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We investigated the ab-plane optical properties of single crystals of WTe; for light polarized par-
allel and perpendicular to the W-chain axis over a broad range of frequency and temperature. At
far-infrared frequencies, we observed a striking dependence of the reflectance edge on light polar-
ization, corresponding to anisotropy of the carrier effective masses. We quantitatively studied the
temperature dependence of the plasma frequency, revealing a modest increase of the effective mass
anisotropy in the ab-plane upon cooling. We also found strongly anisotropic interband transitions
persisting to high photon energies. These results were analyzed by comparison with ab initio calcu-
lations. The calculated and measured plasma frequencies agree to within 10% for both polarizations,
while the calculated interband conductivity shows excellent agreement with experiment.

Tungsten ditelluride (WTes) is a semimetallic transi-
tion metal dichalcogenide which exhibits extreme mag-
netoresistance resulting from the nearly-perfect compen-
sation between electron and hole populations, along with
its extraordinarily high mobility.”” Recent theoretical
predictions® and experimental measurements® '3 suggest
that it may be a type-II Weyl semimetal with tilted Weyl
cones residing above the Fermi energy, though the topol-
ogy is not yet firmly established'#. Its orthorhombic
crystal structure comprises planes of distorted triangu-
lar lattices of tungsten atoms sandwiched by tellurium
atoms. The distortion of the triangular lattices generates
quasi-one-dimensional chains of tungsten atoms, leading
to strongly anisotropic electronic properties.!> 17 Opti-
cal measurements provide a powerful tool to investigate
electronic structure which complements photoemission
and tunneling measurements due to its sensitivity to the
role of electronic interactions in solids.'® 2% In a previ-
ous optical study,?' only the average in-plane electrody-
namic response was measured, resulting in limited access
to the underlying electronic structure. Here, we report
anisotropic electrodynamics in WTey observed by mea-
suring the reflection of polarized light from single crystal
samples.

Single crystals of WTes were synthesized using the
flux growth method.> We performed near-normal inci-
dence reflectance measurements using Fourier transform
infrared spectroscopy for light frequencies 100 - 8000
cm™!, which we supplemented with variable-angle spec-
troscopic ellipsometry for frequencies 6000 - 25000 cm 1.
Ellipsometric data were obtained and analyzed using pro-
tocols appropriate for orthorhombic crystals.?? Optical
constants were extracted from the reflectance data by
a Kramers-Kronig transformation, with Hagen-Rubens
form for the low-frequency extrapolation. At high fre-
quencies, the reflectance was extrapolated as a constant
to 85000 cm™! then decayed as w™* to 2.5x10% cm™!
(Ref. 23). This extrapolation ensured that the opti-

cal constants obtained from the Kramers-Kronig trans-
formation agreed with those retrieved directly from the
ellipsometric data in the overlap region.

Figure 1 displays the reflectance of WTes in the in-
frared spectral range for the two polarizations. The
smooth, featureless room temperature spectra develop a
sharp edge as the temperature is lowered. The minimum
in reflectance occurs near the screened plasma frequency
wi = wp/\/E, where w2 = 4rne?/m* and € is the
contribution to the dielectric function due to interband
optical transitions.?* Here m* is the effective mass, n is
the carrier density, and e is the electron charge. At 10 K,
this reflectance edge occurs at approximately 600 cm ™!
for incident radiation polarized along the crystallographic
a-axis (along the W chains;? top panel), while for light
polarized along the b-axis, the reflectance edge occurs
around 440 cm~! (bottom panel), yielding an anisotropy
ratio wy , /w;b ~ 1.3. This anisotropy may reflect dif-
ferences in both the effective masses and €. Therefore,
in order to determine the mass anisotropy, the dielectric
function must be fit directly.

The dielectric functions calculated from a Kramers-
Kronig analysis of the 10 K reflectance in Fig. 1 are
plotted in Fig. 2, exhibiting the expected zero cross-
ings at the screened plasma frequencies wy, ~ 600
cm~! and wyp, ~ 440 ecm~!. Density functional theory
calculations,1421:25:26  ARPES,%27:2% and quantum os-
cillations measurements®29-32 all reveal that WTey pos-
sesses at least four distinct bands crossing the Fermi level
on each side of the T point of the Brillouin zone (two
electron pockets and two hole pockets along the I'—X
high symmetry direction; see Fig. 5a). Therefore, fol-
lowing a previous report,21 we fit our low-temperature
data with two Drude components, which we interpret as
corresponding to electron carriers and hole carriers. The
dielectric function used to model the data shown in Fig.
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FIG. 1. (color) Reflectance of WTe; measured for light po-
larized parallel to the crystallographic a-axis (top panel) and
b-axis (bottom panel). At low temperatures, the reflectance
along both directions develops a pronounced plasma edge,
with the frequency differing strongly for the two axes. Re-
flectance curves calculated from Drude-Lorentz fits to the 10
K dielectric function (see text) are plotted as thick gray lines.
Inset of the top panel shows a single layer of the WTes crystal
structure viewed along the c-axis. Grey represents W atoms,
dark blue represents Te atoms in the top layer of the sand-
wich, and light blue represents Te atoms in the bottom layer
of the sandwich. A single distorted Te octahedron is shown,
as well as the bonds between nearest W atoms, highlighting
the anisotropic chain structure along the a-axis.

