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Chemical composition and pressure dependencies of the electronic structures of Bi,_,Sb,Te;_,Se, (y ~ 1.2)
have been studied by the high-resolution x-ray absorption spectroscopy. We find a shift of the Bi-L; absorption
edge due to Sb substitution, suggesting a change in the Bi charge state. In the pressure dependence, the electronic
structures of Bi,Te,Se and Bi; 5SbysTe,Se start to change below the pressure of the first structural phase
transition where the emergence of the superconductivity was observed and then show a large change just around
that pressure. This is in contrast to the behavior observed in Bi,Se;-based compounds where the structural phase
transition was necessary for the onset of superconductivity. We performed density functional theory calculations
using the experimentally determined structures for Bi,Te,Se and Bi; 5Sbg 5 Te,Se. We show that both compounds
become metallic within the rhombohedral phase below the pressure of the first structural transition and we thus
corroborate the experimental observation. The experimental and calculated results show that closing the gap and
increasing the density of states in the rhombohedral phase are the triggers to induce superconductivity.

DOLI: 10.1103/PhysRevB.108.035146

I. INTRODUCTION

Two-dimensional topological insulators show conducting
edge states. Three-dimensional (3D) topological insulators are
characterized by an insulating bulk state and gapless surface
states with a Dirac cone showing a helical spin structure in
momentum space [1]. A,B3 (A = Bi, Sb; B = S, Se, Te) series
have been considered to be candidates for 3D topological
insulators, but they are not good insulators in the bulk be-
cause of natural defects and the resulting carrier doping. As
an alternative, the quaternary family Bi,_,Sb,Te;_,Se, is a
promising candidate to study 3D topological insulators where
bulk carrier numbers are negligible [2]. In these materials,
the chalcogens (Te and Se) are separated into different lattice
sites, forming ordered Te-Bi-Se-Bi-Te quintuple layers and
reducing defect formation.

Another great advantage of Bi,_,Sb,Tes_,Se, is that the
Fermi level and the Dirac cones can be controlled by changing
the chemical substitution parameters of x and y. Angle-
resolved photoelectron spectroscopy (ARPES) revealed that
the chemical potential was kept to be in the bulk band gap,
whereas the Dirac cone dispersion changed systematically and
the Dirac point moved up in energy with increasing x, chang-
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ing the sign of the Dirac carriers from n type to p type at x ~
0.9 [3]. These materials show bulk superconductivity under
pressure [4]. In BiySes-based compounds, the first structural
phase transition where the electronic structure also changes
significantly is a trigger of the emergence of superconductivity
under pressure [5,6]. In contrast, in Bi,_,Sb,Te;_,Se, (y ~
1.2) pressure-induced bulk superconductivity was observed
at a pressure below the first phase transition [4]. Density
functional theory (DFT) calculations of Bi; sSbgsTe; 5Se; s
showed the closing of the band gap at 5.8 GPa [7]. Therefore,
we should expect changes in the electronic structure below the
pressure of the first phase transition in Bi,_,Sb,Tes;_,Se,. On
the other hand, in Bi,_,Sb,Te;_,Se, (x = 1.0, y = 2.0) the
emergence of superconductivity was recently found around
the pressure of the first structural transition (Py;) [8]. This
difference was considered to be due to the Te amount in these
systems. In Bi,_,Sb,Te;_,Se, the chemical composition and
pressure dependencies of the relation between the electronic
structure and 7, may be the key to understanding these phe-
nomena, but there are no reports of the electronic structure,
especially for the measurement under pressure so far.

In this paper, we conduct a systematic study of the
electronic structures of Bi,_,Sb,Te;_,Se, (y ~ 1.2). We mea-
sured the chemical composition (x) and pressure dependencies
of the high-resolution x-ray absorption spectra with par-
tial fluorescence yield mode (PFY-XAS) at the Se-K and
Bi-L; absorption edges [9-11]. We measured the electronic
structures of the key elements of Bi and Se separately.
Our XAS study is intrinsically bulk sensitive and thus can-
not discuss surface states or surface topology; instead, we
study the correlation between bulk electronic structure and
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superconductivity. The purpose of this paper is to clarify the
chemical composition and pressure dependence of the corre-
lation between the electronic structure and the emergence of
superconductivity. The chemical composition dependence of
the XAS spectra may give another perspective on the elec-
tronic structure compared to ARPES. We find an energy shift
of the Bi-L3 absorption edge between x = 0 and 1.0. Pressure
starts to change the electronic structure below Py, which
may correlate with the emergence of superconductivity within
the rhombohedral phase. We also performed fully relativistic
DFT calculations, which account for the effects of spin-orbit
coupling for Bi,Te,Se and Bi; 5SbysTe,Se. We can show
how the observed increase in the superconducting transition
temperature is related to the density of states (DOS) at the
Fermi level, and we find a metallization in both compounds
below P;;.

