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Editorial on the Research Topic 
Nematicity in iron-based superconductors

In iron-based materials, nematicity is a commonly observed symmetry-breaking state that exists in proximity to superconductivity. The nematic instability is associated with a structural transition that lowers the symmetry of the lattice and characterized by both the development of anisotropy in transport and electronic properties as well as orbital-dependent splitting in the electronic bands. The variety of experimental signatures characterizing the nematic state allowed investigations with diverse experimental probes that throughout the past decade uncovered multiple surprising results. Yet, key questions regarding the origin of nematicity remain unsettled as the spin, orbital, and lattice degrees of freedom are intimately coupled [1].
The current Research Topic compiles the latest works that tackle both the origin and characterization of the nematic phase in iron-based materials. The contributions mainly focus on the analysis of doped compounds of the “122” group (e.g., BaFe2As2) including the heavily hole-doped ones, in which a new type of nematic instability has been recently reported [2], and on FeSe, that provides the unique opportunity to study the nematic phase within a wide range of temperature in the absence of long-range magnetic ordering [3]. In this way, we highlight the forefront of the research on nematicity in iron-based superconductors.
The Research Topic presents three review papers and six experimental and theoretical contributions collected from the front of original research.
Degiorgi reviews optical studies of FeSe and Ba0.6K0.4Fe2As2. The study of the broadband optical anisotropy in FeSe suggests that spin fluctuations together with the high-energy orbital ordering assume a dominant role in the onset of nematicity. For optimally doped Ba0.6K0.4Fe2As2, it is shown that the stress-induced optical anisotropy occurs only below the superconducting transition temperature. These findings demonstrate an intimate relation between spin fluctuations, orbital nematicity, and superconductivity.
Rana and Furukawa present a mini-review of their 77Se nuclear magnetic resonance (NMR) studies on FeSe, when the compound is tuned by application of physical pressure, chemical pressure, or a combination of both. Indeed, FeSe exhibits a complex T-x-p phase diagram as physical pressure, p, is applied or sulfur is substituted for selenium in FeSe1-xSx (chemical pressure), including magnetic order and abundant magnetic fluctuations. Rana and Furukawa find that, while antiferromagnetic fluctuations appear to enhance Tc in general, the effect is stronger in the absence of nematicity.
Rhodes et al. present a detailed review of the evolution of the Fermi surface of FeSe in the nematic phase, addressing the problematic issue of the “missing electron pocket.” It is still unclear how the experimentally determined Fermi surface near the M point of the Brillouin zone evolves from having two electron pockets in the tetragonal state, to exhibiting just a single electron pocket in the nematic state [4]. In this review, Rhodes et al. collect recent angle-resolved photoemission spectroscopy (ARPES) and scanning tunneling microscopy works to analyze the orbital dependent band-shifts in the nematic phase, as well as theoretical modeling based on the inclusion of an additional nematic order parameter having “xy” orbital character.
Bötzel and Eremin analyze the magnetic anisotropy of FeSe using the same phenomenological model reviewed in Rhodes et al. The model combines the usual nematic order parameter based on the differentiation of the xz and yz orbitals with a non-local xy nematic order parameter. The interesting result is that the inclusion of the latter successfully describes not only the absence of the Y-electron pocket, but also the temperature dependence of the anisotropy on the spin susceptibility.
Onari and Kontani discuss a unified picture of nematicity for iron-based superconductors presenting a theoretical description based on a self-consistent diagrammatic approximation. The model allows for the description of several experimental signatures of nematicity both in FeSe-based superconductors and in heavily hole-doped “122”-type materials, which derive from BaFe2As2 by doping towards the end-members K/Rb/CsFe2As2.
The controversial issue of nematicity in heavily hole-doped “122” materials is also the focus of Hong et al. that discuss the Research Topic from the experimental point of view. Whereas nematic orders far from a magnetic instability have been claimed in (Ba,Rb)Fe2As2, it is still debated whether the elastoresistance of these compounds is a signature of a new nematic instability. Hong et al. present elastoresistance data for a multitude of heavily hole-doped 122-systems, which show a divergence of elastoresistance. However, they present a new interpretation based on the well-known Lifshitz transition in the system unrelated to nematicity. This work adds a new element to the interpretation of elastoresistance, an experimental quantity that has impacted heavily in the investigation of nematicity.
Curro et al. present an NMR work, on the distribution of spin fluctuations in doped pnictides and the effect of uniaxial strain and strain hysteresis. They find that the spin lattice relaxation rate is inhomogeneous, and the spatial distribution of local spin fluctuations correlates with the nematic susceptibility. Their results suggest that a nematic glass behavior is induced by quenched strain fields associated with doping atoms.
Gong et al. present a systematic study of nematic fluctuations in the non-superconducting BaFe1.9−xNi0.1CrxAs2 system combining electronic transport, ARPES, and inelastic neutron scattering measurements. By monitoring the evolution of the nematic fluctuations as a function of Cr doping, a strong correlation between the resistivity- and spin nematicity is revealed, while the orbital anisotropy behaves differently. Their results suggest the importance of the interplay between local moments and itinerant electrons for understanding the nematic fluctuations.
Kreisel et al. theoretically analyze the anisotropy of the spin excitations in FeSe, focusing on the high-energy range as the one detected by resonant inelastic x-ray scattering (RIXS) experiments. They consider an itinerant model previously used to describe the spin-excitation anisotropy as measured by neutron scattering measurements, with magnetic fluctuations included within the random phase approximation. The calculated cross section exhibits overall agreement with the data of recent RIXS experiments on FeSe [5], where a theoretical interpretation in terms of local moments was discussed. The work by Kreisel et al. proves again that nematic phenomenology presents some aspects that can be described either via an itinerant or a local spin scenario, suggesting a non-trivial role of electronic correlations in affecting the metallic state of iron-based superconductors [6].
This editorial conveys the objectives of the above nine articles that represent the latest progress in the research of nematicity in iron-based superconductors. We wish to thank all the authors and referees for their contributions and hope for more future studies on this Research Topic.
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The S-substituted FeSe, FeSe1−xSx, under pressure (p), provides a versatile platform for studying the relationship among nematicity, antiferromagnetism, and superconductivity. Here we present a short review of the recent experimental evidence showing that nematicity has a remarkable impact on the relationship between antiferromagnetic fluctuations and superconductivity. This has been revealed by several 77Se nuclear magnetic resonance studies that have tracked the variability of antiferromagnetic fluctuations and superconducting transition temperature (Tc) as a function of x and p. Tc is roughly proportional to antiferromagnetic fluctuations in the presence or absence of nematic order suggesting the importance of antiferromagnetic fluctuations in the Cooper pairing mechanism in FeSe1−xSx. However, the antiferromagnetic fluctuations are more effective in enhancing superconductivity in the absence of nematicity as compared to when it is present. These experimental observations give renewed insights into the interrelationships between nematicity, magnetism, and superconductivity in Fe-based superconductors.
Keywords: nematicity, unconventional superconductivity, NMR, magnetic correlations, quantum materials
1 INTRODUCTION
Suppressing the transition temperatures of long-range orders with a tuning parameter has led to the discovery of superconductivity (SC) in the associated quantum phase transition (QPT) regions of several classes of materials such as heavy-Fermion systems [1–3], itinerant ferromagnets [4, 5], high Tc cuprates and Fe-based superconductors [3, 6]. The quantum critical fluctuations of the suppressed long-range order parameter(s) could thus be responsible for the elusive Cooper pairing mechanism in those unconventional superconductors.
In most Fe-based superconductors, SC appears close to the quantum phase transitions of two long-range orders: the nematic order, which is an electronically driven structural transition from high-temperature tetragonal (C4 symmetry) to low-temperature orthorhombic (C2 symmetry), and the antiferromagnetic (AFM) order with spontaneously oriented electronic spins characterized by a wave vector [q = (π,0) or (0,π)] [3, 7–9]. In those systems, the nematic transition temperature (Ts) is at or just above the Néel temperature (TN), and both phases are simultaneously suppressed with carrier doping and/or the application of pressure (p), leading to two QPTs originating from the nematic and the AFM states. As SC in these compounds emerges around the two QPTs, AFM and nematic phases are believed to play important roles for the appearance of SC. However, the individual contribution to SC from these two phases becomes difficult to separate due to the close proximity of the two orders [10–12].
In this sense, the sulfur-substituted FeSe system, FeSe1−xSx, provides a favorable platform for the study of the role of nematicity or antiferromagnetism on SC independently [13]. FeSe1−xSx has the simplest of crystal structures among the Fe-based superconductors, with a quasi-two dimensional FeSe(S) layer in the ab plane, stacked along the c axis. At x = 0, FeSe undergoes a nematic transition at Ts ∼ 90 K followed by a superconducting transition at Tc ∼ 8.5 K, but it does not show a long range AFM order at ambient p [13–16]. This allows the study of AFM fluctuations inside the nematic order and its relationship with SC [17]. The nematic phase in FeSe can be suppressed by pressure application, with Ts decreased down to 32 K at p = 1.5 GPa [18]. Tc shows a complex multi-domed structure with p, reaching a maximum Tc ∼ 37 K at p ∼ 6 GPa [19–21]. At the same time, an AFM ordered state appears above p = 0.8 GPa [22, 23], and Ts merges with TN above p = 1.7 GPa [24], limiting the range for studying the effects of nematicity on SC without AFM state.
The nematic phase in FeSe can also be suppressed with the isovalent S substitution for Se in FeSe1−xSx as shown in Figure 1A taken from Ref. [25] based on data from Refs. [26, 27], where Ts decreases to zero at the critical x value, xc ∼ 0.17. As no long-range AFM order appears in FeSe1−xSx at ambient p, one can study the variability of Tc including near a nematic QPT without an AFM order. At xc, diverging nematic fluctuations were reported from elasto-resistivity measurements [28], and a temperature- (T-) linear behavior of the resistivity was seen under high magnetic fields (H) [29]. As shown in Figure 1A, Tc first increases up to 10 K around x = 0.09 making a maximum and then decreases gradually at higher x without showing any clear change in Tc around xc [18, 26, 30]. Nevertheless, the considerable change in the size and anisotropy of the SC gap is observed at the nematic QPT in spectroscopic-imaging scanning tunneling microscopy [26, 30, 31], thermal conductivity [32], and specific heat [33] measurements, implying different SC states inside (SC1) and outside (SC2) nematic states [25]. In addition, signatures of the crossover between Bardeen-Cooper-Schrieffer and Bose-Einstein-Condensate superconductivities at the nematic QPT were recently reported by laser-excited angle-resolved photoemission spectroscopy (ARPES) measurements [34].
[image: Figure 1]FIGURE 1 | (A) Electronic phase diagram of FeSe1−xSx taken from Ref. [25] based on data from Refs. [26, 27]. (B) T dependence of 1/T1T under various p in polycrystalline FeSe. The arrows show the corresponding Tc. The inset show the T dependence of 1/T1 under p. Reprinted with permission from T. Imai et al., Physical Review Letters 102, 177005, 2009 [17]. Copyright (2009) by the American Physical Society. (C) p dependence of the Knight shift K as a function of T. Reprinted with permission from Ref. [17]. Copyright (2009) by the American Physical Society. (D) T-dependence of 1/T1T in single crystalline FeSe1−xSx for H‖ab (top) and H‖c (bottom) at ambient p. The arrows show the corresponding Tc. The inset shows inset the T dependence of the ratio R = T1,c/T1,ab. Reprinted with permission from P. Wiecki et al., Physical Review B 98, 020507(R), 2018 [18]. Copyright (2018) by the American Physical Society. (E, F) The contour plots of the amplitude of the AFM fluctuations defined as [image: image] (see text for derivation) in single crystal: FeSe under p (E) and FeSe1−xSx at ambient p (F) taken from Ref. [18] which includes data reported in Refs. [58, 60]. The orange, red and green symbols show Ts, Tc, and TN, respectively, determined by NMR measurements under H ∼ 7.4 T [18]. The colored curves are the corresponding values from literatures [58, 60]. Reprinted with permission from Ref. [18]. Copyright (2018) by the American Physical Society.
The nematic phase in the S-substituted FeSe system is also controlled by pressure application and an AFM state appears at higher p [35–38]. The three-dimensional T-p-x phase diagram of FeSe1−xSx up to p = 8 GPa has been reported by Matsuura et al. [35] in which the AFM ordered phase shifts to higher p with increasing x. A typical p-T phase is shown in Figure 2A for the case of x = 0.09 [37]. In this case, with increasing p, the nematic phase disappears around p ∼ 0.5 GPa corresponding to a putative nematic QPT, and the AFM state appears above p ∼ 3.5 GPa. In addition to the nematic, AFM, and SC states, Fermi liquid behaviors were reported at low temperatures in x = 0.09 (see Figure 2A) [37] and 0.11 [39] after the suppression of the nematic order by applying p. The Fermi liquid phase was recently attributed to the presence of a quantum griffiths phase close to the nematic QPT [40]. Similar to the T-x phase diagram of FeSe1−xSx, SC phase was shown to have two different states (SC1 and SC2) separated by the nematic QPT as shown in Figure 2A. Such two different SC states under p were also reported in x = 0.11 [39] and 0.12 [41], which is more apparent under H [41]. The presence of a series of nematic quantum phase transitions in the x-p phase diagram [35] allows the study of the correlation between Tc and AFM fluctuations in the presence and absence of the nematic order [37].
[image: Figure 2]FIGURE 2 | (A) Electronic phase diagram of FeSe0.91S0.09 under pressure. Reprinted with permission from K. Rana et al., Physical Review B 101, 180503(R), 2020 [37]. Copyright (2020) by the American Physical Society. (B) Temperature- (T-) dependence of 1/T1T in single crystalline FeSe0.91S0.09 measured at the indicated pressures under H‖ab (black) and H‖c (red). Black arrows indicate the superconducting transition temperatures under H = 7.4089 T parallel to the ab plane and blue arrows correspond to the Fermi liquid temperature below which 1/T1T = constant is observed. The insets show the ratio, R, of 1/T1T values measured for H‖ab and H‖c at the indicated p. The black and red lines in the insets are at 1.5 and 0.5. Reprinted with permission from Ref. [37]. Copyright (2020) by the American Physical Society. (C) Superconducting transition temperature (Tc) as a function of AFM fluctuations determined by the maximum of 1/T1T under H‖ab in FeSe1−xSx under p, taken from Ref. [37] which provided the original data for x = 0.09 (open and closed black boxes). The data for x = 0 were taken from Ref. [17] (open dark green circles) and Refs. [58, 60] (open magenta circles). Values for x = 0.12 were taken from Ref. [41] (closed green circles and open triangles), and that for FeSe1−xSx at ambient p (closed blue diamond and open blue circles) were taken from Ref. [18]. Black and blue lines fit the data with and without nematicity respectively. Reprinted with permission from Ref. [37]. Copyright (2020) by the American Physical Society.
In this mini review, we show the positive correlation between AFM fluctuations and SC and the impact of nematicity on the relationship based on the nuclear magnetic resonance (NMR) studies of the FeSe1−xSx system under p. After briefly introducing some basics of NMR which are used in 77Se NMR studies to characterize the AFM fluctuations, we review the relationship between AFM fluctuations and SC in the presence of nematic order in FeSe under p and in FeSe1−xSx at ambient p. Then, we show the studies of FeSe1−xSx system under p, where we review the relationship between AFM fluctuations and SC in the absence of nematic order. Finally, we end with a summary including the current research gaps and potential future developments in the field.
2 NUCLEAR MAGNETIC RESONANCE AND ANTIFERROMAGNETIC FLUCTUATIONS
NMR is one of the powerful techniques to study the magnetic and electronic properties of materials from a microscopic point of view and has been utilized to investigate the physical properties of Fe-based superconductors. Nuclei with finite angular momentum undergo Zeeman splitting in the presence of a magnetic field at the nuclear site (Hnuc). The energy difference between the nearest nuclear spin levels is given as ΔE = γNℏHnuc where γN is the nuclear gyromagnetic ratio. In the NMR technique, nuclei are excited from lower energy states to higher ones by applying electromagnetic wave whose energy is equal to ΔE.
The resonance frequency is determined by Hnuc which is a sum of the external magnetic field (H) and the hyperfine field (Hhf) due to the interaction between nuclei and electrons. The shift of the resonance line due to the hyperfine interaction is defined by K = Hhf/H which is the so-called Knight shift in metals. In general, the shift K has the T-independent orbital component, Korb, and T-dependent spin component, Ks, which can be expressed as K = Korb + Ks. Ks is proportional to the static and uniform magnetic susceptibility (χs) with the wave vector q = 0 and the frequency ω = 0:
[image: image]
 The T dependence of Ks gives us information of the magnetic properties of compounds at q = 0. On the other hand, the nuclear relaxation rate (1/T1) divided by T, 1/T1T, is sensitive to the q-sum of the imaginary part of susceptibility (χ′′(q, ωN)) at the NMR frequency (ωN) [42] and is given as
[image: image]
where A(q) is the q-dependent hyperfine form factor. 1/T1T gives us information about the total magnetic correlations at all q values. Therefore, one can obtain important insights about q dependent magnetic correlations by comparing Ks and 1/T1T data.
In simple metals, Ks is related to the density of states at the Fermi energy [image: image] where [image: image], and 1/T1T is proportional to the square of [image: image] as [image: image] [43]. In a Fermi liquid picture, the ratio [image: image] becomes a constant [42, 44] which is called the Korringa relation. In real materials, an experimentally determined value of [image: image] may deviate from S due to electron correlations. Thus, the deviation parameter defined as α = [image: image] provides information about electron correlations in materials. When AFM fluctuations are present, χ”(q, ωN) with q ≠ 0 is enhanced with little or no effect on Ks which probes only the q = 0 component of χs. Therefore, 1/T1T is enhanced much higher than Ks and α becomes greater than unity. On the other hand, α < unity is expected for ferromagnetic correlations.
When the Korringa relation does not hold due to strong magnetic fluctuations (non-Fermi liquid picture), the T dependence of 1/T1T could be different from that of K. When strong AFM fluctuations exist in systems, the contribution to 1/T1T from AFM fluctuations will be the source of the different T dependence, and the experimentally observed 1/T1T is sometimes decomposed as [image: image] [18, 45, 46]. Here [image: image] denotes the AFM contributions from χ(q ≠ 0, ωN) and [image: image] represents the contributions from q = 0 components. By assuming [image: image], where C is the empirically determined proportionality constant, one can extract the AFM contribution to 1/T1T by subtracting [image: image] from the observed 1/T1T, providing insights into the magnetic fluctuations.
In the case of Fe-based superconductors, Kitagawa et al. proposed that anisotropy in 1/T1 at the chalcogen or pnictogen sites provides more detailed information about AFM fluctuations [47]. According to them, the ratio of 1/T1 values measured under H parallel to c axis (1/T1,c) and parallel to ab plane (1/T1,ab) [R ≡ T1,c/T1,ab] can determine the dominant q for AFM fluctuations. In the case of isotropic AFM fluctuations, R = 1.5 is expected for stripe-type AFM fluctuations with q = (π, 0) or (0, π), whereas when Néel type AFM fluctuations with q = (π, π) are present, R = 0.5. Such analysis has been extensively used in Fe-based superconductors [18, 37, 47–51] and related materials [52, 53] to characterize the AFM fluctuations in those systems.
3 ANTIFERROMAGNETIC FLUCTUATIONS AND SUPERCONDUCTIVITY WITH NEMATICITY
Soon after the discovery of the Fe-based superconductors [54, 55], 77Se (I = 1/2, γN/2π = 8.1432 MHz) NMR studies on polycrystalline FeSe were carried out [17, 56] and the importance of AFM fluctuations for superconductivity has been pointed out. Figure 1B shows the T dependence of 1/T1T values in FeSe under various pressures reported by Imai et al. [17]. At higher temperatures above T ∼ 100 K, 1/T1T at all pressures decreases with decreasing T. This behavior is similar to the T-dependence of K shown in Figure 1C where K shows a monotonic decrease when cooling from 480 to ∼ 100 K. The variations in both 1/T1T and K above ∼ 100 K were explained in terms of spin gap formation or a peculiar band structure near the Fermi level [57]. However, upon cooling below T ∼ 100 K, the T dependences of 1/T1T and K show quite different behaviors. Although K is nearly independent of both T and p below 50 K, 1/T1T shows strong enhancements at all measured pressures at low temperatures where peaks are observed at the p-dependent Tc or TN. As described above, K is proportional to χ(0, 0) and 1/T1T reflects the T dependence of q-summed χ”(q, ωN). Therefore, the enhancements of 1/T1T at low temperatures unequivocally establish the presence of AFM fluctuations at the T region, suggesting that the AFM fluctuations are relevant to the SC in FeSe. In fact, a close relationship between the AFM fluctuations and SC has been pointed out from the p dependences of Tc and 1/T1T data: the maximum of 1/T1T increases along with Tc as shown in Figure 1B where Tcs at different p are marked by downward arrows [17]. Broad humps in 1/T1T observed at temperatures much higher than their respective Tc values at p = 1.4 and 2.2 GPa are due to magnetic orderings. It should be noted that, due to the occurrence of the AFM order under high pressures in FeSe, the relationship between Tc and the maximum of 1/T1T can only be compared at low pressures in this system. A later single crystalline 77Se NMR studies under H‖ab and H‖c characterized the AFM order and the AFM fluctuations at higher pressures to be of stripe type [51, 58].
A77Se NMR study of single crystalline FeSe1−xSx by Wiecki et al. [18] at ambient p also provided clear experimental evidence of the close relationship between the AFM fluctuations and SC in this system. Figure 1D show the T dependence of 1/T1T in FeSe1−xSx for H‖ab (upper) and H‖c (lower), respectively, at ambient p [18], which includes the data from Ref. [58]. As in FeSe, K for all x shows monotonic decreases when lowering T from room T down to ∼ 100 K, before leveling off at constant values [18] for both H‖ab and H‖c. Although 1/T1T showed a similar T dependence as K in all cases above 100 K, 1/T1T shows a strong upturn below T ∼ 100 K due to the growth of AFM fluctuations. The AFM fluctuations appear below 100 K for all samples of x = 0, 0.09, 0.15, and 0.29, however, the enhancement of the AFM fluctuations shows a strong x dependence. For x less than xc ∼ 0.17, 1/T1T increases with decreasing T showing a Curie-Wiess-like behavior expected for two-dimensional AFM fluctuations from the self-consistent renormalization theory [42]. On the other hand, for x = 0.29 greater than xc, a subtle upturn on cooling below T ∼ 100 K is observed, suggesting the tiny growth of the AFM fluctuations, followed by a nearly T independent behavior below T ∼ 25 K without showing clear Curie-Weiss-like behaviors. At all measured x values, the ratios R ≡ T1,c/T1,ab are found to be ∼ 1.5 below T ∼ 100 K shown in the inset of the lower panel of Figure 1D, indicating that the AFM fluctuations are characterized to be stripe type and do not change with x.
The x-T phase diagram (Figure 1A) of FeSe1−xSx at ambient p allowed Wiecki et al. to examine the correlation between AFM fluctuations and Tc, and it was shown to persist, despite the presence of a nematic QPT isolated from an AFM order. The maximum values of 1/T1T first increased when x was changed from 0 to 0.09, then decreased for x = 0.15 and higher, similar to the x dependence of Tc shown in Figure 1A. Figures 1E,F taken from Ref. [18] are contour plots of the magnitude of AFM fluctuations determined by 1/T1T data in FeSe under p (E) and in FeSe1−xSx at ambient p (F), respectively, along with their respective phase diagrams. It can be seen that Tc is enhanced at the p or x values where AFM fluctuations are stronger. This indicates the correlation between Tc and AFM fluctuations in both cases and also demonstrates the primary importance of AFM fluctuations to SC in FeSe1−xSx. It was also pointed out that, although nematic fluctuations are most strongly enhanced near the nematic QCP at x ∼ 0.17 in the case of FeSe1−xSx, no clear correlation with Tc was observed [18].
4 ANTIFERROMAGNETIC FLUCTUATIONS AND SUPERCONDUCTIVITY WITHOUT NEMATICITY
With the firm establishment of the correlation between AFM fluctuations and SC in FeSe1−xSx, the question then arose about the role of nematicity on the relationship. As described above, FeSe1−xSx provides a suitable platform for the study of the role of nematicity on the relationship by changing samples as reported by Wiecki et al. [18]. The application of pressure on FeSe1−xSx also provides a versatile opportunity to study the effect of nematicity on the relationship. This has an advantage because p is known as one of the clean tuning parameters which control the ground state without changing the composition avoiding any additional effects of S substitutions such as homogeneity by changing x. Several 77Se NMR studies on single crystalline FeSe1−xSx under pressure have been carried out [37, 38, 41, 59]. Here we show the results of NMR measurements under pressure up to 2.1 GPa on x = 0.09 whose p-T phase diagram is shown in Figure 2A reported in Ref. [37]. With p, the nematic phase is suppressed and disappears around the critical pressure pc ∼ 0.5 GPa, and an AFM state appears above 3 GPa with a dome-shaped Fermi-liquid phase between nematic and AFM phases. Tc shows a clear p dependence with a double dome structure with and without long-range nematicity, making the system suitable in investigating the role of nematicity on the relationship.
Figure 2B shows the T dependence of 1/T1T for x = 0.09 under H‖ab (black) and H‖c (red) at several pressures, taken from the study by Rana et al [37]. Below pc = 0.5 GPa, with decreasing T, 1/T1T increases below ∼70 K showing Curie-Weiss like behavior originating from two dimensional AFM fluctuations and starts to decrease around Tc (Tc for H‖ab are shown by black arrows in the figures). On the other hand, above 0.5 GPa, 1/T1T exhibits quite different temperature dependences in comparison with those observed at low pressures. Although 1/T1T is slightly enhanced below ∼70 K, indicating the existence of the AFM spin fluctuations, 1/T1Ts are nearly constant exhibiting the so-called Korringa behavior, expected for Fermi-liquid state below the temperature (defined as TFL) marked by blue arrows. Thus the results indicate that the nature of AFM fluctuations changes below and above pc = 0.5 GPa in FeSe0.91S0.09.
Similar T dependences of 1/T1T have also been reported in 77Se NMR studies of FeSe1−xSx by Kuwayama et al. [38, 41] under p up to 3.9 GPa. The authors pointed out that AFM fluctuations with different q vectors may be responsible for the two distinct SC domes [41]. However, Rana et al found that the AFM fluctuations are characterized to be stripe type and p independent by showing the fact that the ratios R are close to ∼ 1.5 at low temperatures for all measured p shown in the insets of Figure 2B.
Then what is the difference in the nature of AFM fluctuations in the presence and absence of nematic order? The idea that nematicity changes the relationship between Tc and AFM fluctuations was proposed by Rana et al [37] and can be clearly seen in Figure 2C taken from that study. Here, in the x axis, the maximum values of 1/T1T with H‖ab were taken as a representative of the magnitude of AFM fluctuations for different values of x and p in FeSe1−xSx. The corresponding x and p dependent Tc values were plotted in the y axis. The data included for x = 0, 0.12 and 0.29 were taken from Refs. [17, 58, 60], Ref. [41] and Ref. [18], respectively, while those for x = 0.09 were reported by Ref. [37]. These experimental data were classified into two groups: one that includes the data points where Tc and AFM fluctuations are in the nematic order, and another that includes those measured in the absence of nematic order. The slope for the linear fitting of the data points in the absence of nematicity was higher by a factor of ∼ 5 compared to the slope for the linear fitting of those in the presence of nematicity. The results indicate that, for example, Tc is less sensitive to the strength of spin fluctuations in the tetragonal phase of FeSe1−xSx at ambient pressure for x < 0.17 while it is largely enhanced in the orthorhombic phase of FeSe0.91S0.09 above 0.5 GPa even with a small increase in AFM fluctuations. When nematicity is absent, the AFM fluctuations in this system are present at both the wave vectors q = (π, 0) and q = (0, π) due to the four-fold rotational symmetry (C4) of the tetragonal state. However, in the presence of nematicity, the rotational symmetry is reduced to two-fold rotational symmetry (C2) and the AFM fluctuations are present at only one of the wave vectors, either vector q = (π, 0) or q = (0, π) [61, 62]. Based on those results, Rana et al. pointed out that the AFM fluctuations with C4 symmetry are more effective in enhancing Tc for the FeSe1−xSx system.
5 SUMMARY
We presented a brief overview of 77Se NMR studies in FeSe1−xSx at ambient pressure and under pressure, especially focusing on the role of nematicity on the relationship between superconducting transition temperature Tc and antiferromagnetic (AFM) fluctuations. It was shown that Tc has a positive relationship with AFM fluctuations, suggesting the importance of AFM fluctuations in the pairing mechanism of superconducting electrons in FeSe1−xSx. Furthermore, nematicity is found to play a central role on the positive relationship. In the absence of nematic order, Tc can be greatly enhanced by AFM fluctuations. When the nematic order is present, this enhancement decreases by a factor of ∼ 5. The evidence of the impact of nematicity on the relationship between superconductivity and AFM fluctuations has emerged from various 77Se NMR studies in the FeSe1−xSx system under pressure.
Although the findings provide a renewed insight on the relationships between nematicity, magnetism, and unconventional superconductivity in Fe-based superconductors, the origin for the strong impact of nematicity on the relationship between Tc and AFM fluctuations is still an open question. Further detailed experimental as well as theoretical investigations of the underlying reason behind the impact of nematicity on the relationships between superconductivity and AFM fluctuations would bring us a step towards understanding the physical mechanism behind unconventional superconductivity.
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Nematicity, which refers to a phase of broken rotational but preserved translational symmetry, is underlined by the appearance of anisotropic properties and leaves remarkable fingerprints in all measurable physical quantities upon crossing the structural tetragonal-orthorhombic transition at Ts in several iron-based materials. Here, we review part of our own broadband optical investigations, addressing the impact of nematicity on the charge dynamics, as a function of temperature and of tunable applied stress, the latter acting as an external symmetry breaking field. We shall first focus our attention on FeSe, which undergoes a nematic (structural) transition without any subsequent onset of magnetic ordering below Ts. FeSe thus provides an opportunity to study nematicity without the limitations due to the reconstruction of the Fermi surface because of the spin-density-wave collective state in the orthorhombic phase, typical for several other iron-based superconductors. Our data reveal an astonishing anisotropy of the optical response in the mid-infrared-to-visible spectral range, which bears testimony of an important polarization of the underlying electronic structure in agreement with angle-resolved-photoemission-spectroscopy results. Our findings at high energy scales support models for the nematic phase resting on an orbital-ordering mechanism, supplemented by orbital selective band renormalization. The optical results at energies close to the Fermi level furthermore emphasize scenarios relying on scattering by anisotropic spin-fluctuations and shed new light on the origin of nematicity in FeSe. Moreover, the composition at which the associated Weiss temperature of the nematic susceptibility extrapolates to zero is found to be close to optimal doping (i.e., in coincidence with the largest superconducting transition temperature), boosting the debate to what extent nematic fluctuations contribute to the pairing-mechanism and generally affect the electronic structure of iron-based superconductors. The present review then offers a discussion of our optical data on the optimally hole-doped Ba0.6K0.4Fe2As2. We show that the stress-induced optical anisotropy in the infrared spectral range is reversible upon sweeping the applied stress and occurs only below the superconducting transition temperature. These findings demonstrate that there is a large electronic nematicity at optimal doping which extends right under the superconducting dome.
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INTRODUCTION
Nematicity lately arose to a key concept in solid state physics, because of its intimate relationship to the onset of superconductivity at high temperature [1–3]. It was soon recognised that this is a hallmark of iron-based superconductors, which are deemed to be unconventional and set new paradigms for superconductivity [4]. Nematicity, for which the electronic system breaks a discrete rotational symmetry of the crystal lattice without altering the existing translational symmetry, was originally brought into action in order to justify the anisotropy in the dc transport properties of the 122-materials Ba(Fe1−xCox)2As2 below their structural tetragonal-to-orthorhombic phase transition at Ts [5, 6]. Since the anisotropy of any measurable physical quantity is considerably larger than any reasonable expectations by solely pondering the lattice distortion, it has been conjectured that nematicity is electronic in nature. A central quantity is the nematic susceptibility in the tetragonal phase, for instance as evinced by elastoresistance measurements (i.e., measurements of the induced resistivity anisotropy due to anisotropic strain) [7, 8], which incidentally turns out to diverge in a Curie-like fashion. Such an astonishing divergence of the nematic susceptibility was also inferred by Raman [9–11] and elastic moduli [12] investigations.
In a broader perspective, electronic nematicity is not only a topic of relevance for the iron-based superconductors but its far-reaching consequences affect several cuprates and some heavy-fermion compounds, just to quote a few examples of other unconventional superconductors, which in fact provide signatures for strongly anisotropic electronic phases [13], as well.
Another basic ingredient of unconventional superconductors is the interplay of structural, magnetic and orbital order, which cannot be considered apart and disconnected from the onset of the nematic phase [4, 14–16]. Being here the focus on iron-based superconductors, it is well established that in almost all of them a structural transition at Ts coincides with or precedes a magnetic transition at TN and the related stripe-type magnetic order is coupled to the orthorhombic lattice distortion. The anticipated anisotropy of all physical quantities implicit in the nematic phase will be also experienced, because of symmetry, by all structural, magnetic as well as orbital properties. This thus hampers the determination of the driving mechanism and microscopic origin of nematicity [16]. In this context, FeSe lately acquired a prominent role within the panorama of iron-based materials, since it harbors a tetragonal-to-orthorhombic structural phase transition at Ts ≃ 90 K, where the lattice breaks the C4 rotational symmetry, in the absence of any subsequent, ambient pressure long-range magnetic order, prior the onset of superconductivity at Tc = 8 K [17, 18]. Therefore, FeSe is an ideal playground for the study of nematicity, since the absence of the Fermi surface folding due to the spin-density-wave-like antiferromagnetic order allows circumventing its concomitant coupling to the lattice structural transition.
Furthermore, the divergent nematic susceptibility, as observed in the strained-dependent dc transport properties, is empirically established in several iron-based superconductors even up to optimally doped compositions [19]. It is then a generic property spanning the great part of the phase diagram and led to speculate about scenarios for which nematic quantum criticality could perhaps enhance the pairing interaction [16, 20, 21]. Such an opportunity is intriguing and could open novel perspectives towards the onset of superconductivity in iron-based superconductors, as it has been already envisaged for the cuprates [22, 23]. There is an ongoing theoretical debate about the relationship between superconductivity and nematicity [13]. Equally, there is still the quest to better experimentally scrutinise the influence of nematic fluctuations on the electronic properties over a large energy range and at temperatures (T) extending under the superconducting dome, which are not accessible by elastoresistive technique. This motivated us to address the hole-doped Ba1−xKxFe2As2, which displays a nematic state up to x ∼ 0.3, when the antiferromagnetic phase boundary is reached [24]. We specifically choose the optimally-doped x = 0.4 compound (Tc = 38.5 K), which is an ideal composition in order to address the impact of the nematic fluctuations and their alleged relationship to superconductivity. Indeed, the nematic order fully disappears (i.e., Ts = 0) at this doping.
Here, we review data of our thorough broadband optical investigations of FeSe and Ba0.6K0.4Fe2As2, consisting in the measurement of the optical reflectivity as a function of T for samples experiencing a tunable symmetry breaking field, given by uniaxial stress. We ultimately extract the optical conductivity from the far-infrared up to the ultraviolet. This review, based on our publications in Refs. [25–27], is organised as follows: first an ample presentation of the experiment and then a thorough display of the data on both selected materials, together with their own dedicated discussion. An overall summary and a future outlook will conclude this paper.
EXPERIMENT
Any phase transition that breaks a point group symmetry naturally leads to domain formation. In the case of a ferroelastic-like tetragonal-to-orthorhombic transition, as exhibited by underdoped iron-arsenide superconductors as well as by FeSe, a spontaneous strain at low T can be oriented in one of two possible directions, and a twin domain structure forms to minimize the elastic energy [5, 6]. Therefore, a tunable applied stress acts as a conjugate field to the orthorhombic distortion and enforces an adjustable population of domains oriented along a preferential direction, effectively bypassing sample twinning below Ts. Our mechanical device for applying stress, and thus detwinning the samples, is shown in Figure 1 [28, 29] and consists of a spring bellows, which is made of stainless steel and it is mounted at the oxygen-free Cu cold finger of the cryostat. The bellows can be extended/retracted in order to exert and release in − situ uniaxial stress (generally abbreviated by p) on the lateral side of the sample. This is undoubtedly a major technical progress, since the capability to control the symmetry breaking field grants more experimental opportunities than in the original, yet pioneering optical work based on a mechanical clamp enabling a fixed and mostly unknown amount of compressive stress [5, 30, 31].
[image: Figure 1]FIGURE 1 | (color online) (left) Three-dimensional schematic view of the stress device with a cross-section along the plane of the incident/reflected optical path. (right) Front view along the light path. By flushing He-gas into the spring bellows and evacuating its volume, one can exert and release stress, respectively, along the direction corresponding to the (shorter) orthorhombic b-axis, as indicated by the black arrow. The optical mask, placed on top of the stress device, defines equal spots of the sample and reference Au-mirror surface, which are exposed to the electromagnetic radiation polarized along the a- and b-axis (blue and red arrow, respectively). Reproduced from Ref. [29].
The stress device (Figure 1), with the specimens mounted into it, is then placed inside an Oxford SM 4000 cryostat coupled to a Fourier-transform infrared interferometer (Bruker Vertex 80v). This permits measurements of the frequency (ω) dependence of the reflectivity (R(ω)) at nearly normal incidence [32] at different T and as a function of p in the spectral range from the far-infrared (FIR) up to the near-infrared (NIR), i.e. between 30 and 6,000 cm−1. Room-temperature and stress-free data were complementary collected from NIR up to the ultra-violet (UV) range, i.e. 3200–48000 cm−1. The electromagnetic radiation in all spectrometers was polarized along the a and b axes (Figure 1); in the following the measured reflectivity will be defined as Ra and Rb, respectively [28].
In displaying the data, we refer to the pressure of the He-gas flushed inside the volume of the bellows (pbellows) in order to extend it: the effective stress felt by the sample (psample) depends on its size and thickness, so that pbellows = 0.1 bar corresponds to an effective uniaxial stress of about psample ∼ 1.5–2 MPa on our crystals. It has been widely established that an effective p of at least 10 MPa is enough to fully detwin the specimen and thus reveal the underlying symmetry-breaking [5]. The released p data are achieved upon retracting the bellows, thus by evacuating its volume (Figure 1). We report results obtained from zero-pressure-cooled (ZPC) ‘pressure-loop’ experiments: we reach the selected T without applying stress and at that fixed T we measure R(ω) at progressively increasing pbellows (i.e., tunable degree of detwinning) from 0 up to a material-dependent maximum pressure ranging between 0.8 and 1.2 bar. We subsequently collect R(ω) when stepwise releasing stress back to 0 bar, thus completing the p-loop.
