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Tungsten ditelluride WTe, is a type-1I Weyl semimetal with electronic properties highly sensitive to external
pressure, as demonstrated by the superconductivity emerging under pressure. Here we study the optical
conductivity of the type-II Weyl semimetal WTe, under external pressure at room temperature. With increasing
pressure, a pronounced spectral weight transfer occurs from the high-energy to the low-energy interband
transitions, with drastic changes in the profile of the optical conductivity spectrum indicating a high sensitivity
of the electronic band structure to external pressure. The detailed analysis of the pressure-dependent optical
conductivity furthermore reveals anomalies at the pressures ~2 and ~4.5 GPa, where an electronic and a
structural phase transition, respectively, were reported in the literature.

DOLI: 10.1103/PhysRevB.102.075122

I. INTRODUCTION

The layered transition-metal dichalcogenide WTe; is cur-
rently extensively studied [1-3], as it is an inversion-
symmetry-breaking type-II Weyl semimetal [4—6] with an ex-
tremely large nonsaturating magnetoresistance (MR) [7-10]
and other outstanding properties, such as a nonlinear anoma-
lous Hall effect in few-layer samples (despite being non-
magnetic) [11,12], room-temperature ferroelectricity [13], un-
conventional Nernst effect [14], and pressure-induced super-
conductivity [15,16]. An ultrafast symmetry switch has been
realized in WTe, [17], exploiting structural changes induced
by teraherz radiation and the accompanying changes in the
topological Weyl state. The large MR in WTe, is usually
explained by a perfect compensation of electron and hole car-
riers [7], which is supported by theoretical calculations [18] as
well as ARPES and transport experiments [19-22]. However,
the results of Hall effect measurements questioned this sce-
nario [23,24] and alternative explanations such as strong spin-
orbit coupling and forbidden backscatterings due to the spin
texture were proposed [25,26]. Therefore, knowledge of the
properties of the Fermi surface of WTe, is highly desirable.
According to angle-dependent transport measurements, the
electronic properties of WTe, are rather three dimensional,
and the temperature dependence of the magnetoresistance fol-
lows the temperature dependence of the mass anisotropy and
thus the anisotropy of the Fermi surface [27]. Furthermore,
nonlinear MR and its temperature behavior were explained by
the temperature-induced changes in Fermi surface convexity
[28].

Shubnikov—de Haas experiments under pressure [20] not
only favor the scenario of two electron and two hole pockets of
similar size, but also highlight the drastic pressure dependence
of the Fermi surface of WTe,. Accordingly, with increasing
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pressure, a strong increase of the size of the Fermi surface
is observed, as well as a change in its topology, namely
two pockets disappear around 1 GPa. Interestingly, two other
studies on WTe, discovered superconductivity under pressure
with a maximum 7; =~ 7 K, although with a discrepancy in
the pressure onset of the transition (10.5, 2.5 GPa) [15,16]
coinciding with the suppression of the large MR effect. It
was furthermore found that WTe, undergoes a pressure-
induced structural phase transition from the ambient-pressure
orthorhombic 7; to the monoclinic 7’ phase at ~8 GPa
[29-31]. Thus, it was suggested that the structural phase tran-
sition separates the large MR state from the superconducting
state [30,31], in contradiction to the findings in Ref. [29],
where both polytypes show superconductivity. Furthermore,
electronic band structure calculations under pressure show an
anisotropic Fermi surface at high pressure [30], whereas re-
cent angle-dependent measurements of the upper critical field
reveal a nearly isotropic superconductivity at ~10 GPa [32],
not compatible with the calculated Fermi surface anisotropy.

Optical spectroscopy is a powerful technique for prob-
ing the charge dynamics in a material with a high energy
resolution. In particular, materials with nontrivial topology
show a characteristic frequency dependence of their optical
conductivity. In particular, three-dimensional (3D) Dirac and
type-I Weyl semimetals show a frequency-linear behavior
due to interband transitions between the linearly dispersing
nontrivial bands [33], like it was detected, e.g., for TaAs
[34]. In comparison, the optical conductivity of type-II Weyl
semimetals with tilted cones contains two regions with quasi-
linear behavior, where the change of slope is a measure for
the tilting of the Weyl cones [35]. Linear extrapolation of the
higher-energy region gives a finite conductivity value at zero
frequency.