II. METHODS

A. Experiments

Single crystals of Biy_Sb,Te;_,Se, (BiyTe;gSe;.,
Bij 75Sbg 25Te g0Seq .11, Bij.5Sbg sTer.sSer .32, and Bij goSbp .o
Te;31Se;.19) were prepared with Bi, Bi;O3, and Bi;Ses for
comparison [4]. Crystals of Bi,_,Sb,Te;_,Se, were grown
by a conventional melt-growth method using stoichiometric
amounts of Bi, Sb, Te, and Se powders [4]. The powders were
sealed in a quartz tube, which was heated at 850°C for 24
hours, then slowly cooled down to 550 °C at a rate of 6 °C/h,
and then quenched with ice water. The energy-dispersive x-ray
spectroscopy (EDX) spectrum of the crystals was recorded
with an EDX spectrometer equipped with a scanning electron
microscope (KEYENCE VE-9800-EDAX Genesis XM?2).
The EDX spectra were measured for 5-10 different positions
at room temperature.

The PFY-XAS spectra were measured at BL12XU, SPring-
8 [12,13]. Johann-type spectrometers were equipped with a
spherically bent Si(577) analyzer of a radius of ~1 m for
Se KB, emission and Si(555) for Bi L« emission with a Si
solid-state detector (Amptech). We analyze the two emission
lines of the K8 at the Se-K absorption edge and the Lo at the
Bi-L; absorption edge [6,14]. At the emitted photon energy of
12.66 keV the overall energy resolution was set to be 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 arose 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.

The incident beam energy was corrected using the absorp-
tion edges of Au L, and L3 in every experiment. However,
there are shifts of the incident energies of the PFY-XAS
spectra at the Se-K and Bi L3 edges between the samples
of x =0.5 and 0 (Figs. 3 and 4), which were measured as
different series of experiments. Here, we did not correct these
incident energies because we only discuss the relative change
in the energy.

We also measured the PFY-XAS spectra at the Bi-L, ab-
sorption edge using the emission of Bi LB (3d3/2-2p1,2) with
an analyzer crystal of Si(880) to compare with the spectra
at the Bi-L; absorption edge. We normalize the continuum
fluorescence part of the spectrum at the L, absorption edge
to be half the value of that at the L, absorption edge [15].

For the high-pressure experiments in the x-ray emission
spectroscopy, the x-ray beam was focused to ~30 (horizontal)
x ~20 (vertical) um? at the sample position using a toroidal
and a Kirkpatrick-Baez mirror. High-pressure conditions were
achieved using a diamond anvil cell coupled with a gas mem-
brane. A Be-gasket of 3 mm in diameter and approximately
100 um thick was pre-indented to approximately 40—50 um
thickness around the center. The diameter of the sample cham-
ber 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. Pressure was monitored by the
ruby fluorescence method [16—18]. All measurements here
were performed at room temperature.

B. Theoretical calculations

We performed scalar and fully relativistic electronic struc-
ture calculations for Bi,Te,Se and Bi; 5Sbg sTe,Se with the
full potential local orbital (FPLO) basis set [19] and the
GGA exchange correlation functional [20]. We use the ex-
perimentally determined structures under pressure. We first
interpolated the lattice parameters in order to avoid spurious
noise in the crystal structures, and we sampled the structures
in 0.5 GPa pressure steps. For these structures (65 in the
case of Bi,Te,Se and 84 in the case of Bi;5SbgsTe,Se),
we fully optimized all internal Wyckoff positions for fixed
symmetry and lattice parameters using GGA calculations. We
extract the electronic structure at the GGA + SO level using
24 x 24 x 24 k points.

III. RESULTS

A. Chemical composition dependence

We measured the x dependence of the PFY-XAS spectra of
Biy_,Sb,Te;_,Se, (x =0, 0.25, 0.5, 0.91, and y ~ 1.2) with
the reference samples of Bi, Bi,O3, and Bi,Ses at the Se-K
and Bi-L3 absorption edges. The intensity is normalized by
the integrated area in the measured energy range. Figures 1(a)
and 1(b) show the PFY-XAS spectra of Bi,_,Sb,Tes;_,Se, and
Bi,Sejs at the Se-K absorption edge and ambient pressure. The
main peaks around the absorption edge are labeled as A, B,
and C. The absorption spectra at the Se-K absorption edge do
not show a significant change when Sb is substituted for the
Bi site. The absorption edge also does not change within the
experimental errors. The results indicate that the Sb substitu-
tion does not affect the electronic structure of Se significantly,
but that it affects the electronic structure of Bi because of the
energy shift of the absorption edge as described below. The
energies of the Se-K absorption edge of Bi,_,Sb,Te;_,Se, are
much higher than that of Bi,Ses, indicating that the charge
state of Se is higher than 3+ in Bi,_,Sb,Te;_,Se,. The in-
tensity of the peak A of BiySes is much smaller than that of
Bi,_,Sb,Tes;_,Se, while its width is larger. The peak position
of the peak A in Bi,_,Sb,Tes_,Se, is slightly higher than that

035146-2



CORRELATION BETWEEN ELECTRONIC STRUCTURE AND ...

