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Crystal and electronic structures of BiS,-based compounds Sry X, sFBiS; (X = rare earth) under
pressure: Correlation with the change in the superconductivity from unconventional to conventional
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Sr;_.X,FBiS, (X: rare earth) is considered to show a pressure-induced structural transition around 1 GPa
where the superconductivity changes from unconventional in the low-pressure phase to conventional in the
high-pressure phase with increasing the superconducting transition temperature (7;). We clarified the mono-
clinic crystal structure (P2;/m) in the high-pressure phase which is the same as the high-pressure phase of
XO0,_,F.BiY; (Y: chalcogen) systems. We performed high-resolution x-ray absorption spectroscopy (XAS) to
study the electronic structure of Sr;_,X,FBiS, systematically, indicating the Bi charge state of nearly 3+. The
pressure dependence of the XAS spectra of SrysLagsFBiS, and SrgsNdysFBiS, indicate a large change in
the electronic structure around the structural transition pressure, which corresponded to the transition from
semiconductorlike to more metallic states. The increase of the empty states of Bi s and d (f,) bands above

the Fermi level was observed in the high-pressure phase. Density functional theory calculations showed that the
density of the states at the Fermi level did not show a significant change in the high-pressure phase, where higher

T. was observed.

DOI: 10.1103/PhysRevB.106.205122

I. INTRODUCTION

A new family of layered superconductors of BiS,-based
compound, Bi;O4S3, with the superconducting transition tem-
perature 7, = 8.6 K was discovered in 2012 [1-4]. The crystal
structure consists of alternate stacks of a BiS, supercon-
ducting layer and an insulating (blocking) layer [5,6]. The
alternate stacking structure in the BiS,-based superconductors
is similar to those in the Cu-oxide and Fe-based superconduc-
tors. Therefore the BiS,-based superconductors have attracted
many interests and many BiS;-based superconductors have
been synthesized mainly by replacing the blocking layer
with other materials [7-9]. Pressure also affects the physical
property with the appearance of the superconductivity in the
BiS,-based superconductors [10—12].

It was found that in XO,_,F.BiY,> (X: rare earth, Y:
chalcogen), the superconducting transition temperature (7;)
dramatically increased from a few Kelvin at ambient pressure
to approximately 10 K under pressure [13—16]. The transition
to higher 7, was triggered by a structural transition from
tetragonal (P4/nmm) to monoclinic (P2;/m) at around 1 GPa.
The increase of T. has been considered to be caused by an
enhancement of two-dimensionality of the superconducting
layer [16].
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By replacing the LaO layer with the SrF block, a new
class of BiS,-based superconductors Sri_,X,FBiS; (X = La,
Ce) has been found [17-19]. In SrgsLaysFBiS,, fivehold in-
crease of 7, above 1 GPa was observed accompanying the
transition from the semiconductor to metallic states. Recently,
a systematic study of the chemical and hydrostatic pressure
effect for Sry sXysFBiS, (X = La, Ce, Pr, Nd, Sm) has been
performed [20]. In these samples the shielding volume frac-
tion of the superconductivity was estimated to be less than
6% at ambient pressure, indicating that the superconductivity
was filamentary. Thus the chemical pressure with substituting
smaller X such as Nd and Sm was not sufficient to induce
bulk superconductivity in the Sr;_, X, FBiS, system. While the
bulk superconductivity with the shielding volume SC fraction
of nearly 100% was observed in the high-pressure phase after
the structural transition around 1 GPa [20]. It has been known
that the isotope effects on superconducting transition temper-
atures is a useful method to examine the pairing mechanism
of the electron-phonon interaction. The isotope effects using
329 and **S in the high-pressure phase of (Sr,La)FBiS, with a
monoclinic crystal structure and a higher 7;. of ~10 K under
high pressures showed a conventional-type isotope shift in 7;
[21]. Although the T of the low-pressure phase is too low to
investigate isotope effects in Sri_,X,FBiS,, we could assume
that the low-pressure (tetragonal) phase is an unconventional
superconductor because of the observation of the absence of
isotope effect in tetragonal in La(O,F)BiSSe [22] and Bi4O4S3
[23] at ambient pressure. In the tetragonal crystal structure,

©2022 American Physical Society
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the Bi p orbitals degenerate and a weak orbital-fluctuation
mediated superconductivity through anharmonic lattice vibra-
tion was considered to be a candidate of the unconventional
superconductivity [5,24-26]. Thus the superconductivity of
Sr1_. X FBiS, is considered to be changed from unconven-
tional to conventional under pressure with increasing T.
Therefore Sr;_,X,FBiS, system may be a good system to
study the mechanism of the emergence of superconductivity
in layered superconductors.

