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Abstract. We report an experimental and theoretical lattice dynamics study of 

bismuth telluride (Bi2Te3) up to 23 GPa together with an experimental and 

theoretical study of the optical absorption and reflection up to 10 GPa. The 

indirect bandgap of the low-pressure rhombohedral (R-3m) phase (-Bi2Te3) was 

observed to decrease with pressure at a rate of -6 meV/GPa. As regards lattice 

dynamics, Raman-active modes of -Bi2Te3 were observed up to 7.4 GPa. The 

pressure dependence of their frequency and width provides evidence of the 

presence of an electronic topological transition around 4.0 GPa. Above 7.4 GPa 

a phase transition is detected to the C2/m structure. On further increasing 

pressure two additional phase transitions, attributed to the C2/c and disordered 

bcc (Im-3m) phases have been observed near 15.5 and 21.6 GPa in good 

agreement with the structures recently observed by means of X-ray diffraction at 

high pressures in Bi2Te3. After release of pressure the sample reverts back to the 
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original rhombohedral phase after considerable hysteresis. Raman- and IR-mode 

symmetries, frequencies, and pressure coefficients in the different phases are 

reported and discussed.  

 

Key words: high pressure, topological insulators, thermoelectric materials, Raman 

scattering, optical absorption, ab initio calculations. 

PACS: 61.50.Ks, 62.50.-p, 78.20.Ci, 78.30.-j 

 

I. Introduction 

Bismuth telluride (Bi2Te3) is a layered chalcogenide with a tremendous impact 

for thermoelectric applications [1]. The thermoelectric properties of Bi2Te3 and their 

alloys have been extensively studied due to their promising operation in the temperature 

range of 300-400 K. In fact, Bi2Te3 is the material with the best thermoelectric 

performance at ambient temperature [2,3]. Recently, it has been shown that Bi2Te3 can 

be exfoliated like graphene and that a single layer exhibits high electrical conductivity 

and low thermal conductivity so that a new nanostructure route can be envisaged to 

improve dramatically the thermoelectrical properties of this compound by means of 

either charge carrier confinement or acoustic phonon confinement [4,5]. 

Bi2Te3 is a narrow bandgap semiconductor with tetradymite crystal structure [R-

3m, space group (S.G.) 166, Z=3] [6]. This rhombohedral layered structure is formed by 

layers, containing 5 hexagonal close packed atomic sublayers (Te-Bi-Te-Bi-Te) and 

named a quintuple, linked by van der Waals forces. The same layered structure is 

common to other narrow bandgap semiconductor chalcogenides, like Bi2Se3 and Sb2Te3, 

and has been found in As2Te3 at high pressures [7].  

Bi2Te3, as well as Bi2Se3 and Sb2Te3, has been recently predicted to behave as a 

topological insulator [8]; i.e. a new class of materials that behave as insulators in the 

bulk but conduct electrical current in the surface. The topological insulators are 

characterized by the presence of a strong spin-orbit coupling that leads to the opening of 

a narrow bandgap and causes certain topological invariants in the bulk to differ from 

their values in vacuum. The sudden change of invariants at the interface results in 

metallic, time reversal invariant surface states whose properties are useful for 

applications in spintronics and quantum computation [9,10]. Therefore, in the recent 

years a number of papers have been devoted to the search of the 3D topological 
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insulators among Sb2Te3, Bi2Te3, and Bi2Se3, and different works observed the features 

of the topological nature of the band structure in the three compounds [11-13].  

High-pressure studies are very useful to understand materials properties and 

design new materials because the increase in pressure allows to reduce the interatomic 

distances and to finely tune the materials properties. It has been verified that the 

thermoelectric properties of semiconductor chalcogenides improve with increasing 

pressure and that the study of the properties of these materials could help in the design 

of better thermoelectric materials by substituting external pressure by chemical pressure 

[14-18]. Therefore, the electrical and thermoelectric properties of Sb2Te3, Bi2Te3, and 

Bi2Se3, as well as their electronic band structure, have been studied at high pressures 

[19-27]. In fact, a decrease of the bandgap energy with increasing pressure was found in 

Bi2Te3 [19,20]. Furthermore, recent high-pressure studies in these compounds have 

shown a pressure-induced superconductivity [28,29] that has further stimulated high-

pressure studies [30]. However, the pressure dependence of many properties of these 

layered chalcogenides is still not known. In particular, the determination of the 

crystalline structures of these materials at high pressures have been a long puzzle 

[15,23,31,32] and the space groups of the high-pressure phases of Bi2Te3 have been 

elucidated only recently by powder X-ray diffraction measurements at synchrotron 

radiation sources [33,34] specially with the use of particle swarm optimization 

algorithms for crystal structure prediction [34].  

Recent high-pressure powder X-ray diffraction measurements have evidenced a 

pressure-induced electronic topological transition (ETT) in Bi2Te3 around 3.2 GPa as a 

change in compressibility [29,31,32,35,36]. An ETT or Lifshitz transition occurs when 

an extreme of the electronic band structure, which is associated to a Van Hove 

singularity in the density of states, crosses the Fermi energy level [37]. This crossing, 

which can be driven by pressure, temperature, doping, etc., results in a change in the 

topology of the Fermi surface that changes the electronic density of states near the 

Fermi energy. An ETT is a 2.5 transition in the Ehrenfest description of the phase 

transitions so no discontinuity of the volume (first derivative of the Gibbs free energy) 

but a change in the compressibility (second derivative of the Gibbs free energy) is 

expected in the vicinity of the ETT. Anomalies in the phonon spectrum are also 

expected for materials undergoing an ETT [38,39] and have been observed in a number 

of materials [40,41] as well as in Sb1.5Bi0.5Te3 [31].  
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The lattice dynamics of Bi2Te3 has been studied experimentally at room pressure 

[42-44] and a recent study suggests that Raman spectroscopy can be used to monitor the 

number of single quintuple layers in nanostructured Bi2Te3 as in graphene [45]. 

Theoretical studies of the lattice dynamics of Bi2Te3 at room pressure have also been 

performed [46-49]; however, Raman measurements at high pressures have only been 

reported up to 0.5 GPa [50] and up to our knowledge there is no theoretical study of the 

lattice dynamics properties of Bi2Te3 under high pressure. As a part of our systematic 

study of the structural stability and the vibrational properties of the semiconductor 

chalcogenide family, we report in this work room-temperature Raman scattering 

measurements in Bi2Te3 up to 23 GPa together with total-energy and lattice dynamical 

ab initio calculations at different pressures. We discuss the recent observation of a 

pressure-induced electronic topological transition (ETT) in the rhombohedral phase of 

-Bi2Te3 and study whether the Raman scattering signal of the Bi2Te3 at pressures 

above 7.4 GPa match with the proposed high-pressure phases recently reported for this 

compound [33,34] and which have also been found in Sb2Te3 at high pressures [51].  