PHYSICAL REVIEW B 108, 035146 (2023)

(a) (b).
0.012 Se Kedge |4 4p Se Kedge
)
e
fon £
g 0.008 | 10.008 |
\g 3
2
2 0.004 o0 0.004 —
@i r —x=025 % r —x=0.25
=
- —x=1.0 —x=1.0
) - BipSeg . - BigSeg
0 . . 0# .
12650 12670 12690 12652 12656 12660
Incident photon energy (eV) Incident photon energy (eV)
(c) d
Bi L, edge L —x=0 E
A c F‘: G e ge 10.0041 ¥/ ¢
£ 0.004 TR —x=1.0
B} r -—Bi
E /’ —x=0 i /
s 4 = ;
> j —x=025  |ggpp’ “Bi:Se;
g 0.002 | —%=1.0 ] ey
) | —Bi W
€ D, 3,0 X .
= r i 6 /
i - BipSeg Vs Bi L, edge
0LL. . 0 == T . .
13420 13460 13414 13418 13422 13426 13430

Incident photon energy (eV) Incident photon energy (eV)

e
L —.
Bi,..SbyTes., Sey Bi,Se;

S1aa22] o s o
s R S £
2 T 4
w

T g

0 02 04 06 08 1

X

FIG. 1. (a) PFY-XAS spectra of Bi,_,Sb,Te;_,Se, (x =0, 0.25,
0.5, 1.0, and y ~ 1.2) and Bi,Se; at the Se-K absorption edge.
(b) Expanded views of the PFY-XAS spectra in (a) around the Se-
K absorption edge. (c) PFY-XAS spectra of Bi,_,Sb,Tes_,Se,, Bi,
Bi,0;, and Bi,Se; at the B-L; absorption edge. (d) Expanded views
of the PFY-XAS spectra in (c) around the Bi-L; absorption edge.
(e) Energy of the Bi-L3 absorption edge of Bi,_,Sb,Tes_,Se, (closed
circles) and Bi,Se; (open circles). In (e) the critical pressures for
creating superconductivity in Bi,_,Sb,Tes;_,Se, (open diamonds) are
also shown [4].

in Bi,Se;. These results suggest more unoccupied states of Se
4p DOS and a larger band gap in Bi,_,Sb,Tes_,Se, compared
to the case of Bi,Ses.

Figures 1(c) and 1(d) show the PFY-XAS spectra of
Bi,_,Sb,Tes;_,Se,, Bi, Bi,O3, and Bi,Se; at the Bi-L3 absorp-
tion edge and ambient pressure. The main peaks around the
absorption edge are labeled as D, E, F, G, and H. The energy
of the absorption edge of Bi,_,Sb,Tes_,Se, around 13 420 eV
is near that of BipSes and higher than that of Bi, O3, indicating
that the Bi charge state is slightly higher than 3+4. Here, we
made spline fits for the XAS spectra and defined the energy of
the absorption edge as the maximum of the second derivative
curve.

The absorption edge energy normally corresponds to the
Fermi level in metals. In Bi,_,Sb, Tes_,Se, there is a band gap
at ambient pressure and the Fermi level is located in the band
gap [3]. In this case, the change in the energy position of the
absorption edge is considered to reflect mainly changes in the
energies of the conduction band, the valence band, the size of

the band gap or changes in the Bi charge state. The energy of
the Bi-L; absorption edge decreases by approximately 0.3 eV
when the Sb content x increases from O to 1 as shown in
Fig. 1(e), while the energy of the Se-K absorption edge did
not show a significant x dependence [21]. On the other hand,
ARPES showed that Sb substitution raised the Dirac point and
the energy of the valence band, and finally a slight increase
of the band gap defined as the energy difference between the
conduction and the valence bands [3]. The shift of the energy
of the Bi-L3 absorption edge to the lower-incident energy side
seems to show a decrease in the energy of the conduction
band with the Sb substitution and a decrease in the band gap.
However, ARPES and the resistivity measurements showed
rather the increase in the band gap with the Sb substitution
as described above [2,3]. A possible explanation of the down-
ward shift of the energy of the Bi-L3 absorption edge is due to
the decrease of the Bi charge states with the Sb substitution.
This may result in the decrease of the relative energy of the
Fermi level to the energy of the valence band, and in the
increase of the band gap as observed in ARPES.