The mechanism to obtain the higher-7, superconductors,
however, has still not been fully understood in BiS;-based
superconductors [5,6]. Change in the electronic structure in-
duced by the chemical pressure or the hydrostatic pressure
may be physically an important role in the emergency of the
higher-7, superconductivity [27]. In Sr;_,X,FBiS,, however,
no systematic study of the electronic structure under pressure
has been performed as well as the chemical pressure effect on
the electronic structure so far.

The purpose of this study is to clarify the electronic
structures of Sr;_,X,FBiS, systematically and find the cor-
relation between the change in the electronic structure and
the emergence of the superconductivity as a function of
chemical composition or hydrostatic pressure. We addition-
ally prepared a (Sr,Nd)FBiSSe sample for comparison. We
measured the chemical composition (x) and pressure depen-
dences of the high-resolution x-ray absorption spectra with
partial fluorescence yield mode (PFY-XAS) at the Bi-Ls
and Se-K absorption edges, which has an advantage of the
high-resolution measurements of the spectra by reducing the
lifetime line broadening [28-32]. We found that a difference
of the Bi-L3 absorption edge for X = Nd in Sr|_,X,FBiS;
which may suggest a larger pseudogap and correlate to
the higher transition pressure of the X = Nd sample. The
electronic structure in Srgs5XpsFBiS, (X = La, Nd) largely
changed above the structural transition pressure. We measured
x-ray diffraction patterns (XRD) patterns of SrgsLagsFBiS;
under pressure and clarified the monoclinic crystal structure
at the high-pressure phase. Note that the XRD patterns in the
high-pressure phase have been measured previously and the
structural phase transition from the tetragonal to monoclinic
crystal structure was suggested [20]. However, exact analyses
for the high-pressure phase have not yet been completed.
Furthermore, we performed density functional theory (DFT)
calculations at the low-pressure tetragonal and high-pressure
monoclinic crystal structures. Surprisingly, no rapid increase
of the density of states (DOS) at the Fermi level (Ef) was
suggested at the high-pressure phase where the bulk super-
conductivity occurs.

II. METHODS

A. Experiments

Polycrystalline samples of (Sr, X)FBiS, (X = La, Ce, Pr,
and Nd) and (Sr,Nd)FBiSSe were prepared by a solid-state
reaction method in an evacuated quartz tube [10,20]. Powders
of X»S3 (X:La (99.9%), Ce (99.9%), Pr (99%), Nd (99%), and
Sm (99.9%)), StF, (99%), Bi (99.999%), and S (99.9999%)
were weighed for SrgsXosFBiS, and Srg74Ndg6FBiSSe.
They were mixed with powders with a nominal composition

of Sry 5Xo.sFBiS; in an Ar-filled glove box. The mixed powder
was pelletized, and sintered in an evacuated quartz tube at
700 °C for 20 hours, followed by furnace cooling to room tem-
perature. The obtained compounds were thoroughly mixed,
ground, and sintered under the same conditions as the first
sintering.

Electrical resistivity of SrgsLagsFBiS, was measured up
to 6.5 GPa using an opposite anvil cell [33]. The culet size
of the tungsten carbide anvil was 3 mm in diameter with a
gasket of nonmagnetic Ni-Cr-Al alloy. A pressure medium of
glycerin was used. We used 7, of Pb as a pressure gauge.

Pressure dependence of the XRD patterns for the powder
sample of Sty sLag sFBiS, was measured at SPring-8 BL12B2
using a three-pin plate DAC (Almax Industries) with a CCD
detection system at room temperature. The culet size of the
diamond anvil was 0.4 mm with a stainless steel gasket. We
took an arrangement of both incoming and outgoing x-ray
beams passed through the diamonds with an incident pho-
ton energy of 18 keV. Daphne 7474 oil was loaded as the
pressure medium. 2D image of CCD was integrated by using
FIT2D program [34]. The diffraction patterns were analyzed
by the Rietveld method using the RIETAN-FP program [35,36].
The schematic images of crystal structures were drawn by
VESTA [37].