The optical conductivity of WTe, at ambient pressure
[36-38] contains two Drude components whose spectral
weight and scattering rate showed a markedly different tem-
perature behavior. One Drude term was associated with trivial,
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semimetallic electron and hole bands, while the other one
with Dirac carriers at Weyl points [38]. WTe, also shows
a frequency-linear optical conductivity typical for Dirac and
Weyl semimetals; however, according to ab initio calculations,
in WTe,; the linear behavior of the optical conductivity stems
from a sum of many transitions involving trivial bands [37],
and besides, the two distinct regions with quasilinear behavior
characteristic for type-II Weyl semimetals are lacking.

On the other hand, to our knowledge, such optical signa-
tures for type-1I Weyl semimetals could not be unambiguously
proven to exist in any candidate material up to now. Although
two linear slopes were found in the optical conductivity of
YbMnBi, via reflectivity measurements, both quasilinear be-
haviors extrapolate through the origin [39]. Moreover, it was
found that a feature which might be attributed to a van Hove
singularity in a simplified Weyl semimetal band structure,
can more likely be described by certain nonidealities in the
present material [40]. Two linear regimes separated by a kink
were also observed in the optical conductivity of elemental
tellurium under pressure [41]. But by band-resolved DFT
calculations it was shown that the origin of these features
is not due to a Weyl type-II band structure. In a recent
publication [42], the authors show the optical conductivity of
TalrTe4 indeed consisting of two linear slopes separated by
a kink and interpret these findings in terms of a tilted Weyl
dispersion, but other origins of this behavior could not be
excluded.

In order to obtain more detailed information on the elec-
tronic properties of the type-II Weyl semimetal WTe, under
pressure, we studied the optical conductivity of WTe, for
pressures up to 8 GPa. Upon pressure application, apart from
the increasing metallicity due to the increase in the Fermi
pockets, we observe a large spectral weight transfer from
high to low energies. Furthermore, we find indications for
two phase transitions, at ~2 and ~4.5 GPa, presumably
of electronic and structural type, respectively. Our findings
confirm the strong influence of pressure on the band structure
and thus the peculiar electronic properties of WTe,.

II. SAMPLE PREPARATION
AND EXPERIMENTAL DETAILS

Single crystals were grown by chemical vapor transport
of polycrystalline WTe, with TeCly (Aldrich, 99%) as a
transport additive, the evacuated silica ampoule heated in a
two-zone furnace in a temperature gradient from 900 (7'2) to
800°C (T'1) for several days. After reaction, the ampoule was
removed from the furnace and quenched in water. The 0.5—
1 mm size platelike crystals were characterized by powder
x-ray diffraction (XRD). At ambient pressure, WTe, crystal-
lizes in the noncentrosymmetric, orthorhombic 7; phase with
distorted Te octahedra and zigzag chains of W atoms along
the a axis [43,44], in contrast to the monoclinic 17" structure
and the undistorted trigonal prismatic 2H structure.

Pressure-dependent infrared reflectivity measurements
were carried out at room temperature in the frequency range
300-16000 cm™! using a Bruker Vertex v80 Fourier trans-
form infrared spectrometer coupled to a Bruker Hyperion
infrared microscope. For the measurements, freshly cleaved
crystals were placed in the hole of CuBe gaskets inside a

screw-driven diamond-anvil cell. Finely ground CsI pow-
der served as quasihydrostatic pressure transmitting medium
(PTM). The pressure inside the DAC was determined in situ
using the ruby luminescence technique [45,46]. The reflec-
tivity spectra at the sample-diamond interface Ry 4(w) were
obtained according t0 R.q(®) = Rs_gasket(@)Is () /Igasiet (),
where [(w) is the intensity of the radiation reflected at the
sample-diamond interface, Iy is the intensity reflected
from the CuBe gasket-diamond interface, and Rs.gasker(@) 1S
the reflectivity of the gasket material for the diamond in-
terface. The frequency range of the diamond multiphonon
absorptions 1800-2700 cm~! was interpolated based on a
Drude-Lorentz fitting of the reflectivity data.

