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Room-temperature superconductivity has been attracting increasing attention in recent years. Recent studies have proved the potential of compressed H-rich materials for achieving room-temperature superconductivity. In this paper, we study the phononic thermal transport in the rare earth yttrium hydrides allotropes under 0, 50, and 300 GPa by using Boltzmann transport equation. We find that the lattice thermal conductivity of yttrium hydrides increases with the pressure among different allotropes, which is attributed to the increase of bond strength and the decrease of phonon-phonon scattering due to structural compression. Yttrium hydrides structure at high pressure of 300 GPa is the superconducting phase, and has high thermal conductivity around 1,360 Wm−1K−1 at room temperature. Comparison of phonon properties with existing high thermal conductivity materials further uncovers the origin for the observed high thermal conductivity. For the zero pressure allotrope, a large number of optical flat bands mix with the low-frequency acoustic phonons, which significantly increases the phonon scattering channel and effectively suppresses the phonon lifetime. As for yttrium hydrides allotropes under 50 and 300 GPa, there are two obvious band gaps in the phonon dispersion relation, and the band gap of the structure at 300 GPa is significantly wider. The occurrence of the band gap effectively inhibits the absorption and emission process of the three-phonon interactions, leading to the decrease of phonon scattering and thus the increase of the phonon lifetime and thermal conductivity at high pressure. Our work reveals the physical mechanism of the thermal transport behaviors in yttrium hydrides structures under different pressures.
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INTRODUCTION
Because of the fascinating electrical transport ability, the high transition temperature (Tc) superconductivity has attracted lots of research attention (Wigner and Huntington, 1935; Ashcroft, 1968). Previous studies demonstrated that the light element riched metallic solids at high pressure possess promising high-Tc phonon-mediated superconductivity due to the high Debye temperature and strong electron-phonon coupling, such as the H-riched materials (Kim et al., 2010; Errea et al., 2016; Zhong et al., 2016). H-rich materials have been considered as a potential superconductor at high pressure (Ashcroft, 2004; Wang H. et al., 2012) because they can become metallic and superconducting at much lower pressure than hydrogen due to “chemical compression” (Soroka et al., 2018). Extensive explorations of the superconducting high pressure phase diagrams of rare earth (Sc, Y, La, Ce, Pr, etc.) hydrides are revealed (Li and Peng, 2017; Liu et al., 2017; Peng et al., 2017), concentrating on H-rich materials by performing swarm intelligence algorithm based on Crystal structure Analysis by Particle Swarm Optimization structure searches (Wang et al., 2010; Wang Y. et al., 2012). For example, Peng et al. (2017) reported some high pressure phases of yttrium hydrides (YH3) that are more likely to be superconducting materials.
On the other hand, the thermal transport property is crucial for the performance and reliability of various devices, which can have promising applications in both thermal management and thermoelectric devices (Shi et al., 2012; Alva et al., 2018; Hu et al., 2018; Xie et al., 2018; Zhang and Chen, 2018; Zhang et al., 2018; Ouyang et al., 2019; Zhu et al., 2019; Xu et al., 2020; Zhang et al., 2020a; Zhang et al., 2020b). Especially the materials with high thermal conductivity and excellent mechanical properties are of great importance in solving the heat dissipation problem of highly integrated electronic devices (Ghosh et al., 2008). Meanwhile, the thermal transport properties of superconductors have also been investigated (Li et al., 2015; Tanaka et al., 2017; Hummel et al., 2020). For example, Ito et al. (2005) found the thermal conductivity of the yttrium hydrides can reach about 80 W/mK, which is larger than that of metal and depends significantly on temperatures. Moreover, previous studies also demonstrated that lattice thermal conduction can be largely tuned by external pressure or strains (Chen et al., 2014; Ouyang and Hu, 2015; Liu et al., 2016). Remarkably, due to the change of the valence electronic state of Y atom under high pressure, there is more possibility of bonding between Y atom and H atom (Heil et al., 2019). Among these different yttrium hydrides, YH3 allotropes provides a broad platform for the study of the structural behavior and pressure tunable thermal properties (Liu et al., 2017; Soroka et al., 2018; Grishakov et al., 2019). For example, YH3 is insulating in nature at ambient pressure (0 GPa) (Jarosik et al., 2017), while the insulator to superconductor transition in YH3 occurs at pressure around 20 GPa (Kim et al., 2009; Kim et al., 2010). More interestingly, with increasing external pressure, the system becomes normal metallic (i.e., not superconductivity) around 35 GPa, eventually, the superconducting phase re-emerges in YH3 when pressure is greater than 50 GPa (Kim et al., 2010). As lots of new allotropes of YH3 at different pressures have been proposed recently, it would be interesting to study the thermal conductivity of these new superconductors and also the effect of pressure on their thermal transport properties. Here, we focus on the effect of pressure on thermal conductivity of yttrium hydrides allotropes, so we choose the stable structures for YH3 under different pressures (0, 50, and 300 GPa) as research objects.