Measurements of the PFY-XAS spectra were performed at
BL12XU, SPring-8 [31,38]. Johann-type spectrometers were
equipped with a spherically bent Si(577) analyzer of radius
of ~1 m for Se KfB; emission and Si(555) for Bi L« emis-
sion with a Si solid-state detector (Amptech) [32,39]. In the
measurements of the chemical composition dependence we
set the sample holder vertical to the incident beam and the
emissions from the samples are detected at an angle of 75° to
the beam axis. At the emitted photon energy of 12.66 keV the
overall energy resolution was set to be approximately 1.5 eV.
It is noted that one can discuss the relative change in the
energy on the order of 0.1 eV which is one order of magnitude
smaller than the energy spread of the analyzer. The intensities
of the measured spectra were normalized using the intensity of
the incident beam that was monitored just before the sample.
The errors in the intensity and energy of each component of
the PFY-XAS spectrum originated mainly from the statistical
errors of the total counts and the fit errors. The intensities
of the PFY-XAS spectra are normalized by the areas in the
measured-energy range.

For the high-pressure experiments in the X-ray emission
spectroscopy the x-ray beam was focused to ~33 (horizon-
tal) x ~13 (vertical) um? at the sample position using a
toroidal and a Kirkpatrick-Baez mirror. In the high-pressure
measurements the emissions are detected at 90° to the beam
axis. High-pressure conditions were achieved using a dia-
mond anvil cell coupled with a gas membrane. A Be-gasket
of 3 mm in diameter and approximately 100 um thick was
preindented to approximately 40—-50 pm thickness around the
center. The diameter of the sample chamber in the gasket was
approximately 120 um and the diamond anvil culet size was
300 um. A pressure medium of Daphne 7474 was used for the
DAC. The pressure was monitored by the ruby fluorescence
method [40-42]. All measurements here were performed at
room temperature.
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B. Theoretical calculations

We used the Perdew-Burke-Ernzerhof parametrization of
the generalized gradient approximation (PBE-GGA) [43] and
the projector augmented wave (PAW) method [44] as imple-
mented in the Vienna ab initio simulation package [45-48].
The core electrons in the PAW potentials were taken as fol-
lows: [He] for F, [Ne] for S, [Ar]3d'° for Sr, [Kr]4d'® for
La, and [Xe]5d'°4f'* for Bi. The spin-orbit coupling was
included. The plane-wave cutoff energy of 550 eV and a
10 x 10 x 4 k mesh were used. We used the lattice param-
eters and atomic coordinates determined by our experiments:
0-GPa and 1.51-GPa structures for the tetragonal and mono-
clinic phases, respectively. Virtual crystal approximation was
applied to represent the 1 : 1 mixing of the La and Sr atoms.
For calculating the density of states, we used a24 x 24 x 10k
mesh.

III. RESULTS

A. Chemical composition dependence of the XAS spectra
at ambient pressure

Figure 1(a) shows the PFY-XAS spectra of
Sro,5La0,5FBiSQ, Sro,5Ceo,5FBiSZ, SI'0~5PI'Q'5FBiSQ,
Sro5NdysFBiS, and Srg74Ndg,sFBiSSe with those of
Bi, Bi;Se;, and Bi;O3; for comparison at the Bi-Ls
absorption edge. The intensity is normalized by the area.
Figure 1(c) shows the energies at the Bi-Ls; absorption
edge of Sr;_,X,FBiS, with those of Bi,O; and Bi,Ses.
The absorption edges of the Sr;_,X,FBiS, are near that of
Bi,0j3 as shown in Fig. 1(b), indicating the Bi charge state of
nearly 34-. The absorption edge energy of SrysLag sFBiS, is
relatively higher than other samples. Note that the transition
pressures to the high-7; phase of X = La, Ce, Pr, and Nd were
measured to be 0.95, 1.15, 1.17, and 1.33 GPa, respectively
[20]. The absorption edge may correlate to the Fermi level,
and the above results may suggest a higher Fermi level of
Srog.sNdosFBiSSe compared to the others and this result
possibly connects to higher critical pressure to emerge the
superconductivity.

Figure 1(d) shows the PFY-XAS spectra of
Sro74Ndg 26FBiSSe, SeO;, and Bi,Ses at the Se-K absorption
edge. From the analogy to the spectra of selenium compounds
[49-53], the main peak attributes a 1s-4p dipole transition
and Se 4d partial density of states hybridized with the Bi
6s and 6p states. Figure 1(e) indicates that Se 4p DOS of
Sr.74Ndg 26FBiSSe above the Fermi level is comparable to
Bi25e3.