In Fig. 1(e) we also show the onset pressures for creating
superconductivity [4]. P, increases with x. The bulk band gap
shows an increasing trend with x [3]. Our DFT calculations,
using the experimentally determined structures described be-
low, indicate a wider band gap of 0.25 eV at ambient pressure
in Bi; 5Sbg 5Te, Se compared to an extrapolated one of 0.20 eV
in Bi, Te,Se. This suggests that the critical pressure to produce
superconductivity increases with the Sb substitution. Gener-
ally, DOS at the Fermi level and thus closing the band gap
is necessary for the appearance of the superconducting state.
Pressure can change the bandwidth and as a consequence the
band gap. Therefore, a higher pressure may be required for
creating superconductivity in the case of a wider band gap.

B. Pressure dependence of the XAS spectra:
Biy.sSby.sTeq ¢sSe1.32

We measured the pressure dependence of the PFY-XAS
spectra for the x = 0.5 and 0 samples (Bi; sSbgsTe; ¢sSe; 3
and Biy Te; sSe; ) at both the Se-K and Bi-L; absorption
edges. Under pressure, both samples have the phases I (R 3m),
II (C2/m), and III (9/10-fold C2/m) with different crystal
structures of rhombohedral, monoclinic, and another mono-
clinic structure, respectively [4,21]. Figures 2(a)-2(c) show
the PFY-XAS spectra of the x = 0.5 sample at the Se-K ab-
sorption edge. In Figs. 2(d) and 2(g) we show examples of the
fits to the PFY-XAS spectra at 4.1 GPa. Figures 2(e) and 2(f)
show the PFY-XAS spectra at the Bi-L3 absorption edge.

In the fits, we assumed some Voigt functions with an
arctan-like fluorescence background for simplicity [6]. From
the analogy to the spectra of selenium compounds [22-26],
the peak A is attributed to a 1s—4p dipole transition and to Se
4d partial density of states hybridized with the Bi 6s and 6p
states. The peak B is due to multiple scattering sensitive to the
local structure around Se and the partial density of states of Se
4d character in the continuum. We assumed five components
of the peaks D, E, F, G, and H near the Bi-L; absorption
edge [27-29]. The peak D is assigned as a dipole-allowed
transition of a 2p3/, electron into 6s states [26,28,30,31]. A
weak intensity of the peak D [see also Fig. 3(e)] suggests
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FIG. 2. Absorption spectra of Bi; sSbysTe; ¢sSe;32. (a) Pressure dependence of the PFY-XAS spectra at the Se-K absorption edge.
(b) Expanded views of the PFY-XAS spectra in (a) around the Se K-absorption edge. (c) Expanded views of the PFY-XAS spectra in (a) around
the Se K-absorption edge, where the intensity is normalized to the peak. (d) A fit example of the PFY-XAS spectrum at the Se-K absorption
edge and 4.1 GPa. The main peaks around the absorption edge are labeled as A, B, and C. The open circles are the measured data. (e) Pressure
dependence of the PFY-XAS spectra at the Bi-L; absorption edge. (f) Expanded views of the PFY-XAS spectra in (e) around the Bi-L;
absorption edge. (g) A fit example of the PFY-XAS spectrum at the Bi-L; absorption edge and 4.1 GPa. The main peaks around the absorption
edge are labeled as D, E, F, G, and H. The open circles are the measured data.

that the Bi 6s state is not filled completely. The increase in
the intensity of the peak D with pressure may correspond
to the increase in the hybridization [6,27]. Peaks E and F
correspond to the transition of a 2p3/, electron to 6d f,, and
e, states [26].

In the x = 0.5 sample, superconductivity appears above
5 GPa and below T and increases rapidly around P;; of 10—
12 GPa as shown in Fig. 3 as a dense grey area. Figure 3(a)
shows that the energy of the Se-K absorption edge starts to
decrease gradually at a pressure below Py;. A gradual decrease
in the intensity of the peak A (Se 4p band) also occurs at a
pressure below Py; as shown in Fig. 3(b). The energy of the
peak A does not change much around this pressure range,
while the width of the peak A becomes broad and the Se-K
absorption edge decreases with pressure. A sudden decrease
in the intensities of the peaks A and B around 0.6-2.5 GPa
in Figs. 3(b) and 3(c) are observed, although the origin is not
known. The intensity and energy of the peak B are insensitive
around the pressure of the structural transition from phase I to
II, while the intensity of this peak decreased rapidly around
the structural transition from phase II to III, as shown in
Fig. 3(c).

