goodwin et al., 2008a; David et al., 2010; Mittal et al., 2012; Cairns et al., 2013; Gupta et al., 2017; Ovens and Leznoff, 2017; Sapnik et al., 2018) like ZnAu2(CN)4, M3Co(CN)6 and MAuX2(CN)2 where M = H, Au, Ag, Cu, Fe and X = CN, Cl, Br etc., show large NLC and NTE behaviors. These stem from their special structure and bonding. In case of ZnAu2(CN)4, the NLC, and NTE along hexagonal c-axis arise from the anharmonic nature of the low energy optic phonon modes involving bending of the –Zn–NC–Au–CN–Zn– linkage, mimicking the effect of a spring in terms of compression upon heating and elongation (Gupta et al., 2017; Wang et al., 2017) under a hydrostatic pressure. The mechanism of the deformation of a wine rack structure produces NLC and NTE behavior in many compounds (Goodwin et al., 2008a; David et al., 2010; Cairns et al., 2012; Zeng et al., 2017a; Sapnik et al., 2018). Negative area compressibility and negative area thermal expansion are found to arise from the sliding of atomic layers as a function of pressure or temperature (Zeng et al., 2017b).

Experimental tools like x-ray diffraction and neutron diffraction are generally used to obtain temperature and pressure dependent lattice parameters (Goodwin et al., 2008a,b, 2009; Cairns et al., 2012, 2013; Hodgson et al., 2014; Cairns and Goodwin, 2015). However, the mechanism at the origin of this type of abnormal behavior can only be understood by studying the microscopic dynamics at the atomic level. Ab-initio density functional theory provides the pressure dependent phase diagram of these compounds and can be used to obtain the movements of atoms at different pressures, giving rise to negative linear or area compressibilities (Gupta et al., 2013, 2016, 2017; Singh et al., 2017a,b; Mittal et al., 2018). On the other hand, phonons in the entire Brillouin zone calculated using the ab-initio lattice dynamics in combination with the elastic properties have successfully been used to reproduce the experimental values of anisotropic linear thermal expansion coefficients (Gupta et al., 2013, 2016, 2017; Singh et al., 2017a,b; Mittal et al., 2018). This methodology enables us to identify specific phonon modes responsible for the negative thermal expansion behavior. Moreover, ab-initio techniques, being highly accurate as compared to empirical potentials based techniques, have now been used to identify and model new materials exhibiting anomalous lattice behavior (Lazar et al., 2015; Singh et al., 2018).

Recently, a combination of experimental phonon density of states coupled with ab-initio calculations are used for understanding the anomalous lattice response in a few metal organic framework compounds (Duyker et al., 2013; Hermet et al., 2013; Kamali et al., 2013; Gupta et al., 2016, 2017). These calculations are found to provide fair agreement of calculated and experimental phonon spectra. The structure of metal organic framework compounds has highly anisotropic bonding. The van der Waals interactions are found to play a very important role in stabilizing the structure and dynamics of these compounds (Conterio et al., 2008; Kamali et al., 2013; Gupta et al., 2017). However, the calculated temperature dependence of lattice parameters is not in satisfactory agreement with the measurements. The unavailability of accurate van der Waals dispersion interactions in the density functional theory may be responsible for this disagreement. However, the calculations are useful to qualitatively understand the mechanism responsible for anomalous lattice response of these compounds which are directly related to the low energy phonon modes in these compounds.

Silver (I) tricyanomethanide (Figure 1), AgC4N3, exhibits negative area compressibility and negative area thermal expansion in the a-c plane (Hodgson et al., 2014). The experimental temperature dependent lattice parameters were obtained from the single crystal X-ray diffraction experiments (Hodgson et al., 2014) while the pressure dependence of lattice parameter were obtained from the powder neutron diffraction experiments (Hodgson et al., 2014). The experimental X-ray and neutron diffraction techniques show large values of linear thermal expansion coefficients, αa = −48 × 10−6 K−1, αb = 200 × 10−6 K[image: image] αc = −54 × 10−6 K−1. We have used the ab-initio calculated equation of states to obtain the pressure dependence of the lattice parameters. The anisotropic pressure dependence of phonon spectra over the entire Brillouin zone is used to extract the anisotropic Grüneisen parameters within the quasiharmonic approximation framework. The temperature dependent phonon spectra are obtained from inelastic neutron scattering (INS) measurements. The calculated Grüneisen parameters and elastic constants are used to estimate linear thermal expansion coefficients. We find that the calculations reproduce the NLC and NTE behavior along the c-axis; however, the same along the a-axis are not reproduced. We have performed the analysis of specific phonon modes to gain insights into the atomic level mechanisms at the origin of the observed negative thermal expansion behavior along the c-axis.


[image: image]

FIGURE 1. (Left) The crystal structure of AgC4N3 projected in the ab plane. (Right) The building block consisting of 18 interpenetrating membered rings, and forming the ab plane of the structure. Key: C-Green, N-Red, and Ag-Blue.



EXPERIMENTAL AND COMPUTATIONAL DETAILS

INS measurements on about 2 cc of polycrystalline sample of AgC4N3 were carried out on the direct-geometry cold-neutron time-of-flight time-focusing spectrometer IN6 at the Institut Laue Langevin (ILL, Grenoble, France). The spectrometer is equipped with a large detector bank covering a wide range of about 13–114° of scattering angle. Data were collected at 150, 225, 300, and 400 K, in the neutron energy gain setup and high-resolution mode, using an incident wavelength of 5.12 Å (3.12 meV). In the incoherent one-phonon approximation (Carpenter and Price, 1985; Price and Skold, 1986), the measured scattering function S(Q,E), as observed in the neutron experiments, is related to the phonon density of states g(n)(E) as follows:

[image: image]
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where the + or − signs correspond to energy loss or gain of the neutrons, respectively and [image: image]. A and B are normalization constants. bk, mk, and gk(E) are, respectively, the neutron scattering length, mass, and partial density of states of the kth atom in the unit cell. The quantity between < > represents suitable average over all Q values at a given energy. 2W(Q) is the Debye-Waller factor averaged over all the atoms. The weighting factors [image: image] in the units of barns/amu for C, N, and Ag are: 0.4625, 0.8221, and 0.0462, respectively. The values of neutron scattering lengths for various atoms can be found from Sears (1992).

The Vienna based ab-initio simulation package (VASP) (Kresse and Furthmüller, 1996; Kresse and Joubert, 1999) is used to carry out the total energy calculation based on plane-wave pseudo potential methods. The calculations are performed using projected augmented wave (PAW) formalism of Kohn- Sham density functional theory with generalized gradient approximation (GGA) for exchange correlation as given by Perdew, Becke and Ernzerhof (Perdew et al., 1996, 1997). K-point sampling was performed using 4 × 4 × 4 mesh Monkhorst-pack scheme (Monkhorst and Pack, 1976) with a plane wave energy cutoff of 900 eV. Different schemes allowing incorporating the effect of van der Walls (vdW) interaction are available in VASP, using different approximations. The phonon frequencies in the entire Brillouin zone are estimated using finite displacement method, within the direct method approach, as implemented in PHONON5.2 (Parlinksi, 2003). Hellman-Feynman forces are calculated by the finite displacement of 0.03 Å.

Thermal expansion calculation is done using pressure dependence of phonon frequencies in the entire Brillouin zone within the quasi-harmonic approximation. Each phonon mode of energy Eqj (jth phonon mode at point q in the Brillouin zone) contributes to the thermal expansion coefficient, which is given by the following relation for an orthorhombic system (Grimvall, 1999):

[image: image]

Where sij are elements of elastic compliances matrix, s = C−1 at constant temperature T = 0 K, V0 is volume at 0 K and C[image: image](q,j,T) is the specific heat at constant strain due to jth phonon mode at point q in the Brillouin zone. The mode Grüneisen parameter of phonon energy Eq, j is given as Grüneisen and Goens (1924),

[image: image]

The volume thermal expansion coefficient for an orthorhombic system is given by:

[image: image]

RESULTS AND DISCUSSION

The structure of AgC4N3 is a layered-like network topology along the b-axis (Hodgson et al., 2014). Ag+ cation is coordinated to three N atoms to form trigonal arrangements. In the a–c plane it forms a crossing network made up of 18-member (Ag3C9N6) rings (Figure 1). The layers in the a–c planes interact along the b-axis through a weak vdW interaction, acting between and N atoms. We have performed the relaxation of the crystal structure with and without including vdW interactions. These calculations without vdW interactions overestimated the b lattice parameter by 22% in comparison to the experimental value (Table 1). As shown in Table 1, we have initially optimized the structure including various available van der Waals schemes. We found that including vdW interaction describes better the structure whose calculated lattice parameters agree with the experimental (Cairns et al., 2013) values (Table 1). The vdW interaction has been considered using the optB88-vdW functional scheme of the vdw-DFT method (Dion et al., 2004; Jirí et al., 2010; Klimeš et al., 2011). The calculations produce the calculated volume within 1% of the experimental (Hodgson et al., 2014) value. The ambient condition structure is well-reproduced by the calculations.


Table 1. The comparison of experimental (Single crystal X-ray diffraction Hodgson et al., 2014 at 100 K and ambient pressure) and calculated structural parameters, using various pseudopotentail corrections for the dispersion interactions.

[image: image]



Phonon Spectra

The measured phonon spectra at 150, 225, 300, and 400 K are shown in Figure 2. The INS measurements are performed in the neutorn energy gain mode. At 150 K, due to the population factorthe maximum energy transfer islimited to 65 meV. As temperature increases, modes at higher frequencies are populated, extending the energy range upto 100 meV. All the peaks in the phonon spectra show broadening with increase in temperature. However, peaks above 40 meV are found to show large temperature dependence. The broadening in the spectra reflects the explicit anharmonicity of phonons, which is expected with increase of temperature due to the increase of phonon-phonon interactions.


[image: image]

FIGURE 2. (Left) Comparison of DFT calculation, and experimental phonon density of states of AgC4N3. For clarity, the experimental spectra are shift vertically. (Right: Top) The calculated neutron-weighted total density of states and the partial contributions from various atoms of AgC4N3. The calculated neutron spectra have been broadened corresponding to the experimental resolution. (Right: Bottom) The calculated partial density of states from various atoms of AgC4N3, showing the full energy range to account for the C-N modes bending and stretch.



We have calculated the phonon spectra of this compound over the entire Brillouin zone. The calculated (0 K) phonon density of state is compared with the experimentally measured inelastic neutron scattering spectra at 150 K. The calculated neutron weighted phonon density of statesa grees very well with the experimental data (Figure 2). The level of agreement between the calculated and experimental phonon density of states of AgC4N3 is similar to that in many previous studies on metal cyanides framework compounds (Gupta et al., 2016, 2017), which is quite good considering the use of incoherent approximation (Carpenter and Price, 1985; Price and Skold, 1986) in the calculation of neutron weighted phonon spectrum. Therefore, the calculations can be further used for the microscopic understanding and interpretation of the peaks in the phonon spectra. The calculated partial phonon density of states show that Ag atoms contribute only tothe low energy part of the spectra, while C and N atomic vibrations contribute to the entire energy range. The low energy peak in the spectra around 5 meV arises from the vibrational motion of all the atomic species. The vibrations below 35 meV are dominated by the contribution from N atoms, while above 45 meV, the contributions upto 80 meV are mainly duetoC atoms. The calculated spectra in the 40–60 meV energy range shows a deviation from the observation. There could be two reasons for this deviation: (i) small mismatch between the calculated and experimental bond lengths due to limitation of density functional used for exchange correlations and dispersion interactions and (ii) this region is very sensitive to temperature so the mismatch may be due to the comparison of 0 K calculations with the meaurements performed at 150 K. As the vibrations of C≡N bond occur with very high energy of order 270 meV, they do not undergo any significant changes, but they are well-captured by our calculations. The peak in the calculated spectrumaround 165 meV corresponds to the bending vibrations of –C≡N units.

The calculated phonon dispersion curves along the high symmetry directions in the Brillouin zone are shown in Figure 3. The phonon dispersionss are almost flat around 48, 55, 70, and 88 meV, which give rise to intense peaks in the calculated phonon density of states (Figure 2). This implies a very strong short range interactions among the atoms contributing to these vibrational modes.


[image: image]

FIGURE 3. The calculated phonon dispersion curves along the high symmetry directions in the Brillouin zone AgC4N3. The Bradley-Cracknell notation is used for the high-symmetry points; Γ(0, 0, 0), S(1/2, 0, 0), R(0, 1/2, 0), T(1/2 0 0), W(1/4, 1/4, 1/4), and X(1/2, −1/2, 1/2).



Anisotropic Compressibility Behavior

The pressure dependent equation of state of AgC4N3 has been calculated (Figure 4) by applying a uniform hydrostatic pressure to look at the resulting change in the lattice parameters. The a and b lattice parameters are found to show a usual, but anisotropic positive linear compressibility, while the c lattice parameter shows a negative linear compressibility. Further the elastic constants are calculated using the symmetry-general least square method (Le Page and Saxe, 2002) as implemented in VASP-5.4. The values are derived from the strain–stress relationships obtained from finite distortions of the equilibrium lattice. For small deformations the elastic domain of the solid is conserved and a quadratic dependence of the total energy with respect to the strain is expected (Hooke's law). The number of components (Mouhat and Coudert, 2014) of the elastic constant tensor is related to the symmetry of the crystal symmetry. The calculated elastic constant, Cij (in kbar) and compliance, sij (10−4 kbar−1) matrices are:

[image: image]

It can be seen that the value of longitudinal elastic constants C11 and C33 are about three times in comparison to that of C22, indicating that b-axis is highly compressible in comparison to a- and c- axis. Qualitatively, this agrees quite well with the experimental (Hodgson et al., 2014) pressure dependence of unit cell lattice parameters of AgC4N3 which show that the response to the pressure along b-axis is very large in comparison to that along a- and c-axes. It should be noted that the a–c plane of the crystal consists of layers containing 18-membered (Ag3C9N6) interpenetrating rings. The layers in the a–c plane are stacked along b-axis which indicates that the compound may have highly anisotropic elastic response. The calculations confirm that at ambient pressure there is large anisotropy in bonding along various crystal axes which gives rise to highly anisotropic elastic properties in this compound.


[image: image]

FIGURE 4. The calculated (solid lines) pressure dependence of unit cell lattice parameters of AgC4N3 compared with the experimental data (circles). The experimental data is available from 1 to 6 kbar. The data was extrapolated to 0 kbar and used for estimation of l/l0.



Further in order to understand the compressibility behavior along the orthorhombic axes of AgC4N3 we have calculated

[image: image]

Where Xi (i = a, b, c) are the compressibilities of crystal along various crystallographic axes. For negative compressibility, the values of Xa, Xb, and Xc should be negative along the respective axis (Weng et al., 2008). We found that Xa = 6.4 × 10−4 kbar−1, Xb = 53.0 × 10−4 kbar−1, Xc = −7.3 × 10−4 kbar−1. These calculations imply negative linear compressibility along c-axis. However, the experimentally observed compressibility behavior along the a-axis is not obtained (Figure 4) from the calculations. This could be due to limitation of vdW DFT to account properly for the pressure dependent dispersion interactions in this particular structure geometry. It should be noted that a similar vdW density functional has been successfully used to obtain the experimentally observed thermal expansion behavior in many cyanide framework compounds (Kamali et al., 2013; Gupta et al., 2017).

To explore the possible origin of the above-mentioned behavior, the atomic displacement vectors (Figure 5) corresponding to the difference in the experimentally observed structure (Hodgson et al., 2014) at 1 and 6 kbar is compared with calculated structures at 0 and 5 kbar. It is found that experimentally the major difference comes from the displacement vector of Ag atoms, while computationally it is almost zero, i.e., no difference. There is also a significant difference in displacement patterns of the other atoms in the unit cell. Moreover, the experimentally observed atomic displacements are larger in magnitude compared to the calculated ones.


[image: image]

FIGURE 5. The displacement vectors corresponding to the difference (× 35) in atomic coordinates of (Left) experimental structures at 1.18 and 6.15 kbar, and (Right) calculated structures at 0.0 and 5.0 kbar. The ambient pressure experimental data is not available in the high pressure setup of the experiment. So we have used experimental structures at 1.18 and 6.15 kbar for plotting the displacement vectors. Key: C-Green, N-Red, and Ag-Blue.



Linear Thermal Expansion

The linear thermal expansion behavior of AgC4N3 is calculated using the anisotropic pressure dependence of phonon spectra over the entire Brillouin zone within the framework of the quasiharmonic approximation. This methodology requires the complete elastic compliance tensor (section Anisotropic Compressibility Behavior) which is the inverse of the elastic constant tensor. The calculated anisotropic Grüneisen parameters are shown in Figure 6. The calculated low-energy mode Grüneisen parameters below 10 meV show negative values for the anisotropic stress along the a and c-axes, and possibly contributing to the negative thermal expansion in the ac plane. These also serve to explore thermal expansion behavior as discussed above. The calculated temperature dependence of the lattice parameters is compared with the experimental data. The calculated thermal expansion behavior (Figure 7) along the b- and c-axes agrees reasonably with the observation. The c-axis shows a negative linear thermal expansion while the b-axis shows a large positive expansion over the whole studied temperature range. However, the calculated a-lattice parameter shows a positive thermal expansion in contrast with the experiment. The calculated linear thermal expansion coefficients saturate above 200 K, with the values of αa = 20 × 10−6 K−1, αb = 125 × 10−6 K[image: image] αc = −75 × 10−6 K−1. The calculated bulk volume thermal expansion agrees well with the experimental data.


[image: image]

FIGURE 6. The calculated anisotropic mode Grüneisen parameters Γa, Γb, and Γc, averaged over phonon modes in the entire Brillouin zone, as a function of phonon energy, on application of anisotropic pressure along a-, b-, and c-axes, respectively.




[image: image]

FIGURE 7. (Left) The calculated and experimental temperature dependence of unit cell parameters of AgC4N3. (Right) The calculated temperature dependence of linear thermal expansion coefficients of AgC4N3.



The eigenvector pattern of specific phonon modes giving rise to the large negative thermal expansion along the c-axis is analyzed. The zone center mode with an energy of 13.7 meV (Figure 8) has Γa = 2.39, Γb = 0.10, Γc = −2.99. Assuming it corresponds to an Einstein mode with one degree of freedom, the contribution from this mode to the thermal expansion coefficients αa = 11.34 × 10−6 K−1, αb = 2.50 × 10−6 K−1, αc = −11.89 × 10−6 K−1. As shown in Figure 8, only the atoms connected to C–N bonds have a larger amplitude and give rise to ripples in the layers along the c-axis, and is responsible for NTE along the c-axis.


[image: image]

FIGURE 8. The calculated eigenvectors of the zone center phonon at 13.7 meV, giving rise to a negative thermal expansion behavior along the c-axis in AgC4N3. The corresponding mode Grüneisen values are Γa = 2.39, Γb = 0.10, Γc = −2.99. Key: C-Green, N-Red, and Ag-Blue.



In many metal organic frameworks, the experimentally observed anisotropic behavior in compressibility along a given crystallographic axis is found to lead to a fairly similar behavior in linear thermal expansion. The possible limitation of DFT to fully reproduce the compressibility behavior along the a-axis could be responsible for the difference in the thermal expansion behavior between the experiment and calculation. However, as far as the calculated phonon energies are concerned, these are correctly predicted by our ab-initio calculations at ambient pressure conditions.

CONCLUSIONS

We have performed temperature dependent inelastic neutron scattering (INS) measurements to collect the temperature evolution (softening/hardening) of phonon spectra in the metal organic framework compound AgC4N3. Ab-initio lattice dynamical calculations are used to underpin the INS phonon data, over the entire Brillouin zone. The calculated partial density of states of various atoms is used to analyse the experimental spectra. The calculated anisotropic pressure dependent phonon spectra along with the estimated elastic constants are used to derive linear thermal expansion quantities of the compound. Ab-initio calculations performed at various uniform hydrostatic pressures are used to obtain the compressibility of the compound. Due to the structural peculiarity of AgC4N3, the ab-initio calculations including the van der Waals interaction could not reproduce the experimentally observed temperature/pressure dependence of “a” lattice parameter. However, the behavior of “b” and “c” lattice parameters is well-reproduced and calculations provide the microscopic mechanism of NTE and NLC along c-lattice parameter which arises from the rippling of structural sheets perpendicular to b-axis. It is clear that there is need for improvements in the van der Waals functions to accurately account for the structure and dynamics of metal organic framework compounds. Moreover, the experimentally measured phonon density of states will be very helpful for verification of any new van der Waals potentials in the coming future.
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Uniaxial negative thermal expansion (NTE) is known to occur in low n members of the An+1BnO3n+1 Ruddlesden–Popper (RP) layered perovskite series with a frozen rotation of BO6 octahedra about the layering axis. Previous work has shown that this NTE arises due to the combined effects of a close proximity to a transition to a competing phase, so called “symmetry trapping”, and highly anisotropic elastic compliance specific to the symmetry of the NTE phase. We extend this analysis to the broader RP family (n = 1, 2, 3, 4, …, ∞), demonstrating that by changing the fraction of layer interface in the structure (i.e., the value of 1/n) one may control the anisotropic compliance that is necessary for the pronounced uniaxial NTE observed in these systems. More detailed analysis of how the components of the compliance matrix develop with 1/n allows us to identify different regimes, linking enhancements in compliance between these regimes to the crystallographic degrees of freedom in the structure. We further discuss how the perovskite layer thickness affects the frequencies of soft zone boundary modes with large negative Grüneisen parameters, associated with the aforementioned phase transition, that constitute the thermodynamic driving force for NTE. This new insight complements our previous work—showing that chemical control may be used to switch from positive to negative thermal expansion in these systems—since it makes the layer thickness, n, an additional design parameter that may be used to engineer layered perovskites with tuneable thermal expansion. In these respects, we predict that, with appropriate chemical substitution, the n = 1 phase will be the system in which the most pronounced NTE could be achieved.

Keywords: NTE, perovskite, Ruddlesden-Popper, anisotropy, compliance, corkscrew, thermal expansion

1. INTRODUCTION

Ruddlesden–Popper (RP) oxides are an intriguing class of ceramic materials. They have the basic formula An+1BnO3n+1 and consist of a perovskite block of n corner sharing BO6 octahedra separated by an AO rock salt layer. Blocks of octahedra are stacked perpendicular to the long crystallographic axis making this layering axis structurally distinct from the two in-plane axes. Neighboring blocks are de-phased from each other by a lattice translation of (0.5, 0.5, 0.5), and the aristotypical symmetry for any value of n is I4/mmm (Figure 1). As with the perovskites, the A-site chemistry is dominated by larger alkali, alkali-earth, and rare earth metals, and the B-site by transition metals. In the limit n = ∞, the perovskite structure is recovered. While in practice most chemistries are found to predominantly exhibit the n = 1, 2 phases only (Palgrave et al., 2012), in principle any value of n between 1 and ∞ is possible; n = 3 structures have been synthesized by careful compositional control (Battle et al., 1998) and although n > 3 phases are often predicted to be unstable to decomposition (McCoy et al., 1997), epitaxial growth techniques have allowed the synthesis of n = 2−5 (Haeni et al., 2001), n = 6 (Yan et al., 2011), and n = 10 (Lee et al., 2013) structures.


[image: image]

FIGURE 1. In the An+1BnO3n+1 Ruddlesden–Popper series, blocks consisting of n layers of ABO3 perovskite structure are separated by a single layer of AO rock salt structure, with BO6 octahedra in the next block displaced by a (0.5, 0.5, 0.5) lattice translation. In the n = ∞ limit the pure ABO3 perovskite structure is recovered.



One of the most explored systems is the n = 1 A2CuO4 on account of its high-temperature superconductivity, where doping of divalent A = Ba and Sr with trivalent rare earth cations has been extensively investigated (Dwivedi and Cormack, 1991). Superconductivity in these systems is not limited to the cuprates, and there has been substantial interest in Sr2RuO4 (Mackenzie and Maeno, 2003) on account of its superconducting phase transition below 0.8 K, and in Sr3Ru2O7 for its nematic orbitally-ordered phase (Borzi et al., 2007). The doped nickelates have also been much studied due to their believed proximity to a superconducting phase transition, and their charge ordering physics (Yoshizawa et al., 2000). More recently, the n = 2 member of the RP family has received much attention on the account of a new form of improper ferroelectricity predicated in Ca3Mn2O7 and Ca3Ti2O7, termed hybrid improper ferroelectricity (Benedek and Fennie, 2011). This mechanism circumvents the so-called d0 criterion for ferroelectricity, as it does not require an off-centring of cations to drive the phase transition. Instead, this off-centring (P) may occur as a slave process driven by an octahedral tilt (R1) and rotation mode (R2) of the parent structure that are inherently unstable in some of these systems. This leads to a so-called trilinear term βR1R2P in the free energy expansion about the parent structure (Benedek et al., 2015) which, regardless of the sign of the coefficient β, as R1 and R2 are inherently unstable, leads to a non-zero value of the polarization P (either positive or negative depending on the sign of β).

Our contribution to this field of hybrid improper ferroelectricity was to provide experimental confirmation of this mechanism for the case of Ca3Ti2O7 (Senn et al., 2015). However, our high-resolution powder diffraction data for Ca3Mn2O7 revealed an added complexity. What was believed to be a single phase at room temperature, having the polar symmetry A21am, was in fact a mixture of this and a phase that we identified as having Acaa symmetry. Crucially, this phase only has a single octahedral rotation that is out-of-phase rather than in-phase, and the octahedra remain untilted along the c-axis. No hybrid improper ferroelectric mechanism is therefore possible. However, over the large phase coexistence region, which spans a temperature range of 120 K, we did observe pronounced uniaxial negative thermal expansion (NTE) along the c-axis in the Acaa phase. This had not been observed previously in the n = 2 system and, although reported in the literature in an analogous n = 1 system (Takahashi and Kamegashira, 1993), its significance had not been noted. We were able to explain this NTE phenomenon as being driven by a leftover degree of freedom, the octahedral tilt in the Acaa phase, which remains dynamic.

