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The phase evolution of BisSesTepq driven by the applied external pressure at ambient temperature was
investigated in-situ with pressure up to 30.0(2) GPa using angle-dispersive X-ray diffraction (ADXRD) and Raman
scattering spectroscopy. ADXRD measurements revealed that starting from the ambient rhombohedral structure
(phase I), new forms of crystal structures are found to sequentially emerge with increasing externally applied
pressure. Namely a seven-fold monoclinic structure (phase II), then an eight-fold monoclinic structure (phase III),
a body-centered structure (BCC, phase IV), and finally a body-centered tetragonal structure (BCT, phase V) was
observed at pressures of ~10.5(3) GPa, ~18.8(1) GPa, ~23.0(1) GPa, and ~28.0(2) GPa, respectively. The
Raman scattering spectroscopy consistently showed that the pressures at which the corresponding phase
appeared at ~10.2(2) GPa, ~18.9(1) GPa, and ~26.1(2) GPa, respectively. Moreover, the rhombohedral phase
exhibited an even more pronounced signature of electronic topological transition in low-pressure regime, as
compared with those previously observed in pristine BiyTes and BisSes, It appears that the alloying of BizSes with
BisTes has led to more profound effects in the electronic and structural properties of the resultant system than
that expected from the Vegard’s law.

1. Introduction

The AyB3 (with A = Bi, Sb and B = Se, Te, S) layered chalcogenide
compounds have been attracting tremendous research attention owing
to their rich exotic physical properties. In addition to exhibiting
exceptional thermoelectric properties [1,2], recently several members
(BisSes, BizTes, SboTes) of this class of chalcogenide compounds have
been further theoretically predicted and experimentally elucidated as
the three-dimensional topological insulators (3D-TI’s) with sizeable bulk
gap of order of few hundred meV’s and single Dirac cone on the surface
states [3,4]. In this class of newly identified 3D-TI's, the strong
spin-orbit interaction leads to a band inversion over the bulk band gap,
which in turn hosts topologically protected linearly dispersed spin

polarized gapless surface states. Such exotic physical properties have
promised a wide range of future applications in the emergent fields of
room-temperature spintronics, quantum computation, in addition to
their inherent thermoelectric characteristics for energy conversions
[3-12].

At ambient conditions the AB3 layered chalcogenides assume a
typical tetradymite crystal structure, featuring stacked quintuple-
layered groups sandwiched by three sheets of B-atoms and two sheets
of A-atoms within each group. Between the quintuple-layered groups the
structure is bonded mainly by weak van der Waals forces. Both BisSes
and Bi,Tes crystallized into a thomboheral R3m structure at ambient
conditions. However, it has been reported that BiySes could also assume
an orthorhombic structure (space group Pnma) as a metastable phase at
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ambient conditions when quenched from high-pressure sintering [13,
14]. Moreover, owing to the versatile chemistry of Bi in bonding with
the chalcogenide elements, BiySes and BisTes had also been reported to
exhibit metallicity and superconductivity under pressure [13-15]. On
the other hand, BiySes also has been observed to exhibit superconduc-
tivity by intercalating copper into the van der Waals gap between
quintuple layers [16]. These observations strongly suggest the influen-
tial effects of external pressure on the structural changes and electronic
properties of these layered chalcogenide compounds.

Alternatively, chemical doping can also be used to tune the location
of the Fermi energy, hence the carrier concentration and carrier type to
enable the direct probe electronic properties of the topological surface
states without the interference from the bulk states. For instance,
Kushwaha et al. [17] showed that the Fermi energy for the Sn-doped
BiyTesSe crystal falls cleanly in the surface states with the Dirac point
lying approximately 60 meV below the top of the bulk valence band
maximum. In another example, Shrestha et al. [18,19] reported simul-
taneous but separable detection of Shubnikov-de Haas oscillations from
bulk and topological surface states in a p-type metallic BisSez1Teqg
crystal. To interpret the observations, an interesting band structure
consisting of two valence band maxima at a finite momentum (k) and the
conduction band minimum situating at k = 0 was proposed. Since the
proposed electronic structure for the p-type metallic BizSey 1 Teg g crystal
is unique and different from that of the pristine tetradymite-type BizSes
and BiyTes, it should be interesting to see how such doping-induced
electronic change affects the structural evolution under applied
external pressures. It is noted that, although extensive investigations had
been performed on the pressure-induced phase transition on pristine
BisSes and BiyTes previously, there is virtually no such investigation
reported for BisSes 1Te o.