The energy of the Bi-L; absorption edge starts to decrease
below P, and decreases rapidly beyond P as shown in
Fig. 3(d). In this figure, we also show the energy where the
intensity of the peak D (Bi 6s band) is 0.001, which follows
the trend of the energy of the Bi-L; absorption edge. The

energy of the peak D gradually decreases from 5 to 10 GPa
below P;; as shown in Fig. 3(e). Thus, the energy of the
Bi-L; absorption edge, the energy at which the intensity of the
peak D is 0.001, and the energy of the peak D show similar
pressure dependence. The intensity of the peak D increases
rapidly around P;; from phase I to II, while almost no change
is observed around the transition from phase II to III, as
shown in Fig. 3(e). The results indicate a pressure-induced
increase of the unoccupied states of the Bi 6s band above Fy;.
Figure 3(f) shows that both the intensity of the peak E (Bi
6d t,, band) has a trend to increase with pressure with a small
step-like increase around P, while the energy of that does
not show a clear pressure dependence related to the structural
phase transitions or superconductivity. The increase in the
intensity of the peak E indicates an increase in the unoccu-
pied states of the Bi 64 band. Thus, the unoccupied states of
both the Bi 65 and 6d bands increase with pressure, suggest-
ing the increase of the hybridization. Figure 3(g) indicates
that the intensity of peak F' does not show pressure depen-
dence. The energy of peak F decreases rapidly around the
pressure where the superconductivity appears.

Both the Se-K and Bi-L; absorption edges shift to lower
incident energies, indicating an increase of the unoccupied
states above the Fermi level. The energy shift of the peak D
is on the order of 1 eV between 0 and 10 GPa, while that of
the Se-K absorption edge is on the order of 0.5 eV. The rapid
increase in 7; around 10—12 GPa may be closely related to the
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FIG. 3. Analyzed results for Bi; sSbysTe;¢sSe; 3. The measured spectrum is normalized to be 1 by its area. The intensity of each
component obtained by the fit is multiplied by a factor of 100. Energy is given relative to the value at the lowest pressure. The two gray
areas indicate the boundary regions where two phases coexist, separating the superconducting regions. We also show a pressure dependence
of T, as a dense grey area where the maximum of the vertical axis is scaled to be 8 K [4]. The positions of the large vertical arrows indicate
the pressures we refer to in the text. (a) Pressure dependence of the energy of the Se-K absorption edge. [(b),(c)] Pressure dependence of the
intensity and energy of the peaks A and B. (d) Pressure dependence of the energy of the Bi-L; absorption edge together with the energy at
which the intensity of the peak D is 0.001. [(e)—(g)] Pressure dependence of the intensity and energy of the peaks D, E, and F'. There are three
pressure regions corresponding to the phases I (R 3m), I (C2/m), and III (9/10-fold C2/m) with different crystal structures [4].

above large change in the electronic structure. But the present
results indicate that below Py, the pressure-induced change in
the electronic structure already starts.

The intensity of peak A of Se starts to decrease gradually
below P, while the intensity of peak D of Bi shows a rapid
increase at Py;, which is induced by the structural phase transi-
tion, indicating that Bi is more sensitive to the structural phase
transition. The energy shifts of the Se-K and Bi-L; absorption
edges may reflect the change in the energies of the conduction
bands and the width of the band gap. In fact, the DFT calcu-
lations described below show the lowering of the conduction
band and the raising of the valence band with pressure.

The chemical substitution of Sb on the Bi site mainly af-
fects the Bi site as described above, while pressure affects both

Bi and Se sites. But pressure has more effect on the electronic
structure of Bi compared to that of Se. The maximum pressure
where 7. was measured was 14.2 GPa, which is below the
pressure of the second structural phase transition (Py) [4].
Our results indicate that the change in the electronic structure
around Py, is small, which would lead to a prediction of nearly
constant T; for phases II and III in both samples.

C. Pressure dependence of the XAS spectra: Bi, ;Te; gSe; »

The analyzed results of the x = 0 sample are shown in
Fig. 4. The measured PFY-XAS spectra are shown in the Sup-
plemental Material [21]. At the Se-K absorption edge, similar
to the x = 0.5 sample, the energy of the Se-K absorption edge
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(b) indicate the boundary regions where two phases coexist, separating the superconducting regions. We also show a pressure dependence of
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Bi-L; absorption edge together with the energy at which the intensity of the peak D is 0.001. [(e)—(g)] Pressure dependence of the intensity

and energy of the peaks D, E, and F.

shows a rapid decrease above 5 GPa across the transition from
phase I to II as shown in Fig. 4(a). It seems to correlate with
the increase of superconducting 7;. The energy and intensity
of peak A (Se 4p band) show a similar trend with that of
the Se-K absorption edge as shown in Fig. 4(b). Figure 4(c)
shows that the intensity of the peak B decreases in phase I and
increases gradually in phases II and III.