Finally, the real part σ1(ω) of the optical conductivity was obtained via the Kramers–Kronig (KK) transformation of R(ω) by applying suitable extrapolations at low and high frequencies. For the ω → 0 extrapolation, we made use of the Hagen-Rubens formula [image: image], inserting the dc conductivity values (σdc) consistent with the relative T dependence of the samples transport data, while above the upper frequency limit R(ω) ∼ ω−s (2⩽s⩽4) [32].
Our original publications and their Supplemental Material [25–29] cited along this work should be consulted for more details on the experimental technique and set-up as well as samples growth.
RESULTS AND DISCUSSION
FeSe
We commence our data survey by the measured stress dependence of R(ω) in FeSe [25, 26], of which representative data in the FIR and mid-infrared (MIR) spectral range (i.e., for ω < 7,000 cm−1) are shown in the main panel of Figure 2A at 10 K. The stress applied by the spring bellows of pbellows = 1.2 bar corresponds to the situation for a fully detwinned specimen (i.e., at saturation). We can immediately recognise the overall (optical) metallicity of FeSe (inset of Figure 2A), identified by the increase of R(ω) below 2 × 104 cm−1 (i.e., plasma edge). The raw data explicitly convey the anisotropy of R(ω) between the two polarization directions at FIR-MIR frequencies. Such an anisotropy indeed develops from R(ω) at zero stress (see below), which shares the same trend over the whole investigated spectral range as in a previous work [33].
[image: Figure 2]FIGURE 2 | (color online) Experimental setup as well as T and p dependence of the optical anisotropy in FeSe: The upper-left panel schematically shows a sample inside the mechanical device and emphasizes the orientation of its a- and b-axis with respect to the direction of the applied stress p. Polarized light parallel to the orthorhombic (elongated) a- and (short) b-axis (in our experimental set-up Pol 90 and Pol 0, respectively) illuminates the sample (see details in Figure 1). (A) Representative data of the optical reflectivity (R(ω)) of FeSe at 10 K and 1.2 bar (i.e., at saturation) after a ZPC experiment; it emphasizes the optical anisotropy at MIR frequencies (1 eV = 8.06548 × 103 cm−1) [25]. The inset shows Ra(ω) and Rb(ω) from the FIR up to the UV range with a logarithmic frequency scale. (B) Real part σ1(ω) of the optical conductivity and its blow up pertinent to the FIR range (inset) at 10 K and 1.2 bar. (C–E) T dependence of the dichroism defined as [image: image] at 0, 1.2 and released 0 bar after the ZPC p-loop experiment. The thick horizontal dashed line marks Ts. The thin vertical dotted lines in panels (A) and (D) mark the frequencies 1,000 and 3,000 cm−1. (F–I) Δσ1(ω) at selected T below and above Ts within each ZPC p-loop experiment. The thin horizontal dashed line marks p at saturation. A first-neighbor interpolation procedure is used in order to generate the color maps. Released p is denoted by “(r)”. Reproduced from Ref. [26].
The polarisation dependence of R(ω) is also reflected in the excitation spectrum, represented by σ1(ω), as shown at saturation in Figure 2B. An alternative illuminating quantity, in order to emphasise the optical anisotropy, is the so-called dichroism [image: image], which is shown at three selected p of 0, 1.2 and released 0 bar after the p-loop experiment within the ZPC protocol in Figures 2C–E. The optical anisotropy is evident below Ts and is particularly well identified by the change of sign of Δσ1(ω) around 1,000, 3,000 and 5,000 cm−1 at saturation. The evolution of the optical anisotropy at T < Ts upon sweeping p can be equally recognised in Δσ1(ω) at selected T within each p-loop experiment (Figures 2F–I). Furthermore, the anisotropy at dc (i.e., ω → 0) and for T < Ts (inset of Figure 2B) is such that [image: image] for fully detwinned specimens (i.e., Δσ1(ω) < 0, Figure 2D). This is consistent with the measured dc transport anisotropy and is reminiscent of the situation encountered in the hole-doped iron-pnictides [34].
Before going any further, we focus our attention on the hysteretic behavior of the optical anisotropy. To this goal, we shed light on the p dependence of ΔRratio(ω) = (Ra(ω)/Rb(ω)) - 1 at 1,000 and 3,000 cm−1 (dashed vertical lines in Figure 2A) for the ZPC p-loop measurements, shown in Figure 3 for several representative T [25]. A clear half-hysteresis in the p dependence of ΔRratio is encountered for T < Ts and at both frequencies, though with opposite sign. We claim that this startling hysteretic occurrence is likely due to twin boundary motion. A quite rapid enhancement in |ΔRratio| at low T shapes the so-called virgin curve of the hysteretic behaviour. Afterwards, the optical anisotropy starts to saturate for larger p (Figures 3A,B,F,G). Therefore, a relatively modest uniaxial stress of psample ∼ 6 MPa is able to detwin the sample in the orthorhombic phase. The saturation of ΔRratio at T ≪ Ts presumably reflects complete detwinning of the sample, and any subsequent p dependence arises from the intrinsic response to p of the orthorhombic structure. The optical anisotropy is achieved more gradually for T ≤ Ts (Figures 3C,H), at which indeed the initial curve increases smoothly. At Ts (Figures 3D,I), the half-hysteresis loop has essentially collapsed and for T ≥ Ts (Figures 3E,J) the material is tetragonal and no half-hysteresis is observed so that the optical anisotropy totally vanishes at 3,000 cm−1 and is weakly negative at 1,000 cm−1.
[image: Figure 3]FIGURE 3 | (color online) Optical anisotropy given by ΔRratio (see text) read at (A–E) 1,000 and (F–J) 3,000 cm−1 (dashed vertical lines in Figure 2A) of FeSe as a function of applied stress p at representative T: full and open symbols denote increasing and decreasing p, respectively, for p-loop measurements following an initial ZPC protocol. Lower x-axis denotes He-gas p in the spring bellows (pbellows) and upper x-axis the effective stress felt by the sample (psample). Dashed (increasing p) and dotted (releasing p) lines are drawn to guide the eye. Reproduced from Ref. [25].
We expect that the imbalance of the two twin orientations remains frozen in place at low T. This can be probed by the remanent optical anisotropy upon releasing p back to 0 [28]. At 10 K, the material barely shows changes in the optical anisotropy when p is released, indicating in fact that the sample remains in a near-single domain state. The intrinsic optical anisotropy of a fully detwinned but stress-free material is therefore given by ΔRratio at released p = 0. For increasing T, the thermally assisted domain-wall motion suppresses the anisotropy at released p = 0 [28]. Such a hysteretic behavior of ΔRratio(ω) is equivalently mapped onto Δσ1(ω), since its saturation value tends to persist at low T, while it vanishes for T → Ts, upon releasing p (Figures 2D,E as well as Figures 2F–I).
Figure 4 summarizes the T dependence of ΔRratio for FeSe at 1,000 and 3,000 cm−1 read at fixed pbellows = 1.2 bar (i.e., at saturation (sat), [image: image]) from the p-loop experiments within the ZPC procedure (Figure 3), normalized by this quantity at 5 K. [image: image] at both energy scales undergoes a quite sharp onset at Ts and tends to flatten out below Ts/2. We reiterate that at 1,000 [image: image] 0 slightly above Ts, anticipating an incipient optical anisotropy at infrared frequencies, consistent in the ω → 0 limit with the measured dc one for detwinned samples [34]. The T dependence of [image: image] is at variance with other experimental findings in FeSe, which attest local nematicity up to 300 K in x-ray atomic pair distribution function measurements [37] and dc transport anisotropy exhibiting a significant stress-induced tail above Ts [34]. Moreover, as shown in Figure 4, [image: image] remains constant at T < Tc, which is compatible with our previous results on Co-doped 122-materials [29]. Even though the impact of superconductivity on the excitation spectrum generally occurs at much lower energy scales, the high energy optical anisotropy, addressed here at T < Tc, indicates that the superconducting state develops within a polarized electronic structure. Similarly, the orthorhombic lattice distortion is barely affected by superconductivity in FeSe [34]. However, the most astonishing outcome from the T dependence of ΔRratio (Figure 4) is that the optical anisotropy at MIR energies seems to act as a proxy for a mean-field-like order parameter of nematicity [25].
[image: Figure 4]FIGURE 4 | (color online) T dependence of [image: image] (i.e., optical anisotropy at saturation, see text): at 1,000 and 3,000 cm−1 in FeSe for pbellows = 1.2 bar (i.e., psample ≈ 18.5 MPa), read from Figure 3. [image: image] is normalized by its value at T0 = 5 K. The same quantity at 1,500 cm−1 for BaFe2As2 [28], normalized at T0 = 10 K, is shown with dashed-double dot line as guide to the eyes. With respect to the normalized view of [image: image] in FeSe, it is worth reminding that as shown in Figures 2A, 3 ΔRratio > 0 and ΔRratio < 0 at 1,000 cm−1 and at 3,000 cm−1, respectively. [image: image] at FeSe is compared to the T dependence of the mean-field order parameter (dashed line). The stressed-induced orthorhombicity (δ) at typical stress for fully detwinned specimens (i.e., at saturation) is reproduced from Ref. [35] for BaFe2As2 and estimated for FeSe [36], respectively. The T axis has been normalized by Ts ∼ 90 and 135 K for FeSe and BaFe2As2 (vertical dotted line), respectively. Reproduced from Ref. [25].
When comparing FeSe (Figure 3) and Ba(Fe1−xCox)2As2 [28, 29], we identify some distinct features of the hysteretic p dependence of their optical anisotropy at equivalent effectively felt uniaxial stress. First of all, the hysteretic behavior of the optical anisotropy in Co-doped BaFe2As2, while qualitatively reminiscent of FeSe, is clearly established only at frequencies below 2000 cm−1 with Ra(ω) > Rb(ω) and without any sign change over the whole spectral range. Moreover the anisotropy at saturation was found to display a broad crossover through Ts (Figure 4), similar to the T dependence of the dc transport anisotropy for fully detwinned specimens [5] as well as of the magneto-torque signal [38] and directly comparable to the stress-induced orthorhombicity ([image: image], being a and b the lattice constant of the corresponding axes) [35], replicated in Figure 4. This is rather different to the above-mentioned sudden onset of [image: image] at T ≤ Ts in FeSe, despite its anticipated stress-induced δ above Ts (Figure 4) [36]. Such a distinct T dependence of the optical anisotropy across Ts between FeSe and 122-materials was also encountered in quantities from other experimental probes. For instance, the recent investigation of the linear dichroism with laser-photoemission electron microscope maps out the nematic parameter, which disappears at Ts in FeSe while it persists with a tail extending above Ts in BaFe2(As0.87P0.13)2 [39]. To which extent the magnetic transition at TN in the underdoped regime of 122-materials may be the dominant aspect governing these differences still remains to be figured out. It is certainly safe to conclude that, at least at the energy scales addressed here, δ in FeSe may be less strongly or not obviously bound to the electronic structure as in other iron-based superconductors.
The key role of the anisotropic electronic structure with respect to the nematic phase transition in FeSe (see Ref. [40] for the most recent, comprehensive review) is underscored by our optical data, which also highlight the central significance of the orbital degrees of freedom, affecting the band structure in an extended energy interval [41–47]. The optical anisotropy indeed occurs within the frequency range 0–6,000 cm−1 (Figure 2A), which is fairly consistent with the extent from the Fermi level of the correlated and weakly dispersing 3d iron bands [45, 48, 49]. However, there is an ongoing debate about the detailed nature of the nematic state in FeSe. Nuclear-magnetic-resonance (NMR) studies [50–52] initially promote a so-called on-site ferro-orbital ordering. Investigations of the electronic band structure in the reciprocal space force to revise the conclusions unbent from NMR, so that the purely on-site ferro-orbital order needs to be reconsidered within momentum-dependent scenarios. In fact, angle-resolved-photoemission-spectroscopy (ARPES) results [40, 45, 49, 53–61] indicate that the electronic band structure in FeSe undergoes a rather intricate momentum-dependent behavior, possibly consistent with either the bond-type ordering of the iron dxy, dxz and dyz orbitals when crossing Ts [40, 56, 60, 62], the non-trivial energy splitting between the Γ and M point of the Brillouin zone [53, 59], leading to a band shift reversion [59], or finally the orbital-dependent Fermi-surface shrinking [45]. These scenarios demonstrate a nematicity-driven band reconstruction [33, 63], which is likely reflected in the optical anisotropy in FeSe and could account for its extension in energy and the change of sign in ΔRratio, as observed between 1,000 and 3,000 cm−1 (Figures 2A, 3). The optical anisotropy further implies an important reshuffling of spectral weight, occurring at larger energy scales than the characteristic ones set by the critical (structural) transition temperatures. This latter observation is another manifestation of the strong orbital-selective electronic correlations in FeSe [48, 49, 64–66]. In this context, recent ARPES results [67] imply that the dxz orbital has a larger quasi-particle spectral weight and a smaller spectral weight in the Hubbard band compared to the dyz orbital. This may be interpreted in terms of a more coherent dxz orbital than the dyz orbital inside the nematic phase; a result which further highlights the importance of electronic correlations in the description of nematicity [67].
The optical conductivity allows accessing all parameters, which determine the transport properties; the scattering rate and the plasma frequency of the itinerant charge carriers. They can be extracted phenomenologically within the well-established Drude–Lorentz fit procedure [32], which we did successfully apply in the past for the 122-materials [68, 69]. By recalling that the complex optical conductivity relates to the complex dielectric function as [image: image], we can summarize our Drude–Lorentz fit as follows [32]:
[image: image]
Besides several Lorentz harmonic oscillators (h.o.) for the finite frequency excitations we consider two Drude terms, a narrow (N) and a broad (B) one, accounting for the multi-band nature of iron-based superconductors [70]. ΓN/B and ωpN/B are respectively the width at half-maximum (scattering rate) and the plasma frequency [image: image] of the itinerant charge carriers, with charge e, density n and effective mass m*. The parameters for each h. o. at finite frequency are the strength (S), the center-peak frequency (ω0) and the width (γ). In Eq. 1, ϵ∞ is the optical dielectric constant (close to one for all our fits [26]). Within this phenomenological approach we simultaneously fit both R(ω) and σ1(ω), achieving a good reproduction of the optical functions [26].
Here, we will argue on the Drude parameters only (for additional informations on the overall fit results, please consult Ref. [26]), since the link to the (anisotropic) dc transport properties [34] is at the center of our interest. We consider the ratio of the fit parameters between the a- and b-axis, in order to shed light on their own anisotropy. Figure 5 then shows the anisotropy of [image: image] (Figures 5A,B) for both Drude terms and of the total Drude weight ([image: image], Figure 5C) as a function of T within the p-loop. The resulting anisotropy in the relevant Drude parameters develops upon progressively detwinning the specimen, particularly in the T interval between 40 and 80 K, and vanishes upon releasing p back to zero. The cut of the color maps in Figures 5A–C at saturation indicates that the anisotropy of all Drude quantities for fully detwinned samples is weak just above Ts, reaches its maximum value around 60–70 K and substantially drops upon further lowering T to 10 K (i.e. just above Tc). A recent approach resting upon orbital-selective spin fluctuations [45, 71, 72] can explain the emergence of the orbital ordering, as well as of the anisotropy in the scattering rate and plasma frequency. Besides being in broad qualitative agreement with our findings, those theoretical thoughts reveal the importance of the spin-orbital interplay.
[image: Figure 5]FIGURE 5 | (color online) (A–C) T and p dependence of the anisotropy of both scattering rates [image: image] for the broad (B) and narrow (N) Drude components and of the total Drude weight [image: image] from the phenomenological fit (Eq. 1) of the p-loop experiments after the ZPC protocol (see text) in FeSe. (D) T and p (left scale) dependence of the dc anisotropy (ρa/ρb) calculated within the Drude model. A first-neighbor interpolation procedure is used in order to generate the color maps. Released p is denoted by “(r)”. The thick vertical dashed line marks Ts, while the thin horizontal dashed line indicates p = 1.2 bar (i.e., at saturation). The red curve in panel (D) corresponds to the experimental ρa/ρb (right scale) for fully detwinned specimen [34]. Reproduced from Ref. [26].
The dc resistivity can be directly reconstructed within the Drude approach and by exploiting the corresponding parameters [image: image]. The resulting anisotropy ρa/ρb, shown in Figure 5D, gets stronger upon applying p, specifically in the T interval 40 K[image: image]. From our investigations, it turns out that both scattering rates and total Drude weight consistently cooperate in order to recover the measured dc anisotropy [34]. By the way, this is similar to the findings in the 122-materials [68, 69] and also provides a reliability check of our analysis (Figure 5D). Since the anisotropy in the scattering rate (Γa > Γb) does coincide with the measured dc anisotropy (ρa > ρb) [34], as expected within the Drude model (i.e., ρ(T) ∼Γ [32]), the advanced interplay among the Drude parameters with respect to the dc properties is even more stringent. Conversely and interestingly enough, the anisotropy of the total Drude weight [image: image] is opposite and unexpected within the Drude model for which [image: image] [32].
Figure 6 presents the results of our analysis from a slightly different perspective, with the aim to elaborate on possible ingredients for nematicity in FeSe. In fact, it displays the T dependence of the anisotropic Drude parameters at saturation, compared to the average dc resistivity [34]. It is worth remembering that the anisotropy in all Drude quantities is mostly evident around 60–70 K, consistent with the anisotropy of the dc transport properties for the strained sample (Figure 5D). Being at odds with early conclusions drawn from our optical results in 122-materials [68, 69], Figure 6 suggests that the Drude weight has a less strong impact on the T dependence of the dc resistivity (Figure 6C) than the scattering rates for both narrow and broad Drude terms. Stated more specifically, we can convincingly affirm that the scattering rates closely follow the dc resistivity as a function of T (Figures 6A,B). Previous conjectures [73], that inelastic scattering of electrons (e.g., off magnetic fluctuations) would mainly affect the dc transport properties, find here a unique support, as given by the dominant role of our phenomenological Drude scattering rates.
[image: Figure 6]FIGURE 6 | (color online) (A–C) T dependence of the anisotropic scattering rates [image: image] for the narrow (N) and broad (B) Drude term as well as of the total Drude spectral weight [image: image] (see text), at p = 1.2 bar (i.e., for fully detwinned samples) along both orthorhombic a- and b-axis. The measured, average dc resistivity between the two axes is replicated from Ref. [34] as comparison. Panel (C) also reproduces the average dc resistivity [image: image], calculated within the Drude model from the fit parameters, as alternative reliability check of our analysis. All quantities are normalized by their respective values at 100 K. The thick vertical dashed line in all panels marks Ts. Reproduced from Ref. [26].
Ideas for nematicity underpinned by magnetic interactions even when nematic order precedes the magnetic one were motivated by the frequently observed intimate coupling between structure and magnetism in iron-based materials [14, 73, 74]. Magnetic fluctuations at T > TN would then cause the tetragonal-to-orthorhombic transition in iron-pnictides (e.g., the 122-materials). Likewise, FeSe with (and despite) TN ∼ 0 may dissimulate the same mechanism. Interestingly, the dc resistivity anisotropy Δρ = ρa − ρb in FeSe could arise from the convolution of two functions: the order parameter of the nematic phase transition (Figure 4), which breaks the same symmetry as Δρ and therefore it is proportional to it, and a proportionality factor monotonically decreasing in T [34], so that an overall dome-like T dependence peaked at ∼ 70 K (Figure 5D) would arise. A natural explanation for the T dependence of the proportionality factor derives from inelastic scattering, for instance by anisotropic magnetic excitations [34]. Indeed, the electronic scattering rates in Figures 6A,B exhibit such a T dependence. In conjunction with the nematic order parameter (Figure 4) the scattering rate then conspires in order to reproduce the resistivity anisotropy (Figure 5D). We thus speculate that the low-energy charge dynamics of FeSe is a quite direct fingerprint of a scenario for which the spin fluctuations together with the high-energy orbital ordering apparently assume a rather dominant role in connection with the onset of nematicity. Recent resonant inelastic x-ray scattering data below Ts underline a matchless strong spin-excitations anisotropy, which suggests a primarily spin-driven nematic phase transition [75]. Spin fluctuations are also an important ingredient as driving force for superconductivity [76], as advanced from recent NMR measurements [77], ARPES data [40] as well as inelastic neutron scattering investigations [78, 79].
Ba0.6K0.4Fe2As2
We start off this section with a comprehensive view of the collected R(ω) data within the p-loop experiment at 10 K (Figures 7A,B) [27]. The chosen T is well within the superconducting state and the displayed data were collected after a ZPC protocol. There is an obvious metallic behaviour of the overall R(ω) spectra along the a- and b-axis. The measured quantity along both axes approaches total reflection at finite frequencies below νg ∼ 180 cm−1, as expected at T < Tc [32]. We note the great agreement of our data at p = 0 (averaged between the two axes) and for all T with those in Refs. [80–85], which comprehensively address the electrodynamic response both above and below Tc in un-stressed Ba1−xKxFe2As2 samples. We encounter a reversible anisotropy of R(ω) upon sweeping p, which can be further emphasized by the calculation of the reflectivity ratio RRatio = Ra/Rb, shown in Figure 7C. In the FIR range around 600 cm−1, RRatio drops below 1 (i.e., the isotropic situation) upon reaching 1.2 bar (i.e., corresponding to the saturation limit for this sample). RRatio reconverts then to unity when p is released back to zero. From the measured R(ω) we achieve σ1(ω), as shown in Figures 7D,E, and consequently the already introduced dichroism [image: image] (see above our discussion for the FeSe material). Δσ1(ω) for the p-loop experiment at 10 K is depicted in Figure 7F. The optical anisotropy in the range between 300 and 1,000 cm−1 for the stressed specimen is clearly resolved and further implies an anisotropy in the spectral weight distribution at FIR frequencies [27]. It is historically well established that σ1(ω) in the superconducting state allows in principle the determination of the so-called superconducting gap. This is the characteristic energy scale of the superconducting collective state and is supposed to correspond to a sharp onset of the absorption spectrum at least for s-wave like superconducting materials [32]. The drop of σ1(ω) to almost zero below νg, as illustrated in Figures 7D,E as well as Figure 8B, is the most clear signature of the superconducting gap at 10 K for every p. We conclude that Ba0.6K0.4Fe2As2 is a fully gapped superconducting material. Moreover, the residual, unpaired charge carriers (i.e., activated across the gap because of the thermal pair-breaking effect) at finite T lead to the upturn of σ1(ω) at frequencies towards zero [32].
[image: Figure 7]FIGURE 7 | (color online) (A,B) Representative data of the optical reflectivity (R(ω)) of Ba0.6K0.4Fe2As2 at 10 K for the p-loop experiment after a ZPC protocol along the a- and b-axis (Ra and Rb, respectively, upper-left panel of Figure 2) in the spectral range below 1,400 cm−1. (C) The reflectivity ratio RRatio = Ra/Rb. (D,E) Real part σ1(ω) of the optical conductivity, achieved through KK transformation of the data in panels (A,B). (F) The dichroism [image: image] at 10 K within the p-loop experiment. Panels (C,F) focus the attention to the FIR energy interval 200–1,000 cm−1, where the reversible optical anisotropy upon sweeping p is discovered. A first-neighbor interpolation procedure is used in order to generate the color maps. Released p is denoted by “(r)”. The thick dotted line in all panels marks p = 1.2 bar (i.e., at saturation). Reproduced from Ref. [27].
[image: Figure 8]FIGURE 8 | (color online) (A) T dependence of the quantity ΔRRatio (ω0) (see text) of Ba0.6K0.4Fe2As2 within the p-loop experiment after a ZPC protocol, which emphasizes the T evolution of the p-induced optical anisotropy. We choose ω0 = 600 cm−1. The thick dotted line marks p = 1.2 bar (i.e., at saturation). (B) Measured σ1(ω) at 10 K (i.e., T < Tc) and 60 K (i.e., T > Tc) for p = 1.2 bar along both crystallographic axes. (C,E) T dependence of Δσ1(ω) at the selected p of 0, 1.2 and released 0 bar. These panels focus the attention to the FIR energy interval 200–1,000 cm−1, thus emphasising the reversible optical anisotropy upon sweeping p. The thick dashed line in panels (A) and (C–E) indicates Tc. A first-neighbor interpolation procedure is used in order to generate the color maps. Released p is denoted by “(r)”. Reproduced from Ref. [27].
So far, we could provide a clear-cut evidence for an optical anisotropy, which is p-induced in the tetragonal structure of Ba0.6K0.4Fe2As2 at T = 10 K [image: image]. The question then arises about its T dependence and its relationship to the overall phase diagram of iron-based superconductors. The quantity [image: image] is very instrumental to this goal. It amplifies the relative change of the optical anisotropy during the p-loop experiments at each T with respect to the p = 0 initial situation (i.e., the isotropic limit since RRatio (p = 0, T) ∼ 1 at all T). We made the argument that ΔRRatio (ω0) truly helps pointing out the variation of the optical anisotropy beyond the experimental data noise [27]. Figure 8A therefore pictures ΔRRatio (ω0) at the fixed frequency ω0 = 600 cm−1, chosen because the largest anisotropy occurs at that frequency (Figure 7C). The nematic susceptibility in the normal state (i.e., at T > Tc) from elastoresistive investigation [19] images a substantial Curie-like behaviour, which is however not seen or reproduced by our own optical data above Tc. It seems that our experiment does not have enough resolution in this respect and a possible optical evidence for nematicity above Tc must be vanishingly small, if any. From our data, it follows that only upon entering the superconducting state there is a p-induced anisotropy; large enough applied p can cause a polarization dependence of the excitation spectrum. This is mostly and better seen at saturation (thick horizontal dotted line at p = 1.2 bar in the color map of Figure 8A), where an indisputable pronounced increase of the optical anisotropy is discernible at T < Tc. The established hardening occurring below Tc [12] and the mild reduction at low T of the Raman susceptibilities [10] for dopings across the whole phase diagram would presage an opposite behaviour, instead of the growing of the p-induced nematicity in the superconducting state as evidenced from optics. This latter aspect calls for additional studies and it remains to be seen how this apparent controversy may be solved. Nonetheless, we stress here the T evolution of the optical anisotropy with Δσ1(ω), shown in Figures 8C–E. We limit our view to the energy interval between 200 and 1,000 cm−1 at three selected p, which again highlight the p-induced as well as p-reversible optical anisotropy below Tc in the FIR range. This is the most important aspect of these findings, signalling the presence of electronic nematicity at T deep into the superconducting dome yet in the purely tetragonal phase and that the band structure is responding to nematic fluctuations, since here Ts = 0. It is worth recalling (see above, Figure 4) that the optical anisotropy of Co-underdoped 122-materials and FeSe persists even at T < Tc, and reiterating the idea that their superconductivity develops in an electronically polarized state [25, 26, 68, 69].
Our present data of Ba0.6K0.4Fe2As2 bear testimony to a p-induced anisotropy of the excitation spectrum, which mirrors nematicity and seems to be a generic feature in 122 iron-based superconductors [28, 29, 68, 69] even into the optimally-doped regime, similar to the dc transport properties [19]. We discover that the optical anisotropy in the optimally K-doped 122-compound occurs at the low FIR energy scales, relevant to the superconducting gap(s) (Figure 7F and Figure 8C–E). This is peculiar with respect to the previously investigated underdoped 122-materials and FeSe [25, 26, 28, 29, 68, 69], for which the optical anisotropy extends up to high energy scales. Our findings in Ba0.6K0.4Fe2As2 thus tend to exclude the involvement of bands deep into the electronic structure and potentially imply a less prominent impact of orbital ordering in the optimally doped than in the underdoped regime. Ergo, the p-induced optical anisotropy in Ba0.6K0.4Fe2As2 elucidates the response of the conduction bands to an external symmetry breaking field. For instance, the deployed optical response and its p dependence flag the imprint of (anisotropic) scattering, uncovering some kind of spin-orbital interplay, so that the p-induced nematicity is caused by spin fluctuations and is vestigial to stripe magnetism [16]. This would directly influence the energy scales close to the Fermi level, ultimately of relevance for the transport properties as well as superconductivity. Moreover and beyond nematicity, Raman results equally make a strong case for a pairing mechanism for superconductivity mediated by spin fluctuations [86]. In addition, a so-called differentiation of the orbital effective masses and related anisotropy, which is further enhanced by the presence of strong electronic correlations above all in hole-doped materials [46], can be alike installed by uniaxial stress, as applied here in our experiment. This impairs the optical response of the conduction bands as well and could be also reflected in an anisotropic reshuffling of spectral weight at T < Tc between the superconducting collective mode and the FIR energies (Figures 8C–E) [87].
CONCLUSION AND OUTLOOK
We conclude this review by summarising the major outcomes of our optical studies in selected iron-based superconductors and projecting the treated topics into possible future directions.
First of all, within one single experiment we disclose all relevant ingredients (order parameter and Drude quantities, Figures 4, 5), which were shown to fully determine the anisotropy in the charge dynamics as well as in the dc transport properties of FeSe. It is worth warning the readership that the interplay between the orbital order [25, 28, 29] and the intertwined anisotropy of the Drude parameters (Figure 5) cannot be neglected when addressing the complete excitation spectrum [45, 68, 69, 71]. Having said that, the inelastic scattering by magnetic fluctuations rather than the Fermi surface parameters seems to shape the nematic anisotropy in the dc limit (Figure 6). Proposals advocating a close connection between spin fluctuations, nematicity (i.e., orbital order) and superconductivity [15, 16] would be reasonably promoted by our findings, since they give ample support for the role played by magnetic interactions. In a broader context and looking ahead, it could be of interest to systematically compare our results with data collected across the whole T versus doping phase diagram of representative iron-based superconductors, and to exploit the broadband optical anisotropy, addressed here, in order to precisely test the impact of doping-induced disorder [88], thus expanding at finite frequencies the debate already addressed by dc transport investigations [89–91].
Second, the p-induced optical anisotropy in (optimally doped) Ba0.6K0.4Fe2As2 only at T < Tc (Figure 8A) is an astonishing fingerprint that the electronic structure is extremely susceptible to symmetry breaking stress below Tc. In Ref. [87], we additionally discover that our findings (Figure 7) imply the presence of p-induced anisotropic gaps between both axes at T ≪ Tc. Chasing the implications of the gap anisotropy with respect to the debate on the dominant pairing symmetry [86, 92, 93] goes beyond the scope of this work. Nonetheless, the unprecedented anisotropic charge dynamics deep into the superconducting dome is contingently consistent with recent observations of nematic superconductivity in compounds with similar doping [94–96] as well as in LiFeAs [97]. This is a pretty strong speculation, which needs to be challenged with adhoc ascertainments. As outlook, it remains to be seen whether an orbital-selective pairing, eventually supplemented by the guiding principle of spin fluctuations as proposed for FeSe [76, 98–101], may explain the anisotropy of the superconducting gap. This would also shed new light on the putative relationship between quantum critical nematic fluctuations and unconventional superconductivity [21, 22]. In this respect, interrogating the exact extent to which uniaxial stress couple to nematic fluctuations will be of paramount importance and is a task left to the future.
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Nuclear magnetic resonance provides a wealth of information about the magnetic and nematic degrees of freedom in the iron-based superconductors. A striking observation is that the spin lattice relaxation rate is inhomogeneous with a standard deviation that correlates with the nematic susceptibility. Moreover, the spin lattice relaxation is strongly affected by uniaxial strain, and in doped samples it depends sensitively upon the history of the applied strain. These observations suggest that quenched strain fields associated with doping atoms induce a nematic glass in the iron pnictide materials.
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1 INTRODUCTION
Electronic nematic order, in which low energy electronic degrees of freedom drive a crystal to spontaneously break discrete rotational symmetry without simultaneously breaking translational symmetry, has attracted broad interest in correlated electron physics [1]. Much of this interest stems from observations that unconventional superconductivity tends to emerge in materials exhibiting competing ground states with different broken symmetries, including nematic, charge, and/or spin density wave fluctuations [2–6]. Measurements of the nematic susceptibility in the iron based superconductors indicated the presence of a putative nematic quantum critical point under the dome of superconductivity in these materials [7, 8]. These observations have suggested a connection between quantum critical nematic fluctuations and the pairing mechanism for superconductivity [9–13]. It is thus important to understand the nature of the nematic fluctuations and their relationship to the coexisting antiferromagnetism throughout the phase diagram.
Nuclear magnetic resonance (NMR) provides a wealth of information about both the magnetic and nematic degrees of freedom in the iron-based superconductors [14]. Studies under uniaxial strain offer an important new direction in thermodynamic phase space to explore the physics of nematicity. Such experiments can broadly be separated into those that probe the static properties of the magnetic and nematic order, and those that probe the dynamical properties. The latter set of experiments have yielded some important surprises, such as a change in the spin anisotropy as a function of strain [15], and the presence of dynamical inhomogeneity when the materials are doped [16]. Below we discuss how NMR probes these broken symmetries and their fluctuations, and summarize results of experiments under uniaxial strain, both in the undoped and doped materials. These observations are consistent with the emergence of a nematic glass in doped samples, possibly driven by the presence of random strain fields from quenched disorder.
2 COUPLING TO NUCLEAR SPINS
The 75As nuclei, with 100% abundance and spin I = 3/2, are excellent sensors of both the nematic and magnetic degrees of freedom in the iron pnictide superconductors. Figure 1 shows the unit cell and indicates the hyperfine coupling between the As nuclei and the four nearest neighbor Fe electronic moments. The As also has a significant quadrupolar moment, Q = 3.14 × 10−29 m2, which couples to the surrounding electric field gradient (EFG) [17]. The hyperfine and quadrupolar couplings enable microscopic studies of both the magnetic and nematic susceptibilities of the electronic degrees of freedom.
[image: Figure 1]FIGURE 1 | (A) BaFe2As2 unit cell. Ba is cyan, Fe is brown and As is green. (B) The hyperfine field (green arrows) at the As sites in the antiferromagnetic state, with the Fe moments (red) oriented in the plane.
2.1 Hyperfine Interaction
The hyperfine coupling is given by:
[image: image]
where [image: image] are the nuclear spin operators, [image: image] are the Fe spins on the four nearest neighbors to the As nucleus, and the hyperfine coupling tensors, [image: image], have dipolar symmetry [18, 19]. In BaFe2As2, the eigenvalues of the tensor are Aaa = Abb = 6.6 kOe/μB, and Acc = 4.7 kOe/μB, but these values depend on details of the electronic structure and can vary between compounds. They can change as a function of pressure or doping, but the general symmetry of the [image: image] does not. The magnitude of these values are greater than those for the direct dipole interaction, which reflects the electronic hybridization between the As 4p and Fe 3d orbitals. The tensor nature of this coupling gives rise to a hyperfine field Hhf ∥c when the Fe moments lie in the ab plane, as illustrated in top row of Figure 2. Alternatively, if the Fe moments ordered parallel to c, then Hhf lies in the plane, as shown in the middle row of Figure 2.
[image: Figure 2]FIGURE 2 | The hyperfine field at the As site (green) for the four degenerate domains with in-plane Fe moments oriented parallel to the ordering vector (ϕxy nematic order, upper row), with c-axis Fe moments (ϕzz nematic order, middle row) and with in-plane moments oriented perpendicular to the ordering vector (ϕyx nematic order, bottom row). Red and blue correspond to the two different nematic domains (positive and negative strains). Within each nematic domain, there are two different antiferromagnetic configurations.
Other magnetic orderings can be present in the pnictides, beyond the stripe-type spin density wave illustrated in Figure 2. In particular, the spin-vortex crystal configuration, in which the Fe spins form either loop or hedgehog structures, can be stabilized when a glide symmetry across the Fe planes is broken [20]. This type of order was recently identified in Ni-doped and Co-doped CaKFe4As4 [21]. There are two crystallographically distinct As sites in this structure, and the hyperfine field either vanishes at both sites for loop spin-vortex crystal order, or is aligned along the c axis for one As site and vanishes for the other As site for hedgehog spin-vortex crystal order. In this system, doping induces the latter, which was identified by NMR.
Note that when the Fe is substituted by another transition metal, the symmetry among the hyperfine couplings of the four nearest neighbors is broken, and the hyperfine field vector can acquire a component perpendicular to the c axis [22]. This effect contributes to inhomogeneous broadening in doped samples. In the presence of nematic order, the C4 symmetry of the lattice is broken, and in principle Aaa ≠ Abb. This asymmetry has not been observed directly. In FeSe, the Knight shift tensor becomes anisotropic, with Kaa ≠ Kbb, where Kαα = Aααχαα, and χαα is the static magnetic susceptibility [5]. However, in this case the anisotropy is believed to reflect that of the susceptibility, i.e., χaa ≠ χbb in the nematic phase, rather than an asymmetry in the hyperfine coupling [23]. Curiously, χaa > χbb in FeSe, but χbb > χaa in BaFe2As2, LaFeAsO, and NaFeAs [24–26], which may reflect different natures of the nematic order in these materials [27]. In particular, the nematic order parameter in the latter can be understood in terms of differential occupations between the dyz and dxz orbitals, whereas in the former the nematic order may involve more complex superpositions between 3d orbitals, giving rise to bond-centered nematic order [23, 28, 29]. The sign of the resistivity anisotropies in BaFe2As2 and FeSe match those of the magnetic anisotropies [24, 30], suggesting a common origin for the two.
2.2 Quadrupolar Interaction
For nuclei with spin I > 1/2, the quadrupolar coupling is given by:
[image: image]
where the EFG tensor is given by:
[image: image]
and V is the electrostatic potential at the As site. This quantity is dominated by the occupation of the As 4p orbitals, which in turn are hybridized with the dxz,yz-orbitals of the neighboring Fe atoms [31]. The EFG asymmetry parameter is given by:
[image: image]
This quantity vanishes in the tetragonal phase because the As 4px and 4py orbitals are degenerate, hence νxx = νyy [32]. The EFG tensor is always traceless, thus in this case it can be characterized by a single quantity, νzz. The magnitude of νzz depends on the degree of hybridization of the As 4pz orbital, and is sensitive to the c-axis length of the unit cell [33–35] and also varies with temperature [18, 36–38].
The EFG is strongly affected by doping. Replacing the Fe by another transition metal, or replacing the As by P, will give rise to spatially-varying strain fields that will distort the electrostatic potential and alter the EFG tensor. This effect can lower the symmetry such that νxx ≠ νyy, and create non-zero off-diagonal terms of the tensor. In some cases the effect is sufficiently large that separate resonances can be detected for sites that are adjacent to the substitutional site [31, 39]. This sensitivity to disorder tends to significantly broaden the NMR resonance frequencies in doped samples relative to the parent compound. In doped Ba(Fe,Co)2As2 the width of the quadrupolar satellites is dominated by a variation of η that exhibits a Curie-Weiss temperature dependence, which has been associated with the growth of nematic correlations surrounding the dopant atoms [40]. A similar effect has been observed in FeSe where the magnetic linewidth is broadened by the presence of crystal defects (there is no quadrupolar interaction for Se) [41]. In this case, the Knight shift anisotropy reflects the growth of an Edwards-Anderson order parameter of the nematicity [42].
