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We report the observation of two signatures of a pressure-induced topological quantum phase transition
in the polar semiconductor BiTel using x-ray powder diffraction and infrared spectroscopy. The x-ray data
confirm that BiTel remains in its ambient-pressure structure up to 8 GPa. The lattice parameter ratio ¢/a
shows a minimum between 2.0-2.9 GPa, indicating an enhanced c-axis bonding through p, band crossing
as expected during the transition. Over the same pressure range, the infrared spectra reveal a maximum in
the optical spectral weight of the charge carriers, reflecting the closing and reopening of the semi-
conducting band gap. Both of these features are characteristics of a topological quantum phase transition

and are consistent with a recent theoretical proposal.
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Topological insulators are a class of materials having
nontrivial topology in their bulk electronic states, charac-
terized by nonzero topological invariants [1]. This intrigu-
ing state of matter was theoretically predicted [2-6] and
experimentally observed [7—13] in a variety of 2D and 3D
systems. When in contact with an ordinary (i.e., topologi-
cally trivial) insulator, the band gap of the topological
insulator inevitably becomes closed at the boundary where
the topological invariant has a discontinuity from a non-
zero value to zero, the result is a topologically protected
metallic boundary state. The same principle also guaran-
tees the band gap closing in the bulk and the resulting
metallic bulk state at the critical point of a topological
quantum phase transition (TQPT) [see Fig. 1(a)], hinted in
BiTI(S,_,Se,), [14,15] and (Bi, _,In,),Se; [16,17] by dop-
ing. The effects of doping in these experiments are to tune
the spin-orbit interaction and/or the lattice parameters.
Such effects can be realized directly by pressure, a method
that does not involve the potential defects and inhomoge-
neity of doping. This has indeed been proposed as a means
to look for topological insulating states in, e.g., ternary
Heusler compounds [18], A;Ir,0; (A =Y or rare-earth
elements) [19], Ge,Sb,Tes [20], and BiTel [21].

Despite its importance, there has been no experimental
evidence for a pressure-induced TQPT. In general, a direct
detection of the topological invariant is difficult because
of its lack of coupling to most experimental probes.
Consequently, a common approach is to detect the gapless
metallic surface state as an indication of the topological
phase using surface-sensitive techniques such as angle-
resolved photoemission spectroscopy [8—13] and scanning
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tunneling microscopy or spectroscopy [22,23]. At present
these techniques cannot be implemented easily at high
pressure, rendering them incapable of studying pressure-
induced TQPTs. Transport measurements can also detect
topological surface states and are compatible with high-
pressure techniques, but naturally grown materials often
contain impurity-induced doping that causes conduction in
the bulk to overwhelm the surface conductivity [24-26].
Expecting the band gap closing at the critical point of
TQPTs, we propose to establish pressure-induced TQPTs
by identifying such band gap closing and the resulting
metallic bulk state.

In this Letter, we report experimental observation of
characteristics of the pressure-induced TQPT in BiTel
using x-ray powder diffraction and infrared spectroscopy.
X-ray powder diffraction shows that BiTel remains in the
hexagonal structure up to 8 GPa but with the lattice pa-
rameter ratio c¢/a passing through a minimum between
2.0-2.9 GPa, indicating an enhanced c-axis bonding
through p, band crossing when a metallic bulk state
occurs. Infrared spectroscopy over the same pressure range
reveals a maximum in the free-carrier spectral weight as
would be expected when the semiconducting band gap
closes and reopens. Both of these results provide evidence
for a pressure-induced TQPT in BiTel at a critical pressure
P, between 2.0-2.9 GPa. Our experiments demonstrate
pressure as an efficient way to induce TQPTs and the use
of infrared spectroscopy and x-ray diffraction (XRD) for
their investigation.