NTE is a rare property, that when it does occur is known to be caused by a diverse range of mechanisms in different materials. Even within inorganic perovskite-based systems, NTE has been found to originate due to coupling of the lattice parameters to: charge ordering (Azuma et al., 2011), ferroelectric ordering (Chen et al., 2013), and magnetic and orbital ordering via an invar-like mechanism (Yoshida et al., 2005, Qi et al., 2010). In framework structures, formed from connected strongly-bonded polyhedral units, NTE has been explained by transverse vibrations of these units, known as rigid-unit modes (RUMs) (Dove et al., 1995, Heine et al., 1999). We argued in Acaa Ca3Mn2O7 that certain vibrational modes with RUM character would have negative Grüneisen parameters and be soft on account of the proximity of the system to the symmetry-forbidden phase transition to A21am (Senn et al., 2015). Using this idea of “trapping” a soft mode in the Acaa phase of Ca3Mn2O7 to systematically control and tune the uniaxial thermal expansion properties of the solid solution Ca3−xSrxMn2O7 (Senn et al., 2016), we were able to demonstrate that this is a property exclusively of the Acaa phase in these materials, and that NTE is enhanced as the system approaches the A21am phase boundary as a function of chemical composition x. Although other effects operate in related materials, in this study we restrict our discussion to NTE driven by the coupling of the cell parameters to soft lattice modes since it is the most appropriate mechanism to describe our system.

The presence of dynamic octahedral tilts in this Ca3−xSrxMn2O7 system explained the thermodynamic driving force for NTE along the layering axis. However, the question remained open of why NTE was only observed in this Acaa phase with a frozen in-plane rotation and not in the high-symmetry I4/mmm phase or related ABO3 perovskite phases, where dynamic octahedral tilts would still operate. We were able to answer this question in a recent computational study using density functional theory (DFT) and working within the quasi-harmonic approximation (QHA) to reproduce experimentally measured uniaxial NTE in the I41/acd phase of n = 1 Ca2MnO4 (Ablitt et al., 2017).

Equation (1) (Grüneisen and Goens, 1924) describes the thermal expansion, αη(T), at temperature, T, of the three cell axes of a tetragonal crystal (η = 1, 2, 3 where α1 = α2 by symmetry). Equation (1) is explained in detail in Appendix 1 and the concept of a Φ vector driving bulk PTE being transformed by a highly anisotropic s into uniaxial NTE (Barron and Munn, 1967) is depicted pictorially in Figure 2. In this picture, the anisotropic thermal expansion is separated into a thermodynamic driving force vector, Φ—arising from the lattice dynamics—that is transformed by the anisotropic elastic compliance matrix, s. By computing the compliance matrix for our NTE phase, we were able to extract the thermodynamic driving force vector from our QHA simulation and found that the effect from dynamic tilts alone would not predict NTE over the wide temperature range observed in experiment. It is only when this thermodynamic driving force is transformed by the highly anisotropic elastic compliance of the layered RP phase that our simulations demonstrated uniaxial NTE of a magnitude and over a temperature range comparable to experiment. Comparing the compliance matrices computed for different phases, we found that particularly high anisotropic compliance is unique to the NTE phase of the RP structure and we linked this anisotropy to combined in-plane (frozen rotations) and out-of-plane (the AO layer) symmetry breaking in the NTE phase.

[image: image]
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FIGURE 2. Equation (1) is illustrated on axes describing normal cell deformations using Voigt notation (e.g., where the vector [ϵ, ϵ, 0] corresponds to normal strains of ϵ of the a and b axes with the c axis unstrained). A 3 × 3 elastic compliance matrix s is shown here in its quadratic form as an ellipsoid projected onto the ([image: image]) plane. s may transform a vector describing the thermodynamic driving force for thermal expansion, Φ, in the positive quadrant (corresponding to bulk positive thermal expansion), into a thermal expansion vector, α, in the quadrant corresponding to uniaxial negative thermal expansion of the c axis. The direction of α is given in the figure by utilizing the radius normal property of the representation ellipsoid of the matrix s.



Until now, our research has focused on understanding uniaxial NTE in the low n RP compounds. In the present paper, we focus on extending these concepts to predict how the material properties that we have linked to NTE develop as a function of n. Studying the Can+1GenO3n+1 system within the framework of DFT, we find that the magnitude of anisotropic elastic compliance is dependent upon the proportion of CaGeO3:CaO interface in the structure—which may be conveniently expressed by the fraction 1/n. This high compliance is then maximized with the highest proportion of interface (n = 1). To provide an explanation for this key result, we analyze how the components of the compliance matrix vary with 1/n. We identify a series of regimes in which groups of structures display similar elastic behavior based on the atomic degrees of freedom allowed by symmetry, and propose mechanisms by which these internal degrees of freedom couple to cell strains. The most important of these is the atomic “corkscrew” mechanism that operates at this interface in the NTE phase. We go on to investigate how the frequencies of the softest (lowest frequency) octahedral tilt modes, which provide the thermodynamic driving force for NTE, vary as a function of n in the high-symmetry and NTE phases. We find that a higher proportion of interface causes these phonons to stiffen (increase in frequency) and we infer that within a given chemical composition, the layer thickness n provides a structural constraint on an approximate temperature window for which the NTE phase will be stable—where increasing n drives this window to higher temperatures. One may thus use this insight, combined with our previous discovery that chemical substitution within a given structure may be used to tune the thermodynamic driving force for NTE, to use layer thickness n and composition as design parameters to engineer RP phases with optimal thermal expansion properties.

The layout of the paper is as follows: section 2 gives details of simulation parameters used in this work; section 3 is then split into four subsections: section 3.1 presents the key result of the paper, showing how the magnitude of anisotropic compliance, linked with uniaxial NTE, varies with 1/n; for the more interested reader, sections 3.2 and 3.3 then take a step back and analyze the origin of the result in section 3.1 in more detail, in section 3.2 by analyzing how the different elements of the compliance matrix evolve with 1/n and in section 3.3 by identifying different compliance regimes linked to crystallographic degrees of freedom in the structure that couple to strain; finally in section 3.4 we consider how the thermodynamic driving force for NTE varies with 1/n by presenting lattice dynamics calculations investigating phonons corresponding to tilts of GeO6 octahedra in Can+1GenO3n+1, and compare these results against experimental phase diagrams constructed with data taken from the literature of the analogous Can+1MnnO3n+1 system. Additionally, in the associated Appendices file, Appendix 1 gives a brief overview of the mathematical concepts relevant for the study of thermal expansion in an anisotropic material and Appendix 2 outlines the symmetry of the phases simulated throughout this study.

2. METHODS

Calculations were performed using CASTEP, a plane-wave DFT code, version 7.0.3 (Clark et al., 2005). A plane wave cut-off energy of 1,400 eV was employed for all calculations with electron density stored on a grid twice as dense. A 7 × 7 × 2 Monkhorst–Pack grid of kpoints shifted away from the Γ-point was used for calculations of the 14 atom I4/mmm phase of (n = 1) Ca2GeO4, with grids of equivalent reciprocal space density used for all other structures (high-symmetry and rotation phases for n = 1, 2, 3, 4, ∞—see Appendix 2). Norm-conserving pseudopotentials, generated on-the-fly using CASTEP version 16.0, were used for all calculations and the associated pseudopotential strings may be found Table S1 in the Supplementary Information. All calculations used the PBEsol exchange-correlation functional (Perdew et al., 2008). Absolute energies were converged to an accuracy of 0.5 meV/atom with respect to k-point grid density and plane wave cut-off energy. Geometric relaxations were performed with a force tolerance of 10−4 eV/Å and a stress tolerance of 10 MPa.

We expect our Can+1GenO3n+1 system to be well-described by conventional GGA density functionals. There are other members of the chemical space that might require more careful consideration in terms of the appropriate methodology, such as hybrid functionals, DFT+U, or potentially even DMFT in order to accurately describe the physics associated with localized d and f-electrons.

Elastic constants were computed by fitting second order polynomials to the energies of cells with applied strains of ±0.2, 0.4% from the fully relaxed cell, where the internal degrees of freedom (the atomic positions) were free to relax. The quadratic terms to these fits were used to construct terms within the elastic constant matrix, c, and this matrix inverted to compute the elastic compliance matrix, s (see Appendix 1 for the definition of s studied).

Bulk moduli, K, were computed by allowing the cell and all internal degrees of freedom to relax in response to hydrostatic pressures in the range −2 to +2 GPa. The bulk modulus was then found by fitting the computed relaxed volume, V, as a function of the external pressure, P, to the equation: [image: image]. The bulk compressibility, β, is then given by β = K−1.

Density functional perturbation theory (DFPT) was used within CASTEP (Refson et al., 2006) to perform phonon calculations. In the present study, only phonon frequencies computed at single, high symmetry q-points are reported. In n = 1, 3, ∞ phases, these are at the X (½, ½, 0) and P (½, ½, ½) points in the I4/mmm high-symmetry phase (labeled M and R, respectively, in n = ∞ [image: image] ABO3) and for n = 2, 4 phases at the X-point in I4/mmm. Phonons in child rotation phases were always computed at the Γ-point. In every compound studied, the initial structure was the highest symmetry phase that was fully relaxed. All child phases were found by freezing unstable phonons (modes with imaginary frequencies) into the structure with small amplitudes and allowing this child structure to relax. The lattice parameters and cell energies relative to the high-symmetry parent of all relaxed structures may be found in Table S2.

3. RESULTS AND DISCUSSION

3.1. Anisotropy of the Compliance Matrix

It was previously shown in first-principles calculations performed on the NTE phase of Ca2GeO4 (i.e., the I41/acd rotation phase) that a highly anisotropic s is an essential ingredient for uniaxial NTE in this system (Ablitt et al., 2017). κ, as defined in Equation (2), is the ratio of the highest (sH) and lowest (sL) eigenvalues of s and gives a measure of the anisotropy of s; where higher κ indicates that s is more conducive to uniaxial NTE. Figure 3 therefore shows how sH, sL, and κ evolve with varying n for high-symmetry and rotation phases in the Can+1GenO3n+1 series.
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FIGURE 3. (A) Lowest, sL and highest, sH, eigenvalues to the compliance matrix, s, and (B) the anisotropy ratio κ plotted for high-symmetry and rotation phases in the Can+1GenO3n+1 series against the mole fraction of CaGeO3:CaO interface (1/n). Interpolations between values in the CaGeO3 (1/n = 0) and Ca2GeO4 (1/n = 1) structures are plotted for both high-symmetry and rotation phases (blue dot-dashed and red dotted lines, respectively).



In the composite mechanics community, the elastic properties of laminates are typically described by the properties of the constituent phases, weighted by the relative fraction of that phase (Sarlosi and Bocko, 2016). However, in the functional oxides community, it is well known that the local structure of atomic interfaces within a crystal often dictate the physical properties of the entire material 2012. There are therefore two ways to conceive the layered RP structure shown in Figure 1: (i) as being comprised of constituent CaGeO3 and CaO phases or (ii) as being comprised of CaGeO3 and the CaGeO3:CaO interface.

[image: image]

From Equation (3), it is clear that (i) the mole fraction of CaO in Can+1GenO3n+1 is given by the ratio 1/(n + 1) and (ii) the mole fraction of Ca2GeO4, which represents the fraction of CaGeO3:CaO interface in the structure, is given by the ratio 1/n. Therefore, to reflect the importance of the interface, sH, sL, and κ are plotted as a function of 1/n in the subplots on Figure 3. Straight lines have also been plotted interpolating between values for the CaGeO3 (1/n = 0) and Ca2GeO4 (1/n = 1) end members to show how well the structure may be considered as a mixture of these two constituents in the high-symmetry (blue dot-dashed) and rotation (red dotted) phase series.

The least compliant eigenvector, sL, corresponds to isotropic expansion/contraction for all structures investigated (see Table S3) and thus is closely linked to the bulk compressibility, β. Figure 3 shows that sL increases linearly with higher Ca2GeO4 mole fraction but is invariant to changes in symmetry for a given n. All values for sL lie on the line interpolating between CaGeO3 and Ca2GeO4 high-symmetry end members regardless of phase symmetry implying that sL is determined mainly by the composition.

sH also increases in magnitude with Ca2GeO4 content for all RP phases. However, unlike sL, sH is greatly enhanced in the phase with a frozen rotation compared to the high-symmetry phase, and the rate of increase in sH for rotation phases with 1/n is also greater in the rotation phase than in the high-symmetry parent. For all the tetragonal phases studied, the eigenvector sH lies in a strain direction corresponding to a cooperative increase in in-plane lattice parameters, ab, and decrease in the lattice parameter along the layering axis, c, or visa versa. In a previous work, we proposed an atomic mechanism to facilitate a large compliance eigenvector in RP phases with a frozen octahedral rotation that relies on combined in-plane and out-of-plane symmetry breaking at the CaGeO3:CaO layer interface to closely couple the ab and c axes (Ablitt et al., 2017). Since this mechanism operates at the CaGeO3:CaO interface, it is interesting to note that sH in the rotation phase is linearly dependent upon the mole fraction of this interface in the structure, increasing as this interface fraction becomes greater, and thus sH for intermediate values of 1/n may be easily predicted by interpolating between the sH values for CaGeO3 (with no interface) and Ca2GeO4 (maximum interface) rotation phases.

This steeper increase in sH for rotation phases than high-symmetry phases with interface mole fraction (1/n) thus manifests as a large enhancement in κ between the child structure and parent, where the magnitude of this enhancement increases greatly with 1/n, reaching a maximum in the n = 1 structure. The key result of this analysis of the compliances is hence that this n = 1 structure is the best in the Ruddelsden-Popper series for facilitating uniaxial NTE.

3.2. Elastic Compliances

Figure 3 showed how the eigenvalues of s vary with the CaGeO3:CaO interface fraction (1/n). In this section we take a step back and analyse how the individual components of the compliance matrix, sij, vary with 1/n. In the second half of the section, we assess the quality of the two interpolations, (i) between CaGeO3 and CaO constituents and (ii) between CaGeO3 and CaGeO3:CaO interface constituents, to predict the compliance components of intermediate values of 1/n.

Figure 4 shows the elastic compressibility, β, and components of the elastic compliance matrix, s, computed for fully relaxed high-symmetry and rotation phases in the Can+1GenO3n+1 series. Since all phases are (pseudo-)tetragonal, only the four symmetrically distinct sij components identified in Equation (1) are plotted. The full s matrix, associated eigenvalues and eigenvectors and β may be found for all structures in Table S3.
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FIGURE 4. (A) The bulk compressibility, β and (B–E) components sij of the elastic compliance matrix for a tetragonal material plotted for high-symmetry and rotation phases in the Can+1GenO3n+1 series against the mole fraction of CaGeO3:CaO interface (1/n). Interpolations between values in the CaGeO3 (1/n = 0) and Ca2GeO4 (1/n = 1) structures are plotted for both high-symmetry and rotation phases (blue dot-dashed and red dotted lines, respectively). A third curve shows the interpolation between values in the [image: image] CaGeO3 phase and CaO rock salt structure computed as a function of CaO mole fraction 1/(n + 1) (cyan dashed).



The bulk elastic compressibility, β, increases linearly with 1/n but only very slight enhancement in compressibility is seen between the high-symmetry and rotation phases for a given n. Differences in β can therefore not be used to explain why uniaxial NTE is common in low n RP rotation phases but not in parent I4/mmm phases.

The normal compliance components, s11 and s33, also increase with 1/n but unlike in β there is a significant enhancement in the rotation phase compared to the high-symmetry parent, with both the magnitude and gradient with respect to 1/n greater in the rotation phase.

The sign of the off-diagonal compliance components, s12 and s13, that couple normal stresses to normal strains between axes, are negative for all compounds. This indicates that all materials have all positive Poisson ratios, νij, where νij describes the normal strain of axis j in response to a strain of axis i ([image: image]). Most materials have νij > 0, so these NTE RP phases are not auxetic (νij < 0), even though auxetic materials have been linked with materials that exhibit anisotropic NTE (Wang et al., 2017).

Despite the negative sign, the behavior of s13 is similar to that of s11 and s33: compliance increases with 1/n and there is a large enhancement in both the magnitude and the gradient increase with 1/n in the NTE phase compared with the high-symmetry parent. s12, on the other hand, displays the opposite trend since the magnitude of coupling decreases with 1/n and going from the high-symmetry to rotation phases.

As in Figure 3, straight lines have been plotted on the subplots in Figure 4 interpolating between values for the CaGeO3 (1/n = 0) and Ca2GeO4 (1/n = 1) end members. A third dashed cyan line has been added to interpolate between the pure high-symmetry CaGeO3 and CaO rock salt constituent phases. Because the mole fraction of CaO is actually expressed as 1/(n + 1) (Equation 3) these lines appear curved when plotted against the 1/n x-axis.

The trend in β follows that that would be predicted by modeling the RP series as a laminate of CaGeO3 and CaO, suggesting that β is determined predominantly by the composition. Since bulk volume thermal expansion, α, is proportional to the bulk compressibility, β, this implies that the magnitude of α is heavily dependent on chemistry. This result echoes recent work showing that experimental measurements of many thermodynamic properties of RP structures may be predicted by interpolating between values of their chemical constituents (Glasser, 2017).

Whereas, β could be approximated well as a function of CaO content for RP phases, s11 of high-symmetry phases increases above that predicted by the cyan curve. This indicates that even in the high-symmetry phase, the CaGeO3 and CaO layers do not behave independently and are affected by the interface between them. The prediction for s33 based on the CaO content is quite good, which may be because s33 corresponds to deformations along the layering axis (with the a and b lattice parameters fixed) and therefore the different constituent layers are being stretched in series1. For both s11 and s33, the rotation phases follow a linear relationship with 1/n and therefore may be considered dependent upon the fraction of CaGeO3:CaO interface in the structure (red dotted line). However, in the high-symmetry phase the n > 1 values for both normal compliance components increase slightly beyond that predicted by interpolating between the extreme CaGeO3 and Ca2GeO4 values (blue dot-dashed line). This is surprising since it is not immediately obvious how the structure of higher n compounds is different to local regions of CaGeO3 and Ca2GeO4 and therefore what additional compliance mechanisms could operate.

For both s12 and s13, modeling the compliance according to the mole fraction of CaO is a poor approximation, so much so that this prediction actually gives the wrong sign of the change in s12 with 1/n.

3.3. Compliance Enhancement Mechanisms

In section 3.2 we showed that certain elastic properties, such as the bulk compressibility, β, are insensitive to small changes in crystal symmetry and may be accurately predicted by interpolating between the value of β in CaGeO3 and CaO end member structures based on the mole fraction of CaO. However, components of the anisotropic compliance matrix, sij, typically differ in magnitude between high and low symmetry phases and are generally more compliant than a CaGeO3:CaO interpolation predicts. Figure 5 shows the same plot as in Figure 4E (s13 vs. 1/n) but with annotations decomposing the s13 behavior of different structures into regimes of increasingly enhanced compliance. By separating the compliance regimes in this way, in this section we discuss the atomic displacements allowed in each regime by the phase symmetry and thus propose atomic mechanisms that may explain these enhancements in the s13 axis coupling parameter. In many cases (although not discussed here) this analysis may be used to explain the different regimes of the s11, s33, and s12 components in Figure 4.
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FIGURE 5. The s13 term of the elastic compliance matrix (corresponding to coupling between an in-plane axis, a or b, and the layering axis, c) for a tetragonal material plotted for high-symmetry and rotation phases in the Can+1GenO3n+1 series against the mole fraction of CaGeO3:CaO interface (1/n). Numbered arrows show the enhancement in compliance between different regimes represented by lines.



Taking the value of s13 that would be predicted by interpolating between values in the CaGeO3 and CaO constituent structures as a base (the dashed cyan curve in Figure 5), arrow ① represents an increase in the coupling between in-plane (a and b) axes and the layering axis (c) in the n = 1 Ca2GeO4 I4/mmm phase. In a pure cubic ABO3 perovskite, the A cations by symmetry have the same z position as the apical O anions. However, the inclusion of the AO layer in high-symmetry RP phases causes symmetry breaking along c at the ABO3:AO interface such that the apical O and interfacial A ions are no longer restricted to the same z coordinate, leading to a so-called “rumpling” of the AO layer. We propose that this rumpling facilitates a mechanism for enhanced s13 coupling illustrated in Figure 6A: As the in-plane, ab, axes are strained, the interstitial void between BO6 octahedra below the interfacial A cation changes in size, but the rumpling adds a degree of freedom to the z coordinate of the A cation which may thus move further into/out of the void in response to the in-plane strain. This thus couples the in-plane, ab, axes to internal displacements along the layering axis c and therefore to the layering axis itself.
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FIGURE 6. Strain coupling mechanisms that make structures particularly compliant to cooperative strains. Since these mechanisms couple the a (and/or b) and c axes, they are typified by large s13 off-diagonal components of the compliance matrix. (A) Mechanism for increased compliance in I4/mmm RP structures where the rumpling between the interfacial A and apical O ions means that A is free to displace independently of O in response to in-plane strains; (B) corkscrew mechanism in RP rotation phases—the structure is able to couple in-plane tensile strains to compressive strains along c via internal displacements assuming all nearest neighbor B–O bonds and the two shortest A–O bonds do not deform (shown as rigid struts labeled r1–r4) by changing the angle of in-plane and out-of-plane hinges (described by the angles θ and α as shown); (C) wine rack structure where tensile strains along a may couple to compressive strains along c in a system of rigid struts in a trellis structure by only changing the angle ξ.



It was commented in the preceding section that the enhancement in compliance from the interpolation between CaGeO3 and Ca2GeO4 values to n > 1 high-symmetry RP structures (shown by arrow ② in Figure 5) is surprising since all structures consist of a CaGeO3:CaO interface (with rumpling of the CaO z positions) and blocks of CaGeO3 (that one might expect to behave as bulk cubic CaGeO3). Close inspection of the n = 1 and n = 2 I4/mmm phases in Figure 1 allows us to see that in A2BO4 structures, the length of all apical B–O bonds are equal due to the mirror symmetry plane lying in each BO6 layer. Similarly the angle between epitaxial B–O and apical B–O bonds must be 90° by the same reasoning. However, in A3B2O7 I4/mmm phases, this restriction that the perovskite blocks must contain a mirror plane at the centre only means that the two outer apical B–O bond lengths and BO6 internal angles must be equal and the apical B–O bond lengths between the two inner BO6 layers must be equal. There is no restriction by symmetry that all apical B–O bond lengths must be equal or in fact that all BO6 internal angles must be 90°. These weaker restrictions create internal degrees of structural freedom that may facilitate greater compliance, since there is greater freedom for the atoms to move in response to external strains. In structures relaxed using DFT, we find that there are slight differences in these two bondlengths: 1.87 and 1.90 Å for the outer and inner apical B–O bonds, respectively, and the angle between outer apical B–O and epitaxial B–O bonds is 91.2°. This same argument may be applied to all n > 1 I4/mmm phases. However, in the special case of the n = ∞ series end member, there is no AO layer to break any symmetry along c and thus all B–O bond lengths are equal and all O–B–O angles are 90°. That this difference between s13 of n = 2, 3, 4 high-symmetry phases and the CaGeO3:Ca2GeO4 interpolation is not also seen in the significantly more compliant rotation phases may be because in these rotation phases, additional compliance mechanisms operate that dwarf the effect described by arrow ②.

Arrow ③ in Figure 5 represents the increase in coupling between the a/b and c axes from the cubic CaGeO3 phase to an I4/mcm phase with anti-phase octahedral rotation about the c axis. From a structural symmetry point of view, this may again come as a surprise since the I4/mcm phase only has an internal degree of freedom in the ab plane and not along the c axis that this plane couples to. Therefore, one might expect large changes in in-plane strain in response to biaxial stress from rigid BO6 octahedra rotating, but not also large changes in c. However, DFT studies on LaAlO3 (Hatt and Spaldin, 2010) and LaNiO3 (Weber et al., 2016) show that while the application of compressive biaxial strain to I4/mcm phases causes the rotation angle to increase, it also leads to a large tetragonal distortion of the BO6 units with compression of the epitaxial B–O bonds and extension of the apical B–O bonds.

Finally, arrow ④ in Figure 5 represents the increase in s13 coupling between rotation phases of CaGeO3 perovskite and RP phases with a frozen octahedral rotation. In these phases, the rumpling of the interfacial AO layer identified in the high-symmetry structure is still present. However, whereas in the high-symmetry structure, in-plane strains necessarily involved deformations of stiff epitaxial B–O bonds, in this lower-symmetry phase, the frozen in-plane octahedral rotation adds an internal degree of freedom in the in-plane epitaxial O positions. There are thus internal degrees of freedom in both in-plane and layering axes in RP rotation phases. In our previous paper (Ablitt et al., 2017) we proposed a “corkscrew” mechanism to explain high s13 coupling in RP1 rotation phases but not in I4/mcm ABO3 phases. This coupling mechanism in theory allows a and c to deform cooperatively without extending the four most stiff cation-anion bonds identified in the I41/acd Ca2GeO4 structure, by only changing two bond angles, labeled θ and α in Figure 6B. We call this mechanism corkscrew since an in-plane rotation leads to an extension along the rotation axis: Figure 6B shows how the in-plane rotation angle θ may decrease in response to a biaxial expansion, such that this in turn pulls the stiff O-A bond (shown as a rigid rod), decreasing the angle α and thus increasing the rumpling of the rock salt layer and forcing contraction along the c-axis.

The net result of these interfacial strain coupling mechanisms in RP phases, yielding an enhanced off-diagonal s13 compliance term, is rather reminiscent of the “wine-rack” mechanism such as that which operates in methanol monohydrate (Fortes et al., 2011). In the wine-rack trellis structure, shown schematically in Figure 6C with rigid struts but flexible hinges, a couples strongly to c, mediated by the hinge angle, ξ, in the ac plane. Following the method used to analyse the wine-rack (Grima and Evans, 2000) and other idealized geometries (Smith et al., 2000, Grima et al., 2012), we were able to derive the mechanical properties that our pure corkscrew mechanism would exhibit under the conditions that the four stiff bonds shown in Figure 6B indeed remained rigid and all resistance to strain came from a harmonic potential in the θ and α-hinges (Ablitt et al., 2018). Under these restrictions, a corkscrew model would have an s13 compliance parameter as a function of RP layer thickness, n, given by

[image: image]

where kθ and kα represent the harmonic stiffness of the θ and α-hinges, respectively, and f(θ, α) is an expression of trigonometric functions of θ and α

[image: image]

Under the constraints of this model, α is explicitly dependent on θ by the equation

[image: image]

and therefore given the bond lengths r1-r4 (as defined in Figure 6B), the value of θ fully determines the structure.