In the presence of long range nematic order, the C4 symmetry of the EFG tensor is broken and νxx ≠ νyy [43]. In CaFe2As2 η reaches 0.4 at low temperature, but in BaFe2As2 and SrFe2As2, η reaches 1.2 and 1.4, respectively, reflecting the fact that νxx and νyy have opposite signs [33]. Note that it is sometimes customary to define the principal axes of the EFG such that the eigenvalues |Vzz|≥|Vyy|≥|Vxx|, so that 0 ≤ η ≤ 1. Here we do not follow this convention, maintaining the Vzz associated with the crystal c axis as in the tetragonal phase. This choice is the reason that η > 1, which would correspond to a confusing rotation of orientation of the principal axes under the customary definition. These changes reflect a dramatic rearrangement of the charge distribution around the As nucleus below the structural transition, despite an orthorhombicity of only approximately 1%. The EFG tensor is dominated by the occupations of the As 4p orbitals, which in turn are hybridized with the Fe 3dyz and 3dxz orbitals [31, 32]. These orbitals are degenerate in the tetragonal phase, but develop a splitting on the order of 40 meV in the nematic phase [44]. As a result, the relative occupations of the As px and py orbitals change and alter the EFG.
2.3 NMR Spectra
In order to resolve the in-plane asymmetry that emerges in the Knight shift or EFG tensors, it is important to measure the NMR spectra of carefully oriented single crystals. In an external magnetic field, the As nuclear spins experience the sum of three interactions: [image: image], where [image: image] is the Zeeman interaction. The spectrum will consist of three resonances. For sufficiently large Zeeman interaction (γH0 ≫ ναα), the frequencies are given to first order by:
[image: image]
where fsat1,2 and fcen are the frequencies of the two satellites and the central transition, θ is the angle between H0 and c, and ϕ is the azimuthal angle of the projection of H0 in the ab plane. The Knight shift is given by:
[image: image]
The second order correction to the central transition is given by:
[image: image]
[image: image]
Measurements of the two satellite transitions as a function of field orientation can be used to extract the Knight shift and EFG tensors.
In the tetragonal phase, there are three distinct resonances for each As in the unit cell (e.g., one As site in AFe2As2). However, in the nematic phase there are multiple domains in an untwinned crystal, giving rise to extra resonances. If the magnetic field is oriented in the plane, then there may be two sets of resonances associated with these two domains because the azimuthal angle, ϕ, differs for each domain, as observed in Figure 3. This behavior is illustrated in Figure 4. In general, there are five distinct transitions (six if the Knight shift is also anisotropic), but in certain directions the spectra from the two domains overlap and three resonances are recovered. Large values of |η| cause the satellites to switch positions from below to above the central transition as the in-plane angle ϕ is rotated.
[image: Figure 3]FIGURE 3 | Fe-As plane in tetragonal and orthorhombic phase of BaFe2As2. Orange arrows indicate direction of displacements giving rise to two domains with positive and negative B2g strain. Strain is labeled by the unit cell of the tetragonal phase, so uniaxial strain along the [110]T direction of the tetragonal unit cell gives rise to a B2g distortion.
[image: Figure 4]FIGURE 4 | Polar plots of the three resonance frequencies of the As for |η| = 0.4 (A) and for |η| = 1.2 (B). Blue and red correspond to two nematic domains with ± η, as a function of in-plane field direction. In this case, we assume Kxx = Kyy. The directions [100] and [010] correspond to the orthorhombic unit cell directions. In general, there are five distinct transitions, but for certain angles the two sets of satellites overlap. When |η| > 1, the two satellites for each domain reverse, crossing the central transition.
When η is non-zero the nuclear spin Hamiltonian does not commute with [image: image], and the eigenstates, |i⟩, are superpositions of the |Iz⟩ states. In such cases it may be possible to observe hidden transitions when the matrix element [image: image] does not vanish. This effect can arise when νzz ≳ γH, but in almost all cases there is an internal field, Hint, that develops in the antiferromagnetic state that accompanies the orthorhombic distortion. Typically γHint ≫ νzz is sufficiently large that such hidden transitions should not be evident. For CaFe2As2, however, νzz/γH ∼ 0.7 thus it may be possible to observe these transitions for small external fields H0 applied in the plane, as illustrated in Figure 5. To date no such transitions have been reported.
[image: Figure 5]FIGURE 5 | Resonance frequencies versus applied magnetic field, H0, oriented either along the orthorhombic [100] (A) or [110] directions (B) assuming an internal field of 2.5 T along c and an EFG of νzz = 12.4 MHz with η = 0.4, corresponding to the case of CaFe2As2. Red and blue correspond to the two nematic domains. The intensity of the transitions are given by the matrix elements |⟨i|I+|j⟩|2, where i, j correspond to eigenstates of the nuclear spin Hamiltonian. Hidden transitions should be visible for certain field ranges.
2.4 Relaxation Rate
The hyperfine field, Hhyp, and the EFG not only give rise to static spectral signatures, but their fluctuations can also drive relaxation of the nuclear spins. The nuclear spin energies are generally several order of magnitude smaller than the relevant electron energies, and thus the nuclear spin ensemble can easily be manipulated to have a non-equilibrium distribution among the energy levels. The nuclear spins will return to thermal equilibrium with the “lattice,” or the electronic spin system, over a time scale, T1, known as the spin-lattice relaxation time. This rate, [image: image], can be measured with high precision and is determined by the couplings described above in Section 2.1, Section 2.2. In essence, the nuclear spins act as quantum sensors that probe the noise spectra of the electronic spin and charge degrees of freedom. There are three important spectral densities that may play a role:
[image: image]
[image: image]
where [image: image] is an ensemble average. Here h± = Hhyp,x ± iHhyp,y, V ± 1 = Vxz ± iVyz, and V ± 2 = (Vxx − Vyy)/2 ± iVxy [45]. J(ω) and J(1,2)(ω) are the spectral densities of the hyperfine and EFG fluctuations, respectively. The [image: image] measurements probe these spectral functions at the nuclear resonance frequency, ωN, typically on the order of 100 MHz ([image: image]eV). This frequency is nearly vanishing in comparison to the relevant electronic energies, typically on the order of meV. If there is only one type of fluctuation, then [image: image] is directly related to the appropriate spectral density. For example, for pure magnetic fluctuations, (e.g., V ± 1,2 = 0), then [image: image], or if h± = 0 and V ± 1 = 0, then [image: image], or if h± = 0 and V ± 2 = 0 then [image: image]. On the other hand, if multiple types of fluctuations are present, then the nuclear spin relaxation is a complex function of multiple spectral functions and it is not straightforward to disentangle the different contributions to [image: image] [46–48]. It is common for the magnetic fluctuations to dominate, in which case the contribution from quadrupolar contributions can be ignored. However, as we discuss below in Section 2.4.1, there is a significant quadrupolar contribution to the [image: image] of the As in the pnictides.
When the electronic system is close to an thermodynamic instability, critical fluctuations will slow down and may have a dramatic effect on [image: image]. As an example, consider the case where the magnetic fluctuations exhibit Lorentzian autocorrelation function: [image: image], where τc is the correlation time. In this case:
[image: image]
Usually ωNτc ≪ 1, but close to a phase transition where there is critical slowing down, τc can approach infinity as a power law. As a result, [image: image] exhibits a peak at the phase transition temperature, as illustrated in Figure 6. This property has been exploited to investigate the critical dynamics of many correlated electron systems, especially the pnictides [39, 49].
[image: Figure 6]FIGURE 6 | Calculated spin lattice relaxation rate versus temperature using Eq. 10 for two different models for the temperature dependence of the autocorrelation time, τc. The blue curve assumes a power law divergence: τc ∝|T − T0|−2, appropriate for critical slowing down at a phase transition. The sharp dip around T0 is usually not observable and there is only a single peak. The purple curve assumes an activated form: [image: image], where Ea is an activation energy, which is appropriate for a glassy system where the degrees of freedom gradually freeze out.
As discussed above in Section 2.3, the nuclear spin eigenstates become superpositions of the Iz states for non-zero values of η. In this case, it is important to consider spectral densities other than those described in Eqs 6, 7 to account for fluctuations in other directions. For example, hyperfine field fluctuations, Hhyp,z, may play a role in relaxing the nuclear spins. In such cases the form of the relaxation function is more complicated, and Eq. 8 will contain more terms.
2.4.1 Quadrupolar Relaxation From Nematic Fluctuations
Although magnetic relaxation is usually dominant, quadrupolar relaxation should also be present in the pnictides because the EFG changes dramatically at the nematic phase transition. This effect has been investigated in BaFe2(As1−xPx)2 by comparing the relaxation of the 75As to 31P [43]. The phosphorus isotope has spin I = 1/2, and does not have a quadrupolar moment. It therefore is only sensitive to magnetic fluctuations, whereas the As probes both magnetic and quadrupolar fluctuations. Importantly, both the As and the P are located in the same crystallographic site, and experience similar hyperfine interactions. In fact, the 75As exhibits a higher relaxation rate, indicating the presence of a second relaxation channel that is, not probed by the 31P. Moreover, the extra relaxation increases with decreasing temperature, and exhibits a peak at the nematic ordering temperature. An analysis of the extra relaxation rate suggests that the nematic susceptibility diverges below TN for the lightly doped system, and below Tc for the optimally doped system. It was not possible to quantitatively disentangle the contributions from the magnetic and quadrupolar channels separately, primarily because the doping introduced inhomogeneous relaxation, as discussed below in Section 4. The three relaxation channels (one magnetic and two quadrupolar) may also be coupled to one another. For example, a nematic fluctuation can give rise spectral densities J (ωN), J(1)(ωN), and J(2)(ωN). Nevertheless, this work provided direct proof of nematic fluctuations that diverge near the superconducting transition temperature, Tc. Theoretical work has suggested that nematic fluctuations may play a role in the superconducting pairing in these materials [9, 11].
3 RESPONSE TO UNIAXIAL STRAIN
In the iron based superconductors, the electronic nematic degrees of freedom couple to lattice strain with B2g symmetry: ɛB2g = (ɛxx − ɛyy)/2, where x and y are defined with respect to the tetragonal unit cell as illustrated in Figure 3 [4]. This coupling gives rise to a linear response of the electronic nematicity to external strain on a crystal. Uniaxial strain can be applied via different techniques, however in recent years piezoelectric-based strain cells have demonstrated excellent properties that enable one to carefully control the level of strain even at cryogenic temperatures [50]. Even though piezoelectric actuators do not have linear response to control voltages, the strain can be controlled through feedback control algorithms for the long periods of time necessary for NMR experiments [51]. The strain is measured by a capacitive dilatometer. Note that even though the device applies a uniaxial stress, σ0, along the x direction, the response of the crystal is not a pure uniaxial strain. Rather, the non-zero stress tensor elements become: ɛxx = σ0/E and ɛyy = ɛzz = −νσ0/E, where E is the Young’s modulus and ν is the Poisson’s ratio of the material. This gives rise to strain in two symmetry channels:
[image: image]
[image: image]
On the other hand, the electronic nematicity has a much stronger response to B2g strain than A1g, thus uniaxial stress is sufficient to probe the intrinsic B2g nematic response [7].
3.1 Spectra
In BaFe2As2, uniaxial strain dramatically alters the EFG tensor and η ∝ɛxx, as illustrated in Figure 7 [32]. In the absence of strain, the crystal remains tetragonal down to the nematic transition temperature Ts = 135 K, in which case the EFG tensor spontaneously develops an asymmetry such that νxx ≠ νyy. However, in the presence of a finite strain field, η becomes finite above Ts. In fact, η ∝ɛxx and the constant of proportionality is the nematic susceptibility. As seen in Figure 7, the response is largest just above Ts, where the nematic susceptibility diverges. This behavior is illustrated in Figure 8, which reveals that dη/dɛxx ≈ 300 at Ts.
[image: Figure 7]FIGURE 7 | The As EFG components, νa = νxx and νb = νyy, as a function of temperature and uniaxial strain. The color bar indicates ɛxx. The circles are the measured values from [18].
[image: Figure 8]FIGURE 8 | The nematic susceptibility measured by the EFG asymmetry parameter, η and via elastoresistance measurements in BaFe2As2. The solid line is a fit to a Curie-Weiss expression. Reproduced from [32].
Uniaxial stress has also been utilized to study the NMR spectra in LaFeAsO and FeSe [23]. In this case, compressive stress on the order of 10–20 MPa was applied by tightening a screw. A similar approach in which a crystal is suspended between the prongs of a horseshoe-shaped device was also utilized for NMR studies under tensile strain [52]. Neither approach directly measures the strain, precluding the possibility for feedback control. Moreover, differential thermal contraction may also give rise to finite strain fields even without applied stresses via the tightening screw. Nevertheless, such approaches can be used to mechanically detwin the crystal in the nematic phase [53]. If the crystal is cooled in a finite strain field, then a single nematic domain should nucleate below the transition. For a twinned crystal, there should be two sets of resonances as discussed above in Section 2.3. In detwinned or partially de-twinned crystals, the relative intensity changes. In FeSe, this approach enabled the identification of which resonance corresponds to which domain [23].
3.2 Relaxation Rate
The spin-lattice-relaxation rate varies strongly with uniaxial strain in BaFe2As2, as shown in Figure 9 [15]. Strain enhances the relaxation rate and the effect is anisotropic: the enhancement is stronger for in-plane fields than for out-of-plane fields. The enhancement can be understood qualitatively by realizing that strain enhances the antiferromagnetic ordering temperature, TN, thus for T > TN, the correlation length should grow with increasing strain. The correlation time τc grows with increasing correlation length, thus enhancing [image: image] as illustrated in Figure 6.
[image: Figure 9]FIGURE 9 | [image: image] versus strain (A,C) and versus temperature (B,D). The solid lines are fits to the data. The y, z subscripts indicate the direction of the applied magnetic field, H0. Reproduced from [15].
A more complete picture of the nematicity and the antiferromagnetism can be obtained by analyzing the reciprocal-space structure of the spin susceptibility tensor, χαβ(q). In the disordered tetragonal phase, χxx(q) = χyy(q), but in the presence of nematicity these components are no longer equal. In the ordered phase, the susceptibility diverges at the antiferromagnetic ordering wavevectors, Q1 = (π, 0) in one domain, and Q2 = (0, π) in the other domain. A nematic order parameter can defined as [image: image] [15]. By symmetry, the only non-vanishing components are ϕxy, ϕyx and ϕzz. In the ordered state, only ϕxy condenses, which corresponds to the spins oriented parallel to the antiferromagnetic ordering vector, as shown in the upper row of Figure 2. ϕzz order is illustrated in the second row of Figure 2. In this case, the spins are oriented along the c direction, and the hyperfine field is in-plane. Although this channel does not condense, ϕzz fluctuations are present and contribute to [image: image]. ϕyx is illustrated in the bottom row, where the spins are oriented in-plane and are perpendicular to the antiferromagnetic ordering vector. For ϕyx order the hyperfine field vanishes, so [image: image] is insensitive to these types of fluctuations.
The anisotropy of [image: image] contains key information about these two nematic channels, ϕxy and ϕzz. The fluctuations hα(τ) of the hyperfine field that contribute to the spin-lattice-relaxation rate as described in Eq. 10 are perpendicular to the applied field, H0. If H0 ∥c, then the in-plane fluctuations driven by ϕzz fluctuations will dominate [image: image]. If H0 ⊥c, then both ϕzz and ϕxy fluctuations will contribute. As seen in Figure 9, [image: image] measured for H0 ⊥c has a much stronger variation with applied strain. This suggests that ϕzz fluctuations are enhanced under strain more than ϕxy fluctuations. In fact, a detailed analysis of the nematic susceptibilities, [image: image] and [image: image] indicates that the latter is largest, despite the fact that ϕxy condenses at zero strain [15]. These results imply that for sufficient strain, the system would order with the spins oriented along the c-axis. This interpretation was recently confirmed by polarized inelastic neutron scattering results [54].
4 GLASSY BEHAVIOR
4.1 Relaxation
Measurements of the doped pnictides under strain are challenging because the doping introduces both static and dynamic inhomogeneities. The quadrupolar linewidths of the satellites broaden significantly with doping, thus it is more difficult to discern static changes in the resonances due to strain. Measurements of the spin-lattice-relaxation rate are more straightforward and do not require sharp resonances, but doping introduces a distribution of local hyperfine fields and autocorrelation times, τc, so that there is no longer a homogeneous [image: image] value throughout the bulk of the materials [16].
4.1.1 Stretched Relaxation
Heterogeneous spin lattice relaxation is directly manifest in the behavior of the magnetization and leads to a stretching exponent. In this case, the nuclear magnetization is described by:
[image: image]
where M0 is the initial magnetization, Meq is the thermal equilibrium magnetization, and 0 < β ≤ 1 is a stretching exponent [55]. β = 1 corresponds to homogeneous relaxation, but in several doped pnictides β ∼ 0.4–0.9 depending on the doping level and temperature [16, 56–60]. A typical temperature dependence is shown in Figure 10 for x = 0.06. For temperatures greater than approximately 100 K, the relaxation is homogeneous, but below this temperature β decreases from unity to approximately 0.4 at TN. The exponent β is a measure of the width of the distribution of local relaxation rates, [image: image], where W1 is the relaxation rate. [image: image], is the median of this distribution and β is related to the logarithmic FWHM of [image: image] [55]. When β = 1, the distribution is a delta function, and as β decreases the width of [image: image] increases exponentially. Figure 10 indicates that for x = 0.06 just above TN the distribution of relaxation rates is at least two to three orders of magnitude in width. Additionally, the average correlation time, τc, does not have a power law divergence, but rather an activated or Vogel-Fulcher behavior with temperature, which tends to broaden the peak in [image: image] with temperature, as illustrated in Figure 6.
[image: Figure 10]FIGURE 10 | (A) [image: image] and (B) β versus temperature measured in Ba(Fe1−xCox)2As2 with x = 0.06.
4.1.2 Inverse Laplace Transform
Rather than fitting the magnetization with a stretched exponent, as in Eq. 13, it is possible to fit the data assuming a particular form of [image: image]. One such approach is via a log-normal distribution, where:
[image: image]
In this case the median of the distribution ([image: image]) is eμ, and the standard deviation is [image: image] σ1 is roughly inversely proportional to β. The relaxation in the pnictides is well-captured by this form of the distribution [16].
An alternative approach is to extract [image: image] directly from the data, rather than to assume a particular form. This is known as an inverse Laplace transform (ILT), and has been utilized to investigate a range of correlated electron systems [61–63]. Figure 11 displays representative data set with such a fit, and Figure 12 shows the distribution versus temperature extracted using this approach in Ba(Fe1−xCox)2As2 with x = 0.059. It is clear that both the median and width of this distribution change in the vicinity of TN, and that the width approaches several orders of magnitude. The ILT approach does not make any a priori assumptions about the distribution, and may uncover features that are not captured by Eq. 14. On the other hand, the ILT requires time series data with high a signal-to-noise ratio, a complicated analysis algorithm, and assumptions about the smoothness of the distribution [64]. The distribution shown in Figure 12 exhibits several structures for T ≪ TN that are likely artifacts due to the poor signal to noise at these temperatures. Ultimately, the most meaningful information about the distribution appear to be the median and width, which are well-captured by the stretched exponential approach. Note that although the 75As has I = 3/2 and hence a multi-exponential relaxation form even for homogeneous relaxation, the stretched exponential approach accurately captures the true distribution of relaxation rates, [image: image] [64].
[image: Figure 11]FIGURE 11 | Magnetization versus recovery time measured at 50 K in Ba (Fe1−xCox)2As2 with x = 0.06. Panel (A) shows the raw data, and panel (B) shows the data after normalization such that M(∞) = 1 and M(0) = −1. The solid line shows the fit using the ILT algorithm.
[image: Figure 12]FIGURE 12 | Distribution of relaxation rates, [image: image] versus temperature shown as contour lines in Ba(Fe1−xCox)2As2 with x = 0.06, extracted by inverse Laplace transform. Contour lines are shown between [image: image] to 0.15 in intervals of 0.01. The solid black circles shows the median of the distribution at teach temperature. The contributions near 105 sec−1 are artifacts introduced by normalization errors for early recovery times.
4.1.3 Nematicity and Dynamical Heterogeneity
Similar glassy behavior has been observed in the cuprates and been associated with stripe-glass behavior [65–73]. The cuprates, however, are doped Mott insulators, and the glassy behavior was attributed to intrinsic frustration between the competing effects of Coulomb repulsion and charge segregation [74–76]. The iron arsenides do not exhibit charge ordering and thus a different mechanism must be driving the glassy dynamics. This behavior is present for a range of doping levels, and is most pronounced near optimal doping where Tc reaches a maximum. Figure 13 shows a phase diagram for both Cu and Co doping. Like Co, Cu introduces extra electrons but it also suppresses superconductivity [77]. The color scale indicates the standard deviation of a log-normal distribution fit, σ1. As shown in Figure 13, the distribution exhibits the greatest width in the vicinity of a putative nematic quantum critical point near x ∼ 0.07 if there were no superconductivity. This behavior is striking because it bears a similarity to the divergent nematic susceptibility measured by elastoresistance in these materials [7, 8]. In other words, the width of the distribution of relaxation rates correlates with the magnitude of the nematic susceptibility.
[image: Figure 13]FIGURE 13 | Phase diagram of Ba(Fe1−xCux)2As2 and Ba(Fe1−xCox)2As2 with the width of the distribution, σ1 shown as the color scale. The blue diamonds represent Ts, the red circles represent TN, and the green triangles represent Tc. Reproduced from [16].
What is the origin of this glassy behavior, and is there a physical connection with the nematic susceptibility? A compelling hypothesis is that the dopants introduce quenched random strain fields that couple to the nematic order parameter and give rise to a distribution of local correlation times, τc. Local strains can nucleate different nematic domains, even in absence of long range nematic order. The result is a nematic glass, in which a distribution of local nematic domains (with different orientations) exist throughout the sample, each fluctuating with a different correlations times. These nematic fluctuations in turn drive spin fluctuations that are reflected in the distribution [image: image].
Another hypothesis for the inhomogeneous dynamics is that static inhomogeneity of the EFG and Knight shift tensors induced by the dopants suppresses spin diffusion among the nuclear spins, so that they do not all relax with a common spin temperature. In principle, dipolar interactions between neighboring nuclear spins I1 and I2 may contain terms such as [image: image], which can give rise to mutual spin flips [78]. This effect could enable nuclei in regions that exhibit fast relaxation to transfer polarization with those in regions with slow relaxation, giving rise to a more homogeneous relaxation throughout the sample. If the static EFG and Knight shift tensors vary spatially, however, then mutual spin flips between neighbors would not conserve energy. In fact, spin diffusion should behave differently for a spin-1/2 versus a spin-3/2 nucleus. For the latter there are only six out of sixteen possible configurations where the two neighbors can undergo a mutual spin flip while conserving energy, whereas there are two out of four possibilities for the former. Thus spin-diffusion should be suppressed for 75As relative to 31P, and thus one might expect β to be closer to unity for the spin-1/2 31P. In fact, both sites exhibit similar values of β at all temperatures in BaFe2(As,P)2 [43]. These results suggest, therefore, that spin diffusion does not play a significant role in the observed glassy dynamics.
4.1.4 Edwards-Anderson Parameter
In a recent paper, Wiecki and collaborators pointed out that the NMR linewidth of 77Se in FeSe is directly proportional to the Edwards-Anderson parameter in a random-field Ising model of the nematicity [42]. Crystal defects provide local strain fields, hi, at site i, and the enhanced nematic susceptibility gives rise to large spatial variations of local nematicity, ϕi(hi) (we drop the distinction between ϕxy, ϕyx and ϕzz for simplicity). In this case, the Knight shift is known to vary linearly with ϕ, and the second moment of the NMR spectrum is directly proportional to the Edwards-Anderson parameter: [image: image], where the brackets indicate a thermal average and the overbar indicates an average over disorder configurations.
A similar approach can be utilized to analyze the distribution of relaxation rates, [image: image]. In undoped BaFe2As2, the spin lattice relaxation rate is a function of the nematic order parameter:
[image: image]
where α depends the correlation length, and is hence strongly temperature dependent [15]. In the doped system, we can model the distribution of relaxation rates by assuming a distribution of local strain fields, so that:
[image: image]
where pσ(hj) is the disorder distribution [42]. The second moment of [image: image] is [image: image], thus the second moment of the distribution measures the Edwards-Anderson order parameter.
As shown in Figure 13, σ1 is a strong function of temperature and doping. The magnitude of this quantity is given in part by the coefficient α, reflecting the growth of antiferromagnetic fluctuations. Note, however, that σ1 would be zero if qEA = 0. In other words, σ1 is finite because the Edwards-Anderson parameter is non-zero, which indicates the presence of a nematic glass. Higher order corrections to the relationship between W1 and strain, and the presence of other strain channels due the dopant atoms, are likely to modify the quantitative relationship between σ1 and qEA, and these issues should be addressed in future theoretical work.
4.2 Response to Strain
In principle, an external strain field of sufficient magnitude might overcome the local strain fields and give rise to more homogeneous relaxation. This hypothesis was tested in Ba(Fe1−xCox)2As2 with x = 0.048 under tensile strain [52]. Although the magnitude of [image: image] changed in response to the strain field, no changes were observed to the stretching exponent. This observation suggests that the intrinsic strains around the dopants exceed the homogeneous external strain, so that [image: image] remains unchanged under strain. In fact, the lattice strain around Co dopants in Ba(Fe1−xCox)2As2 can reach several percent [79]. The applied strain was only a fraction of a percent, thus it is not surprising that no change was observed in the width of the distribution.
4.3 Strain Hysteresis
Although the width of the [image: image] does not change with externally applied strain, the median of the distribution does, and in a manner that depends on the strain history. Figure 14 illustrates a protocol to investigate such hysteretic effects. A crystal is strain-cooled either under compressive (or tensile) strain from room temperature down to a base temperature. The spin lattice relaxation is then measured for a series of different levels of increasing (or decreasing) strain at constant temperature. The sample is then returned to room temperature (where the relaxation is homogeneous and there is no glassy behavior), and then the process is repeated under the opposite direction. For a fully linear response, the spin lattice relaxation as a function of strain should be independent of whether it was tensile-cooled or compressive-cooled.
[image: Figure 14]FIGURE 14 | Protocol for strain hysteresis measurements. The sample is first cooled (red arrows) in a compressive strain field from room temperature. Spin lattice relaxation measurements are then conducted at several different increasing strain levels as the displacement increases. The sample is then returned to room temperature and zero strain. Finally the sample is strain cooled under tensile strain to the same base temperature and measurements are conducted for several values of decreasing displacement. Figure 15 compares the measured values for both protocols for various temperatures.
Figure 15 shows the results of such a study on Ba(Fe1−xCox)2As2 for four different base temperatures for x = 0.059. As expected, β decreases as temperature is reduced, but remains independent of the applied strain, and is the same for both tensile- and compressive-cooling. On the other hand, the median of the distribution, [image: image], is strain-dependent and is different under the two strain conditions at low temperature.
[image: Figure 15]FIGURE 15 | [image: image] and β versus displacement for several different temperatures in Ba(Fe1−xCox)2As2 with x = 0.059. The red and green points represent data obtained during compressive field cooled and tensile field cooled protocols, as illustrated in Figure 14.
Note that the horizontal axes in Figure 15 are displacement, not strain. Strain is defined as ɛ = (d − d0)/L, where d is the displacement of the capacitative dilatometer, d0 is the equilibrium unstrained displacement, and L is the sample length. d0 can be determined at room temperature, but thermal contractions of both the sample and the strain device make it difficult to determine d0 under cryogenic conditions. It is best to utilize an independent measure of strain, such as the EFG tensor discussed in Section 3.1, to find the displacement corresponding to ɛ = 0. Such a calibration was not possible for the [image: image] measurements in Figure 15. It is also important to note that the level of strain during the cooling part of the protocol in Figure 14 is likely temperature-dependent, rather than constant as illustrated. Again, this is due to differential thermal contractions between the sample and the strain device. The displacement measured by the dilatometer is the quantity that is held constant.
Despite these complications, these measurements reveal that [image: image], and presumably the distribution of local nematic domains, depends on the past history of applied strain. Hysteresis is commonly observed in ordered ferromagnets, in which the static bulk magnetization is hysteretic with the applied field. If the applied field exceeds the coercive field, the magnetization will saturate, and when the applied field is reduced to zero, a remnant magnetization remains. Similar behavior should be expected in an ordered nematic without quenched disorder, in which nematic domains can reorient in an external strain field [80]. The NMR measurements described here, on the other hand, are in a nematic glass phase with quenched disorder, and probe the distribution of local correlation times of different fluctuating domains. Hysteresis has been studied in magnetic materials with quenched disorder in both the weak-disorder limit in the paramagnetic phase, as well in the strong-disorder limit in the spin glass phase [81]. The particular domain pattern is likely determined by the combination of local strains and the external strain field applied during the cool down. The fluctuation time of the domains is a complicated function of these strain fields as well as the behavior of their neighboring nematic domains. As the external strain field changes, the local correlation times change, but in such a manner that the median of the distribution of correlation times changes, but not the standard deviation. If the system were homogenous and not glassy, then the nematic domains would be mobile and there would be a single average correlation time. The presence of a distribution of correlation times that is altered by external strain provides evidence for the formation of a nematic glass, in which some domains exhibit very large correlation times, whereas others have short correlation times and may be reoriented by small external strain fields.
4.4 Theoretical Models
A quantitative theory to connect the measured distribution of the spin-lattice-relaxation rate, [image: image], to the nematic domains and their dynamics in the presence of external strain, particularly in the context of the iron pnictides, is highly desirable. Although no such theory yet exists, there are important models that capture elements of the glassy behavior in these materials. Nematic ordering in the presence of random strain fields can be mapped onto the random field Ising model (RFIM) [80, 82, 83]. Detailed numerical simulations have uncovered a broad distribution of local correlation times, which agrees qualitatively with the observations of stretched relaxation in NMR experiments [16].
On the other hand, the iron pnictides exhibit both antiferromgnetism and nematicity, and there are two types of spin order for each of two possible nematic domains, as illustrated in Figure 2. Recently, a random Baxter-field model was proposed as an alternative to capture both the nematic and antiferromagnetic fluctuations in the presence of quenched random strain fields [84]. In this case, there are two Ising variables at each lattice site associated with the magnetic and the nematic degree of freedom. These two variables are coupled due to the next nearest neighbor coupling, J2, in the J1 − J2 model for the iron pnictides [4]. Random strain fields couple only to the nematic degree of freedom, but the magnetic variable is also affected and consequently the system breaks up into domains of all four configurations illustrated in the top row of Figure 2.
5 SUMMARY AND CONCLUSION
NMR is a powerful tool to investigate nematicity in the iron based superconductors, providing microscopic insight in the local antiferromagnetic and nematic order parameters. Investigations of the NMR response to uniaxial strain in BaFe2As2 and FeSe have revealed important information about the anisotropy of the dynamical and static spin susceptibilities. In particular, the temperature dependence of the spin fluctuations under strain reflect an unusual piezomagnetic response in which the antiferromagnetically ordered spins can change their orientation direction under sufficient strain.
The doped pnictides have been less studied under strain because static and dynamical heterogeneity present in these materials render interpretation of results more difficult. Strain fields surrounding dopants create random fields that couple to the nematic order parameter, which may have a large response at low temperature. As a result, the NMR spectra broaden significantly, reflecting a distribution of static EFGs, some of which may indicate static local nematic order. More importantly, the NMR spin lattice relaxation rate reveals a broad distribution of local spin fluctuations that gradually freeze out at lower temperatures. This distribution likely reflects the correlated nematic fluctuations breaking up into spatial domains in a nematic glass. This distribution depends on the history of the strain field, but remains broad even at the highest uniaxial strain levels applied. These results suggest that quenched disorder creates large random strain fields.
Future studies on other doped materials may shed important light on the nature of the nematic glass. For example, hole doping by substituting Ba with K may introduce milder levels of local strain fields, in which case external strain might be able to induce homogeneous relaxation. Studies of static hysteretic behavior with strain in the ordered nematic phase may also shed important light on the mesoscopic physics of the domain formation, the coercive strain fields, and remnant nematicity. Unfortunately, NMR studies under strain require small crystals, and the NMR signal in doped samples tends to be suppressed due to the same glassy physics giving rise to the stretched relaxation. These effects conspire to make such experiments on doped samples particularly challenging.
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Nematicity in heavily hole-doped iron pnictide superconductors remains controversial. Sizeable nematic fluctuations and even nematic orders far from magnetic instability were declared in RbFe2As2 and its sister compounds. Here, we report a systematic elastoresistance study of a series of isovalent- and electron-doped KFe2As2 crystals. We found divergent elastoresistance on cooling for all the crystals along their [110] direction. The amplitude of elastoresistivity diverges if K is substituted with larger ions or if the system is driven toward a Lifshitz transition. However, we conclude that none of them necessarily indicates an independent nematic critical point. Instead, the increased nematicity can be associated with another electronic criticality. In particular, we propose a mechanism for how elastoresistivity is enhanced at a Lifshitz transition.
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1 INTRODUCTION
The “122” family, an abbreviation coined for BaFe2As2 and its substituted sister compounds, played a central role in the study of iron-based superconductors [1]. Those tetragonal ThCr2Si2-type structured compounds have the advantage that sizeable single crystals with continuous tunable doping can be prepared in a wide range, which is a crucial merit for the systematic investigation of various ordered states. Within the extended phase diagram of 122 compounds, the heavily hole-doped region, including the end-members K/Rb/CsFe2As2,, is of particular interest. The superconducting transition temperature Tc of Ba1−xKxFe2As2 peaks at optimal doping x = 0.4 and continuously decreases toward the overdoped (larger x) region. Tc remains finite in the end-member x = 1, while a change of the Fermi surface topology (Lifshitz transition) exists around x = 0.6 ∼ 0.8 [2]. Although the Tc vs. x trend seems to be smooth across the Lifshitz transition, there are quite a lot of things happening here. Vanishing electron pockets for x > 0.8 destroy the basis of the interpocket scattering induced-S± pairing symmetry which is generally believed as a feature of most iron-based superconductors. As a result, a change in the superconducting gap structure across the Lifshitz transition was observed experimentally [2–4]. Comparable pairing strength at the transition can foster a complex pairing state that breaks the time-reversal symmetry. Such an exotic state was also demonstrated to exist around the Lifshitz transition [5, 6]. Very recently, a so-called “Z2 metal state” above Tc at the Lifshitz transition has been unveiled, with an astonishing feature of spontaneous Nernst effect [7].
Electronic nematicity, a strongly correlated electronic state of electrons breaking the underlying rotational symmetry of their lattice but preserving translation symmetry, has been a wave of research in unconventional superconductors, particularly in iron-based superconductors [8, 9]. Consistent experimental efforts have identified nematicity in all the different iron-based superconductor families [10–15], accompanied by theoretical proposals of the intimate relationship between nematicity and superconducting pairing [16–19]. However, according to the previous background, we should not simply extend what is known in the under- and optimal-doped 122s to the over-doped region. Whether nematicity exists and how it develops in this region needs independent censoring.
Indeed, nematicity in the heavily hole-doped 122 turns out to be more elusive. Heavily hole-doped 122s stand out as a featured series because of their peculiar Fermi surface topology, isostructural phase transition, and possible novel pairing symmetries [20–23]. Nematically ordered states were suggested by nuclear magnetic resonance spectroscopy and scanning tunneling microscopy on CsFe2As2 and RbFe2As2, and they were found to develop in different wave vectors other than the underdoped 122s [24, 25]. Such a nematic state far away from magnetic ordering challenges the prevailing idea that nematicity is some kind of vestigial order of magnetism [26]. An elastoresistance study further claims that a tantalizing isotropic (or XY-) nematicity is realized in the crossover region from dominating [100] nematicity in RbFe2As2 to [110] nematicity at the optimal doping [27]. However, many works pointed out that elastoresistance in K/Rb/CsFe2As2 is actually contributed by the symmetric A1g channel, having little to do with the B1g or B2g channels which are related to nematicity [28, 29]. Overall, the debate is still on for this topic.
In this brief report, we will not touch upon the nature of the possible nematicity of K/Rb/CsFe2As2. Instead, we confirm phenomenologically the existence of elastoresistance (χer) in K/Rb/CsFe2As2 and find that its amplitude diverges exponentially with growing substituted ion size. Moreover, we present χer data on a series of Ba1−xKxFe2As2 crystals crossing the Lifshitz transition. We observe, unexpectedly, a clear enhancement of χer from both sides of the Lifshitz point. Although a presumptive nematic quantum critical point (QCP) might be of relevance, here we propose a rather more conventional explanation based on a small Fermi pocket effect. Our results add a novel phenomenon to the Lifshitz transition of the Ba1−xKxFe2As2 system and highlight another contributing factor of elastoresistance which has been almost ignored so far.
2 EXPERIMENTAL DETAILS
Single crystals of heavily hole-doped Ba1−xKxFe2As2 were grown by the self-flux method [30–32]. The actual doping level x was determined by considering their structural parameters and Tc values. Elastoresistance measurements were performed as described in Ref. s [10–12]. Thin stripe-shaped samples were glued on the surface of piezo actuators. The strain gauge were glued on the other side of the piezo actuators to monitor the real strain generated. In most cases, the samples were mounted to let the electric current flow along the polar direction of the piezo actuators (Rxx), along which direction the strain was measured by the gauge. For one sample (x = 0.68), an additional crystal was mounted at 90° rotated according to the polar direction (Ryy). More details are described in Section 3.3. The sample resistance was collected with a combination of a high-precision current source and a nanovoltage meter. Because of the very large RRR (R300K/R0) values of the samples, special care was taken to avoid a temperature drift effect, and the electric current was set in an alternating positive/negative manner to avoid artifact.
We point out that noisy and irreproducible elastoresistance results can be acquired if DuPontⓇ 4922N silver paint is used for making contacts to the samples. On the other hand, samples contacted with EPO-TEKⓇ H20E epoxy or directly tin-soldering gave perfectly overlapping results. Given that DuPontⓇ 4922N silver paint is widely used for transport measurements and is indeed suitable for elastoresistance experiments of other materials (for example) the LaFe1−xCoxAsO series [12], we have no idea why it does not work for heavily hole-doped Ba1−xKxFe2As2 crystals. In this work, the presented data were collected by using the H20E epoxy. To avoid sample degradation, the epoxy was cured inside an Ar-glove box. A similar silver paint contact problem of K/Rb/CsFe2As2 crystals was also noticed by another group [29].