BiTel is a layered polar semiconductor with the trigonal
space group P3m1 and a hexagonal unit cell at ambient
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FIG. 1 (color online).
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(a) Left: A topological insulator in contact with an ordinary insulator. X is the spatial coordinate. X, indicates

the physical boundary that hosts the gapless metallic state. Right: A topological quantum phase transition induced by tuning a
parameter P (e.g., pressure). P, indicates the critical point where the transition occurs, at which the band gap closes to yield a metallic
state. (b) A diagram illustrating the band inversion across the TQPT at P... Magenta denotes the Bi-6p, orbital, cyan denotes the Te-5p,
and I-5p, orbitals. (c) X-ray powder diffraction patterns of BiTel from 0.9 to 9.7 GPa. The data above 0.9 GPa are vertically shifted for
clarity. The dots indicate the new peaks that emerge above 7.9 GPa. The filled circles in (d) and (e) are the lattice parameters ¢, a, and
the c¢/a ratio in the hexagonal phase at different pressures, extracted from our XRD data. The open circles are the ambient-pressure
data taken from Ref. [27]. Error bars in (d) are within the symbol size. Error bars in (e) come from the uncertainties in ¢ and a.

pressure [27]. The triple Te-Bi-I layers stack along the
crystallographic ¢ axis, coupled by the van der Waals
interaction. The broken inversion symmetry in the pres-
ence of strong spin-orbit coupling gives rise to a giant
Rashba-type spin splitting, the largest observed so far in
any system [28]. Although BiTel is a narrow-gap semicon-
ductor with an ambient-pressure band gap of ~(0.38 eV
[28-30], it is typically self-doped due to nonstoichiometry
and thus an n-type semiconductor [31]. Remarkably,
Bahramy et al. [21] predicted that hydrostatic pressure
effectively tunes the crystal-field splitting and spin-orbit
interaction in BiTel, turning it into a topological insulator.
Such a TQPT is accompanied by a band inversion near
the A point of the Brillouin zone; the dispersion of the
bulk spin-split bands becomes almost linear at the critical
pressure P..

Single crystals of BiTel were grown by the Bridgman
method. The ambient-pressure carrier density is estimated
to be 2.7 X 10" cm™3 [32]. Samples used in different
experiments were mechanically cleaved from one single
crystal. High-pressure infrared spectroscopy and angle-
dispersive x-ray powder diffraction were performed at
U2A and X17C beam lines at the National Synchrotron
Light Source (Brookhaven National Laboratory). All data
were collected at room temperature. Pressure was moni-
tored by laser-excited ruby fluorescence. The separation of
the two fluorescence lines indicated that the pressure was
quasihydrostatic. In the XRD experiment, a sample was
ground into fine powder and loaded into a diamond anvil
cell. A 4:1 methanol-ethanol mixture was used as the

pressure-transmitting medium. Two-dimensional diffrac-
tion rings were collected for pressures up to 27.2 GPa,
with the incident monochromatic x-ray wavelength set to
0.4066 A. Integrating the diffraction rings yielded XRD
patterns as a function of the diffraction angle 26 [33].

The experimental configuration for the infrared mea-
surements is illustrated in the inset of Fig. 2(b). The sample
was pressed against a diamond anvil and surrounded by a
pressure-transmitting medium (KBr) elsewhere. Infrared
microspectroscopy was performed on a Fourier transform
infrared spectrometer coupled to a microscope [34].
Reflectance and transmittance were measured for photon
energies between (.08-1.00 eV and pressures up to
25.2 GPa. Four samples were measured, all giving consis-
tent results. The data with the most complete pressure
dependence are presented here.

The XRD patterns in Fig. 1(c) show a structural phase
transition at ~8 GPa. Ambient-pressure BiTel has a hex-
agonal lattice with lattice parameters a = 4.339 A and ¢ =
6.854 A [27]. Increasing pressure consistently shifts each
Bragg peak to a larger 26 angle, indicating the reduction of
the d spacing. Above 7.9 GPa, a great number of new peaks
emerge, suggesting a different structure. Additional mea-
surements with smaller pressure steps confirm no structural
variation below 8 GPa [34]. Rietveld refinement [35] of the
XRD data yields the lattice parameters [Fig. 1(d)] of the
hexagonal phase. We include the ambient-pressure values
of these parameters taken from Ref. [27] (omitted in our
experiment), shown as open circles in Fig. 1(d); they
are consistent with the pressure dependence of our data.
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We note in passing that a third structure appears above
~18 GPa.

