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Topological insulators have garnered considerable attention in recent years due to their unique electronic
properties. However, pressure-induced topological materials often located in the middle of the two diamonds and
cannot be detected by Angle resolved electron spectra. Such topological materials only stay in theoretical
calculated. Since diamond has a high optical transmittance, its optical properties have been extensively studied
to probe the band structure of topological insulators under pressure. In this paper, we determine the high-
pressure infrared (IR) properties by measuring the transmittivity and reflectivity of SboTes up to 23.2 GPa.
The plasma edge shows jumping at 4.2 GPa and 8.5 GPa, where is caused by the change of charge carrier features
and a new phase appears at 8.5 GPa. Furthermore, by analyzing the position of plasma edge under pressure, we
find that the absence of plasma edge at high pressure corresponds to the disappearance of the SbyTes topological
structure. Therefore, utilizing the plasma edge to investigate the modification of band structure in materials

under high pressures is highly effective.

1. Introduction

In recent years, topological insulators (TIs) have attracted consid-
erable attention due to their novel electronic properties. TIs have to-
pologically protected stable low-dimensional metallic states on their
band boundaries, presenting significant potential for applications in
spintronics, quantum computation, and thermoelectric energy conver-
sion [1-7]. Most of the proposed TIs are proved by using angle-resolved
electron spectroscopy or first-principles calculations [8-10]. Recently,
pressure-induced TIs have attracted much attention, as these insulators
exhibit unique electronic properties [11-15]. However, since the topo-
logical state under high pressure is situated in the middle of two di-
amonds, it cannot be detected by angle-resolved electron spectroscopy,
leaving the band structure characteristics of pressure-induced TIs solely
in the realm of theoretical calculations [16,17]. Furthermore, the to-
pological band predicted through theoretical calculations yields incon-
clusive results, as it is discovered that the band structure is highly
sensitive to lattice parameters, making precise calculations challenging.

Due to the high optical transmittivity of diamond, the optical
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properties have been well studied to probe the band structure of
pressure-induced TIs [18,19]. Topologically distinct phases under hy-
drostatic pressures have been claimed by observing the phonon
line-width and carrier characters at the position of topological phase
transition under pressure [11,12]. Dordevic et al. revealed the charge
inhomogeneities by high pressure infrared spectra of topological in-
sulators [20]. The structural transition and charge dynamics of TiTe, at
high pressure can also be found by using high pressure infrared spectra
[21]. Hence, the pressure-induced topological phase and the band
structure characters are exactly probed by infrared reflectivity and
transmittivity measurements.

The surface of topological insulators exhibits metal-like properties,
leading to the presence of plasma on its surface [22-28]. Although high
pressure infrared spectra has been used in the study of topological
structure transition and charge transfer, its potential in studying surface
plasma and assessing topological band structure under high pressure has
been overlooked. In 2010, the plasma edge of topological insulators was
first discussed at Stanford University [29]. Therefore, we believe that
high pressure infrared spectra have the potential to detect the plasma
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edge of topological insulators and explore the topological band structure
characters under high pressure.

In this study, we determine the high pressure infrared properties by
measuring transmittivity and reflectivity of SboTe3 up to 23.2 GPa. The
plasma edges exhibit two jumps at 4.2 GPa and 8.5 GPa respectively,
which are attributed to a change in carrier characters and a new phase of
SbyTes appears at 8.5 GPa. Also, through the changes of plasma edges
with pressure, we find that the disappearance of plasma edges under
high pressure corresponds to the disappearance of topological band
structure of SbyTes. Furthermore, we believe that it is very effective to
use plasma edges to study the change of band structure of topological
materials under high pressure.

2. Materials and methods

Single crystals of SboTes were grown using Bridgeman’s method[30].
Stoichiometric amounts of high purity elements Sb (99.999%) and Te
(99.999%) were mixed, ground, and pressed into pills. These pills were
then loaded into a quartz Bridgeman ampoule, which was then evacu-
ated and sealed. The ampoule was placed in a furnace and heated at 800
°C for 3 days. After that, the ampoule was slowly cooled in 5 °C/ h.