 

II. Experimental details 

We have used single crystals of p-type Bi2Te3 that were grown using a modified 

Bridgman technique. A polycrystalline ingot was synthesized by the reaction of 

stoichiometric quantities of the constituting elements (5N). Afterwards, the 

polycrystalline material was annealed and submitted to the growth process in a vertical 

Bridgman furnace. Preliminary room temperature measurements on single crystalline 

samples (15mm x 4mm x 0.3mm) yield in-plane electrical resistivity c=1.7 ·10
-5

 m 

and Hall coefficient RH(B c) =0.52 cm
3
C

-1
. Following the calculation presented in 

[52] the latter gives hole concentration of 7.2 ·10
18

 cm
-3

 and minority electron 

concentration of 2.1 ·10
17

 cm
-3

. 

A small flake of the single crystal (100µm x 100µm x 5µm) was inserted in a 

membrane-type diamond anvil cell (DAC) with a 4:1 methanol-ethanol mixture as 

pressure-transmitting medium, which ensures hydrostatic conditions up to 10 GPa and 

quasi-hydrostatic conditions between 10 and 23 GPa [53,54]. Pressure was determined 

by the ruby luminescence method [55].  

Unpolarized room-temperature Raman scattering measurements at high 

pressures were performed in backscattering geometry using two setups: i) A Horiba 

Jobin Yvon LabRAM HR microspectrometer equipped with a TE-cooled multi-channel 
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CCD detector and with a spectral resolution below 2 cm
-1

. HeNe laser (6328 Å line) was 

used for excitation. ii) A Horiba Jobin Yvon T64000 triple axis spectrometer with 

resolution of 1 cm
-1

. In this case an Ar
+
 laser (6470 Å line) was used for excitation. In 

order not to burn the sample power levels below 2 mW were used inside the DAC. This 

power is higher than that used in Raman measurements at room pressure due to superior 

cooling of the sample in direct contact with the pressure-transmitting media and the 

diamonds.  

Optical transmission and reflection measurements under pressure were 

performed by putting the DAC in a home-built FTIR setup operating in the mid-IR 

region (400-4000 cm
-1

). The pressure transmitting medium was KBr.  The setup consists 

of a commercial TEO-400 FTIR interferometer by ScienceTech S.L., which includes a 

Globar thermal infrared source and a Michelson interferometer, and a liquid nitrogen 

cooled Mercury-Cadmium-Telluride (MCT) detector with wavelength cutoff at 25 m 

(400 cm
-1

) from IR Associates Inc. A gold-coated parabolic mirror focuses the 

collimated IR beam onto a calibrated iris of 1 to 3 mm diameter. A gold-coated X15 

Cassegrain microscope objective focuses the IR beam inside the DAC to a size of 70-

200 m. A second Cassegrain microscope objective collects the transmitted IR beam 

and sends it to the detector after being focused by another parabolic mirror. In the 

reflection configuration, a flat gold mirror is placed at 45º before the focusing 

Cassegrain objective, blocking half of the IR beam. The half-beam let into the DAC is 

reflected by the sample, then by the flat gold mirror and finally focused on the MCT 

detector by another parabolic mirror. 

 

III. Ab initio calculations  

  Two recent works have reported the structures of the high-pressure phases of 

Bi2Te3 up to 52 GPa [33,34]. The rhombohedral (R-3m) structure (-Bi2Te3) is 

suggested to transform to the C2/m (-Bi2Te3, S.G. 12, Z=4) and the C2/c (-Bi2Te3, 

S.G. 15, Z=4) structures above 8.2 and 13.4 GPa, respectively [34]. Furthermore, a 

fourth phase (-Bi2Te3) has been found above 14.5 GPa and assigned to a disordered 

bcc structure (Im-3m, S.G. 229, Z=1) [33,34]. In order to explore the relative stability of 

these phases in Bi2Te3 we have performed ab initio total-energy calculations within the 

density functional theory (DFT) [56] using the plane-wave method and the 

pseudopotential theory with the Vienna ab initio simulation package (VASP) [57]. We 

have used the projector-augmented wave scheme (PAW) [58] implemented in this 
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package. Basis set including plane waves up to an energy cutoff of 320 eV were used in 

order to achieve highly converged results and accurate description of the electronic 

properties. We have used the generalized gradient approximation (GGA) for the 

description of the exchange-correlation energy with the PBEsol [59] exchange- 

correlation prescription. Dense special k-points sampling for the Brillouin zone (BZ) 

integration were performed in order to obtain very well converged energies and forces. 

At each selected volume, the structures were fully relaxed to their equilibrium 

configuration through the calculation of the forces on atoms and the stress tensor. In the 

relaxed equilibrium configuration, the forces on the atoms are less than 0.002 eV/Å and 

the deviation of the stress tensor from a diagonal hydrostatic form is less than 1 kbar 

(0.1 GPa). ). Since the calculation of the disordered bcc phase was not possible to do, 

we have attempted to perform calculations for the bcc-like monoclinic C2/m structure 

proposed in Ref. 34. The application of DFT-based total-energy calculations to the 

study of semiconductors properties under high pressure has been reviewed in Ref. [60], 

showing that the phase stability, electronic and dynamical properties of compounds 

under pressure are well describe by DFT. 

  Furthermore, since the calculation of the disordered bcc phase is not possible to 

do it with the VASP code we have attempted to perform calculations for the bcc-like 

monoclinic C2/m structure proposed in Ref. 34. Furthermore, since the thermodynamic 

phase transition between two structures occurs when the Gibbs free energy (G) is the 

same for both phases, we have obtained the Gibbs free energy of the different phases 

using a quasi-harmonic Debye model [61] that allows obtaining G at room temperature 

from calculations performed for T= 0 K in order to discuss about the relative stability of 

the different phases proposed in the present work. 

  In order to fully confirm whether the experimentally measured Raman scattering 

of the high-pressure phases of Bi2Te3 agree with theoretical estimates for these phases, 

we have also performed lattice dynamics calculations of the phonon modes in the R-3m, 

C2/m, and C2/c phases at the zone center ( point) of the BZ. Our theoretical results 

enable us to assign the Raman modes observed for the different phases of Bi2Te3. 

Furthermore, the calculations also provide information about the symmetry of the 

modes and polarization vectors which is not readily accessible in the present 

experiment. Highly converged results on forces are required for the calculation of the 

dynamical matrix. We use the direct force constant approach (or supercell method) [62]. 