The R, 4(w) spectra were treated via Kramers Kronig (KK)
analysis taking into account the sample-diamond interface
[47] in order to obtain the complex optical conductivity
6 (w) = 01(w) + ior(w) and the complex dielectric function
é(w) = €;(w) + iez(w). To this end, the low-frequency ex-
trapolations of the reflectivity data were based on Drude-
Lorentz fitting, whereas for the high energy extrapolation
ambient-pressure x-ray atomic scattering functions were uti-
lized [48], adjusted for the sample-diamond interface.

III. RESULTS

Pressure-dependent reflectivity Ry 4(w) spectra of WTe,
are depicted in Fig. 1(a). At the lowest pressure (1.2 GPa),
the reflectivity drops quite sharply from ~0.75 at the lowest
measured frequency to ~0.3 at 1500 cm~'. Above 1500
cm™!, the reflectivity decreases monotonically to the value
~0.18 at the highest measured frequency (16 000 cm™"). The
features at intermediate frequencies signal the presence of
several interband transitions. The reflectivity drop in the low-
energy range of the spectrum corresponds to a plasma edge,
which sharpens during cooling down [36]. Since the plasma
edge is rather smeared out at room temperature and under
pressure, no clear plasmon peak appears in the loss function
A, defined as A = —Im(1/¢€) [see inset of Fig. 1(b)]. Instead,
the loss function increases strongly up to ~1600 cm™!, reach-
ing a plateau, and then increases monotonically in a slower
fashion.

With increasing pressure, the overall reflectivity increases,
indicating an increasing metallicity as it is expected for
semimetallic compounds under pressure. The reflectivity in-
crease is stronger at low frequencies compared to high fre-
quencies. The plasma edge in the reflectivity spectrum shifts
to higher energies with increasing pressure. Above ~ 4.5 GPa,
a shoulder appears at ~ 4500 cm™!.

The real part of the optical conductivity o, as plotted
in Fig. 1(b), allows for a more detailed view on the optical
properties of WTe, under pressure. At 1.2 GPa, one can
see the tail of a small Drude contribution, consistent with
the semimetallic nature of WTe,. The value of the optical
conductivity at the lowest measured frequency matches well
with the DC conductivity of ~1050 Q 'em™! [49]. Above
1500 cm~! the optical conductivity increases almost linearly,
up to a maximum close to 10 000 cm™'. The linear behav-
ior was identified to stem from the sum of many interband
transitions involving trivial bands [37], and should not be
ascribed to interband transitions close to the Weyl points
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FIG. 1. (a) Reflectivity spectrum Ry 4(w) of WTe, for all mea-
sured pressures, together with the Drude-Lorentz fit for the spectrum
at 1.2 GPa (gray dashed line). Inset: Loss function A at the lowest
pressure, showing no clear plasmon peak. (b) Real part of the optical
conductivity o)(w) of WTe, for all measured pressures. The gray
arrow illustrates the pressure-induced spectral weight transfer from
Whigh O Wiew, as explained in the text. The gray dashed line marks the
fit of the optical conductivity spectrum at 1.2 GPa.

with a characteristic w-linear conductivity [33,35,50]. Above
10 000 cm ™!, the optical conductivity slightly decreases first
and then remains constant. Overall, the optical conductivity at
1.2 GPa is consistent with the published ambient-pressure data
[36-38,51]. The interband transitions in WTe, occur between
several electronic bands with W-5d and Te-5p character in the
vicinity of the Fermi energy Ef, including electron and hole
bands along the I'-X direction in the Brillouin zone [16,36].
Furthermore, based on the comparison between the exper-
imental and calculated conductivity spectra, weak electron
correlations were inferred [38].