All measurements were performed on natural, freshly cleaved sur-
faces to minimize exposure to air. Optical data at high pressure were
recorded using a diamond-anvil cell operated in transmission and
reflection geometry. A fine dry KBr powder was used as the pressure-
transmitting medium, and the pressure was monitored in situ through
ruby fluorescence. An overcoating technique, with gold coating of the
sample as reference [31], was used to obtain the absolute values of
reflectance. Optical data at high pressure were acquired up to 23.2 GPa
with type Ila diamond.

All electronic structure calculations are performed with the Vienna
Ab-initio  Simulation Package (VASP) [32,33] based on
density-functional theory, and the spin-orbit coupling (SOC) are
considered for Sb,Tes.

3. Results and discussion

Infrared spectra of SbyTes is reported in Fig. 1 at ambient environ-
ment, the insert is a single crystal picture of SbyTes. Reflectivity spectra
were collected along the cleaved surfaces. The results, illustrated in
Fig. 1, display a well defined plasma edge at the wavenumber of about

1000 cm’l, consistent with previous reports [20]. In the case of TIs, the
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Fig. 1. Reflectivity spectra of SbyTes from 600 cm™* to 8000 cm ™' at ambient
environment, the insert is a single crystal picture of SbyTes.
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helical metal, which possesses metal-like surface properties, holds great
significance in regard to the plasmon excitons of TIs. This characteristic
shape of reflectivity is a consequence of zero crossing in the real part of
the dielectric function [34] that occurs at the so called renormalized
plasma frequency:

2
w2 — 4mne

L m*eq

Where m* is the carrier effective mass, n is the carrier density and e, is
the high-frequency dielectric function. In other words, the plasma fre-

is related to the carrier characteristic. The position of the
-1

quency w};?
plasma edge is approximately in 1089 cm™ ~ consistent with previous
reports (1045 em™ ) [20]. Optical properties are important to under-
stand the response of a material to incident its band structure. In the past
studies of high pressure infrared spectra, the focus is often on using the
change of spectral peak to determine the structure transition or using
Kramers-Kronig fitting to study the optical conductivity of topological
insulator [35,36]. However, despite reports indicating the observation
of plasma in the high-pressure infrared spectrum of TIs, the study of the
plasma edge in this field is often overlooked. In the following, we discuss
the plasma edges of SboTes under pressure in detail.

High pressure infrared spectra of SbyTes is reported over a broad
range of frequencies and pressure from 1 GPa to 23 GPa as shown in
Figs. 2 and 3. In the reflectance infrared spectrum, it is observed that the
plasma edges are located at 1089 cm ™! and 1110 cm™?, respectively, at
the lowest pressures of 1 GPa and 2.3 GPa. As the pressure increases, the
location of the plasma edge shifts, but the moving speed is only
approximately 10 cm™~!/GPa. Fig. 2(a) displays that above 2.3 GPa, the
plasma edges undergo a pressure-induced jump. Compared to the two
points of low pressure, the plasma edges at 4.2 GPa has a big jump of
about 300 cm™!/GPa, where the change is caused by the pressure-tuned
changes on carrier density in SbyTes. When the pressure reached
8.5 GPa and 10.3 GPa, the plasma edges exhibited a further jump,
respectively at 2410 cm ™! and 2771 cm L. The jump was not solely due
to the transition from p-type to n-type characteristics but also resulted
from the emergence of a new phase of SbyTes under the specified
pressure, known as (Phase I+1I) [37]. This mixed phase persisted up to a
pressure of 12.3 GPa.