The ratio ¢/a shown in Fig. 1(e) has a clear minimum
between 2.0-2.9 GPa, strongly indicating a change in the
chemical bonding across the TQPT. In a topologically
trivial insulator, a TQPT occurs when the atomic orbital
energy ordering near the Fermi level reverses and the
conduction (valence) band inverts. At the critical pressure
P, the band gap closes, giving rise to a bulk metallic state.
The diagram in Fig. 1(b) illustrates this process. In
ambient-pressure BiTel, the bottom conduction bands are
dominated by the Bi-6p, orbital while the top valence
bands are dominated by the Te-5p, (and I-5p,) orbital
[21,36]; within the low-energy bands, the bonding is
almost ionic in nature for P < P.. After the pressure-
induced band inversion happens (P > P_.), one expects
the Te-5p, orbital contributes to the bottom conduction
bands and the Bi-6p, orbital dominates the top valence
bands; the bonding becomes more covalent. At the tran-
sition (P = P,), additional metallic bonding occurs involv-
ing the p, orbitals of Bi and Te, whose charge fluctuations
would make the ¢ axis more compressible. This is observed
clearly as a minimum in the ratio c¢/a, consistent with the
notion that electronically metals are compressible but
insulators are not. The minimum indicates a TQPT at P,
between 2.0-2.9 GPa. The corresponding volume contrac-
tion is 7%—-9%, similar to the theoretically predicted 11%
[21]. Since an intermediate metallic state at the transition
between two insulating states is only known to occur in a
TQPT, we thus have the first piece of strong evidence of a
TQPT.

Infrared spectroscopy reveals more detailed information
on the electronic structure in this pressure range and indi-
cates a TQPT as well. Both the reflectance [Fig. 2(a)] and
the transmittance [Fig. 2(b)] contain fringes; they arise
because of Fabry-Pérot effects in the optically flat sample
and in the KBr. The thinner sample gives rise to the broad
fringes and the thicker KBr gives rise to the fine ones [34].
When pressure is increased above 2.20 GPa, the contrast of
the broad fringes in reflectance increases significantly,
suggesting a sudden reduction of low-energy (below
0.2 eV) absorption right above 2.20 GPa. Between 0.08—
0.20 eV, the transmittance changes slowly below 2.20 GPa
but jumps to a higher level at 2.45 GPa, confirming the
reduction of absorption. Such a pressure-induced change of
the low-energy absorption becomes more apparent in the
optical conductivity (shown in Fig. 4) to be discussed
below. Evidently, a transition happens at 2.20 GPa, coin-
ciding with the pressure where the minimum c/a occurs.

We removed the fringes by Fourier transforming the
spectra, filtering the fringe signatures, and taking the
inverse transform. Reflectance data after fringe removal
are plotted as dots in Fig. 3(a), showing a plasma edge
characteristic of the free-carrier response in the system.
As pressure increases from 0 to 2.20 GPa, the plasma edge
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FIG. 2 (color online). Infrared reflectance (a) and transmit-
tance (b) of BiTel for pressure in 0.17-7.51 GPa. The black
arrows indicate the direction of increasing pressure. Absorption
from diamond corrupts the data between 0.22-0.33 eV (patched
as dashed lines) and causes the dip at ~0.46 eV in reflectance.
The inset in (b) shows the measurement configuration. The
arrowed lines indicate the beam paths for the reflected (R) and
transmitted (7') signals.

gradually blueshifts. Above 2.20 GPa, it begins to redshift,
with the shift continuing as the pressure is further
increased. We note that the turning of the plasma edge at
~2 GPa was consistently observed in the four samples we
measured, although the quantitative behavior of the infra-
red data is sample dependent on account of differing
scattering rates in the samples. Moreover, it is reversible
as long as the pressure does not exceed ~18 GPa, at which
a second structural phase transition occurs.