At the Bi-L; absorption edge, the energy of the Bi-Ls
absorption edge does not show a clear pressure dependence
as shown in Fig. 4(d). The intensity of the peak D (Bi 6s

band) in Fig. 4(e) increases up to 20 GPa with pressure. The
pressure-induced shift of the energy of peak D is not clear,
while the energy where peak D has intensity 0.01 decreases
monotonically with pressure as shown in Fig. 4(d). This sug-
gests an increase of the unoccupied states of the Bi 65 band
with pressure similar to the case of Bij sSbgsTe;zSe; 3.
Figure 4(f) shows that the intensity and energy of the peak E
(Bi 6d 1, band) shows a rapid increase at pressures between
11.2 and 14.3 GPa, corresponding to the pressure range of
the beginning of phase II. The intensity of peak F' (Bi 6d e,
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separating the superconducting regions

band) in Fig. 4(g) decreases drastically across the transition
pressure range from phase I and II and almost disappears
above 14 GPa. Thus, the lower Bi 6d 1,, state is occupied
with pressure while the higher Bi 6d e, state is unoccupied
rapidly above the transition pressure from phase I to II. These
changes in the electronic structure of the Bi 64 band are dif-
ferent between Bi, | Te; gSe i, and Bij 5SbgsTe; 6sSeq.32. On
the other hand, the Se bands did not show such a large change
around pressure from Py to Py in Biy Te;gSe;, as shown
in Figs. 4(b) and 4(c). A possible scenario to explain the
present results may be that in Bi ; Te; gSe; » the hybridization
between the Bi 64 and the Te bands becomes larger at Py
compared to the case in Bij 5Sbg sTe; ggSej 3. It is noted that
the amount of the Te component has a large effect on the
superconducting properties, including the onset pressure of
T. [8,32].

The transition pressure to the superconductor of the x = 0
sample is around 4 GPa, which is lower than that of the
x = 0.5 sample (~5 GPa). These pressures are lower than P;.
In our measurements, it is difficult to observe the difference
in the electronic structure between the x = 0 and 0.5 samples
around 4-5 GPa. But we could conclude that in both x =0
and 0.5 samples, the electronic structures start to change be-
low Py, corresponding to the emergence of superconductivity.
Thus, in the Bi,_,Sb,Tes;_,Se, systems the first structural
transition is not a trigger for the emergence of superconductiv-
ity unlike in the A,Bi,Ses systems, but it does have the effect
of raising T...

D. XAS spectra at the Bi L, and L; absorption edges

We also performed measurements of the pressure de-
pendence of PFY-XAS spectra of the x =0.5 sample
(Bi; 5Sby sTe; ¢sSe;32) at the Bi-L, and Bi-L; absorption
edges. The results are shown in Figs. 5(a)-5(g). Note that in

Fig. 5 the incident photon energy at the L3 absorption edge is
shifted by 2300 eV to lower energy.

The electrons in the 2p3/, state can be excited to 6s, 6d| 2,
6d3 />, and 6ds,, at the Bi-L3 absorption edge and those in the
2p1,2 state can be excited to 6s, 6d /2, and 6d3,, at the Bi-L,
absorption edge if there are the unoccupied states. A transition
from 2p to the 6p states is quantum-mechanically forbidden
within a dipole approximation.

If we define the Bi white peak as the sum of the peaks of D,
E, and F, the white peak is much weaker compared to the case
of 5d compounds [15]. This may suggest the occupation of 64
bands by conduction electrons. It is known that the white line
intensity ratio, the branching ratio, at the L, to the L3 edges is
calculated to be 2, which is the ratio of the statistical weight of
2J + 1 of the 2p levels. The deviation of the branching ratio
to greater than 2 suggests strong spin-orbit interaction [15].
We show the white line intensity ratio in Fig. 5(h), where
the contribution from the D component is omitted to see the
pure spin-orbit interaction of the d electrons. The branching
ratio increases with pressure up to 20 GPa, and a further
increase in pressure does not change the ratio. The values of
the branching ratio are around 2, indicating nearly no effect
of the spin-orbit coupling on the d electrons. It is known
that the spin-orbit interaction strongly depends on the angular
momentum and the spin-orbit constant of the p orbitals is
normally much larger than d orbitals [33,34]. This is a reason
why we did not observe the effect of the spin-orbit interaction
in this measurement.

IV. ELECTRONIC STRUCTURE CALCULATIONS

We use the structural data determined for the Bi,Te,Se
and Bi; 5Sbg sTe;Se samples (see Tables in Ref. [21]) to per-
form electronic structure calculations using the full potential
local orbital (FPLO) basis set and a generalized gradient
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FIG. 6. Density of states at the Fermi level N(Ef) for Bi,Te,Se
as function of pressure. The inset shows the small metallic N(Eg) in
the rhombohedral phase after the closing of the charge gap.

approximation (GGA) to the exchange-correlation functional.
We account for the strong spin-orbit coupling in Bi, Sb,
Te, and Se by performing fully relativistic DFT calculations.
For our calculations, we use the pressure-dependent lattice
parameters of Bi;Te,Se and Bi; sSbgsTe,;Se determined in
this study. For Bi,Te,Se, a rhombohedral phase 1 (R3m
space group) at ambient pressure is replaced by a monoclinic
phase II (C2/m space group) at P = 8.4 GPa and by another
monoclinic phase III at P = 15.4 GPa (so-called 9/10-fold
C2/m structure). For Bi; sSbg sTe,Se, the ambient pressure
rhombohedral phase I (R3m space group) is replaced by a
monoclinic phase II (C2/m space group) at P = 10.0 GPa. At
P = 18.7 GPa, this is replaced by phases III and IV occurring
simultaneously. While phase III has a monoclinic C2/c space
group, phase IV is a monoclinic C2/m space group. Kim
et al. also performed the DFT calculations in a wide pressure
range for Bi; 5Sbg sTe; sSe; . But the detailed calculations as
a function of pressure were limited to the pressure range of
less than 12.09 GPa. Here we performed the detailed pressure
dependence of the electronic structure calculations for the
three phases of Bi,Te,Se and Bi; 5sSbg sTe,Se.