Fig. 2(b) shows experimental results variation in infrared trans-
mittivity of SbpTes with pressure, ranging from 1.2 to 10.3 GPa. The
diagram reveals that SbyTes’s average transmittance is approximately
0.9 under low pressure, with a gradual upward trend. However, at
pressures exceeding 4.2 GPa, the transmittance of SboTes exhibits a
downward trend due to changes in carrier density at 4.2 GPa. Moreover,
with further the increase of pressure, the transmitavity of SboTes con-
tinues to decrease, and the maximum transmittance gradually decreases
from 0.6 (4.2 GPa) to about 0.2 (10.3 GPa), due to the decrease in band
gap and increase in carrier concentration with increasing pressure.

The infrared spectra from 12.1 GPa to 23.2 GPa are illustrated in
Fig. 3. When the pressure reaches 12.1 GPa, the plasma edges become
indistinct, but the shape of the curve shows that the band structure of
Sb,Tes is modified with pressure. According to the experiment of high
pressure XRD by Zhao et al. [38], phase transition exists at
12.1-23.2 GPa. Under pressure of 12.1 GPa and 14.1 GPa, the crystal
structure at this pressure is phase II. When the pressure reaches
16.8 GPa, SbyTes transforms from phase II to phase III. As can be seen
from Fig. 3(a), the reflectivity spectrum of SbyTes begins to show an
upward trend with wavenumber during the transition of phase III, as
opposed to the previous downward trend. Fig. 3(b) displays the trans-
mission spectrum of SbyTes, revealing that with an increase in pressure
to 12.1 GPa, the band gap of SbyTe3 diminishes, leading to an uptick in
photoconductivity. Therefore, the reflectivity at this time increases with
the increase of pressure, while the transmittivity is almost 0.

Fig. 4 displays the variation of plasma edges with varying pressure. It
is observed that below 4.0 GPa, the plasma edges increase with pressure,
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Fig. 2. Infrared spectra of Sb,Tes from 1.1 GPa to 10.3 Gpa. (a) The pressure dependence of reflectivity at different pressure. (b) The pressure dependence of

transmittivity at different pressure.
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Fig. 3. Infrared spectra of Sb,Te3 from 12.1 GPa to 23.2 Gpa. (a) The pressure dependence of reflectivity at different pressure. (b) The pressure dependence of

transmittivity at different pressure.
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Fig. 4. Plasma edges and topological phase diagram of Sb,Tes single crystals as
a function of pressure.

and SbyTes does not exhibit superconductivity up to a temperature of
1.5K [11,37]. When the pressure was increased to 4.8 GPa, the plasma
edges showed a jumping at 4.8 GPa. Corresponding to previous studies
[11], a superconducting transition with a T, of around 3 K was observed.

In addition, when pressure elevated to 8.5 GPa, the same plasma edge
jumping occurs again, unlike 4.2 GPa, as the pressure increases, SbyTes
transforms from the P-type carrier to an N-type carrier, and a phase
transition from phase I to phase II. As the pressure continue to increases,
the position of plasma edges can no longer be observed in the
mid-infrared. Our pressure-dependent IR spectroscopy results, as evi-
denced by the yellow portion of Fig. 4, reveal that SbyTes loses its to-
pological band structure when the plasma edge cannot be observed.
While the plasma edge can still be observed in the region where phase I
and phase II coexist. The plasma edge jumping at 4.2 GPa and 8.5 GPa
corresponding to the reduction of band gap and phase transition. Pre-
vious studies have primarily concentrated on the modification of the
peak resulting from the alteration of crystal structure under pressure
[12,15,30,39-41]. However, there has been limited research on the
plasma edge. Here, we can still find the relationship between the topo-
logical band structure changes of materials under pressure and the
changes of plasma edges. In the high-pressure infrared experiment of
AgsSe by zhao et al. [18], although plasma edges were not discussed, we
found that the topological phase transition was also closely related to the
change of plasma edges. Furthermore, there are unusual band structure
alterations under pressure that are also closely associated with modifi-
cations in the plasma edges. Tran et.al. have determined the pressure
dependence of the optical properties of giant Rashba spin splitting sys-
tem BiTel and the interband plasmon becomes overdamped above
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9 GPa [34]. Combined with the change of SbyTes plasma edges in this
paper, it can clearly reflect the change of its carrier concentration and
the disappearance of its topological structure. Therefore, in comparison
to high-pressure Raman and XRD, high-pressure infrared spectra may be
more effective in reflecting the characteristic properties of specific band
structural materials.