In this study, we performed systematic investigations on the
pressure-driven structural transition in BipSes;Tepg crystal by using
angle-dispersive X-ray diffraction (ADXRD) and Raman spectroscopy.
The results revealed that, similar to Bi,Tes, BisSeq 1Teg g exhibited three
phase transitions. Namely, the ambient rhombohedral (phase I, denoted
as a-BizSep 1Teg o) to the seven-fold monoclinic (phase II, denoted as
B-BisSep 1Tepg) and eight-fold monoclinic (phase III, denoted as
y-BisSes 1Tep.9) occurred at ~10.5(3) GPa and ~18.8(1) GPa, respec-
tively. The system then transformed into the body-centered -cubic
structure (BCC, phase IV, denoted as 8-BisSesTepg) and a newly
identified body-centered -tetragonal phase (BCT, phase V) at pressures
~23.0(1) GPa and ~28.0(2) GPa, respectively. It is noted here that the
phase transitions observed here were rather sluggish, because the
appearance of new phases often coexist with the parent phase over a
rather wide range of the applied pressures. Moreover, an apparent
anomaly in pressure-dependent lattice constant ratio (c/a) signifying the
electronic topological transition (ETT) phenomenon similar to those
observed in BisSe3 and BiyTez [20-26] has also been observed within the
rhombohedral phase range (~6 GPa). Detailed comparisons with the
pressure-induced structural transitions in pristine BiySes and BiyTeg will
be given.

2. Experimental details

Nominal stoichiometric BisSep 1Teq 9 single crystals were prepared
by a modified Bridgman technique with high purity (99.9999%) Bi, Se
and Te. The starting materials were mixed according to the desired
compositions and then encapsulated in a quartz ampoule of 20 mm
diameter. The mixture was melted at 875 °C and kept at the same
temperature for 2 days prior to cooling down slowly to 670 °C at a
cooling rate of 0.5 °C/h and finally cooled down to room temperature at
arate of 10 °C/h. Shiny, plate-like single crystals with typical size of ~5
x 3 x 0.1 mm® were extracted from the synthesized products and ul-
trasonically cleaned in diluted acetic acid and acetone sequentially. The
picked BisSes 1Teg g crystals were ground to powders and loaded in a
membrane-driven symmetric diamond anvil cell (DAC) with a pair of
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600 pm culet diamonds. Angle-dispersive X-ray diffraction (ADXRD)
measurements were performed at pressures to 20.0 GPa for
BisSey 1Teg o, at beamline 13-BMC, Advanced Photon Source (APS). The
X-ray beam with a wavelength of 0.563 A (22.0 KeV) was focused into a
26 x 28 pmz spot using Kirkpatrick-Baez mirrors. Patterns were
collected using a Mar345 two-dimensional detector. In this study, we
used the ruby scale for pressure standard by overlapping of diffraction
peaks of the standard with that obtained in the experiment [27]. Fine
ruby spheres were used in this study because they are easier to be
identified than the ruby chips or powder. The ruby spheres were loaded
simultaneously with the BisSes 1Teg9 powder and evenly distributed
around the sample with a pressure-transmitting fluid (PTF) consisting of
Neon gas. The diffraction peaks of ADXRD reported in this study were
obtained using Voigt curve fitting. The detailed refined cell parameters
for each corresponding phases at each measured pressure with estimated
standard deviations are listed in Table S1 in the Supplementary Infor-
mation. As can be seen in Table S1, the standard deviations of the ob-
tained lattice parameters are actually smaller than the symbol size
shown in Fig. 2.