In the limit that kα >> kθ, the AO interface is stiffer than the ABO3 perovskite blocks and s13 loses dependence on n. However, in the opposing limit that kθ >> kα and changing the in-plane rotation angle is the main obstacle to strain, s13∝1/n. The real system is closer to the kθ >> kα limit as we observe linear behavior of s13 with 1/n. Although this model has been derived assuming that all equatorial B–O bond lengths (r1) and all apical B–O bond lengths (r2) are equal, the bond lengths r2 and r3 do not feature in Equation (4) and r1 and θ only need refer to the in-plane bond lengths and rotation angle in the outer layer of the perovskite block. Therefore, this mechanism is compatible with a distribution of possible bond lengths and rotation angles in different layers of a perovskite block if n > 1.

We accept the limitations of such simple models but developing the study of how symmetry-allowed local distortions can give rise to new compliance mechanisms in different crystallographic phases, such as those identified using arrows ①–④ in Figure 5, may allow for the prediction of phases with high cross compliances by symmetry alone, before needing to explicitly compute the elastic constants. Calculations of elastic constants are, in turn, frequently less expensive than performing lattice dynamics calculations across the full Brillouin zone to compute the thermodynamic driving force for anisotropic thermal expansion, Φ.

Therefore, looking for other materials with such high cross compliances, using symmetry analysis as a guide to narrow the pool of structures, may prove a more general method for searching for novel NTE materials. Indeed, by considering this analysis and our thermodynamic criteria requiring a proximity to a competing phase transition to provide Φ, we have already been able to identify (Ablitt et al., 2017) the layered double perovskites Sr2MgWO6 (Achary et al., 2006) and (110)-cut perovskite LaTaO4 (Cordrey et al., 2015) which fall within this general paradigm. Substantial research opportunities exist in this area to more fully explore the NTE behavior of these classes of materials.

3.4. Dynamic Driving Force for NTE

So far we have not addressed the thermodynamic driving force for thermal expansion Φ(T), and it is rather more computationally expensive to calculate than κ as it requires the full phonon density of states to be computed for different strained structures within the QHA. Furthermore, this procedure is only possible if all phonons within the NTE structure simulated using DFT have real frequencies—suggesting that the phase must be stable at 0 K. For n > 1 structures in the Can+1GenO3n+1 series, this latter condition is not met, and therefore full computation of Φ(T) as we performed previously (Ablitt et al., 2017) would not be possible. However, we also previously identified that the most important modes driving NTE are octahedral tilts about an in-plane axis. Thus in Figure 7 we have plotted the frequency of the lowest frequency tilt mode to occur at a high-symmetry q-point in high-symmetry phases and phases with a frozen in-plane rotation. We note that these tilts are not the same as the vibrations of ions along the z direction predicted using a QHA-inspired method to cause NTE in a A21am Ca3Ti2O7 phase after 30 GPa hydrostatic pressure has been applied and in which these octahedral tilts are already frozen (Huang et al., 2016). As in previous studies (Senn et al., 2016, Ablitt et al., 2017) the Can+1GenO3n+1 series is being treated as an analog to Can+1MnnO3n+1 for comparison against experimental data to avoid expensive magnetic calculations since Ge4+ and Mn4+ are known to have equal ionic radii (Shannon, 1976). The authors have previously shown that this substitution has little bearing on the properties (phonon frequencies, elastic constants) relevant to modeling thermal expansion within the QHA.
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FIGURE 7. The lowest frequency harmonic phonon mode with octahedral tilt character found in DFT simulations at high-symmetry q-points in the Can+1GenO3n+1 series against interface fraction, 1/n. Tilt frequencies have been plotted in the high-symmetry and rotation phases with 0 GPa external pressure, and also for the rotation phase with a 4.3 GPa biaxial pressure applied to give better agreement of the Can+1GenO3n+1 structure to Can+1MnnO3n+1. DFT only simulates the system at 0 K whereas phonon frequencies may harden with increased temperature. This means that many octahedral tilts are predicted with imaginary frequencies (shown as negative) even if the mode has a real frequency and the structure is stable at some higher temperature. To give an idea of how the equilibrium phase changes with temperature, the inset graphs plot the experimentally observed phase diagram for each n in the Can+1MnnO3n+1 system. The data to make these illustrations was taken from: Ca2MnO4 (Takahashi and Kamegashira, 1993); Ca3Mn2O7 (Senn et al., 2015); Ca4Mn3O10 (Battle et al., 1998); CaMnO3 (Taguchi et al., 1989).



It can be seen from Figure 7 that in all phases, the frequency of the softest tilt mode stiffens with increased Ca2GeO4 content, indicating that the inclusion of the CaGeO3:CaO interface reduces the propensity of octahedra to tilt. The tilt mode is unstable (has an imaginary frequency) in all high-symmetry parent phases, which is unsurprising since these phases are not observed experimentally at low temperatures at any n for the Can+1MnnO3n+1 series. The tilt stiffens between the parent and child phases for all n, showing that the dynamic tilt couples competitively with the frozen in-plane rotation. In both the high- and low-symmetry phases, the (imaginary) octahedral tilt frequency varies approximately linearly with Ca2GeO4 mole fraction, although the stiffening effect going between the high- and low- symmetry phases becomes greater at higher n (lower Ca2GeO4 fraction). The CaO rock salt layer also stiffens octahedral rotations and thus the angle of the frozen rotation increases with n in rotation phases from 10.55° in I41/acd Ca2GeO4 (n = 1) up to the limit of 12.7° in I4/mcm CaGeO3 (n = ∞; see Figure S2). Hence, the greater amplitude of frozen rotation observed in CaGeO3 means that the competitive coupling between the frozen rotation and dynamic tilt is greatest for this largest n member, and leads to further hardening of the dynamic tilt frequency.

In the 0 GPa relaxed Can+1GenO3n+1 structures, the tilt is still unstable for all n. However, it was found previously (Ablitt et al., 2017) that a discrepancy arises between the Ca2GeO4 and Ca2MnO4 in-plane lattice parameters in the I41/acd phase—due to in-plane magneto-strictive coupling—but that applying a biaxial 4.3 GPa pressure corrects for this small difference, yielding very close agreement in the frequencies of the softest phonon modes. After applying this biaxial pressure, the n = 1 I41/acd Ca2GeO4 rotation phase has all real mode frequencies, but the softest tilt in all structures with n > 1 is still unstable. This agrees with experimental observation of the low temperature stable phases, shown as inset figures for each composition on Figure 7.

Ca3Mn2O7 is found at low temperature in the improper ferroelectric A21am phase, but undergoes a wide temperature region of phase coexistence with the uniaxial NTE Acaa phase between 150 and 280 K on cooling and 300 and 360 K on heating (Senn et al., 2015). The strong first order nature of the phase transition arises because frozen octahedral rotations in the A21am and Acaa phases have opposite sense (in-phase vs. out-of-phase about c within each perovskite layer—see Figure A1 in Appendix 2) but the approximate transformation temperature gives an indication of the temperature at which octahedral tilts in a rotation phase develop real frequencies. Furthermore, the n = ∞ perovskite, CaMnO3, transforms around 1166 K from a Pnma ground state with frozen octahedral tilts, to an I4/mcm phase with only an out-of-phase octahedral rotation—the n = ∞ analog of the n = 2 Acaa—remaining in this phase for only a brief temperature window before transforming again to the cubic parent structure at 1,184 K (Taguchi et al., 1989). For n = 3, the reported symmetry for Ca4Mn3O10 from 5 K up until room temperature is Pbca (Battle et al., 1998), in which a static rotation and tilt of the octahedra are present, and, although to the best of our knowledge a transformation to a higher-symmetry phase with only a frozen octahedral rotation has not yet been reported2, interpolating the experimental observations in Figure 7 predicts a transformation temperature in the 250–1,100 K window. The magnitude of the imaginary tilt frequency computed in Figure 7 may therefore by interpreted as a crude indicator of the stability of the structure with condensed rotation and tilt and thus of the temperature required to transform to the higher-symmetry rotation phase.

As well as having optimal elastic anisotropy to facilitate uniaxial NTE, the n = 1 Ca2MnO4 I41/acd phase has soft tilt modes at low temperatures providing a thermodynamic driving force for cooperative in-plane positive and out-of-plane NTE. This feature is not unique to the n = 1 structure however, since at some higher temperature all Can+1MnnO3n+1 compounds should transform to a phase in which the tilt frequencies are real and soft, at least over some temperature range. Furthermore, we have demonstrated previously in the Ca3−xSrxMn2O7 system, that for a given layer thickness n, chemical substitution (changing x) may be used to alter the Goldschmidt tolerance factor and thus the frequencies of these octahedral tilts, switching between positive and negative uniaxial thermal expansion (Senn et al., 2016). Therefore, Figure 7 shows that the RP structure, through the layer thickness n, determines a ballpark value for the 0 K tilt frequency in the uniaxial NTE phase, and thus a ballpark temperature window in which the NTE phase will be stable. Hence, given this structural constraint we may use chemical control to optimize the proximity of the structure to the phase transition and so enhance the NTE. In this respect, the n = 1 family member, since one may presume that it may be tuned chemically to arbitrary proximity to the competing phase transition, is the most promising candidate for exhibiting the largest NTE on account of the anisotropy with respect to its most and least compliant directions which we have shown is maximized for this system.

4. CONCLUSIONS

We have shown that the elastic anisotropy ratio, κ, found previously to be an essential ingredient for uniaxial NTE, increases linearly in the RP Can+1GenO3n+1 series (n = 1, 2, 3, 4 …∞) with the CaGeO3:CaO content (expressed by the ratio 1/n), reaching a maximum in the structure with maximal interface (n = 1). By decomposing the components of the elastic compliance matrix for high-symmetry and NTE phases (with a frozen octahedral rotation about the layering axis) into different regimes that show similar trends with 1/n, we have been able to link these regimes with internal degrees of freedom in the structure that allow atomic mechanisms to operate that couple to cell strains. The most important of these is the “corkscrew” mechanism that operates locally at the CaGeO3:CaO interface in phases with a frozen octahedral rotation about the layering axis and therefore explains the trend that anisotropic compliance correlates with the fraction of interface in these phases. This local atomic compliance mechanism is analogous in certain ways to the wine-rack mechanism that operates in many much softer framework materials. The compliance matrices can be rapidly calculated by DFT methods and diagonalized to assess them for cross coupling terms that promote pronounced uni or biaxial NTE. This makes them suitable descriptors for high throughput computational searching for novel NTE materials, especially when symmetry constraints may be employed to narrow the space of candidate phases.

We further investigated the trend in frequency of octahedral tilts with RP layer thickness and found that the 0 K tilt frequencies in NTE or analogous structures become softer with increasing n. This implies that a window of stability of the NTE phase with soft active tilt modes exists at increasingly higher temperatures with higher n. We had previously shown that the thermodynamic driver for NTE for a given n might be tuned with chemical substitution, and we now show that the anisotropic compliance necessary for NTE in these systems is maximized for a high fraction of CaGeO3:CaO interface layers in the structure. On the basis of this analysis, we thus predict that the n = 1 systems, such as Ca2MnO4, will be the RP systems in which the maximum NTE can be achieved via chemical substitution.
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FOOTNOTES

1However, we note that under these conditions one should use a Voigt average to interpolate s33, whereas by drawing a straight line of compliance vs mole fraction we have actually performed a Reuss interpolation. In Figure S1 in the SI we show that a Voigt fit against CaO mole fraction is actually less close.

2Although we do note that the high-symmetry I4/mmm parent structure has been stabilized at room temperature from solid state synthesis at high temperatures and pressures (Yu et al., 2001).
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Negative thermal expansion (NTE) describes the anomalous propensity of materials to shrink when heated. Since its discovery, the NTE effect has been found in a wide variety of materials with an array of magnetic, electronic and structural properties. In some cases, the NTE originates from phase competition arising from the electronic or magnetic degrees of freedom but we here focus on a particular class of NTE which originates from intrinsic dynamical origins related to the lattice degrees of freedom, a property we term structural negative thermal expansion (SNTE). Here we review some select cases of NTE which strictly arise from anharmonic phonon dynamics, with a focus on open perovskite lattices. We find that NTE is often present close in proximity to competing structural phases, with structural phase transition lines terminating near T=0 K yielding the most prominent displays of the SNTE effect. We further provide a theoretical model to make precise the proposed relationship among the signature behavior of SNTE, the proximity of these systems to structural quantum phase transitions and the effects of phase fluctuations near these unique regions of the structural phase diagram. The effects of compositional disorder on NTE and structural phase stability in perovskites are discussed.

Keywords: negative thermal expansion, structural negative thermal expansion, quantum phase transition, structural phase transition, perovskite, antiferrodistortive phase transition, scandium trifluoride

1. INTRODUCTION

Thermal expansion is among the most widely recognized thermodynamic properties of materials. From a textbook perspective (Ashcroft and Mermin, 1976), thermal expansion occurs through anharmonic free energy terms arising from nuclear lattice degrees of freedom. The dominant appearance of the positive thermal expansion (PTE) found in both research-grade and industrial materials is heuristically ascribed (Barrera et al., 2005; Miller et al., 2009; Takenaka et al., 2012) to the expected anharmonic behavior of a generic interatomic potential, which is hard at short distance and soft at large distance (Figure 1A). As temperature is raised, higher energy excitations are populated which have an ever increasing mean separation, dilating the bond and presumably lattice dimensions. Of course this is not a theorem any more than crystals are molecules and collective motion of lattices permit various potential landscapes, such as a librational coordinate of tetrahedral molecular solids (Prager and Heidemann, 1997), which possess clear qualitative differences (Figure 1B).


[image: image]

FIGURE 1. Intermolecular potentials provide a heuristic explanation for the common occurrence of (A) PTE and (B) NTE. (C) The complex structure of the low-symmetry α-phase of ZrW2O8, from Hancock et al. (2004a).



Mention of negative thermal expansion (NTE), a material's tendency to shrink when heated, often evokes discussion of liquid water-ice expansion responsible for icebergs and the 4K temperature window above the ice-water phase boundary where phase fluctuations occur. This is an example of a route to achieving NTE which relies on broadened phase transitions between a low-temperature high-volume phase fluctuating into a high-temperature low-volume phase, other examples of which include the industrial alloy InVar (Guillaume, 1920) (Fe64Ni36) and more recently discovered NTE materials (Takenaka and Takagi, 2005; Azuma et al., 2011; Qu et al., 2012; Chen et al., 2013a,b) (for more details on this approach, see Takenaka's review in this volume Takenaka, 2018). While this route to realizing NTE is promising for many applications requiring only dimensional concerns, NTE at these broadened transitions occurs only in heavily restricted regions of the magnetic and electronic phase diagrams, constraining a thermodynamic number of degrees of freedom to achieve a single mechanical characteristic. Thus, these types of NTE materials will be severely restricted in their potential for multifunctional applications.

Remarkably, there exists a growing class of materials with strong, isotropic, robust, and thermally persistent NTE that arises from structural motifs (Martinek and Hummel, 1968; Mary et al., 1996; Evans et al., 1997a,b; Pryde et al., 1997; Ernst et al., 1998; Perottoni and Jornada, 1998; Ramirez and Kowach, 1998; Ramirez et al., 2000; Mittal et al., 2001, 2004, 2018; Cao et al., 2002, 2003; Ouyang et al., 2002; Drymiotis et al., 2004; Hancock et al., 2004b; Kennedy and White, 2005; Lee et al., 2005; Tucker et al., 2005, 2007; Pantea et al., 2006; Figueirêdo and Perottoni, 2007; Han and Goddard, 2007; Keen et al., 2007, 2011; Schlesinger et al., 2008; Zhou et al., 2008; Greve et al., 2010; Gallington et al., 2013, 2014; Gupta et al., 2013; Morelock et al., 2013b; Bridges et al., 2014; Sanson, 2014). NTE in these systems is often discussed in connection with transverse fluctuations of a linkage between volume-defining vertices, which may accompany the librational, or hindered rotational motion of polyhedral subunits. The energy landscape for such motion tends to be much softer (0–2 THz) than bond-stretching motion (10–30 THz in oxides) which is often the implicated culprit of PTE. Here, NTE arises from the cooperative fluctuations of the bond network on THz time scales under very strong anharmonic influences and appears without necessarily constraining the magnetic or electronic phase diagram, permitting one to envisage new multifunctional materials with diverse mechanical, spin, orbital, thermal, electronic, superconducting, and more exotic order coexisting with NTE. Study of the unusual physics behind this type of NTE informs discovery efforts to find new contexts for this remarkable phenomenon. In addition, NTE materials hold promising application potential in stabilizing fiber Bragg gratings for high-speed telecommunication (Fleming et al., 1997; Kowach and Ramirez, 2002), substrates for devices which benefit from thermally controlled stresses and the formation of rigid composite structural materials with engineered thermal characteristics through combinations of PTE and NTE components (Balch and Dunand, 2004; De Buysser et al., 2004; Lommens et al., 2005; Sullivan and Lukehart, 2005; Lind et al., 2011).

This second circumstance for NTE, which we term structural NTE (SNTE), is the focus of the present article. The field of SNTE has been met with sustained interest from the physics, chemistry, and materials science communities since the re-discovery of the strong SNTE in ZrW2O8 in 1996 (Martinek and Hummel, 1968; Mary et al., 1996). The SNTE effect here persists over the temperature range 4-1050 K and has a sizable linear coefficient of thermal expansion (CTE) of αℓ ≃ −9 ppm/K near room temperature, which is isotropic due to the cubic symmetry maintained at all observed temperatures under ambient pressure. The low-symmetry α-phase structure of ZrW2O8 (Figure 1C) consists of ZrO6 octahedra and WO4 tetrahedra in the P213 space group, which has a screw axis along [111]. An order-disorder structural transition to a (cubic) [image: image] γ-phase occurs at zero pressure and Tc ≃ 450K. The NTE effect survives the structural transition, with a small discontinuity and reduction in the CTE to αℓ ≃ −6 ppm/K. Furthermore, application of hydrostatic pressure at T = 300K first induces an orthorhombic transition at Pc = 0.3 GPa, followed by pressure-induced amorphization realized between P = 1.5−3.5 GPa (Evans et al., 1997b; Perottoni and Jornada, 1998; Ravindran et al., 2001). Both the α- and γ-phases contain four formula units, N = 44 atoms, in each unit cell, leading to a complex phononic structure with 3 acoustic and 3N − 3 = 129 optical branches.

Despite decades of intense research, the complex structure and associated dynamics of the ZrW2O8 lattice and the related MA2O8 compounds complicates the interpretation of both theoretical and experimental investigations into the mechanisms of SNTE. For instance, a commonly identified feature in the low-temperature α-phase is the two WO4 tetrahedra with unshared “terminal” oxygen atoms aligned along the screw axis. The under-constrained freedom of these tetrahedra along this axis is often cited as being responsible for the softness of the crucial NTE modes, but there is much debate as to the precise nature of the mode and its contributions to NTE (Ramirez et al., 2000; Hancock et al., 2004b). Several attempts at describing the soft mode as either a translation or rotation of the WO4 tetrahedron were addressed via the space group symmetry—both rotational and translational motion are permitted and necessarily coupled due to the lost inversion symmetry. Another level of controversy in ZrW2O8 is the extent to which the molecular subunits may be regarded as rigid (Cao et al., 2002; Tucker et al., 2007; Bridges et al., 2014; Sanson, 2014; Dove and Fang, 2016). Although ZrW2O8 presents clear scientific challenges, its discovery is significant in that it ignited a flurry of research into the microscopic origins of the SNTE, both theoretical and experimental, employing both thermodynamic (Ramirez et al., 2000) and spectroscopic (Ernst et al., 1998; Drymiotis et al., 2004; Hancock et al., 2004b; Pantea et al., 2006) probes of the low-energy lattice behavior. Some essential, guiding observations were revealed during the ensuing years: (i) ZrW2O8 has unusually low-energy lattice modes near 2-3meV (Ramirez et al., 2000; Hancock et al., 2004b), (ii) structural phase transitions are readily induced via light hydrostatic pressure (Evans et al., 1997b; Perottoni and Jornada, 1998; Ravindran et al., 2001) and (iii) the SNTE arises from a delicate balance of the degrees of freedom and constraint in the host lattice framework (Cao et al., 2002; Tucker et al., 2007; Bridges et al., 2014; Sanson, 2014; Dove and Fang, 2016).

One central question motivating SNTE research is why some materials show SNTE and others do not? To address this question will open avenues to discovery of new NTE materials and advancing technology born from its unique properties. While the precise mechanisms behind the dramatic SNTE in ZrW2O8 are still under contention, a variety of other simpler systems with equally impressive SNTE have been discovered in recent years (Rodriguez et al., 2009; Greve et al., 2010; Hancock et al., 2015). In moving toward the goal of a deeper understanding of SNTE mechanisms, we sharpen our focus on the growing class of perovskite materials exhibiting NTE, including ScF3, ReO3 and related structural family members. We consider the rich structural phase diagrams of the perovskite structure and their description in terms of octahedral tilts and the corresponding slow lattice dynamics associated with the structural transitions. Although numerous, the hierarchy of phases is well understood and documented, making perovskites a particularly simple framework on which to study the interplay of lattice dynamics and macroscopic phenomena like NTE. In particular, we note how the corresponding dynamic modes of the perovskite lattice relate to soft-mode instabilities that accompany the approach to realized and incipient structural phase transitions and how these are coupled to mechanisms resulting in SNTE. Most importantly, we further develop the apparent connection between the emergence of SNTE alongside phase fluctuations that occur near T=0K structural quantum phase transitions (SQPTs), for which we present the available experimental evidence and develop a systematic modeling scheme to explain the coupling between phase fluctuations and thermal expansion anomalies in perovskite materials.

2. PEROVSKITES, STRUCTURAL PHASES AND SOFT-MODE INDUCED TRANSITIONS

The perovskite lattice structure may well be identified as the double-helix of the solid state–a framework which is highly functionalizable, tunable, robust, and underpins perhaps every known category of physical behavior. This includes high-temperature superconducting, itinerant ferromagnetic, local ferromagnetic, ferroelectric, insulating, metallic, glassy, as well as a plethora of antiferromagnetic and other poorly understood phases which appear to compete, coexist, and cooperate within typically rich and complex phase diagrams (Kimura et al., 2002; Maekawa et al., 2004; Takagi et al., 2010; Ngai et al., 2014). The cubic perovskites are lattice structures with formula unit ABX3, where the A-site is typically an alkali or alkaline earth metal ion, B is a transition metal and X is the anion, most commonly forming an oxide or a halide. The highest-symmetry solid phase is shown below in Figures 2A, 3A, with a cubic space group symmetry [image: image] and the B-site ions in an n = 6 octahedral coordination environment of X-site anions. A hierarchy of structural phases in the perovskites are achieved through various concerted rotations of the BX6 coordination octahedra. These phases have been cataloged and a relationship between octahedral tilts and the lower-symmetry space groups due to these structural distortions have been developed (Glazer, 1972; Glazer and IUCr, 1975) and are well-known in the ferroelectric community (Benedek and Fennie, 2013).


[image: image]

FIGURE 2. (A) A single 2D layer of perovskite octahedra in the high-symmetry cubic phase, viewed along one of the 3 fourfold axes and (B) the same layer with a non-zero tilt angle θ, showing the constrained motion of neighboring octahedra due to shared inter-octahedral X-sites.
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FIGURE 3. Shown here is (A) the general perovskite structure of formula unit ABX3 (see text), in the highest symmetry cubic space group [image: image] corresponding to a Glazer tilt notation a0a0a0. Also shown are common octahedral tilt lower-symmetry perovskites found in (B) the SrTiO3 Tc = 110K [image: image] to I4/mcm tetragonal structural transition (C) the triply degenerate [image: image] phonon condensation in the low-T, high-P ReO3 structural transition (see text) and (D) the triply degenerate [image: image] phonon condensation responsible for the rhombohedral transition is BF3 open perovskite 3d-transition metal trifluorides which also acts as the dynamic soft-mode rotations in ScF3, corresponding to Glazer tilts of a0a0c−, a+a+a+, and a−a−a−, respectively.



The scheme for indexing the possible octahedral tilts begins with a 2 × 2 × 2 unit cell of the cubic [image: image] perovskite and considers rotations of the octahedra about each of the 3 fourfold (C4) axes of the cubic phase. In the plane normal to a given rotation axis, neighboring octahedra are constrained to rotate at equal angles (θ) of opposite sign, since neighboring B-sites are bonded to a common X-site anion (Figure 2B); there is, however, a choice in the phase of rotations for columns of octahedra along the rotation axis. Which phase pattern is realized is denoted by a superscript of + or − for in- and out-of-phase stacking, respectively, or a superscript of 0 indicating a null rotation. The equality of rotation angles around each axis is given by using repeated characters. For instance, in Glazer notation a+b+c+ represents three unequal rotations about [100], [010] and [001], with all rotations in phase along each respective axis. Overall, there are 23 distinct possibilities of perovskite space groups and octahedral tilting patterns, which can be cubic to triclinic and anything in between. Several relevant examples of perovskite distortions and the Glazer notation are given in Figure 3.

One of the best-studied structural instabilities in a perovskite structure is the transition at Tc ≃ 110K in SrTiO3, first identified with electron spin resonance (ESR) spectra by Unoki and Sakudo (Unoki and Sakudo, 1967) and later confirmed by many others (Cowley, 1964; Fleury et al., 1968; Cowley et al., 1969; Shirane and Yamada, 1969) via inelastic neutron scattering (INS), X-ray diffraction and Raman spectroscopy (RS). The room-temperature structure of SrTiO3 is that of the common [image: image] space group depicted in Figure 3A, but signatures of tetragonal symmetry in the ESR and Raman (Fleury et al., 1968) spectra are observed below T ≃ 110K, along with anomalies in the elasticity (Bell and Rupprecht, 1963). Details of the atomic displacements reveal the lower-symmetry structure is the tetragonal I4/mcm space group, which corresponds to a [001]-phase-staggered rotation of the TiO6 octahedra about a [001] rotation axis, that is an octahedral tilting pattern of a0a0c− (Figure 3B). The displacements are related to the polarization of a zone-boundary optical phonon (irrep. R25) existing at the R-point of cubic Brillouin zone (BZ) (Figure 4A). In real space, the lowered-symmetry results in an effective doubling of the unit cell dimensions along one axis. In reciprocal space, however, the symmetry lowering occurs through a halving of the Brillouin zone and results in formation of new Bragg peaks as seen in an elastic scattering pattern (X-ray, neutron, electron). Dynamically, one can associate the transition to a slowing down of an optical phonon near the R (πππ) point at the corner of the cubic Brillouin zone, corresponding to a “freezing” or “condensation” of one component of the triply degenerate R-point “soft” mode.
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FIGURE 4. (A) The cubic Brillouin zone indicating the high-symmetry reciprocal lattice points Γ, X, M and R. (B) R-point mode softening on the approach to the Tc ≃ 110K structural transition in SrTiO3, measured from neutron (Cowley et al., 1969; Shirane and Yamada, 1969) and Raman (Fleury et al., 1968) scattering. Black line for T≥Tc shows agreement with the predicted soft-mode frequency for a dynamically driven second-order phase transition as given in Equation (1).