B. T, of Sr(sLay sFBiS, under pressure

Measurements of the electrical resistivity of Srg 5X sFBiS;
under pressure were limited up to the pressures of just above
the structural phase transition [20]. Here, we measured the
electrical resistivity of SrgsLagsFBiS; up to 6.5 GPa as
shown in Figs. 2(a) and 2(b). Temperature dependence of
the electrical resistivity of SrgsLagsFBiS, at 0 GPa shows
a semiconductor-like behavior. The activation energy was
estimated to be approximately 9.6 meV above 100 K at
0 GPa. Figure 2(c) shows 7. as a function of pressure with
the data previously measured by magnetization [20]. T, in

the monoclinic phase decreases gradually with pressure. This
behavior of 7, in SrgsLagsFBiS, is very similar to that in
LaO,_,F,BiS, [15]. Figure 2(d) shows the electrical resis-
tivity at 300 K and 7. as a function of pressure. The
semiconducting behavior in the tetragonal phase was sup-
pressed in the monoclinic phase.

C. XRD under pressure

We measured the pressure dependence of the x-ray diffrac-
tion patterns of SrgsLagsFBiS, powder sample. The XRD
patterns from O to 1.35 GPa are shown in Fig. 3(a). In this
study, we successfully fitted the XRD patterns in the high-
pressure phase [54]. We note that the exact crystal structure
in the high-pressure phase was not fully resolved before as
described above [20]. We clarified the structural phase transi-
tion from tetragonal (P4 /nmm) to monoclinic (P2 /m) crystal
structure approximately 1 GPa. Impurity phase was a space
group of P3c; with LaF; type.

Pressure dependence of the lattice constants are shown in
Figs. 3(c) and 3(d). Pressure-induced change in the b axis after
the structural transition is small, while those in the a and ¢
axis are remarkable. The ¢ axis shows a sudden change at the
pressure of the structural transition, indicating the first-order
phase transition. The crystal has a layered structure stacking
along the ¢ axis. Pressure compress the crystal mainly along
the ¢ axis, distorting along the a axis and making the BiS;
superconducting layers flat.

In Fig. 3(e), we show pressure dependence of the angle B,
which is defined to be the angle between the a and ¢ axes. The
angle B increases linearly with pressure after the structural
transition.

We also measured the XRD patterns of SrgsNdgsFBiS,
under pressure and confirmed the monoclinic crystal structure
in the high-pressure phase (see the Supplemental Material)
[54]. In contrast to the case of SrgsLagsFBiS,, the pres-
sure dependence of the lattice constant ¢ and the volume of
St 5sNdg sFBiS, change smoothly across the structural phase
transition pressure. This may be caused by the coexistence
of two phases around a wider pressure range from 0.97 to
2.39 GPa in Sl‘(),5Nd05FBng.

The pressure dependence of the volume is shown in
Fig. 3(f). In Fig. 3(f), we show a fit of the pressure-volume
relation by using an empirical formula of the Murnaghan’s

equation of state, % =1 +p%]_?, where p, V, W, By,
and B’ are pressure, volume, volume at ambient pressure,
bulk modulus of incompressibility, and its first derivative
with respect to the pressure, respectively. We obtain the
parameters of By = 74.83 GPa, B’ = 5.55, V, = 221.8 A3
for Sr0,5La0_5FBiSQ and B() = 47.66 GPa, B = 508, V() =
223.2 A3 for Srg sNdy sFBiS; [54].

Here, we introduce a parameter of in-plane chemical pres-
sure to compare the effect of hydrostatic pressure on the BiY,
plane with that of the chemical pressure in the tetragonal crys-
tal structure [55]. We define the in-plane chemical pressure as
(Rgi + Ry1)/Dsi_y1, where Rg;, Ry, and Dg;_y; are the ionic
radii of Bi and Y 1, and in-plane distance between Bi and Y 1
in the Bi-Y'1 plane, respectively. This is the same definition
as the one introduced in Ref. [55]. Figure 3(g) shows the
in-plane pressure as a function of the hydrostatic pressure. The
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FIG. 1. (a) PFY-XAS spectra of Sr;_,X,FBiS, with those of Bi, BiS,, and Bi,O; at the Bi-L; absorption edge. The intensities are
normalized by the areas. (b) Expanded view of (a) around the absorption edge. (c) Energies of the absorption edges estimated from the
spectra in (a). (¢) PFY-XAS spectra of Sr74Ndg26FBiSSe with those of BiS,, and SeO, at the Se-K absorption edge. (f) Expanded view of (e)

around the absorption edge.

in-plane pressure increases linearly in the tetragonal crystal
structure, but the values are less than 1. Increase of 7, was
observed in the in-plane pressure above 1.01 in X O sFj sBiS,
and LaOy sF( sBiS,_,Se, [5]. Therefore it is considered that in
Srg.sLag sFBiS, the structural transition occurs before reach-
ing to the critical in-plane pressure in the tetragonal crystal
structure phase.