The high-pressure Raman scattering spectroscopy (HP-RSS) was
employed to characterize the variations of the in-plane and out-of-plane
bonding configuration modes. The pressure-dependent Raman mea-
surements were performed with a confocal micro-Raman system (TRIAX
550) with JOBIN-YVON SPEX SPECTRUM ONE liquid nitrogen cooled
charge-coupled diode (CCD) detector. The 5145 A line with a power of
1.5 W from the Coherent INNOVA 5.0 W Argon ion laser was focused to
about 2-4 pm diameter on the sample surface. All spectra were recorded
in the back-scattering geometry at room temperature with a Leitz UM 32
microscope objective and 3 accumulations at 1 s and 1000 s integration
time with ~50 mW power on the sample for each ruby fluorescence and
Raman spectrum, respectively. The laser beam was focused to about
2~4 pm on the sample surface and the excitation power density was
estimated to be about 2.5 x 10°~10° W/cm?. Wavenumbers are accu-
rate to =1 cm™! as determined from plasma emission lines. The fre-
quency of each Raman band reported in this study was obtained using
Lorentzian curve fitting. In this work, the pressure was measured in situ
using the same laser light and confocal micro-Raman system to excite
and analyze the ruby fluorescence, respectively, as was used to measure
the HP-RSS. The R; line of ruby occurs at 6942 A under ambient con-
ditions. The precision of the pressure determination with a corre-
sponding resolution of DAC pressure of about 0.1-0.2 GPa was achieved
by reading the peak position of the embedded ruby R; fluorescence. The
pressure-transmitting medium (PTM) used was the methanol-ethanol
mixture with a 4:1 (in volume) ratio. The Jandel Scientific Peakfit
computer program was used to de-convolute and determine the peak
position, intensity, and the full width at the half maximum (FWHM) of
the Raman spectra. Lorentz-Gauss cross product functions were used
throughout and peak fitting was carried out until the attained correla-
tion coefficient square (D) greater than 0.995.

3. Results and discussion

Fig. 1 shows the diffraction data of BizSep 1Teq g collected from the
in-situ ADXRD measurements over the pressure range of ambient to 30.0
(2) GPa. As is evident from Fig. 1, the diffraction patterns obtained up to
10.3(1) GPa can be indexed as rhombohedral phase I with space group
R3m by comparing with the database of Bi,Se,Te [28] indicated at the
bottom of Fig. 1. It is noted that, however, starting from about 4.9(1)
GPa, there is an additional sharp peak appearing suddenly near 26 ~
14°, whose position shifts slightly to higher diffraction angle with
increasing pressure all way up to about 26.0(1) GPa, as indicated by the
elongated yellow circle. The sudden appearance and the sharpness of the
diffraction peak suggest that it is not originated from the pressurized
BisSey 1 Tep o matrix, instead, it might have been from something already
existing in the chamber of the diamond anvil cell. Indeed, after carefully
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Fig. 1. Synchrotron X-ray diffraction patterns of BiySe, 1Teg o at various pres-
sures below 30.0 GPa. The red dashed lines depict the evolution of phase II with
pressure. The green arrows indicate the reflections from phase III. The
diffraction peaks from BCC-structured phase IV are indexed in blue. The
diffraction peaks from BCT-structured phase V are indexed in pink.

comparing with the diffraction database of ruby crystal (PDF 43-1484),
it is very likely originating from the ruby balls distributed in the neon
gas PTM for calibrating the pressure. When the anvil cell was pressur-
ized, the ruby balls may have moved around in the gaseous PTM and
some of them were shined by the incident X-ray to result in the observed
additional peak. The fact that, in addition to gradual peak shifting with
pressure, its intensity appears to vary in a rather random fashion is also
in line with the scenario.