Highly converged results on forces are required for the calculation of the dynamical 
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matrix. The construction of the dynamical matrix at the  point of the BZ is particularly 

simple and involves separate calculations of the forces in which a fixed displacement 

from the equilibrium configuration of the atoms within the primitive unit cell is 

considered. Symmetry aids by reducing the number of such independent displacements, 

reducing the computational effort in the study of the analyzed structures considered in 

this work. Diagonalization of the dynamical matrix provides both the frequencies of the 

normal modes and their polarization vectors. It allows to us to identify the irreducible 

representation and the character of the phonons modes at the  point. In this work we 

provide and discuss the calculated frequencies and pressure coefficients of the Raman-

active modes for the three calculated phases of Bi2Te3. The theoretical results obtained 

for infrared-active modes for the three calculated phases of Bi2Te3 are given as 

supplementary material of this article [63]. 

  Finally, we want to mention that we have also checked the effect of the spin-

orbit (SO) coupling in the structural stability and the phonon frequencies of the different 

phases. We have found that the effect of the SO coupling is very small and didn’t affect 

our present results (small differences of 1-3 cm
-1 

in the phonon frequencies at the  

point), but increased substantially the computer time so that the cost of the computation 

was very high for the more complex monoclinic high-pressure phases, as already 

discussed in Ref. 34. Therefore, all the theoretical values corresponding to lattice 

dynamics calculations in the present paper do not include the SO coupling. In order to 

test our calculations, we show in Table I the calculated lattice parameters in the 

different phases of Bi2Te3 at different pressures. For the sake of comparison we show in 

Table I other theoretical calculations and experimental results available. As far as the 

R-3m phase is concerned, our calculated lattice parameters are in relatively good 

agreement with experimental values from Refs. 6 and 36. Our calculations with GGA-

PBEsol give values which are intermediate between those calculated with GGA-PBE 

and local density approximation (LDA), as it is generally known. Additionally, we give 

the calculated lattice parameters of Bi2Te3 in the monoclinic C2/m and C2/c structures at 

7.7 and 15.5 GPa, respectively, for comparison with experimental data. Note that in 

Table I the a and b lattice parameters of the C2/m and C2/c structures at 7.7 and 15.5 

GPa are very similar to those reported by Zhu et al. [34]; however, the c lattice 

parameter and  angle for monoclinic C2/m and C2/c structures differ from those 

obtained by Zhu et al. [34]. The reason is the results of our ab initio calculations are 

given in the standard setting for the monoclinic structures, in contrast with Ref. 34, for a 
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better comparison to future experiments since many experimentalist use the standard 

setting. 

 

IV. Results and discussion 

A. Optical absorption of -Bi2Te3 under pressure 

 It is known that -Bi2Te3 has an indirect forbidden bandgap, Eg, between 130 

and 170 meV [19,64,65,66]. Figure 1 shows the optical transmittance of our -Bi2Te3 

sample in the mid-IR region at room pressure outside the DAC. The spectrum near the 

fundamental absorption edge is dominated by large interferences. The large amplitude 

of the interference fringe pattern in the transparent region is a result of the high value of 

the refractive index, that is larger than 9 [42,65,66]. The sample transmittance and the 

interference fringe amplitude decreases at low photon energy due to the onset of free 

carrier absorption and to high energies due to the fundamental absorption edge caused 

by band to band absorption. The absorption coefficient can be accurately determined 

from the transmittance spectrum only in a small photon energy range between the end of 

the interference pattern and the photon energy at which the transmitted intensity merges 

into noise. In this interval the absorption coefficient exhibits an exponential dependence 

on the photon energy. This prevents a detailed analysis of the absorption edge shape. 

Consequently, the optical bandgap has been determined by fitting a calculated 

transmittance to the experimental one. We calculate the transmittance by assuming an 

absorption coefficient with two terms 








EEg

Be
E

A
E

2
)(                                              (1) 

where the first one corresponds to the free carrier contribution and the second one 

corresponds to the Urbach tail of the fundamental absorption edge. Equation 1 was used 

fit the calculated transmittance spectra to the experimental ones. The dotted line in Fig. 

1 was calculated with Eq. 1 by using only A and Eg as fitting parameters, being  Eg=159 

meV at room pressure.  

 Figure 2 shows the Bi2Te3 transmittance spectrum for several pressures up to 

5.5 GPa. Above that pressure the signal to noise ratio is too low to determine the optical 

bandgap energy. Figure 3 shows the pressure dependence of the optical bandgap of 

Bi2Te3, as determined from the previously described procedure. The pressure coefficient 

turns out to be –6.40.6 meV/GPa. This pressure coefficient of the optical bandgap is 
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close to the value we obtained for the pressure dependence of the indirect bandgap from 

ab initio calculations (-10 meV/GPa). From this result it appears that, even if the sample 

becomes opaque at 5.5 GPa, Bi2Te3 still has a finite bandgap of some 120 meV. Sample 

opacity above 5.5 GPa seems to be then a result of the free carrier absorption tail 

shifting to higher energies as the carrier concentration increases. Consequently, the 

sample opacity is likely caused by the overlap of the free carrier absorption tail with the 

fundamental absorption tail rather than a real closure of the bandgap. We have to note 

that our pressure coefficient of the optical bandgap is somewhat smaller in module than 

the pressure coefficient previously reported for the indirect bandgap: -22 meV/GPa 

[19]; -12 meV/GPa below 3 GPa and -60 meV/GPa above 3 GPa [20]. We have to 

consider that the estimation of these pressure coefficients in Refs. 19 and 20 were 

indirectly obtained from the pressure dependence of the electrical conductivity and 

those estimations suffer considerable errors since they assume that the change in 

resistivity is only due to the change of the indirect bandgap energy, which is not a well 

founded assumption in extrinsic degenerate semiconductors. 

 In order to confirm our results on optical absorption we have performed high-

pressure reflectance measurements in a 3-m thick sample and whose results are shown 

in Fig. 4. The reflectance spectrum also exhibits a large interference fringe pattern in the 

transparency region, with an amplitude decreasing to low and high photon energies. The 

reflectance spectrum at 6 GPa shows that the sample exhibits a clear onset of the 

fundamental absorption edge at around 120 meV and also that the free carrier 

absorption edge, even if it has shifted to higher energies, has not overlapped the 

fundamental absorption. Therefore our reflectance measurements allow us to confirm 

the results obtained from absorption measurements. Furthermore, the bandgap pressure 

coefficient, as determined from the shift of the photon energy at which interferences 

disappear, agrees with the one determined from the transmission spectra. At 7 GPa, a 

clear change in the reflectance occurs, with a large increase of the reflectance by 80% in 

the low energy range. A large reflectance minimum (not shown here) appears at some 

4000 cm
-1

 (500 meV), suggesting a phase transition to a metallic phase. The metallic 

nature of the high-pressure phases is in good agreement with previously reported 

resistivity measurements [17,21,28-30]. If the reflectance minimum is taken as an 

estimation of the plasma frequency of the high-pressure phase above 7 GPa, the carrier 

concentration would be larger than 10
21

 cm
-3 

(assuming the same dielectric constant as 

in the rhombohedral phase).  If the dielectric constant in -phase is much smaller, the 
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carrier concentration should be close to 10
22

 cm
-3

, which is more consistent with the 

observed superconducting behaviour [28-30]. 