For a quantitative analysis, we carried out a simultaneous
fitting of the reflectivity R;4(w) and optical conductivity
o1(w) spectra based on a Drude-Lorentz model for the di-
electric function € (w), containing one Drude contribution and
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FIG. 2. Optical conductivity spectra together with the fits and
contributions for (a) 1.2 GPa and (b) 3.7 GPa, illustrating the
different models needed to describe the data below and above 2 GPa,
respectively. The two gray arrows indicate the splitting of the Lorentz
contribution L4 into two contributions L4 and L5 above 2 GPa.

several Lorentz contributions, according to

2 2
“p1.D Qj

ey

o) =€ w? + iTpw - a)(z)’j—a)z—il"ja)’
with the frequency wpp and scattering rate I'p of the Drude
contribution, the resonance frequency wy ;, the oscillator
strength €2; and the full width at half maximum I'; of the jth
Lorentz oscillator, and the real part of the dielectric function
at high frequency €,. Despite two Drude components being
considered in optical conductivity spectra of WTe, [36-38],
we included only one Drude term in our analysis, since our
measured range starts above 300 cm~! and the scattering rate
of the second Drude term is much smaller [52]. Besides the
Drude term, we had to insert a low-energy Lorentzian contri-
bution L1 at 850 cm~! to adequately describe the low-energy
optical conductivity, consistent with recent observations of
low-energy excitations in the sister compound MoTe, [53].
We show the complete fitting with its components for the
1.2 GPa and 3.7 GPa optical conductivity spectra in Figs.
2(a) and 2(b), respectively (for more information about the
fittings see Figs. 5 and 6 in the Appendix). According to
Ref. [36] the L1 contribution stems from direct transitions
between the electronic bands along I'-X associated with the
hole and electron pockets. It is difficult to attribute the higher-
energy Lorentz contributions to specific electronic transitions,
since there are many electronic bands in the energy range
Ep £ 1eV [36].

Importantly, in the region 800-7500 cm ™! the optical con-
ductivity drastically increases with increasing pressure, while
it decreases between 7500 and 12500 cm™! [see Fig. 1(b)].
Above 12 500 cm™!, o7 is approximately pressure indepen-
dent. We also note that at 8 GPa the profile of the optical con-
ductivity o has markedly changed as compared to ambient
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FIG. 3. (a) Contour plot of the difference spectra Aoy iner as
defined in the text. The vertical dashed lines indicate the frequency
intervals Aoy (8007500 cm™') and Apg, (7500-12 500 cm™").
(b) Effective number of electrons in the frequency intervals Ay, and
Ayign as a function of pressure, showing the spectral weight transfer
from high to low energies with increasing pressure.

pressure, with an almost constant behavior in a broad energy
range from 4000 to 16 000 cm ™! [see Fig. 1(b)]. Since o is re-
lated to the joint density of states JDOS according to o} (w)
JDOS(w)/w assuming frequency-independent transition ma-
trix elements, the observed pressure-induced changes in o
indicate drastic changes in the electronic band structure and
cannot be explained by a mere shifting of bands. Overall,
one observes a pronounced pressure-induced spectral weight
transfer in the optical conductivity spectrum from high to low
frequencies around the center frequency weener = 7500 cm™!

approximately forming an isosbestic (equal-absorption) point.
Isosbestic points [54,55] have also been found in the opti-
cal conductivity spectrum of strongly correlated materials,
like the cuprates La,_,Sr,CuOy4 [56] and the pyrochlore-type
molybdates [57]. Here they were discussed in terms of a
spectral weight transfer between intraband and interband tran-
sitions in the context of a Mott-type metal-insulator-transition
within the Hubbard model. However, strongly correlated elec-
tron physics is not relevant for WTe;.