The low-energy spectral feature due to the free-carrier
response can be fitted with a simple Drude dielectric
function

2

. (M

0> +iny’

w
€ = €4

Here, €, is the dielectric constant contributed from
high-energy excitations, w% /8 the carrier spectral weight,
and vy the electronic scattering rate. A least-squares fit to
Eq. (S1) in [34] was performed on reflectance, shown as
solid lines in Fig. 3(a). The fitting parameters are shown in
Figs. 3(b)-3(d) [37]. Compared to an earlier ambient-
pressure measurement [30], the scattering rate 7y is bigger
in the sample studied here, and varies among all the
samples measured. The monotonic increase in €, upon
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FIG. 3 (color online). (a) Reflectance at low pressure and low
photon energy after fringe removal. The triangles indicate the
plasma edge at 0.17 GPa (blue), 2.20 GPa (lime green), and
3.45 GPa (magenta). The solid lines are fits as described in the
text. The inset illustrates the conduction band dispersion &(k)
and the chemical potential as the pressure approaches P.. The
slope of e(k) at the chemical potential gives the Fermi velocity
vp. The arrows indicate the direction of increasing pressure.
(b)—(d) Pressure dependence of the fitting parameters w ,, y, and
€. Error bars are within the symbol size.

pressurization accords with that in reflectance at photon
energies greater than 0.3 eV.

The pressure dependence of w, offers a second indica-
tion of a TQPT. In our n-type sample, the pressure-induced
change in the electronic band structure affects the Fermi
velocity vg. As illustrated in the inset of Fig. 3(a), across a
pressure-induced TQPT, vy increases as P — P. (and
decreases above P, when the dispersion again becomes
parabolic, not shown). The maximum vy lies in the tran-
sition region where the band gap closes and the band
dispersion approaches linear behavior. Because the carrier
spectral weight w% /8 simply measures v% over the Fermi
surface in weakly interacting systems [29], one expects
W, * Vg, hence a maximum p near P.. Indeed, in
Fig. 3(b) the extracted w, clearly peaks at 2.20 GPa,
reflecting the closing and reopening of the band gap across
the TQPT. The critical pressure is consistent with the range
given by the x-ray powder diffraction.

The reflectance and transmittance data may be inverted
to give the optical conductivity [34]; the results also show a
maximum in the free-carrier spectral weight consistent
with Fig. 3(b). The real part of the optical conductivity is
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FIG. 4 (color online). The real part of the optical conductivity
calculated from reflectance and transmittance. The arrow indi-
cates the direction of increasing pressure. The data between
0.22-0.33 eV are corrupted by the diamond absorption (patched
as dashed lines). The inset shows the dc conductivity o, calcu-
lated from w,, and y shown in Figs. 3(b) and 3(c).

shown in Fig. 4. The dc conductivity o, roughly estimated
by extrapolating the low-energy portion of the optical
conductivity to zero photon energy, has a maximum at
220 GPa, consistent with the maximum in oy =
wf, /4y calculated using the @, and y from the fit (inset
in Fig. 4) and directly confirming the band gap closing and
reopening during a TQPT.

In summary, we obtained independent and consistent
experimental evidence for a pressure-induced topological
quantum phase transition in BiTel using x-ray powder
diffraction and infrared spectroscopy. Signatures of the
transition are evident in both structural data (with a mini-
mum in the ¢/a ratio at the critical pressure) and optical
data (with a maximum in the free-carrier spectral weight at
the same pressure). Both of these features are character-
istics of the topological quantum phase transition and are
consistent with a recent theoretical proposal. Our work
motivates the exploration of the novel physics associated
with this transition [38] using other experimental probes.
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Contract No. DE-AC02-98CH10886 at BNL. The use of
U2A and X17C beam lines was supported by NSF (Grants
No. DMR-0805056 and No. EAR 06-49658, COMPRES)
and DOE/NNSA (Grant No. DE-FC03-03N00144, CDAC).

Note added in proof.—High pressure infrared and
Raman spectroscopy on BiTel were reported in a recent
preprint [39].
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