 The shift of the free carrier absorption tail follows the increase of the free carrier 

plasma frequency. Then the pressure dependence of the plasma frequency can be 

estimated from the shift of the photon energy at which the free carrier absorption tail 

quenches the interference fringe pattern. Reflectance measurements outside the cell 

show that the plasma frequency at ambient pressure is below 50 meV, consistently with 

the hole concentration that is of the order of 7·10
18

 cm
-3

 as measured by Hall effect.  At 

4.3 GPa interference fringes are observed down to some 60 meV (560 cm
-1

). This upper 

limit to the plasma frequency would correspond to hole concentration of lower than 10
19

 

cm
-3

, typical of a degenerate semiconductor.   

 This increase in the hole concentration should result in a Burstein-Moss positive 

contribution to the optical bandgap, which explains the discrepancy between the 

experimental and theoretical value of the bandgap pressure coefficient. The bandgap 

around 5 GPa is in fact smaller than the measured optical gap. Given the band structure 

of Bi2Te3 [67], with six equivalent minima in the valence band, the density of states is 

very large and the hole concentration per minimum would be only of some 1.5x10
18

 cm
-

3
, which would lead to a Burstein-Moss shift of some 50 meV for a hole effective mass 

of 0.09m0 [68]. Then even taking into account the Burstein-Moss shift, Bi2Te3 at 5 GPa 

would still be a low gap semiconductor. In fact, this estimation of the Burstein-Moss 

shift is based on the ambient pressure electronic structure. At pressures above the ETT 

transition the density of states in the valence band maximum is expected to be much 

larger as the ellipsoids merge into a thoroidal ring as proposed by Istkevitch et al [69]. 

Consequently, the Burstein-Moss shift above the ETT should be much lower than 50 

meV. 

 Finally, we must note that our analysis of the optical absorption edge in Bi2Te3 

have not allowed us to detect any change in the pressure dependence of the indirect 

bandgap around 3 GPa to confirm the presence of an ETT as observed in other works 

[20,29,31,32,35,36]. The very small change in the pressure coefficient of the indirect 

bandgap seems to be not affected by the ETT since there is no change in volume but in 

volume compressibility and the change is very subtle to be measured in our 

transmission or reflection spectra in comparison with the drastic effects observed in 

transport measurements or even in the parameters of the Raman modes as will be 

discussed in the next section. 
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B. Raman scattering of -Bi2Te3 under pressure 

The rhombohedral structure of -Bi2Te3 is a centrosymmetric structure, which 

has a primitive cell with one Te atom located in a 3a Wyckoff position and the 

remaining Bi(2) and Te(2) atoms occupying 6c Wyckoff sites. Therefore, group theory 

allows 10 zone-center modes which decompose in the irreducible representations as 

follows [70] 

 

10 = 2A1g + 3A2u + 2Eg + 3Eu.       (2) 

 

The two acoustic branches come from one A2u and a doubly degenerated Eu 

mode, while the rest correspond to optic modes. Gerade (g) modes are Raman active 

while ungerade (u) modes are infrared (IR) active. Therefore, there are four Raman-

active modes (2A1g + 2Eg) and four IR-active modes (2A2u + 2Eu). The Eg modes 

correspond to atomic vibrations in the plane of the layers, while the A1g modes 

correspond to vibrations along the c axis perpendicular to the layers [42-44,50]. 

Figure 5 shows the experimental Raman spectra of -Bi2Te3 at different 

pressures up to 7.4 GPa. We have observed and followed under pressure 3 out of the 4 

Raman-active modes. The Eg mode calculated to be close to 40 cm
-1

 has not been 

observed in our experiments as it was also not seen in previous Raman scattering 

measurements at room and high pressures [42,50,71-73]. Figure 6(a) shows the 

experimental pressure dependence of the frequencies of the 3 first-order Raman modes 

measured in -Bi2Te3 and Table II summarizes our experimental and theoretical first-

order Raman mode frequencies and pressure coefficients in the rhombohedral phase. 

Our experimental frequencies at room pressure are in good agreement with those 

already measured in Ref. 42 and Ref. 50, and those recently measured in Refs. 45 and 

71-73. On the other hand, our theoretical frequencies at room pressure are also in good 

agreement with those reported in Ref. 49 without spin-orbit coupling (see Table II) and 

are slightly larger than those calculated including spin-orbit coupling (see Ref. 49).    

In Fig. 6(a) it can be observed that all the measured Raman modes exhibit a 

hardening with increasing pressure. The experimental values of the pressure coefficients 

of the Raman mode frequencies are in a general good agreement with our theoretical 

calculations and with the values reported in Ref. 50 up to 0.5 GPa; however, it can be 

noted a decrease of the pressure coefficient of two modes around 4.0 GPa [see dashed 
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lines in Fig. 6(b)]. We have attributed the less positive pressure coefficient of these two 

Raman modes to the pressure-induced electronic topological transition (ETT) observed 

in Sb2Te3 and Bi2Te3 [20,29,31,32,35,36]. In fact, in a previous study in Sb2Te3 under 

pressure we have found a change in the pressure coefficient of the frequency of all 

modes measured [51]. In order to support our hypothesis we also plot as a Fig. 6(b) the 

pressure dependence of the full width at half maximum (FWHM) of the three measured 

Raman modes. Curiously, it is observed that the FWHM changes its slope around 4 

GPa; thus confirming an anomaly related to the ETT. Therefore, both our results of the 

pressure dependence of the frequency and linewidth give support to the observation of 

the ETT around 4.0 GPa in -Bi2Te3 similarly to the case of -Sb2Te3 [51].  

As previously commented, anomalies in the phonon spectrum are also expected 

for materials undergoing a ETT and have been observed in Sb1.5Bi0.5Te3 [15]. In the 

latter work, the high-frequency A1g mode was not altered near the ETT in good 

agreement with our measurements; however, we have noted a change both in the lower 

A1g and the higher-frequency Eg modes. Since A1g modes are polarized in the direction 

perpendicular to the layers while the Eg modes are polarized along the layers our 

observation of a less positive pressure coefficient at 4.0 GPa of both modes in -Bi2Te3 

suggests that the ETT in Bi2Te3 is related to a change of the structural compressibility of 

both the direction perpendicular to the layers and the direction along the layers. This 

seems not to be in agreement with Polian et al. observations that suggest that the ETT in 

Bi2Te3 only affects the plane of the layers [36]. Consequently, more work is needed to 

understand the mechanism of the ETT in this material.   