SrTiO3 is the first material in which soft modes were measured using inelastic scattering, and their concomitance with structural phase transitions was subsequently established through their observation in many other perovskites, e.g., LaAlO3, KMnF3, PbTiO3, and BaTiO3 (Shirane, 1974). A soft-mode can generally be defined as any normal mode of the dynamic lattice whose energy or, equivalently, frequency of vibration decreases anomalously. When such a vibrational frequency reaches ℏω = 0, the lattice becomes structurally unstable with respect to the displacements of this normal mode, and a subsequent symmetry-lowering, static deformation occurs to restore stability. For the simplest case of Landau-Ginsburg-Devonshire theory treated at the mean-field level, one expects a temperature dependence for the soft mode frequency (Scott, 1974; Shirane, 1974; Cowley, 1980):

[image: image]

This dependence for the R-point soft-mode in SrTiO3 is shown in Figure 4B. This transition can be described by an order parameter, a quantity that is zero above and develops non-zero average values below Tc, which follows the angle of rotation of the TiO6 octahedra about the principal axis in the low-symmetry tetragonal structure. The transition in SrTiO3 is, by all experimental accounts, second-order (continuous) in nature, but for many structural phase transitions signatures of the more common first-order (discontinuous) behavior renders the soft-mode approach invalid a priori. Nonetheless, soft modes can be used to interpret weakly first-order transitions and their frequency can be indicative of an incipient transition due to soft-mode coupling to other, primary order parameters. The 110K transition in SrTiO3 is also a prototypical example of critical behavior that can emerge in the vicinity of a structural transition, most notably the “central-peak” phenomenon discovered through an anomalous quasi-elastic peak in INS energy-transfer spectra, which can be explored elsewhere (Halperin and Varma, 1976; Topler et al., 1977; Riste et al., 1993).

In extreme cases, a material can approach dynamic instability with lowering temperature to near-zero soft mode energy, yet no temperature-induced transition is observed. In this situation, subsequent application of pressure, introduction of compositional disorder (doping) or other non-thermal parameters can perturb the ground-state of the system to drive the transition at T = 0K, realizing a quantum phase transition (QPT) (Sachdev and Keimer, 2011). Research surrounding the breakdown of canonical physical behavior near these quantum critical points (QCPs) is interesting in its own right (Coleman and Schofield, 2005; Gegenwart et al., 2008) but we below focus on QCPs within the structural phase diagrams and their relationship to the development of SNTE in a subset of the perovskites.

3. NTE IN PEROVSKITE FRAMEWORKS

Most oxide perovskites ABO3 form with an A-site, otherwise requiring a rare hexavalent electronic configuration for charge balance. One prominent exception is ReO3, which forms with no A-site and maintains its cubic [image: image] space group symmetry down to the lowest measured temperatures. In addition, ReO3 has been known to exhibit SNTE for many years, which is often attributed to soft modes permitted by the open-perovskite (A-site-free) structure. The lack of the A-site puts fewer dynamical constraints on the motion of the ReO6 octahedra in comparison to the constraints imposed by the A-site in other perovskites. This permits large anisotropic thermal displacements of the linking oxygen atoms perpendicular to the Re-O-Re bond direction, making ReO3 more susceptible to lattice instabilities corresponding to these octahedral tilt patterns. This openness to the structure has also been noted as a key feature in many other SNTE materials, including ZrW2O8, leading to a larger set of soft, low-energy phonons that have mainly been identified as the cause of SNTE. Reports on the size of the SNTE effect in ReO3 vary, but in one report, SNTE was observed in two separated temperature windows of 2–220 K and 600–680 K (Chatterji et al., 2009b) with a maximum measured linear thermal CTE of αℓ = −2.56 ppm/K (Dapiaggi and Fitch, 2009) (Figure 5).
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FIGURE 5. Shown here is the normalized cubic lattice parameter temperature dependence a(T)/a(4K) for ReO3, ScF3, and CaZrF6 NTE perovskites with strong SNTE material ZrW2O8 for comparison. Inset focuses on available data for ReO3 on 4 different samples, one (ReO3-I) over an extended temperature range (Chatterji et al., 2009b) and the other 3 (ReO3-II a-c) over a smaller temperature range, investigating the effects of compositional disorder (Rodriguez et al., 2009) (see section 5). Data taken from: ZrW2O8 (Mary et al., 1996), CaZrF6 (Hancock et al., 2015), ScF3-I (Handunkanda et al., 2015), ScF3-II (Greve et al., 2010), ReO3-I (Chatterji et al., 2009b), and ReO3-II (Rodriguez et al., 2009).



ReO3 undergoes several structural phase transitions under hydrostatic pressure and is most studied at room temperature. Early INS investigations at ambient temperature established that ReO3 undergoes a pressure-induced second-order phase transition at Pc = 0.52 GPa (Axe et al., 1985). Further studies of transport at T = 2 K showed that the lowest structural phase boundary terminates at a light hydrostatic pressure of only Pc = 0.25 GPa, observed through a change of Fermi surface cross section (Schirber and Morosin, 1979); however, few reports are available in this difficult P-T region. Based on early high-temperature data, the pressure-induced phase is likely the tetragonal P4/mbm, although recent indications of a direct transition to a cubic [image: image] phase have also been reported (Axe et al., 1985; Jørgensen et al., 1986). Neutron diffraction at elevated hydrostatic pressures revealed that the [image: image] phase is stable in the pressure range 0.5 to 13.2 GPa, above which the phase changes to the rhombohedral [image: image] space group (Jørgensen et al., 2004). The soft mode driving the pressure and temperature induced structural transition between the [image: image] and [image: image] cubic phases was shown to be three-component [image: image] phonon mode involving anti-phase rotation of the neighboring ReO3 octahedra in an a+a+a+ tilt pattern (Figure 3C). The temperature-dependence of the [image: image] mode frequency as a function of temperature at ambient pressure is shown in Figure 6B, along with a fit to the mean-field result (Equation 1). This mode is significant in that it is used to understand NTE behavior of open-perovskite systems but is also identified as an order parameter of the phase transition (Chatterji et al., 2009a).


[image: image]

FIGURE 6. (A) Shows the squared energy (ℏω)2 of the [image: image] and [image: image] soft modes vs. temperature at ambient pressure in ReO3 and ScF3, respectively. As indicated, extrapolation by mean-field approximation (Equation 1) indicates structural transition temperatures at ambient pressure of Tc ≃ −292K for ReO3 and Tc ≃ −39K for ScF3. (B) Shows the soft mode energy vs. pressure at various temperatures for (left) the [image: image] mode in ReO3 and (right) the [image: image] mode in ScF3. Solid lines are guide to the eye and symbols in both (A,B) are taken from references (Axe et al., 1985; Chatterji et al., 2009a; Handunkanda et al., 2015). Comparison supports our assignment that ScF3 is closer to a SQPT than ReO3.



Unlike oxides, fluorides commonly form stable A-site-free perovskite structures BF3 due to the wider array of available B3+ ion valence configurations among the transition metals. Prominent among these open-perovskite fluorides is ScF3, which was discovered in 2010 by Greve et al. (2010) to exhibit a robust NTE effect, which has significant maximal magnitude of the linear CTE αℓ ≃ −15 ppm/K, persisting over the broad temperature range of 4–1050 K (Figure 5). At room temperature, ScF3 crystallizes isostructurally to ReO3 with space group symmetry [image: image] and has been found to possess related structural instabilitiies corresponding to zone-boundary optical phonons. In ReO3, the condensing soft mode responsible for the low-T high-P structural phase transition is the [image: image] distortion, while ScF3 and other 3d-transition metal trifluorides fall into the lower-symmetry rhombohedral [image: image] space group symmetry, attributed to the condensation of the [image: image] optical phonon.

Although the cubic phase of ScF3 is stable at ambient pressure over the entire temperature of the solid phase down to T = 0.4K (Romao et al., 2015), X-ray diffraction (Aleksandrov et al., 2009; Greve et al., 2010) and Raman spectroscopy (Aleksandrov et al., 2009) results have revealed that ScF3 undergoes several pressure-induced phase transitions. The first is from cubic to rhombohedral (c-r) after Pc = 0.6 GPa at T=300K, with a subsequent rhombohedral to orthorhombic transition occurring above Pc = 3.0 GPa. The c-r transition has an observed pressure dependence of dTc/dP ≃ 525 K/GPa (Aleksandrov et al., 2009, 2011; Greve et al., 2010). Measurement of the lattice dynamics and the soft [image: image] mode responsible for the rhombohedral transition were performed using inelastic x-ray scattering (IXS), which revealed a 1D manifold of soft optical phonons that circumscribe the entire cubic Brillouin zone-edge. At room temperature, this manifold of modes along M-R have energy ℏω ≃ 3 meV, softening nearly uniformly to < 1 meV at cryogenic temperatures (see Figure 6B) (Handunkanda et al., 2015). The IXS results combined with structural data permit an estimation that pressures as small as Pc ≃ 0.074 GPa would be sufficient to drive the transition to 0 K. The sensitivity of the phase boundary suggests that the nature of the cubic phase is delicate at low temperature and has been shown to be susceptible to even mild perturbations (Morelock et al., 2013a, 2014, 2015), implying that the ground state of this ionic insulator lie in close proximity to a SQPT.

Phase stability and thermal expansion effects in the open-perovskite trifluoride structure have also been investigated thoroughly through chemical substitution. Chemical substitutions of Sc by Ti (Morelock et al., 2014), Al (Morelock et al., 2015), and Y (Morelock et al., 2013a) have been reported and the effects of this compositional disorder will be discussed in detail in sections 4, 5. Other investigations of changing the stoichiometry have resulted in a related class of hexafluoride compounds, one of which is CaZrF6. This material has [image: image] space group symmetry and is related to the [image: image] structure of ReO3 but with a staggered B-site ion; that is, alternating CaF6 and ZrF6 octahedra tiling a simple cubic point-group structure. The resultant (πππ) pattern is likely a key feature when attempting to relate these materials, and is in particular likely to impact the (simple cubic) M-R BZ edge mode dispersion and dimensional reduction observed in ScF3 (Handunkanda et al., 2015). Compared to ScF3, this system has isotropic NTE of larger magnitude αℓ ≃ −18 ppm/K over a temperature range >1050K (Figure 5). At P = 0 the system also remains cubic at all temperatures above 10 K but a pressure-induced transition to a disordered state occurs near Pc = 0.45 GPa (Hancock et al., 2015), closer in the P-T diagram than the c-r transition in ScF3 (~0.65 GPa) (Aleksandrov et al., 2003, 2009; Greve et al., 2010). Early computational work suggests the Γ−X manifold in the cubic BZ for this compound contribute most strongly to NTE (Gupta et al., 2018), but inelastic scattering measurements of the phonon dynamics are needed to assess the influence of the staggered substitution on the critical SNTE dynamics.

The open-perovskites presented above demonstrate this frameworks' favorable environment for harboring SNTE, but begs the question of why most other purely stoichiometric transition metal trifluorides and perovskites show more conventional thermal expansion. The lattice parameters of each of these SNTE perovskites are plotted in comparison to the prototypical SNTE material ZrW2O8 in Figure 5, which gives a clear ranking of SNTE perovskites by the magnitude of the NTE effect ((1) CaZrF6, (2) ScF3, (3) ReO3). This ranking is the opposite ordering one gets in terms of pressure required to induce the structural phase transition nearest ambient conditions, a correlation suggestive that proximity to a SQPT and strength of NTE are interrelated. We demonstrate this point for ReO3 and ScF3 in Figure 6. These plots consider the soft-mode in each system, the [image: image] phonon in ReO3 and the [image: image] in ScF3 and the available data for the energy of these modes as a function of pressure and temperature. First considering the T-dependent data at P = 0 in Figure 6A, extrapolation of the squared mode energies by Equation (1) provides a quantitative measure of the proximity to a dynamically-driven SPT, yielding Tc ≃ −292K in ReO3 (Chatterji et al., 2009a) and Tc ≃ −39K in ScF3 (Handunkanda et al., 2015). Furthermore, isothermal measurements of the soft-mode energy vs. hydrostatic pressure are provided in Figure 6B, showing that decreasing temperature and increasing pressure in both systems trend toward a QCP.

Together, the results of these data clearly show in all respects that ScF3 is closer to a SQPT than ReO3. Although data at this level in unavailable for CaZrF6, the amorphization boundary at Pc ≤ 0.45 GPa and T = 300K is a lower pressure threshold for the pressure-induced transitions at 300K in both ReO3 (~0.55 GPa) and ScF3 (~0.65 GPa). It is thus likely that ground-state of this compound is the closest to a structural instability at cryogenic temperature, while also exhibiting the most superlative SNTE effect in this class. Our central hypothesis in the context of the materials described is that the T = 0K termination of a structural phase boundary defines a structural quantum critical point (SQCP) where strong geometrical fluctuations associated with octahedral tilts drives NTE. In our view, the significance of the SQCP is a flattening of the energy landscape with respect to transverse fluctuation of the linkage unit: O in ReO3, and F in ScF3 and CaZrF6. It is worth noting that NTE arising from phase fluctuations and the displacements of a low-T soft-mode is not unique to the antiferrodistortive (zone-boundary) phonons in perovskites, but has also predicted SNTE in materials with broadly distinct structures and geometrical motifs, e.g., the Hg dimer in Hg2I2 (Occhialini et al., 2017), the CN molecule in Prussian blue analogs and related compounds (Goodwin et al., 2008; Mittal et al., 2009; Fairbank et al., 2012).

NTE is often understood through the response of the phonon spectrum to the application of hydrostatic pressure, which has been formalized in the quasi-harmonic approximation (QHA) known as the Grüneisen approach (Ashcroft and Mermin, 1976). Each phonon in the Brillouin zone of frequency and wavevector (ωi, ki) is assigned a mode Grüneisen parameter γi, defined as,

[image: image]

where κ is the isothermal compressibility. Performing an average over all wavevectors k in the first Brillouin zone, weighted by the mode contribution to the heat capacity cV, i, gives the overall lattice Grüneisen constant γ which is thermodynamically proportional to the volumetric thermal expansion αV for isotropic materials. At low-temperatures, the thermodynamic properties are dominated by contributions from the lowest energy excitations. If the low-energy phonon spectrum has large magnitude, negative mode Grüneisen parameters (negative contributions to CTE), then the k-averaged CTE will decrease as temperature is lowered. If strong enough to overcome the many high-energy excitations commonly attributed to conventional PTE, the overall expansion may turn negative in sign, strengthening at lower temperature, which is the typical functional form among the SNTE perovskites (Figure 5), before relaxing and limiting to a thermodynamically-required αV = 0 as T → 0K. From this viewpoint, soft-modes with NTE contributions are natural candidates for inducing overall NTE, since their energy softens with lowering temperature, enhancing the mode occupation and weighted contributions to the thermodynamics at low-T in comparison to thermally-stable low energy excitations.

In the SNTE perovskites and other SNTE materials like ZrW2O8, these lowest energy lattice excitations are commonly attributed to quasi-rigid dynamics of polyhedral subunits (Dove and Fang, 2016; Schlesinger et al., 2008), i.e., the geometrically rigid octahedra as shown in Figure 2 which could correspond to BX6 octahedra in ScF3, ReO3 or CaZrF6. These rigid unit mode (RUM) analyses model rigidity by freezing out portions of the phonon spectrum, such as high-energy bond-stretch and internal polyhedral bond-bend modes that are commonly attributed to causing PTE. For ScF3 and ReO3, the antiferrodistortive, zone-edge soft modes have an interpretation as RUMs. Moving beyond the commonly employed QHA and Landau mean-field approaches, we make the hypothesized relationship among soft RUMs, phase fluctuations and the development of SNTE precise within a systematic model in section 4 below.

4. THEORY OF SNTE FROM RUM FLUCTUATIONS

The purpose of this section is to present a microscopic description of NTE arising from soft modes in ReO3-type lattice structures. Such modes break the symmetry of the lattice and lead to displacive structural phase transitions (Giddy et al., 1993). Typical examples are the [image: image] mode at the point (1, 1, 1)(π/a) of the Brillouin zone of the cubic (c) [image: image] phase in MF3 (M=Sc, Al, Cr, V, Fe, Ti) metal fluorides which upon condensation gives rise to a rhombohedral (r) [image: image] lattice structure and the [image: image] mode at (1, 1, 0)(π/a) in ReO3 which generates a tetragonal (P4/mbm) phase.

The structural transitions observed in these materials are generally described by Landau theories (Axe et al., 1985; Corrales-Salazar et al., 2017). Typically, they include an order parameter (OP) associated with cooperative tilts of a rigid unit (e.g., the MF6 octahedron in the metal fluorides) coupled to long-wavelength acoustic phonons that generate volume, deviatoric and shear strains. While such mean field theories provide a fair description of the structural transitions, they fail to describe NTE, e.g., they predict zero thermal expansion in their high-T cubic [image: image] phase (Corrales-Salazar et al., 2017).

Here, we present a microscopic phenomenology that describes NTE in these open perovskite frameworks. The model includes the usual rigid tilts coupled to long-wavelength strain-generating acoustic modes as well as a cooperative interaction between tilts that drives the structural transition, e.g., dipolar interactions in the metal trifluorides (Chaudhuri et al., 2004; Chen et al., 2004; Allen et al., 2006). Our main result is that any solution of the model must include fluctuations of the OP to generate NTE. We illustrate this within a so-called self-consistent phonon approximation (SCPA) in which single site fluctuations are considered while inter-site fluctuations are neglected. This point has been appreciated before (Volker et al., 2004; Simon and Varma, 2000; He et al., 2010), however, no systematic approach has been constructed so far. In addition, our model allow us to parametrize measured macroscopic quantities in terms of microscopic parameters, which provides guidance for materials design. Our model closely follows those of the well-known antiferrodistortive transitions of SrTiO3 and LaAlO3 (Feder and Pytte, 1970), with the important distinction that we include hydrostatic pressure and account for compositional disorder. The latter is aimed at describing compounds with tunable NTE through composition such as mixed solid solutions of metal triflurides (Morelock et al., 2013b, 2014, 2015). For concreteness, we will consider a c-r transition similar to that in ScxTi1−xF3 in which the threefold zone-boundary [image: image] phonon splits into a low-energy Eg doublet and a high energy A1g singlet at a transition temperature Tc (Daniel et al., 1990).

Our model analysis is by no means exhaustive. More elaborate descriptions that go beyond the picture of rigid tilts involving, for instance, distortions and translations of such building units are usually needed to describe the observed thermal expansion (Li et al., 2011). Also the observed structural transitions are frequently of first-order, which we do not consider here for the sake of simplicity. Nonetheless, our semi-analytic approach accounts for microscopic aspects of the phonon dynamics and its relation to NTE, and helps identify general trends of the solution. Moreover, it provides the basis to build other frameworks that capture atomistic details such as first-principles-based effective model Hamiltonians (Rabe et al., 2007).

4.1. Model Hamiltonian

We consider a cubic lattice with N sites and choose normal mode coordinates Qi = (Qix, Qiy, Qiz) in the unit cell i(i = 1, 2, …., N) associated with the [image: image] mode, the condensation of which leads to the [image: image] rhombohedral phase. Qi is proportional to the local displacements generated by the cooperative tilts of the MF6 octahedra. In addition, we introduce the strain tensor in Voigt notation ϵiα, α = 1, …, 6 in unit cell i, which is induced by displacements ui = (uix, uiy, uiz) of the centers of mass of the unit cells with respect to the acoustic-branch phonons. In order to determine the optical phonon contribution to the thermal expansion, we must couple the displacements Qi with strains ϵiα, leading to a 3-term Hamiltonian of the form,

[image: image]

Here, HQ accounts for harmonic and anharmonic energy contributions from the soft optical phonon up to quartic order in Qi; Hϵ is the strain-induced energy depending on the elasticity through the bulk modulus Ca, shear moduli and hydrostatic pressure P; and HQϵ models the coupling between these displacements and strain degrees of freedom with ga the coupling constant between the displacements and the volume strain. The explicit form of these terms is given in the Supplementary Material. To solve the statistical mechanical problem posed by the Hamiltonian in Equation (3), we use a variational formulation of a SCPA, in which the temperature and pressure dependence of the phonon energies [image: image], displacements, strain order parameters and phase fluctuations are determined self-consistently from the minimization of the free energy (Pytte, 1972). We here focus on the main results. The details of the model Hamiltonian and its approximate solution are given in the SM.

4.2. Thermal Expansion, CTE, and Grüneisen Parameters

We first focus on the volume strain 〈 ϵV 〉 = 〈 ϵ1 + ϵ2 + ϵ3 〉, which gives the change in volume with temperature and pressure with respect to a reference volume V0. We use the notation 〈 .…〉 to denote the thermal and compositional disorder average, taken in that order. By minimizing the free energy associated with the Hamiltonian in Equation (3), we find that the volume strain is given as follows,

[image: image]

where 〈 |Q|2〉 is the thermal and compositional average of the squared magnitude of the MF6 tilt. Equation (4) already illustrates one of the main points of our work: in a mean-field theory and in the absence of pressure, 〈 |Q|2〉 = 0 above Tc; thus fluctuations around the OP must be included to describe NTE. For instance, within the SCPA and for temperatures much greater than the phonon energy, we find that 〈 |Q|2〉 ∝ T in the cubic phase and Equation (4) gives,

[image: image]

where αV is the CTE at high temperatures and vR is the strength of the cooperative interaction. Figures 7A,B show, respectively, our results for the volume change obtained from Equation (4) and its CTE ( αV = d 〈 ϵV〉/dT) in the full temperature range. Model parameters were obtained by fitting to experiments (Morelock et al., 2014; Handunkanda et al., 2015) and are given in the SM. Despite its simplicity, our model produces the observed trends (Morelock et al., 2014; Handunkanda et al., 2015): NTE with a nearly linear T dependence in the c-phase, except near 0K; PTE in the r-phase; and a discontinuity in αV at the phase transition. Quantitatively, the model is in good agreement in the c-phase, but αV is about an order of magnitude less than the observed one in the r-phase. We attribute this to having neglected the first-order character of the transition and additional phonons along the M-R line of the BZ which are known to contribute to the NTE (van Roekeghem et al., 2016).


[image: image]

FIGURE 7. Calculated temperature dependence of (A) volume change, (B) CTE, and (C) Grüneisen parameters for P/P0 = 0 (solid lines) and 9.0 × 10−5 (dashed lines) for Sc1−xTixF3. P0 is the pressure needed to induce the c-r transition in ScF3 (x = 0) at 0K; [image: image]K is the transition temperature of TiF3 (x = 1) at ambient pressure. Black dashed line in (B) is the predicted CTE in the classical limit according to Equation (5). The phonon symmetry labels for x = 0.5 in (C) are the same as those for x = 1 and are not shown for clarity.



We note that Equation (5) gives αV in terms of the microscopic model parameters. It shows that mechanically compliant materials with low bulk moduli (Ca) and strong strain-phonon couplings (ga) favor thermal expansion. αV also increases by weakening the strength of the cooperative interaction vR at the expense of decreasing the transition temperatures since Tc ∝ vR, as it is shown in the SM. It also shows that the sign of this coupling plays an essential role in the thermal expansion: ga 〉 0 for NTE while ga 〈 0 for PTE.

Another physically relevant quantity is the Grüneisen parameter γν associated with each lattice mode [image: image]. We find that the temperature and pressure dependence of γν is entirely determined by the phonon energy Ων,

[image: image]

and thus diverges near the c-r transition as Ων → 0. This is in agreement with previous analytic work (Volker et al., 2004) and ab-initio calculations, where large, negative values for [image: image] have been found for ScF3 (Li et al., 2011; Liu et al., 2015; van Roekeghem et al., 2016). Figure 7B shows that [image: image] at the onset of the phase transition for x = 0.5, 1.0 and thus matches the result from Landau theory. For x = 0, there is no transition and the deviations from linear behavior are due to zero-point fluctuations.

5. THE ROLE OF DISORDER IN PEROVSKITE SNTE MATERIALS

Disorder is an inevitable part of any real material system. Here we discuss and develop the role of disorder in on the SNTE effect within the open perovskite structural class.

ReO3 has been known as a SNTE material for many years, but there are varying reports of the strength and also extent in temperature over which the effect occurs, which is summarized for recent data by Chatterji (Chatterji and McIntyre, 2006; Chatterji et al., 2009b) and Rodriguez (Rodriguez et al., 2009) in Figure 5 inset. Generally, “open" perovskite oxides are rare due to the requirement of a hexavalent B-site and controlled substitutional studies have not been reported to our knowledge. However, the controlled disorder study by Rodriguez (Rodriguez et al., 2009) compared crystals synthesized using different growth techniques and clearly showed that the highest quality crystals grown by chemical vapor transport method exhibited the largest and most thermally persistent SNTE effect. As with the physical properties of many perovskite oxides, controlled post-growth annealing procedure studies may be need to be developed to ensure the optimal NTE effect even in studies of its fundamental causes.

ScF3 is an unusually clean material - single crystals have been synthesized with 0.002 degree mosaic (Handunkanda et al., 2016), free of color centers, with high chemical and isotopic purity with readily available components. The flexibility afforded by the trivalent B-site in the trifluorides permits wide chemical tunability and provides new opportunities to observe disorder effects on SNTE. So far, the most thorough and complete studies of the substitutional series Sc1−xLxF3 have been performed with high inorganic synthesis and high quality structural synchrotron and neutron scattering efforts of the Wilkinson group at Georgia Tech. In a series of papers (Morelock et al., 2013b, 2014, 2015), substitutions of L=Al,Y,Ti have been reported, particularly the behavior of the cubic-to-rhombohedral phase boundary in this system upon these isovalent substitutions (Figures 8, 9A). Here we develop a combined analysis of these data which permits conclusions regarding the interaction of disorder and the SNTE effect.