We present the electronic structures calculated from theoretically
optimized crystal structure since those referenced from experimental
structure [42]. Fig. 5 illustrates band structures of SbyTes with phase I
and II. As shown in Fig. 5(a) and (c), the two opposite surfaces of SboTes
are degenerate and exhibit a robust TIs electronic structure with their
Fermi energy lying within the energy gap of SboTes. It is clearly that the
conduction band and valence band are main contributed by Sb and Te,
respectively. The conduction band minima (CBM) is main contributed
by Te and valence band maxima (VBM) is main contribute by Sb at
Gamma point in the first Brillouin Zone, which is consistent with other
calculations [11]. It indicates that the SbyTes with phase I shows topo-
logical behavior. When the pressure rises to 12.1 GPa, SbyTes transitions
into phasell(C2/m) [11,42], its band structures are shown in Fig. 5(b)
and (d), respectively. Because of high pressure, in comparison with
Fig. 5(a), the band gap is shifted from 0.13 eV to 0.10 eV, which
resulting in the splitting of the energy level and spin polarization near
the Fermi level. Its electronic transport properties can be considerably
improved as a result of density of states at the Fermi level increases,
which makes the transition of electrons from the valence band to the
conduction band becomes easier. Unfortunately, there is no topological
surface state in Phase II, which can be seen from Fig. 5(d). Supple-
mentary Fig. S1 displayed band structure of SbyTes for (a) phase I and
(b) phase II without SOC. Compared with Fig. 5(d) and Supplementary
Fig. S1(b), the band inversion is nearly vanished at Gamma point. In
addition, the band structure of Phase III and phase VI is also calculated
and shown in Supplementary Fig. S2. The energy gap is further reduced
under increasing of pressure and the Fermi energy level enters to
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conduction band, showing a metallic behavior. Therefore, the results of
theoretical calculation are consistent with our experimental
observations.

In general, a measurement of reflectance over the appropriate fre-
quency range can extract the optical constants and plasma frequency.
The plasma frequency then affected by the ratio of carrier density to
effective mass, n/m*. In this paper, the pressure leads to the phase
transition of crystal structure and modulation of Sb and Te atoms, which
bring out the change of band dispersion relationship, directly result in
the variations of n/m* as the pressure changes. Therefore, we can clearly
observe the relationship between the plasma edge and topological
properties of SbyTes under pressure.

4. Conclusion

To summarize, we have determined the pressure dependence of the
infrared spectrum properties of SbyTes as the pressure increases up to
23.2 GPa. The reflectivity and transmittivity exhibit significant varia-
tions under pressure. As pressure increases, the band gap monotonically
decreases, while the reflectivity increases. In the reflectivity infrared
spectra, we observe a plasma edge jump at 4.2 GPa, which is attributed
to the pressure-induced carrier density changes in SbyTes. When the
pressure reach to 8.5 GPa, the plasma edges exhibit a further jump. The
jumping is not solely due to the transition from p-type to n-type char-
acteristics but also involves the emergence of a new phase of SboTes
(Phase I+1II). Until the pressure reach to 12.3 GPa, the mixed I+ II phase
disappears. Moreover, by analyzing the modification of plasma edges
under pressure, we discover that the disappearance of plasma edges
under high pressure corresponds to the disappearance of topological
band structure. Under standard experiment measures, it is difficult to
find effective means to react topological bands under high pressure,
except through theoretical calculations. Perhaps under high pressure,
high pressure plasma edge can essentially reflect the characteristic
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circle indicates the magnitude of the projection on Sb and Te element, the red circle represents Sb atom and blue circle represents Te atom. The dash line is the

Fermi energy.
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properties of certain special band structural materials.
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