To conclude this section regarding the rhombohedral structure of -Bi2Te3, we 

want to make a comment on the pressure coefficients of the Raman modes of this 

structure in comparison to those recently measured in -Sb2Te3 [51]. It is known that in 

chalcogenide laminar materials, the two lowest-frequency E and A modes are usually 

related to shear vibrations between adjacent layers along the a-b plane and to vibrations 

of one layer against the others along the c axis, respectively. It has been commented that 

the E mode displays the smallest pressure coefficient due to the weak bending force 

constant between the interlayer distances (in our case, Te-Te distances) while the A 

mode displays the largest pressure coefficient due to the extraordinary increase of the 

stretching force constant between the interlayer distances [51]. For example, the E and 

A modes with frequencies around 40 (60) cm
-1

 and 116 (133) cm
-1

 in InSe (GaSe), 

respectively, have pressure coefficients of 0.68 (0.85) cm
-1

/GPa and 5.41 (5.78) cm
-
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1
/GPa [74,75]. In -Bi2Te3 our theoretical calculations show that the two lowest-

frequency A1g and Eg modes have rather similar pressure coefficients thus suggesting 

that this compound does not have a strong anisotropy in their intralayer and interlayer 

properties as other layered chalcogenides. We arrived at a similar conclusion in our 

study of -Sb2Te3 [51] so we attribute the stronger interlayer interaction occurring in 

Sb2Te3 and Bi2Te3 to the effect of the SO coupling which is absent in other laminar 

chalcogenides, like InSe and GaSe. As regards the values of the pressure coefficients of 

these modes, they are slightly smaller for Bi2Te3 than for Sb2Te3. On the opposite, the 

other two Raman modes with higher frequency exhibit larger pressure coefficients in 

Bi2Te3 than in Sb2Te3. The larger pressure coefficients of the higher-frequency modes in 

Bi2Te3 than in Sb2Te3, which are mainly related to intralayer vibrations, suggest that the 

intralayer bonds are more covalent in Bi2Te3 than in Sb2Te3. On the contrary, the 

smaller pressure coefficients of the lower-frequency modes in Bi2Te3 than in Sb2Te3, 

which are more influenced by interlayer vibrations, suggest that the interlayer bonds of 

van der Waals type tend to harden at a fastest rate with pressures in Sb2Te3 than in 

Bi2Te3; i.e., the anisotropy in the properties along the layers and perpendicular to the 

layers tend to disappear more quickly with increasing pressure in Sb2Te3 than in Bi2Te3. 

 

B. Raman scattering of -Bi2Te3 under pressure 

It has been recently demonstrated in a joint experimental and theoretical work 

that -Bi2Te3 undergoes a phase transition around 7.5 GPa towards a -Bi2Te3 phase 

with monoclinic C2/m structure [34]. Figure 7(a) shows the experimental Raman 

spectra of -Bi2Te3 at different pressures from 8.4 GPa up to 14.4 GPa. In the 

monoclinic C2/m structure, all Bi and Te atoms occupy 4i Wyckoff sites [34]. 

Therefore, group theoretical considerations predict 30 vibrational modes with the 

following representation [70] 

 

30 = (10Ag + 10Bu) + (5Bg + 5Au).                                    (3) 

 

From them, one Au and two Bu are the acoustic phonons and the rest are optical 

phonons. Consequently, we expect 15 zone-center Raman-active (10Ag + 5Bg) modes 

for the C2/m phase. For the sake of comparison we have marked at the bottom of Fig. 

7(a) the calculated Raman mode frequencies for this phase at 8.4 GPa to compare it 

with the experimental Raman spectrum at 8.4 GPa. It can be observed that the 
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frequencies of the experimental Raman modes agree reasonably with our calculations 

but most of the high-frequency modes show smaller experimental frequencies (around 6 

cm
-1

 on average) than suggested by the calculations. Table III summarizes the 

experimental and theoretical first-order Raman mode frequencies and pressure 

coefficients at 8.4 GPa in -Bi2Te3. A fit of the experimental Raman spectrum at 8.4 

GPa to Voigt profiles is reported in the supplementary material [63]. Figure 7(b) shows 

the pressure dependence of the experimental and theoretical Raman mode frequencies in 

-Bi2Te3. It can be observed that there is a rather nice agreement between the 

experimental and theoretical Raman mode pressure coefficients. Therefore, we can 

reasonably confirm that the -Bi2Te3 phase has the monoclinic C2/m structure already 

found in Bi2Te3 by means of powder X-ray diffraction measurements [34].  

In our experiments we have not observed the lowest-frequency mode Bg
1
. Their 

detection is difficult because it must be a weak intensity mode deriving from the non-

observed Eg
1
 mode of -Bi2Te3 phase. On the other hand, the detection of the Bg

3
 mode 

is difficult because it must be very weak and maybe degenerate with the Bg
4 

mode. 

Other weak modes have been observed at frequencies between 60 and 110 cm
-1

 at 8.4 

GPa most of them forming part of broad bands. On the other hand, the six Raman 

modes with highest frequencies above 100 cm
-1 

are considerably intense and dominate 

the Raman spectrum. The frequencies and pressure coefficients of these high-frequency 

modes are in good agreement with our calculations (see Fig. 7(b) and Table III) thus 

supporting our assignment of -Bi2Te3 to the monoclinic C2/m phase.  

Finally, we want to make a comment on the Bi coordination of -Bi2Te3. In this 

respect, at the R-3m to C2/m phase transition pressure around 8.4 GPa [see Fig. 7(a)], 

the highest-frequency mode of -Bi2Te3 has a smaller frequency (151 cm
-1

) than the 

highest-frequency mode of -Bi2Te3 (157 cm
-1

). This decrease in frequency of the 

highest-frequency mode, usually related to stretching Bi-Te vibrations, suggests an 

increase in the Bi-Te distance related to an increase of the Bi coordination from sixfold 

in -Bi2Te3 to sevenfold in -Bi2Te3. This result is in good agreement with the recently 

observed increase of the Bi coordination on going from -Bi2Te3 to -Bi2Te3 [34]. 