3 RESULTS AND DISCUSSIONS
3.1 Elastoresistance Measurement
The elastoresistance measured along the [110] direction of the KFe2As2 single crystal is shown in Figure 1. The sample resistance closely followed the strain change of the piezo actuator when the voltage across the piezo actuator is tuned. As presented in Figure 1B, the relationship between resistance change (ΔR/R) and strain (ΔL/L) is linear. This fact ensures that our experiments were performed in the small strain limit. In such a case, the elastoresistance χer, defined as the ratio between ΔR/R and the strain, acts as a measurement of the nematic susceptibility [10]. It is worthwhile to note that χer in KFe2As2 is positive (sample under tension yields higher resistance), consistent with the previous reports [27, 28] and opposite to that of BaFe2As2 [10]. It is to be noted that sign reversal of the elastoresistance was reported to occur in the underdoped region [33].
[image: Figure 1]FIGURE 1 | Representative example of elastoresistance under strain for KFe2As2. (A) Resistance and strain change according to the voltage applied across the piezo actuator at a fixed temperature T = 50 K. The strain was applied along the [110] direction. (B) Change of resistance ΔR/R as a function of strain ΔL/L at several temperatures.
3.2 Elastoresistance of K/Rb/CsFe2As2
We start by showing our χer(T) data measured along the [110] direction ([image: image]) for a set of (K/Rb/Cs)Fe2As2 crystals. As shown in Figure 2, all the [image: image](T) curves follow a divergent behavior over the whole temperature range. A Curie–Weiss (CW) fit
[image: image]
can record the data. A slight deviation can be discriminated at low temperature, which is typical for elastoresistance data and is understood as a disorder effect [13]. It is to be noted that the amplitude of the elastoresistance grows substantially from KFe2As2 to CsFe2As2, nearly 5-fold at 30 K. The extracted parameters from the CW fit are shown in Figures 2E,F. While the amplitude term shows a diverging trend, the Tnem of all four samples is of a very small negative value, which practically remains unchanged if experimental and fit uncertainties are taken into account, which is at odds with a possible nematic criticality in this isovalent-doping direction. The enhanced [image: image] might be a result of a presumptive QCP of an unknown kind or a coherence–incoherence crossover [34–36]. These cannot be discriminated by our technique and thus are beyond the scope of this report.
[image: Figure 2]FIGURE 2 | Temperature dependence of elastoresistance [image: image] for (A) KFe2As2, (B) RbFe2As2, (C) K0.046Cs0.095Fe2As2, and (D) CsFe2As2. Solid lines are CW-fit of the data (see text). The fit parameters Tnem and λ/a0 are summarized in (E,F), respectively. The dotted line in (F) is a guide to the eye.
3.3 Elastoresistance of Overdoped Ba1−xKxFe2As2
Next, we present a set of χer(T) data of five overdoped Ba1−xKxFe2As2 (0.55 ≤ x ≤ 1) across the Lifshitz point. The elastoresistance, measured only for the Rxx direction, as has been performed regularly in many reports [10, 12, 14], has been argued to be inconclusive for the end members (K/Rb/Cs)Fe2As2, as a result of the dominating A1g contribution, instead of a B2g (or B1g) component which is related to nematicity [28, 29]. However, such complexities are ruled out by taking Ryy into account for calculating χer(T) for one representative example x = 0.68 (Figure 3B). The χer(T) curves calculated by the two different methods match well.
[image: Figure 3]FIGURE 3 | Doping evolution of the elastoresistance in overdoped Ba1−xKxFe2As2. χer measured along the [110] direction is presented in the upper panels for Ba1−xKxFe2As2 single crystals with (A) x = 0.55, (B) x = 0.68, (C) x = 0.78, (D) x = 0.86, and (E) x = 0.97. The red dashed lines are CW-fit to the data. χer was also measured along the [100] direction for three of the samples. The data are presented in the lower panels of (A) and (C,D). In panel (B), χer extracted by using both (ΔR/R)xx and (ΔR/R)yy (filled light blue circles) and (ΔR/R)xx (open blue squares) shows indistinguishable results. A doping dependence of the fit parameters is displayed in (F) λ/a0 and (G) Tnem of the [110] [image: image] data. The thick lines are a guide to the eye. A Lifshitz transition around x = 0.8 is highlighted by the green bar. Hole pockets around the M point of the Brillouin zone transform into electron lobes across the Lifshitz point [2]. Tnem at x = 0.4 is extracted from Ref. [13].
After checking the potential A1g contribution to χer for a doping level close to the Lifshitz transition, we turn now to the data. As shown in Figure 3, the [image: image](T) curves of Ba1−xKxFe2As2 also follow a CW-like feature. One can see a clear dip at around 50 K in Figure 3A for the x = 0.55 sample. In some reports [27], such a feature was taken as a signal for a nematic order. Since no other ordering transition (structural, magnetic, and so on) has been ever reported in this doping range, we refrain from claiming an incipient nematic order solely based on such a feature. This might be equally well-explained by different origins. However, we also cannot exclude its possibility.
On the other hand, we measured χer along the [100] direction [image: image] for several samples. They are shown in the shaded panels of Figure 3. All of them are negative and small in amplitude, and none of them shows a CW-like feature. Such an observation is incompatible with the existence of B1g nematicity in the heavily doped Ba1−xKxFe2As2 series, which is in sharp contrast to what is reported for the closely related Ba1−xRbxFe2As2 series [27, 37, 38]. As a result, the so-called XY-nematicity is clearly ruled out in the Ba1−xKxFe2As2 series.
One remarkable feature, however, that can be safely concluded is that the amplitude of [image: image] has a clear tendency to peak around x = 0.8, close to the Lifshitz transition. This becomes clearer in Figure 3F, where the CW fit parameters are plotted against the doping level. The question is why [image: image] is increased at the Lifshitz transition? A nematic QCP is a potential explanation. However, as Figure 3G shows, Tnem drops from [image: image] K of the x = 0.4 (optimal-doped) to [image: image] K at the Lifshitz transition. Further doping does not drive Tnem to the more negative side within our experimental resolution. This is not typical QCP behavior. Moreover, since Tc across the Lifshitz transition is quite smooth, it seems not to be boosted by pertinent potential nematic fluctuations. Furthermore, three-point bending experiments did not show any anomaly in this doping range [39]. All these facts seem to be incompatible with the more understood nematic QCP in the electron-doped side [40]. Hence, if it is a nematic QCP, novel mechanisms need to be invoked. This motivated us to seek for alternative explanations for enhanced χer in heavily doped Ba1−xKxFe2As2. In the following section, we propose a conventional argument based on the small pocket effect, exempting from invoking a QCP to exist at the Lifshitz transition.
3.4 Theory for Enhanced Elastoresistance at the Lifshitz Transition
To study the effect of a Lifshitz transition to elastoresistance, we have calculated this quantity based on a minimal model of iron-based superconductors [41] with a very small Fermi surface. The corresponding dispersion which was used is shown in Figure 4A for the normal state along a cut (π, ky). We considered the two orbital models in Ref. [41] with the same hopping matrix elements but having set the nematic interaction equal to a very small value. Thus, the nematic interaction accounts here only for the temperature dependence of the susceptibility according to the Curie–Weiss law. Moreover, we introduced a very small lattice distortion in the x direction which is coupled with the electron system. Using the first-order perturbation theory with respect to this coupling (linear response), we then calculated the elastoresistivity. We have considered two different cases of the coupling between distortion and electrons (strength g): (i) The conventional coupling with the local electron density (electron–phonon coupling), where we denote the corresponding response with χph. (ii) A direct coupling of the distortion with the hopping matrix element tx in the x direction. The corresponding response is denoted by χt.
[image: image]
Here, tx is the hopping matrix element in the x direction and σxx, σyy are the conductivities in the x and y directions [41]. The phonon energy ω in [image: image] is in general renormalized by the coupling to the electrons and becomes soft for a particular mode if the system is near a structural phase transition[42, 43]. The electron dispersion ɛk considered here is shown in Figure 4A. The function fk is the Fermi distribution with respect to ɛk. Thus, for most systems investigated, this term dominates χer. It is to be noted how magnetic fluctuations impact the phonons and the nematicity has been investigated [9, 16].
[image: Figure 4]FIGURE 4 | Theoretical consideration of the elastoresisitivity. (A) Dispersion of the hole-like band leading to a very small hole pocket around the point (π, π) when the chemical potential μsmall (upper dotted line) is placed near the Lifshitz point. The range of momentum vectors contributing to the elastoresisitivity arising from the Fermi function is schematically shown by the dashed lines. A much larger hole pocket is indicated by a lower value of the chemical potential μlarge (lower dotted line). (B) Calculated parts of the elastoresistivity according to Eq. 3. Around the Lifshitz point μsmall the first-order part [image: image] dominates the second-order part which is, however, the most important contribution for μ away from the Lifshitz point.
Figure 4B shows the two parts [image: image] and [image: image] which were calculated separately as a function of the chemical potential μ to simulate different doping values. To compare with Figure 3F, we extracted the temperature behavior according to Eq. 2 and plotted the calculated value λ/a0 in energy units of ty. It is seen that the first-order part [image: image] dominates the second-order part only in the narrow range of μ, where the Fermi surface around (π, π) becomes very small. Thus, only when the system has very small Fermi surfaces, as in the case of Ba1−xKxFe2As2 at the Lifshitz transition, the term [image: image] becomes important. However, it is also seen that if the chemical potential is chosen away from the Lifshitz point corresponding to a proper doping, the second-order part [image: image] is mostly important as expected.
The enhancement of [image: image] in the presence of a very small Fermi surface can be explained by the existence of low-energy excitations in a relatively wide range of momentum vectors. Since the conductivities are proportional to Fermi distribution functions fk as follows
[image: image]
we find that at low temperature, if the Fermi surface is small, the momentum range k, where fk(1 − fk) is non-zero, is much larger because of the tendency of the band to rapidly change the Fermi surface topology near the Lifshitz transition (compare the red dashed lines in Figure 4A) than for a usual Fermi surface.
4 CONCLUSION
To summarize, we reported that a CW-like χer(T) is observed for all kinds of heavily hole-doped 122s. There is an unexpected enhancement of the elastoresistance around the Lifshitz transition. We explained it as a small Fermi pocket effect on the nematicity. We expect that our explanation of an alternative contribution to the enhanced elastoresistance other than a nematic QCP will be considered in other systems, in particular for those with small Fermi pockets.
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Recent resonant inelastic x-ray scattering (RIXS) experiments have detected a significant high-energy spin-excitation anisotropy in the nematic phase of the enigmatic iron-based superconductor FeSe, whose origin remains controversial. We apply an itinerant model previously used to describe the spin-excitation anisotropy as measured by neutron scattering measurements, with magnetic fluctuations included within the RPA approximation. The calculated RIXS cross section exhibits overall agreement with the RIXS data, including the high energy spin-excitation anisotropy.
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1 INTRODUCTION
Identifying the dominant interaction channels, and pinpointing the correct microscopic origin of preferred electronic ordering tendencies in strongly-correlated materials, constitute a challenge to the theoretical description of materials. This is particularly relevant in systems where spin, charge, orbital, and lattice degrees of freedom all strongly couple with one another. For the iron-based superconductors, the main relevant players are spin-density waves, nematic order, and unconventional superconductivity. In this regard, iron selenide, FeSe, has played a leading role in recent years since its superconducting phase condenses directly from a nematic state without concomitant broken time-reversal symmetry breaking (magnetic order) at lower temperatures [1–3]. In addition, FeSe has been in the spotlight due to its superconducting transition temperature Tc, which is tunable by intercalation, pressure, or dimensional reduction (monolayer FeSe on STO) [3].
Since FeSe enters an orthorhombic phase below Tn ∼ 90K it exhibits 90° rotational symmetry breaking in all measured quantities (of detwinned crystals). However, from comparisons to theoretical calculations the degree of measured rotational symmetry breaking is much too large to be ascribed solely to the bare electronic structure of the orthorhombic phase. Therefore, several theoretical works have explored the possibility of various interaction-driven feedback effects that enhance the symmetry breaking [4–10] and strongly influence the shape and orbital content of the Fermi pockets [7, 8, 11–13]. A particularly simple theoretical framework which includes such effects is the so-called orbital-selective scenario, where the low-energy self-energy is approximated by orbital-dependent, but energy- and momentum-independent, quasi-particle weight factors [6, 7, 14–19]. While this is clearly a crude simplification of the full interacting multi-orbital problem, it was shown to provide overall agreement with a series of different experiments [3].
More recently, spectroscopic probes have revealed that the Fermi surface of FeSe is exceedingly anisotropic; it appears to be missing an entire electron pocket at the Y-point of the Brillouin zone (BZ), as shown in Figure 1 [20, 21]. This Fermi surface topology does not naturally arise from DFT band structure calculations, even with additional nematic order added to the description [3]. This finding has reinvigorated the discussion of nematicity and the origin of the large electronic anisotropy in FeSe. For example, the lifting of the Y-pocket imposes new constraints on the nature of the nematic order, leading to studies of the importance of dxy-orbital contributions [13, 22–27], and important inter-orbital components in the nematic order [28–30]. The latter were shown recently to arise naturally from longer-range Coulomb interactions [29]. Additionally, the possible non-existence of the Y-pocket has important consequences for superconductivity and the need for anisotropy-enhancing self-energy feedback effects. For example, as shown in Ref. [29], the highly anisotropic superconducting gap structure of FeSe follows immediately from standard spin-fluctuation mediated pairing without additional self-energy effects applied to the Fermi surface without any electron pocket at the Y-point. This conclusion, however, is mainly a direct consequence of the missing Y-pocket itself, and does not eliminate the need for self-energy feedback more generally in the theoretical description of FeSe. This is seen, for example, in theoretical modelling of the neutron response of FeSe, where a prominent momentum anisotropy seems only consistent with calculations incorporating self-energy feedback effects [29] since the possible lifting of the Y pocket alone only yields a very weak anisotropy of the susceptibility between (π, 0) and (0, π) as also presented in Ref. [27].
[image: Figure 1]FIGURE 1 | Fermi surface of nematic FeSe with orbital content as indicated by colorbar. (A) Model of an electronic structure exhibiting a Fermi surface pocket at the Y point which, however, carries incoherent electronic states (sketched by fading colors) [6, 7]. Note that the model in Eq. 1 is a three dimensional electronic structure. For the full corresponding Fermi surface we refer to Figure 1A of Ref. [7]. (B) Fermi surface of a model including dxy orbital order as proposed in Ref. [27] where the Y pocket is lifted; similar topology of the Fermi surface was also discussed in [29] with a different orbital order parameter.
Therefore, further experiments probing the momentum anisotropy of detwinned FeSe are highly desirable. In this respect, Chen et al. [31] succeeded in measuring the inelastic neutron scattering response from a mosaic of single FeSe crystals glued on to BaFe2As2, detwinned at low temperatures by the single domain stripe magnetism of the (uniaxially strained) substrate BaFe2As2 material. This experiment revealed highly anisotropic low-energy (≲ 10 meV) magnetic fluctuations in (detwinned) FeSe with the main scattering taking place near the (π, 0) position of the BZ. In the superconducting phase, a similarly momentum-anisotropic resonance peak was additionally identified [31]. These results can be explained by itinerant models that include self-energy effects that 1) suppress dxy orbital contributions to the spin susceptibility predominantly near (π, π), and 2) favor (π, 0) dyz over (0, π) dxz orbital contributions in the nematic phase [32, 33]. Only by allowing for such orbital-selective self-energy effects can a standard RPA-like itinerant scenario be made compatible with the neutron data. We stress that this remains true irrespective of whether or not the Y-pocket is present at the Fermi surface.
Recently, the spin excitations were measured to higher energies in detwinned FeSe by RIXS measurements at the Fe-L3 edge [34]. The RIXS energy spectra revealed clear dispersive broad spin modes. It was found that the spin-excitation anisotropy, as seen by comparing the scattering cross section along the perpendicular H and K high-symmetry directions, remains to high energies ([image: image] meV). This energy scale is substantially larger than the orbital splitting associated with the nematicity, and as pointed out in Ref. [34], the amplitude of the spin-excitation anisotropy in nematic FeSe is comparable to that obtained from the spin-wave anisotropy in the magnetically ordered stripe (π, 0) phase of BaFe2As2 [34, 35].
The RIXS results for detwinned FeSe provide new testing ground for theories of FeSe. At present the origin of nematicity and the degree of localization and correlation is still being discussed. In particular, theoretical works have both applied models based on fully localized or itinerant electrons, in order to explain the peculiar electronic ordering tendencies of FeSe [3]. Here, we compute the RIXS cross section within an itinerant RPA procedure with nematicity included in the bare band structure [6]. The applied RIXS framework is similar to that used in Ref. [36] where second order perturbation theory involving the absorption and emission process is used to calculate the RIXS intensity from the generalized spin-susceptibility. The latter is then calculated within a random phase approximation (RPA) where additional reduced coherence of the electronic structure [33] is taken into account. We find that the RIXS cross section as calculated for the fully coherent electronic structure exhibits relatively sharp modes, but remains nearly isotropic when comparing the intensity along the (π, 0) and (0, π) directions, irrespective of whether the Y pocket is present or not at the Fermi level. A strong spin-excitation anisotropy inherent in the sharp paramagnons of the itinerant system can be found if self-energy effects in the nematic state are taken into account. Furthermore, we note that this anisotropy persists to high energies much larger than the energy scale of the nematic order parameter of a few tens of meV, similar to the experimental findings in a recent RIXS experiment [34]. The spin-excitation anisotropy in the theoretical intensity at low energies depends sensitively on the orbital content of the Fermi surface. We discuss implications for our general understanding of magnetic fluctuations and electronic structure of FeSe by comparison to the experimentally determined RIXS data from Ref. [34].
2 MODEL AND METHOD
The following calculations are based on a tight-binding parametrization for iron-based superconductors [37] with values of the hopping parameters used earlier [6, 7, 33], that closely matches the electronic structure measured in spectroscopic probes. The Fermi surface of this band structure contains an electron Fermi pocket at the Y-point of the BZ, but its presence is largely irrelevant for the RIXS results discussed below, compare Figure 1A of Ref. [7] and Figure 1 for a simplified two dimensional plot of the Fermi surface. Thus, we start from the Hamiltonian
[image: image]
where [image: image] is the Fourier amplitude of an operator [image: image] that creates an electron in Wannier orbital ℓ with spin σ ∈ {↑, ↓} and [image: image] is the Fourier transform of the hoppings connecting the Fe 3d orbitals [image: image]. This term includes an on-site spin-orbit coupling of type SzLz, giving rise to imaginary hopping elements [38], which yield a splitting of the two hole-like bands along the Γ-Z line in the BZ. The nematic state at low temperatures is modelled by including an onsite and nearest neighbor bond order term with an energy scale of [image: image] [6, 33] arising from Coulomb interactions [22, 23, 29, 39]. While other types of orbital order terms have been proposed in the literature [27, 40], we do not examine these possibilities in this work.
The Bloch Hamiltonian can be diagonalized by a unitary transformation with the matrix elements [image: image], such that it reads [image: image], where [image: image] are the eigenenergies closely matching the maxima of the spectral function as deduced experimentally [6, 15, 41–44]. [image: image] is the Fourier amplitude of electrons in band μ and momentum k. Furthermore, we adopt an ansatz for the Green’s function in orbital space incorporating correlations via quasiparticle weights Zℓ in orbital ℓ,
[image: image]
Here [image: image] is the coherent Green’s function in band space which in the paramagnetic state is diagonal in spin space, i.e., proportional to δσ,σ′. This ansatz does not include the actual incoherent spectral weight, and should therefore only describe the low energy properties of the electronic structure. While the quasiparticle weights are phenomenological parameters, these can also be calculated e.g., by using fluctuation exchange approach [16], or slave-boson methods or dynamical mean field theory [14, 45–50], qualitatively giving similar trends for the quasiparticle weights, but in detail yielding different band renormalizations and Fermi surfaces, i.e., exhibiting a low-energy Green’s function that is not expected to describe the physical properties accurately at low energies. Here, we adopt the values [image: image] as used in previous investigations [6, 7, 33]; conclusions are robust as long as the quasiparticle weights are chosen within the range presented in Ref. [33].
To obtain two-particle responses as measured by a RIXS experiment, we adopt a standard Hubbard-Hund Hamiltonian for local interactions
[image: image]
where the parameters U, U′, J, J′ are given in the notation of Kuroki et al. [51]. Imposing spin-rotational invariance, i.e., U′ = U − 2J, J = J′, there are only two parameters U and J/U left to specify the interactions which we set to values used previously [33].
Within the ansatz of Eq. 2, the paramagnetic orbital susceptibility is given by
[image: image]
where we have adopted the shorthand k ≡ (k, ωn) and defined the abbreviation
[image: image]
After performing the internal frequency summation analytically, we calculate [image: image] by integrating over the full BZ, which is just the susceptibility [image: image] of a fully coherent Green’s function multiplied by the quasiparticle weights
[image: image]
Two-particle correlation functions of the interacting system with the interacting Hamiltonian of Eq. 3 can be calculated in the random-phase approximation (RPA) by summing a subset of diagrams (see, e.g., Ref. [52]) such that the spin part of the RPA susceptibility, [image: image], is given by
[image: image]
The interaction matrix [image: image] in orbital space is composed of linear combinations of U, U′, J, J′. For its detailed form, we refer to e.g., Ref. [53].
The total physical spin susceptibility as, for example, measured in inelastic neutron scattering experiments is then given by the sum
[image: image]
For discussion purposes, and to illustrate the differences to the RIXS cross section, we present results for FeSe of this quantity in Figure 2. This is the same calculation as in Ref. [33], but with focus on the small q regions, Figures 2A,B.
[image: Figure 2]FIGURE 2 | Spin susceptibility: − Imχ(q, ω). (A,B) Zoom-in to the details of the spin susceptibility as calculated using the modified RPA approach for U = 0.57 eV and J = U/6, compare Figure 9C of Ref. [33]. Close to q = (0, 0) paramagnon modes are dispersing linearly up as seen towards the X point (A), and towards the Y point (B). The overall intensity close to q = (π, 0) is much larger and exhibits a dispersion with broad maximum around ω ≥ 0.1 eV (C) compared to the relatively sharp paramagnon dispersion close to q = (0, 0).
To calculate the RIXS spectra we follow the approach presented in Ref. [36], where it is calculated as a second-order perturbation from the Kramers-Heisenberg equation in the fast-collision approximation [54]. The transition operator in the dipole approximation, [image: image] is written using the fermionic operator of the Fe 2p electrons, [image: image] for momentum k and total angular momentum j and z-projection jz. The dipole transition matrix elements [image: image], depend on the unit vector of the polarization of the x-rays involved in the process.
Considering the Fe-L3 edge absorption, we restrict to the intermediate j = 3/2 states of the 2p electrons, and calculate the matrix elements assuming wavefunctions with pure hydrogen-like symmetries, i.e., ignoring the deviations of the true Wannier states due to the lower crystal symmetry. The contribution from the radial integration of these wavefunctions will be just a constant (when assuming the same radial dependence for all Fe 3d and 2p orbitals) while the angular part is given by integrals of trigonometric functions on the unit sphere. Having calculated the matrix elements, one can then obtain the RIXS spectrum from the calculated orbital susceptibility as a sum over internal spin and orbital degrees of freedom via [36].
[image: image]
where ɛi and ɛo are the polarization vectors of the incoming and outgoing x-rays. As discussed in Ref. [36], the spin-orbit coupling allows spin-flip processes as mediated by the Clebsh-Gordan coefficients when writing the 2p states in the basis for the total angular momentum j = 3/2. However, since there is no magnetism and we ignore the transverse part of the spin-orbit coupling, the susceptibility turns out to be diagonal, [image: image].
Following the experimental details given in Ref. [34], i.e., setting the scattering angle β = 50°, considering the energy of the resonance as ω0 = 707 eV, we calculate the polarization vector for incoming π polarization as
[image: image]
where the in plane vector is defined as e∥ = q/q. The polarization vectors for the two outgoing polarization directions are
[image: image]
[image: image]
with the perpendicular in – plane vector, i.e. e⊥⋅ q = 0, where the angle α between wavevector ki = ω0/(ℏc) of the incoming and the outgoing ko x-ray is obtained from solving the equation for momentum conservation along the surface, q = ki cos α + ko cos (α + β) for fixed angle β = 50° and approximating ko ≈ ki. Finally, we note that the energy resolution of the RIXS experiment in Ref. [34] is given as 80 meV. Below, we focus the theory discussion on the as-calculated (non-broadened) computed results.
3 RESULTS
For convenience, and to contrast expected intensity measured in an inelastic neutron scattering experiment and a RIXS measurement, we start by presenting the spin susceptibility as obtained from Eq. 7 for the case with reduced coherence [33]. In Figure 2C the susceptibility along a high symmetry cut is presented exhibiting large intensity together with a broad dispersive feature close to (π, 0), and, in contrast, essentially no intensity at (0, π). At higher energies, there is also spectral weight close to (π, π). Due to the restricted momentum transfer from the photons, RIXS experiments are only able to access the momentum transfer close to (0, 0). Therefore the susceptibility in these regions will contribute to the summation given in Eq. 8, weighted by the dipole transition matrix elements, shown in Figure 2A,B (note different color scale). Already at the level of the (summed) susceptibility, one can see a dispersive and relatively sharp magnetic mode emanating from (0, 0) with different slopes along the qx and qy directions.
Next, we present our results for the RIXS intensity along high symmetry cuts as detailed in Figure 3C, where the sum over the perpendicular polarizations has been performed. It turns out that there is a sharp mode along (0, 0) → (π/2, 0) that presumably originates from the coherent small q-scattering at the Γ-pocket, which occurs from the dyz orbital component; panel (A). In contrast, there is only a very broad mode along the (0, π/2) direction also coming from scattering of the dyz orbital, but at the X-pocket. Scattering contributions from the other orbital components are strongly suppressed due to a reduced quasiparticle weight Zℓ < 1. Along the diagonal direction both modes are present, giving rise to two relatively sharp features; panel (B). Note that the black area is due to the mentioned kinematic RIXS constraint, i.e. the respective q-vectors cannot be reached.
[image: Figure 3]FIGURE 3 | RIXS intensity with orbital-selective quasiparticle weight reduction. The RIXS intensity (see common colorbar) at the accessible momentum transfer exhibits sharp paramagnon-like modes towards q = (π/2, 0), while towards q = (0, π/2) a broad intensity and a much weaker paramagnon mode is visible (A). Along the diagonal in the BZ, there are multiple quasi-sharp paramagnon modes visible (B). Calculated for U = 0.57 eV, J = U/6. Geometry of the paths along the diagonal (orange) and along the coordinate axis (blue) as shown in the other panels (C).
We can disentangle the polarization dependence by looking at each polarization separately. As shown in Figure 4A the σ polarization yields a much weaker intensity along the qx and qy directions as compared to the π polarization, while along the diagonal both polarizations have similar structure and magnitude. One notes also that the broad feature along the qy cut is only present in the π polarization. Indeed, there are strong effects on the anisotropy of the RIXS intensity which are mediated by orbitally selective coherence of the electronic structure, leading to the presence of a sharp mode only along the qx direction as also detected experimentally; the broad mode along the qy direction is, however, enhanced due to orbital selectivity. The experimental measurement of the polarization dependence might be able to disentangle scattering contributions from the Γ- and the X-pockets.
[image: Figure 4]FIGURE 4 | Polarization dependence of RIXS intensity. Expected RIXS spectra decomposed in the intensities from σ (A,B) and π polarization of the outgoing photons (C,D) along the paths defined in Figure 3B; U = 0.57 eV, J = U/6.
In contrast, a calculation using a fully coherent electronic structure where self-energy corrections are not taken into account, Zl = 1, yields a RIXS cross section that is almost isotropic, as shown in Figure 5A. This result is calculated with the band structure which exhibits a Y-pocket at the Fermi level. Except for the very lowest energies [image: image], the same conclusions remain within an electronic structure where the Y-pocket has been lifted by nematic order from nearest neighbor Coulomb interactions [29], or from including dxy nematicity [27]. The reasons for this almost isotropic result are similar to the spin susceptibility discussion [7], whereby the missing Y-pocket only reduces scattering contributions at very low energies corresponding to the nematic energy scale, while interband contributions and scattering at larger energies are almost identical to the ones from a model with a Y-pocket present at the Fermi level.
[image: Figure 5]FIGURE 5 | RIXS intensity without orbital incoherence. Same as Figure 3, but calculated using Zl = 1 and by setting U = 0.36 eV, J = U/6 as discussed in Ref. [33].
To complete our understanding of the origin of the different spectral features in the RIXS intensity, we present in Figure 6 a separation of the intensities in orbitally diagonal components, i.e., considering in the sum of Eq. 8 only the terms with ℓ1 = ℓ2 = ℓ3 = ℓ4, panels (a-e), and extracting the off-diagonal contributions by subtracting diagonal components from the full intensity for the case of Zl = 1. One clearly sees that the [image: image] and the [image: image] orbitals do not contribute to the intensity in the energy range at all. The dxy orbital yields an almost isotropic contribution along the qx and the qy cuts which, however, should be suppressed given the correlated nature of that orbital. Finally, the dyz orbital contributes to a branch along qy from scattering within the X-pocket, while the dxz orbital contributes with a slightly larger intensity along the qx direction. Again, these conclusions remain similar for models without the Y-pocket with the exception of reduced weight from the dxz orbital at and below the nematic energy scale of [image: image] meV (not shown). Figure 6F demonstrates that the orbitally off-diagonal contributions are quite sizeable; we also note that different from the susceptibility extracted from inelastic neutron scattering experiments, the sum in Eq. 8 contains elements of the susceptibility tensor with all four orbitals being different. Interestingly, the sharp dispersive mode along qx as seen in Figure 3A and also Figure 4A,C does not originate from orbitally diagonal contributions, but rather appears as blue mode in the subtracted intensity of Figure 6F. Hence the orbitally off-diagonal contributions give rise to this intensity, and it is less affected by reduced coherence and therefore more visible in Figure 3A compared to Figure 5A.
[image: Figure 6]FIGURE 6 | RIXS intensity from single orbital components. Intensity calculated by setting Zl = 0, except for one orbital component, where [image: image] (A–E), i.e., in the sum in Eq. 8 only the fully diagonal components of the susceptibility contribute. The off-diagonal contributions are sizeable as showin in panel (F) where the results of panels (A–E) multiplied by the number of orbitals are subtracted from the full RIXS intensity as shown in Figure 5A.
Since the RIXS experiment is kinematically constrained to momentum space close to (0, 0) the dispersive modes are less affected by the particular choice of the bare interaction Eq. 3, i.e., no shift of intensity to lower energy is visible as the magnetic instability is approached, U → Uc. This is unlike the dispersive modes close to (π, 0) or (π, π) whose bandwidth is strongly governed by the denominator in the RPA equation for the susceptibility, Eq. 6, i.e., the spectral position of the high energy weight presented in Figure 2C is sensitive to the value of the bare interaction U.
In Ref. [34] the RIXS data was analyzed in terms of a phenomenological model where the RIXS spectra were fitted to a general damped harmonic oscillator model, and discussed in terms of an anisotropic Heisenberg Hamiltonian. In addition, it was concluded without explicit calculations that itinerant models are at variance with the RIXS data due to expected Landau-damped high-energy excitations. The current calculations invalidates this argumentation since we find highly dispersive magnetic excitations persisting to high energies. Indeed, the sharp dispersive mode is visibly strongest along the qx direction, see Figure 3A. In general, we find a spin-excitation anisotropy with larger intensity along the qx-directions, similar to experiments [34]. At the lowest energies, however, the current band structure produces a larger intensity in the qy direction; a property which is not seen experimentally [34]. The reason for this discrepancy is the “boosted” dzy orbital due to the particular choice of quasiparticle weight factors. This hints at more dxz-orbital content present at the Fermi level than included in the present modelling.
4 SUMMARY AND CONCLUSION
We have provided a microscopic calculation of the RIXS and neutron response relevant for nematic FeSe. The model is based on itinerant electrons with additional interaction-generated self-energy effects, crudely approximated by simple energy- and momentum independent quasi-particle weight factors. This approach offers a consistent picture of spin fluctuations as detected in inelastic neutron scattering and the recent RIXS experiments, in addition to other experiments, without further tuning of parameters. Specifically, the calculations yield overall agreement with the momentum and energy structure of the low-energy modes, and their momentum anisotropy. We have also discussed quantitative discrepancies between the current calculation, and the recent RIXS measurement by Lu et al. [34]. The microscopic calculation allowed us to explore orbital- and band-dependence of the RIXS scattering cross section, revealing 1) an insensitivity of the RIXS spin-excitation anisotropy response to the presence or absence of a Y-pocket at the Fermi level, and 2) a sensitivity of the low-energy anisotropy to the detailed balance of dxz- and dyx-orbital content present on the Γ- and X-pockets of the Fermi surface.
While the RPA approach to itinerant spin excitations is expected to break down at sufficiently high energies, where exactly this occurs is not clear; the crossover to a more localized description is expected in the range of 100s of meV. Here we have shown that for intermediate energies of up to ∼ 150 meV this approach appears to reproduce qualitative features, and that well-defined spin excitations are not overdamped by electron-hole scattering. Of course the theory is not complete in the sense that the quasiparticle weights are not derived properly from a self-energy, nor are vertex corrections included. Nevertheless the current framework appears to be a useful phenomenology to describe the low-energy physics of this unusual material.
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The nature and origin of electronic nematicity remains a significant challenge in our understanding of the iron-based superconductors. This is particularly evident in the iron chalcogenide, FeSe, where it is currently unclear how the experimentally determined Fermi surface near the M point evolves from having two electron pockets in the tetragonal state, to exhibiting just a single electron pocket in the nematic state. This has posed a major theoretical challenge, which has become known as the missing electron pocket problem of FeSe, and is of central importance if we wish to uncover the secrets behind nematicity and superconductivity in the wider iron-based superconductors. Here, we review the recent experimental work uncovering this nematic Fermi surface of FeSe from both ARPES and STM measurements, as well as current theoretical attempts to explain this missing electron pocket of FeSe, with a particular focus on the emerging importance of incorporating the dxy orbital into theoretical descriptions of the nematic state. Furthermore, we will discuss the consequence this missing electron pocket has on the theoretical understanding of superconductivity in this system and present several remaining open questions and avenues for future research.
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1 INTRODUCTION
One of the reasons for the huge interest in FeSe over the past decade has been the sense that it holds the key to the wider understanding of the whole Fe-based superconductor family [1–3]. With its minimalistic crystal structure and alluringly simple band structure in the tetragonal phase, alongside the prevalence of high-quality single crystals, it seemed like the ideal test bed to examine in detail the themes that were emerging in the field: strong orbital-dependent correlations [4–6], spin fluctuation pairing [7, 8], and most pertinently for this review, the so-called “nematic” phase [9–11], where C4 rotational symmetry is spontaneously broken below 90 K.
Spontaneous breaking of rotational symmetry of the underlying lattice due to electronic correlations, the signature of nematic order, is known to occur via many mechanisms, such as via a high field FFLO state, which has been proposed for various materials including FeSe [12–14]. However, whereas a clear theory for FFLO order exists, the precise microscopic origin of the zero field nematicity in FeSe is still an important open question. Part of the challenging in understanding this nematic state arises due to the formation of antiferromagnetism that often accompanies the onset of the nematic state in many systems, although not FeSe. FeSe is therefore the perfect candidate to uncover the origin of the nematic state, as well as elucidate the effect nematicity has on the superconducting properties of the iron-based superconductors.
The measurement of the momentum-dependence of the superconducting gap in FeSe, between 2016 and 2018, was a particular experimental triumph. The data from both scanning tunneling microscopy (STM) [15] and multiple angle-resolved photoemission spectroscopy (ARPES) measurements [16–20] revealed a clear conclusion: the gap structure is extremely anisotropic, and broadly follows the dyz orbital weight around the Fermi surface. While a twofold-symmetric gap is of course symmetry-allowed in an orthorhombic system, the fact that such a strong anisotropy was observed implied that the nematic state must also induce a profound anistropic effect on the Fermi surface of FeSe. However due to significant uncertainty as to the correct description of the low-temperature electronic structure, multiple theoretical explanations for the anisotropic gap structure were proposed [15, 19, 21–24].
A critical question required to understand this anisotropic superconducting gap is how does the nematic state influence the low temperature Fermi surface and electronic structure of FeSe? Given that we have a second-order phase transition [25], and that the lattice distortion [image: image] is only ∼0.2%, the natural assumption, from an ab-initio perspective [26], would be that nematicity should only weakly distort the established Fermi surface of the high-temperature tetragonal phase, which ARPES measurements have shown contains two hole pockets and two electron pockets [26–33]. Yet ARPES measurements in the nematic state have revealed sizeable band shifts, of the order of 10–50 meV [33], much larger that what would be predicted from ab-initio calculations [26].
Unfortunately, the precise identification of specific parts of the band structure, the nematic energy scales and even the Fermi surface of FeSe has been complicated by the formation of orthorhombic domains upon entering the nematic state. In an orthorhombic crystal, conventional ARPES experiments measure a superposition of two perpendicularly orientated crystallographic domains, which doubles the number of bands observed in the experimental data and creates ambiguity about which bands arise from which domain. For this reason, a recent focal point of research has involved overcoming this technical challenge of orthorhombic domains, for example by applying uniaxial strain [28, 34–40] or using NanoARPES [41] or scanning tunneling microscopy [14, 15, 42, 43]. The conclusion from these measurements have been unanimous, and have revealed that within the nematic state the Fermi surface of FeSe consists of one hole pocket and one electron pocket.
This finding, however, is very surprising and presents a fundamental theoretical conundrum that is at the heart of understanding the nematic and superconducting properties of FeSe. The bands that generate the two electron pockets observed in the tetragonal state form saddle points at the high symmetry M point close to the Fermi level. It is therefore not trivial to deform or shift these saddle points to lift one of these electron pockets away from the Fermi level upon entering the nematic state. This current theoretical challenge has become known as the “missing electron pocket problem” of FeSe and resolving this problem promises deeper insight into the nematic state, and a wider understanding of superconductivity in the iron-based superconductors.
In this review we will overview the recent experimental and theoretical work uncovering the Fermi surface of FeSe in the nematic state and tackling the missing electron pocket problem. In Section 2 we will briefly introduce the experimental electronic structure of FeSe in the tetragonal state, to use as the foundation for understanding the nematic electronic structure. In Section 3 we will discuss the recent experimental data uncovering the electronic structure in the nematic state, in particular focusing on measurements which overcome the technical problems associated with orthorhombic crystals, including ARPES measurements under uniaxial strain, NanoARPES measurements and Scanning tunneling microscopy (STM) measurements. In Section 4 we will review the latest theoretical attempts to resolve this missing electron pocket problem, highlighting the necessity of considering the dxy orbital in the phenomenological description of the nematic state. And in Section 5 we will discuss the consequence the updated Fermi surface has on the understanding of the superconducting properties of FeSe. A summary of the electronic structure and missing electron pocket problem of FeSe is presented in Figure 1.