Also, from Fig. 1, it can be seen that diffraction peaks originated from
the C2/m structure (indicated by the red dashed lines) start to emerge at
around 10.5(3) GPa, whereas the parent rhombohedral phase is
diminishing gradually and disappears at around 14 GPa. This C2/m
structure is stable up to about 26 GPa. However, at around 17.6(1) GPa,
a new phase with C2/c structure emerges (as indicted by the green ar-
rows and the green dashed line for (106) peak shown in Fig. 1) and
coexists with the C2/m phase all the way up to the pressure of 26 GPa.
The C2/m space group differs from the C2/c in that the former has the
mirror-plane symmetry with a coordination number of 7, while the latter
possesses slide-plane symmetry with a coordination number of 8 [24].
Continuing to increase the applied pressure, the BCC-structured (Im3m)
phase starts to appear around 22.0(3) GPa. Although the main reflection
peaks of (110), (200), (211), and (220) of the BCC phase can be indexed
as indicated in Fig. 1, the (110) and (200) peaks appear to be over-
lapping with peaks belong to the C2/m phase, making it difficult to
resolve accurately. Consequently, we focus mainly on the (211) peak to
delineate the pressure dependence of the BCC phase. However, a closer
inspection clearly reveals that at the pressures of ~28 GPa and ~30 GPa
the diffraction patterns apparently exhibit some anomalous changes.
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Namely, a couple of peaks were disappeared at 28 GPa and then
re-emerged at 30 GPa, which can be indexed as the (110), (107) and
(0010) diffractions of the body-centered-tetragonal (BCT) I4/mmm
phase, as shown in Fig. 1. We believe that this BCC to BCT transition is
the first observation being reported in the family of A;B3 layered chal-
cogenides. In comparison, the pressure-induced phase transitions in
Bi;Tes were reported to take place at ~8 GPa, ~14 GPa and ~25.2 GPa
for (X-BizT&:;—)ﬁ-BizTEg, ﬁ-BizTe3—>y-Bi2Te3 and y-BigTe3—>6-Bi2Te3,
respectively [20-22]. For BiySes, the pressure-induced structural phase
transition has been remaining somewhat ambiguous. Vilaplana et al.
[23] suggested a pressure-induced phase transition sequence of
R3m(CN = 6)—C2/m(CN = 7)—C2/c(CN = 8)-Im3m(CN= 8) occur-
ring at 10, 20 and 28 GPa, respectively, for BisSes. Zhao et al. [14], on
the other hand, indicated that only two phase transitions occurring at
~10.4 GPa and ~24.5 GPa could be observed. Yu et al. [24] further
reported that the C2/c phase was in fact a subgroup of C2/m and sug-
gested that BiySes did not crystallize into a disordered BCC (Im3m)
phase above 27.8 GPa but transformed into tetragonal phase (I4/mmm)
above 30 GPa, which is, in fact, quite consistent with the 28 and 30 GPa
data presented in the present results.

Fig. 2(a) shows the lattice constant ratio c/a as a function of the
applied pressure indicating that the c/a value changes distinctly around
10.5 GPa and 23 GPa, presumably associated with the crystal structure
change identified from Fig. 1. However, as shown in the inset of Fig. 2
(a), an additional slightly discontinuous drop in c/a around 17.6 GPa is
also evident, which is coinciding with the C2/m to C2/c transition and
might be interpreted as being due to the change in coordination
numbers, namely from CN = 7 for C2/m to CN = 8 for C2/c. To further
delineate the pressure-induced phase transition of the present
BisSes 1Teg g, the pressure dependence of the cell volume per formula
unit for each phase is displayed in Fig. 2(b). As is evident from Fig. 2(b)
there appears to have five distinguishable regions with different pres-
sure dependences. The corresponding bulk modulus By and its pressure
derivative By’ were obtained by fitting the data with the Birch-Miirna-
ghan equation of state (B-M EoS) [21]:

3 ARINAS 3 A%
1

The results obtained with fixed By’ = 4 are summarized in Table 1
along with the representative results obtained from various alloys of the
same family reported in literature for comparison.