Similar results have been already found in the study of the lattice dynamics of Sb2Te3 

under pressure [51]. 
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C. Raman scattering of -Bi2Te3 and -Bi2Te3 under pressure 

Similarly to the previous case, it has been recently demonstrated in a joint 

experimental and theoretical work that -Bi2Te3 undergoes a phase transition around 

13.4 GPa towards a -Bi2Te3 phase with monoclinic C2/c structure [34]. We have 

observed that the Raman spectrum above 15.5 GPa is different from that of the C2/m 

phase. Figure 8(a) shows the experimental Raman spectra of -Bi2Te3 at different 

pressures from 15.5 GPa up to 22.0 GPa. Furthermore, it can be observed that the 

Raman spectrum disappears above 21.6 GPa thus suggesting a phase transition to a 

Raman-inactive phase above this pressure. Additionally, on pressure release we have 

observed that the sample reverts back to the original rhombohedral phase below 5.0 GPa 

after considerable hysteresis. The spectrum of the recovered sample in the 

rhombohedral phase at 1 atm after releasing pressure is shown as the last spectrum in 

the top of Fig 8(a). 

According to Zhu et al., Bi atoms occupy one 8f Wyckoff site and Te atoms 

occupy one 8f and one 4e Wyckoff sites in the monoclinic C2/c structure of -Bi2Te3 

[34]. Consequently, group theoretical considerations predict 30 vibrational modes with 

the following representation [70] 

 

30 = (7Ag +7Au) + (8Bg + 8Bu).                                       (4) 

 

One Au and two Bu are acoustic modes and the rest are optical modes. Therefore, we 

expect 15 zone-center Raman-active modes (7Ag + 8Bg) for the C2/c phase.  

For the sake of comparison we have marked in Fig. 8(a) the calculated Raman 

mode frequencies for the C2/c phase at 15.5 GPa to compare it with the Raman 

spectrum at 15.5 GPa. A fit of the experimental Raman spectrum at 15.5 GPa to Voigt 

profiles is reported in the supplementary material [63]. It can be observed that the 

frequencies of the experimental Raman modes agree reasonably well with our 

calculations at this pressure thus giving support to the assignment of the -Bi2Te3 to the 

C2/c phase. Further, it can be noted that, at 15.5 GPa, the highest-frequency mode of -

Bi2Te3 has a smaller frequency (165 cm
-1

) than the highest-frequency mode of -Bi2Te3 

(170 cm
-1

). This decrease in frequency of the highest-frequency mode again suggests an 

increase in the Bi-Te distance related to an increase of the Bi coordination from 

sevenfold in -Bi2Te3 to eightfold in -Bi2Te3. This result is again in good agreement 
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with the recently observed increase of the Bi coordination on going from -Bi2Te3 to -

Bi2Te3 [34] and also in recent results on Sb2Te3 under pressure [51]. 

Figure 8(b) shows the pressure dependence of the experimental and theoretical 

Raman mode frequencies in -Bi2Te3. It can be observed that there is a consistent 

agreement between the experimental and theoretical Raman mode frequencies and 

pressure coefficients for this phase. Therefore, we can reasonably confirm that the -

Bi2Te3 phase has the monoclinic C2/c structure already found by means of X-ray 

diffraction measurements in Bi2Te3 [34]. Table IV summarizes the experimental and 

theoretical first-order Raman mode frequencies at 15.5 GPa and pressure coefficients in 

the -Bi2Te3 phase. In our experiments, we have not observed the three lowest frequency 

modes (Bg
1
, Ag

1
, and Bg

2
). Similarly to the previous case, their detection is difficult 

because they must be weak intensity modes deriving from the non-observed Eg
1
 mode of 

-Bi2Te3 phase. On the other hand, we have managed to follow the weak modes Ag
2
, 

Bg
3
, and Ag

3 
in the region between 60 and 80 cm

-1
. The next six modes between 100 and 

150 cm
-1

 form a broad band from which we have decomposed six bands that increase in 

broadening from 15.5 to 19.8 GPa [see Figs. 8(a) and 8(b)], being the Ag
6
 the weakest 

mode in intensity. Finally, the Raman mode observed around 156 cm
-1

 has been 

tentatively attributed to the Bg
7
 mode, and the band at the highest frequency (164 cm

-1
) 

at 15.5 GPa has been tentatively attributed to a mixture of the Ag
7
 and Bg

8 
modes since 

both modes show similar calculated frequencies and pressure coefficients. 

As already commented, we have detected a lack of Raman scattering signal 

above 20 GPa thus suggesting a phase transition to a Raman inactive phase above that 

pressure. The lack of Raman scattering indicates that -Bi2Te3 undergoes a complete 

phase transition towards -Bi2Te3, and it suggests that the nature of the new phase could 

be the disordered bcc structure (Im-3m, S.G. 229) recently found in Bi2Te3 above 14.4 

GPa and which dominates the powder X-ray diffraction spectrum above 25 GPa [33,34]. 

Our Raman measurements suggest that no phase transition to the monoclinic bcc-like 

C2/m phase with nine/ten Bi coordination occurs [34]. Note that the main difference 

between the similar ordered bcc-like C2/m and disordered bcc Im-3m structures is that 

the bcc-like C2/m phase is Raman active, with 12 Raman-active modes, while the Im-

3m phase is Raman inactive. Note that on the basis of our Raman measurements alone 

we cannot assign -Bi2Te3 to the disordered bcc structure without ambiguity because it 

is possible that the Raman scattering signal of the bcc-like C2/m phase is very weak and 
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we have not been able to measure it. Similar results have been already found in the 

study of the lattice dynamics of Sb2Te3 under pressure [51]. 

In order to study the structural stability of the different phases of Bi2Te3 and to 

support the previous assignments of the different high-pressure phases of Bi2Te3 we 

have performed total-energy calculations for Bi2Te3 with the above proposed structures 

[33,34]. Figure 9(a) and 9(b) show the energy vs. volume and the Gibbs free energy 

difference at 300 K vs. pressure for the different phases calculated. In Fig. 9(a) it can be 

observed that the different phases observed in Bi2Te3 under pressure [34] cross each 

other at reduced volumes and therefore are candidates to be observed at different 

pressures. Therefore, our assignments of the peak frequencies in the preceding 

paragraphs to the proposed phases are coherent. The only doubt is whether -Bi2Te3 is 

the ordered bcc-like C2/m nine/ten phase or the disordered bcc (Im-3m) phase. Our 

total-energy calculations support the phase transition from the C2/c phase towards the 

bcc-like C2/m phase. Unfortunately, we have not been able to made calculations for the 

disordered bcc Im-3m phase because we cannot easily model disordered phases. 

Therefore, in order to ensure that these phases are consistent we have plotted in Fig. 