To quantify the spectral weight transfer related to interband
transitions, we subtracted the Drude component from the total
optical conductivity for each pressure to obtain the interband
contributions to the optical conductivity o7 iner. Afterwards,
we calculated the difference spectra of the interband transi-
tions Ao iner according to Aoy iner(@, P) = 01 inter (@, P) —
Ol.inter(®, 1.2 GPa). We show the contour plot of Aoy inter
in Fig. 3(a). Next, we determined the effective number of
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FIG. 4. (a) Plasma frequency of the Drude component wyp as
a function of pressure. The value of wy p at ambient pressure was
extracted [37] as the average of the two measured polarization
directions. (b) Resonance frequency wy, ; of the Lorentz contributions
L2 (black square), L3 (red dot), and L4 (blue triangle) as a function
of pressure. (c) Oscillator strength, as given by 2; in Eq. (1), for
the Lorentz contributions L2 (black square) and L3 (red dot) as a
function of pressure. The vertical gray shaded areas mark the critical
pressure ranges of the phase transitions as explained in the text.

electrons N per atom contributing to the interband optical
conductivity from the spectral weight analysis, applying the
sum rule:

Wy

2m,
0 O iner (@)d @, )

me’N

Nege (w1, ) =

where w; and w, are the lower and upper limits of the
frequency range, respectively, mg is the free electron rest
mass, and N = 12 is the number of atoms per unit cell [58].
We chose the two frequency intervals Ajqy (8007500 cm™h)
and Apign (7500-12 500 cm™!) for our calculations, since
the low-frequency interval corresponds to the area around the
contribution L2 at ~4500 cm~! and below, and the high-
frequency interval mainly covers the range of the higher
energy excitations L4/L5 at ~10000 cm~!. The pressure de-
pendence of the effective number of electrons, corresponding
to these two frequency ranges, is plotted in Fig. 3(b). While
Nesr for Ajy 1s increasing with increasing pressure, Neg for
Apigh is decreasing by approximately the same amount. Since
01(Weenter ), 1.€., in the region between Aj,y and Apign, stays
constant throughout all pressures, this behavior rules out a
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simple shifting of bands. Further band-structure-related and
band-selective optical conductivity calculations are needed in
order to identify the pressure-induced changes in the elec-
tronic band structure.

In addition to the pronounced spectral weight transfer be-
tween the interband transitions, we observe a peculiar pressure
behavior of the plasma frequency of the Drude component
wpl,p, as extracted from the fittings, which is plotted in
Fig. 4(a). The plasma frequency is linked to the carrier density
n according to a)gLD = 4mne® /m*, with the electron charge
e and the effective mass m*. At 1.2 GPa, w, p amounts to
6396 4+ 205 cm~!, which matches well with literature data
at ambient conditions [37]. The pressure dependence of w;1p
shows two anomalies: Above 2 GPa, the w,;p increases sig-
nificantly, consistent with the increasing metallicity of WTe;
under pressure [16,20]. Besides the onset of the pressure-
induced increase at ~2 GPa, there seems to be a second
anomaly at ~4.5 GPa in the pressure dependence of wpp,
namely a small step with a decrease of the slope of the curve.

Anomalies in the pressure dependence are also found
for other fitting parameters. Around 2 GPa, the resonance
frequency wo as well as the oscillator strength €2; of the
low-energy Lorentz contributions L2 and L3 show a sudden
drop and at ~4.5 GPa start to increase again as depicted in
Figs. 4(b) and 4(c), respectively. Furthermore, at ~2 GPa the
contribution L4 splits into two components, L4 and L5 (see
gray arrows in Fig. 2). This splitting is responsible for the
drop of the resonance frequency wq of L4 in Fig. 4(b), and at
~4.5 GPa there is an additional inflection point, similar to L2
and L3. Besides, several Lorentz oscillators show anomalous
behavior in their scattering rate at 2 and 4.5 GPa (Fig. 6 in the
Appendix).