[image: image]

FIGURE 8. Compositional dependence of the SNTE effect in Sc1−x(L = Ti,Y)xF3 for L = Ti (Morelock et al., 2014) and L = Y (Morelock et al., 2013b). (A) Reprinted with permission from Morelock et al. (2014). Copyright (2018) American Chemical Society. (B) Reprinted from Morelock et al. (2013), with permission of AIP publishing.
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FIGURE 9. (A) Cubic-to-rhombohedral transition temperatures Tc(x) in a isovalent substitutional series Sc1−xLxF3. (B) The dependence of the mean and variance using Equation (8) and the Shannon ionic radii of the Ti, Y, and Al. (C, top row) Illustration of the effect of substitution on the potential energy landscape in a solid solution as the composition x is varied. (C, middle row) The binary probability distributions P(rB) for the five composition levels with the mean and standard deviation σB of the distributions indicated by arrows and dumbbells, respectively. (C, bottom) plot of the composition dependence of the first two moments of the distribution according to Equation (8). Plot showing the dependence of the transition temperatures as a function of (D) 〈rB〉 and (E) [image: image], respectively, which show no obvious universal trend. (F) Combined plot of the transition temperatures vs. the structural tuning parameter 〈rB〉 and the disorder parameter [image: image].



Following the spirit of Attfield, who has studied compositional disorder effects on the A-site of transition metal oxide phase transitions (Attfield, 1998, 2001, 2002), we borrow the hypothesis that the ionic radius of the substituted ions represents a local energetic influence on the stability of the ordered phase and discuss in our case the probability distribution P(rB) of finding a B-site ion of radius rB in the series Sc1−xLxF3. We calculate the first two moments of this distribution and associate the mean ionic radius (1st moment) 〈rB〉 to an energetic effect on the transition and the variance (2nd moment) [image: image] of the distribution as representative of disorder. For the simple binary distributions shown in Figure 9C, these quantities are simply calculated from the nominal composition M1−xLxF3:
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These relations are general for any binary mixture, and are applied for M=Sc and L=Y,Al,Ti in Figure 9B using the Shannon ionic radius for these trivalent ions. Appropriately, [image: image] is zero for the endpoints of the compositional series and is maximum at the 50-50 composition as expected in all cases. Note that for L=Ti, the ion best size matched to Sc, this maximum is small and the effects of disorder are expected to be weaker than for other substitutions, whereas for the much larger Y and much smaller Al ions, disorder increases substantially throughout these series. Further, substitutions of Y have opposite effects on 〈rB〉 than substitutions of Ti and Al, therefore the three substitutional series cover well the transition in terms of both energetics and disorder.

Figures 9D,E show the transition temperatures plotted as a function of 〈rB〉 and [image: image]. There is not a clear common trend in either plot, except that the Y and Al substitution series are linear in [image: image], implying that quenched disorder is the dominant contribution toward driving the transition, as we have pointed out previously (Handunkanda et al., 2015). For the substitution L=Ti, the transition temperature is linear in x, suggesting a dominantly energetic effect, as hypothesized based on its similar size and treated theoretically in the weak-disorder limit of the last section. Figure 9F shows a combined plot of all three series L=Ti,Al,Y as a function of the structural tuning parameter 〈rB〉 and the disorder parameter [image: image]. This generalized disorder-energy analysis unifies the compositional dependencies of three different series with important implications, showing that disorder is deleterious to SNTE and that ScF3 is situated in a very special place which is difficult to reach in the presence of any disorder. These conclusions and the known variation in the SNTE effect of ReO3 indicate that disorder generally suppresses the SNTE effect and that careful work optimizing this property with respect to sample history may be necessary in some cases.

ScF3 has the most dramatic SNTE effect of all members of these series and also appears at a QCP in the diagram of Figure 9F. Figure 8 reproduces the figure panels for thermal expansion in each series and shows that strong SNTE persists above the transition for light substitutional levels, but weakens in all cases. We point out that no known materials exist in the large 〈rB〉, small [image: image] limit, but if such a composition could be produced, would be of high interest toward exploring the robustness of SNTE to disorder. Furthermore, routine structural refinement experiments performed at liquid helium temperatures would help immensely toward refining the QCP in these systems where SNTE seems to arise near the T=0 termination of a structural phase boundary.

6. SUMMARY

We have discussed the broad issue of SNTE with particular focus on perovskite-structured SNTE materials. We have identified the presence of several competing octahedral tilt instabilities occurring near the zero-temperature state of these materials and their associated fluctuations in the high-symmetry phase as key to the SNTE effect in these materials. We have provided a model treatment beyond mean field theory to account for these fluctuations and identified key elements that move toward control of negative thermal expansion and may be invoked for rational design and discovery of future SNTE systems. We also find that quantum mechanical effects are non-negligible and play an important role in SNTE. Finally, we have described existing data in a new analysis which attempts to isolate the influences of energetics and disorder and presented a holistic and generalizable approach leading to the conclusion that disorder disrupts the balance which drives the SNTE effect in ScF3, ReO3, and other SNTE materials. Our thorough combined analysis of the physical properties and special circumstances in this simple structural class has identified trends and influences that we hope will guide discovery of new SNTE materials.
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We have carried out first principles calculations of the vibrational and thermodynamic behavior in NiSi and isostructural compound NiGe. Phonon density of states has also been measured in NiSi using inelastic neutron scattering techniques. We find that the vibrational spectra of the two compounds are very different, due to the difference in the size and mass of Si and Ge. Interesting anomalous thermal behavior of NiSi due to anharmonic phonons is brought out well in our calculations, particularly the negative thermal expansion (NTE) along the b-axis of the orthorhombic unit cell. Large difference in thermal expansion behavior of NiSi and NiGe is very well reproduced by the calculations. Additionally, calculations enable to identify the phonon modes which lend major contribution to the negative thermal expansion behavior in NiSi, and reasons for negligible NTE in NiGe. Such typical representative modes at the zone-boundary along b-axis involve transverse vibrations of Si/Ge along c-axis.

PACS numbers: 78.70.Nx, 63.20.-e, 65.40.–b.
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INTRODUCTION

Transition metal silicides are considered important in microelectronics industry. These materials are used to reduce contact resistance at source, drain and gate terminals in standard complementary metal oxide semiconductor (CMOS) devices and very-large-scale integration (VLSI) technology. There are significant experimental and theoretical studies (Wu et al., 2005; Kim, 2015; Lin et al., 2015; Parshin et al., 2016; Stern and Madsen, 2016; Tang et al., 2017; Sidorova et al., 2018; Zhang et al., 2018a,b) on silicides to investigate their electronic and transport properties. Si-Ge alloys are the backbone of the metal-oxide semiconductor industry (Von Känel et al., 1992; Dahal et al., 2016; Lee et al., 2017; Simon et al., 2017; Kim et al., 2018). Lower resistivity, lower silicon consumption and higher stability make them better alternative to conventional silicides, like TiSi2 and CoSi2, for CMOS devices. Apart from its electronic industry applications, the compounds are reported to be good candidates for infrared sensor and ultraviolet photo detector applications. Detailed studies on the thermal behavior has been carried out on NiSiGe (Perrin et al., 2007) and FeNiSi (Simon et al., 2017) non-stoichiometric compositions, for fruitful integration of these derived compounds in the field of microelectronics.

NiSi (Franciosi et al., 1982; Lee et al., 2000; Detavernier et al., 2003; Jin et al., 2013), FeSi (Damascelli et al., 1997a,b), CoSi (Acun and Soyalp, 2012), and similar compounds (Kim, 2015) have been extensively studied with above applications in mind, and also for their various unusual physical and chemical properties (Weber et al., 2006; Lin et al., 2015; Geenen et al., 2018). NiSi (Connétable and Thomas, 2009) is structurally similar to NiGe. FeSi, a fascinating material, has been studied for its unusual magnetic and thermodynamic properties like thermal expansion, elastic behavior, heat capacity, Seebeck coefficients, magnetic susceptibility, insulator-metal transition with increasing temperature (Mandrus et al., 1995; Caracas and Wentzcovitch, 2004; Delaire et al., 2011; Parshin et al., 2016; Stern and Madsen, 2016). It is also described as a strongly correlated system, a possible Kondo insulator. Several electronic structure calculations have been reported on FeSi to understand its anomalous thermal expansion and to elucidate a link between its electronic density of states with the thermal disorder (Vočadlo et al., 2002). Phonon density of states have been studied in FeSi (Damascelli et al., 1997a,b; Racu et al., 2008), both experimentally and using ab initio molecular dynamics, to investigate softening of phonons (Delaire et al., 2013) and coupling between phonons and electronic structure in order to explain anomalous thermal expansion. Equation of state (Sarrao et al., 1994; Dobson et al., 2002) and elasticity of FeSi (Vočadlo et al., 2012) have been studied extensively to gain better understanding of the earth's core, which is mainly comprised of an alloy of iron and nickel, with a few light alloying elements like Si, C, S, H, and O.

Although NiSi and FeSi are not structurally similar at ambient conditions, their thermal expansion behavior is comparable. A cumulative study of the phonon density of states in NiSi using neutrons and first principles lattice dynamics calculations of thermal expansion would fill the gaps in complete understanding of these monosilicides and monogermanides. NiSi exhibits unusual thermal anisotropy (Donthu et al., 2004) with an expansion along the a- and c- direction while along b- direction there is significant contraction with increasing temperature. Although the overall thermal expansion coefficient has a positive value, yet the behavior along b direction makes it an interesting study. This behavior is consistent in both bulk and in thin films. In case of NiGe, there is a contraction along b- axis but it is not as large as in NiSi and FeSi. It would be very interesting to understand the differences in the behavior of NiSi, FeSi, and NiGe. The calculation of the elastic properties of NiSi and NiGe in comparison to the reported studies on FeSi would be useful to know the strength of these materials. High pressure theoretical studies on NiSi up to 500 GPa have already been reported (Lord et al., 2012; Vočadlo et al., 2012) for unraveling the mysteries surrounding the composition and behavior of earth's core. NiSixGe(1−x) compounds are found to be promising in future microelectronics industry.

The crystal structure of NiSi and NiGe at ambient temperature is found to be orthorhombic (Pauling and Soldate, 1948), with space group Pnma. There are four Ni and four Si/Ge atoms in a unit cell. Although Ni is ferromagnetic, NiSi shows no magnetic ordering even up to lowest temperature around 0 K (Dahal et al., 2016). First principle studies to understand its high pressure behavior have been extensively reported (Jin et al., 2013). Anisotropy of thermal expansion in NiSi thin films have been studied (Perrin et al., 2007). Molar specific heat up to 400 K has been measured (Acker et al., 1999). Transport properties and neutron scattering to probe its magnetic ordering at 0.48 K have been reported. FeSi has a cubic P213 (B20) structure at ambient conditions. It transforms to the CsCl structure (Pm3m) at around 24 GPa and beyond 1950 K. NiSi adopts a B20 structure above 10 GPa and at around 900 K. It finally adopts a CsCl structure above 46 GPa and 1900 K.

This paper is a combined study of the vibrational properties of ambient phase of NiSi using neutron inelastic scattering experiments and theoretical calculations to understand the anomalous behavior of the thermal contraction along b-axis. First principles calculations have been carried out to derive the phonon density of states and thermal expansion behavior is obtained using ab initio lattice dynamics simulations. We also performed the calculation in NiGe. These studies will throw light on the specific phonon modes which are responsible for the anisotropic thermal behavior in NiSi, and the changes which come into play as we move from NiSi to NiGe. This is particularly interesting as the anisotropic thermal behavior is much less pronounced in NiGe.

EXPERIMENTAL AND COMPUTATIONAL DETAILS

Inelastic neutron scattering to study the phonon density of states in polycrystalline NiSi sample has been carried out using the Triple Axis Spectrometer at Dhruva reactor, Trombay. A sample of about 20 g of NiSi polycrystalline powder was used. All the measurements are carried out in the energy loss mode with constant momentum transfer (Q) geometry over a range of Q-values. The energy of the analyzer in various scans was kept fixed at 25 and 34.4 meV. In the incoherent one-phonon approximation (Carpenter and Price, 1985; Price and Skold, 1986), the measured scattering function S(Q,E), as observed in the neutron experiments, is related to the phonon density of states g(n)(E) as follows:

[image: image]

Where the + or – signs correspond to energy loss or gain of the neutrons respectively and [image: image]. A and B are normalization constants.

The observed neutron-weighted phonon density of states is a sum of the partial components of the density of states due to the various atoms, weighted by their scattering length squares.

[image: image]

Here bk, mk, and gk(E) are, respectively, the neutron scattering length, mass, and partial density of states of the kth atom in the unit cell. The quantity between < > represents suitable average over all Q values at a given energy. 2W(Q) is the Debye-Waller factor averaged over all the atoms. The weighting factors [image: image] for the various atoms in the units of barns/amu are: Ni: 0.331, and Si: 0.077.

The density functional theory calculations using VASP (Kresse and Furthmüller, 1996; Kresse and Joubert, 1999) along with PHONON software (Parlinksi, PHONON Software, 2003) is used to calculate the phonon frequencies of NiSi and NiGe in entire Brillouin zone. The software requires the forces on various atoms after displacement along various directions. These are obtained by computing the Hellman-Feynman forces on various atom in various configuration in a supercell with various (±x, ±y, ±z) atomic displacement patterns. The Hellman-Feynman forces on the atoms in the super cell have been calculated using density functional theory as implemented in the VASP software (Kresse and Furthmüller, 1996; Kresse and Joubert, 1999). NiSi and NiGe in orthorhombic phase (space group 62- Pnma) have 2 symmetrically inequivalent atoms in the unit cell, and total number of atoms in the primitive unit cell is 8. The force calculations is performed by displacing the symmetrically inequivalent atoms along (±x, ±y, ±z) directions. The energy cutoff is 1,000 eV and a 16 × 24 × 16 k point mess has been used to obtain energy convergence in total energy of the order of meV, which is sufficient to obtain the required accuracy in phonon energies. The Monkhorst Pack method is used for k point sampling (Monkhorst and Pack, 1976). The exchange-correlation contributions were included within PBE generalized gradient approximation (GGA) (Perdew et al., 1996). The structure is optimized with atomic pseudopotential with d8s2p2, s2p2 and s2p2 valence electrons in Ni, Si, and Ge atom respectively. The convergence criteria for the total energy and ionic forces were set to 10−8 eV and 10−3 eV Å−1, respectively.

RESULTS AND DISCUSSION

Phonon Spectra

The calculated total density of states in NiSi and NiGe along with respective partial contributions of various atoms is given in Figure 1. Replacing lighter Si in NiSi with Ge brings about a change in the lattice parameters and in the bond lengths. The lattice parameter as well as volume of NiGe is larger in comparison to that of NiSi. This is reflected in the phonon density of states in the two compounds. In case of NiSi, the phonon spectra extend to 50 meV, while for NiGe it extends only up to 34 meV. The spectral range of the partial contribution of Ni is different in both the compounds. Ge (72.63 amu) is heavier in comparison to Si (28.095 amu). The low energy peak in the partial density of states of Ge in NiGe is at 8 meV in comparison to that at 16 meV in Si spectrum of NiSi. The shift in the peak position may be mainly due to the mass difference of both the atoms in respective compounds. Further, Ni-Ge bond lengths are longer in comparison to that of Ni-Si and hence the phonon frequencies are lower. As a result, the span of the vibrational spectrum of NiGe is up to 34 meV is lower in comparison to that of 50 meV in NiSi.


[image: image]

FIGURE 1. (Color online) The calculated total and partial density of states in NiSi (black line) and NiGe (red line).



In order to explain the difference in the range of phonon spectrum in NiSi and NiGe, we have plotted the force constant matrix components (Figure 2) as a function of the interatomic distance. Typically, the force constant Φ(k, k′) between a pair of atoms (k, k′) is determined from the force on the atom k' due to a small displacement of the atom k. On the other hand, the self force constant Φ(k, k) occurs due the force on the atom k when the same atom is displaced. The values at the zero distance (Figure 2) refer to the self force constants. The self force constants for NiGe are about 70% of the values for NiSi. The first nearest neighbor distances occur in the range of 2.2–2.6 Å in NiSi and NiGe, which correspond to Ni-Si and Ni-Ge bond lengths. We can see that the magnitude of force constant matrix elements in NiSi is larger than that in NiGe, which reflects in the phonon spectrum of these compounds. The phonon spectrum of NiSi extends up to 50 meV, while in NiGe the range is only up to 34 meV.
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FIGURE 2. (Color online) The calculated force constant matrix components as a function of the interatomic distance in NiSi(open circle) and NiGe (solid circle).



The measured neutron weighted phonon density of states using inelastic neutron scattering in NiSi has been shown in Figure 3. The experimental spectra compare very well with the calculations. The phonon spectra extend up to about 50 meV. The calculated neutron cross-section weighted partial phonon density of states of various atoms (Figure 3) clearly shows that the first peak in the phonon spectrum at 20 meV has mainly contribution from the Ni atom, while above 30 meV both the Ni and Si atoms contribute equally. The general characteristics of the experimental features are very well reproduced by the calculations. We may note that the peak heights in the calculated spectrum do not match very well with the measured inelastic spectrum. This may be due to the known inherent limitations both in experiment (e.g., incoherent approximation) and theory.
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FIGURE 3. (Color online) Experimental and computed neutron weighted phonon density of states of NiSi. The calculated neutron cross-section weighted partial phonon density of states of various atoms is also shown. The calculated spectrum has been broadened by the energy resolution in the experiment.



Phonon dispersion relation in NiSi and NiGe has been calculated (Figure 4). In accordance to the calculated phonon density of states, the spectral range of phonons in NiSi extends up to 50 meV, while the highest mode in NiGe is at around 34 meV. Comparison of the dispersion curve shows that the acoustic modes in NiSi extend up to 20 meV while the energy range in NiGe is up to 12 meV. These will give rise to difference in the elastic properties which arises from the slope of acoustic phonon branches along various high symmetry directions in the Brillion zone of both the compounds. The optic modes in NiSi are well separated and give rise to a three peak structure in the phonon spectrum (Figure 1), while in NiGe the modes are not separated and they give rise to a nearly broad peak (Figure 1).
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FIGURE 4. The calculated phonon dispersion curves in NiSi and NiGe along the high symmetry points in the Brillioun zone.



The group theoretical decomposition of phonons at the zone center is given as:

[image: image]

One each of the B 1u, B2u, and B 3u modes are zero energy acoustic modes. The calculated Raman and infrared modes in NiSi and NiGe is given in Table 1. The comparison of zone center modes also shows that energies of various modes in NiSi extend up to about 50 meV while the maximum range in NiGe is up to 31 meV.


Table 1. The calculated Raman and infra red modes of NiSi and NiGe in meV units.
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The calculated elastic constants for both the compounds are given in Table 2. It can be seen that all the elastic constants in NiSi have larger values in comparison to that in NiGe. This compares very well with the observed slopes of the dispersion curves in both the compounds. Similarly the bulk modulus value of NiSi (162.6 GPa) is found to be larger in comparison to that of NiGe (119.5 GPa). The bulk modulus of NiSi has been measured using synchrotron-based X-ray powder diffraction method (Lord et al., 2012) and found to be 165 ± 3 GPa, which is in very good agreement with our calculation.


Table 2. The calculated elastic constants of NiSi and NiGe in GPa units.
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Thermal Expansion Behavior

Both NiSi and NiGe are reported to show negative thermal expansion along the b-direction, while expansion coefficient is positive along a- and c-axis. The overall volume thermal expansion coefficient is positive. The anisotropic thermal expansion behavior can be computed under the quasiharmonic approximation. Each phonon mode of energy Eqj (jth phonon mode at point q in the Brillouin zone) contributes to the thermal expansion coefficient, which is given by following relations for an orthorhombic (Mittal et al., 2018) system:
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Where V0 is the unit cell volume, and sij are elements of elastic compliances matrix s = C−1. Cv (q, j, T) is the specific-heat contribution from the phonon of energy Eq, j. Γa, Γb and Γc are the anisotropic mode Grüneisen parameters of phonon of energy Eq, j as given by (Grüneisen and and Goens, 1924),

[image: image]

The volume thermal expansion coefficient for a orthorhombic system is given by:

[image: image]

The calculation of anisotropic thermal expansion requires calculation of anisotropic Grüneisen parameters. The calculations of Γl(E) are performed by applying an anisotropic stress by changing the lattice constant “a” and keeping the “b” and “c” parameters constant; and vice versa following eq.(6). Figure 5 gives the calculated variation of anisotropic Grüneisen parameters with energy averaged over all the phonon modes in the Brillouin zone in NiSi and NiGe along a, b, and c directions.
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FIGURE 5. (Color online) Calculated variation of anisotropic Grüneisen parameters with energy averaged over all the phonon modes in the Brillouin zone in NiSi and NiGe along a, b, and c directions.



As shown in Figure 5, for NiSi, the acoustic modes up to about 2.5 meV have negative values of Γl(E) (l = a, b.c) of about −12, while in NiGe the Γl(E) have relatively smaller negative values of −6 along b- and c- axis and positive values of +8 along a- axis. Further for NiSi, the modes in the energy range of 12–16 meV show small negative values of −0.2 along b-axis. The Γl(E) (l = a, b.c) in the remaining part of the phonon spectrum have positive values. In case of NiGe, the Γb shows a dip in the energy range of 12–16 meV with positive values of +0.5. Above 2.5 meV, Γl(E) in NiGe along the three axes have positive values.

The calculated thermal expansion coefficients as obtained from equations (3)–(5) are shown in Figure 6. We find that for NiSi, the thermal expansion coefficients are calculated to be positive along a and c-axes, while it is negative along b-axis. Similarly for NiGe, the αb has small negative values up to about 100 K and it is positive above 100 K. The αl (l = a, c) along a and c-axis are found to be positive in the whole temperature range. The experimental thermal expansion coefficient αb has large negative value of −16.1 × 10−6 K−1 for NiSi, while in NiGe αb has small negative values of ~ −0.4 × 10−6 K−1. Our calculations are not able to quantitatively reproduce the negative values along b-axis in both the compounds, while qualitatively they agree very well with the experimental observations of a large difference in αb in both the compounds.
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FIGURE 6. (Color online) Calculated anisotropic behavior of the linear thermal expansion coefficients along a, b, and c directions as a function of temperature in NiSi and NiGe.



The comparison between the experimental (Perrin et al., 2007) and calculated change in the lattice parameters with increasing temperature is given in Figure 7, along with change in unit cell volume of the two compounds. The change in a- and c- lattice parameters as computed in this work is in good agreement with reported experimental data (Perrin et al., 2007). However, along the b- axis the contraction with increasing temperature is found to be underestimated in our calculations than from the experiments (Perrin et al., 2007). The change in b- lattice parameter is found to be more abrupt in the experimental observations for NiSi than that in our calculated values. The calculations are found to underestimate the contraction along the b-axis in NiSi, while for NiGe the comparison between the experiments and calculations seems to show good agreement with the reported data. Further, we find that the change in the volume of NiSi (Figure 7) from our calculations is found to be underestimated in comparison to the experimental data. The calculated volume is found to be slightly overestimated in NiGe (Figure 7).
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FIGURE 7. (Color online) Change in lattice parameters and volume of NiSi and NiGe with increasing temperature. Our computed values (solid lines) in comparison with experimental data (Perrin et al., 2007) (solid symbols).



As described above, the thermal expansion coefficient at a given temperature is an outcome of contribution of phonon modes of different energies in entire Brillouin zone. To get a better insight, we have calculated (Figure 8) the contribution of phonons of energy E, averaged over Brillouin zone, to the linear thermal expansion coefficient at 300 K. In case of NiSi, phonons from entire Brillouin zone contribute to positive expansion along both a- and c- axis. Interestingly, phonons below 30 meV contribute to negative expansion coefficient along b- axis. We find that phonon modes below 30 meV contribute in different ways along the a-, c-, and b- axis. Further, in case of NiGe, we find similar behavior of phonon contribution along a- and c- axis i.e., positive contribution to thermal expansion coefficient. However, along the b- axis, phonons up to 15 meV contribute to negative expansion coefficient. We find that the range of phonon energies contributing to NTE along b- axis is significantly different for NiSi and NiGe; and this leads to significant difference in the magnitude of negative thermal expansion along b- axis in these compounds. The important inference of the above analysis is that the modes below 15 meV strongly contribute to NTE along b- axis in both the compounds.
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FIGURE 8. (Color online) The contribution to anisotropic linear and volume thermal expansion coefficients at 300 K, from phonon mode of energy E averaged over the Brillouin zone.



As mentioned in the computation details above, the thermal expansion coefficient along different axes is given by the sum of the products of anisotropic Γ and the elastic compliance components relevant to the given direction. These values have been calculated and given in Table 3. For NiSi and NiGe, thermal expansion αb(T) is given by including the values of the individual compliance values from Table 3:
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Table 3. The calculated elastic compliance of NiSi and NiGe in (10−3 GPa−1) units.

[image: image]



In case of NiSi, the values of Γa and Γc are comparable for both the compounds, and they cancel out: so only 0.129Γb term contributes. As Γb values are negative, the net value of αb becomes negative. In case of NiGe, sum of the first and the third term is less than the second term, and since Γb values are positive, the net value of αb is positive. The Γb values for different modes in the range of 12–18 meV (NiSi) are almost zero or negligibly small negative, while in case of NiGe they are small positive. As a result, the value of the thermal expansion coefficient in case of NiSi becomes more negative as compared to NiGe. Hence negative thermal expansion is more pronounced in NiSi.