The insets in Figs. 6 and 8 indicate that Bi,Te,Se and
Bi; 5Sby5Te,Se become metallic around 8 and 7 GPa, re-
spectively, within the rhombohedral phase, so that the results
support the experimental observation described above. Fig-
ures 6 and 8 also show that monoclinic phases II for both
Bi,Te,Se and Bi; 5SbgsTe,Se have substantial density of
states at the Fermi level N(Eg); this can explain that su-
perconducting 7. substantially increases within this phase
experimentally [4].

Figure 7 shows the pressure-induced insulator to metal
transition in the rhombohedral phase I of Bi; sSbg sTe,Se. The
charge gap disappears at around 7 GPa, leading to a small
but finite N(Eg). The fact that there still seems to be a tiny
indirect band gap at 12 GPa indicates that the L point is not
exactly the point with the lowest conduction band energy. The
density of states at the Fermi level is even larger in phase III

- Bi; 5Sbg 5 Te,Se (phase I, R3m)
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FIG. 7. Charge gap (top) and band structures of Bi; sSby sTe,Se
in rhombohedral phase I as function of pressure. At P = 7 GPa, the
gap disappears as valence and conduction bands touch.
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FIG. 8. Density of states at the Fermi level N(Eg) for
Bi; 5Sby5Te,Se as function of pressure. Empty symbols represent
calculations with lower symmetry where every fourth Bi is replaced
by Sb. The inset shows the small metallic N (Ef) in the rhombohedral
phase after the closing of the charge gap.
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for Bi,Te,Se and in phases III and IV for Bi; sSbysTe,Se.
Experimentally, the superconducting 7. above 15 GPa was
not determined for the present samples [4]. However, the fact
that N(Er) nearly doubles at phase II to phase III transition is
in excellent agreement with the substantial T; increase found
in this pressure range in Ref. [47]. Technically, calculations
for the x = 0.5 compound require the replacement of every
fourth Bi by Sb. We did these calculations for phases II and
IV (empty symbols in Fig. 8) and find that the results are
very similar to calculations for pure Bi in combination with
the experimental lattice parameters for Bij sSbgsTe,Se (full
symbols in Fig. 8).

Figure 7 also shows that the pressure raises the valence
band, lowers the conduction band, and results in the narrowing
of the band gap. This is in contrast to the chemical pressure
effect where the Sb substitution induced the increase of the
band gap although the lattice constants showed a tendency to
decrease [3,21].

Figures 3(d) and 3(e) show that both the energies of the
Bi-L; absorption edge and the peak D start to decrease from
around 5 GPa below P;;. These behaviors correspond well to
the closing of the band gap in Fig. 7 where the lowest energy
of the conduction band shifts toward the Fermi level with
pressure.

Experimentally, the intensity of the peaks E + F, cor-
responding to the Bi 6d unoccupied states, does not show
significant pressure dependencies in Bi; 5Sbg sTej ¢gSe; 32 and
Bi, Te; sSe;» (Fig. S3 in the Supplemental Material [21]).
The calculations show approximately 0.4 occupied 6d elec-
trons in both phases I and II of Bi; 5Sbg sTe,Se, supporting
the experimental results.

V. DISCUSSION

In BiySes and A, Bi,Se; (A = Ag, Sr) the pressure-induced
first structural phase transition is a trigger of the emergence
of superconductivity, where the electronic structure changes
significantly [5,6,35-43]. Two different pressure-induced
superconducting phases were reported in BiySe;, Bi,Tes,
(Bi, Sb)z(Se, Te)3, BizTCQSe, and Bi]_lsbo_gTezs [43—47] A
universal phase diagram was proposed, combing the results of
the above materials, where the superconducting regions were
divided into low-7; SC1 and high-7; SC2 as a function of
pressure [47]. In the universal phase diagram, the transition
from SC1 to SC2 occurred around the pressure of the struc-
tural phase transition from monoclinic (C2/m) to tetragonal
(I14/mmm) phases. They also showed the emergence of the
SCI1 phase at P;; from the rhombohedral to monoclinic crystal
structures.