In this work, based on the Boltzmann transport equation and ab initio calculations, we study the phononic thermal transport properties of yttrium hydrides allotropes at different pressures. We limit our discussion on the lattice thermal conductivity only, as the electron contribution and electron-phonon coupling are neglected. The simulation results indicate that the lattice thermal conductivity of yttrium hydrides is strongly dependent on the pressure. An unexpected high thermal conductivity, around 1,360 Wm−1K−1 at room temperature, is observed in the structure under high pressure (300 GPa). The underlying mechanisms are studied from the structural compressibility, group velocity phonon dispersion, and phonon lifetime. Our study uncovers thermal transport behaviors in yttrium hydrides, and also provides the perspective to achieve high lattice thermal conductivity via pressure.
COMPUTATIONAL METHOD
The computational studies in this paper are based on the generalized gradient approximation by adopting the Perdew-Burke-Ernzerhof parametrization as the exchange-correlation for density functional theory. The projector augmented wave potentials are adopted for Y and H in Y-H system with the Vienna ab initio simulation package (Kresse and Furthmüller, 1996). Due to the application of high pressure phase hydrogen, the plane wave basis set is employed with the energy cutoff of 1,000 eV in calculations at 50 and 300 GPa, whereas the energy cutoff adopted in YH3 at 0 GPa is 450 eV. Brillouin zone sampling is done with a 16 × 16 × 16 Monkhorst-Pack k-points mesh (Monkhorst and Pack, 1976) for the YH3 structures. In order to ensure the accuracy of the results and decrease the calculation scale, the self-consistent convergence of the total energy is set to 10–7 eV/atom. Combining the Vienna ab initio simulation package and PHONOPY package (Togo et al., 2008), the phonon dispersion relation and density of states are obtained for all structures.
The lattice thermal conductivity ([image: image]) of YH3 was calculated by using ShengBTE code (Omini and Sparavigna, 1995; Li et al., 2014), which implements a fully iterative solution of Peierls-Boltzmann transport equation (PBTE). Based on the solution of PBTE, the lattice thermal conductivity can be described as (Omini and Sparavigna, 1995; Li et al., 2014).
[image: image]
where [image: image], [image: image], [image: image][image: image], and N are Boltzmann constant, temperature, the volume of the unit cell, the reduced Plank constant and the number of q-points, respectively. Here, [image: image] is the distribution function, [image: image] is the phonon frequency of the phonon mode λ defined by the phonon branch, and the sum goes over all the phonon modes that are composed of wave vector and phonon branch. [image: image] is the phonon group velocity in the [image: image]-direction, and [image: image] can be expressed as (Omini and Sparavigna, 1995; Lindsay and Broido, 2008; Li et al., 2014)
[image: image]
where [image: image] is phonon lifetime of mode [image: image] which is obtained by relaxation time approximation (RTA), and [image: image] is a correction term obtained by fully iterative solution of PBTE that merges the inelastic three-phonon scattering processes (Li et al., 2014).