From the above comparisons, it can be briefly summarized that,
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Fig. 2(a). The values of lattice constant ratio c/a vs. pressure. The inset shows
the c/a ratio vs. pressure dependence from 0 to 25 GPa, the arrow indicates an
additional drop in c/a around 17.6 GPa. The standard deviation of the obtained
lattice constants is marked on the blank area near the right-hand side, which is
smaller than the symbol size used.
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Fig. 2(b). The cell volume per formula unit plotted as a function of the applied
pressure. The lines are the fits to the B-M EoS equation (Eq. (1)) for obtaining
the bulk modulus By and its pressure derivative By’ of each respective phase.

although pressure-induced phase evolution sequence was similar to
BiyTes, the pressures at which the new phases emerged are slightly
higher in BisSe; 1 Tey 9, except for the last transition to the BCC structure.
Comparing to BijSes, the pressures at which the phase transition
occurred are about the same, except for the ambiguous C2/m and C2/c
transitions cited above. The fact that BiyTes is slightly more susceptible
to pressure-induced structural changes implies that the bonding be-
tween Bi and Te is somewhat weaker than that between Bi and Se, which
can be understood intuitively because the electronegativity of Bi, Te,
and Se is 1.9, 2.1 and 2.4, respectively. Thus, a stronger ionic bonding is
expected for the pristine BiySes than for Bi;Tes. The question is why
BisSes 1Tep g behaves much more close to BisSes instead of following the
alloying concentration expected by the Vegard’s law. It turns out adding
Te to BisSes (or vice versa) the site occupation is not random as intui-
tively expected but has preference depending on the alloying composi-
tion. For instance, it had been reported that for the range
BiyTes-BisTesSes Se-atom substitution in the middle plane is preferred
[29,30]. Very recently, Sun et al. [31] reported that when Se is replaced
by Te in BisSes 4 Te, films, the preferred substitution sites are the middle
layer of the quintuple unit for 0 < x < 1 and vice versa for 2 < x < 3.
Within the context of this scenario, Se atoms preferably occupy the top
and bottom layers of the quintuple unit in BisSey 1Tey 9, which might
explain why it behaves more like BiySes. Alternatively, since the atomic
radius of Te (1.35 /0\) is larger than that of Se (1.17 10\) [32], substantial
internal chemical pressure can be anticipated when Te is residing pref-
erably on the middle layer of the quintuple unit. Thus, one might expect
that Te-doping may generate certain extent of local tensile stress within
the quintuple unit of BiySes, which might, in turn, act as negative
external pressure [33] and raise the pressure required to induce phase
transitions in BizSep 1Tep 9. However, based on the above comparisons
between the results obtained from BiySes and BisSey 1Teg o, this effect
seems to be not significant in counteracting the pressure at which the
phase transitions were induced.

On the other hand, chemical pressure in a sense refers to changes in
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the bonding distance and/or bonding angle between atoms inside the
materials, resulting in structural distortions and changes in the physical
properties, especially the electronic structure, of the material. Indeed, as
will be discussed below, the Te-doping does exhibit significant ETT ef-
fects on inducing an isostructural transition featuring a minimum in
pressure-dependent c/a observed in rhombohedral-structured BisSes
and BiyTes [20-26]. In Fig. 2(c), we compare the pressure-dependent
c/a results obtained from the present BisSes 1Teg g with the typical re-
sults reported in the literature for Bi,Ses and Bi;Tes within the R3m
phase regime. It is clear from Fig. 2(c) that BisSes 1Tep 9 evidently re-
produces the general features that had been identified as an indicator of
the ETT in BisSes and BisTes [20-26]. Namely, there exists an anoma-
lous change in compressibility modulus By and its pressure derivative
By when the external pressure across the minimum of the
pressure-dependent c/a curve.