In Bi,_,Sb,Te;_,Se, superconductivity emerged at a pres-
sure in phase I (thombohedral structure) below the first phase
transition [4]. The present system seems to be an exception
to the above universal phase diagram. A question is what the
trigger is for the appearance of superconductivity below Fy;.

The energy of the peak D of the x = 0.5 sample gradually
decreases from 5 GPa to 10 GPa, and its intensity increases
above 10 GPa suddenly in Bi; sSbgsTe; ¢sSe; s2. This indi-
cates that the Bi electronic structure starts to change below
P;; and shows a large change at that pressure. The results are

correlated to the emergence of the superconductivity below
P;; and the sudden increase of T; above Py;.

In the pressure dependence of the Bi electronic structure,
the most crucial evidence is the behavior of the absorption
edge and the peak D. The energies of the peak D and the
Bi-L; absorption edge of the x = 0.5 sample gradually de-
crease from 5 GPa to 10 GPa. The intensity of the peak
D increases above P;; suddenly in Bi; 5SbgsTe; ¢gSe; 3 as
shown in Figs. 3(d) and 3(e). The shift of the above ener-
gies may reflect that of the Fermi level. The decrease of the
intensity of the peak D, arising from the 2p to 6s transition,
attributes to the hybridization with other orbitals and also may
correspond to the shift of the above energies, which could be
closely connected to the narrowing of the band gap. Thus, the
electronic structure starts to change below P;; and it changes
strongly around the structural transition pressure with the
rapid enhancement of 7;. Our calculated results for Bi, Te,Se
and Bi; 5Sbg sTe,Se in Fig. 7 support the experimental results
that the band gap closes around 8 and 7 GPa, and DOS at the
Fermi level start to increase within the thombohedral phase,
respectively, which could be a trigger of the emergence of the
superconductivity. The sudden enhancement of the DOS at the
Fermi level around 10 GPa in Bi; 5Sbg 5Te,Se connected to the
increase of T, caused by the structural phase transition.

On the other hand, the change in the electronic structure
and the enhancement of 7; in Bi,Te,Se are more gradual
compared to the case of Bi; sSbg sTe,Se around the pressure
range from Phase I to II. This may be due to the wider pressure
range of the boundary where two phases coexist in Bi, Te, Se.
A similar calculated results for Bi; sSbg sTe; gSe;» were re-
ported by Kim et al. [7] They suggested the non-trivial state
at phase I and a trivial semimetal state at 12.1 GPa. On the
other hand, in our calculations, Z, invariant calculated for each
crystal phase of Bi,Te,Se under pressure indicated a strong
topological nature at phase I, a topologically trivial nature at
phase II, and a strong topological nature at phase III. The band
gap disappeared in phases II and III. However, the Z, invariant
for phase II was very sensitive to the crystal structure, and the
topologically trivial nature was still under discussion [4].

VI. CONCLUSIONS

In this study, we investigate the correlation between elec-
tronic structure and the emergence of superconductivity by the
measurements of the electronic structure and by DFT calcula-
tions. We measured the x dependence of the PFY-XAS spectra
of Bi,_Sb,Tes_,Se, (x = 0,0.25,0.5, 1.0, and y ~ 1.2) at the
Se-K and Bi-L; absorption edges. The chemical substitution
of Sb to the Bi site mainly affects the Bi site. We found a
downward shift of the energy of the Bi-L3 absorption edge by
0.3 eV between x = 0 and 1.0, which may suggest a change
in the Bi charge state.

We also measured the pressure dependence of
the PFY-XAS spectra for the x =0.5 and O samples
(Bi; 5SbgsTe; ¢gSeq 30 and Biy 1 Te; gSeq ). Common features
were observed for both samples. The pressure affects both the
Bi and Se sites. The shifts of the Se-K and Bi-L3 absorption
edges may correspond to the increase in the unoccupied states
of the Bi 6s and 6d 1, bands, suggesting the increase of
the hybridization with pressure. These electronic structure
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changes may correlate to the emergence of the superconduc-
tivity at pressures below Py;. The first structural transition
enhanced T; rapidly with changing the electronic structure
significantly in Bij5SbgsTe;¢sSe;32. The experimental
observations are supported by the detailed DFT calculations
as a function of pressure for Bi,Te,Se and Bi; 5Sbg sTe,Se.
The calculations showed the closing of the gap and increasing
DOS at the Fermi level at the pressures below Pj;.

The pressure dependence of 7; above the pressure around
the second phase transition has been measured in Ref. [47]
but not in Ref. [4] for the samples measured in this paper. Our
electronic structure calculations are in excellent agreement
with superconducting 7. being nearly constant within phase
II and within phase III but being substantially larger for the
second superconducting phase; both these observations are
borne out by the densities of states at the Fermi level we find
in extensive calculations for both x = 0 and x = 0.5 structures
of Bi,_,Sb,Te;_,Se,. From our measurements, we do not

find a substantial change in the electronic structure above
around Py,.
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