The anharmonic three-phonon scattering process is the dominating phonon scattering mechanism in pristine crystals, and the resulting phonon lifetime can be calculated based on the Fermi’s Golden Rule as the inversion of the intrinsic scattering rate (Li et al., 2012)
[image: image]
where [image: image] and [image: image] represent the second and third phonon mode scattering corresponding to the first phonon mode [image: image]. [image: image] and [image: image] represent the absorbing ([image: image]) and emitting ([image: image]) three-phonon scattering processes, respectively. The linewidth [image: image] can be obtained by Fermi's Golden Rule and the third-order force-constant matrix. Apart from the three-phonon scatterings, we have put the phonon-isotopic scattering into consideration in this work, and the scattering rate can be expressed as (Tamura, 1983; Kundu et al., 2011)
[image: image]
where [image: image] is the Pearson deviation coefficient for the mass [image: image] of isotopes s for atom i (found with relative frequency [image: image]) and [image: image] represents the average mass. The natural concentration of isotope in literature (Michael and Michael, 2011) is adopted in our work. Meanwhile, all scattering rates follow the Matthiessen rule (Feng et al., 2015).
The phase space of all possible three-phonon scattering processes that conserve both energy and quasi-lattice momentum based on phonon dispersions and Fermi's Golden Rule is determined. The allowed three-phonon scattering processes must conform to
[image: image]
where [image: image] is the reciprocal lattice vector. [image: image] represents the normal (N) processes, while [image: image] denotes the umklapp (U) processes. The parameter [image: image] denote the phase space corresponding to absorption and emission of the phonon mode [image: image], which are defined as the sum of frequency-dependent factors in the three-phonon transition probabilities expressions, as follows (Li and Mingo, 2015)
[image: image]
RESULTS AND DISCUSSION
Phonon Dispersion and Group Velocity
The unit cells of YH3 under different pressures are displayed in Figure 1. As reported by Peng et al. (2017), these crystals have strong thermal stability. The three types of YH3 are all three-dimensional structures with different space groups and number of atoms in their unit cells (Peng et al., 2017). The optimized lattice constants and atomic position coordinates of YH3 in our calculations are obtained from the work by Peng et al. (2017), as listed in Table 1. These different phases of YH3 provide a valuable comparison for revealing the deep relationship among structures, electrical properties and thermal conductivities (Ashcroft, 1968; Ashcroft, 2004; Grishakov et al., 2019). Due to the same stoichiometry of YH3 crystals, we denote these structures with different pressures for convenience in the following sections.
[image: Figure 1]FIGURE 1 | The unit cell of YH3 crystals under different pressures. (A) YH3 at 0 GPa, (B) YH3 at 50 GPa, (C) YH3 at 300 GPa. The pink ball is H, and the blue ball is rare earth yttrium (Y).
TABLE 1 | Structural parameters of YH3 for 0, 50 and 300 GPa, respectively, adapted from Ref. (Peng et al., 2017).
[image: Table 1]Figure 2 shows the phonon dispersions for YH3 structures calculated based on the harmonic force constant matrix under different pressures. For the zero pressure structure, the phonon band below 6 THz is notably flattened, which provides more channels for phonon-phonon scattering. In contrast, the phonon dispersion of YH3 at 50 and 300 GPa have two obvious band gaps. The first band gap is between acoustic and medium optical branches, and the second band gap is between medium optical and highest optical branches. With the increase of pressure, the first band gap becomes wider. For instance, the first band gap of YH3 at 300 GPa is 12.5 THz, which is 42% wider than that of YH3 at 50 GPa. The appearance of phonon band gap can effectively inhibit the absorption and emission three-phonons processes and further affect the thermal conductivity (Lindsay et al., 2013), which implies the high thermal conductivity of YH3 under 300 GPa.
[image: Figure 2]FIGURE 2 | The phonon dispersion for YH3 under different pressures.
In addition, YH3 structure becomes even harder with the increase of pressure, which is manifested by the increases of frequency for both acoustic and optical phonon branches. By comparing their lattice constants between these three YH3 structures in Table 1, we can find that the unit cell volume is compressed by more than 70% when the pressure increases from 0 to 300 GPa. As the unit cell volume of YH3 is compressed, all bond lengths in YH3 decrease significantly, and the bond energy increases sharply, especially the H-H bonds with weak covalent interactions. The enhancement of band energy will increase the harmonic force constant, which will bring a vast improvement in phonon frequency and group velocity of YH3. Consequently, as shown in Figure 3, this dependence leads to the increase of phonon group velocities with pressure, particularly for the substantial enhancement in group velocity for low frequency phonons (below 15 THz). The phonon group velocity of YH3 at 300 GPa is the largest, which is significantly higher than the case at 0 GPa.