9(b) the pressure dependence of the Gibbs free energy difference at T = 300 K for the 

different monoclinic phases with respect to the R-3m, which is taken as reference. The 

calculated phase-transition pressure for the R-3m to the C2/m phase is 4.5 GPa, which 

compares with the experimental value (7.5 GPa). The calculated phase-transition 

pressure for the C2/m to the C2/c phase is around 9 GPa while the experimental value is 

around (15 GPa). As regards the last phase transition, our calculations show that the 

monoclinic bcc-like C2/m nine-ten structure crosses below the C2/c structure near 14 

GPa. This means that in principle a phase transition from the C2/c to the monoclinic 

bcc-like C2/m phase could be observed at T=300K. However, we have calculated the 

phonons of this bcc-like phase at several pressures between 15 and 18 GPa and have 

found that there are phonons with negative frequencies which suggest that this bcc-like 

phase is not really stable at high pressures. Therefore, we conclude that it is most likely 

that the-Sb2Te3 phase is a disordered bcc phase with Im-3m structure as already found 

in Bi2Te3 since it is expected that the Gibbs free energy of the disordered bcc structure 

is even lower than that of the bcc-like C2/m phase. Finally, we must comment that it is 

possible that the phase transition from the C2/c to the Im-3m phase begins at much 

lower pressure than 20 GPa, as it is observed by powder X-ray diffraction [34], but 
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Raman scattering cannot detect it because of the lack of Raman scattering of the latter 

phase. 

  

V. Conclusions 

We have performed room-temperature Raman scattering and optical absorption 

measurements and ab initio total-energy and lattice dynamics calculations in Bi2Te3 at 

high pressures. We have shown that Bi2Te3 exhibits a decrease of the indirect bandgap 

with a pressure coefficient of -6 meV/GPa and that it remains transparent even at 5.5 

GPa. We have also found that it follows the sequence of pressure-induced phase 

transitions up to 23 GPa recently predicted and verified by means of powder X-ray 

diffraction measurements [33,34] and that were also confirmed to occur in Sb2Te3 under 

pressure [51]. We have also found that a less positive pressure coefficient is observed in 

-Bi2Te3 around 4.0 GPa due to an electronic topology transition in the rhombohedral 

phase, as already evidenced in other type of measurements [20,29,31,32,35,36] and in 

Raman scattering measurements in Sb2Te3 under pressure [51]. The pressure 

dependence of the experimental and calculated Raman mode frequencies in the different 

phases are reported and found to be in good agreement with each other and only the 

low-frequency modes of each phase were not observed likely because of their weak 

intensity. Finally, we must note that on fully releasing the pressure the sample returns to 

the rhombohedral structure below 5 GPa as previously reported [34]. We hope the 

present work will further stimulate new measurements in Bi2Te3 under high pressure. In 

general, more work on layered chalcogenide compounds is needed to understand the 

mechanism of their pressure-induced electronic topological phase transitions and the 

subtle effects on their structures and their properties. 
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Table I. Calculated (th.) and experimental (exp.) lattice parameters, bulk modulus 

(B0), and its derivative (B0’) of Bi2Te3 in the R-3m structure at ambient pressure and 

calculated lattice parameters of Bi2Te3 in the C2/m and C2/c structures at 8.4 and 15.5 

GPa, respectively. 

 

 a(Å) b(Å) c(Å) º B0(GPa) B0’ Ref. 

-Bi2Te3 (0 GPa) 

th.(GGA-PBEsol) 

 

4.380  29.982  41.92 4.89 This work 

th.(GGA-PBESol)
a 

4.375  30.167  41.61 4.68 This work 

th.(GGA-PBE)
 

4.45  31.63    49 

th.(GGA-PBE)
a 

4.47  31.12    49 

th.(LDA)
 a
 4.36  30.38    47 

exp. 

  

4.385  30.497    6 

exp. 

  

4.383 

 

 30.380 

 

 32.5
b 

40.9
c 

 

10.1
b 

3.2
c 

 

36 

-Bi2Te3 (8.4 GPa) 

th.(GGA-PBESol) 14.883 4.066 9.121 89.73     41.25 

?? 

4.06 This work 

th.(GGA-PBE)
d 

14.865 4.056 17.468 148.39   34 

exp.
d 

14.645 4.096 17.251 148.48   34 

-Bi2Te3 (15.5 GPa) 

th.(GGA-PBESol) 9.895 6.962 7.709 70.30 45.28 3.57 This work 

th.(GGA-PBE)
e
 9.956 7.146 10.415 134.86   34 

exp.
e 

10.233 6.955 10.503 136.0   34  

a
 Calculations including the spin-orbit coupling. 

b
 At room pressure. 

c
 Above 3.2 GPa. 

d
 Around 12-12.6 GPa. 

e
 Around 14-14.4 GPa. 
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Table II. Experimental room-temperature Raman-mode frequencies and pressure 

coefficients observed in -Bi2Te3 at both room pressure and 4.0 GPa, as obtained from 

fits to the data using ω(P) = ω(P0=1 atm) + a1·(P-P0) and ω(P) = ω(P0=4 GPa) + a1·(P-

P0), respectively. Theoretical (th.) values calculated at room pressure are also shown for 

comparison, as well as theoretical and experimental data from Refs. 49 and 50, 

respectively. 

 

  

Mode 

(P=P0) 

(cm - 1 )  

a 1  

(cm - 1 /GPa)  

(P=P0) 

(cm - 1 )  

a 1  

(cm - 1 /GPa)  

(P=P0) (th.) 

(cm - 1 )  

a1 (th.) 

(cm - 1 /GPa) 

(P=P0) (th.) 

(cm - 1 )  

 

Eg
1  

 

A1 g
1  

 

 

 

Eg
2  

 

 

 

A1 g
2  

 

 

 

 

61.3
a
 

 

76.1
b
 

 

101.1
a
 

 

115.1
b  

 

132.1
a
 

 

 

 

 

3.71
a
 

 

2.45
b
 

 

3.49
a  

 

2.48
b  

 

2.92
a
 

 

 

 

 

62 

 

 

 

102 

 

 

 

 

 

 

 

 

3.4 

 

 

 

4.0 

 

39.2 

 

63.4 

 

 

 

102.5 

 

 

 

135.5 

 

1.96 

 

3.44 

 

 

 

2.65 

 

 

 

2.72 

 

36.4 

 

53.9 

 

 

 

104.4 

 

 

 

137.2 

Ref.  * * 50 50 * * 49 
a
 Calculated at  room pressure (P 0= 1 atm) 

b
 Calculated at P 0= 4.0 GPa.  

*
 This work.  
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Table III. Experimental Raman-mode frequencies and pressure coefficients observed 

in -Bi2Te3 at room temperature at P0= 8.4 GPa as obtained from fits using ω(P) = ω(P0) 

+ a1·(P-P0). Theoretical (th.) ab initio values for the frequencies and pressure 

coefficients at 8.4 GPa are also shown for comparison.   