In case of NiSi, the specific modes exhibiting negative values in αb and the vibrational amplitude of the atoms in these low energy modes would throw light on the physical mechanism involved in NTE. This in turn would eventually lead us to better understanding of the observed negative thermal expansion along b-direction in NiSi. The substitution of Ge in place of Si, brings about changes in the lattice which cancels out the possibility of similar behavior in NiGe. We have calculated the mean square amplitudes of various atom in NiSi and NiGe along a-, b-, and c- axis as a function of phonon energy to understand the mechanism of NTE along b- axis in both the compound (Figure 9). In Figure 8, we have observed that the NTE along b- axis in NiSi (NiGe) is mainly contributed by phonon modes of energy 8–20 meV. However, along a- and c- axis all the phonon modes contribute to positive expansion behavior (Figure 8). The density of states around 8–20 meV energy is very large, hence these modes play the dominating role in thermal expansion behavior of NiSi(NiGe). In Figure 9, the mean square displacements of Ni and Si below 20 meV show similar amplitude along a- and c- axis. However, along b- axis the magnitude of Ni is about 4 times than that of Si. In NiGe compound, the mean square displacements of Ge along b-axis are large in comparison to that of Si in NiSi. The ratio of u2 values, along b-axis, for Ni to Ge is only about 1.5. These results of mean-square amplitudes clearly bring out the similarity between the dynamics along the a- and c- axes and a different behavior along the b-axis, particularly for the modes in the 8–20 meV range. This dynamical behavior is also reflected in the nature of the anisotropic thermal expansion behavior along the b-axis.
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FIGURE 9. (Color online) The calculated anisotropic mean square displacement of various atom in NiSi and NiGe as a function of phonon energy E averaged over Brillouin zone at 300 K.



The NiSi structure consists of hexagonal sheets formed by Ni and Si atoms stacked along the a- axis. In Figure 10, we have given two of such representative modes at Y(0 1/2 0) point of 16.5 and 20.9 meV, which lead to negative expansion along b- axis. From Eq. (4), the 16.5/20.9 meV mode gives significant contraction along b- axis (αb = −6.0 × 10−6 K−1/−3.69 × 10−6 K−1, Γa = 1.19/1.73, Γb = −1.31/0.00, Γc = 3.53/2.90) and expansion in the a–c plane. The same representative modes in NiGe appear at an energy of 11.3/13.8 meV and contribute to NTE along b- axis (αb = −5.5/−3.02 × 10−6 K−1, Γa = 1.68/1.03, Γb = −0.59/−0.24, Γc = 5.12/2.98). The displacement pattern of 16.5 meV mode shows that, two of the three neighboring Ni atoms in a given hexagon move anti parallel to each other along b- axis, while the third Ni is almost at rest; and similarly two of the Si atoms vibrate along the c-axis. In case of 20.9 meV mode, all the three Ni atoms and the Si atoms in the hexagon have significant displacements. Both of these modes propagate along the b-axis, and involve transverse Si vibrations largely along the c-axis. It may be noted that transverse vibrations may contribute to NTE since it causes a negative stress in the longitudinal direction.


[image: image]

FIGURE 10. (Color online) The displacement pattern of two representative modes at the Brillouin zone boundary (0 1/2 0) responsible for negative thermal expansion in NiSi and NiGe. The numbers below the figures give the phonon energy, αb at 300 K, Γa, Γb, and Γc, respectively. Key: Ni–Red and Si/Ge–Blue.



The displacement patterns of these modes at 16.5/20.9 meV in NiSi are very similar to the modes at 11.3/13.8 meV for NiGe. However, in NiGe, other higher energy modes which give contribution to positive expansion are well below 30 meV and significantly contribute at ambient temperature, thus nullifying the NTE along b- axis from the above phonon mode, while in NiSi the high-energy modes are distributed up to 50 meV, hence positive contributions from these modes are less significant.

CONCLUSIONS

Inelastic neutron scattering study of the phonon density of states in NiSi is reported. The measured data are in very good agreement with our calculations. We also report calculations on isostructural compound NiGe. Due to the heavier and bigger Ge atom, the phonon density of states of the two compounds differs in their total span. The contribution of Ni to the phonon density of states in both the compounds differs. NiSi shows large NTE along b-axis, while NiGe compound has very small NTE behavior. The difference in the negative thermal expansion along b-axis in both compounds is brought out very well in our calculations. The different thermal expansion along the b-axis for the two compounds could be understood in terms of the respective values of the Grüneisen parameters as well as the elastic compliances. We have identified representative phonon modes involving transverse vibration of Si/Ge atoms, which contribute significantly to the phenomenon of NTE along b-axis.
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The high pressure behavior of negative thermal expansion materials continues to be of interest, as their potential use in controlled thermal expansion composites can be affected by irreversible pressure-induced phase transitions. To date, it is not possible to predict the high pressure behavior of these compounds, necessitating measurements on each composition. In this work, high pressure synchrotron powder X-ray diffraction studies of Cr2Mo3O12 and Y2Mo3O12 were conducted in a diamond anvil cell. Chromium molybdate, which adopts the monoclinic P21/a structure under ambient conditions, was found to not undergo any crystalline-crystalline transitions up to 8.9 GPa. The orthorhombic ambient pressure polymorph of yttrium molybdate was found to undergo a phase transition to the monoclinic P21/a scandium tungstate structure below 0.13 GPa. This structure is frequently observed for related materials at low temperatures, but has never been reported for Y2Mo3O12. No additional changes in this material were observed up to 4.9 GPa. The fact that the monoclinic polymorphs of these materials do not undergo phase transitions within the studied pressure range makes them unique among A2M3O12 materials, as most isostructural compositions undergo at least one phase transition to crystalline high pressure phases.

Keywords: negative thermal expansion, high pressure, synchrotron radiation, in-situ studies, scandium tungstate family

INTRODUCTION

Thermal expansion describes the tendency of materials to change dimensions with increasing temperature. Due to longitudinal vibrations of atoms along atomic bonds as thermal energy is introduced, most materials expand. The thermal expansion coefficient α quantifies the magnitude of dimensional change over a specific temperature range. Mismatches in thermal expansion are a major concern in many engineering fields for any devices that combine two or more materials (Roy et al., 1989; Lommens et al., 2005; Takenaka, 2012). The differences in the magnitude of thermal expansion between two adhered materials can lead to degradation of devices with thermal cycling due to delamination at the interface. In addition, any optical or electronic applications where absolute dimensions are crucial for optimal performance require materials that display negligible expansion to ensure dimensional stability. These challenges have led to significant interest in materials that display negative thermal expansion (NTE) (Korthuis et al., 1995; Evans et al., 1996; Attfield and Sleight, 1998a,b; Lind et al., 1998, 2011; Sleight, 1998; Reisner et al., 2000; Li et al., 2002; Phillips et al., 2008; Chapman and Chupas, 2009; Kozy et al., 2009; Greve et al., 2010). It has been proposed that NTE materials when incorporated as fillers in composites would allow the overall expansion of the material to be reduced or tailored to a specific value (Verdon and Dunand, 1997; Holzer and Dunand, 1999; Matsumoto et al., 2003; Sullivan and Lukehart, 2005; Tani et al., 2007, 2010; Lind et al., 2011). This has been accomplished previously with zirconium tungstate as a filler in a ceramic zirconia optical fiber coating (Fleming et al., 1997). However, other attempts to prepare composites with tailored expansion coefficients have failed due to irreversible phase transitions of the NTE filler under the temperature and pressure conditions encountered during manufacturing or use. For example, a Cu/ZrW2O8 composite showed highly irreproducible expansion behavior due to formation of the orthorhombic high pressure phase of ZrW2O8, which displays positive volume expansion (Holzer and Dunand, 1999).

There are several classes of materials that display NTE properties. One of these is the scandium tungstate family. These materials are often referred to as the A2M3O12 family, which includes a wide range of compositions, as A can be any trivalent cation ranging in size from Al3+ to the smaller lanthanides, and M can be molybdenum or tungsten. These materials crystallize in corner-sharing networks of AO6 octahedra and MO4 tetrahedra, and many compositions form closely related monoclinic (P21/a-A2M3O12) and orthorhombic (Pbcn-A2M3O12) structures. NTE is only observed in the orthorhombic phase, and arises from concerted tilting motions of the polyhedra. The formation of the monoclinic and orthorhombic phases depends heavily on composition, and many compounds show a reversible transition between the monoclinic polymorph at low temperatures and the orthorhombic structure at high temperatures. The temperature at which this transition occurs varies widely with composition, and in extreme cases, materials can adopt the monoclinic or orthorhombic structures over their entire stability range. For instance, scandium tungstate, yttrium tungstate and yttrium molybdate (Nassau et al., 1971; Evans et al., 1998; Forster and Sleight, 1999; Marinkovic et al., 2005; Zhou et al., 2008) retain the orthorhombic structure to at least −263 to −258 °C, the lowest temperatures studied to date, while gallium molybdate remains monoclinic up to its decomposition temperature of 600 °C (Gates et al., 2006).

In addition to the corner-sharing orthorhombic and monoclinic polymorphs described above, denser structures with higher A-site coordination numbers, resulting in a combination of both corner- and edge-shared polyhedra, are known for compositions that contain the larger lanthanides lanthanum through terbium (Nassau et al., 1965, 1971). Yttrium's ionic radius falls between the ionic radii of the trivalent lanthanides that form the Pbcn structure and polymorphs with 7- or 8-coordinated A3+ cations, respectively (Shannon, 1976). As a result, yttrium molybdate can adopt two orthorhombic structures in space groups Pba2 and Pbcn under ambient conditions (Marinkovic et al., 2005; Gates and Lind, 2007). Pbcn-Y2Mo3O12 is thermodynamically stable above 550 °C but can be retained as a metastable phase by quenching to room temperature (Gates and Lind, 2007). This structure readily absorbs water from the atmosphere, leading to formation of a trihydrate, Y2Mo3O12·3H2O (Kol'tsova, 2001). The denser Pba2-phase is isostructural to Tb2Mo3O12, with a higher coordination number for Y and edge sharing YO7 polyhedra. The denser Pba2-Y2Mo3O12 polymorph is thermodynamically stable below 550 °C, but is kinetically disfavored, thus requiring long periods of annealing at 530 °C to prepare it. This structure does not hydrate (Gates and Lind, 2007).

Because NTE materials may need to withstand high pressures and temperatures during production and regular use of composites, it is important to characterize their behavior under non-ambient conditions for effective application. The open framework structure of these materials that gives rise to NTE is highly susceptible to pressure-induced changes. High pressure studies of a number of NTE materials have shown that they undergo phase transitions to high pressure polymorphs or amorphize (see Table 1 and references therein). These denser structures are not expected to exhibit NTE (Hu et al., 1997; Paraguassu et al., 2004; Garg et al., 2005b; Maczka et al., 2012), as the phonon modes that cause NTE require corner-sharing open frameworks. Irreversible phase transitions to high pressure polymorphs are thus detrimental for potential applications, while reversible phase transitions may be acceptable if they occur at pressures that are not encountered during use of composites.


Table 1. Current high pressure research on scandium tungstate family materials.
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While a number of high pressure studies of A2M3O12 materials have been conducted, the knowledge of their high pressure behavior is not comprehensive. Some compositions are well characterized, but many are only partially characterized (e.g., In2Mo3O12, In1.5Y0.5Mo3O12, Lu2W3O12, Y2Mo3O12, see Table 1) or have not yet been studied (e.g., many Ln2M3O12, Cr2Mo2O12). Variations in data quality and experimental parameters have also led to conflicting results for the same materials (e.g., Al2W3O12, Sc2W3O12, Table 1). As such, the high pressure behavior of A2M3O12 materials remains unpredictable. One exception to this has been the observation that compositions adopting the orthorhombic structure at room temperature undergo a phase transition to the slightly denser P21/a-structure below 0.5 GPa (Paraguassu et al., 2004; Garg et al., 2005a; Varga et al., 2005a,b, 2006; Cetinkol et al., 2008; Varga, 2011; Lind, 2012; Maczka et al., 2012). Generally, at least one additional phase transition occurs at higher pressures between 1 and 4 GPa. Amorphization is commonly reported, which can be reversible or irreversible and shows onsets as low as 2.3 GPa or higher than 10 GPa (Garg et al., 2001, 2005a,b; Secco et al., 2001, 2002a,b; Liu et al., 2002; Arora et al., 2004, 2005; Karmakar et al., 2004; Mukherjee et al., 2004; Paraguassu et al., 2004; Varga et al., 2005a; Gates et al., 2006; Baiz et al., 2012; Torres Dias et al., 2013). Table 1 summarizes the current literature on high pressure behavior of A2Mo3O12compounds.

This paper reports the high pressure behavior of Cr2Mo3O12 and Pbcn-Y2Mo3O12. Cr2Mo3O12 is monoclinic at room temperature and displays positive expansion with αl = 9.8 × 10−6°C−1 up to 380 °C, where it undergoes a transition to the orthorhombic Pbcn polymorph. Above this temperature, NTE with αl = −9.4 × 10−6°C−1 is observed (Tyagi et al., 2002). Y2Mo3O12 adopts the orthorhombic structure at all temperatures, and shows NTE with αl = −9.0 × 10−6°C−1 from −253 to 177 °C (Marinkovic et al., 2009). No previous high pressure studies on chromium molybdate exist, while yttrium molybdate has been investigated by low resolution diffraction studies by our group and Raman spectroscopy by Torres Dias (Gates, 2008; Torres Dias et al., 2013). Our previous low resolution diffraction data showed no evidence of phase transitions until irreversible amorphization occurred at 2.3 GPa. It was surprising that no transition to the monoclinic polymorph was detected. However, the in situ Raman study conducted by Torres Dias et al. reported a phase transition at 0.3 GPa, followed by irreversible amorphization at 2.4 GPa. The Raman data suggested a change in symmetry from orthorhombic to monoclinic. In this work, higher resolution synchrotron diffraction data revealed that Pbcn-Y2Mo3O12 indeed undergoes a transition to the monoclinic P21/a structure at low pressure. The atomic coordinates were extracted by Rietveld analysis. Interestingly, P21/a-Y2Mo3O12 and Cr2Mo3O12 do not undergo any further crystalline-crystalline phase transitions before amorphization occurs. To our knowledge, this is the first report of relatively low density corner sharing polyhedral frameworks that remain stable under pressure.

EXPERIMENTAL

Cr2Mo3O12 and Pbcn-Y2Mo3O12 powders were synthesized using a non-hydrolytic sol-gel (NHSG) method as described previously (Gates et al., 2006; Gates and Lind, 2007; Gindhart, 2007; Baiz et al., 2008; Gates, 2008; Gindhart et al., 2008; Baiz, 2010). Well crystallized Cr2Mo3O12 was obtained after heat treatment to 500 °C, while Y2Mo3O12 required heating between 800 and 1,000 °C to achieve sharp peaks. Sample quality was confirmed by powder X-ray diffraction on a PANalytical X'Pert Pro Multipurpose Diffractometer. Phase pure samples with good crystallinity were chosen for the high pressure studies. Pbcn-Y2Mo3O12 has a strong tendency to absorb ambient moisture and form a trihydrate (Figure 1A), thus the material was freshly dried (Figure 1B), immediately transferred to a vial while hot and sealed with Parafilm.


[image: image]

FIGURE 1. Yttrium molybdate (A) trihydrate formed upon exposure to atmospheric moisture, (B) Pbcn polymorph reformed after drying.



In situ high pressure powder diffraction studies were carried out at beamline 17-BM at the Advanced Photon Source at Argonne National Laboratory in an EasyLab “Diacell Bragg-(G)” diamond anvil cell (DAC). Data were collected with a 2-D Perkin Elmer a-Si C-window CCD detector during two separate trips. Cr2Mo3O12 was measured at a wavelength of 0.72808 Å and a detector distance of 400 mm. Y2Mo3O12 was investigated during a subsequent trip at a wavelength of 0.72959 Å with a larger detector distance of 600 mm to allow collection of data to smaller d-spacings. Both setups allowed even subtle changes in the PXRD patterns to be seen. Data were collected by averaging six individual 5 s exposures. Anhydrous isopropanol was chosen as a pressure transmitting fluid (PTF) with a hydrostatic limit of 4.2 GPa (Angel et al., 2007). While higher hydrostatic limits can be achieved (Klotz et al., 2009) with alcohol or alcohol/water mixtures (10.5 GPa) or some liquefied inert gases (N2: 10 GPa, Ne: 15 GPa, He: 40 GPa), these PTFs are not suitable for the study of many NTE materials. Water is known to penetrate the open frameworks of several NTE compounds, and may lead to formation of crystalline hydrates as observed for ZrW2O8·H2O (Duan et al., 1999; Banek et al., 2010) or Y2Mo3O12·3H2O (Kol'tsova, 2001; Marinkovic et al., 2005). While no crystalline methanol adducts have been reported, it is plausible that this molecule may also penetrate into open frameworks and impact the high pressure behavior. Similarly, atomic or diatomic gases may insert into the NTE frameworks, as has been demonstrated for CaZrF6 (Hester et al., 2017a).

The powders were finely ground using a mortar and pestle in an approximately 3:1 ratio with sodium chloride as an internal pressure calibrant. An EasyLab “Diacell Bragg-(G)” membrane diamond anvil cell with diamond culet faces measuring 500 microns was fitted to a 300 micron thick steel gasket pre-indented to 100 microns with a 250 micron hole. The sample was packed into the sample chamber, flooded with anhydrous isopropanol as a PTF, and the DAC was quickly sealed. To avoid hydration of Pbcn-Y2Mo3O12, this sample was packed in a glovebag under argon. An “asclosed” pattern was collected before attaching a stainless steel diaphragm to the cell, and a programmable methanol pump was used to gradually increase the pressure to 4.9 GPa (Y2Mo3O12) and 8.9 GPa (Cr2Mo3O12) while collecting data at pressure increments of approximately 0.02 to 0.2 GPa. After the highest pressure was reached, files were collected during decompression in approximately 1.0 GPa steps. Final pressures of 2.2 and 1.9 GPa were observed at the end of the runs for Cr2Mo3O12 and Y2Mo3O12, respectively. A “decompressed” pattern was collected after opening the cell to release any residual pressure. The pressure for each scan was determined from the refined NaCl lattice parameters using the equation of state published by Birch (Birch, 1986). This approach requires calculation of Eulerian strain using equation (1):

[image: image]

where f is the Eulerian strain, v is the cell volume at pressure P, and vo is the ambient pressure volume. The value for vo was determined to be 179.5864 Å3. The calculated values for f can then be used to determine pressure using equation (2):
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where Ko is the bulk modulus at ambient temperature and a is a constant that depends on temperature. Literature values for Ko (239.9 kbar at 25 °C) and a (1.796 at 25 °C) were used (Birch, 1986).

The pressures reported in this manuscript are estimated to have errors of ± 0.1 GPa due to the continuous pressure increase during data collection, which results in each pattern being collected over a small range of pressures. The only exception are scans collected in the “asclosed” cell before attaching the diaphragm, for which we estimate an error of ± 0.02 GPa based on the uncertainty of the extracted lattice parameter of the standard.

Bulk moduli of all phases were estimated using the program PASCal using a 3rd order Birch–Murnaghan equation of state (Cliffe and Goodwin, 2012). For high pressure phases, the first pressure point at which a polymorph was observed was used as critical pressure.

Data Integration and Analysis

The 2-D data were integrated using GSAS-II (Toby and Von Dreele, 2013). A pattern of NIST LaB6 collected in the DAC was used to calibrate the detector distance and determine the penetration correction, which was necessary to correct a slight non-linear distortion of the data due to penetration of X-rays into the detector. The patterns were refined using Topas Academic (Bruker, 2006; Coelho, 2018), and consecutive refinements were conducted in command line mode by copying each output file to the input file for the next dataset. Rietveld refinements were carried out for all phases, as the atomic coordinates were either known or determined in the course of this work.

RESULTS AND DISCUSSION

The high pressure behavior of Cr2Mo3O12 and Y2Mo3O12 was investigated in situ using synchrotron powder diffraction inside a DAC. During each experiment, the pressure was continuously increased. Different pressure programs were used during the two experiments, resulting in a pressure increase that was approximately twice as fast for Cr2Mo3O12 compared to Y2Mo3O12. Stack plots of all high pressure datasets and selected 1D diffraction patterns are displayed in Figures 2, 3.
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FIGURE 2. (A,B) Stacked 2D overlays of all high pressure data and (C) selected patterns for Cr2Mo3O12 collected during compression unless stated otherwise. In (C), NaCl peaks are indicated by * in the pattern collected after decompression, and the strongest peak of the unidentified impurity phase is marked with an arrow. Vertical arrows in (B) mark peaks that broaden significantly compared to other Cr2Mo3O12 peaks, while the horizontal arrow indicates an area of peak coalescence.
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FIGURE 3. (A) Stacked 2D overlay of all high pressure data and (B) selected patterns for Pbcn-Y2Mo3O12 collected during compression and after decompression. In (B), NaCl peaks are indicated by * in the pattern collected after decompression.



The scans collected upon sealing the DAC showed that the materials were under a small amount of pressure at the beginning of data collection, as the diamond anvil cell must be tightened enough to avoid evaporation of the PTF. The pressure of the first dataset was 0.05 GPa for Cr2Mo3O12 and 0.13 GPa for Pbcn-Y2Mo3O12, respectively. Data were collected up to 8.9 GPa for Cr2Mo3O12 with 0.05 to 0.2 GPa increments, and up to 4.9 GPa for Pbcn-Y2Mo3O12 with 0.02 to 0.1 GPa increments between patterns. Inspection of the PXRD overlays showed that the peaks steadily shifted to higher angles with increasing pressure (Figures 2, 3). Visual inspection of the data did not show any obvious signs of reconstructive phase transitions to distinct crystalline high pressure polymorphs, such as peak splitting, coalescence, or abrupt changes in the pattern. At sufficiently high pressures, the peaks became progressively broader in both materials.

Diffraction data for chromium molybdate were collected up to 8.9 GPa (scan 126, Figure 2A), although the conditions became non-hydrostatic above 4.2 GPa (scan 44) due to the hydrostatic limit of isopropanol. The patterns collected at lower pressures showed comparable shifts to higher angles for all peaks, suggesting relatively isotropic compressibility of Cr2Mo3O12 along all three unit cell axes. Close inspection of the stacked data overlay revealed some subtle changes in the 3 to 4 GPa pressure range (see arrows in Figure 2B). Scan 38 (3.6 GPa) shows noticeable broadening of several peaks (e.g., 9.5, 12.3, and 13.2°), while other peaks coalesce with neighboring peaks (e.g., 12–12.2°). As these changes were not observed at lower pressures, this suggests that a subtle phase transition to a closely related structure occurred.

The data range displayed in Figure 2A contains two peaks that belong to the pressure standard NaCl, which are found at 12.8 and 14.8° 2θ at the beginning of the experiment (scan 0) and persist as well-defined peaks in all scans. In contrast, the Cr2Mo3O12 peaks start to become progressively diffuse above 5.5 GPa (scan 54), indicating the onset of disorder or amorphization. Many NTE materials have been reported to amorphize under pressure (Huang, 1998; Perottoni and da Jornada, 1998; Garg et al., 2001, 2005b; Liu et al., 2001, 2002; Secco et al., 2001, 2002a,b; Arora et al., 2004, 2005; Karmakar et al., 2004; Mukherjee et al., 2004; Paraguassu et al., 2004; Varga et al., 2005b; Gates et al., 2006; Keen et al., 2007; Catafesta et al., 2008; Cetinkol et al., 2009; Baiz et al., 2012; Torres Dias et al., 2013; Salke et al., 2018), especially under non-hydrostatic conditions, as their open frameworks allow for volume-reducing rotations of the constituent polyhedra. Under non-hydrostatic pressure, such random reorientations can become “frozen in” at relatively low pressures, resulting in progressive loss of long range order. In most materials, amorphization is irreversible upon decompression. In this work, data were also collected during decompression (scans 127-144). The final dataset during the Cr2Mo3O12 high pressure experiment was collected at a residual pressure of 2.2 GPa, and showed only NaCl peaks and very broad features resembling an amorphous material (Figure 2C). However, complete release of the pressure by opening the cell resulted in recovery of crystallinity, suggesting that the material does not completely disorder (Figure 2C).

Lattice constants as a function of pressure were extracted by Rietveld refinement. The pattern collected after closing the cell gave a good match to the PDF view cards of monoclinic Cr2Mo3O12 (01-078-1654) and cubic NaCl (01-077-2064), and these phases were used as starting models for refinements. The patterns contained intensity spikes due to sample graininess, indicating that data quality was not optimal. Throughout the data set, several unidentified peaks at 6.6, 16.9, 19.4, 25.2, and 29.5° persisted. These peaks were of low intensity (see arrow in Figure 2C for most intense peak) and could not be identified as belonging to any known impurity phases, nor any known parts of the instrumental setup such as the diamond, mounting clay, or steel. It was evident that these features shifted significantly less than the chromium molybdate peaks, and persisted as sharper peaks even above the hydrostatic limit. This behavior suggests that these peaks are either due to diffraction from a material not experiencing the same pressure as the sample, or from a very hard impurity phase. Although they could not be identified, the peaks were of such low intensity that they did not interfere with Rietveld analysis.

At the lowest pressure, the data were refined using the monoclinic α-Cr2Mo3O12 phase (Figure 4A). Bond distance restraints were necessary to vary atomic positions without losing polyhedral connectivity. Refinements with restraints resulted in slightly distorted polyhedra, but preserved the overall connectivity. After initial optimization, atom positions were fixed before running consecutive refinements to avoid potentially disastrous changes. All scans with discernible peaks could be fitted using the α-phase model. Refinement quality decreased at higher pressures as peaks began to broaden above 4.0 GPa, with only very broad features remaining above 5.0 GPa (Figure 2C). This pressure range extends above the hydrostatic limit of isopropanol, which is 4.2 GPa. The changes in lattice parameters and volume (Figure 5) were extracted up to 5.0 GPa. Linear behavior was observed up to ~3.5 GPa, at which point a discontinuity or a change in slope occurred for all lattice parameters. A small but distinct increase in the a parameter was observed, followed by a continued decrease at a slightly lower rate. In contrast, a small stepwise decrease of the b-parameter preceded a steepening of the compressibility slope. The evolution of the c-parameter was almost continuous. This suggested a subtle structural distortion, which is supported by the observed anisotropic peak shifts in the data (Figure 2B). A full structural refinement of a selected dataset was carried out above this subtle phase transition using the ambient monoclinic structure of Cr2Mo3O12 as a starting point. Only the metal positions could be varied despite using bond distance restraints due to the lower data quality. A good fit was achieved (Figure 4B), corroborating that a closely related structure was formed. Similar transitions have been observed in Al2Mo3O12, AlGaMo3O12, Fe2Mo3O12, and FeAlMo3O12 (Young et al., 2016), where the compressibility of the unit cell axes changed at pressures between 1.5 and 3 GPa, but structural refinements using the original α-phase model remained stable. In addition, these four compounds underwent a second transition to a γ-phase at pressures between 2.7 and 4.9 GPa, which involved a small discontinuity in several lattice parameters as well as the cell volume. All three phases could be described with the ambient pressure P21/a monoclinic structure model. The pressure for the α- to α'- and α'- to γ-transitions correlated well with the average ionic radius of the A3+ cation in the previous study, with larger cations resulting in a lower transition pressure. The α- to α'- transition was in all cases accompanied by significant stiffening of the c-axis, while the a- and b axes softened, stiffened or remained largely unaffected depending on composition. In contrast, c-axis compressibility remained similar in the α'- and γ-phases, while the b-axis softened by about 30%.
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FIGURE 4. Rietveld plots of Cr2Mo3O12 data collected at (A) 0.05 GPa and (B) 3.7 GPa refined using the P21/a structure.
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FIGURE 5. Relative compressibility of Cr2Mo3O12, (A) cell axes and (B) volume. The hydrostatic limit is indicated by a vertical line.