Moreover, it is noted that the behavior of BizSep 1Teg 9 again is more
akin to that of BisSes, namely the c¢/a minimum is locating at higher
pressures for BisSey 1 Teg 9 (—6 GPa) and BisSes (—5 GPa) as compare to
that for BizTes (~2-3 GPa). The corresponding pressures at which the ¢/
a minimum located, the relevant By and By’ for the present BisSe; 1Teg g
and the typical results reported in the literature for BisSe3 and Bi;Teg are
listed in Table 2. Since the anomaly in pressure-dependent c/a is origi-
nated mostly from compressibility change along the a-axis (i.e. parallel
to the layers’ plane) [21-23], the present result seems to indicate that
the ETT and the associated a-axis compressibility anomaly are more
relevant to the top and bottom layer of the quintuple unit. Whereas the
mere effect of replacing Se atoms on the middle layer with Te-doping
appears to be slightly expanding the c-axis instead of interfering the
ETT effect, as is evidenced in Fig. 2(c).

We next compare the results obtained from high pressure Raman
measurements with the ADXRD results discussed above. As mentioned
above, the rhombohedral a—A3B3 layered chalcogenides are centro-
symmetric, having one B-atom located in a 3a Wyckoff position and the
remaining A(2) and B(2) atoms occupying 6¢ Wyckoff sites [22,23]. The
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Fig. 2(c). Comparison of the c/a ratio between the present results and those
reported by Polian et al. [21], Nakayama et al. [25] and Vilaplana et al. [23].

Table 1
The bulk modulus B, and its first pressure derivative By’ obtained by fitting to the B-M EoS (Eq [1]) of the present study and other alloys of the same family from the
literature.
Sample R3m C2/m c2/c Im3m 14/mmm
Bulk modulus (GPa) Bo By Bo By Bo By Bo By Bo By
BiySey 1 Teg o Present work 44.5(3) 4.0(1) 69.9(2) 4.0(4) 145.2(1) 4.0(2) 149.3(4) 4.0(4) 174.6(3) 4.0(5)
BiyTe; 75S€1.19 [30] 34.5(10) 6.2(3) 77(3) 4(fixed) - - 146(3) 4.0(2) - -
BiyTesSe [30] 38.3(17) 5.0(5) 68(7) 4(fixed) 137(5) 4.0(4) - -
BiySes [14] 53.1(7) 4 66(2) 4 97(3) 4 - -
BiyTes [21] 36.3(1) 5.5 - - - - - -
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Table 2
Parameters relevant to the electronic topological transition (ETT) in Bi,Tes,
BiZSe3, and BizSEz'lTeo'g.

Sample P@(c/ By (P < B(P < By (P > B>
@min Pin) Prin) Prin) Prin)

Present ~6 GPa ~33 GPa ~7 ~43 GPa ~4

work +2.3(7) +1.3(9) +0.6(1) +0.1(6)