[image: Figure 1]FIGURE 1 | Summary of the Fermi surface of FeSe and photoemission measurements of a single electron pocket. (A) Crystal structure of FeSe, Fe (black), Se (grey). (B) Sketch of the temperature evolution of the lattice constants in FeSe, as described in Ref. [44], highlighting the evolution from a tetragonal (dark grey surface) to orthorhombic system with differently orientated domains (red and blue striped surface). (C) Sketch of the experimentally determined Fermi surface of FeSe in the tetragonal state and (D) in the nematic state. (E–J) Summary of the Fermi surface of FeSe measured around the M/A point via different photoemission techniques. (E) Measurement in the tetragonal state (100 K, LV hν = 56 eV [32]) showing two electron pockets, (F) ARPES Measurement in the nematic state (10 K, LV, hν = 56 eV [32]) arising from a superposition of two orthorhombic domain orientations (red and blue regions), referred to as a “twinned” measurement. (G,H) ARPES measurement of a detwinned crystal in the nematic state (10 K, hν = 56 eV [34], where tensile strain is applied either along the a or b crystallographic axis and predominately probes a single domain orientation. (I,J) NanoARPES measurement using a photon beamspot of [image: image] μm (30 K, hν = 56 eV [41]) in individual orthorhombic domains.
2 ELECTRONIC STRUCTURE IN THE TETRAGONAL STATE
From both a theoretical and experimental point of view, the electronic structure of the tetragonal state is relatively well understood. Prior to the onset of nematicity at Ts = 90 K, FeSe exhibits tetragonal symmetry with a P4/nmm crystal structure [44]. This structure consists of layers of Fe atoms, in a 2D square lattice configuration, bridged by staggered out-of-plane Se atoms, giving rise to a crystallographic unit cell containing two Fe atoms and two Se atoms. The two Fe atoms are related by a glide-mirror symmetry, which can theoretically half the number of bands and allows for an unfolding to a 1-Fe Brillouin zone used by some authors [45], but here we use the 2-Fe unit cell notation for comparison with ARPES measurements.
The low energy electronic properties are governed by the partially-filled 3dxz, 3dyz and 3dxy orbitals of the two Fe atoms, which in momentum space gives rise to three hole bands around the Γ point and two symmetry-protected saddle point van-Hove singularities around the M point [46] as shown in Figure 2A.
[image: Figure 2]FIGURE 2 | Electronic structure in the tetragonal state of FeSe. (A) Sketch of the low-energy band structure of a typical P4/nmm Fe-based superconductor along the Γ − M (kz = 0) or Z − A (kz = π) high symmetry points. The colours indicate the dominant orbital character of the bands. (B) Fermi surface in the tetragonal state measured at 100 K close to kz = π (hν = 56 eV). (C) Cut along the Z − A direction (equivalent to Γ − M but at kz = π) direction for the hole bands around the Z point for the same photon energy (hν = 56 eV). (D) Cut along the Z − A direction for the electron bands around the A point. Figures adapted from [29, 32].
Of the three hole bands, two exist as a C4 symmetric pair exhibiting predominantly dxz and dyz orbital weight (labelled h1 and h2 in Figure 2A) and the third is dominated by dxy orbital character (h3). h1 and h2 would be energy degenerate at the high symmetry point, however spin orbit coupling lifts this degeneracy [47]. As for the van-Hove singularities around the M point, one is a saddle point connecting bands of majority dxz and dyz weight (vH1) and the other is a saddle point connecting two dxy dominated bands (vH2). This general structure is broadly applicable to all P4/nmm Fe-based superconductors (e.g., Fe(Te,Se,S), LiFeAs, NaFeAs, LaFeAsO), with some modifications for the 122 family due to the I-centering of the lattice.
The experimentally measured Fermi surface of FeSe at 100 K (or more precisely, a map of the experimental spectral function at the chemical potential) at approximately kz = π is shown in Figure 2B, revealing a two-hole pocket and two electron pocket Fermi surface. Measurements around the center of the Brillouin zone show that both h1 and h2 cross the chemical potential at 100 K, as shown in Figure 2C. Their band maximas are separated by ∼20 meV due to spin-orbit coupling [47–49]. At kz = 0 these bands have a maxima at approximately h2 = −13 meV and h1 = + 7 meV [48], and at kz = π (shown in Figure 2C) the bands have maxima of approximately h2 = + 5 meV and h1 = + 30 meV. The second smaller hole pocket of FeSe is thus only present at finite kz, which highlights an important property of this system. Even though FeSe has a “quasi-2D” structure, i.e. the energy shift of the bands as a function of kz is only on the order of 20 meV, this energy scale is actually on the same order of magnitude as the total Fermi energy of this system, and therefore is non-negligible in quantitative descriptions of the physical properties of FeSe. We note in passing that, due to the small Fermi energy of this system, the electronic structure is subject to substantial temperature-dependence of the chemical potential, and the appearance of the “Fermi surface” changes substantially between 100 and 300 K [50], although without any change of the symmetry.
The third dxy hole band, h3, is observed to be much flatter and cross both h1 and h2 at an energy of approximately −50 meV. In most ARPES data sets, this band has a much lower intensity than the h1 and h2 bands, which is a consequence of photoemission-based matrix element effects, which ensures the intensity of photoelectrons originating from dxy states with momentum near |k| = 0 will be suppressed [51]. Nevertheless, h3 can be identified most clearly near where it hybridises with h1 and h2, and thus acquires some dxz and dyz orbital weight as shown in Figure 2C.
Near the corner of the Brillouin zone, both the dxy dominated electron band, connected to vH2, and the dxz/dyz electron band, connecting to vH1, are observed to cross the Fermi level. Here the outer four-fold symmetric electron pocket is dominated by dxy orbital character while the inner pocket is dominated by dxz and dyz orbital weight [52]. As this is a compensated system, the total Fermi volume of these electron pockets should be equal to that of the hole pockets [29].
These two sets of electron bands connect to the saddle points which have an energy of approximately vH1 = − 20 meV and vH2 = − 40 meV at the high symmetry point. The exact position of these stationary points, however, are masked by the presence of self-energy interactions which give rise to a broadening of the electronic states around the M point. This broadening is also captured in theoretical simulations involving spin and charge fluctuations [53].
The ARPES data presented in Figure 2 is taken from our own works [29, 32], however multiple data sets are available in the literature and are all consistent with the interpretation presented here [26–28, 30, 33, 54]. Indeed, the electronic structure must be constrained by the symmetry based arguments of Figure 2A [46, 52, 55] and each of the bands observed in the measurements can be mapped to corresponding bands calculated from ab-initio techniques such as density functional theory (DFT) [26, 29, 52] of the paramagnetic tetragonal phase.
There are, however, serious quantitative issues with DFT-based calculations, which severely limit its use in describing the low energy properties of FeSe. First, DFT-based calculations overestimate the bandwidth of the Fe 3d-bands by a factor of ∼3 [29, 56]. This is a generic finding across all Fe-based superconductors [57], and derives from the fact that electronic correlations are inadequately treated in DFT. It has been often argued that the correlation effects are orbital-dependent and particularly strong for the dxy orbital [29, 57, 58]. More advanced theoretical simulations, such as DFT + DMFT [59] and QSGW + DMFT [53], have had some success in capturing the global electronic structure on the eV scale [59, 60], finding strongly incoherent spectral weight at 1–3 eV below EF and sharp quasiparticles only in the near vicinity of EF. However ab-initio efforts still usually overestimate the size of the hole and electron Fermi surfaces, which are much smaller in experiment [29, 59]. Most DFT-based simulations additionally predict that the dxy hole band also crosses the Fermi level, suggesting a three hole pocket and two electron pocket Fermi surface [29, 52]. Finally, typical DFT-based calculations also suggest that a stripe or staggered-stripe antiferromagnetic ground state is the most stable configuration [57, 61], when in reality FeSe remains paramagnetic (albeit with strong antiferromagnetic fluctuations [62–64]). Current research is attempting to resolve this discrepancy from a pure ab-initio perspective. Wang. et. al. [64] were able to reproduce the band structure around the Gamma point using a polymorphus network of local structural distortions. The use of hybrid exchange correlation functionals and Hubbard-Hund correlations have recently been shown to also produce a substantial improvement on the tetragonal structure [65].
Due to the current limitations in ab-initio modelling however, a substantial amount of work has gone into developing quantitatively accurate tight binding models of FeSe [8, 50, 52, 66, 67]. These models bypass the limitations in our current ab-initio theories, allowing for an accurate, albeit phenomenological, description of the single-particle electronic structure to be defined, which we can compare with experimental measurements. Several hopping parameters sets have been developed, which have been obtained by directly comparing the numerical band dispersion with experimental ARPES data in the tetragonal state [21, 50, 66, 67]. These models have been shown to reproduce the single-particle electronic properties of tetragonal FeSe much better than conventional DFT-based approaches [50, 52, 66]. In particular these models accurately capture the small Fermi energy of FeSe, which has been shown to lead to strong chemical potential renormalising effects as a function of temperature and nematic ordering [33, 50, 68–70]. By construction, such models allow for a quantitative description of the band positions of the hole and electron bands such that a comparison of the electronic structure in the nematic state can take place.
3 EXPERIMENTAL EVIDENCE FOR A MISSING ELECTRON POCKET IN THE NEMATIC STATE
We now focus on the electronic structure in the nematic state. Here experimental measurements encounter a major challenge. The nematic state is accompanied by a tetragonal to orthorhombic structural transition, at which point multiple orthorhombic domains form in the crystal. It has been identified that these domains are typically on the order of 1–5 μm in size [41, 71–73], which is much smaller than the cross section of the photon beam used in most high resolution synchrotron-based ARPES measurements ([image: image]m [74]), as sketched in Figure 3A. Most of the initial photoemission data of FeSe in the nematic phase was collected on “twinned” crystals. In such measurements, the band dispersion measured along the experimental kx axis contains contributions from domains with the orthorhombic a axis both along, or perpendicular to, this direction, i.e. one measures a superposition of the spectral function arising from both domains. This creates an apparent C4 symmetry in the measurements even at low temperatures (in the sense that the measured spectra are invariant under 90° rotation of the sample; the as-measured spectra are not generally fourfold-symmetric due to the ARPES matrix elements [75, 76]). This can lead to ambiguity about which band arises from which domain.
[image: Figure 3]FIGURE 3 | Summary of ARPES measurements on FeSe in the nematic state. (A) Sketch of a photoemission setup on a twinned crystal, showing equal coverage of both red and blue orthorhombic domains. (B) Fermi surface measured from a measurement on a twinned crystal (hν = 56 eV). Taken from Watson et. al. [34] (C) Close up of the electron pocket near the A point from Watson et. al. [32] (hν = 56 eV). (D–F) Equivalent sketch and measurement for a detwinned crystal of FeSe, which probes a majority of orthorhombic domains aligned in one direction. (G) Band dispersion of a detwinned crystal centered at the electron pocket. The insert shows the band path, from Watson et. al. [34]. (H) Second derivative band dispersions of a detwinned crystal along the same path as (G) but extended from Z to A, taken from Yi. et. al. [35]. (I) Band dispersion of a detwinned crystal along the same path as (G) from Huh. et. al. [36]. (J–L) Equivalent measurements but taken along the length of the electron pocket. (H,K) reproduced from Ref. [35] under the Creative Commons Attribution 4.0 International License. (I,J) reproduced from Ref. [36] under the Creative Commons Attribution 4.0 International License.
3.1 ARPES Measurements on Twinned Crystals
Multiple ARPES measurements on twinned crystals of FeSe have been reported [19, 20, 26–32, 54, 68, 77] and have been extensively reviewed [1, 10, 33, 78]. We present a representative Fermi surface obtained from a twinned crystal in Figure 3B from Ref. [32]. The hole pockets appear as two overlapping ellipses. Meanwhile, at the corner of the Brillouin zone, measurements reveal two electron pockets, which have been pinched in to produce what looks like two overlapping “peanuts”.
The challenge now lies in identifying which of these pockets, comes from which domain. The two hole pockets can be easily understood as one ellipse from each orthorhombic domain. Measurements of the band dispersion around the hole pocket reveal that the inner hole band (h2) undergoes a Lifshitz transition as a function of temperature and resides below the Fermi level at 10 K, whilst the outer hole band (h1) elongates into an elliptical shape. As all three hole bands can be tracked as a function of temperature from the tetragonal to nematic state, there is little ambiguity about the shape of the hole pocket Fermi surface at low temperatures. However, it is not possible to identify the orientation of the elliptical hole pocket from a single domain, i.e. to identify whether it elongates along the orthorhombic a or b axis simply from these twinned measurements.
For the electron pocket, however, the understanding was less clear, and historically several distinct band structures have been interpreted from nearly identical data sets [19, 20, 29, 30, 32]. As can be seen in Figure 3C, two electron pockets can be observed which look like overlapping “peanuts” in the twinned data. As the tetragonal state also exhibits two electron pockets, this may not appear that surprising. Indeed one interpretation was that the two oval shaped electron pockets in the tetragonal state simply pinched in at the sides, due to raising the binding energy of vH1 [26, 32]. In other words, the electron pockets could retain approximate fourfold symmetry around the M point, and the pockets from each domain simply overlapped in twinned data sets [20]. However, other interpretations, particularly those attempting to understand the nematic band shifts from theoretical grounds, believed that the nematic state should have two differently shaped electron pockets [29, 30]. It was also equally plausible, experimentally at least, that only one electron pocket existed per domain [19, 28, 34]. Distinguishing between these scenarios was particularly challenging due to the broadness of the spectral weight around the M point in the tetragonal state (see Figure 2D), which made a precise interpretation of the temperature evolution of the two van-Hove singularities ambiguous.
3.2 ARPES Measurements on Detwinned Crystals
Compared to the measurements on twinned data, a much more preferable method to study the Fermi surface of FeSe would be to experimentally overcome the limitation imposed by these orthorhombic domains, and directly measure the electronic structure from a single crystallographic orientation. There are two strategies to overcome the twinning issue faced by ARPES measurements. Either 1) generate a sample with macroscopic ordering of the orthorhombic domains on length scales larger than the photon beam cross section, or 2) make the photon beam much smaller than the size of an orthorhombic domain. It has been known from earlier work on the 122 family of Fe-based superconductors that upon the application of “uniaxial” strain along the Fe-Fe direction, it becomes energetically favourable for a majority of the orthorhombic domains to align along that axis [79]. While the resulting domain population is unlikely to be 100% pure, measurements on strained, or “detwinned”, samples, as sketched in Figure 3D, allows one to distinguish between the intense spectral weight arising from the majority domain and the weak spectral weight arising from the 90° rotated minority domain.
The first ARPES measurements on uniaxial strained samples of FeSe were performed in 2014 by Shimojima et. al. [28], where it was shown that the single hole pocket was elongated along the ky axis. Later, in 2017, Watson et. al. [34] was additionally able to resolve the detail of the electron pockets, as shown in Figure 3E. These measurements on detwinned crystals confirmed that the Fermi surface consisted of one elliptical hole-pocket, as expected from interpretation of the twinned measurements, but additionally revealed only one electron-pocket around the M point. This is shown in Figure 3F, where the majority of the spectral weight intensity now comes from one domain, and only a weak residual intensity comes from the minority domain. Unlike in the tetragonal state, at low temperatures, the electronic band structure around the M point produces sharp quasiparticle bands, a saddle point can be observed at −5 meV, which is electron like along the minor length of the electron pocket (as shown in Figure 3G), but hole-like when rotated by 90° (Figure 3J). Additionally, along the major length of the electron pocket, a deeper electron band and saddle point at ∼ − 60 meV can be observed. This gap between the upper and lower saddle points, is approximately 50 meV, and has been previously quoted as a “nematic energy scale” [29, 35, 39]. However, as we will discuss in the theoretical section below, the exact energy scale of nematic shifts and splittings is slightly more complex and requires a linear combination of order parameters of different energy scales [67].
This finding of only a single electron pocket at the Fermi level was not the expected theoretical result [66], but nevertheless Yi et. al. [35] and Huh et. al. [36] have since then reported additional measurements on detwinned crystals of FeSe, with a slightly larger degree of detwinning than what was achieved by Watson et. al.. These measurements further confirmed that the residual intensity observed in Figure 3G was due to the minority orthorhombic domain, which is nearly absent in Figures 3H,I. Further measurements on sulphur doped FeSe1−xSx crystals under uniaxial strain by Cai et. al. [37, 38] have also reported very similar Fermi surfaces.
Polarised light analysis of the matrix elements of FeSe has also been used to identify the orbital content of the bands. If one uses Linear Vertical polarised light (LV also known as odd, or s-polarised light) and measures through the M point parallel to ky as in Figures 3G–I, only bands with orbital character symmetric to the yz plane of the crystal should be detected [51]. Hence the electron-like dispersion with a very small kF (i.e., the narrow part of the peanut-shaped pocket) is identified as having dyz orbital character. Similarly, if one uses the same LV polarised light but with the sample rotated by 90°, as was performed Figures 3J–l), the orbital characters that will be detected will be antisymmetric with respect to the xz plane, which along the momentum dispersion shown in Figures 3J–l) is true for both the dyz orbital and the dxy orbital [51]. From this logic, the larger deeper electron dispersion that has a minima around − 50 meV, is attributed to dxy orbital character. Equally the hole-like dispersion that has a maxima near the Fermi level and is a saddle point connecting to the electron-like dispersion in Figures 3G–I has been identified as having dyz orbital weight. In both orientations, the most intense contribution is a broad feature located at − 60 meV. From comparison with theoretical models, this band is likely to have a mixture of dxz and dxy orbital character, although the precise identification remains challenging. As well as these polarisation-based arguments, one can also assign the orbital character of the bands based on comparison to DFT or tight-binding calculations, at least in the tetragonal phase.
3.3 Temperature Dependence ARPES Measurements of the Electron Pocket
So far we have only discussed the electronic structure of FeSe at either high temperature (e.g., 100 K, where two electron pockets exists) or low temperature (e.g., 10 K, where only one electron pocket exists). However, a natural question to ask is how does the electronic structure of the electron pockets evolve as a function of temperature? In principle, this data should be able to identify the mechanism responsible for the removal of an electron pocket at the Fermi level. Many temperature dependent studies on twinned samples exist (e.g., [26–32, 54, 68, 77] and reviewed e.g., by Coldea and Watson [33]), but due to the complication of orthorhombic domains as well as the broadness of the spectral weight around the M point at high temperatures, there was no obvious signature of the disappearance of an electron pocket in such data sets. To illustrate this, we present a representative temperature-dependent data set on twinned crystals, taken from Ref. [32], in Figures 4A–D. The evolution of these bands from twinned data has been interpreted in different ways by different groups over the years, with a key feature being the appearance of a 50 meV energy scale at the M point, emerging from a broadened “blob” at higher temperatures. Some manuscripts have claimed that the 50 meV energy scale directly corresponds to lifting of the dxz/dyz degeneracy [27–30], which was claimed to be consistent with earlier theoretical interpretations [9]. However other analysis [26, 32, 33] instead found an increase in the separation of the two van Hove singularities, from 20 to 50 meV, in which case the 50 meV scale is linked to nematicity but not a direct probe of dxz − dyz splitting. However both of these interpretations would imply a ground stat Fermi surface consisting of two electron pockets, in disagreement with the experimental results.
[image: Figure 4]FIGURE 4 | Summary of the temperature dependent ARPES measurements of the electron pocket of FeSe (A–D) measurements from twinned crystals of the electron bands near the A point (hν = 56 eV), as a function of temperature, taken from Watson et. al. [32]. (E,F) Spectral intensity at the Fermi energy (E) and 10 meV above the Fermi energy (F), as a function of temperature on a detwinned crystal of FeSe, taken from Yi et. al. [35]. (G) Temperature dependence of the bands near the A point (hν = 56 eV) for a detwinned crystal of FeSe, taken from Huh et. al. [36]. (H) Fermi surface maps as a function of temperature on detwinned crystals of 9% Sulphur doped FeSe, taken from Cai et. al. [38]. (E,F) reproduced from Ref. [35] under the Creative Commons Attribution 4.0 International License. (G) reproduced from Ref. [36] under the Creative Commons Attribution 4.0 International License. (H) Reproduced from Ref. [38] with permission from Chinese Physics B.
More recently, technically challenging temperature dependent measurements on detwinned crystals have been accomplished. This highly necessary data ensures that the bands are easier to track than those taken on twinned samples. Huh et. al. [36] have measured the temperature dependent evolution of the detwinned ARPES measurements around the A point (Figure 4G), which shows the formation of clear sharp quasiparticle bands corresponding to one electron pocket, emerging from the high temperature phase with two electron pockets and much broader features. It was argued that this data was consistent with a Lifshitz transition of a second electron pocket as a function of temperature.
Yi et. al, [35] performed a detailed analysis of the momentum distribution curves along the major axis of the electron pocket as a function of temperature, both at the Fermi level and 10 meV above it (Figures 4E,F). In principle, this analysis enables the identification of any Lifshitz transitions as a function of temperature. Focusing on the data at + 10 meV in Figure 4F, they observe a reduction in the kF for an inner electron band, which appears to close at around 60 K, indicating that this band becomes completely unoccupied and therefore not observed at low temperatures. This is the most compelling data so far in support of a Lifshitz transition of the electron pocket as a function of temperature.
This evidence for a Lifshitz transition has however been challenged by Cai et. al. [38] who reported temperature dependent Fermi surface measurements of the electron pocket for detwinned crystals of 9% sulphur-substituted FeSe, as shown in Figure 4H. They claim that the spectral weight of the second electron pocket simply decreases in intensity, rather than moving above the Fermi level. This would be indicative of a more complex, self energy evolution, rather than a single-particle Lifshitz transition.
We conclude by noting that the analysis of data, even for detwinned samples, remains challenging. The kF magnitudes and energy separation of bands are small, challenging the resolution of ARPES instrumentation, and the spectral broadening at high temperatures and deeper energies frustrates the clear identification of the bands at around the M point. While performing the temperature-dependent measurements on detwinned samples, such measurements come with numerous complications, such as temperature-dependent domain populations and spectral contribution from the minority domain. Moreover it is known that samples with over 90% detwinning may experience changes to the underlying electronic properties [80, 81], which may be a concern if strain is altered as a function of temperature. However in our view the results obtained by Yi et. al, [35] make an important contribution by detecting a Lifshitz transition, which would be impossible to determine from twinned data alone, and which provides a plausible route between the two-electron Fermi surface at high temperature and the one-electron pocket Fermi surface in the ground state.
3.4 NanoARPES
There are experimental complications with performing ARPES measurements on uniaxially strained crystals, which may leave doubt as to the validity of the conclusions presented above. First, it is hard to fully exclude if the application of uniaxial strain has actually perturbed the underlying electronic structure of the crystal you are measuring. For example in the tetragonal material Sr2RuO4, uniaxial strain on the order of 1% shifts the position of the vHs by nearly 20 meV [83]. In order to fully support the conclusions from these ARPES measurements on detwinned crystals, complementary techniques must be employed and their results compared. To this end, nanoARPES has also been performed on crystals of FeSe. In these technically demanding measurements, the photon beam is focused to sub-micrometer spatial resolution using a focusing optic close to the sample [84]. The reduction of the spot size comes at the cost of dramatically reducing the photon flux, and thus the energy and angular resolutions are typically relaxed (compared to the earlier high-resolution results presented) in order to have a reasonable signal of photoelectrons. Nevertheless, the technique has been improved over the past 10 years to allow for energy resolution better than 20 meV [85]. This sub-micrometer spot size is smaller than a single orthorhombic domain, allowing for a spatial map of the sample from which the two orthorhombic domains can be distinguished by analysing their differing ARPES spectra, shown as red and blue stripes in Figures 5A,B. Measurements of the Fermi surface and band dispersion around the electron pocket in both domains (Figures 5C–F) reveal an electronic structure totally consistent with that extracted from the ARPES measurements under uniaxial strain. In summary, the nanoARPES results fully support the conclusion of a Fermi surface in the nematic state consisting of a single hole pocket and a single electron pocket.
[image: Figure 5]FIGURE 5 | Electronic structure within a single domain without the application of uniaxial strain. (A) Sketch of a NanoARPES measurement, where the beam is focused to have a cross section [image: image]m. (B) Experimental spatial map of FeSe where the colour corresponds to the orthorhombic domains of FeSe, reproduced from Ref. [41]. (C,D) Fermi surface around the electron pocket (hν = 56 eV, 30 K) and Ay − Z cut taken within a single orthorhombic domain [41]. (E,F) Fermi surface around the electron pocket and Ay − Z cut taken in an adjacent orthorhombic domain [41]. (G) Sketch of the Fermi surface scattering vectors inferred from STM measurements, as suggested by Ref. [42]. (H,I) STM measurements of the QPI scattering dispersions as a function of energy along the qx and qy high symmetry axes respectively, reproduced from Ref. [42]. (J,K) Simulated QPI scattering dispersion from a model of FeSe which described the band structure shown in Figure 3, from Ref. [82]. (G–I) are reproduced under the Creative Commons Attribution 4.0 International License.
3.5 STM Measurements
An entirely independent method to study the momentum resolved electronic structure within a single domain is to use scanning tunneling microscopy (STM). STM utilises quantum tunnelling, between the surface of a material and an atomically sharp tip, to study the electronic structure on the sub-nanometer scale. Information about the electronic structure can then be extracted in two ways. The first is by studying the differential conductance (dI/dV) to obtain a quantity proportional to the local density of states of the system. The second is to measure quasiparticle interference (QPI), to measure the perturbations to the local density of states generated by the presence of defects such as impurities or atomic vacancies. The wavelength associated with this perturbation contains direct information about the allowed momentum dependent scattering vectors associated with an electronic structure at a constant energy via q = k − k′.
Multiple STM measurements have been reported for FeSe, and information regarding the nematic [14, 15, 43] and superconducting state [14, 15, 42, 86] have been determined, tetragonal state information has also been obtained from studies of isoelectronic sulphur doped crystals [42]. These measurements all contain a plethora of information regarding the local structure of the surface of FeSe, as well as information on defects [87, 88]. Here, however, we focus on what the STM measurements can tell us about the low energy electronic structure in the nematic state, and whether this is consistent with the ARPES measurements discussed above. Although measuring QPI is an indirect method to measuring the electronic structure of a material, it is particularly powerful in determining band minimas and maximas, especially above the Fermi level, as well identifying whether bands have hole or electron scattering characteristics within a certain energy range.
The scattering vector vs. energy dispersion along the qx and qy directions, taken from Ref. [42], are presented in Figures 5H,I. In agreement with other data sets [14, 43], several hole-like scattering vectors can be observed predominately along the qx axis, with a narrower hole-like dispersion along the qy direction. Also along the qy axis, one very clear electron-like scattering vector can be detected, which has a minima at ∼ − 5 meV, and has been identified as a scattering vector that connects the dyz parts of the electron pocket in FeSe (Figure 5G) [14, 42, 43, 82]. No corresponding electron-like dispersion can be observed along the qx direction, which should be the case in a two electron pocket scenario where all bands scatter equally. This was therefore interpreted as further evidence, from an independent technique to ARPES, that the Fermi surface of FeSe only consists of one hole pocket and one electron pocket, as sketched in Figure 5G.
We note that due to the indirect nature of QPI measurements, there is a degree of interpretation and uncertainty about the assignment of the electronic states and often it is necessary to directly simulate the QPI dispersion from a theoretical assumption of the electronic structure and compare the agreement. Due to the intrinsic broadness of the experimentally measured scattering vectors, this can lead to differing conclusions based on initial assumptions. For example, Kostin et. al. [43], assuming that two electron pockets must be present at the Fermi level, interpreted a weak spectral feature as evidence for a second electron pocket, with a greatly reduced scattering intensity. Whereas Rhodes et. al. [82], assuming that only one electron pocket was present at the Fermi level, interpreted this weak feature as an artifact of the Feenstra function, used in the experimental processing [89]. Importantly however, both theoretical simulations agree that a Fermi surface consisting of one hole pocket and two electron pockets can not independently reproduce the observed data without some additional form of anisotropy, which implies that ARPES and STM are probing the same underlying electronic structure. We present the numerical simulations from Ref. [82] in Figures 5J,K.
As an aside, it is interesting to note that the hole band maxima in 5(h) extends to + 25 meV [42]. It is known from ARPES that only one hole-like scattering vector at this energy can exist, and specifically must be generated by the kz = π states [33]. This reveals that QPI measurements are sensitive to states with different kz. From arguments about the group velocity of electrons scattering off of defects [90, 91], and the short range nature of quantum tunneling, it actually implies that QPI measurements will exhibit a kz-selectivity rule [82], such that all stationary points along the kz axis will contribute to scattering vectors that will be detected by STM measurements, this has recently been realised in the fully 3D system, PbS [92].
3.6 Points of Contention
While we have so far presented a unified picture of the electronic structure of FeSe and have focused on points where broad agreement is found in the recent literature, historically there have been many points of disagreement surrounding the identification of bands and the nature of the Fermi surface, and there remain some points of contention.
Regarding the hole pockets, an outlying report is a recent claim from laser-ARPES measurements that there is additional splitting, most prominently resulting in two hole pockets at the Fermi level instead of one [93]. The implication is that the Kramer’s degeneracy of the bands is lifted, i.e., that either time-reversal or inversion symmetry is broken. However, it is worth noting that at low photon energies used the kz is not well-defined as the final states are not free electron-like, and the two Fermi contours identified appear to be fairly close to the known Fermi contours at kz = 0 and kz = π. Moreover, synchrotron-ARPES measurements with equally high energy resolution and better angular resolution (due to better definition of kz) do not identify any additional splitting either in the Γ or Z planes [19], and neither has any comparable splitting been observed for the electron pockets. Finally, there is no supporting evidence for time-reversal symmetry breaking from other techniques. Thus it remains our view that the Kramer’s degeneracy holds for all states and that there is only one hole pocket crossing EF, which is significantly warped along the kz axis.
Regarding the electron pockets, while several groups have now coalesced around the one electron pocket scenario, it has previously been claimed that the ARPES data on twinned crystals is consistent with four features in the EDC at the M point [26] such that there are two electron pockets per domain, with each domain contributing a pair of crossed peanuts with slightly differing shapes [20]. This scenario is perhaps the most natural, as it is based on DFT predictions, and comes down to somewhat technical questions of whether asymmetric lineshapes at the M point contain one or two peaks, and whether the proposed small splittings can be resolved. Some of this groups data on twinned samples does indeed seem to show a splitting, which at face value would support their scenario. However, neither our group nor other groups have observed these claimed features and peak splittings in comparable data on twinned samples. Moreover, the detwinned data shows a complete absence of any spectral weight aside from the peanut along the a direction, in multiple experimental geometries, which cannot easily be explained away by matrix element effects in ARPES (and similarly in QPI). We encourage all groups to continue to push for higher resolution data which could finally settle the controversy, especially on detwinned samples.
4 THEORETICAL EXPLANATIONS FOR THE MISSING ELECTRON POCKET
As we have discussed, the low energy electronic structure of the tetragonal state of FeSe can be qualitatively understood just from symmetry based arguments regarding the crystal structure and the dxz, dyz and dxy orbitals of the Fe atoms. This band structure can be explained both from the framework of tight-binding modelling [8, 50, 52, 66] as well as DFT-based simulations. All of this implies that, although a true quantitative explanation describing the renormalisation of the band structure from correlation effects may be missing, our understanding of the single-particle physics is complete.
Within the nematic state, however, this is not the case. Following the previous logic, it would be assumed that the orthorhombic distortion produces a negligible change to the electronic structure, such that two hole pockets and two electron pockets should be present in the nematic state, which as the experimental data has revealed is clearly not the case. It is for this reason that the nematic state is believed to be of electronic or magnetic origin, yet the microscopic details still remain unclear. To address this, there has been a great deal of focus on trying to model how the nematic state evolves the electronic structure of a tetragonal-based model of FeSe, such as that shown in Figures 6A–C originally presented in Ref. [67]. Specifically, theoretical research has attempted to develop a nematic order parameter which.
• Lowers the symmetry from C4 to C2 whilst still preserving mirror symmetry.
• Generates an elliptical hole pocket dominated by dxz orbital weight.
• Removes one of the two electron pockets from the Fermi surface.
[image: Figure 6]FIGURE 6 | Limitations of dxz/dyz nematic ordering and origin of the missing electron pocket problem. (A,B,C) Fermi surface and band dispersions around the Z and A point, for a tetragonal state model of the electronic structure from Ref. [67] in quantitative agreement with ARPES measurements. (D,E,F) The individual effect of the three symmetry breaking dxz/yz nematic order terms on the Fermi surface of the tetragonal state model. (D) Ferro orbital order (Φ1 = 26 meV) (E) d-wave bond order (Φ2 = −26 meV) (F) Extended s-wave bond order (Φ3 = 15 meV). (G,H,I) Fermi surface and band dispersions around the Z and A point, using a combination of Φ1, Φ2 and Φ3 as is often used in the literature. No matter what linear combination of these order parameters are used, a Fermi surface in agreement with the experimental data can not be produced.
Historically, the first attempt to describe such a mechanism assumed that the C4 symmetry breaking was governed by a lifting of the energy degeneracy of the dxz and dyz orbitals [94].
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where [image: image] is the number operator for the xz or yz orbital respectively on atom A and B in a two atom unit cell model of FeSe, and Φ1 is a scalar value used to describe the magnitude of the nematic order, which can in principle be fit to experiment.
This term, referred to in the literature as ferro-orbital ordering, is the simplest form of C4 symmetry breaking possible in this system. It acts in a momentum independent fashion to raise the binding energy of the dxz bands and lower the binding energy of the dyz band, similar to a Jahn-teller distortion [95]. In this scenario, the electronic structure would evolve to produce a Fermi surface as shown in Figure 6D, which despite producing the correct elliptical hole pocket, does not generate the one-electron-pocket Fermi surface determined from experiment.
Following the train of thought that the phenomenology of the nematic state may be captured by a degeneracy breaking of the dxz and dyz states, it was also noted that there are two additional B1g symmetry breaking terms that can be defined and are equally valid in the nematic state [55, 66].
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Here, [image: image] describes a hopping from an xz or yz orbital on atom A (B) to a xz or yz orbital on atom B (A). These two terms, referred to as d-wave nematic bond order (Φ2) and extended-s wave bond order (Φ3) respectively, in combination with the ferro orbital order (Φ1) are the only possible nematic order parameters that can be defined for the dxz and dyz orbitals up to nearest neighbour hopping [55], and have been extensively used in previous theoretical descriptions of the nematic state of FeSe [15, 18, 19, 23, 24, 32, 43, 82, 96–104]. The individual consequences of these order parameters are shown in Figures 6E,F.
However, despite this vast amount of literature assuming these three dxz/dyz nematic order parameters as the starting point for theoretical analysis, there lies one big problem. No matter what values of Φ1, Φ2 and Φ3 are chosen, a Fermi surface consisting of one hole pocket and a single electron pocket can not be produced, at least not starting from a quantitatively accurate ARPES-based model of FeSe in the tetragonal state [67]. The best attempts to describe the ARPES data within this limitation result in a Fermi surface consisting of the correct elliptical hole pocket, a first electron pocket, of correct shape and size, and a second large electron pocket, dominated by dxy orbital character, as shown in Figures 6G–I.
There is no experimental evidence for this large second electron pocket in the nematic state, and this discrepancy between theory and experiment has posed a major challenge for our theoretical understanding of nematicity. This is the central origin of the missing electron pocket problem. It has now become clear that a theory of nematicity only involving the physics captured in Eqs 1–3, i.e., nematicity derived solely from dxz and dyz orbital ordering, is insufficient to reproduce our experimental measurements, and additional explanations for this discrepancy have had to be developed.
4.1 Orbital Selective Quasiparticle Weights
The earliest attempt to explain this discrepancy came from attempts to understand local spin fluctuations in tetragonal FeSe, such as those incorporated by DFT + dynamic mean field theory (DMFT). Within this framework it has been shown that the self-consistently determined quasiparticle weight (Z) of the dxy orbital was significantly smaller than the quasiparticle weight of the dxz/yz orbitals [53, 57, 105], approximately half. As the spectral function intensity measured by ARPES is directly proportional to the quasiparticle weight, the contribution of dxy dominated bands should be significantly reduced, compared to the dxz and dyz dominated bands in ARPES measurements. It was thus argued that ARPES measurements may not be able to observe the dxy orbital, and thus would not detect the second dxy dominated electron pocket in the nematic state, e.g., in Ref. [100], shown in Figures 7A,B.
[image: Figure 7]FIGURE 7 | Theoretical attempts to resolve the missing electron pocket problem. (A) Fermi surface of the electron pockets in the nematic state proposed by Christensen et. al. [100]. The spectral function is argued to have an increased decoherence of dxy weight, which is argued would not be observed by experiment and is simulated in (B). (C) Slave-spin calculations from Yu et. al. [24], revealing the possibility of highly anisotropic quasiparticle weights with local Coulomb repulsion. (D,E) Spectral function of the 1-Fe unit cell tight binding model from Kreisel et. al. [21], with and without orbital-selective quasiparticle weights, highlighting the possible suppression of the second electron pocket via incoherent dxz and dxy spectral weight. (F) Band dispersion of FeSe obtained from a DFT + U calculation with symmetry preconditioned wavefunctions from Long et. al. [106], highlighting the band hybridisation obtained if an E-type nematic order parameter is considered. (G) Fermi surface of the 1-Fe unit cell model from Steffensen et. al. [108] taking into account a self consistently obtained E-type nematic order parameter. (H) Band dispersion from the model used by Steffensen et. al. [108] showing a band hybridisation of the dxz (red) and dxy (blue) bands around the Y point (1-Fe unit cell), gapping out the second electron pocket. (I) Fermi surface obtained from the 2-Fe unit cell tetragonal model from Figure 6A assuming dominant dxy nematic ordering, as suggested by Rhodes et. al. [67]. (J) Equivalent Fermi surface including all four symmetry allowed nematic order parameters of FeSe and a symmetry allowed Hartree shift. (K) Mean-field temperature evolution of the electronic states at the high symmetry M point, highlighting a Lifshitz transition of the dxy band and removal of the second electron pocket as proposed by Rhodes. et. al. [67]. (A,B) Reproduced from Ref. [100] under the Creative Commons Attribution 4.0 International License. (C) Reproduced from Ref. [24] with permission from the American Physical Society. (D,E) Reproduced from Ref. [21] with permission from the American Physical Society. (F) Reproduced from Ref. [106] under the Creative Commons Attribution 4.0 International License.
This argument, however, is not supported by experimental measurements. Both in the tetragonal and nematic state, bands of dxy orbital character have been identified, particularly around the M point [33]. And although it is true that the dxy orbital appears to exhibit a larger effective mass renormalisation than the dxz and dyz orbitals [29], this extra renormalisation appears to not be enough to mask dxy spectral weight from ARPES-based measurements.