The small discontinuity observed in the lattice constants of Cr2Mo3O12 suggests that the transition observed should be compared to the formation of the γ-phase in Al2Mo3O12, AlGaMo3O12, Fe2Mo3O12 and FeAlMo3O12, even though no stepwise decrease in cell volume is observed due to the combination of significant a-axis stiffening, b-axis softening and unaffected c-axis compressibility. The change in compressibility of the b- and c-axes between α-Cr2Mo3O12 and γ-Cr2Mo3O12 is comparable to what was observed in the previously studied compositions, while the significant stiffening of the a-axis is much more pronounced than the changes in Al2Mo3O12, AlGaMo3O12, Fe2Mo3O12, and FeAlMo3O12. The transition pressure of ~3.5 GPa is similar to the 3.2 GPa transition pressure reported for the formation of γ-FeAlMo3O12 (Young et al., 2016). The ionic radius of Cr3+ in octahedral coordination is 61 pm, which is comparable to the average ionic radius of an equimolar mixture of Fe3+ and Al3+ in octahedral coordination (59.5 pm).

Separate compressibility constants were extracted for the pressure ranges corresponding to the α- and γ-phases of Cr2Mo3O12 to avoid contributions from the phase transition. Compressibility constants for α-Cr2Mo3O12 were extracted from 0.05 to 3.4 GPa, and were found to be βα, a = 0.93 ± 0.01 × 10−2 GPa−1, βα, b = 1.19 ± 0.01 × 10−2 GPa−1, βα, c = 1.01 ± 0.01 × 10−2 GPa−1, and βα, v = 3.13 ± 0.02 × 10−2 GPa−1. For γ−Cr2Mo3O12, these values changed to βγ, a = 0.64 ± 0.02 × 10−2 GPa−1, βγ, b = 1.51 ± 0.04 × 10−2 GPa−1, βγ, c = 0.99 ± 0.02 × 10−2 GPa−1, and βγ, v = 3.08 ± 0.04 × 10−2 GPa−1 for the 3.6 to 4.5 GPa pressure range, indicating that the overall volume compressibility decreased slightly. Above 4.5 GPa, stiffening of all lattice constants was observed. The compressibility of α-Cr2Mo3O12 is close to isotropic, with b slightly softer than the other axes. This is similar to other scandium tungstate materials (Liu et al., 2003; Varga et al., 2006; Young et al., 2016). Above the subtle phase transition, the compressibility becomes considerably more anisotropic. The bulk moduli of the α- and γ-phases were found to be 28.7 ± 0.4 GPa and 26.3 ± 1.2 GPa, respectively, indicating almost negligible stiffening at high pressure.

Yttrium molybdate patterns were collected at pressures up to 4.9 GPa (scan 110), which is slightly higher than the hydrostatic limit of isopropanol. No distinct phase transitions were observed in the scan overlay (Figure 3A), and all peaks shifted uniformly to higher angles with increasing pressure, indicating isotropic compressibility of all lattice constants. Peaks belonging to the NaCl pressure standard remained sharp throughout the experiment, while the Y2Mo3O12 peaks became broader and less intense above 3.8 GPa (scan 80), which is close to the hydrostatic limit for isopropanol. Peaks remained broad throughout decompression (scans 111-115) to 1.9 GPa. Integrated patterns showed broader and weaker features as pressure was increased, and the scan collected at the end of the high pressure run [1.9 GPa (decompression)] remained largely featureless except for NaCl peaks (Figure 3B). Upon complete release of pressure by opening the cell, crystallinity was recovered, but peaks remained broader and weaker, indicating that some irreversible structural damage occurred.

Initially, a Rietveld refinement starting from the Pbcn structure was attempted for the as-closed dataset collected at 0.13 GPa. A reasonable fit could only be achieved after varying the atomic positions. This resulted in a cell with lattice constants of a = 13.53 Å, b = 9.81 Å, and c = 9.94 Å. However, two peaks remained unaccounted for (Figure 6A), and inspection of the refined structure revealed that the atoms had moved far enough to no longer form recognizable polyhedra. This held true even when constraints were applied. Additionally, the unit cell parameters indicated that a 4.4% reduction in unit cell volume had occurred when compared to the ambient pressure cell constants. This reduction in unit cell volume was much higher than expected based on the compressibility of other orthorhombic A2Mo3O12 compounds, and suggested that a transition to the structurally related higher density P21/a polymorph may have occurred below 0.13 GPa. This agrees with a previous Raman study by Torres Dias et al. (2013), which suggested that Pbcn-Y2Mo3O12 underwent a transition to a lower symmetry phase below 0.3 GPa. It is not surprising that this transition would occur at such a low pressure, as previous studies have shown that Sc2W3O12 (Garg et al., 2005a; Varga et al., 2005b, 2006; Cetinkol et al., 2008), Sc2Mo3O12 (Varga et al., 2005a) and Al2W3O12 (Varga et al., 2005a) behave similarly and undergo this transition at 0.3 GPa, 0.25 GPa and 0.1 GPa, respectively. Initial unit cell parameters for the corresponding monoclinic unit cell were estimated based on the known transformation matrix (Evans and Mary, 2000), and combined with the atomic coordinates of α−Fe2Mo3O12 as a starting model for a Rietveld refinement. Soft distance restraints were applied to stabilize the refinement, which resulted in an excellent fit with final unit cell parameters of a = 16.726 Å, b = 9.943 Å, c = 19.643 Å, and β = 125.77°. Reasonable bond distances that preserved the polyhedral connectivity were obtained, confirming that a phase transition to monoclinic ε-Y2Mo3O121 had occurred (Figure 6B). Some distortion of the polyhedra was evident, although this could also be a result of the limited data quality. The final atomic coordinates obtained for the 0.13 GPa dataset are provided in Table 2. As no evidence of further phase transitions was observed, consecutive Rietveld refinements of all scans up to the highest pressure were carried out using the monoclinic ε-Y2Mo3O12 cell. Atomic positions were fixed for these consecutive refinements. Linear compressibility was observed up to 3.7 GPa (Figure 7). Above this pressure, peak broadening and the resulting deteriorating refinement quality made extraction of lattice constants unreliable, which was evident from significant increases in their statistical errors. While quantitative analysis at pressures above 3.7 GPa is not feasible, the evolution of lattice parameters suggests that the material softens in this pressure range. Most materials get stiffer at high pressures due to reduction of empty space upon compression. However, pressure induced softening has been observed in a number of NTE material (Pantea et al., 2006; Fang and Dove, 2013, 2014; Fang et al., 2013; Morelock et al., 2013; Gallington et al., 2014; Hancock et al., 2015; Alabarse et al., 2017; Hester et al., 2017b; Ticknor et al., 2018), and has been linked to the facile polyhedral rotations that give rise to their expansion behavior. In many cases, amorphization is preceded by pressure induced softening as well. To avoid contributions from this region, the relative compressibilities were extracted for the 0.13 to 3.7 GPa pressure range, giving values of βε, a = 1.39 ± 0.004 × 10−2 GPa−1, βε, b = 1.09 ± 0.003 × 10−2 GPa−1, βε, c = 1.26 ± 0.01 × 10−2 GPa−1, and βε, v = 3.57 ± 0.01 × 10−2 GPa−1. In contrast to other materials in the scandium tungstate family that are most compressible along the b-axis, the P21/a-Y2Mo3O12 phase is stiffest along the b-axis. The bulk modulus was estimated to be 24.8 ± 0.2 GPa, which is similar to other A2M3O12 compositions studied.
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FIGURE 6. Rietveld plots of PXRD data collected at 0.13 GPa refined using structural models in space groups (A) Pbcn and (B) P21/a. * indicates peaks that cannot be accounted for by the orthorhombic cell.




Table 2. Atomic coordinates for monoclinic Y2Mo3O12 at 0.13 GPa (space group P21/a).

[image: image]




[image: image]

FIGURE 7. Relative compressibility of monoclinic Y2Mo3O12, (A) cell axes and (B) volume. The hydrostatic limit is indicated by a vertical line.



The fact that the monoclinic phases of Cr2Mo3O12 and Y2Mo3O12 remain stable up to high pressures has interesting implications for potential uses of these materials in controlled thermal expansion applications. While the monoclinic phases observed throughout the high pressure experiment display positive expansion under ambient pressure, it is known that heating can induce the monoclinic-to-orthorhombic transition in almost all monoclinic A2M3O12 compositions. This suggests that applications at increased temperatures may see a reversion to the orthorhombic structure under moderate pressures. Such temperature/pressure dependent phase transitions were observed for ZrV2O7 (Gallington et al., 2017), which shows positive expansion in a 3 × 3 × 3 superstructure below 100 °C and NTE in a simple cubic cell at higher temperatures. Chapman and Chupas have estimated that NTE materials are likely to be subjected to pressures of ~1 GPa when used in composites (Chapman and Chupas, 2007). At this pressure, the majority of A2M3O12 compositions studied adopt the monoclinic P21/a phase (Table 1). However, heating under pressure can also provide the necessary energy to overcome kinetic barriers to the formation of denser polymorphs, the existence of which has been reported for many compositions (Table 1). Such transformations may affect potential uses of Y2Mo3O12, as the thermodynamically stable polymorph (Pba2) below 550 °C is denser than the Pbcn- and P21/a-phases (Gates and Lind, 2007). In contrast, no denser phases are known for Cr2Mo3O12. It would be interesting to study the behavior of this material in pressure-temperature space to determine the orthorhombic-monoclinic phase boundary.

CONCLUSIONS

High pressure studies of Pbcn-yttrium molybdate and chromium molybdate were conducted up to 4.9 and 8.9 GPa, respectively. Pbcn-yttrium molybdate underwent a phase transition to a monoclinic P21/a phase below 0.13 GPa. This is the first time that this polymorph has been structurally characterized. The monoclinic P21/a structures of both compounds are remarkably stable and do not undergo abrupt structural phase transitions upon compression. This is unexpected, as most previously investigated isostructural A2M3O12 materials underwent at least one distinct pressure induced phase transition. Changes in the evolution of lattice constants and compressibility as a function of pressure suggest that Cr2Mo2O12 may undergo a subtle structural distortion similar to what is observed for Al2Mo3O12, AlGaMo3O12, Fe2Mo3O12, and FeAlMo3O12, while no such changes were observed for P21/a-Y2Mo3O12.

It is currently unclear what property of the A-site cation causes the remarkable stability of the P21/a polymorph in these compounds and thus whether other compositions may exhibit this behavior as well. While the monoclinic phases are not expected to exhibit NTE, their stability under pressure has important implications for composite fabrication, as the facile back-conversion to the orthorhombic phase during decompression or heating would reverse any detrimental changes that could occur during composite formation. These materials could find applications in controlled thermal expansion applications at slightly elevated temperatures, which is expected to favor the orthorhombic NTE phase even under pressure. While Y2Mo3O12 may convert to the denser Pba2-structure at moderate temperatures and pressures, the exceptional stability of Cr2Mo3O12 upon compression with respect to both formation of denser crystalline polymorphs and amorphization makes this material an attractive target.
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FOOTNOTES

1Under ambient conditions, Y2Mo3O12 may form Pba2 α−Y2Mo3O12 or Pbcn β−Y2Mo3O12, depending on synthetic conditions. High pressure studies of both materials have been published. Two high pressure phases were observed to evolve from the Pba2 phase, γ and δ. The Pbcn phase was shown to undergo a transition to the monoclinic P21/a structure, designated the ε-phase.
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Thermal expansion is a crucial factor for the performance of laser devices, since the induced thermal stress by laser irradiation would strongly affect the optical beam quality. For BaAlBO3F2 (BABF), a good non-linear optical (NLO) crystal, due to the highly anisotropic thermal expansion its practical applications are strongly affected by the “tearing” stress with the presence of local overheating area around the laser spot. Recently, the strategy to place the optical crystals in low-temperature environment to alleviate the influence of the thermal effect has been proposed. In order to understand the prospect of BABF for this application, in this work, we investigated its thermal expansion behavior below room temperature. The variable-temperature XRD showed that the ratio of thermal expansion coefficient between along c- and along a(b)- axis is high as 4.5:1 in BABF. The Raman spectrum combined with first-principles phonon analysis revealed that this high thermal expansion anisotropy mainly ascribe to progressive stimulation of the respective vibration phonon modes related with the thermal expansion along a(b)- and c-axis. The good NLO performance in BABF can be kept below room temperature. The work presented in this paper provides an in-depth sight into the thermal expansion behavior in BABF, which, we believe, would has significant implication to the manipulation in atomic scale on the thermal expansion of the materials adopted in strong-field optical facility.

Keywords: BABF, anisotropic thermal expansion, phonon stimulation, NLO optical property, low temperature

INTRODUCTION

Thermal expansion behavior is a crucial performance factor for materials used in lasers, due to its affinity with the ability of the optical outputting (Wynne et al., 1999; Wang et al., 2007; Mangin et al., 2011; Ito et al., 2017; Fang et al., 2018). Non-linear optical (NLO) crystal, a type of crystals for laser frequency conversion, has played a key role in the broadening of laser spectrum and become one of the most prevailing branch of optical materials (Chen et al., 1999, 2012; Cyranoski, 2009; Meng et al., 2009; Lin et al., 2014). Among the commercial NLO crystals, BaAlBO3F2(BABF) crystal, is a very excellent member, and exhibit many superiority over its congeners in the output of laser in 532 and 355 nm (Zhou et al., 2009; Hu et al., 2011; Yue et al., 2011; Yang et al., 2016). As for the practical application of BABF, the optical spot with high-power is usually focused on one point of the crystal, and thus “tearing” stress resulted from anisotropic thermal expansion would severely affect the beam quality and outputting power. The previous study about the thermal property of BABF revealed that above room temperature, its thermal expansion coefficient along c-axis is about eight times of that along a(b)-axis, and the strongly anisotropic thermal expansion has been the major disadvantage to restrict its practical application (Yue et al., 2011). However, the microscopic mechanism of the thermal expansion anisotropy in BABF has not been investigated. Recently, it is proposed that the thermal effect on the performance of some optical crystal used in laser can be eliminated to some extent below room temperature (Marrazzo et al., 2016; Veselov et al., 2016; Roitero et al., 2018), which provide a feasible method to overcome the problem about the thermal effect. However, the thermal expansion behavior of BABF under low temperature has not been investigated yet, and its performance index below room temperature remain unclear. Therefore, it is desirable to perform a study about the thermal expansion to give a comprehensive evaluation on the application prospect below room temperature and elaborate the structure-property relationship of the anisotropic thermal expansion of BABF.

In this work, using variable-temperature X-ray diffraction, the thermal expansion behavior of BABF below room temperature is studied, and the mechanism of the thermal expansion behavior is elaborated by Raman spectrum and first-principles phonon analysis. The optical property below room temperature is also investigated by first-principles calculation. It is elucidated that BABF still exhibit a relatively strong anisotropic thermal expansion below room temperature, but its anisotropy is less prominent than that above room temperature. The optical performance is also slightly improved under low temperature. These result indicates that the performance below room temperature for the laser generation is superior than that above room temperature, and BABF is a potential NLO crystals in cryogenic system.

EXPERIMENTAL AND COMPUTATIONAL METHOD

Sample Preparation

Polycrystalline BABF was synthesized through solid-state reaction. Analytically pure BaF2, Al2O3, and B2O3 in stoichiometric ratio as the starting materials were mixed homogeneously by agate mortar. The well-grinded reactant then was placed into muffle furnace and was heated gradually up to 800°C at the rate of 0.5°C/min with several intermediate careful grinding at 300, 600, and 800K. After cooling to room temperature, the white powder of target compound was obtained.

Variable Temperature X-Ray Diffraction

Variable temperature X-ray diffraction patterns were recorded from 13 to 300K with the internal of 20K. Each pattern was recorded with Bruker D8 advanced X-ray diffractometer Cu Kα radiation (Kα1 = 1.5406Å and Kα2 = 1.5443Å) on the finely grounded powder samples. The angular scanning range were set to 10–90° with a step of 0.01° and scanning rate 0.5 s/step. The crystal structures under different temperature were refined by Rietveld method (Rietveld, 1969) using TOPAS 4.2 program (BAXS, 2008). Based on the refined cell parameters. The thermal expansion coefficient was fitted by the PASCal software (Cliffe and Goodwin, 2012).

Raman Spectrum

The Raman pattern was recorded from 100 to 1,500 cm−1 at room temperature, using in Via-Reflex, equipped with a solid state laser with a wavelength of 532 nm. In order to improve the signal to noise ratio of the spectra, 10 integrations were carried out with an integration time of 10 s at a nominal resolution of 1 cm−1 and a precision of 1 cm−1.

First-Principles Calculation

The first-principles calculation were performed by CASTEP (Clark et al., 2005), a plane-wave pseudopotential total energy package based on density functional theory (DFT) (Kohn and Sham, 1965; Payne et al., 1992). The functionals developed by Perdew, Burke, and Ernzerhof (PBE) (Perdew et al., 1996) in generalized gradient approximation (GGA) (Perdew and Wang, 1992) form were adopted to describe the exchange-correlation energy. The optimized norm-conserving pseudopential (Hamann et al., 1979) in (Kleinman and Bylander, 1982) form were used to model the effective interaction between the valcence electrons and atom cores, which allow us to use a small plane basis set without compromising the accuracy required by the calculation. High kinetic energy cutoff of 900 eV and Monkhorst-pack (Monkhorst and Pack, 1976) k-point mesh spanning less than 0.04 Å−1 in the Brillouin zone were chosen. The vibrational property was calculated by linear response formalism (Baroni et al., 2001), in which the phonon frequencies were obtained by the second derivative of the total energy with respect to a given perturbation. The band gaps at variable temperature were predicted by hybridized functionals PBE0 based on the refined structure at respective temperature, and the refractive index and SHG coefficients were calculated by Kramers–Kronig transform based on the electronic transition matrix (PED, 1985) and the software developed by our group based on length-gauge formalism (Lin et al., 1999, 2014).

RESULT AND DISCUSSION

The crystal structure of BABF was determined by Hu et al. (2011). BABF possesses a hexagonal lattice with layered-tendency structure, as displayed in Figure 1. One boron atom is bonded with three oxygen atoms to form a planar BO3 triangles, and one aluminum atom coordinates with three oxygen and two fluorine atoms to generate the AlO3F2 trigonal bipyramid. The BO3 triangles and AlO3F2 trigonal bipyramids are aligned alternatively in the ratio 1:1 by sharing the vertical oxygen atoms, giving rise to the infinite two-dimensional [AlBO3F2]∞ layer, in which the BO3 triangle and the AlO3 base of AlO3F2 trigonal bipyramids are aligned absolutely parallel to (a, b) plane. [AlBO3F2]∞ layer are further connected with each other via the Coulomb interaction between the dangling fluorine atoms and interstitial barium atoms to generate the layered-tendency structure.


[image: image]

FIGURE 1. Crystal structure of BaAlBO3F2 viewed along (A) (a,b) plane and (B) c-axis. The BO3 and AlO3F2 groups are represented by pink triangles and light blue trigonal bipyramids, respectively.



The variable-temperature X-ray diffraction (VT-XRD) patterns are plotted in Figure 2A. It is observed that no new peaks appear as temperature elevate from 13 to 300K, indicating the absence of structural phase-transition and manifesting its high thermodynamical stability. The temperature-deduced diffraction peak-shifting of the lattice plane corresponding to c-axis is much more prominent than that of a(b)-axis (Figure 2B), suggesting the high anisotropic thermal expansion in BABF. According to the cell parameters extracted from the VT-XRD by Rietveld refinement (Figure S1, Figure 2C and Table S1), the average thermal expansion coefficient are 4.42(39)/MK and 20.08(71)/MK along a(b)-axis and c-axis respectively, which confirmed that the thermal expansion along c-axis is much more prominent than that along a(b)-axis. More importantly, the ratio (4.5:1) between the thermal expansion coefficients along c- and a(b)-axis below room temperature is much lower than that above room temperature (7.6:1), and the low anisotropy of the thermal expansion below room temperature is more favorable for elimination of the stress induced by temperature gradient when irradiated by laser. Additionally, It should be emphasized that at low temperature (13–100K) the a(b)-axis exhibit very low thermal expansion with the fitted linear thermal expansion coefficient 0.11(25)/MK, which is lower than that of c-axis [2.44(98)/MK] by one order and can be categorized to typical zero thermal expansion.
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FIGURE 2. Result of VT-XRD on BABF: (A) the VT-XRD patterns, (B) 2θ-temperature contour map of the diffraction peak of (002) and (010) plane and (C) evolution of cell parameters with respect to temperature. The insert in (C) displays the special distribution of thermal expansion coefficient plotted by PASCal software (Cliffe and Goodwin, 2012).



The most intuitive way to investigate the mechanism of the thermal expansion is to trace the modification of bond length and angles with respect to temperature. The a(b)-axis is exclusively determined by B-O, Al-O bonds, and ∠ O-O-O angle, while c-axis is dominantly determined by the Ba-F and Al-F bond. According to the temperature-dependent bond length and angles (Figure 3 and Table S2), despite the clutter of the point due to the difficulty to exactly determine the position of the constituted light atoms in BABF, a roughly changing tendency can be observed. Below 140K the bond length and angles accounting for the change of a(b)-axis almost keep constant, resulting in the rigidity of a(b)-axis under low temperature. And dramatic modification only occur above 140K: B-O bond, and ∠ O-O-O angle increase from 1.301 to 1.340Å (by 3%) and 60.892–62.437° (by 2.5%) respectively as temperature increase from 140K to 300K, which both positively contribute to the thermotropic expansion. Extruded by the increase of ∠ O-O-O angle, Al-O bond decrease from 1.919 to 1.865Å (by 2.8%), which slightly cancel out the expansion effect originated from the increase of B-O bond and ∠ O-O-O angle, leading to the relative low thermal expansion along a(b)-axis. On the contrary, both Al-F and Ba-F bond increase as temperature increase, and thus c-axis exhibit a normal thermal expansion ~10/MK of inorganic crystals.


[image: image]

FIGURE 3. Function of refined bond length and angles with respect to temperature in BABF.



The thermal expansion of materials is closely related with the temperature-induced stimulation of lattice vibration, and it is anticipated that first-principles phonon mode assignment would compensate the disadvantage of the littery temperature-dependent bond length and angles and make the mechanism of the thermal expansion in BABF more clear. The irreducible representation of P-62c space group at Γ-point yields a sum of 30E+7A1+8A2 phonon modes (see Table S3). According to the calculated Raman spectrum (Figure 4), six principal peaks are observed at around 87, 266, 338, 473, 1,030, and 1,331cm−1 respectively. The calculated Raman spectrum is in rather agreement with the measured ones, verifying the accuracy of the computational method. According to the vibrational vector projected onto the real space of respective phonon modes, it is revealed that as frequency increase the phonon roughly experience a evolution from the type-I (mode 1–7), -II (mode 8–29) to -III (mode 30–45). In type-I, the configuration of 2D [AlBO3F2]∞ layer keep constant and it vibrate as a rigid unit along c-axis with the reverse phase with that of interstitial barium atoms. This indicates that at low temperature the vibration modes related with the stretch between [AlBO3F2]∞ and barium would be firstly stimulated, in which the size of [AlBO3F2]∞ layer along a(b)-axis remain constant. Therefore, below 100K, BABF exhibit slight thermal expansion along c-axis and rigidity along a(b)-axis. In type-II, the oxygen atoms within [AlBO3F2]∞ layer vibrate along the direction almost vertical to B-O bonds. This implies that in these modes, the BO3 triangles rotate within (a,b) plane as the rigid units. This effect corresponds to the slight contraction of Al-O bond in AlO3F2 trigonal bipyramids and also would lead to the expansion of the interspace within [AlBO3F2]∞ layer, which eventually lead to the weak thermal expansion along a(b)-axis. Meanwhile, the stretch vibration of Al-F bonds also partially account for the modes of type-II, which enhanced the thermal expansion along c-axis. In type-III modes, the phonon vibration mainly originate from the stretch of B-O bonds, which is related with the elongation of B-O bonds. It should be emphasized that high temperature is required to stimulate these vibration modes (such as ~ 1300K for the mode at 1030 cm−1), and these modes can only afford the thermal expansion at high temperature and almost contribute nothing to that below 300K. Moreover, as temperature increase, all the Raman peaks are red-shifted, affording the normal general thermal expansion. Besides, it should be emphasized that the weight of modes related with the thermal expansion along a(b)-axis at 300K is much more prominent than that at 13K, which also result in the enhanced thermal expansion along a-(b) axis as temperature increase. Therefore, the anisotropic thermal expansion behavior in BABF is mainly attributed to the progressive stimulation of the respective vibration modes related with the expansion of c-axis to that of a(b)-axis. Moreover, it should be emphasized that as temperature increase, the amplitude of atomic vibration would increase, and the phonon anharmonicity would be enhanced. Since the thermal expansion is originated from phonon anharmonicity, the thermal expansion of both a-axis [4.42(39)/MK] and c-axis [20.08(71)/MK] between 13 and 300 are less prominent than that those between 303 and 1,073K [6.3 and 48.1/MK, respectively (Yue et al., 2011)].


[image: image]

FIGURE 4. Measured and calculated Raman spectrum of BABF. The modes with the highest peaks at 87, 473, and 1,030 cm−1 are used to schematically describe the atomic vibration of type-I, II, and III phonon modes respectively. The peaks at around 720cm−1 labeled by green triangle in the experimental spectrum is attributed to the impurity.