 

  

Mode 

(P 0)   

(cm
- 1

)  

a 1  

(cm
- 1

/GPa)  

(P 0)  ( th.)
 

(cm
- 1

)  

a 1  ( th.)
 

(cm
- 1

/GPa)  

 

Bg
1
 

 

Ag
1  

 

Bg
2

 

 

Ag
2
 

 

Ag
3
  

 

Ag
4

 

 

Bg
3
 

 

Bg
4
 

 

Ag
5

 

 

Ag
6  

 

Bg
5
 

 

Ag
7

 

 

Ag
8
 

 

Ag
9

 

 

Ag
1 0

 

 

 

 

38.0 

 

52.4 

 

60.0 

 

68.4 

 

81.4 

 

 

 

100.1 

 

102.9 

 

112.1 

 

113.7 

 

124.2 

 

127.1 

 

135.6 

 

151.0 

 

 

 

0.06 

 

0.18 

 

1.16 

 

-0.09 

 

2.49 

 

 

 

1.69 

 

2.39 

 

2.84 

 

1.63 

 

2.09 

 

2.17 

 

1.97 

 

2.56 

 

    17.6 

 

   41.1 

 

   49.5 

 

   49.6 

 

   62.1 

 

   90.7 

 

  103.2 

 

  108.2 

 

  111.4 

 

  117.3 

 

  119.4 

 

  128.9 

 

  135.9 

 

  143.2 

 

  154.7 

 

0.50 

 

0.14 

 

0.65 

 

1.23 

 

0.21 

 

1.77 

 

0.79 

 

1.08 

 

1.65 

 

2.05 

 

1.16 

 

2.11 

 

2.09 

 

1.95 

 

2.34 
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Table IV.   

Experimental Raman-mode frequencies and pressure coefficients observed in -Bi2Te3 

at room temperature at P0=15.5 GPa as obtained from fits using ω(P) = ω(P0) + a1·(P-

P0). Theoretical (th.) ab initio values for the frequencies and pressure coefficients at 

15.5 GPa are also shown for comparison. 

 

 

  Mode 

 (P0=15.5 GPa) 

(cm
-1

) 

a1  

(cm
-1

/GPa) 

(P0=15.5 GPa) (th.) 

(cm
-1

) 

a1 (th.)
 

(cm
-1

/GPa) 

 

Bg
1
 

 

Ag
1  

 

Bg
2
 

 

Ag
2
 

 

Bg
3  

 

Ag
3  

 

Bg
4  

 

Bg
5  

 

Ag
4  

 

Bg
6  

 

 Ag
5  

 

Ag
6  

 

Bg
7  

 

Ag
7  

 

Bg
8  

 

 

 

 

 

 

 

 

59.0 

 

70.0 

 

79.4 

 

110.8 

 

119.3 

 

124.8 

 

131.7 

 

137.3 

 

145.0 

 

156.3 

 

164.5 

 

164.5 

 

 

 

 

 

 

 

0.45 

 

-0.26 

 

0.98 

 

1.29 

 

1.39 

 

1.44 

 

1.44 

 

2.11 

 

1.33 

 

2.29 

 

1.90 

 

1.90 

 

 

   22.2 

 

   40.4 

 

   47.5 

 

   58.4 

 

   67.5 

 

   83.8 

 

  115.7 

 

  120.2 

 

  124.2 

 

  129.7 

 

  132.1   

 

  144.7 

 

  149.2 

 

  161.2 

 

  164.2 

 

2.95 

 

0.90 

 

0.23 

 

1.04 

 

0.12 

 

1.32 

 

1.13 

 

1.29 

 

1.92 

 

1.89 

 

2.58 

 

1.05 

 

2.97 

 

2.51 

  

       2.40 
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Figure captions  

 

Fig. 1. (Color online) Experimental transmittance of a 7 m thick -Bi2Te3 sample at 

room pressure outside the DAC (solid line). Dotted line indicates the fit of the 

experimental spectrum.  

 

Fig. 2. (Color online)  Experimental transmittance of -Bi2Te3 at different pressures up 

to 5.5. GPa. A shift of the absorption edge to low energies is observed with increasing 

pressure.  

 

Fig. 3. (Color online)  Pressure dependence of the optical bandgap of -Bi2Te3 

according to reflectance (red squares) and to transmittance (black circles) 

measurements.  

 

Fig. 4. (Color online)  Experimental reflectance of -Bi2Te3 at different pressures.  

 

Fig. 5. Experimental Raman spectra of -Bi2Te3 at pressures between room pressure 

and 7.4 GPa.  

 

Fig 6. (Color online) (a) Experimental pressure dependence of the Raman mode 

frequencies in -Bi2Te3. Solid curves represent ab initio calculated mode frequencies. 

Dashed lines are guides to the eye to indicate the different behaviour of the 

experimental Raman mode frequencies with pressure. (b) Experimental pressure 

dependence of the full width half medium (FWHM) of the Raman modes. Solid lines 

are guide to the eye to indicate the different behaviour of the FWHM with pressure. 

 

Fig. 7. (Color online) (a) Experimental Raman spectra of the high-pressure phases of -

Bi2Te3 at pressures between 8.4 and 14.4 GPa. Bottom marks indicate the calculated 

frequencies of the Raman-active modes in the -Bi2Te3 phase at 8.4 GPa. (b) 

Experimental pressure dependence of the Raman mode frequencies in -Bi2Te3. Solid 

(dashed-dotted) curves represent ab initio calculated mode frequencies of modes 

observed (not observed) in our measurements. 

 



 28 

Fig. 8. (Color online) (a) Experimental Raman spectrum of -Bi2Te3 at pressures 

between 15.5 and 21.6 GPa and at ambient pressure after releasing pressure. Bottom 

marks indicate the calculated frequencies of the Raman-active modes in the -Bi2Te3 

phase at 15.5 GPa. (b) Experimental pressure dependence of the Raman mode 

frequencies in -Bi2Te3. Solid (dashed-dotted) curves represent ab initio calculated 

mode frequencies of modes observed (not observed) in our measurements. 

 

Fig. 9. Theoretical calculation of energy vs. volume (a) and and Gibbs free energy 

difference at 300 K as a function of pressure (b) for the R-3m, C2/m, C2/c, and bcc-like 

C2/m phases of Bi2Te3. Free energy of R-3m phase is taken as reference in (b). 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6(a) 
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Fig. 6(b) 
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Fig. 7(a)   
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Fig. 7(b) 
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Fig. 8(a) 
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Fig. 8(b) 
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Fig. 9(a) 
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Fig. 9(b) 

 

 

 