A similar, more phenomenological, approach was later employed by Kreisel et. al. [21] and popularised by Sprau et. al. [15]. Here the values of the nematic order parameters (Φ1 − Φ3) were adjusted such that two similar shaped electron pockets were generated (Figure 7D), one dominated by dxz orbital weight and one dominated by dyz orbital weight, with the tips retaining significant dxy orbital character. Specifically, starting from an ARPES-based tetragonal model of FeSe [21] values of Φ1 = 9.6 meV, Φ2 = − 8.9 meV and Φ3 = 0 meV were used. It was then assumed that the nematic state could exhibit a significant reduction in the dxz quasiparticle weight compared to the dyz weight and, following the same argument as before, hidden from ARPES measurements of the spectral function. This is shown in Figure 7E. Following this logic, Sprau et. al. attempted to determine which values of Z by fitting them to experimental measurements of the angular dependence of the superconducting gap (discussed in Section 5) and the quasiparticle weight values chosen were Zxy = 0.1 Zxz = 0.2 and Zyz = 0.8, which in a later study was refined to Zxy = 0.073, Zxz = 0.16 and Zyz = 0.86 [43]. In order to reproduce experimental data, it was also necessary to strongly suppress the quasiparticle weight of the dxy orbital, which as a consequence effectively fully suppressed one of the two electron pockets at the Fermi level. Slave-spin calculations, starting from a DFT-based tight binding model and varying the contributions of Φ1 − Φ3 have also been performed and found that similar anisotropic ratios of the quasiparticle weights can be obtained [24], as shown in Figure 7C. A review of the slave-spin approach can be found in Ref. [98].
This formalism of “orbital selective quasiparticle weights”, i.e., suppressing the contribution of electronic states with dxz and dxy orbital character in the nematic state, has received the most traction out of the potential theories of the missing electron pocket of FeSe. It has been claimed to be in agreement with STM and QPI measurements of the electronic structure [43], the superconducting gap properties [15], the spin susceptibility measured by inelastic neutron scattering [63], μSR measurements of spin relaxations [102] and thermodynamic based-measurements [99]. A recent review on the topic can be found in Ref. [1].
In our view, however, the success of this approach is due to accurately generating a Fermi surface of FeSe that has the correct one hole pocket and one electron pocket structure, and not necessarily due to the underlying assumptions behind the ansatz of highly anisotropic quasiparticle weights. Indeed, a change in spectral weight, on the order of magnitude as proposed by this theory, is something that should be directly observable with ARPES based measurements. In the tetragonal state, the quasiparticle weight of the dxz and dyz orbitals must be equivalent by symmetry, and thus, under this assumption, there would be a strong sudden suppression of the dxz dominated bands upon entering the nematic state. This is not what is observed in experimental measurements, bands of dxz dominated weight are detected at all temperatures within the nematic state, with no obvious reduction to the spectral intensity [17–20, 30, 40]. It is also not clear how this interpretation would account for the observed band shifts as shown in Figure 4E [35], and Figure 4G [36]. Additionally, alternate explanations of the STM data and superconducting gap data, that do not rely on the assumption of orbital-selective quasiparticle weights, have been presented [19, 22, 42, 82].
4.2 E-Type Order Parameters
More recent attempts to explain the missing electron pocket have gone back to studying the single-particle physics of FeSe. A recent DFT + U calculation by Long et. al. [106], involving symmetry preconditioned wavefunctions, found a lower energy configuration of FeSe by breaking the E symmetry via a multipole nematic order, as shown in Figure 7F. This has been further studied by Yamada et. al. [107]. This symmetry breaking essentially generates a tetragonal to monolclinic distortion by generating an overlap between a dxy orbital and either dxz or dyz orbital, which as a bi-product also breaks C4 symmetry. This consequentially generates a hybridisation between the dxy dominated electron band and either the dxz or dyz dominated electron band and was shown to produce a one-electron pocket Fermi surface within a certain parameter regime.
A stable E-type nematic order parameter was equally identified, within a tight-binding framework using parameters extracted from LDA-based calculations, by Steffensen et. al. [108]. Here it was shown that including nearest-neighbour Coloumbic repulsion, the self consistently calculated mean-field nematic order parameter that had the largest magnitude was an inter-orbital term hybridising the dxz and dxy orbitals (or dyz and dxy). This order parameter was equally able to generate a one-electron pocket Fermi surface, via a similar hybridisation mechanism as the DFT-based calculation as shown in Figures 7G,H.
This appears to suggest that long-range Coulomb repulsion can stabilise a C4 symmetry breaking ground state in FeSe. However, in this scenario, the E-type order parameter would also reduce the crystal symmetry of FeSe from tetragonal to monoclinic. Currently, the experimental evidence suggesting a tetragonal to monoclinic structural distortion in FeSe is lacking. However, upon [image: image]% Te doping of the Se sites, a tetragonal to monoclinic transition has been realised [109]. This could hint that the known monoclinic structure of FeTe is actually stabilised by electron interactions [110], however whether this mechanism can describe the physics of FeSe will require further experimental investigation.
4.3 Non-Local dxy Nematic Order Parameter
When considering the relevant dxz, dyz and dxy orbitals of tetragonal FeSe within a tight binding framework, there are only four order parameters that can be defined which break the B1g rotational symmetry of the material within a single unit cell. The first three, described in Eqs 1–3, involve breaking the degeneracy of the dxz and dyz orbitals. However, a fourth equally valid order parameter involving the dxy orbital can also be defined as,
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This term acts as a hopping anisotropy for nearest neighbour dxy orbitals, in a similar manner as Eq. 2 for the dxz and dyz orbitals. It was initially defined by Fernandes et. al. [55], however in subsequent works it was assumed that this dxy nematic term would be much smaller, or negligible, compared to Eqs 1–3 [55]. Renormalisation group theory [111–113] additionally found, that whilst Eq. 4 was symmetry allowed, nematic symmetry breaking only had stable RG flow in either the dxz/dyz channel or the dxy channel, implying that finite Φ1 − Φ3 and Φ4 would not both be present simultaneously [111]. However a weakly unstable trajectory suggested that this may not be the case [112].
In Ref. [67] Rhodes et. al. looked at the qualitative effect Φ4 has on the electronic structure. They showed that a one-electron pocket Fermi surface could be generated from a ARPES-based tight binding model of FeSe solely using the Φ4 term, as shown in Figure 7I. It was shown that Φ4 has the effect of breaking the degeneracy of the dxy vHs (vH2 in Figure 2A), which if made large enough (∼50 meV) would induce a Lifshitz transition of the dxy band, and thus reduce the total number of electron pockets crossing the Fermi level to one. This is shown in Figure 7K. In combination with Φ1 to Φ3, the addition of Φ4 made it possible to generate a Fermi surface in agreement with the ARPES measurements, as shown in Figure 7J. One recent study has also found this ordering to be consistent with specific heat measurements [114], and a second independent study has found that this order parameter can explain the dc resistivity anisotropy within the framework of elastic scattering at low temperatures [115].
However, in order to get quantitative agreement with the Fermi surface and low-energy electronic structure using Eqs 1–4, it was observed that the splitting of the dxy van-Hove singularity must be asymmetric. Specifically, ARPES measurements as a function of temperature find that the lower part of the dxy vHs around the M point remains approximately at the same energy [30, 32, 35]. This is not captured by the Φ4 term that assumes a symmetric splitting of the bands. To account for this, Rhodes et. al. [67] included a dxy-specific Hartree shift, a constant energy shift of the dxy orbital at the M point, that although allowed by symmetry, did not have an obvious origin. Additionally, in order to generate a Lifshitz transition of the electron pocket, and obtain quantitative agreement with experimental data as a function of temperature both dxy terms, Φ4 and the Hartree shift, had to be significantly larger than the dxz/dyz terms (Φ1 − Φ3). Specifically, in order to reproduce the ARPES measurements Φ1 + Φ3 = 15 meV, Φ1 + Φ2 = − 26 meV and Φ4 = ΔHartree = 45 meV [67]. It is also worth noting that the mean-field analysis by Steffensen et. al. [108] equally found that the Φ4 nematic order parameter should be finite, but found it to be of approximately equal magnitude as Φ1-Φ3 rather than twice as large, as suggested by Rhodes et. al. [67].
4.4 Importance of the dxy Orbital in Theories of Nematicity
Each theory proposed to describe the low-energy electronic structure of the nematic state of FeSe has it is relative strengths and weaknesses. Nevertheless a common theme in these different attempts has begun to emerge. In all methods used to theoretically remove an electron pocket from the Fermi level, it has been necessary to modify the dxy orbital in some way. Whether that’s suppressing its contribution via quasiparticle weights, gapping out the dxy band via hybridisation, or rigidly shifting the dxy band above the Fermi level. What we can gleam from this analysis therefore, is that we should view the nematic state in a new light, not originating from a specific orbital ordering mechanism of dxz and dyz states, but rather as a symmetry breaking phenomena which couples to every orbital at the Fermi level. Further theoretical investigations are required in order to elucidate the origin of the nematic state. The importance of the dxy orbital has also been recently noted from NMR measurements [116] and angular dependent magnetoresistance [117].
5 CONSEQUENCES FOR THE SUPERCONDUCTING GAP SYMMETRY
One of the most striking properties of FeSe is it is highly tuneable superconducting transition temperature, ranging from 8 K in bulk crystals [44], 36.7 K under pressure [118], and up to 65 K when a monolayer is placed on SrTiO3 [119], and hence the nature of superconductivity in FeSe is an important question that attracted a lot of attention.
From an experimental point of view, the momentum dependence of the superconducting gap of bulk FeSe, has been extensively determined from ARPES [16–20], STM [15, 42, 86], Spectific heat [120, 121] and muSR measurements [102], with surprisingly near unanimous agreement as to the angular dependence of the gap structure around both the hole and electron pocket. This achievement provided the perfect opportunity to directly compare theories of superconductivity with experimental measurements.
In this section, we will review the experimental data of the momentum dependence of the superconducting gap, particularly from ARPES measurements, and discuss the theoretical consequence the updated Fermi surface topology has on the theoretical understanding of superconductivity in FeSe.
5.1 Experimental Measurements of the Superconducting Gap
The key findings from the multiple ARPES and QPI measurements are presented in Figure 8. For the gap situated on the hole pocket, a highly two-fold anisotropic momentum dependence of the gap was measured, as shown from QPI analysis by Sprau et. al. in Figure 8A. The angular dependence of the hole pocket using ARPES was first reported in 2016 by Xu et. al. [16] on 7% sulphur doped FeSe measured at 6.3 K, as shown in Figure 8F. It was found that the angular dependence at both kz = 0 (using a photon energy of hν = 37 eV) and kz = π (hν = 21 eV) produced near identical momentum distributions. This sulphur doped system has a very similar electronic structure to undoped FeSe, albeit with a slightly reduced nematic transition temperature [122] and slightly higher superconducting transition temperature (9.8 K [16]). Later, in 2018, Liu et. al. [18] and Hashimoto et. al. [17] used laser ARPES, with hν = 6.994 eV, on FeSe at 1.6 K and observed the same highly anistropic angular dependence of the gap at the hole pocket, as shown in Figures 8B,C. By using such a low photon energy and temperature these authors ensured the greatest possible energy resolution for resolving the gap of the hole pocket. However the trade-off here is that information about states with large angular momentum, e.g., the electron pockets, as well as the kz-dependence of the hole pocket, can not be obtained. Kushnirenko et. al. [20], as well as Rhodes et. al. [19], were able to resolve the three dimensional gap structure of both the hole and electron pockets using synchrotron radiation, as shown in Figures 8D,E. In these manuscripts, it was again confirmed that the gap structure of the hole pocket at both kz = 0 and kz = π exhibited the same highly anisotropic two-fold angular dependence of the gap as determined in the Sulphur doped sample of Xu. et. al. [16]. Kushnirenko et. al. claimed that the superconducting gap that was larger at kz = π and smaller at kz = 0, however Rhodes et. al. suggested the opposite: the gap was observed to be larger at kz = 0 and smaller at kz = π. We note that in order to reach the kz = 0 hole pocket, a higher photon energy of 37 eV is required, which makes the measurement of the gap at the Γ point exceedingly challenging, and the measurements are at the cutting edge of what is currently achievable by synchrotron-based ARPES measurements.
[image: Figure 8]FIGURE 8 | Experimental measurements of the superconducting gap of FeSe. (A) Angular dependence of the gap around the hole pocket as extracted from BQPI measurements from Sprau et. al. [15]. (B) Angular dependence of the gap around the hole pocket as extracted from Laser ARPES measurements from Liu et. al [18]. (C) Angular dependence of the gap around the hole pocket from Hashimoto et. al. [17]. Red dots are data from a twinned sample, whereas green data was measured on an accidentally strained sample. (D) Band dispersion of the kz = 0 hole band (hν = 37 eV) from Rhodes et. al. [19] taken along the direction where the hole band gap is largest, above and below Tc. (E) Equivalent band dispersion of the kz = π hole band (hν = 21 eV) below Tc from Kushnirenko et. al. [20]. (F) Angular dependence of the hole band of FeSe0.93S0.07 from Xu et. al. [16], showing equivalent momentum dependence as the undoped sample. (G) Angular dependence of the gap around the electron pocket as extracted from BQPI measurements from Sprau et. al. [15]. (H,I) Band dispersion along the minor length of the electron pocket above and below Tc, along the high symmetry axis from Rhodes et. al. [19]. (J) Comparison of the gap magnitude (Leading Edge Gap - LEG) and the intensity of the spectral weight from Linear Vertical polarised light as a function of kx, which is directly correlated to the amplitude of dyz orbital weight. The gap is observed to decrease with decreasing dyz weight. Taken from Rhodes et. al. [19]. (K) Sketch of the angular dependence of the electron pocket at kz = 0 (bottom) [image: image] (middle) and kz = π (top) from Kushirenko et. al. [20]. (A,G) Reproduced from Ref. [15] with permission from the AAAS. (B) Reproduced from Ref. [18] under the Creative Commons Attribution 4.0 International License. (C) b) Reproduced from Ref. [17] under the Creative Commons Attribution 4.0 International License. (F) Reproduced from Ref. [16] with permission from the American Physical Society. (E,K) Reproduced from Ref. [20] with permission from the American Physical Society.
Hashimoto et. al. additionally claimed that the gap structure produced a different behaviour with and without the presence of uniaxial strain. Without strain, they observed a cos (8θ) behaviour [17], which when accidentally detwinned via uniaxial strain, yielded a gap structure that is consistent with the other measurements. So far this cos (8θ) dependence of the gap has not been reproduced.
As for the electron pocket, the angular dependence of the gap from QPI measurements is presented in Figure 8G. Revealing a particularly constant gap magnitude across the length of the ellipse, which quickly decays towards zero at the tips of the pocket. This is where the orbital character of the pocket transforms from predominantly dyz weight to dxy weight. ARPES measurements by Kushnirenko et. al [20], and Rhodes et. al. [19], were also able to resolve the angular dependence of the superconducting gap at the electron pocket. ARPES measurements along the minor length of the electron pocket, above and below Tc, are shown in Figures 8H,I. Thanks to the orbital sensitivity of ARPES-based measurements, Rhodes et. al. found a direct correlation between the intensity of dyz orbital weight and the size of the superconducting gap, establishing a direct link between orbital character and gap magnitude (Figure 7J). Kushnirenko et. al. [20] also observed that the rate that the gap decreased as a function of momentum was slightly different for intermediate kz values (Figure 8K).
This extremely aniostropic gap structure for both the hole and electron pocket raises a question as to whether FeSe is a nodal or nodeless superconductor, which could have a profound effect on our understanding of the gap symmetry in this system. For example, neglecting the electron pocket, it was argued by Hashimoto et. al. that a nodal gap structure of the hole pocket would be consistent with p-wave superconductivity [17] (This is not consistent once the gap structure of the electron pocket is additionally taken into account). It is not possible to clearly distinguish between a nodal gap or a very small gap in ARPES measurements, due to the limitations of energy resolution arising from thermal broadening and the choice of photon energy. Alternate techniques, such as STM and specific heat measurements, do have sufficient energy and thermal resolution to tackle this issue, but here STM measurements of the density of states by Sprau et. al. [15] suggest a fully gapped, nodeless, superconducting ground state, whereas specific heat measurements have argued that the measured data is consistent with a nodal superconducting gap [120]. It is still unclear whether FeSe exhibits nodes or very small superconducting gaps, however as we will discuss below, theoretical arguments appear to suggest that if any nodes do exist, they would be accidental in nature.
5.2 Theoretical Understanding of the Superconducting Gap
The most striking result from the experimentally determined gap structure of FeSe, is the clear realisation that the size of the superconducting gap at the Fermi level is correlated with the magnitude of dyz orbital weight. This tells us that the superconducting pairing mechanism is sensitive to orbital character, and is evidence for superconductivity mediated by Coulomb interactions, such as via a spin-fluctuation mechanism of superconductivity.
Although the idea that spin fluctuations govern the Cooper pairing in the iron-based superconductors, was originally proposed back when superconductivity in these materials were first discovered [7], the evidence for this has often been inferred from gap symmetry arguments, such as a sign-changing s± order parameter [15], or from the general argument that FeSe is close to a magnetic instability. FeSe, being such a clean system, has enabled a direct comparison between theoretical simulations and experimental data.
Indeed many theoretical simulations of the angular dependence of the superconducting gap in FeSe have been performed [15, 19, 21–24, 67, 108]. However, as the formation of Cooper pairs are directly sensitive to the states at the Fermi level, the starting model used to describe FeSe is very important. Numerical simulations have shown that models of FeSe which do not account for the missing electron pocket of the nematic state, i.e. a model Fermi surface which describes two electron pockets around the M point, can not reproduce the experimentally observed gap structure [15, 19, 22, 23].
Initially, this was a confusing result, but with hindsight it is not that surprising. The presence of an extra electron pocket in the simulations would naturally influence the superconducting pairing. Due to the local nature of Coulomb repulsion, the pairing between electrons in real space will be largest for electrons located on the same atom in the same orbital. It follows from this argument, that the pairing of electrons in momentum space would be favoured if a spin scattering process occurs which couples electronic states of the same orbital character. In the nematic state of FeSe, spin-fluctuations are strongest when connecting the hole and electron pocket [63, 123, 124]. In a one-electron pocket scenario, the only common orbital content between the two pockets are the dyz orbital weight, as shown in Figures 9A–D, and thus this would dominate the superconducting gap magnitude. This would not be the case in a two-electron pocket scenario, where scattering with dxz electrons between the hole and electron pocket would also contribute.
[image: Figure 9]FIGURE 9 | Theoretical simulation of the momentum dependence of the superconducting gap from Rhodes et. al. [19]. Here, a Fermi surface consisting of one hole pocket a single electron pocket were considered and a spin fluctuation pairing mechanism was assumed. (A,B) Fermi surface of the hole pocket and angular dependence of the orbital content of the hole pocket. (C,D) Fermi surface of the one electron pocket and angular dependence of the orbital content of the electron pocket. The colour labels are red dxz, green dyz and blue dxy. (E) Simulated angular dependence of the superconducting gap for the hole pocket (red) and electron pocket (blue), revealing a direct correlation with the dyz weight shown in (B) and (D). The crosses and dots are experimental data extracted from STM [15] and ARPES [19] measurements respectively.
It has now been shown that irregardless of the theoretical mechanism employed to remove this second electron pocket from the superconducting calculation, whether that’s orbital selective quasiparticle weights [15, 21, 24], orbital selective spin fluctuations [22], E-type nematic ordering [108], a non-local dxy nematic order parameter [67] or simply ignoring it from simulations of the superconducting pairing outright [19] (as shown in Figure 9), the correct momentum dependence of the gap structure can be naturally captured assuming weak-coupling spin fluctuation mediated pairing.
This is a remarkable finding, not only does it further support the theory of spin-fluctuation mediated superconductivity in the iron-based superconductors, but it provides another independent piece of evidence for a single electron pocket around the M point in the nematic state of FeSe. This result highlights the incredible importance of correctly accounting for the missing electron pocket in the nematic state, as without it we can not begin to understand the superconducting properties of this material.
6 DISCUSSION
This review has been wholly focused on what at first glance might appear to be an esoteric point of discussion, namely, the characterisation and modelling of the Fermi surface of FeSe in the nematic state. However, we propose that after the hundreds of papers and many years of debate and controversy on the subject, that there are very important conclusions to be drawn, which have wider implications for our understanding of both nematic ordering and superconductivity across the wider family of Fe-based superconductors.
The first conclusions surround nematic ordering, where the results establish.
• That nematic ordering affects all bands at the Fermi level, with the dxy derived bands playing as significant a role as the dxz and dyz derived bands.
• That nematic order manifests in the band structure through a combination of all allowed symmetry-breaking terms, primarily anisotropic hopping terms, and cannot be exclusively treated by on-site orbital ordering.
• That nematic ordering does not cause a minor perturbation of the electronic structure, but can lift an entire electron pocket away from the Fermi level.
We believe that these conclusions should be widely applicable across other Fe-based superconductors. While these conclusions do not yet constitute a self-consistent microscopic mechanism of nematic order, they do present strong constraints to any proposed microscopic models.
The second set of conclusions relate to the superconductivity:
• The superconducting gap of FeSe is remarkably anisotropic.
• The fact that the gap follows the dyz orbital character is strong experimental evidence that the pairing mechanism is sensitive to local orbital degrees of freedom, i.e., for spin-fluctuation pairing.
• The superconducting gap of FeSe can be naturally reproduced by spin-fluctuation calculations assuming only one electron pocket at the Fermi level.
There has long been a consensus that the superconductivity in the Fe-based systems is mediated by spin-fluctuation pairing, but we argue that FeSe provides some of the most direct experimental support for this. As long as one starts with the one-electron pocket Fermi surface, the further details of the calculation are not critical, because in this scenario the only orbital component which is present on both the hole and electron pockets is the dyz character, and so this channel dominates the structure of the gap. The success of this result justifies the use of similar spin-fluctuation pairing calculations on other Fe-based superconductors, although we emphasize the importance of starting with an experimentally accurate Fermi surface.
Importantly this insight has only been unlocked once we understand that the true Fermi surface of FeSe consists of one hole pocket and a single electron pocket, rather than one hole pocket and two electron pockets as was initially believed. However, despite us emphasizing how the one electron pocket scenario is key to the understanding of the unusual properties of FeSe, we believe it is still an open question as to what mechanism really drives this modification of the electronic structure. The models of describing the electronic structure in the nematic state have grown more accurate and more sophisticated, yet there is a lack of intuition about what is the real driving force for the evolution of the electronic structure that we observe. In our opinion it remains a delicate and important open question, but solving it in the case of FeSe could unlock a wider understanding of nematicity in the iron-based superconductors.
Additionally, whilst the experimental challenge imposed by measuring the electronic structure of orthorhombic crystals has always been present, the focus on an answer to the origin of nematicity in FeSe has particularly emphasised the continued development of detwinning methods in ARPES [28, 34–40, 85, 125], as well as showcasing the potential of NanoARPES for strongly correlated materials with local domain structures [67, 85].
The anisotropic Fermi surface of the nematic state also has important consequences for the understanding of the spin excitation spectrum of FeSe, which has also been shown to be highly anisotropic [63], revealing a dominant scattering vector at (π, 0) in the nematic state but not (0, π). From an itinerant magnetism perspective, this can be intuitively understood, the only allowed scattering vectors at the Fermi level are the one hole pocket and one electron pocket, seperated by (0, π), thus the imaginary part of the spin susceptibility should also be highly anisotropic [67, 97, 108]. This has so far mainly been discussed within the weak coupling- RPA approximation for the spin fluctuation, within the concext of orbital selective quasiparticle weights [97, 126], however it would be interesting to explore how well this weak coupling calculations agrees with the inelastic neutron scattering data applied the other descriptions of the missing electron pocket.
7 OUTLOOK AND CONCLUSION
With an outlook to the future, there are still multiple open questions regarding the missing electron pocket problem, nematicity and superconductivity in FeSe. Firstly, can we experimentally identify the exact conditions when one of the electron pockets in the tetragaonal state appears or disappears from the Fermi level? So far, this has remained slightly ambiguous, with some experiments claiming a gradual disappearance of the electron pocket [37] and others claiming a Lifshitz transition around 70 K [35, 36, 67].
Another open question is how the missing electron pocket scenario can be reconciled with the QPI measurements as a function of sulphur doping [42] or Tellurium doping [2], each providing an isoelectronic tuning parameter to control the evolution of the Fermi surface. The systematic evolution of the Fermi surface has been studied by Quantum Oscillations [127], however due to the tiny size of the Fermi energy in this system, the unambiguous assignment of the quantum oscillation frequencies is challenging [67]. Equally, twinned ARPES measurements on sulphur doped FeSe have already been performed [54, 77], as well as several studies on detwinned crystals for 9% sulphur doping [37, 38]. So far it is unclear when the missing electron pocket reappears, and so further measurements of detwinned FeSe1−xSx are desirable, although by 18% the system is tetragonal once more and two electron pockets are certainly observed [77].
Finally, an important avenue of research is how does the momentum-dependence of the superconducting gap change as nematicity is supressed, e.g., as a function of sulphur doping. The momentum dependence of the superconducting gap for undoped FeSe has now been extensively characterised, and theoretical predictions of how the gap should evolve as nematicity is suppressed have been proposed [67]. This much needed experimental data would again place important constraints on our theories of nematicity and superconductivity in these systems.
As the study of the Fe-based superconductors has matured since they exploded onto the scene in 2008, the emphasis has shifted from basic characterisation of a wide variety of superconducting families, to detailed examination of particular cases. FeSe has been the subject of particularly focused attention, and the effort has been worthwhile, with two remarkable results emerging: the one electron pocket Fermi surface, and the highly anisotropic superconducting gap structure. We have argued that these two, taken together, provide strong evidence for spin-fluctuation pairing in FeSe, which is presumably applicable to the wider family of Fe-based superconductors. However, the extent to which the one electron pocket phenomenology may be applicable to the nematic phase of other material systems is a large open question; as well as FeSe1−xSx and FeSe1−xTex, we propose NaFeAs [125] as a candidate worthy of re-examination. Thus as this review of FeSe concludes, we propose it is time to take the experimental and theoretical tools developed for case of FeSe, and apply them with renewed vigour to the wider field of Fe-based superconductors.
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The main driven force of the electronic nematic phase in iron-based superconductors is still under debate. Here, we report a comprehensive study on the nematic fluctuations in a non-superconducting iron pnictide system BaFe1.9−xNi0.1CrxAs2 by electronic transport, angle-resolved photoemission spectroscopy (ARPES), and inelastic neutron scattering (INS) measurements. Previous neutron diffraction and transport measurements suggested that the collinear antiferromagnetism persists to x = 0.8, with similar Néel temperature TN and structural transition temperature Ts around 32 K, but the charge carriers change from electron type to hole type around x = 0.5. In this study, we have found that the in-plane resistivity anisotropy also highly depends on the Cr dopings and the type of charge carriers. While ARPES measurements suggest possibly weak orbital anisotropy onset near Ts for both x = 0.05 and x = 0.5 compounds, INS experiments reveal clearly different onset temperatures of low-energy spin excitation anisotropy, which is likely related to the energy scale of spin nematicity. These results suggest that the interplay between the local spins on Fe atoms and the itinerant electrons on Fermi surfaces is crucial to the nematic fluctuations of iron pnictides, where the orbital degree of freedom may behave differently from the spin degree of freedom, and the transport properties are intimately related to the spin dynamics.
Keywords: iron-based superconductors, electronic nematic phase, nematic fluctuations, resistivity, spin excitations, orbital ordering, neutron scattering
1 INTRODUCTION
Electronic nematic phase breaks the rotational symmetry but preserves the translational symmetry of the underlying lattice in correlated materials [1–4]. In iron-based superconductors, the nematic order associated with a tetragonal-to-orthorhombic structural transition at temperature Ts acts as a precursor of the magnetic order below TN and the superconducting state below Tc [5–10]. The nematic fluctuations can be described by the electronic nematic susceptibility, which is defined as the susceptibility of electronic anisotropy to the uniaxial in-plane strain [11]. Divergent nematic susceptibility upon approaching Ts from high temperature is revealed by the elastoresistance and elastic moduli measurements, suggesting nematic fluctuations well above Ts [12–16]. The nematic fluctuations commonly exist in iron-based superconductors and are even present in compounds with tetragonal crystal symmetry without any static nematic order [17]. Accumulating evidence suggests that the optimal superconductivity with maximum Tc usually occurs near a nematic quantum critical point where the nematic fluctuations are the strongest [18–29]. However, the charge, spin, and orbital degrees of freedom are always intertwined in the presence of nematic fluctuations [30–39], giving a twofold rotational (C2) symmetry in many physical properties [5–11, 40–44] including anisotropic in-plane electronic resistivity and optical conductivity [45–51], lifting of degeneracy between dxz/dyz orbitals [52–58], anisotropic spin excitations at low energies [59–63], phonon-energy split in lattice dynamics [64, 65], and splitting of the Knight shift [66, 67]. In addition, it has been proposed that the local anisotropic impurity scattering of chemical dopants likely induces the twofold symmetry in the transport properties [68–70]. Such complex cases make it is difficult to clarify the main driven force of nematic phase by a single experimental probe.
Our previous works suggest that the Cr substitution is an effective way both to suppress the superconductivity and to tune the magnetism in iron-based superconductors [27, 71–73]. Specifically, in the BaFe1.9−xNi0.1CrxAs2 system, by continuously doping Cr to the optimally superconducting compound BaFe1.9Ni0.1As2 with Tc = 20 K, the superconductivity is quickly suppressed above x = 0.05, but the magnetic transition temperature TN and the structural transition temperature Ts remain between 30 and 35 K as shown by neutron diffraction results on naturally twinned samples (Figure 1A). Moreover, the effective moment m is significantly enhanced first and then suppressed for dopings higher than x = 0.5, where the charge carriers change from electron type to hole type as shown by the sign of Hall and Seebeck coefficients [73]. These make BaFe1.9−xNi0.1CrxAs2 a rare example to separately tune the magnetically ordered temperature TN by the local spin interactions and the magnetically ordered strength by the scattering of itinerant electrons on Fermi surfaces, respectively. The extra holes introduced by Cr substitutions compensate the electron doping thus may drive those non-superconducting compounds to a half-filled Mott insulator similar to the parent compounds of cuprate and nickelate superconductors [74–79]. It would be interesting to monitor the evolution of the nematic fluctuations starting from a metallic state toward to a localized insulating state [79–81], especially on the detwinned samples (Figure 1B).
[image: Figure 1]FIGURE 1 | (Color online) Phase diagram and in-plane resistivity anisotropy of BaFe1.9−xNi0.1CrxAs2. (A) The PM, AF, and SC mark the region of paramagnetic, antiferromagnetic, and superconducting phases defined by Ts, TN, and Tc, respectively. Here, Ts and TN were measured by neutron diffraction in our previous work on the naturally twinned samples [73]. (B) The gradient color maps the in-plane resistivity anisotropy δρ measured on detwinned samples. The vertical dashed line divides the regions for electron-type and hole-type charge carriers as determined by the sign of Hall and Seebeck coefficients [73].
In this paper, we further report a multi-probe study on the nematic fluctuations in the non-superconducting compounds BaFe1.9−xNi0.1CrxAs2 (x = 0.05 ∼ 0.8) by electronic transport, angle-resolved photoemission spectroscopy (ARPES), and inelastic neutron scattering (INS) measurements. The in-plane resistivity anisotropy measured in the detwinned samples under uniaxial pressure shows a strong dependence on the Cr content with a clear sign change above x = 0.6. By focusing on two compounds with x = 0.05 and 0.5, ARPES measurements suggest possible band shifts induced by orbital anisotropy near Ts/TN for both dopings, but INS experiments reveal clearly different behaviors on the spin nematicity. The onset temperature of low-energy spin excitation anisotropy between Q = (1, 0, 1) and Q = (0, 1, 1) for x = 0.05 is about 110 K, but for x = 0.5, it is much lower, only about 35 K near the magnetic transition. Such temperature dependence of spin nematicity is consistent with the results of in-plane resistivity anisotropy. At high energies, the spin nematicity for x = 0.05 extends to about 120 meV, much larger than the case for x = 0.5 (about 40 meV), suggesting a possible linear correlation between the highest energy scale and the onset temperature of spin nematicity. Therefore, the nematic behaviors in iron pnictides are highly related to the interplay between local moments and itinerant electrons. While the C2-type anisotropies in spin excitations and in-plane resistivity are strongly correlated with each other [60], the orbital anisotropy induced band splitting may behave differently as affected by the complex Fermi surface topology [82–91].
2 EXPERIMENT DETAILS
High-quality single crystals of BaFe1.9−xNi0.1CrxAs2 were grown by the self-flux method [71–73, 92–95]; the characterization results of our sample can be found in previous reports [71, 73]. The crystalline directions of our sample were determined by an X-ray Laue camera (Photonic Sciences) in the backscattering mode with incident beam along the c − axis. After that, the crystals were cut into rectangle shapes (typical sizes: 1 mm × 2 mm) by a wire saw under the directions [1, 0, 0] × [0, 1, 0] in orthorhombic lattice notation (a = b = 5.6 Å). By applying a uniaxial pressure around 10 MPa, the crystal can be fully detwinned at low temperature, where the direction of pressure was defined as the b direction, and the pressure-free direction was defined as the a direction [60–63, 96–99]. The in-plane resistivity (ρa,b) was measured by the standard four-probe method with the Physical Property Measurement System (PPMS) from Quantum Design. To compare the temperature dependence of resistivity at different directions, we normalized the resistivity ρa,b(T) data at 150 K for each sample. The in-plane resistivity anisotropy was defined by δρ = (ρb − ρa)/(ρb + ρa) same as other literature [45–47].
ARPES experiments were performed at beamline 10.0.1 of the Advanced Light Source and beamline 5-4 of the Stanford Synchrotron Radiation Light source with R4000 electron analyzers. The angular resolution was 0.3°, and the total energy resolution was 15 meV. All samples were cleaved in-situ at 10 K and measured in ultra-high vacuum with a base pressure lower than 4 × 10–11 Torr. We note that we used twinned samples without uniaxial pressure for the ARPES experiments. INS experiments were carried out at two thermal triple-axis spectrometers: PUMA at Heinz Maier-Leibnitz Zentrum (MLZ) [100], Germany, and TAIPAN at the Australian Centre for Neutron Scattering (ACNS) [101], ANSTO, Australia. The wave vector Q at (qx, qy, qz) was defined as (H, K, L) = (qxa/2π, qyb/2π, qzc/2π) in reciprocal lattice units (r.l.u.) using the orthorhombic lattice parameters a ≈ b = 5.6 Å and c ≈ 13 Å. All measurements were done with fixed final energy Ef = 14.8 meV, and a double focusing monochromator and analyzer using pyrolytic graphite crystals. To gain a better signal-noise ratio, eight pieces of rectangularly cut crystals (typical sizes: 7 mm × 8 mm × 0.5 mm) were assembled in a detwinned device made by aluminum and springy gaskets [60–63]. To reach both Q = (1, 0, 1) and Q = (0, 1, 1), the sample holder was designed to easily rotate by 90°, thus the scattering plane can switch from [H, 0, 0] × [0, 0, L] to [0, K, 0] × [0, 0, L]. The total mass of the crystals used in INS experiments was about 2 g from each sample set of x = 0.05 and x = 0.5. Time-of-flight neutron scattering experiments were carried out on the same sample sets at 4SEASONS spectrometer (BL-01) at J-PARC [102, 103], Tokai, Japan, with multiple incident energies Ei = 250, 73, 34, 20 meV, ki parallel to the c axis, and chopper frequency f = 250 Hz. The data were only corrected by the efficiency of detectors from the incoherent scattering of vanadium with white beam. As we were comparing two samples with similar mass under the same measured conditions at the same spectrometer, it was not necessary to do the vanadium normalization with mono-beam. The data were analyzed by the Utsusemi and MSlice software packages [104, 105].
3 RESULTS AND DISCUSSIONS
We first present the resistivity results in Figures 1-3. Apparently, the in-plane resistivity anisotropy show a strong dependence on the Cr doping level. In the Cr free sample BaFe1.9Ni0.1As2, the difference between ρa and ρb presents above the superconducting transition temperature Tc = 20 K, where ρa is metallic and ρb is semiconducting-like with an upturn at low temperature (namely, ρa < ρb) (Figure 2A). The superconductivity is completely suppressed at x = 0.05, and there is a dramatic difference between ρa and ρb with an anisotropy δρ persisting to about T = 110 K (Figure 2B). By further increasing Cr doping, both ρa and ρb become semiconducting-like even insulating-like above x = 0.1, and the resistivity anisotropy gets weaker and weaker, until it nearly disappears at x = 0.5 and 0.6 compounds (Figure 2C–H). For those high doping compounds x = 0.7 and 0.8, it seems that δρ changes sign with ρa > ρb at low temperatures (Figure 2I,J). To clearly compare the resistivity anisotropy upon Cr doping, we plot δρ as gradient color mapping in Figure 1B and show its detailed temperature dependence in Figure 3. Interestingly, the sign of δρ is also related to the type of charge carriers. δρ keeps strong and positive in the electron-type compounds but changes to negative and weak [image: image] in the hole-type compounds (Figure 1B and Figure 3B). This is consistent with the results in the electron doped BaFe2−x(Ni, Co)xAs2 and the hole doped Ba1−xKxFe2As2, Ca1−xNaxFe2As2, and BaFe2−xCrxAs2 systems [45–48, 106–109]. However, in those cases, the onset temperature of δρ decreases with the structural transition temperature Ts when increasing the doping level from the non-superconducting parent compounds to optimally doped superconducting compounds. Here, in the BaFe1.9−xNi0.1CrxAs2 system, both TN and Ts are actually within the range 32 ∼ 35 K for all probed dopings [73], but the onset temperature of δρ still extends to high temperatures, and it is then strongly suppressed by Cr doping (Figure 3A). In those hole-type compounds, δρ shows a peak feature (for x = 0.5 and 0.6) or a kink (for x = 0.7 and 0.8) responding to the magnetic and structural transitions (Figure 3B). The non-monotonic behavior of δρ may come from the competition between the scattering from hole bands and electron bands, and similar behaviors were observed in the nematic susceptiblity of the Cr doped BaFe2(As1−xPx)2 system [27].
[image: Figure 2]FIGURE 2 | (Color online) In-plane resistivity anisotropy of BaFe1.9−xNi0.1CrxAs2 under uniaxial pressure. Here, ρb is the in-plane resistivity along the direction of uniaxial pressure, and ρa is the in-plane resistivity perpendicular to the direction of uniaxial pressure. For easy comparison, each curve is normalized by its resistivity at 150 K, and there is no resistivity anisotropy above this temperature.