BiyTes [21] ~3.2 ~28.1 GPa ~13.8 ~36.3 GPa 5.5
GPa

BiyTes [25] ~2 GPa ~21.85 ~17.13 ~38.19 ~4.61

GPa GPa
BiySes [23] ~5 GPa ~59 GPa -0.2(?) ~53 GPa ~3.1

group theory predicts 10 zone-center modes: I'1g = 2A1g + 3Azy + 2Eg +
3Ey. Among them only the 4 gerade modes (i.e. 2A;4 +2E;) are Raman
active, with the E; modes corresponding to atomic vibrations in the layer
planes of the quintuple unit, while the A;; modes corresponding to the
vibrations along the c-axis perpendicular to the layers. Usually, due to
low signal-to-noise ratio and high scattering background inside DAC, the
calculated E}; mode has been very difficult to detect and was first iden-
tified in few-quintuple layer BiySes nanoplatelets [34]. Fig. 3(a) shows
the pressure evolution of Raman spectra measured on BisSez 1Teg g up to
an applied pressure of 27.3(1) GPa. Indeed, as can be seen from Fig. 3(a),
the E}; mode with a Raman shift of ~40 cm™! is barely distinguishable at
ambient condition. However, as shown in Fig. 3(b), by using the Jandel
Scientific Peakfit program mentioned in the Experimental section, we
were able to identify 5 peaks locating at ~40.3, ~65.8, ~110.2, ~119.4,
and ~160.7 cm™}, respectively, for the Raman spectrum obtained at
ambient conditions. There are several points worthwhile to be noted
immediately. (i) The Raman shift at ~40.3 em lis quite consistent with
that of the theoretically calculated Eé mode at 1 atm for BisTes (39.2
cm_l) [22] and BiySes (41.8 cm_l) [23], thus can be plausibly assigned
as the Eé mode of BisSes 1 Teg g. (ii) Similarly, the Raman peaks at ~65.8,
~110.2, and ~160.7 cm™!, can be assigned as the A}g, Eg, and A%g
modes, comparing to ~61.3, ~103, and ~132 cm™! for BiyTes [22], as
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~ ~~~{24.5(1) GPa
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Fig. 3(a). The Raman scattering spectroscopy of Bi»Se, 1Teq o at various pres-
sures up to 27.3 GPa.
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well as ~72, ~131, and ~174 cm™! for BisSes [23], respectively. (iii)
Perhaps, the most surprising observation is the appearance of an extra
shoulder (tentatively assigned as M3) adjacent to the Eé mode at
~119.4 cm™!. Such peaks were previously observed to emerge only
when the pressure was beyond ~8 GPa for BisTes [22,35] or ~9.8 GPa
for BipSes [23], i.e. at the verge of rhombohedral to monoclinic phase
transition and has been attributed mainly to the lowering of crystal
symmetry. The fact that the M3 peak appears in BisSes 1Teg g even at
ambient pressure thus might be due to the crystal symmetry lowering
caused by Te occupation the of middle layer of the quintuple unit.
Nevertheless, to fully comprehend the exact underlying mechanism
more experimental and theoretical investigations are certainly needed.

Due to the complications of low signal-to-noise ratio inherent to
measuring Raman in DAC and the fact that over certain pressure ranges
different phases are coexisting, it is rather difficult to trace the evolution
of the respective Raman modes as a function of pressure in a precise
manner. Nevertheless, as displayed in Fig. 3(b), it can be seen that the
spectra exhibit substantial changes at the pressures of 10.1(1), 20.9(1),
and 26.1(2) GPa. Although the results do not seem to match perfectly
with the R3m-to-C2/m transition at ~10.5(3) GPa, C2/m-to-C2/c at
~17.6(1) GPa, and the appearance of the BCC-structured (Im3m) phase
at around 22.0(3) GPa as were identified by the ADXRD results shown in
Fig. 1, however, considering that the marked changes in Raman spectra
displayed in Fig. 3(b) should be more representative for the dominant
phases remaining instead of indication of newly evolved phase(s), we
believe that the ADXRD and Raman results obtained in the present study
are consistently reflecting the pressure-induced phase transitions.