Figure 3(h) shows the pressure dependence of the shielding
volume fraction (SVF) of the superconductivity in the tetrag-
onal crystal structure, where the data are taken from Ref. [20].

SVF increased with pressure and show a trend of rapid in-
crease just before the structural transition pressure. Thus the
bulk superconductivity may couple with the structural phase
transition strongly.

D. XAS spectra under pressure

Figures 4(a)-4(d) show pressure dependence of the PFY-
XAS spectra at the Bi-L3 absorption edge of Sr(sLag sFBiS;
and SrosNdysFBiS,. In Fig. 4(e), we show a fit example of
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FIG. 2. (a) Temperature dependence of the electrical resistivity
(p) of SrgsLagsFBiS, under various pressures. An inserted fig-
ure shows a relation between Inp vs the inverse of the temperature at
0 GPa. A fit curve (solid line) to estimate the activation energy for the
data at 7 > 100 K is also shown. (b) Expanded view of (a) around
T.. (c) T. of SrysLagsFBiS, as a function of pressure (closed circles).
Previously measured data are also shown (open circles) [20]. (d) The
electrical resistance of SrgsLagsFBiS, at 300 K and 7.°™* as a
function of pressure.

the PFY-XAS spectrum at 0.41 GPa of SrgsLagsFBiS; at
the Bi-L; absorption edge. The spectra are fitted assuming
some peaks of Voigt functions with an arctan-type background
for simplicity. The peak A is assigned as a dipole-allowed
transition of a 2p3/, electron into 6s states [56-58]. A weak
intensity of the peak A suggests that the Bi 6s state is not
completely filled with electrons. Peaks B and C correspond to
the transition of a 2p3,, electron into 6d states of 5, (B: non-
bonding, d,, ,.) and e, (C: antibonding, d ). Thus A reflects
the Bi s DOS. D and C reflect the Bi d DOS above the Fermi
level. The relative intensities of the peak A give the relative
occupation probabilities of the 6s band in the ground state
under the assumption that there is no hybridization between
the Bi 65 and 6d orbitals [58].

Pressure-induced changes in the electronic structures of
St 5Ndg sFBiS; is drastic around the pressure of the structural
phase transition. On the other hand, that of SrysLagsFBiS,
seems to change continuously. In both compounds, a rapid
decrease of the energy of the Bi-L; absorption edge around
the emergence of the superconductivity is observed as shown
in Figs. 5(a)-5(d). The pressure dependence of the energy of
the peak A (Bi 65 band) well corresponds to that of the Bi-Ls
absorption edge.

Figures 5(c)-5(h) show the fit results of the PFY-XAS
spectra at the Bi-L3 absorption edge for SrysLagsFBiS, and
SrosNdy sFBiS,. The intensity of the peak A increases in

the superconducting region. The results indicate the pressure-
induced increase of the empty states of the Bi 6s band. A
similar phenomenon was also observed in Bi;Se; [32]. In
St 5Ndo sFBiS,, the intensity of the peak B (Bi 6d, t;, band)
increases in the superconducting region, and the energy of the
peak B rapidly decreases at the pressure of the emergence of
the superconductivity. On the other hand, in SrysLagsFBiS;
the intensity of the peak B does not change through the
pressure range of the structural phase transition although it
shows an increase of around 7 GPa. The energy of the peak B
in SrgsLagsFBiS, gradually decreases with pressure similar
to that of the peak A. The intensity of the peak C (Bi 6d,
e, band) gradually decreases with pressure. The pressure-
induced change in the electronic structure of SrysLagsFBiS;
around 1 GPa is smaller than that of SrysNd sFBiS,.

It is noted that we can fit the spectra without assuming the
peak A component in the low-pressure range. The fit results
without the peak A show that the pressure dependencies of
the peaks B and C do not change much because of very small
intensity of the peak A [54]. On the other hand, the spectrum
of SrysLagsFBiS, at 6.83 GPa and those of SrysNdg ;FBiS,
at 3.2 and 5.26 GPa show an additional component of the peak
A as shown in Figs. 4(b) and 4(d). This suggests the increase
of the empty Bi 6s states, especially at high pressures, which
may connect to the increase of the hybridization between Bi
6s and 6d orbitals.

The shift of the absorption edge to lower incident en-
ergy may suggest the shift of the Fermi level. Present
XAS results explain the pressure-induced transition from the
semiconductor-like to more metallic states observed in the
temperature dependence of the electrical resistance in Fig. 2
and also in Ref. [20]. The increase of the empty states of the Bi
s band above the Fermi level at the high-pressure phase may
suggest the increase of the hybridization of the Bi 6s orbital
with the p orbital [32,53]. While the monotonic decrease of
the Bi d (e,) band with pressure indicates the filling of the
conduction electrons to the empty states.