IV. DISCUSSION

According to electronic band structure calculations for
T;-WTe, under pressure by Pan er al. [16], we attribute the
observed increasing metallicity stemming from the increasing
size of the electron and hole pockets, and thus from an
increasing density of states at the Fermi level upon pressure
application. Lu et al. [30] confirmed this behavior by calcula-
tions for 17’-WTe,. The band structure and Fermi surface of
the 17" phase were stated to be very similar to the 7 structure.
Furthermore, a Lifshitz transition, i.e., a change in the shape
of the Fermi surface [59], was found for pressures below
5 GPa [30]. In fact, Cai et al. [20] experimentally observed
a change of the Fermi surface topology already at ~ 1 GPa.
Since the shape of the Fermi surface directly influences the
optical properties, we should see signatures of the Lifshitz
transition in our optical data. Indeed, besides the onset of
the increase of wpp, the pronounced high-energy Lorentz
contribution L4 splits into two components L4 and LS5, of
which the former shifts abruptly to lower energies between
1.7 and 2.2 GPa, whereas the latter shifts to higher energies
upon further pressure increase. This manifests itself in the
fact that we have to use slightly different fitting models to
describe the spectra at low (< 2 GPa) and at high (> 2 GPa)
pressures (see Fig. 2 and Figs. 5 and 6 in the Appendix).
Such a splitting of an absorption band is a strong indication
for a phase transition, consistent with the observation of an

electronic phase transition reported in Ref. [20]. Furthermore,
our findings are consistent with the ab initio calculations of
Refs. [16,30], where they observe that several electronic bands
are pushed towards Er and cross it between 0 and 5 GPa
without substantially changing the slope of the bands. Such
changes in the band structure are further supported by an
anomaly at ~2 GPa in the resonance frequency, oscillator
strength, and scattering rate for several Lorentz contributions,
as described above.

Furthermore, several Lorentz contributions show at
~4.5 GPa an inflection in their resonance frequency and
oscillator strength, as well as a broadening. This inflection
coincides with the aforementioned anomaly of wy,p at around
4.5 GPa. We relate this second anomaly to the pressure-
induced structural phase transition from T;- to 17'-WTe,
reported in the literature: According to pressure-dependent
XRD, Raman spectroscopy, and electrical transport measure-
ments, a T, to 17’ transition with a broad transition range
from 6.0 to 15.5 GPa occurs at room temperature, and su-
perconductivity was observed in both polytypes [29] at low
temperature. Lu et al. [30] identified a similar structural
transition between ~4 and 11 GPa at room temperature by
XRD and Raman spectroscopy supported by ab initio cal-
culations, proposing superconductivity to emerge from the
high-pressure 17’ phase. Xia et al. [31] also found such a
structural phase transition at 810 GPa at room temperature in
the plane-vertical Raman response, linking it to the emerging
superconductivity [15,60]. We note here that in the XRD study
of Kang et al. [15] no signs for a structural phase transition
were found under pressure, and therefore a Lifshitz transition
at 10.5 GPa was proposed to be responsible for the emerging
superconductivity.

According to the similarity of the electronic band struc-
tures of Ty- and 17’'-WTe,, we do not expect to see a strong
signature of the pressure-induced structural phase transition
in the pressure-dependent optical conductivity. However, the
anomalies in Fig. 4 are significant. Our data therefore support
the occurrence of a phase transition at ~4.5 GPa, coincid-
ing with the reported structural phase transition from 7j- to
17'-WTe, [29-31]. As mentioned above, this phase transition
is reported to occur across a rather broad pressure range.

V. CONCLUSION

According to the pressure dependence of the optical con-
ductivity of WTe,, we observe a large transfer of spectral
weight from high to low energies induced by external pres-
sure. This finding points to strong changes in the electronic
band structure of WTe, under pressure. Furthermore, there
are indications for two pressure-induced phase transitions at
around 2 and 4.5 GPa according to the pressure dependence of
several optical parameters. The first transition most probably
is of electronic type, i.e., it substantially affects the electronic
bands, with a strong increase in the Drude plasma frequency.
The transition at ~4.5 GPa corresponds to the structural phase
transition from the 7 to the 17’ phase, where several optical
parameters show an anomaly in their pressure evolution.
Overall, our findings show the profound sensitivity of the band
structure of WTe, to external pressure.
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APPENDIX

In the Appendix we show additional optical data, namely the optical conductivity o} (), including the Drude-Lorentz fits and
contributions, for all pressures (see Fig. 5), and the pressure evolution of all the parameters obtained from these fits (see Fig. 6).
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