The next question of interest is to ask whether or not the present
Raman spectra also give rise to any signature of the ETT effect? Polian
et al. [21] pointed out that the signature of ETT does not involve a
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volume discontinuity in the vicinity of transition but a variation of the
second derivative of the Gibbs free energy, i.e. compressibility, is ex-
pected. Thus, it can be detected only by the layers’ plane in pressure
variation of the lattice parameter a, as have been seen in
pressure-dependent c/a shown in Fig. 2. Within the same context, it
should also be detectable by phonon softening and such a transition can
be easily monitored in low-dimensional compounds, such as the AyBs
chalcogenides discussed here, in which a competition between
iono-covalent bonds with layers and weak van der Waals forces between
layers playing a central role. Previous investigations [20-24] had indeed
ubiquitously identified a substantial slope change in the
pressure-dependence of Raman shift of the R3m phase, especially in the
Eé mode, which is more relevant to in-plane vibrations. Fig. 3(c) shows
the similar pressure-dependent Raman shift plots of the three major
Raman modes obtained in the R3m phase pressure regime from the
present BisSes 1Teg g sample. Indeed, an even more pronounced change
in pressure coefficient (dw/dP) of the Raman shift calculated at 6 GPa
(4.15 + 0.27 to 1.39 + 0.02 cm™'/GPa), comparing to those reported
previously for pristine Bi;Tes samples (e.g. dw/dP changes from 3.49 to
2.48 cm~'/GPa @ ~4 GPa [22] and dw/dP changes from 3.5 to 2.5
cm~!/GPa @ ~3.6 GPa [22], is evident. The pristine BiySes, though also
showed a larger pressure coefficient change for the Eé mode at around 5
GPa [23], however, it was argued that the ETT in BisSe3 might have been
more related to a change of structural compressibility in both along the
layer and perpendicular to layer directions, making the comparisons
somewhat less straightforward. Indeed, we also notice that the A%g mode
of the present results also shows similar slope change near 6 GPa,
indicating that the compressibility change perpendicular to layer might
also play a role in the ETT effect here. Finally, it is noted that beyond
26.1(2) GPa all the Raman modes can no longer be identifiable. Such a
feature has been ubiquitously used as an indication of the appearance of
the disordered BCC Im3m phase, because it is known to be Raman
inactive [23-23,26]. Thus, this observation is also quite consistent with
the appearance of the BCC phase revealed in the ADXRD results. How-
ever, as indicated by Einaga et al. [20] that although the phase IV of
Bi,Tes is a solid solution with BCC lattice at 25.2 GPa and is susceptible
to metallization or even superconductivity upon the application of high
pressures, significant deviations from the Vegard’s law was observed
due to the remaining strong ionic-covalent bonds between Bi and Te
atoms. The present results, thus, appear to indicate that Te-doping on
the central layer of the BisSes quintuple units might have led to more
pronounced effects on the pressure-induced structural and electronic
structure transitions than just the presumed alloying effect. Indeed, a
recent high-pressure study on the quaternary Bij 5Sbg sTe; gSeq 2 [36]
indicated that within the R3m phase several electronic transitions,
including indirect to direct bulk band gap transition, bulk gap closing
with an appearance of Dirac semimetal state, and to a trivial semimetal
state, when the external pressure was progressively increased. These
observations might be also relevant to the unique two-maximum valence
band structure proposed for explaining the simultaneous detection of
Shubnikov-de Haas oscillations in p-type metallic BisSe 1Teq g crystals
[18,19].

4. Conclusions

In summary, systematic investigations on the effects of externally
applied hydrostatic pressure on the structural and electronic transitions
in BiySe; 1Teg g were carried out by combining the ADXRD and Raman
scattering measurements using a diamond anvil cell. Both ADXRD and
Raman results consistently showed that BisSey 1 Teg 9 underwent similar
pressure-induced structural phase transition sequences and character-
istics of electronic topological transitions as observed in BipSes and
BiyTes phases. However, in-depth comparisons revealed that, at pres-
sures above 28.0 GPa, the present BisSeyTep9 system appeared to
exhibit and additional phase transition from the BCC to BCT structure.
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Fig. 3(c). Frequency vs. pressure plot for various Raman modes. The solid lines
plotted in the inset are the linear fits to the observed frequency. Notice that an
apparent slope change near 6 GPa can be observed for both A%g and Eé modes.

Since the alloyed Te atoms are mainly residing on the central layer of the
BisSes quintuple units in BizSep 1Teq o, the present results indicate that
Te-alloying might have led to more pronounced effects on the pressure-
induced structural and electronic structure transitions. Namely, in order
to have a more comprehend understanding on the structural-property
correlations of these topological insulators, in addition to the pre-
sumed alloying effect expected from the Vegard’s law, the
stoichiometry-dependent occupation preference of respective alloying
elements should be also taken into account.

Prime novelty statement

In this manuscript, we report the results of the effect of pressure on
the structural and electronic phase evolution in BisSe 1 Teg g topological
insulators obtained by using angle-dispersive X-ray diffraction and
Raman scattering measurements at ambient temperature and pressures
up to 30 GPa. It is noted that although extensive investigations have
been performed on the pressure-induced phase transitions in both BisSes
and BisTegs, the present study, to the best of our knowledge, is the first to
conduct a systematic high-pressure study on this system.
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