After the structural phase transition around 1 GPa, the
overall change in the electronic structure is not sensitive to
pressure. This corresponds to the gradual change in 7 in the
monoclinic phase as shown in Fig. 2(c).

E. Electronic structure calculations

We performed the DFT calculations for SrgsLagsFBiS,
in the tetragonal crystal structure at the low-pressure phase
and the monoclinic crystal structure at the high-pressure phase
using the experimental parameters measured. Figure 6 shows
the band structures of the tetragonal and monoclinic crys-
tal structures. The calculated results of SrgsLagsFBiS, are
similar to those of LaOgsFj;BiS; [59]. While the overall
band structures are similar between the two crystal structures,
the lowest conduction band at the X(7 /a, 0, 0) point in the
monoclinic structure has two remarkable features; it exhibits
a sizable band splitting (bilayer splitting) and is not equivalent
to the Y(0, 7 /b, 0) point. The band splitting is originated
from the inter-BiS; layer coupling (bilayer coupling) strongly
enhanced by the symmetry breaking of the crystal structure as
observed in the monoclinic crystal structure of LaOg sFy sBiS,
[59]. Thus, in the tetragonal crystal structure, the band
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FIG. 3. (a) X-ray diffraction pattern of SrysLagsFBiS, in the pressure range from 0 to 1.35 GPa. Note that each baseline of the XRD
patterns in the vertical scale is proportional to the pressure. (b) A schematic view of the monoclinic crystal structure in the high-pressure
phase. (c) Pressure dependence of the lattice parameters along the a and b axes. (d) Pressure dependence of the lattice parameters along the ¢
axis. (e) Pressure dependence of the angle between the a and ¢ axes. A solid line is a linear fit. (f) Pressure dependence of the volume. A solid
line is a fit in the high-pressure phase using an empirical formula of the Murnaghan’s equation of state. In (c), (d), and (f), the errors are within
the sizes of the symbols. (g) Hydrostatic pressure dependence of in-plane pressure in the tetragonal structure phase. (h) Pressure dependence of
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FIG. 4. (a) Pressure dependence of the PFY-XAS spectra of SrysLay sFBiS, at the Bi-L; absorption edge. (b) Expanded view of (a) around
the absorption edge. (c) Pressure dependence of the PFY-XAS spectra of SrosNd,sFBiS, at the Bi-L; absorption edge. (d) Expanded view of
(c) around the absorption edge. (e) A fit example of the PFY-XAS spectrum at 0.41 GPa of SrysLag sFBiS, at the Bi-L; absorption edge.

splitting makes a nearly degenerate Fermi surface while in
the monoclinic crystal structure much separated Fermi surface
is observed due to the symmetry-broken monoclinic
structure.

Figure 7 shows the total and partial DOS (pDOS) of the
tetragonal and monoclinic crystal structures. Figures 7(a),
7(b), 7(d), and 7(e) suggest the hybridization of mainly Bi 6p,

and Bi 6p, with S 3p orbitals, constituting the Fermi surface
[26,59,60]. DOS of these bands are larger than other orbitals
and thus, the electron carriers are mainly in the BiS; layer. The
Bi-p pDOS and total DOS at Ef rather decreases in the mono-
clinic crystal structure as shown in Figs. 7(b) and 7(e). While
Figs. 7(c) and 7(f) show that the Bi-s and Bi-d pDOS at Ef in-
crease in the monoclinic crystal structure. The increase of the
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FIG. 5. Pressure dependence of the PFY-XAS spectra at the Bi-L;-absorption edge of (a) SrgsLag sFBiS; and (b) Sro sNd, sFBiS,. Pressure
dependence of the intensity and energy of (c) the peak A, (e) the peak B, and (g) the peak C of SrysLagsFBiS,. Pressure dependence of the
intensity and energy of (d) the peak A, (f) the peak B, and (h) the peak C of SrysNdy sFBiS,. The shaded areas correspond to the superconducting

regions where the maximum of the vertical axis is scaled to be 15 K.