[image: Figure 3]FIGURE 3 | (Color online) Temperature dependence of the in-plane resistivity anisotropy δρ from x = 0.05 to 0.8. (A) In electron-type compounds, δρ gets weaker but keeps positive when increasing Cr doping. (B) In hole-type compounds, δρ is very weak and becomes negative when x ≥0.7.
Next, we focus on the electronic structure and the spin excitations in two typical dopings x = 0.05 with TN = 32 K and x = 0.5 with TN = 35 K. The Fermi surface topology and band structure measured by ARPES on naturally twinned samples are shown in Figure 4. From the Fermi surface mapping in Figure 4A,B, we can find typical hole pockets around the zone center Γ point. Near the X point, an electron pocket is observed for x = 0.05. For x = 0.5, however, the Fermi surface resembles that of the hole-doped (Ba,K)Fe2As2 [53]. This is due to the hole doping introduced by the Cr substitution, which also introduces disorder directly in the Fe-planes, thus resulting in spectral features that appear broad [82]. Figure 4C,D show the second energy derivatives of the spectral images along the high symmetry direction (Γ-X). Larger hole pockets can indeed be seen for x = 0.5 compared to x = 0.05. As has been demonstrated previously on BaFe2As2, NaFeAs, and FeSe, the onset of Ts is associated with the onset of an observed anisotropic shift of the dxz and dyz orbital-dominated bands where the dxz band shifts down and the dyz band shifts up [52–56]. This shift is most prominently observed near the X point of the Brillouin zone. Moreover, such band splitting as measured on uniaxially strained crystals can be observed above Ts in the presence of this symmetry-breaking field. On a structurally twinned crystal, the anisotropic band shifts would appear in the form of a band splitting due to domain mixing. While we do not observe clearly the band splitting as shown in Figure 4C,D, we can clearly observe the lower branch with dominant intensity that shifts with temperature. This can be understood as the lower dxz band. We can fit the energy position of the band extracted from the X point and plot as a function of temperature. The temperature evolution clearly identifies a temperature scale associated with an onset of the band shift [53–55]. As shown in Figure 4E,F, the X band shifts at low temperature T ≈ 25 K for x = 0.05 and T ≈ 45 K for x = 0.5, respectively, closing to their structural or magnetic transition temperatures. We do note that while we cannot conclusively state that this represents the orbital anisotropy, the behavior we observe here on these twinned crystals is consistent with the expectation of the onset of orbital anisotropy [52, 57, 62]. We note here that the observed onset temperature of band splitting is close to the Ts (or TN), in contrast to the much higher onset in the resistivity anisotropy shown in Figure 3 measured on a strained crystal.
[image: Figure 4]FIGURE 4 | (Color online) ARPES results on x = 0.05 (left) and x = 0.5 (right) compounds. (A)–(B) The measured Fermi surfaces around the Γ and X points. (C)–(D) Band dispersions along the high symmetry direction Γ-X obtained from the second derivatives in the energy direction. (E)–(F) Temperature dependence of the fitted band position from the X point. All dashed lines are guides for eyes.
We then turn to search the connection between the resistivity anisotropy and the spin excitation anisotropy. The first evidence of spin nematicity was observed in BaFe2−xNixAs2 (x = 0, 0.065, 0.085, 0.10, 0.12) [60–63], where BaFe1.9Ni0.1As2 is the starting compound of this study. Low-energy spin excitations are measured on the detwinned BaFe1.9−xNi0.1CrxAs2 (x = 0.05 and 0.5) samples by INS experiments using two triple-axis spectrometers. The results of constant-energy scans at E = 3, 6, 9, and 12 meV are summarized in Figure 5. With convenient design of the detwinned device and sample holder, we can easily perform constant-energy scans (Q − scans) either along the [H, 0, 1] or [0, K, 1] direction after rotating the whole sample set by 90°. For the x = 0.5 sample, we instead do the S1 rocking scans at Q = (1, 0, 1) and (0, 1, 1). It should be noticed that the Néel temperature TN is slightly enhanced by the applied uniaxial pressure in the x = 0.05 sample from 32 to 40 K (so does Ts) but does not change for the x = 0.5 sample ([image: image] K) (Figure 6A,B). Such an effect has been detected in the BaFe2−x(Ni, Co)xAs2 system [110]. The detwinned ratio can be estimated by comparing the integrated intensities of magnetic Bragg peak between Q = (1, 0, 1) and Q = (0, 1, 1) positions, which is about 10:1 for the x = 0.05 samples, and 4:1 for the x = 0.5 samples, respectively. Such a large ratio means successful detwin for both sample sets. At the first glance, it is very clear for the difference of the spin excitations between Q = (1, 0, 1) and Q = (0, 1, 1) especially at low temperatures, which could be attributed to the spin Ising-nematic correlations (so-called spin nematicity). After warming up to high temperatures, the spin excitations at Q = (1, 0, 1) decrease and become nearly identical to those at Q = (0, 1, 1). The nematic order parameter for the spin system can be approximately represented by [image: image], in which [image: image] (or [image: image]) is the local spin susceptibility at Q = (1, 0, 1) (or Q = (0, 1, 1)). Figure 6C,D show the temperature dependence of [image: image] for both compounds, where the Bose population factor is already corrected. We also plot the data (open symbols) obtained from the integrated intensity of those Q − scans in Figure 5. For the x = 0.05 compound, the spin nematicity decreases slightly upon increasing energy and terminates well above [image: image] K (Figure 6C)73. For the lowest energy we measured (3 meV), the onset temperature of spin nematicity is about 110 K, similar to the in-plane resistivity anisotropy in Figure 3A. The results for x = 0.5 compound show markedly differences, where [image: image] quickly decreases with both energy and temperature, and the onset temperature is around [image: image] K (Figure 6D). No spin anisotropy can be detected above 40 K for both Q − scans and energy scans, and this is also consistent with the very weak in-plane resistivity anisotropy for x = 0.5 (Figure 3B). The spin nematic theory predicts that the nematic fluctuations enhance both the intensity and the correlation length of spin excitations at (π, 0) but suppress those at (0, π) even above Ts. This was firstly testified in the detwinned BaFe1.935Ni0.065As2 and can also be seen here in Figure 561. Although the peak intensities at Q = (1, 0, 1) seem stronger than those at Q = (0, 1, 1) in Figure 5G,H, the peak width is smaller, and the integrated intensity of the Q-scans are closed to each other. The above results of spin nematicity in BaFe1.9−xNi0.1CrxAs2 (x = 0.05 and 0.5) resemble to those in BaFe2−xNixAs2, where spin excitations at low energies change from C4 to C2 symmetry in the tetragonal phase at temperatures approximately corresponding to the onset of the in-plane resistivity anisotropy.
[image: Figure 5]FIGURE 5 | (Color online) Inelastic neutron scattering results on the spin excitations of uniaxially detwinned samples for x = 0.05 (left) and x = 0.5 (right) compounds measured by two triple-axis spectrometers TAIPAN and PUMA. We compared the constant-energy scans (Q −scans along [H,0,1] or [0, K,1], S1 rocking scans at Q = (1,0,1) or (0, 1, 1)) for E = 3, 6, 9, 12 meV, respectively. All data are corrected by a linearly Q −dependent background, and the solid lines are Gaussian fittings. The spurious signals in 6 meV data are ignored.
[image: Figure 6]FIGURE 6 | (Color online) The order parameter of antiferromagnetism and spin nematicity [image: image] for x = 0.05 and x =0.5 compounds. (A) and (B) The magnetic order parameters measured at Q = (1,0,3) on twinned samples, Q = (1,0,1) and Q = (0,1,1) on detwinned samples by elastic neutron scattering. All data are subtracted by the normal state background and normalized by the intensity at base temperature for Q = (1,0,3) or Q = (1,0,1). (C) and (D) Spin nematicity measured by inelastic neutron scattering. The solid symbols are the differences of local susceptibility χ′′ between Q = (1,0,1) and Q = (0,1,1) (left y-axis), and the open symbols are similar but obtained by integrating the constant-energy scans in Figure 5 corrected by the Bose population factor (right y-axis). The vertical dash lines mark the magnetic transition temperature TN on twinned samples and [image: image] on detwinned samples. All solid lines are guides to eyes.
Moreover, INS experiments on detwinned BaFe2As2 and BaFe1.9Ni0.1As2 suggest that the spin anisotropy can persist to very high energy [62, 63], even in the later case the splitting of the dxz and dyz bands nearly vanishes [57]. To quantitatively determine the energy dependence of spin excitation anisotropy, we have performed time-of-flight INS experiments on the uniaxially detwinned BaFe1.9−xNi0.1CrxAs2 (x = 0.05 and 0.5), and the results are shown in Figures 7, 8. It should be noted that for such experiments, the energy transfer is always coupled with L due to ki ∥ c [102, 103]. The two-dimensional (2D) energy slices and one-dimensional (1D) cuts along [H, 0] and [0, K] at various energies are presented in Figure 7. Indeed, the spin excitations are twofold symmetric below 100 meV for both compounds. The spin excitations at E = 3 meV, Q = (0, ±1) are very weak in the x = 0.05 compound, then continuously increase upon energy, and become nearly the same as Q = (±1, 0) around 110 meV. For the x = 0.5 compound, although the spin excitations at Q = (0, ±1) can be initially observed at E = 3 meV, the spin anisotropy still exists at 15 meV and then disappears above 42 meV. To further compare the spin excitations in both compounds, we have calculated the total spin fluctuations [image: image] and the spin nematicity [image: image] from the integrated intensity marked by the dashed diamonds in Figure 7D,L. In principle, the local dynamic susceptibility χ′′ can be estimated from the integration outcome of the spin excitations within one Brillouin zone, and here χ′′ can be simply calculated through dividing the integration signal in the Q = (0, 0) (1, 1), (2, 0), (1, −1) boxes, giving the diamond shape integration zone [8]. The total spin susceptibility [image: image] in the x = 0.5 compound is stronger than that in x = 0.05 but decays much quickly with energy (Figure 8A,C). The spin nematicity [image: image] apparently has different energy scales for two compounds, where it is about 120 meV for x = 0.05 but only 40 meV for x = 0.5, respectively. The energy scale of [image: image] in the superconducting compound BaFe1.9Ni0.1As2 is 60 meV [62], and for the parent compound BaFe2As2, it is about 200 meV up to the band top of the spin waves [63]. These facts lead to a possible linear correlation between the highest energy and the onset temperature of spin nematicity at low energy (inset of Figure 8D). Within the measured energy range, both [image: image] and [image: image] can be fit with a power-law dependence on the energy, ∼ A/Eα, where the amplitude A and exponent α are listed in each panel of Figure 8. Indeed, the larger value of α for x = 0.5 in comparison to that for x = 0.05 suggests faster decay with energy for both the spin fluctuations and the spin nematicity. Similar fitting on the results of BaFe1.9Ni0.1As2 gives parameters in between them [62]. Although the low energy data below 10 meV may be affected by the L-modulation of spin excitations, and by the superconductivity in BaFe1.9Ni0.1As2, the similar quantum critical behavior both for [image: image] and [image: image] in these three compounds is expected by the Ising-nematic scenario [60–63].
[image: Figure 7]FIGURE 7 | (Color online) Inelastic neutron scattering results on the spin excitations of the uniaxially detwinned samples for x = 0.05 (left) and x = 0.5 (right) compounds measured at T = 5 K by time-of-flight spectrometer 4SEASONS. All data are presented in both 2D slices for the [H, K] plane and 1D cuts along [H,0] or [0, K] at typical energy windows E = 3±1,15±2,42±4,110±10 meV. The solid lines are Gaussian fittings guiding for eyes, which are not shown in panel (P) due to poor data quality. The dashed diamonds in panel (D) and (L) illustrate the integrated Brillouin zone for spin excitations around Q = (1,0) and Q = (0,1), respectively.
[image: Figure 8]FIGURE 8 | (Color online) Energy dependence of the total spin fluctuations [image: image] and the spin nematicity [image: image] of uniaxially detwinned samples for x =0.05 (left) and x =0.5 (right) compounds. Different symbols correspond to different incident energies in the measurements. Both of [image: image] and [image: image] can be fitted with a power-law dependence on the energy, ∼ A/Eα, where the amplitude A and exponent α are listed in each panel. The inset of panel (D) shows the correlation between the highest energy and the onset temperature at low energy of [image: image].
In our previous neutron diffraction results on the BaFe1.9−xNi0.1CrxAs2 system, the Cr dopings have limited effects on the magnetically ordered temperature TN but significantly enhance the effective ordered moment m by reaching a maximum value at x = 0.5 [73]. The Néel temperature TN is mostly determined by the local magnetic coupling related to the local FeAs4 tetrahedron structure. The evolution of ordered moment probably induced by the changes of the density of states and the orbital angular momentum from itinerant electrons on the Fermi surfaces. The Cr doping introduces both local distortion on the lattices and hole doping on the Fermi pockets, yielding a non-monotonic change of the conductivity of charge carriers. As shown in Figure 2, the low-temperature upturn of resistivity is enhanced by Cr doping first but then weakens in those hole-type compounds. Among these dopings, x = 0.5 has the most insulating-like behavior, and thus strongly localized charge carriers and maximum ordered moment, but its spin nematicity quickly drops down for both the temperature and energy dependence. In contrast to the magnetically ordered strength, both the structural transition temperature Ts and the lattice orthorhombicity δ = (a − b)/(a + b) are nearly Cr doping independent [73]. This means the static nematic order is also nearly Cr independent in this system, as opposed to the case for dynamic nematic fluctuations.
The nature of the iron-based superconductor can be theoretically described as a magnetic Hund’s metal, in which the strong interplay between the local spins on Fe atoms and the itinerant electrons on Fermi surfaces gives correlated electronic states [80, 81]. Indeed, time-of-flight INS experiments on the detwinned BaFe2As2 suggest that the spin waves in the parent compound are preferably described by a multi-orbital Hubbard–Hund model based on the itinerant picture with moderate electronic correlation effects, instead of a Heisenberg model with effective exchange couplings from local spins. Upon warming up to high temperatures, the intensities of spin excitation anisotropy decrease gradually with increasing energy and finally cut off at an energy away from the band top of spin waves [63]. Therefore, the energy scale of spin nematicity sets an upper limit for the characteristic temperature for the nematic spin correlations, as well as the onset temperature of resistivity anisotropy. Here, by adding up the results on the in-plane anisotropies of resistivity, orbital energy, and spin excitations in BaFe1.9−xNi0.1CrxAs2, they clearly suggest that the electronic nematicity is intimately related to the spin dynamics, which seems consistent with Hund’s metal picture. Specifically, by doping Cr to suppress the superconductivity in BaFe1.9Ni0.1As2, it makes the charge carriers initially localized with enhanced electron correlations [73], which may enhance the electronic correlations by increasing the intra- and inter-orbital onsite repulsion U as well as Hund’s coupling JH [63], and thus gives rise to stronger spin excitations and larger spin anisotropy in the Cr doping x = 0.05 compound. Another effect is the lifting up of dyz and dxy along the Γ-X direction to the Fermi level, which primarily contributes to the effective moments [80]. The orbital-weight redistribution triggered by the spin order suggests that the orbital degree of freedom is coupled to the spin degree of freedom [111]. By further increasing Cr doping to x = 0.5, the localization effect is so strong that the electron system becomes insulating at low temperature. In this case, the itinerant picture based on Hund’s metal may not be applicable anymore. The low density of itinerant electrons weakens the nematic fluctuations and probably limits them inside the magnetically ordered state. In either case for x = 0.05 or x = 0.5, the band splitting does not directly correspond to the spin nematic correlations but only present below the nematic ordered temperature. This may attribute to the weak spin–orbit coupling in this system, as the spin anisotropy in spin space can only present at very low energies [59]. In addition, our results can rule out the picture of local impurity scattering driven nematicity since the impurity scattering from Cr substitutions is certainly stronger in the x = 0.5 compound, but it does not promote the nematic fluctuations.
4 CONCLUSION
In conclusion, we have extensively studied the in-plane resistivity anisotropy, orbital ordering, and spin nematicity in a non-superconducting BaFe1.9−xNi0.1CrxAs2 system. We have found that the Cr doping strongly affect the anisotropy of resistivity and spin excitations along with the itinerancy of charge carriers. While the onset temperatures of resistivity anisotropy and spin nematicity are similar and correlated with the energy scale of spin anisotropy, the orbital anisotropy shows an onset temperature irrelevant to them. These results suggest that the electronic correlations from the interplay between local moments and itinerant electrons are crucial to understand the nematic fluctuations, thus inspiring the quest for the driven force of the electronic nematic phase in iron-pnictide superconductors.
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We analyze theoretically the magnetic anisotropy in the nematic phase of FeSe by computing the spin and the orbital susceptibilities from the microscopic multiorbital model. In particular, we take into account both the xz/yz and the recently proposed non-local xy nematic ordering and show that the latter one could play a crucial role in reproducing the experimentally-measured temperature dependence of the magnetic anisotropy. This provides a direct fingerprint of the different nematic scenarios on the magnetic properties of FeSe.
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1 INTRODUCTION
Iron-based superconductors offer the opportunity to explore the interplay between electronic nematicity, magnetism and superconductivity. While the broad studies on cuprates already provide insights into the competition between magnetism and superconductivity [1, 2], the role of the still enigmatic nematic state is of particular interest. Since anisotropy arises in crystal structure, orbital and spin degrees of freedom, it is intricate to decipher the underlying mechanism [3, 4]. In most of the iron pnictides the structural transition precedes or coincides with the magnetic transition at TN, below which long-range antiferromagnetic order sets in [5], supporting the idea that nematicity (spin nematicity) is driven by magnetic interactions [6]. Note that the spin-nematic scenario can also lead to an effective orbital ordering once one takes the orbital content of the spin fluctuations within the so-called orbital-selective spin-fluctuation scenario into account [7–9].
Among various iron-based superconductors, FeSe with a simple crystal structure of the stacked FeSe layers has a rather unique behavior due to the presence of a marked nematic (structural) transition at TS = 90 K and a transition to superconductivity below Tc = 9 K, while magnetic order is absent [10–15]. Consequently, orbital degrees of freedom have also been proposed as the underlying mechanism for nematic order in FeSe [16–22]. The small lattice distortion contrasts with strong in-plane anisotropy of resistivity, magnetic susceptibility, electronic structure and orbital and momentum structure of the superconducting gap [23–34]. The phase diagram of FeSe is rich and sensitive to the application of hydrostatic pressure or chemical substitution [35–38]. Furthermore, various exotic superconducting states have been recently reported in this compound [15].
Recent experiments have overcame the intricacies of the formation of orthorombic domains in FeSe by applying uniaxial strain [39–43]. Using this technique, the in-plane anisotropy of resistivity, uniform magnetic susceptibility and the Knight shift have been found to exhibit the opposite sign of the anisotropy as compared to iron-pnictides [24, 25, 44–46]. Moreover, carefully avoiding eddy-current heating, a slight suppression of the Knight shift in the superconducting state has been measured recently, while superconductivity and nematicity seem to coexist [47–49]. This agrees with direct magnetization measurements [25].
From the experimental point of view the systematic investigation of the band-structure of FeSe by means of ARPES and quantum oscillations revealed a sizeable deformation of the Fermi surface, that can be described by the interplay of the dxz, dyz and dxy orbitals, their spin-orbit coupling and the nematic order [50–53]. Concerning the nematic order there is general understanding about the existence of a xz/yz splitting that changes sign in going from the Brillouin-zone center to momenta around QX = (π, 0) and QY = (0, π) points of the 1-Fe-unit cell Brillouin Zone (BZ) (both folded onto the M-point of the folded BZ with 2-Fe ions per unit cell). This can be represented by a nematic order parameter [image: image], that is positive around the Γ point and is negative around the M point of the BZ. Accounting for this nematic order is straightforward but yields rather controversial electronic structure. In particular, a large electron pocket with mixed xz and xy character is expected at the M point of the BZ, which has not been resolved in the most recent ARPES measurements in detwinned samples [40–42]. One approach to explain these experimental data and to suppress modelled contributions associated with this pocket, is to include orbital-selective quasiparticle weights [26, 44, 54, 55]. More recently an alternative scenario has been proposed [56–59], where an additional non-local nematic order parameter accounting for the splitting of the xy occupancy in the two electron pockets [image: image] [56–58] plays a crucial role. An important consequence of this scenario is a resulting occurrence of a Lifshitz transition at the M-point leaving only one electron pocket at the Fermi level.
This possibility to have a non-local nematic ordering of the dxy states was previously outlined in the literature [60–62] but assumed to be small in the models having on-site interaction terms only. However, an inclusion of the nearest-neighbor interaction terms (such as nearest neighbor exchange or Coulomb interaction) would change this picture. Note, recent NMR [63] and ARPES [41, 42] have also suggested that the dxy orbital may be strongly affected by the onset of the nematic state.
In this manuscript we investigate the consequences of the non-local dxy-nematic scenario for the magnetic susceptibility taking into account spin and orbital contributions. We analyze its temperature and doping dependencies and compare the results to the available experiments. We show that the non-local nematicity is responsible for the non-monotonic temperature dependence of the susceptibility and predict how it evolves with doping in FeSe1−xSx. Finally we studied how the magnetic anisotropy is affected in the superconducting state.
2 METHODS
We adopt the low energy model for FeSe, previously employed in Ref. [56], and fitted to the available ARPES experiments [40, 45, 64]. It is based on the generalized low-energy effective model for iron-based superconductors, formulated by Cvetkovic and Vafek [65].
2.1 Tetragonal State
In particular, to describe the tetragonal state of FeSe, we start by describing the low-energy states near the corresponding symmetry points of the BZ. In particular, near the Γ point of the BZ there are two Fermi surface pockets formed by the hybridized xz- and yz-orbitals. For completeness we also take the xy-orbital band into account which is located approximately 50 meV below the Fermi level [64]. Its inclusion allows to treat correctly the spin-orbit coupling (SOC) within the t2g manifold. The states can be described by the spinor [image: image], where the other (“lower”) spin part of the Hamiltonian is related by symmetry. For readability we omit the momentum index in the creation and annihilation operators here and in what follows. In particular, for each momentum k the Hamiltonian is given by
[image: image]
where [image: image]. Figure 1A shows the resulting band dispersion for the tetragonal state. The orbital weights of the bands are illustrated in the usual red-green-blue-color scheme for dxz, dyz and dxy-orbitals, respectively.
[image: Figure 1]FIGURE 1 | The band structure of the 2-Fe Brillouin zone around the Γ and the M point is presented comparing the tetragonal state and scenarios A and B for the nematic state in FeSe as described in the text. Panels (A)–(C) show the energy dispersion near the Γ point in the tetragonal state (A) and two nematic states without (Scenario A) (B) and with (C) non-local dxy nematicity (Scenario B). Panels (D–F) display the corresponding band structure near the M point. Red, green and blue colors illustrate the orbital weights of the dxz, dyz and dxy Fe-orbitals, respectively. The insets show the corresponding Fermi surface and demonstrate the cuts performed. Shading according to the dxy orbital weight in panels (B) and (E) reflects the Z-factors used in [44].
To describe the electronic states near the M-point of the 2-Fe unit cell we introduce the spinors [image: image]. The momenta are defined with respect to X/Y point of the 1-Fe unit cell, which are folded into the M-point. The Hamiltonian reads
[image: image]
and the elements are
[image: image]
[image: image]
The orbitals are coupled by the in-plane SOC λ2
[image: image]
The band dispersion for the tetragonal state near the M point is shown in the bottom panel of the Figure 1D. Note the value of SOC is taken different if the orbitals originate from the same sublattice in the 1-Fe unit cell, λ1 = 23 meV or from the two different sublattices, λ2 = 4 meV [66]. This agrees with the experimental ARPES observation, which measured different values of the SOC near different symmetry points of the BZ [67, 68].
2.2 Nematic State
To describe the nematic state in FeSe, which forms below the TS = 90 K, we add the nematic order to the Hamiltonian in a phenomenological fashion. We assumed the nematic order parameters follow a mean-field temperature dependence [image: image]. As described in the Introduction we distinguish two scenarios: Scenario A containing an order parameter Φh,e that lifts the dxz and dyz degeneracy, and Scenario B in which an additional non-local dxy-order parameter Φxy and a dxy-Hatree shift Δϵxy are added [56].
In particular, the xz/yz nematic order parameter near the Γ point can be described as:
[image: image]
For a given value of the SOC λ1, adding a nematic order parameter yields a Lifshitz transition such that one of the Fermi surface pockets near the Γ point sinks below the Fermi level as shown in panels 1B and 1C for Φh(10 K) = 15 meV. Near the M point the xz/yz nematic order has opposite sign to Φh and we also include an additional non-local dxy-nematic order [56]:
[image: image]
In the conventional scenario of nematicity (Scenario A), only Φe(10 K) = −26 meV is included and the resulting band structure near the M point is illustrated in Figure 1E. Observe two electron pockets at the M point, which exist for all temperatures. To connect Scenario A with experimental ARPES results in the nematic state, which do not observe the larger electron pocket, orbital-selective quasiparticle weights are introduced in various works [26, 30, 44, 54, 69], see also for a recent review Ref. [70]. Within this scenario the quasiparticle weight of the dxy orbital is claimed to be much smaller than that of the dyz/dxz orbitals. This would lead to a suppression of the quasiparticle weight of the dxy dominated bands and especially of the outer electron pocket at M point, making dxy- rbital states invisible in the ARPES experiment. This is illustrated in panels 1B and 1E by orbital-selective shading. The idea of orbital-selective spectral weights is motivated also by the previous results of the dynamical mean-field theory calculations [71]. This scenario was claimed to be in agreement with STM measurements of the electronic structure [69], the superconducting gap properties [30], and the magnetic susceptibility measured by inelastic neutron scattering [26]. A problem of this scenario is that both in the tetragonal and the nematic state of FeSe, bands of dxy orbital character have been identified around the M point [28]. Although dxy orbital appears indeed to exhibit a larger effective mass renormalization than the other two orbitals, it is not sufficiently large to mask dxy spectral weight completely in the ARPES experiments [64].
Within the Scenario B one introduces the non-local nematic order within the xy-orbital: Φxy(10 K) = 45 meV and Δϵxy(10 K) = 40 meV and the resulting band structure is shown in Figure 1F. As the band structure evolves from the tetragonal to the nematic state, an additional Lifshitz transition occurs around 70 K, leaving a single electron Fermi surface pocket at 10 K. The Scenario B assumes that the nematic ordering near the M point does not cause a minor perturbation of the electronic structure, but can lift an entire electron pocket away from the Fermi level. Its consequences for various experiments were reviewed in Ref. [59] and present an alternative description of the nematicity in FeSe. The chemical potential μ is renormalized to fulfill the Luttinger theorem and is set to zero at 10 K [56].
2.3 Superconducting State
It was argued in the past that within both the Scenario A and the Scenario B the superconducting order parameter and its angular dependence on the Fermi surface pockets can be equally well described within a microscopic description [54, 56]. This indicates that superconductivity just adopts the existing electronic structure in the nematic state without further significant feedback on the nematicity. So within Scenario B we use the microscopic description of Ref. [56]. In particular, below the superconducting transition at Tc = 8 K, we additionally include superconducting gaps in the dxz and dyz orbitals and use previously found values from a microscopic calculations describing an extended s-wave gap structure [56]. The values are obtained solving the gap equations at T = 0 K focusing on the bands crossing the Fermi surface. Possible dxy contributions to the pairing interaction are neglected. To describe the temperature dependence we assume a typical BCS form [image: image]. For the Γ point we use
[image: image]
with [image: image] meV and [image: image] meV. For the M point we use
[image: image]
with [image: image] meV and [image: image] meV. The resulting Bogoliubov-de Gennes Hamiltonian is diagonalized numerically.
2.4 Magnetic Susceptibility
Within random phase approximation (RPA) analysis of the magnetic susceptibility χ [72–74] the bare part of the susceptibility is given by a combination of normal and anomalous contributions (GG and FF-terms)
[image: image]
where G and F denote the single-particle normal and anomalous Green’s functions and the FF-term vanishes above Tc. We use the short hand notations k = (k, iωn) and η = (μ, σ) denoting orbital and spin degrees of freedom. The sum of Matsubara frequencies is carried out analytically and yields a Lindhard-type expression for the bare susceptibilities. Further details can be found in the Supplementary Material S1.
Within RPA we include the local interactions from a Hubbard-Hund Hamiltonian
[image: image]
In what follows we set the intraorbital Coulomb repulsion interaction U = 1 eV. For the interorbital Coulomb repulsion U′, the residual Hund interaction J and the pair hopping J′ terms we use the standard spin-rotational relations U′ = U − 2J and J = J′ and set J/U = 1/6 similar to previous studies [26, 44].
The RPA treatment yields a Dyson type equation with a symbolic solution
[image: image]
The interaction matrix [image: image] results from Eq. 11 and the free spin and orbital indices are contracted with matrix elements from the magnetic operator, which is a combination of spin and angular momentum operators
[image: image]
The magnetic susceptibility tensor component χab results from the contraction of the external spin and orbital indices of the solution with the a-th and b-th component of the operator. We can separate the spin χspin, the orbital χorb and mixed χmix components of the susceptibility. In this manuscript we focus on the static limit of uniform susceptibility χab(q → 0) and further details of the calculation can be found in the Supplementary Material S1.
3 RESULTS
In the following we present the results for the magnetic susceptibility χ(q → 0) and its anisotropy following Scenario B. Note that within Scenario A the behavior of the magnetic susceptibility was considered in Ref. [44]. One of the main findings of this study was that in order to reproduce the correct sign of the magnetic anisotropy at low temperatures, i.e. χyy < χxx, the quasiparticle weight of various orbitals has to fulfil Zxy < Zxz < Zyz. Within Scenario B this assumption is not necessary as the dxy orbital is weakly present at the Fermi level and this should yield in principle the right sign of the magnetic anisotropy. We show in the Supplementary that further factors can affect the signs of the anisotropy as well and the situation depends on the details of the electronic structure in both Scenarios. In addition, in our case we find the dominance of the spin component of the susceptibility χmix < χorb < χspin, which is a consequence of the low-energy model we used. Moreover, we find that RPA primarily amplifies the spin contribution. Including the whole 3d state manifold would increase the temperature-independent orbital contribution to the susceptibility, which can be treated as a constant.
Nevertheless, one of the interesting questions is how to distinguish between both scenarios and whether one is able to identify an additional Lifshitz transition associated with the removal of the second electron pocket from the Fermi level at the M point both theoretically and experimentally. To do so we calculate the temperature dependence of the static uniform susceptibility and compare our results with experimental data of Ref. [25] where the standard notations x∥a, y∥b and z∥c are used.
The temperature dependence of the static uniform susceptibility is shown in Figure 2A. For comparison we also display the experimental data from Ref. [25] in the inset. Above the nematic transition the magnetic anisotropy is governed by the spin-orbit coupling and shows an easy-plane anisotropy χxx = χyy > χzz. Below TS, one observes two characteristic features. First we find that χxx becomes progressively larger than χyy as a result of the nematic order and the splitting between them increases continuously upon decreasing temperature. At the same time all three components of the magnetic susceptibility show a non-monotonic temperature dependence characterized by a rapid decrease below TS and a plateau-like behavior, which starts around 60 K. Both, a continuous increase of the anisotropy upon lowering temperature and the non-monotonic temperature dependence of the susceptibilities agree well with the available experimental data of Ref. [75], shown in the inset.
[image: Figure 2]FIGURE 2 | Calculated temperature dependence of the magnetic susceptibility χ(q → 0) calculated with an RPA approach. In (A) the total diagonal components χxx, χyy and χzz of the susceptibility calculated for scenario B are presented as blue, red and black curves, respectively. The corresponding spin, orbital and mixed contributions to the different components are shown in (B) as solid, dashed and dotted curves, respectively. The inset in (A) shows the experimental data extracted from [25] for comparison. The markers do not represent data points from the experiment. The gray boxes illustrate the decrease in susceptibility due to the Lifshitz transition of the Y-band. The boxes are centered around the Lifshitz transition temperature (dark gray line). Notice that the blue solid curve for the [image: image] component in (B) is almost completely hidden behind the red curve for the [image: image] component due to tiny in-plane anisotropy in the spin susceptibility.
To understand better the origin of these effects we show in Figure 2B the spin, the orbital, and the mixed susceptibilities. Note, the spin component of the magnetic susceptibility is the largest in magnitude and its non-monotonic temperature dependence is connected to the Lifshitz transition within Scenario B. In this scenario, the non-local dxy nematic order parameter induces the shift of the larger electron pocket away from the Fermi level, which occurs in the temperature interval 60 K [image: image] and is clearly visible in the spin part of each (xx, yy and zz) component of the magnetic susceptibility. At the same time the main origin of the continuous increase of the magnetic in-plane anisotropy χxx > χyy comes from the orbital part of the magnetic susceptibility as evident from Figure 2B. The in-plane anisotropy for the spin susceptibility is three orders of magnitude smaller within our modeling, which is a consequence of the small in-plane SOC λ2 present at the M point and of the out-of-plane SOC between xz and yz orbitals present at hole pockets only transferring out-of-plane anisotropy to the spin susceptibility. Overall the orbital susceptibility is less sensitive to the orbital content of the Fermi surface but to overall orbital structure at low energies. This indicates that not only the pockets at the Fermi level but the overall electronic structure (also away from the Fermi level) is responsible for the continuous increase of the magnetic anisotropy and its correct sign. Note that within both Scenario A and Scenario B of the nematicity in FeSe the correct sign of the magnetic in-plane anisotropy in the uniform susceptibility can be successfully reproduced. What, however, remains unclear in the Scenario A is whether the non-monotonous temperature dependence, which in Scenario B is a clear signature of a Lifshitz transition, could be reproduced in the Scenario A as well.
We also note that in the iron pnictides, where nematicity coexists with the antiferromagnetic order an in-plane anisotropy of the magnetic susceptibility would give a corresponding feedback on the magnetic order parameter and also enhance the anisotropy of the spin susceptibility below the magnetic transition temperature, see for example Ref. [76]. However, as the magnetic transition in FeSe appears only upon applying pressure and bearing in mind that the in-plane anisotropy we found is only few percent of the total magnitude of the spin susceptibility, the anisotropy of the orbital susceptibility will be the main origin of the magnetic anisotropy in FeSe.
To complete the analysis we also computed the change of the uniform superconductivity in the superconducting state. Due to the spin singlet superconducting order parameter in FeSe we see a sharp drop in the uniform susceptibility upon entering the superconducting state, see Figure 2A. This is due to the strong reduction of the spin component of the susceptibility, as evident from Figure 2B. Note the small admixture of the spin-triplet component of the superconducting gap due to the finite spin-orbit coupling does not affect much the magnetic anisotropy in the spin part. The residual contribution to the magnetic susceptibility stems largely from the orbital part of the susceptibility and corresponds to inter-orbital contributions, which is slightly affected by the onset of superconductivity. The decrease in [image: image] yields an increase of the in-plane anisotropy and results from intra-band contributions, which appear due to hybridization of dyz and dxy orbitals at Fermi level (compare Figure 1F).
To make a qualitative prediction on the evolution of the uniform susceptibility and its in-plane magnetic anisotropy in Figure 3, we present our calculations for the susceptibility in the doped FeSe1−xSx compounds, following previous analysis of superconductivity and nematicity [56]. In particular, we show χxx and χyy for x = 0, x = 0.085 and x = 0.135 in panels 3A-3C, respectively. The doping evolution of the nematic order parameters is modeled with a mean-field dependence [image: image]. Here we estimate x0 = 0.18, TS(x = 0.085) = 68 K and TS(x = 0.135) = 55 K from interpolation of the phase diagram given in [77]. The Lifshitz transition is shifted to lower (relative) temperatures with increasing doping and is expected to disappear at around x ≈ 0.13. Thus, for intermediate doping, we expect to see further the Lifshitz transition and significant changed temperature dependence for doping above x = 0.135. As the orbital part is not as sensitive to the Lifshitz transition, significant residual in-plane anisotropy is expected for all dopings.
[image: Figure 3]FIGURE 3 | Calculated effect of sulphur doping of FeSe1−xSx on temperature dependence of the magnetic susceptibility χ(q → 0). The panels (A)–(C) compare the doping values x = 0, x = 0.085 and x = 0.135. As in 2, the gray boxes illustrate the Lifshitz transition region of the Y-band. For x = 13.5, the Lifshitz transition is absent.
4 DISCUSSION AND CONCLUSION
Our calculated results for the uniform magnetic susceptibility within the non-local dxy nematicity agree well with experimental observations including the Knight shift measurements [16, 21, 25, 47, 48, 75]. Within this scenario there is no necessity to use orbital-selective quasiparticle weights. Furthermore, this scenario can also successfully explain the non-monotonic temperature dependence of the uniform susceptibility as resulting from the Lifshitz transition of the larger electron pocket, which rapidly shifts away from the Fermi level within 60 K [image: image] temperature interval.
Our studies suggest that both spin and orbital contributions and their temperature dependencies are important in describing the uniform magnetic susceptibility or the Knight shift. While the spin part provides the main contribution to the temperature dependence, the orbital part is crucial for a sizeable in-plane anisotropy as observed in experiments. The temperature dependence of the spin part fits very well to the scenario of a Lifshitz transition at Y-point, which appears due to the inclusion of the non-local dxy-nematicity. The finite temperature dependence of the orbital susceptibility breaks linear relation between the bulk magnetic susceptibility and the Knight shift and naturally explains the observed Knight shift anomaly [47, 75]. We note further that the orbital contribution can be in fact larger if one includes larger energy window for the considered model. This should result in the larger in-plane anisotropy but will not affect the non-monotonic temperature dependence of the spin susceptibility.
Our results for the superconducting state also agree qualitatively with recent measurements. The decrease below Tc is seen in measurement of the static, uniform bulk susceptibility [25, 75] and also in the Knight shift measurements [47, 48]. Moreover, in agreement with our results, a slight enhancement of in-plane anisotropy is observed [47].
In summary, we have studied the uniform magnetic susceptibility for a model of FeSe and FeSe1−xSx compounds with particular attention on the consequences of non-local dxy-nematicity. We associate the corresponding Lifshitz transition of a Y-electron pocket with a sharp decrease of the spin component of the magnetic susceptibility, whereas large in-plane anisotropy of the magnetic susceptibility is linked to the orbital susceptibility. The hierarchy of the anisotropy depend on orbital structure of the electronic bands at and away from the Fermi level where the orbital selective quasiparticle weights could be only one potential factor affecting the anisotropy.
We further note that the nematicity also affects the anisotropy of the spin fluctuations at the antiferromagnetic momentum near (π, 0) or (0, π) wavevectors. This anisotropy we also found in our calculations by computing the spin response at large momenta (not shown). This behavior is quite similar in both scenarios of nematicity, while we expect a different temperature dependence of the uniform magnetic susceptibility at q = 0 in both cases.