[image: Figure 3]FIGURE 3 | Phonon group velocity for YH3 under different pressures.
Thermal Conductivity
Figure 4 shows the calculated temperature dependent thermal conductivities of YH3 structures, which decreases significantly as temperature increases for all pressures. In our calculation, anharmonic phonon-phonon scattering acts as a major scattering mechanism in pristine crystals without defect or boundary scattering. At high temperature, more phonons are excited due to the enhanced phonon population with temperature. At the same time, the anharmonic effect is enhanced, which greatly increases the scattering rate and limits the phonon mean free path. Moreover, we find that thermal conductivities of YH3 under different pressures follow the ĸ∼T−1 law quite well at high temperatures, indicating the dominance of U-process in the three-phonon scattering process (Zhang et al., 2017a). More significantly, the enhancement of thermal conductivity is observed with increasing pressure. The room temperature thermal conductivity of YH3 reaches 1,360 Wm−1K−1 at 300 GPa. Such high thermal conductivity is comparable to the superior thermal conductive materials, such as graphene (∼3,000 Wm−1K−1) (Balandin, 2011), boron arsenide (∼1,400 Wm−1K−1) (Feng et al., 2017; Kang et al., 2018; Li et al., 2018; Tian et al., 2018), boron phosphide (580 Wm−1K−1) (Zheng et al., 2018), BC2N (1,200 Wm−1K−1) (Shafique and Shin, 2019). In addition, the room temperature thermal conductivities of YH3 at 0 and 50 GPa are around 10 and 70 Wm−1K−1, respectively. Previous studies reveal that thermal conductivity in solids is positively associated with external pressure, and the relationship is almost linear when the lattice structure is not changed (Mann et al., 2016). In this work, the observed dependence of thermal conductivity in YH3 on pressure is highly nonlinear, suggesting that the influences of phase transformation and structure variation are quite significant to the thermal conductivity of YH3. For the whole temperature range, the thermal conductivity of YH3 at 300 GPa is at least one order of magnitude higher than that at low pressure. However, it can be seen from Figure 3 that the phonon group velocities for three structures, although different, are still on the same order of magnitude. Obviously, the phonon group velocity is not the dominant factor responsible for the observed significantly different thermal conductivity.
[image: Figure 4]FIGURE 4 | Temperature dependent lattice thermal conductivity of YH3 under different pressures. The dashed lines indicate the κ∼T−1 dependence.
To further explore the different thermal conductivity among three structures, the normalized accumulative thermal conductivities at 300 K vs. phonon frequency are presented in Figure 5. It is noteworthy that accumulative thermal conductivities in all YH3 structures increase rapidly with frequency in the low-frequency acoustic region (<15 THz), indicating the dominant contributions from acoustic phonon branches. With the increased frequency of phonon, the accumulative thermal conductivity of YH3 at 0 GPa converges after ∼4.8 THz, while the saturation frequency is ∼9.8 THz and ∼12.6 THz (vertical lines in Figure 5) for the 50 GPa structure and 300 GPa structure, respectively. This increase of saturation frequency with pressure among different structures is consistent with the lifting of phonon frequency upon pressure in the dispersion relation observed in Figure 2.
[image: Figure 5]FIGURE 5 | Normalized accumulative thermal conductivity for YH3 under different pressures. The vertical dashed lines highlight the upper bound of acoustic branches for different YH3 structures.