s and d pDOS corresponds to the increase of the empty s and d
states obtained from the results of the pressure dependence of
the PFY-XAS spectra in Fig. 5. Total DOS at the Fermi level
is estimated to be 2.4 states/eV for tetragonal structure and
1.6 states/eV for monoclinic structure. Note that we discuss
the relation between the experimental PFY-XAS spectra and
the calculated pDOS here. To validate this, we verified that
a core hole, which is included in the final state of the XAS
measurement while not considered in DOS calculation, has
little effect on the difference of the XAS spectra between the
tetragonal and monoclinic phases (see Fig. S7 in Ref. [54]).
The van Hove singularity locates at the Fermi level in the
tetragonal phase and splits largely due to the decrease of the
crystal symmetry in the monoclinic phase. This is the origin
of the decrease of the total DOS at the Fermi level in the
monoclinic phase. The shape of Bi s pDOS is similar to that
of Bi p pDOS in the monoclinic phase as shown in Figs. 7(e)
and 7(f). Therefore the increase of the Bi s pDOS in the mono-
clinic phase may be caused by the hybridization of the p and s
orbitals due to the decrease of the Bi crystal field symmetry in
the monoclinic phase. We verified that these features of DOS
are kept unchanged even when one uses different methods

for dealing with SrgsLags occupation in the calculation (see
Fig. S5 in Ref. [54]).

IV. DISCUSSION

The pressure dependence of the angle 8 between the a and
c axes in Fig. 3(e) increases with pressure in the monoclinic
crystal structure phase keeping the high-7,. condition. This is
in contrast to the chemical pressure effect in the tetragonal
crystal structure phase. In the BiS, superconductors with the
tetragonal structure at ambient pressure, both carrier doping
and in-plane chemical pressure, which result in the system
ideal tetragonal structure and suppress in-plane disorder, are
required to induce the bulk superconductivity and the increase
of T; [5].

Pressure-induced changes in the electronic structures
of SrgsNdysFBiS; is more drastic compared to that of
SrgsLagsFBiS, around the pressure of the structural phase
transition. Nd substitution causes a larger lattice shrink-
age compared to La substitution, resulting in a larger
in-plane chemical pressure. In practice, the lattice con-
stant a for SrosNdysFBiS, is smaller than that for
SrgsLag sFBiS,, which means the in-plane chemical pressure
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FIG. 6. (a) Brillouin zone in the monoclinic crystal structure.
Band dispersion of Sry sLag sFBiS, (b) in the tetragonal crystal struc-
ture (low pressure phase) and (c) in the monoclinic crystal structure
(high-pressure, high-7, phase). To compare these two band struc-
tures, we used the following names of k points for the monoclinic
lattice while they are not conventional ones: ¥ = (0, 7/b,0), X =
(7/a,0,0),M = (/a, 7 /b,0),and Z = (0,0, 7 /c).

in SrosNdysFBiS, is larger than SrgsLagsFBiS,. There-
fore local structural distortion is expected to be larger in
SrgsLag sFBiS,. Since the La substitution is more unstable
locally from a structural viewpoint, the phase transition prob-
ably begins partially and gradually earlier than in the case of
the Nd substitution. 7, may be sensitive to the region where
the monoclinic structure grows earlier. XRD measurements
see the average structure and are insensitive to the above
local change in the structure. Thus we could consider that the
electronic structure measured through the partial fluorescence
yield may be more sensitive to the pressure-induced local
change. This could be understandable because we measure
the partial electronic structure of Bi through the partial flu-
orescence yield measurements.

The x-ray spectroscopy study of SrgsLagsFBiS, shows
a large change in the electronic structure in the monoclinic
crystal structure compared to that in the tetragonal crystal
structure. The DFT calculations show that DOS of the s and
d orbital increase just above Er in the monoclinic crystal
structure although the p DOS at Er decreases. This explains
the present spectroscopy results that the empty states of the Bi
6s and Bi 6d (t,,) states increased in the monoclinic crystal
structure.

In the tetragonal crystal structure before, the structural
phase transition of Sr;_,X,FBiS; could be an unconventional
superconductor and the superconductivity is filamentary like
other BiS;-based compounds [20,22,23,61]. The shielding
volume fraction of the superconductivity increases with pres-
sure in the tetragonal phase, but the structural phase transition
occurs before obtaining the complete bulk superconductivity.
It seems that the phase transition occurs inevitably for the
complete bulk superconductivity. On the other hand, the mon-
oclinic crystal structure of Sr;_,X,FBiS, after the structural
transition the superconductivity is considered to be a phonon-
mediated conventional [20]. We suppose that similar things
happens also in XO,_,F,BiS,. Thus, in Sr;_,X,FBiS,, the
mechanism of the superconductivity is different between the
two phases of the tetragonal and monoclinic crystal structures
and this may be in common in the BiS, based superconduc-
tors. In the phonon-mediated superconductors, 7. has been
estimated using McMillan-Allen-Dynes formula [62,63]. In
LaOy sFy 5BiS;, the electron-phonon coupling constant A was
estimated to be 0.6-0.85 [64—66] and T, was reduced to be on
the order of 10 K for the screened Coulomb interaction param-
eter u* = 0.1. Therefore, if the value of A in Sr_,X,FBiS, is
the same order as that in LaOgsFysBiS,, high T. could be
explained as the phonon-mediated superconductor.