Additionally, considering that the optical performance is also crucial to the usage in apparatus operated at low temperature, the temperature-dependent optical property was also studied based on the refined structure by first-principles calculation (Figure 5 and Table S4). Accordingly, both the SHG coefficient and birefringence present ultra-stability under temperature fluctuation, and the band gaps are broadened as temperature decrease, which guarantee the optical transmittance of BABF below room temperature. All these observation elucidated that the good optical performance of BABF can be well-kept, which is favorable to its practical application in the apparatus operated below room temperature.


[image: image]

FIGURE 5. Function of the calculated band gap, SHG coefficient and birefringence (@1,064 nm) of BABF with respect to temperature.



CONCLUSION

The thermal expansion behavior below room temperature of BABF, an important ultraviolet NLO crystal, is investigated. It is revealed that the BABF exhibit relatively high anisotropic thermal expansion, and the near-zero thermal expansion behavior along a(b)-axis below 100K was observed. Based on the refined temperature-dependent crystal structure, Raman spectrum and first-principles vibration phonon analysis, it is elucidated that the anisotropic thermal expansion behavior in BABF mainly stem from the progressive stimulation of the phonon modes related with the thermal expansion along a(b)- and c-axis. Moreover, it is revealed that the optical performance of BABF can also be well-kept under low temperature, which is very favorable for its practical application. Our study exhibit a comprehensive investigation about the thermal and optical property below room temperature and shed light on the structural origin of the thermal expansion of BABF. We believed that the conclusion deduced from our study further deepens the understanding about the performance of BABF and would be beneficial for its practical application under complex environment.
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Thermal expansion and magnetostriction, the strain responses of a material to temperature and a magnetic field, especially properties at low temperature, are extremely useful to study electronic and phononic properties, phase transitions, quantum criticality, and other interesting phenomena in cryogenic engineering and materials science. However, traditional dilatometers cannot provide magnetic field and ultra-low temperature (<77 K) environment easily. This paper describes the design and test results of thermal expansion and magnetostriction at cryogenic temperature using the strain gauge method based on a Physical Properties Measurements System (PPMS). The interfacing software and automation were developed using LabVIEW. The sample temperature range can be tuned continuously between 1.8 and 400 K. With this PPMS-aided measuring system, we can observe temperature and magnetic field dependence of the linear thermal expansion of different solid materials easily and accurately.

Keywords: thermal expansion, magnetostriction, strain gauge method, cryogenic temperature, PPMS

INTRODUCTION

Cryogenic engineering has been extensively used in the fields of aerospace industry, superconducting technology, and large scientific instruments, etc. The physical performances of materials directly affect the safety and service time of the cryogenic system, among of which thermal expansion and magnetostriction, the strain responses of a material to temperature and a magnetic field, are the key thermodynamic properties closely related to specific heat and magnetization. Thus, accurate measurement of thermal expansion at low temperatures is necessary to ensure the security and reliability of the cryogenic systems. Also, these properties are very useful to investigate electronic and phononic properties, phase transitions, quantum criticality, and other interesting physical phenomena in cryogenic engineering and materials science (Ventura and Risegari, 2008; Inoue et al., 2014; Iwakami et al., 2014).

The approaches to estimate the thermal expansion of solid material can be classified, according to an extensometer, into quartz dilatometer, interferometer, optical lever, mechanical lever, magnetic meter, pointer meter, and capacitance micrometer methods, strain gauges, etc. (Clark, 1968; James et al., 2001; Kanagaraj and Pattanayak, 2003). The quartz dilatometer method is frequently used at low temperatures, because of its high accuracy (Corruccini and Gniewck, 1961; Deng and Xu, 2003; ASTM, 2006). However, it is expensive and complex to operate, and the sample size requirements are quite high (Tang et al., 2014). For a test specimen of large length, the accuracy may be affected by the potential temperature gradient along it, which then requires a cryostat to have high temperature uniformity.

The strain gauge method is also widely used to measure the thermal expansion of material at low temperatures (Liu et al., 2012, 2014). Compared with the quartz dilatometer method, the strain gauge method can measure multiple samples at the same time and has lower requirements of the test specimen size. However, traditional dilatometers cannot provide magnetic field environment easily and only been used in relative higher temperature range (>77 K) (Kaufman, 1963; Hannah and Reed, 1992).

Fortunately, Quantum Design Physical Properties Measurements System has been widely used for measurements of thermodynamic properties, such as specific heat, magnetization, electrical resistance, and thermal conductivity. In this report, we present the thermal expansion and magnetostriction measurements using the strain gauge method installed in a PPMS in the temperature range of 1.8–400 K and magnetic fields up to 14 T. The interfacing software and automation were developed using LabVIEW. Since the variation of the sensitivity coefficient of strain gauges at low temperatures is a key factor affecting the measurement accuracy, it was verified in the temperature range of 2–300 K by comparing the measured thermal expansion data of oxygen-free copper with the source data from National Institute of Standards and Technology (NIST), USA.

Also, using this PPMS-aided measuring system, we observed temperature and magnetic field dependence of the linear thermal expansion of NaZn13-type LaFe13−xAlx compounds, which absolutely expands the practical application scope of this Multi-function testing system.

STRAIN GAUGE METHOD

It is well known that a strain gauge can measure the thermal strain on the surface of a test specimen to reflect the linear thermal expansion of material because it can transform the strain into the electric signal with a high precision. The strain caused by temperature fluctuation is defined as thermal output. Without a mechanical force imposed on the test specimen, the temperature change can bring about a length variation both in the test sample and in the strain gauge, which then cause the resistivity variation of the strain gauge correspondingly. And the strain variation induced by the net temperature can be expressed as follows (Poore and Kesterson, 1978; Walsh, 1997; Micro-Measurements, 2007):

[image: image]

where ε is the apparent strain of strain gauge, βg is the thermal coefficient of resistivity of the grid material, Fg is the gauge factor of strain gauge, αs − αg is the difference in coefficient of thermal expansion (CTE) between the tested sample and gauge, respectively, and ΔT is the temperature change from arbitrary initial reference temperature. For two same types of strain gauges installed on test sample (αs) and reference sample (αr), respectively, the apparent strains can be expressed as:
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Subtracting Equation (2b) from (2a), and rearranging:

[image: image]

Thus, the CTE of test sample can be obtained with the accurately measured [image: image] and ΔT, as well as the known CTE of reference sample αr. In this paper, we use fused silica of high purity (>99.99%) as the reference sample in the measurement of thermal expansion due to its very low and almost temperature-independent mean linear CTE (5.5 × 10 −7/K) (Kirby and Hahn, 1971).

EXPERIMENTAL PROCEDURES AND METHODS

The schematic view of the measurement system is shown in Figure 1, which consists of a PPMS, nanovoltmeters, and a LabVIEW PC.


[image: image]

FIGURE 1. Schematic of measurement system for thermal expansion of solid materials.



With the help of LabVIEW, we can design experiments using our own measurement electronics when working on the general purpose platforms of the PPMS (Quantum Design Inc., 2002, 2013). Firstly, nanovoltmeters (KEITHLEY 2182A, USA) can monitor the electrical signals of samples in PPMS via a GPIB interface simultaneously. And then a LabVIEW computer attached to nanovoltmeters also via a GPIB interface. The QDInstrument VIs and QDInstrument.dll are installed on this computer and communicate over .NET. In brief, the QDInstrument program is a translator with a .NET interface for communication with the LabVIEW VI and an OLE interface for communication with MultiVu. The DLL is configured to address the QDInstrument_server.exe program running on the MultiVu computer. This is done via connecting an Ethernet cable directly between the two computers in the absence of a LAN. The server program in turn communicates over OLE with the MultiVu application. Finally, by controlling both external devices as well as PPMS's state (temperature and magnetic field) on a separate LabVIEW computer from MultiVu, we can observe the temperature and magnetic field dependence of the linear thermal expansion of different solid materials easily and accurately.

The sample puck, as demonstrated in Figure 2, is redesigned to meet the special requirement of thermal expansion measurement. The whole sample puck is emerged into sample chamber of PPMS to cool the test sample. The temperature and magnetic field can be adjusted by the PPMS in the range of 1.8–400 K and ±14 T. The dimensions of the test sample can be tuned from 3 × 3 × 3 to 8 × 8 × 8 mm. Its relatively small dimensions can reduce the difficulty in machining and the influence of the non-uniform temperature field on the measurement accuracy. The reference sample with the same dimensions is made from fused silica of 99.99% purity. To measure the thermal expansion, test sample and reference sample are placed on the sample puck stress-free. Two identical strain gauges are bonded on the center of the test sample surface and the reference sample surface, respectively, using a high performance adhesive M-Bond 610. This adhesive is capable of forming thin, hard gluelines for maximum fidelity in transferring strains from the sample surface to the gauge.


[image: image]

FIGURE 2. Schematic of the sample chamber.



The Ni-Cr resistive elements BB120-2AA250 (11) Karma foil strain gauges (Zhonghang Electronic Measuring Instruments Co. Ltd., China) were used. The nominal resistance is (119.9 ± 0.1) Ω, and the nominal sensitivity coefficient is 1.74 ± 0.01. When the measurement starts, the automated program controls the temperatures and magnetic field of the PPMS at the different rates. And the thermal output of the strain gauges and the temperature are recorded by nanovoltmeters. Then the LabVIEW computer can save the temperature and magnetic field dependence of the linear thermal expansion of tested sample.

RESULTS AND DISCUSSION

The accuracy of the CTE measurement mainly depends on the accuracy of the strain gauges, the nanovoltmeters and the procedure of the gauges installation. To verify the accuracy of this test apparatus and method, the thermal expansion of oxygen-free copper are measured in the temperature range of 2–300 K on this apparatus and quartz dilatometer (Linseis L75), respectively. Also, the Comparisons between experimental and published values of thermal expansion of copper are displayed in Figure 3 (Kirby and Hahn, 1969). The results of thermal expansion of copper matched closely with reference data, and the maximum error for instantaneous coefficients is 1.1 × 10−6 K−1, which is smaller than that testing using quartz dilatometer. At the same time, to validate the reliability of the measurement, experiments are repeated from 2 – 300 K. We can see that there is no significant difference of the thermal expansions (<2%) between the two tests, which shows that the whole measurement system is applicable in the temperature range of 2–300 K. Also, this method is available for other special structure materials such as low symmetry samples and orientation preferred samples with relatively smooth and nonporous surfaces.


[image: image]

FIGURE 3. Experimental and published values of thermal expansion of copper.



In the last several years, due to the giant magnetocaloric effect (MCE) and the intriguing negative thermal expansion (NTE), NaZn13-type compounds LaFe13−xAlx have aroused extensive attention (Fujieda et al., 2002; Shen et al., 2009; Li et al., 2014; Wang et al., 2015). The MCE of this materials is chiefly due to the itinerant-electron metamagnetic (IEM) transition, i.e., a magnetic-field-induced phase transition from the paramagnetic state to the ferromagnetic state. The NTE effect is a thermo-physical property and attributed to the magnetovolume effect (MVE). Nevertheless, very few report explores the relationship between the change of volume expansion and external magnetic field, i.e., magnetostriction, in LaFe13−xAlx compounds.

Generally, the large magnetostriction originates from the interaction between atom magnetic moments. LaFe13−xAlx compounds (1.04 < x < 7.02) share the same NaZn13-type crystalline structure while showing different magnetic states (antiferromagnetic state, ferromagnetic state and paramagnetic state). Specificly, LaFe13−xAlx (1.0 < x < 1.8) show an antiferromagnetic state at low temperature. And the antiferromagnetic ordering is very vulnerable and can be turned into the ferromagnetic state easily when bringing an external magnetic field. Different magnetic states have different magnetic moments. So a large magnetostriction LaFe13−xAlx of compounds is caused by these magnetic phase transition. In order to better understanding the magnetostrictive property, as displayed in Figure 4, the linear thermal expansion data (ΔL/L 300 K) of LaFe13−xAlx (x = 1.4, 1.6, and 1.8) compounds were measured using this PPMS-aided measuring system over a temperature range of 10–300 K firstly (Zhao et al., 2017). For LaFe13−xAlx (x = 1.4 and 1.6) below the Neel temperature, it shows that the CTE is very constant across a wide temperature range (10–200K). However, for the sample LaFe11.2Al1.8, ΔL/L rises with decreasing temperature in the whole temperature range examined. Specifically, ΔL/L grows gradually around room temperature, then increases rapidly, and again grows slowly with decreasing temperature, indicating that NTE occurs in the whole range measured (2–300 K). It is worth noting that the ΔL/L vs. T curves are different from one another, which demonstrates that the NTE properties are affected by the partial substitution of Fe by Al sensitively.


[image: image]

FIGURE 4. Temperature dependence of linear thermal expansions ΔL/L (reference temperature: 300K) of LaFe13−xAlx.



Also it is worth mentioning that the linear magnetostriction of this material is isotropic. Because the magnetostriction measurements have been conducted along the parallel and perpendicular directions to the magnetic field separately and the anisotropic magnetostriction is negligible. Figure 5 gives the temperature dependence of the linear magnetostriction λ(T) of LaFe11.8Al1.8 compounds between 10 and 300 K. It is noted that all the magnetostrictions of the sample in different magnetic fields exhibit a sudden increase with the decrease of the temperature and then, decrease rapidly with following temperature decline. In addition to this, it is apparent that the temperature with giant magnetostriction shifts to higher temperature as the magnetic field increases. Importantly, giant linear magnetostriction values higher than 1,000 ppm are observed when the magnetic field exceeds 4T in a relatively wide temperature range. Especially, it can reach up to 1,900ppm at 12T. Interestingly, the peak value of magnetostriction of the LaFe11.2Al1.8 compound is larger than the maximum of the typical magnetostriction material, Terfenol-D alloy (Grössinger et al., 2014).


[image: image]

FIGURE 5. Temperature dependence of the magnetostriction λ(T) in LaFe11.2Al1.8 at different magnetic fields.



To further explore the magnetostrictive property, the magnetic field dependence of the magnetostriction λ(H) under different temperatures for LaFe11.2Al1.8 sample have been investigated in Figure 6. Apparently, with the increase of the magnetic field, the λ(H) raises gently at 300 K and reaches to 340 ppm under 12T finally, suggesting the magnetostrictive effect of this material is extremely weak at room temperature. But when the temperature decreases, the λ(H) increases rapidly with increasing magnetic field. And when the temperature comes up to 200 K, the λ(H) is almost increase linearly with the increase of magnetic field. Besides, when the temperature falls below 150K, it is observed that below 4T, the magnetostriction increases quickly with the increase of the magnetic field. However, when magnetic field exceeds 4T, the magnetostriction increases slowly and becomes lower than that in 200 K. And after that, the magnetostriction is rapidly decreased with temperature decline from 100 to 10 K. The results indicate that the magnetostriction of this sample is very sensitive and the giant magnetostriction happens in a relatively narrow temperature range.


[image: image]

FIGURE 6. Magnetic field dependence of the magnetostriction λ(H) of LaFe11.2Al1.8 compounds at different temperatures.



CONCLUSION

In summary, an experimental setup with a PPMS based on the strain gauge method has been developed to measure the thermal expansion and magnetostriction of solid materials at low temperatures (1.8–400 K). The relatively small dimensions of the test sample can save the liquid helium and reduce the impact of the non-uniform temperature field on measurement accuracy. The measurement accuracy was verified in the temperature range of 2–300 K by comparing the measured thermal expansion data of oxygen-free copper with the source data from NIST. Also, using this PPMS-aided measuring system, we observed temperature and magnetic field dependence of the linear thermal expansion of NaZn13-type LaFe13−xAlx compounds. Such Multi-function testing system with a broad measurement temperature range will open up an intriguing research frontier for exploring potential magnetostrictive and NTE materials.
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c2 05973 0.6005 05950 05958 05956 05963 06048
0.6570 06368 06580 06582 06570 06545 06530
02735 0.1962 0.1954 01970 0.1944 0.1921 0.2081
c3 075 075 075 075 075 075 075
06219 0.6058 06251 06247 06240 06220 06171
0.1798 0.0987 0.1007 0.1017 0.1001 0.0987 0.1100
Nt 025 0.25 025 0.25 025 025 025
0.5139 0.5210 0.5020 0.5027 0.5019 0.5024 0.5207
08313 07578 0.7499 0.7493 0.7539 0.7586 07413
N2 04718 0.4751 0.4650 0.4651 0.4654 0.4674 0.4806
0.6835 0.6622 0.6857 0.6868 0.6853 0.6824 0.6819
03470 02771 02732 02725 0.2699 02676 02827
Ag 025 025 025 025 025 025 025
064736 0.6244 06301 06314 06303 06295 06544
05546 0.4678 0.4819 04816 0.4876 0.4919 0.4402

Various van der Waals dispersion interaction schemes (Dion et al,, 2004; Jir et al., 2010; Ki

$ et al,, 2011) are used in the structure optimization.
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ZW,0Og (Evans, 1999) 27 21443 1441 -6~ Cubic o ON
Cd(CN)p *CCly (Philips et al., 2008) 24 170-875 205 -3 Cubic ov X
MnsGao 7Geo.3No83Co.12 (Takenaka and Takagi, 2005) 05 197-319 122 -18 Cubic MG D
LaFe105Co1.0Sit 5 (Huang et al, 2013) 1.1 240-350 110 -26 Cubic MG )
MnCop,gaCro,62Ge (Zhao et al, 2015) 32 122-332 210 —52 Orthorhombic MG )
0.4PbTiO3-0.68FeOs (Chen ot al., 2006) 27 208-023 625 -13 Tetragonal FE X
SrCugFeqOrz (Yamada et al., 2011) 04 180-250 70 -20 Cubic cr %
Bio.05La0,0sNiOg (Azurma et al, 2011) 20 320-380 60 -82 Tiicinic: cr )
Smj.75Ce0 (Anvanitis et al, 2003) 08 4-30 2 ~100 Orthorhombic ~ CT X
CayRuggMng.10; (i et al, 2012) 08 150-400 250 -10 Orthorhombic ~ MI X
Agl (Lawn, 1964) 60 430 - - Hexagonal Others X

Microstructural effects are not considered. Parameters of materials with phase transition accompanied by large volume contraction upon cooling, not broadened, are also fisted for
comparison.

9Averaged value when the material i anisotropc.

For NTE region or lower-temperature, farger-volume phase.

°CV; conventional: MG, magnetic transition;; FE, feroelectric transition; CT, charge-transfer transition; M, metal-insulator transiton.

9D, dilatometry; N, neutron diffraction; X, X-ray diffraction.
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Samples (mass ratio)

70,
ZraMoP2012/2102 = 12
ZraMoP2012/210; = 1:1
ZraMoP2012/210 = 2:1
ZrsMoPyO1p

Coefficient of thermal expansion

557 x 1076 k=1

230 x 1076 k"

114 x 1076 k=1
00065 x 10-6 K~1(mean value)

—5.78x10-6 k-1
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Mass ratios of mzrOz)g m(MoO3)g m(NHgH2PO,)/g
Zr)MoP049:2105

o1 10 0 o

12 9.8523 1.0824 1.7200
11 8.7776 1.6227 25930
21 7.7038 2.1635 3.4576

10 41655 2.4330 3.8895
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Material Method PTF Transition  Study findings/Cell Rt
(GPa)
AFeMozOrp  PXRD (Young etal., 2016) ME 1.7 o transition from isotropic to anisotropic compression R
3.2 P2¢/ay-phasea=14.94A b=871A c = 17.48A, R
p= 124.4°
3.9-4.2 Monoclinic 8-phase, a = 14.20 A, b = 8.36A, ¢ = 13.57A, RH
p=102.0°
AlGaMozO12 PXRD (Young et al., 2016) M:E 20,29 o and o transition from isotropic to anisotropic compression R
4.4-4.4 P24/ay-phase a = 14.76A, b =859A, c = 17.21A, R
p=1246°
5.0-6.3 Monoclinic 8-phase a = 14.16A, b = 8.32A, ¢ = 13.62A, RH
p=1022°
AlaMogOyp PXRD (Young et al., 2016) ME 3.0 o transition from isotropic to anisotropic compression R
4.6-4.9 P2y/ay-phase a = 14.65A, b =853A, c = 17.08A, R
p=1245°
5.7-6.1 Monoclinic 8 phase a = 14.04 A, b = 8.28A, c = 13.47A, RH
p=101.9°
ApW3042 Raman (Gerg et al., 2001) ME 005 Unindexed phase R<2
7 Amorphization |
PXRD (Achary et al., 2002) None 8,48h ambient phase recovered
PXRD/900°C (Achary et al., None 3 Decomposes to AWOy + WO3_y
2002)
AC resistivity (Mukherjee et al., None 0.5 Phase transition I
2003)
Raman (Maczka et al,, 2004) ME 028 Potentially monoclinic R
28 Unindexed
PXRD/ dielectric measurement ME 05 P2;a=895Ab=907A c= 1250A p=9051° ND
(Mukherjee et al., 2004)
3.4 P2;a=959A b=1252A, c=784A B =91.99° ND
618 Amorphization |
Raman (Garg et al., 2005b) ME 0.4-3 Unindexed phase R
53-6 Unindexed phase ND
14 Amorphization |
PXRD (Varga et al., 2005a) iPrOH 0.4 P2i/aa=15.41Ab=9.05A,c =19.91A, p = 125.4° R
7 Amorphization |
FeoMogOrp PXRD (Young et al,, 2016) ME 15 o transition from isotropic to anisotropic compression R
2729 P2/ay-phase a = 15.06A, b =8.79A, c = 17.63A, R
p=1246°
35-3.7 Monoclinic 8 phase a = 14.46A, b = 8.48A, c = 13.77A, RH
p=1020°
Raman (Moura et al., 2016) Mineral 48 Amorpization R
ol
GayMogOyp PXRD (Gates et al., 2006) M:E 3.2 Monoclinic phase a = 13.7A, b= 7.3A, ¢ = 12.3A, R
115.9°
42 a=14.4Ab=83A,c=138A, g =103.1° R
8 Amorphization |
PXRD (Young et al., 2016) M:E <33 P2y/ay-phasea= 1524 A b =868A, c= 17.444,
p=126.1°
<42 Monoclinic 8-phase a = 14.45A, b = 8.34A, c = 13.71A,
p=1013°
InzMogO12 Raman (Mendonga etal, 2016)  ME 15 Denser structure ND
5->7 Gradual amorphization |
Iny5Y0sMogO12 Raman (Mendonga etal. 2016)  M:E 1.0 Denser structure ND
3.4-5 Two stage amorphization ND
IngW3042 PXRD (Baiz, 2010; Baiz et al., M:E 1.9-2.7 a=19.68A,b=4.49A, c = 17.34A b =99.21° ND
2012)
>2.7 Progressive amorphization 1
LupW3012 PXRD (Liu et al., 2002) None 58 Progressive amorphization 1
ScpMo3Or2 PXRD and Raman (Arora et al., ME 4-12 Two stage amorphization; distortions and disordering at 4 1
2004) GPa, complete at 12 GPa
PXRD and Raman (Paraguassu M:E 029 Unknown potentially monoclinic phase (C3,) R
etal, 2004) Raman
27 Unknown phase R
3.7-5.1 Amorphization R<5
16:3:1 4-20 Amorphization | after
M:E:H(PXRD) ‘compression
1020
PXRD and Raman (Arora et al., ME 12 Amorphization |
2008)
PXRD (Varga et al., 20052) iPrOH 025 P21/aa=1651A b=954A, c = 18.84A, p = 125.35° ND
2530 Unknown phase ND
8 Amorphization Mostly |
SeaW3012 Raman (Garg et al., 2001) ME 0.45 Unindexed R
7 Amorphous 1
PXRD (Secco et al., 2001) None 8 Amorphous I
PXRD/400°C (Secco et al., None 32 Unindexed ND
2002a,b)
4 Amorphous 1
PXRD/Raman (Garg et al., M:E 06 a=16.0A,b=9.4A,c=186A, g =1249° R
2005a)
16 a=13.81A b=9.6A, c=18.26A, p =123.91° |
65-14 Amorphous |
PXRD (Varga et al., 2005b) iPrOH, 03 a=1625Ab=958A c=1894A p=1254° R
Nz
28 Unindexed I
ND (Varga et al., 2006) He 025-0.3 16.25A, b =958A, c = 18.93A, p = 125.37° H
PXRD (Cetinkol et al., 2008) M:E 03 =16.25A b=958A, c = 18.93A, p = 125.38°
ME 2.7 a=845Ab=1131Ac=9.15Aa=96.6° 1
Pben Raman (Torres Dias et al, 2013)  Mineral 03 Potentially monociinic, 0.3 GPa ND
YoMogO1p oi
24 Amorphization, 2.4 GPa 1
YoW3012 PXRD, Raman (Karmakar et al., ME >3 Progressive amorphization 1>4
2004)
ZrpWoPO1p PXRD (Cetinkol et al., 2009) ME 187 a=930A,b=1210A, c = 9.05A, p = 89.60°, P2y/n11 R
>3 a=934A,b=11.40A, c=821A, p=97.37° P2y/n11 R
>63 a=11.15A,b=9.38A, c = 12524, « =88.87°,p = R
141.65°, y = 90.93°
>14 Partial amorphization |

M:E, 4:1 Methanol:Ethanol; M:E:H, 16:3:1 Methanol:Ethanol- Water.

Tn the final column, |, ireversible, R, reversible, H, hysteresis, and ND, not determined.
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Samples Coeficient of thermal expansion

710, 4.10x 108 k-1
1:1 ZepWPyO42-Zr0p 132 x 1078 k-1
2:1 ZrpWPp01-2r02 009 x 1070 k"
1 ZrpWP012-202 -0.88 x 1078 K1
11 ZryWPp01-Zr0p -1.50 x 106 k-1

ZrpWP012 -3.30 x 106 K1
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Sample

20,

11 ZWP2012-210
1 ZrWP2012-2102
3:1 ZWP012-210;
41 ZWP015-210;
ZrsWP504

Relative density (%)

745
84.1

855
89.8
915
797
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Mass ratio of Zr m(ZrOy)/g m(WO3)/g m(NH;HoPO,)/g
WP2012:2r0,

o1 10 o 0

111 6.99 1.87 1.86
21 7.18 299 297
31 658 336 334
4 5.18 2.99 297

1.0 397 3.74 3.71
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