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A rich variety of nematic/smectic orders in Fe-based superconductors is an important unsolved problem in strongly correlated electron systems. A unified understanding of these orders has been investigated for the last decade. In this study, we explain the B1g symmetry nematic transition in FeSe1−xTex, the B2g symmetry nematicity in AFe2As2 (A = Cs, Rb), and the smectic state in BaFe2As2 based on the same framework. We investigate the quantum interference mechanism between spin fluctuations by developing the density wave equation. The observed rich variety of nematic/smectic orders is naturally understood in this mechanism. The nematic/smectic orders depend on the characteristic shape and topology of the Fermi surface (FS) of each compound. 1) In FeSe1−xTex (nd = 6.0), each FS is very small and the dxy-orbital hole pocket is below the Fermi level. In this case, the small spin fluctuations on three dxz, dyz, and dxy orbitals cooperatively lead to the B1g nematic (q = 0) order without magnetization. The experimental Lifshitz transition below the nematic transition temperature (TS) is naturally reproduced. 2) In BaFe2As2 (nd = 6.0), the dxy-orbital hole pocket emerges around the M point, and each FS is relatively large. The strong spin fluctuations due to the dxy-orbital nesting give rise to the B1g nematic (q = 0) order and the smectic [q = (0, π)] order, and the latter transition temperature (T* ∼ 170K) exceeds the former one (TS ∼ 140K). 3) In heavily hole-doped AFe2As2 (nd = 5.5), the large dxy-orbital hole pocket and the four tiny Dirac pockets appear due to the hole-doping. The B2g nematic bond order emerges on the dxy-orbital hole pocket because of the same interference mechanism. The present paramagnon interference mechanism provides a unified explanation of why the variety of nematic/smectic orders in Fe-based superconductors is so rich, based on the well-established fermiology of Fe-based superconductors.
Keywords: nematic order, smectic order, orbital order, bond order, quantum critical point, iron-based superconductors
1 INTRODUCTION
The emergence of an electron nematic (q = 0) state is one of the most important unsolved problems in Fe-based superconductors [1]. In LaFeAsO and Ba122 compounds, the antiferro (AF) magnetic state appears at the Néel temperature TN, which is lower than the nematic transition temperature TS. Since the superconducting phase with a high transition temperature (Tc) appears near the nematic phase and the AF magnetic phase, it is expected that the nematic fluctuations and the spin fluctuations are related to the mechanism of the high-Tc superconductivity. However, the questions appear before discussing the superconductivity: 1) what is the order parameter of the nematic state? 2) What is the driving force of the nematic state? 3) Why do the diverse nematic states emerge in various compounds?
It is known that the nematic order cannot be derived from the mean-field theory since the spin-channel order always dominates over the nematic order unless unphysical parameters (such as negative Hund’s coupling) are assumed. Previously, to explain the nematic state [2], the vestigial order (spin nematic) scenario [3–9] and the orbital order scenario [10–22] have been proposed.
To investigate the nematic state, the FeSe family is an ideal platform since the AF magnetic state is absent [23–26]. This family is also ideal from the aspect of superconductivity since the highest Tc ≳ 65K in Fe-based superconductors has been reported in electron-doped FeSe [27–31]. In FeSe, the orbital polarization between dxz and dyz orbitals in the nematic state has been observed by angle-resolved-photoemission spectroscopy (ARPES) [32–36]. To be more precise, the orbital polarization energy Exz − Eyz has k dependence and changes the sign between the Γ point and the X (Y) point. This sign reversal orbital polarization has been explained by the orbital order scenario [16, 17, 19, 20] based on the paramagnon interference mechanism and by the renormalization group (RG) theory [37, 38]. In both theories, the vertex correction (VC) of the Coulomb interaction, which corresponds to the higher-order many-body effect, plays an essential role. Since the AF magnetic correlation is weak in FeSe, it is difficult to explain the nematic state by the vestigial order (spin nematic) scenario. Based on the paramagnon interference mechanism, the B1g nematic orders in LaFeAsO and FeSe [14–18] and the nematic orders in cuprate superconductors [39–41] and magic-angle twisted bilayer graphene [42] have been explained as the orbital/bond orders. CDW orders in the transition metal dichalcogenide [43] and kagome metal [44] have also been explained by the paramagnon interference mechanism.
The rich variety of nematicity in the FeSe family remains a significant open problem. In FeSe1−xSx, TS disappears at x ∼ 0.17, where the emergence of the nematic quantum critical point (QCP) has been suggested by experiments [45–48]. Recently, the whole x dependent phase diagram for FeSe1−xTex (x ≲ 0.6) has been reported [49–51]. In the phase diagram shown in Figure 1A, TS decreases with Te doping x, and TS disappears at x ∼ 0.5. Tc becomes maximum [image: image]K at x ∼ 0.6, which indicates that the nematic fluctuations enlarge the superconducting pairing interaction near the nematic QCP. Thus, it is essential to clarify the mechanism of x dependence of TS to understand the mechanism of superconductivity in the FeSe family.
[image: Figure 1]FIGURE 1 | (A) Schematic x-T phase diagram of FeSe1−xTex, where TS decreases with x, and Tc becomes maximum near the nematic QCP. (B) Schematic x-T phase diagram of [image: image], where tiny nematicity appears for TS < T < T*. We explain that “tiny nematicity” above TS originates from the smectic bond order in later sections. (C) Schematic x-T phase diagram of Ba1−xRbxFe2As2. The B2g nematic order appears for the heavily hole-doped region x > 0.5. (D) Feynman diagram of the paramagnon interference mechanism for the orbital/bond order. (E) Feynman diagram of self-energy Σ(k).
In addition, a significant open issue in nematicity is the emergence of another type of nematicity in various Ba122 compounds below T = T*, which is higher than TS by tens of Kelvin, as shown in Figure 1B. An actual bulk nematic transition at T = T* has been reported in many experimental studies, such as a magnetic torque study [52], an X-ray study [53], an optical measurement study [54], and a laser photoemission electron microscope (PEEM) study [55]. Since the orthorhombicity (a − b)/(a + b) ≪ 0.1% below T* is tiny, an extrinsic origin such as inhomogeneity of the nematic transition temperature TS due to local uniaxial pressure and randomness was proposed [4, 56–60]. On the other hand, T* seems not to be sensitive to the sample quality and the local strain, and the domain structure of nematicity observed above TS is homogeneous [54, 55]. It is noteworthy that bulk orbital polarization starts to emerge at T = T*(>TS) in Ba122 compounds, according to the recent PEEM study [55]. In this study, we will explain the multistage smectic/nematic transitions: the smectic order (q ≠ 0) at T = T* and the nematic order (q = 0) at TS. In this scenario, T* is given by the intrinsic smectic order free from randomness.
In contrast to B1g nematicity in typical Fe-based superconductors, the emergence of 45°-rotated B2g nematicity in heavily hole-doped AFe2As2 (A = Cs, Rb) has been reported in Refs. [61–64], while Refs. [65, 66] have reported the absence of the nematic order. As shown in Figure 1C, the dominant B1g nematicity changes to B2g nematicity with doping x in Ba1−xRbxFe2As2. As for the mechanism of B2g nematicity, vestigial nematic order by using the double-stripe magnetic configuration was suggested [67]. However, no SDW transition has been observed [64, 68] in AFe2As2, and the spin fluctuations are weak around TS in RbFe2As2 [69]. In this study, we reveal the emergence of B2g-symmetry bond order in AFe2As2.
As described previously, the variety of nematicity in Fe-based superconductors is very rich. To understand the mechanism of nematic/smectic states and superconductivity, it is important to explain these nematic/smectic states in the same theoretical framework.
In this study, we study B1g nematicity in FeSe1−xTex (nd = 6.0), the tiny nematicity below T* in BaFe2As2 (nd = 6.0), and B2g nematicity in AFe2As2 (A = Cs, Rb) (nd = 5.5) by developing the density wave (DW) equation theory. In this theory, the paramagnon interference mechanism due to the Aslamazov–Larkin (AL) type VCs shown in Figure 1D is taken into account. We also take into account of the self-energy effect shown in Figure 1E. In this mechanism, the rich variety of nematicity is naturally understood. The obtained nematicity depends on the shape and topology of FSs, as shown in Figures 2A–C. 1) In FeSe1−xTex, all FSs are very small, and dxy-orbital hole pocket is absent. The small spin fluctuations on the three dxz, dyz, and dxy orbitals cooperatively lead to the B1g nematic order, where the orbital order for dxz and dyz orbitals coexists with the bond order for the dxy orbital. The experimental Lifshitz transition below TS is naturally explained by the nematic order. 2) In BaFe2As2, the dxy hole pocket emerges, and each FS is relatively large. The smectic order at T = T*(>TS) and the nematic order at T = TS emerge due to the strong dxy-orbital nesting. The smectic order explains the tiny nematicity below T*, and the multistage transitions are explained by the smectic and nematic orders. 3) In heavily hole-doped AFe2As2, the large dxy-orbital hole pocket and the four tiny Dirac pockets appear. The B2g nematic bond order emerges due to the dxy-orbital paramagnon interference mechanism, where the nesting between the Dirac pockets and the large dxy-orbital hole pocket plays an important role. By considering the fermiology of each compound, these various nematic/smectic states are explained by the same theoretical framework based on the paramagnon interference mechanism.
[image: Figure 2]FIGURE 2 | FSs of (A) FeSe (nd = 6.0), (B) BaFe2As2 (nd = 6.0), and (C) AFe2As2 (A = Cs, Rb) (nd = 5.5). The colors green, red, and blue correspond to orbitals 2, 3, and 4, respectively. A variety of nematic/smectic states originates from the characteristic structure of FSs.
In the present study, we intensively study the effect of self-energy on the nematic/smectic orders. It has been dropped in many previous studies, despite the fact that self-energy is necessary to satisfy the criteria of Baym–Kadanoff’s conserving approximation [70, 71]. We revealed that 1) the nematic/smectic order is stabilized by the AL-type VCs, while 2) TS is reduced to become realistic ([image: image]K) by introducing self-energy. These results validate the idea of the “nematic/smectic state due to the paramagnon interference mechanism” proposed in our previous studies [14–20, 39–44]. In addition, 3) the phase diagram of FeSe1−xTex [49–51] is understood by using a fixed Coulomb interaction because of self-energy (in the absence of self-energy, add-hoc doping x dependence of the Coulomb interaction has to be introduced). The main merits (1)–(3) in the present study strongly indicate that the nematic/smectic states originate from the paramagnon interference mechanism [14–20, 39–44].
2 MULTIORBITAL MODELS AND FORMULATION
2.1 Multiorbital Models
Here, we introduce multiorbital models based on the first principle’s calculations. We analyze the following two-dimensional d-p Hubbard model with a unique parameter r, which controls the strength of the Coulomb interaction [16]:
[image: image]
where [image: image] is the first-principle’s model, and HU is the Coulomb interaction for d-orbitals. We neglect the Coulomb interaction for p-orbitals. We denote the five Fe d-orbitals [image: image], dxz, dyz, and dxy, [image: image] as l = 1, 2, 3, 4, and 5, and three Se(As) p-orbitals px, py, and pz as l = 6, 7, and 8. To obtain the model, we first use the WIEN2k [72] and Wannier90 [73] codes. Next, to reproduce the experimentally observed FSs, we introduce the k-dependent shifts for orbital l, δEl, by modifying the intra-orbital hopping parameters, as explained in Ref. [17]. In the FeSe1−xTex model, we shift the dxy-orbital band and the dxz/yz-orbital band at [Γ, M, X] points by [0eV, − 0.27 eV, + 0.40 eV] and [ − 0.24 eV, 0 eV, + 0.13 eV], respectively. In the BaFe2As2 model, the shifts are absent. In the CsFe2As2 model, we shift the dxy-orbital band and the dxz/yz-orbital band at [Γ, M, X] points by [0 eV, + 0.40 eV, 0 eV] and [ − 0.40 eV, 0 eV, + 0.10 eV], respectively.
We use the d-orbital Coulomb interaction introduced by the constraint random phase approximation (RPA) method in Ref. [74]. The Coulomb interactions for the spin and charge channels are generally given as
[image: image]
[image: image]
The Hamiltonian of the Coulomb interaction is given as
[image: image]
where σ, σ′ = ±1 denote spin.
By using the multiorbital Coulomb interaction, the spin (charge) susceptibility [image: image] for q = (q, ωm = 2mπT) is given by
[image: image]
where irreducible susceptibility is
[image: image]
[image: image] is the multiorbital Green function with the self-energy [image: image] and given as [image: image] for = [k, ϵn = (2n + 1)πT]. Here, [image: image] is the matrix expression of H0, and μ is the chemical potential. The spin (charge) Stoner factor αs(c) is defined as the maximum eigenvalue of [image: image]. Since [image: image] holds, spin (charge) fluctuations develop with increasing αs(c), and αs(c) = 1 corresponds to the spin- (charge)-channel ordered state.
2.2 FLEX Approximation
Here, we introduce the multiorbital fluctuation exchange (FLEX) approximation [15, 75]. The FLEX approximation satisfies the conserving approximation formalism of Baym and Kadanoff [70, 71]. In the FLEX approximation, self-energy is given as
[image: image]
which is shown by the Feynman diagram in Figure 1E. The effective interaction [image: image] for self-energy in the FLEX approximation is given as
[image: image]
where [image: image] and [image: image] are denoted. We set μ = 0. [image: image], [image: image], and [image: image] are calculated self-consistently. In multiband systems, the FSs are modified from the original FSs because of the self-energy correction. To escape from this difficulty, we subtract the Hermite term [image: image] from the original self-energy, which corresponds to the elimination of double-counting terms between the LDA and FLEX.
2.3 Density-Wave Equation
We derive the strongest charge-channel density-wave (DW) instability without assuming the order parameter and wave vector. For this purpose, we use the DW equation method developed in Refs. [16, 19, 76]. We obtain the optimized non-local form factor [image: image] with the momentum and orbital dependences by solving the following linearized DW equation shown in Figure 3A:
[image: image]
[image: image]
where λq is the eigenvalue of the form factor [image: image], [image: image], and [image: image] is the charge-channel irreducible four-point vertex shown in Figure 3B. The four-point vertex interaction [image: image] in the DW Eq. 10 [16, 19] is given by
[image: image]
where as = 3, ac = 1, p = (p, ωl), and [image: image].
[image: Figure 3]FIGURE 3 | Feynman diagrams of (A) DW equation and (B) charge-channel irreducible four-point vertex. Each wavy line represents a spin-fluctuation-mediated interaction.
In Eq. 11, the first line corresponds to the Maki-Thompson (MT) term, and the second and third lines give the AL terms, respectively. Feynman diagrams of the MT terms and AL terms are shown in Figure 3B.
The AL terms are enhanced by the paramagnon interference [image: image] shown in Figure 1D. Thus, q = Q + Q′ = 0 nematic order is naturally induced by the paramagnon interference at the same nesting vector (Q′ = −Q). In the MT term, the first-order term with respect to [image: image] gives the Hartree–Fock (HF) term in the mean-field theory. The charge-channel DW with wave vector q is established when the largest λq = 1. Thus, the smaller λq corresponds to the lower TS. DW susceptibility is proportional to 1/(1 − λq) as explained in Ref. [20]. Therefore, λq represents the strength of the DW instability.
3 RESULTS AND DISCUSSIONS
3.1 Results of FeSe1−xTex
In this section, we show that 1) the B1g nematic orbital + bond order originates from the paramagnon interference, and 2) the effect of self-energy is essential to reproduce the x dependence of TS as shown in Figure 1A in FeSe1−xTex. The effect of self-energy on the nematic/smectic order caused by the VCs is systematically studied in the present work. Because of self-energy, TS is reduced to become realistic ([image: image]K), while the symmetry of the nematic/smectic order is unchanged. Thus, the idea of electronic nematicity due to “the paramagnon-interference mechanism” proposed in Refs. [14–20, 39–44] has been confirmed by the present study.
Hereafter, we fix r = 0.35, T = 15 meV in calculations with self-energy and r = 0.15, T = 15 meV in calculations without the self-energy, unless otherwise noted.
Figures 4A,B show x dependent FSs and band structures, respectively. The FSs are small compared to other Fe-based superconductors. The dxy orbital level [image: image] at the M point increases with increasing x, as shown in Figure 4C. This behavior is consistent with ARPES measurements [77, 78]. On the other hand, the dxy orbital level [image: image] at the Γ point decreases with increasing x. [image: image] becomes lower than the dxz(yz) orbital level for x ≳ 0.3, and the topology of band changes. The change in topology has been observed between Γ and Z points in ARPES measurements of FeSe0.5Te0.5 [79, 80]. Figure 4D shows the density of state (DOS) of orbitals 3 and 4 for x = 0, 0.5. The DOS near the Fermi level for x = 0.5 is larger than that for x = 0 since the bandwidth decreases, and [image: image] comes close to the Fermi level with increasing x. In addition, the dispersion of orbitals 2 and 3 at the Γ point becomes flat as [image: image] decreases with increasing x, which also enlarges the DOS for orbitals 2 and 3 near the Fermi level.
[image: Figure 4]FIGURE 4 | (A) FSs and (B) band structures of FeSe1−xTex for x = 0 and 0.5. (C) x dependences of [image: image] and [image: image]. (D) DOS of orbitals 3 and 4 for x = 0, 0.5.
To discuss the self-energy effect, we calculate the mass enhancement factors. Figure 5 shows the obtained x dependence of the mass enhancement factors [image: image] for orbital l = 3, 4, which are given by [image: image] in the FLEX approximation. The value of [image: image] increases with increasing x since the electron correlation increases due to the reduction in the bandwidth and the increase in the DOS as shown in Figure 4D. Particularly, [image: image] is enhanced by the dxy orbital electron correlation between the electron pockets and the band around the M point since [image: image] comes close to the Fermi level, as shown in Figure 4C. The behaviors of [image: image] are similar to those given by the dynamical mean-field theory [81] and experiment [82].
[image: Figure 5]FIGURE 5 | x dependences of the mass enhancement factor [image: image] for orbitals l = 3 and 4.
Figure 6 shows x dependences of [image: image] and [image: image] in the FLEX approximation and the RPA. [image: image] is almost independent of doping x, which means that change in topology or the number of FS around Γ comprising dxz and dyz orbitals does not strongly affect the spin fluctuation for the dxz(yz) orbital. On the other hand, [image: image] in the RPA without self-energy is strongly enhanced with increasing x since the electron correlation for the dxy orbital between electron pockets and the band around the M point is significant for the enhancement of [image: image]. The strong enhancement of [image: image] is suppressed by the self-energy in the FLEX approximation. This suppression is necessary to reproduce the x dependence of TS in the phase diagram.
[image: Figure 6]FIGURE 6 | x dependences of [image: image] in the FLEX approximation. Those in the RPA are shown in the inset.
Hereafter, we discuss the DW instability given by the DW Eq. 9. Figure 7A shows x dependences of λ0 for the B1g nematic state with and without the self-energy. λ0 without the self-energy rapidly increases with doping x due to the paramagnon interference shown in Figure 1D. λ0 is enlarged by the interference between [image: image] strongly enhanced in the RPA, as shown in Figure 6. Since this result means TS increases with x, the phase diagram in Figure 1A cannot be explained when the self-energy is absent. However, λ0 including the self-energy decreases with doping x since the enhancement of [image: image] in the FLEX approximation is moderate and the self-energy suppresses the [image: image] and [image: image] in the DW Eq. 10. The value of λ0 increases with decreasing T, as shown in Figure 7B, and T = TS is given when λ0 = 1 is satisfied. Thus, TS at x = 0 is higher than that at x = 0.5, and TS at x = 0.65 cannot be obtained for T > 6 meV. The x dependence of TS obtained by the paramagnon interference mechanism is consistent with the phase diagram in Figure 1A [49]. We see that T dependences of the strength of nematic fluctuations 1/(1 − λ0) satisfy the Curie–Weiss law at low temperatures, as shown in Figure 7C. We note that the B1g nematic state is realized because of the small FSs even for the weak spin fluctuations [16, 17].
[image: Figure 7]FIGURE 7 | (A) x dependences of λ0 in the DW equation with and without self-energy at T = 15 meV. (B) T dependences of λ0 with self-energy for x = 0, 0.5, 0.65. (C) T dependences of 1/(1 − λ0) with self-energy for x = 0, 0.5.
Here, we analytically explain that TS is reduced by self-energy by focusing on the mass renormalization factor z. As discussed in Ref. [17], αs(c) is independent of z under the scaling T → zT and r → r/z. Under this scaling, the eigenvalue of the DW equation is unchanged [17]. Thus, TS obtained by the DW equation without the self-energy is reduced to zTS because of the self-energy. As a result, realistic TS is obtained by taking self-energy into account.
Figure 8A shows q dependences of λq with the self-energy at x = 0, 0.5. λq has peak at q = 0, which means that the ferro nematic order is favored. Figure 8B shows k dependences of the static form factors [image: image] and [image: image], where [image: image] is given by the analytic continuation of [image: image]. [image: image] represents B1g orbital order between orbitals 2 and 3. From the k dependence of [image: image], the sign-reversing orbital order is confirmed along the kx(ky) axis. As shown in Figure 8C, k dependence of [image: image] causes the B1g nearest-neighbor bond order, which is the modulation of correlated hopping. Based on the paramagnon interference mechanism, we find that the small spin fluctuations on the three dxz, dyz, and dxy orbitals cooperatively cause the B1g nematic orbital + bond order. The FSs and the band structure under the nematic order with the maximum value of the form factor [image: image]meV are shown in Figures 8D,E. [image: image]meV with the mass enhancement factor [image: image] is consistent with ARPES measurements [35, 36]. The Lifshitz transition, where the FS around the Y point is missing, has been reported in recent experiments [83–86]. The Lifshitz transition is naturally explained by the increase of the dxy level around the Y point induced by [image: image]. We note that the obtained coexistence of the bond order on the dxy orbital and the orbital order on the (dxz, dyz) orbitals has already been shown in the supplementary material of Refs. [19, 20]. In Figure 8D, we derived the Lifshitz transition by setting [image: image]meV by hand. It is noteworthy that the same result is recently obtained by solving the full DW equation in Ref. [87]. The full DW equation enables us to study the electronic states below TS without introducing additional fitting parameters.
[image: Figure 8]FIGURE 8 | (A) q dependences of λq with self-energy for x = 0, 0.5. (B) k dependences of [image: image] and [image: image] for x = 0, where green lines denote FSs. [image: image] changes sign along the kx axis (yellow dashed line). (C) B1g nearest-neighbor bond order corresponding to [image: image]. (D) FSs and (E) band structure under the nematic order with [image: image]meV for x = 0.
Here, we confirm that the dxy orbital levels at Γ and M points are important for the x dependence of λ0. We use the simple model, where only the shift of [image: image] or [image: image] is introduced for the x = 0 model. Figure 9A shows [image: image] dependences of [image: image] and λ0, respectively. [image: image] is almost independent of the value of [image: image]. λ0 decreases with decreasing [image: image], which is consistent with the result shown in Figure 7A. The topology of the band structure changes at the Γ point with decreasing [image: image], which plays an important role in decreasing λ0. Figure 9B shows [image: image] dependences of [image: image] and λ0, respectively. The behaviors of [image: image] and λ0 are similar to the results shown in Figure 5, Figure 7A. The x dependences of [image: image] and λ0 are explained by the electron correlation between the electron pockets and the dxy band around the M point. λ0 is suppressed by self-energy for the dxy orbital. The suppression becomes strong with increasing [image: image] due to the feedback effect of the self-energy. To summarize, the B1g nematic orbital + bond order is explained by the paramagnon interference mechanism in FeSe1−xTex, and x dependence of TS is well reproduced by the self-energy effect for the dxy orbital.
[image: Figure 9]FIGURE 9 | (A) [image: image] dependences of [image: image] for l = 3, 4, and λ0 given by introducing only [image: image] shift for the x = 0 model. (B) [image: image] dependences of [image: image] for l = 3, 4, and λ0 given by introducing only [image: image] shift for the x = 0 model.
3.2 Results of BaFe2As2
In this section, we discuss the multi-nematicity in BaFe2As2 [20].
The effect of self-energy on the nematic/smectic orders caused by the VCs is studied in the present work. Transition temperatures are reduced to become realistic because of the self-energy, while the symmetries of the nematic/smectic orders are unchanged. We reveal the origin of the tiny nematicity below T = T* and explain the multistage transitions at T = T* and TS in the phase diagram shown in Figure 1B. As shown in Figure 2B, the size of the hole FS around the M point comprising the dxy orbital is similar to that of electron FSs around the X and Y points, which causes good intra- and inter-orbital nestings. As explained later, inter-orbital nesting is important to realize the smectic state at T = T*.
Figure 10A shows the q-dependence of λq with and without self-energy. The q = (0, π) smectic bond order is dominant over the q = 0 nematic orbital + bond order because of the relation λ(0,π) > λ0, which is robust in the presence of moderate spin fluctuations αs ≳ 0.85. Thus, the nematic orbital + bond transition temperature TS is lower than T*, where the smectic bond order appears. Figure 10B shows the dominant component of the static form factor, [image: image], for q = (0, π). Focusing on the X and M points, [image: image] is proportional to − cos(ky), which corresponds to the inter-orbital smectic bond order, where the y-direction hoppings between orbitals 3 and 4 are modulated by the correlated hopping δt3,4(y; y ± 1) = −δt4,3(y; y ± 1) = δt(−1)y. It is to be noted that δtl,m(y; y′) is real and equal to δtm,l(y′; y).
[image: Figure 10]FIGURE 10 | (A) q dependence of λq with self-energy for r = 0.68 at T = 5 meV in BaFe2As2, and that without self-energy for r = 0.30 at T = 32.4 meV in the inset. (B) k dependence of the dominant form factor at q = (0, π), [image: image] with self-energy, which is given by the off-diagonal orbitals 3 and 4. k dependences of form factors at q = 0, (C) [image: image] and (D) [image: image] with self-energy. Green lines denote FSs.
As shown in Figure 1D, the origin of the smectic bond order [image: image] is the quantum interference between the spin fluctuations χs(Q) for Q ≈ (0, π) and χs(0) due to the AL terms. In this case, q = (0, π) (= Q + Q′) is given by Q′ = 0. χs(Q) is enhanced when the FS appears around the M point since nesting between FSs around the X and M points becomes good, while the moderate χs(0) is caused by forward scattering. We find that [image: image] is significantly enlarged by inter-orbital nesting between the dxy-orbital FS around the M point and the dyz-orbital FS around the X point. In addition to the quantum interference due to the AL terms, the MT terms strengthen the sign change of [image: image] between the X and M points, as reported previously [16, 19, 37]. Thus, the smectic bond order originates from the cooperation between the AL and MT terms due to good inter-orbital nesting between FSs around the X and M points. In contrast, the B1g nematic orbital + bond order shown in Figures 10C,D originates from the interference between χs(Q) and χs(−Q). This nematic orbital + bond order is similar to that in FeSe and FeSe1−xTex.
Here, we examine the DOS under the smectic bond order to verify the present theory. For T < T* = 32.4 meV without self-energy, we introduce the mean-field-like T-dependent form factor [image: image], where [image: image] is the obtained form factor for q = (0, π) normalized as maxk| fq(k)| = 1. We put fmax = 60 meV. Figure 11A shows the DOS at T = T* and 28 meV(<T*). For T < T*, a pseudogap appears due to the smectic bond order, which is consistent with the experiments [88, 89]. Since the smectic bond order is an antiferroic order, the folded band structure emerges below T*, which is also consistent with the experiment [90].
[image: Figure 11]FIGURE 11 | (A) DOS at T = T* = 32.4 meV and that at T = 28 meV(<T*), including the smectic bond order. (B) T dependence of nematicity ψ = (n2 − n3)/(n2 + n3) including both the smectic-bond order for T < T* and the ferro-orbital/bond order for T < TS.
Next, we focus on another mystery, the T-linear behavior of tiny nematicity ψ in Ba122 [52] below T*. To solve this mystery, we calculate the T dependence of uniform nematicity ψ = (n2 − n3)/(n2 + n3) in Figure 11B, where both [image: image] for T < T* and the ferro nematic orbital + bond order [image: image] for [image: image]meV) are introduced. For T < TS, we assume [image: image], where [image: image] is the obtained form factor normalized as maxk|f0(k)| = 1. We use fmax = 60 meV, which corresponds to the dxz(yz) orbital energy split [image: image]meV in the ARPES measurements [91] by considering the mass enhancement factor [image: image] for l = 2, 3. The T-linear behavior ψ ∝ (T* − T) for TS < T < T* is a consequence of the relation [image: image] because the f(0,π) term cannot contribute to any q = 0 linear response. It is to be noted that the form factor [image: image] for q = (π, 0) gives ψ < 0. Thus, the T-linear behavior of ψ below T* is also naturally explained by the smectic bond order. On the other hand, [image: image] for T < TS is induced by the nematic orbital + bond order. To summarize, the multistage transitions at T = T* and TS, and the T-linear ψ below T*, are naturally explained by the smectic bond order and nematic orbital + bond order. The hole pocket around the M point is necessary to realize the smectic bond order by the paramagnon interference mechanism.
We stress that the present mechanism of the bulk nematicity for TS < T < T* is intrinsic and free from the strength of the disorder and local strain in the system. The present smectic order originates from the AL–VC and the FS nesting between the dxy-orbital hole pocket and the electron pockets [20]. We stress that the present theory explains the absence of the smectic order in bulk FeSe [55] because the dxy-orbital hole pocket, which is necessary for smectic order formation, is below the Fermi level in FeSe.
Here, we explain the details of the recent microscopic measurements in P-doped Ba122 [54, 55] that support the present intrinsic scenario. These are bulk and real-space measurements. In the PEEM measurement [55], very uniform bulk nematic domains have been observed for TS < T < T*. The width of each nematic domain is about 500 nm. The structure of the nematic domains is unchanged for T < TS. In addition, once the nematic domain completely disappears by increasing T, it never appears at the same location if the temperature is lowered again. These results are consistent with the present intrinsic smectic order scenario for TS < T < T* in P-doped Ba122. In the photo-modulation measurement [54], uniform nematic domains have also been observed. The observed nematicity becomes small near the nematic domain boundary, irrespective of the fact that large local strain anisotropy is observed at the domain boundary. The observed anticorrelation between the nematicity and the local strain anisotropy may conflict with the assumption of the extrinsic scenario of the nematicity above TS.
In contrast, the extrinsic scenario has been proposed by other groups [4, 56–60]. In the extrinsic mechanism, nematicity for T > TS in Co-doped Ba122, which exhibits large residual resistivity (>100 μΩcm), has been explained by the inhomogeneity of TS induced by the disorder and local strain. However, it is not easy to explain the nematicity above TS in clean P-doped (non-doped) Ba122 on the same footing in the extrinsic scenario.
We note that the multistage smectic/nematic transitions observed in NaFeAs [92] are also explained by the present intrinsic mechanism [20].
3.3 Results of Ba1−xCsxFe2As2
In this section, we discuss B2g nematicity in heavily hole-doped compound AFe2As2 (A = Cs, Rb) [19]. The effect of self-energy on the nematic order caused by the VCs is studied in the present work. Because of self-energy, TS is reduced to become realistic, whereas the symmetry of the nematic order is unchanged. The direction of B2g nematicity is rotated by 45° from that of the conventional B1g nematicity. Figure 2C shows FSs of CsFe2As2: the hole FS around the M point comprising the dxy-orbital is large, whereas the Dirac pockets near the X and Y points are small. In this system, the dxy-orbital spin fluctuations are dominant.
Figure 12A shows the q dependence of the largest eigenvalue λq with self-energy for r = 0.96 at T = 5 meV and that without self-energy for r = 0.30 at T = 20 meV λq becomes maximum at q = 0 and the dominant form factor [image: image] at q = 0 is shown in Figure 12B. As shown in Figure 12C, this form factor corresponds to the B2g next-nearest-neighbor bond order for the dxy orbital, which is consistent with the experimentally observed B2g nematicity [61–64]. By analyzing the irreducible four-point vertex [image: image] in the DW Eq. 10, we find that the attractive (repulsive) interactions originate from the AL (MT) terms, as shown in Figure 12D. The obtained q = 0 B2g bond order is derived from these interactions. Since the AL terms are enhanced by the quantum interference between the spin fluctuations with Q and Q′(= −Q), as shown in Figure 1D, the q = 0 nematic bond order is realized. The value of λ0 is strongly enhanced by the attractive interactions for the dxy orbital due to the AL terms. In this system, the nesting vector is short Q ∼ (0.5π, 0), as shown in Figure 12B. Because of repulsive interaction by the MT terms, [image: image] changes sign between the k points on the FSs connected by Q, as shown in Figure 12D. To summarize, the AL terms strongly enlarge λ0 due to the paramagnon interference mechanism, and the MT terms favor B2g symmetry. Cooperation of the AL and MT terms is important to realize the B2g bond order.
[image: Figure 12]FIGURE 12 | (A) q dependence of λq with self-energy in CsFe2As2, and that without self-energy in the inset. (B) k dependence of the B2g form factor [image: image], where the green lines and black arrow denote FSs and nesting vector Q ∼ (0.5π, 0), respectively. (C) B2g next-nearest-neighbor bond order corresponding to the [image: image]. (D) B2g form factor ∝ sin(kx) sin(ky) driven by the attractive interactions (red arrows) A and B, and the repulsive interaction (blue arrow) C in the DW equation, where green lines denote nodes in the B2g form factor.
We comment on the recent experiments on RbFe2As2. The specific heat jump at TS = 40K (ΔC/TS) is very small [64]. However, it is naturally understood based on the recent theoretical scaling relation [image: image] with b ∼ 3 derived in Ref. [87]. Although the smallness of B2g nematic susceptibility in RbFe2As2 was recently reported in Refs. [65, 66], the field angle-dependent specific heat measurement has shown finite B2g nematicity above Tc [93]. Further experimental and theoretical studies are necessary to clarify the nematicity in AFe2As2 (A = Cs, Rb).
Finally, we discuss the x dependence of nematicity in Ba1−xAxFe2As2 (A = Cs, Rb). The schematic phase diagram of Ba1−xRbxFe2As2 given by the experiment [64] is shown in Figure 1C. We introduce the model Hamiltonian for Ba1−xCsxFe2As2, by interpolating between the BaFe2As2 model and the CsFe2As2 model with the ratio 1 − x: x. Figure 13A shows x dependences of λq=0 without self-energy for the B2g and the B1g symmetries by fixing T = 30 meV and r = 0.30. Below x = xc ∼ 0.5, the B1g nematic orbital order is dominant as discussed in the previous section, while the B2g nematic bond order dominates over the B1g nematic orbital order for x > xc. As shown in Figure 13B, the Lifshitz transition occurs at x ∼ xc, where the electron pockets split into the four tiny Dirac pockets. Thus, the B2g nematic bond order appears when the nesting vector Q between the electron pockets and hole pocket around the M point becomes short Q ∼ (0.5π, 0). By taking account of the Lifshitz transition at x ∼ xc, the schematic phase diagram in Figure 1C is also well reproduced by the orbital/bond order because of the paramagnon interference mechanism. We note that the q = (0, π) smectic order is dominant over the q = 0 B1g nematic order at x = 0, as shown in the previous section.
[image: Figure 13]FIGURE 13 | (A) x dependences of λq=0 without self-energy for B1g and B2g symmetries in Ba1−xCsxFe2As2. (B) FSs for x = 0.4 and x = 0.6. The dominant nematic order changes at x = xc ∼ 0.5 near the Lifshitz transition, where the electron FSs split into the four tiny Dirac pockets.
4 CONCLUSION
We discussed the rich variety of nematic/smectic states in Fe-based superconductors in the same theoretical framework based on the paramagnon interference mechanism. In this mechanism, the charge-channel order is induced by the quantum interference between the spin fluctuations, as shown in Figure 1D. The form factor and wave vector of the DW instability are derived from the DW equation based on the paramagnon interference mechanism. Recently, a rigorous formalism of the DW equation has been constructed based on the Luttinger–Ward (LW) theory in Ref. [87]. According to Ref. [87], the solution of the DW equation gives the minimum of the grand potential in the LW theory. Thus, the nematic/smectic order discussed in the present study is thermodynamically stable in the framework of the conserving approximation.
By considering the characteristic fermiology of each compound, the paramagnon interference mechanism explains the rich variety of the nematic/smectic states. In Figures 14A–C, we summarized the nematic/smectic orders revealed by the mechanism in the present study. 1) In FeSe1−xTex, each FS is very small and the dxy-orbital hole pocket is absent. In this case, the small spin fluctuations on the three orbitals cooperatively lead to the B1g orbital order for the dxz and dyz orbitals coexisting with the dxy-orbital bond order, as shown in Figure 14A. The nematic orbital + bond order causes the Lifshitz transition, where the FS around the Y point disappears, which is consistent with the recent experiments. The x dependence of TS in the phase diagram is reproduced by introducing self-energy. 2) In BaFe2As2, the dxy-orbital hole pocket emerges. Since each electron and hole pocket is relatively large and similar in size, the strong dxy-orbital spin fluctuations due to good nesting give rise to the smectic order shown in Figure 14B and the B1g nematic order. The smectic order explains the tiny T-linear nematicity below T = T*(>TS). We predict the multistage transitions with the smectic order at T = T* and the nematic order at TS. 3) In heavily hole-doped AFe2As2 (A = Cs, Rb), the tiny Dirac pockets around the X(Y) point and the large dxy-orbital hole pocket appear due to hole-doping. The B2g bond order for the dxy orbital shown in Figure 14C emerges due to the dxy-orbital paramagnon interference mechanism. The B2g bond order is triggered by the Lifshitz transition of the electron FSs by hole-doping.
[image: Figure 14]FIGURE 14 | (A) Schematic picture of the B1g nematic orbital + bond order in FeSe1−xTex and BaFe2As2, where the orbital order for the dxz and dyz orbitals coexists with the bond order for the dxy orbital. (B) Schematic picture of the smectic bond order for dyz and dxy orbitals in BaFe2As2. (C) Schematic picture of the B2g nematic bond order for the dxy orbital in AFe2As2 (A = Cs, Rb).
The limitation of this theory is that the calculated VCs are reduced to an infinite series of the MT and AL terms. To verify the validity of the present theory, we performed the functional renormalization group (fRG) analysis for the single-orbital Hubbard model for cuprates [41] and the two-orbital Hubbard model for ruthenates [94], and obtained the bond-order (orbital order) in the former (latter) model. These results are consistent with previous experiments, and they are also obtained by the DW equation analysis. In the fRG theory, a huge number of higher-order VCs are generated in an unbiased manner by solving the RG equation. Thus, the significance of the MT and AL terms in the present theory has been confirmed by the different and excellent theoretical frameworks.
In future, it is to clarify the mechanism of superconductivity and non-Fermi-liquid behaviors of transport phenomena in the FeSe family by considering the nematic fluctuations enlarged near the nematic QCP. This issue will be discussed in future studies [95].
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