In superconductors, in general, the emergence of the su-
perconductivity or the increase of 7, occurs when DOS at
the Fermi level (Ef) increases. For example, in the tetragonal
phase of LaOBiS,, the electron doping by the substitution of F
to the O site caused the increase of DOS at Ef, resulting in the
increase of T, [66]. In Bi,Ses, the pressure-induced structural
transition induced the emergency of the superconductivity
accompanying the rapid increase of DOS at Er [32,67]. On the
other hand, in Sr;_,X,FBiS, DOS at Ef in the high-pressure
phase did not show a significant change. Here, however, we
should note that the mechanism to emerge the superconduc-
tivity in the high-pressure phase is different from that in the
low-pressure phase as described above. The different mech-
anisms of the superconductivity between two phases could
be a main reason why DOS at Ep did not increase even if
T, increased and why high 7. was kept even if the deviation
from the tetragonal structure was larger with pressure in the
high-pressure phase.

Additionally, we note the importance of the in-plane disor-
der in the BiS; network. In LaOg sF( 5sBiS,_,Se,, the increase
of the Se content induced the reduction of in-plane disorder
in the BiS, network with being the system more metallic
and enhancing the superconductivity in the tetragonal phase
[68,69]. The pressure effect on the in-plane disorder is not
known and the present DFT calculations do not include such
in-plane disorder.

The temperature dependence of the resistivity seems to
show the transition from semiconductor at the low-pressure
phase to metal at the high-pressure phase. In the DFT calcula-
tions, we did not observe a significant increase of DOS at the
Fermi level. We consider that this is caused by the following
reasons. (i) In the tetragonal structure at low pressure the
symmetry of the crystal structure is broken locally. At this
time, the temperature dependence of the electrical resistance
becomes semiconductor-like due to carrier localization [69].
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In this state, superconductivity goes from filamentary to bulk
with pressure. (ii) In the monoclinic structure at high pressure,
it is known that various BiS;-based systems become metallic.
Therefore the local turbulence in the tetragonal structure has
gone (or is very weak) in the monoclinic structure. The cause
of the local structural disturbance of the tetragonal crystal
is considered to be the structural instability due to the Bi
lone pair [70]. In the monoclinic crystal with reduced in-
plane symmetry, the lone pair’s location is probably fixed and
structurally the system becomes stable. On the other hand,
it is difficult for DFT calculation to incorporate such local
structural disorder and its effect on the transport property as
described above. Therefore our DFT calculation cannot repro-
duce the semiconductor-to-metal transition at low pressure. A
study of the in-plane disorder effect under pressure as well
as the theoretical calculation of 7; in the high-pressure phase
remains to challenge in the future.

V. CONCLUSION

The XRD study of SrgsLagsFBiS, and SrgsNdgsFBiS,
under pressure was performed and the monoclinic crystal
structure (P2;/m) in the high-pressure phase was clarified.
In SrgslagsFBiS, the structural transition occurred before
reaching to the critical in-plane color red chemical pressure
to increase 7, in the tetragonal crystal structure.

We extend the measurement of 7, for SrgsLagsFBiS; up
to 6.5 GPa. The result showed a gradual decrease of T, in the
monoclinic crystal structure.

The XAS study of Sr;_,X,FBiS, was performed systemat-
ically. Pressure-induced changes in the electronic structures
of SrgsNdysFBiS, were drastic around the pressure of
the structural phase transition. On the other hand, that of

SrgsLagsFBiS, changed continuously. The results suggest
that the PFY-XAS measurements are more sensitive to the
local distortion of the crystal structure compared to XRD. In
SrosLagsFBiS, and SrgsNdgsFBiS,, the energy of the Bi-
L5 absorption edge decreased around the structural transition
pressure. This correlated to the transition from a semiconduc-
torlike to more metallic states. Pressure the empty states of Bi
s and d (f2,) bands above the Fermi level in the high-pressure
phase. This corresponds to the DFT results that DOS of the s
and d orbital increase just above Ef in the monoclinic crystal
structure.

The DFT calculations showed an unusual phenomenon that
a slight decrease of DOS at Er was shown even in the high-T7,
phase. This may be caused by the fact that the DFT calcu-
lations could not incorporate local structure in the tetragonal
structure and thus did not reproduce the electronic states at
low pressure properly.
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