Phonon Lifetime and Phase Space
Considering that the harmonic property in terms of phonon group velocity is on the same order of magnitude among three YH3 structures, the anharmonic phonon-phonon scatterings should have a significant impact on thermal transport in YH3. In this regard, we further compare in Figure 6A the phonon lifetime of three YH3 structures at 300 K. The phonon lifetime of YH3 at 300 GPa is significantly higher than that in other two structures for the whole frequency range, while the phonon lifetime in the structure at 0 GPa is the smallest. Particularly for the low-frequency phonons below 15 THz, the phonon lifetime in the structure at 300 GPa is at least one order of magnitude higher than that in other two structures, which is consistent with the observed notable difference in thermal conductivity. This result further indicates that the large difference in thermal conductivities of structures under different pressures is mainly caused by anharmonic phonon-phonon scattering. Moreover, we found that the phonon relaxation time of YH3 is on the same order of magnitude as that of the high thermal conductivity materials such as graphene (Zhang et al., 2017b). Therefore, the large phonon group velocity and relaxation time, especially in the low frequency region (<15 THz), eventually lead to the high thermal conductivity of YH3 at 300 GPa.
[image: Figure 6]FIGURE 6 | The phonon lifetime (A) and phase space (B) of YH3 under different pressures at 300 K.
The suppression of phonon lifetime should be originated from the detailed phonon-phonon scattering channels, which can be evaluated by the phase space parameter W in Eq. 6. The phase space parameter W essentially quantifies the existing scattering channels for various phonons, with a large value indicating frequent phonon-phonon scattering process thus a small phonon lifetime (Li and Mingo, 2014).
As shown in Figure 6B, the phase space of the structure at 0 GPa is the largest for the whole frequency range, followed by the structure at 50, and 300 GPa. This observation also agrees well with the obtained phonon lifetime in Figure 6A. As we mentioned before, there are two obvious band gaps in the phonon dispersion for the YH3 structures at 50 and 300 GPa, which is absent in the structure at 0 GPa. Moreover, the band gap for the structure at 300 GPa is notably wider than that at 50 GPa. The existence of band gap makes the phonon absorption process ([image: image]) and emission process ([image: image]) more difficult (Lindsay et al., 2013). On the one hand, when the pressure varies from 0 to 300 GPa, YH3 undergoes a phase transition from a hexagonal to a cubic crystal system. Table 1 reveals that the unit cell volume is compressed by more than 70% when the pressure increases from 0 to 300 GPa. As the unit cell volume of YH3 is compressed, all bond lengths in YH3 decrease significantly, and the bond energy increases sharply, especially the H-H bonds with weak covalent interactions. For crystalline materials, the enhancement of bond energy will increase the force constant matrix of lattice vibration, which makes the phonon frequency and group velocity increase rapidly (Ouyang and Hu, 2015; Hummel et al., 2020), especially for the acoustic phonon branch. Moreover, the increase of pressure can weaken the phonon-phonon scattering and increase the phonon relaxation time, thus enhancing the material’s thermal conductivity (Beldjoudi et al., 2019). As the number of three phonon-phonon scattering channels is greatly reduced at high pressure, the phonon lifetime of low-frequency acoustic phonons and further thermal conductivity is significantly enhanced. As the band gap is smaller in the structure at 50 GPa, the enhancement of phonon lifetime and thermal conductivity is suppressed. Moreover, because of the mixed acoustic and optical branches for the structure at 0 GPa, the pronounced phonon-phonon scattering processes are observed, manifested by the large phase space parameter. Thus, the suppressed phonon lifetime and thermal conductivity are observed in the structure at 0 GPa.
CONCLUSION
We have studied the lattice thermal conductivities of YH3 structures under different pressures by using Boltzmann transport equation and first-principle calculations. It is found that thermal conductivity of YH3 increases nonlinearly with pressure. Strikingly, the YH3 structure at 300 GPa, which is the superconducting phase, has remarkably high thermal conductivity around 1,360 W m−1K−1 at room temperature. For the YH3 structure at 0 GPa, a large number of flat bands appear at the low-frequency region in the phonon dispersion relation, and are mixed with the acoustic branches, which causes the strong phonon-phonon scattering and thus effectively suppresses the phonon lifetime and thermal conductivity. With increasing pressure, the unit cell volume of YH3 is compressed by more than 70% and YH3 structure changes from a hexagonal to a cubic crystal system. The increase of group velocity due to the enhancement of bond energy and the weakened phonon-phonon scattering are both responsible for the ultrahigh thermal conductivity of YH3 at 300 GPa. Our study uncovers the phononic thermal transport properties of yttrium hydrides allotropes, and also provides a new opportunity to achieve high thermal dissipation ability with external pressure.
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