2 is given by?!

2 2 2
w2 - Qp’k

+ - (1
zk:wg,k—cﬂ—zw% (1)

Here wp, ; are the free carrier plasma frequencies, 7; are
the free carrier scattering times, €2, ; are the oscillator
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FIG. 2. (color) Dielectric function extracted from Kramers-
Kronig analysis of the reflectance data shown in Fig. 1 for
the crystallographic a-axis (top panel, blue lines) and b-axis
(bottom panel, blue lines), along with fits to Eq. 1 (grey
lines). The spectra are characterized by zero crossings at the
screened plasma frequencies, 580 ' cm ™ for the a-axis and
440 cm ™! for the b-axis.

strengths for phonons and/or interband electronic tran-
sitions, wog  are the phonon and/or interband transition
energies, and v are the half-widths of these transitions.

The bare plasma frequencies extracted from fits to Eq.
(Das w2, =wl, 1 +w,oand wly = w2, +wl,,
are displayed in the top panel of Fig. 3. The plasma
frequencies only weakly depend on temperature as com-
pared to more familiar semimetals such as bismuth33 and
graphite.>* The anisotropy ratio Wp,a/wp,p approaches
~1.5 at low temperature. Since the square of the plasma
frequency is inversely proportional to the effective mass,
wg o 1/m*, these values provide access to the effective
mass anisotropy for the two crystal axes. The extracted
mass anisotropy ratio nay, = my/mi = Wl Jw?, ~ 2.2
we observed changes by ~35% upon cooling from room
temperature to 10 K (lower panel of Fig. 3). This may
reflect the sensitivity of the band structure to changes in
lattice constants,'® shift of the chemical potential with
temperature,®2” or thermal population of bands nearby
in energy with different effective masses.?> Additionally,
Nap is approximately constant below 100K. We did not de-
tect significant anisotropy in the fitted scattering rates,
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FIG. 3. (color) Top panel: Bare plasma frequencies for a- and
b-axis polarized light at various temperatures extracted by
fitting the dielectric functions to Eq. (1) (spheres), compared
to the value calculated from first principles (stars). Bottom
panel: Ratio of effective mass for b-axis to effective mass for a-
axis as a function of temperature, showing a smooth increase
of ~35% upon cooling from room temperature to 10 K.

which agree well with the values reported previously.?!
The mass anisotropy and modest temperature depen-
dence we detected contrasts sharply with the strong tem-
perature dependence observed in the ac mass anisotropy
extracted from the angle-resolved magnetoresistance
measurements of Ref. 36. In that work, the out-of-plane
mass anisotropy 17,. was inferred to be near 2 at high tem-
peratures and to approach 5 at low temperatures, with a
sharp turn-on around 50 K. The difference in magnitude
of the anisotropy for in-plane masses versus out-of-plane
masses is expected from the crystal structure of WTes.
While the ab-plane is composed of a distorted triangular
lattice with quasi-1D chains, the covalent bonds along the
b-axis (perpendicular to the chains) are still stronger than
the inter-plane van der Waals bonds along the c-axis.!”
This is also reflected in the Fermi surface extracted from
first principles calculations and quantum oscillations, as
discussed below. The stronger temperature dependence
of 14 may reflect the fact that the c-axis lattice con-
stant depends more sensitively on temperature than the
in-plane lattice constants.!®> Additionally, the different
dispersion along distinct axes influences how changes to
the chemical potential alter the effective masses, leading
to the different temperature dependence observed for 74

TABLE I. Fitted parameters compared to those obtained from
density functional theory.

Experiment (10 K) Density functional theory

Wpa (cm™h) 5683 +16 6000
€hoa 91.0+0.9 60
wp,p (cm™h) 3810 £50 3730
b TAT+1.5 52
Tab 2.2240.06 2.59

and 7ge-

We compared the measured plasma frequencies to
those calculated from density functional theory and
measured by quantum oscillations.3® Our density func-
tional theory-based calculations were performed using
the generalized gradient approximation, including spin-
orbit interaction®”38 (GGA+SOC, this work; see sup-
plementary material of Ref. 21 for details of the cal-
culations), yielding wp , =~ 6000 em™! and wpp = 3700
ecm ™!, reproducing the experimental results well (Table
I). This close match between calculated and measured
plasma frequency indicates that electronic correlations do
not strongly influence the electrodynamics in WTey.819
To compare to quantum oscillations, we used kr reported
in Ref. 30 and in-plane cyclotron masses from the supple-
mentary material of Ref. 27. We further approximated
the dispersion as parabolic to obtain plasma frequencies
Wpa ~ 5800 cm™! and wy, , ~ 4000 cm ™!, in good agree-
ment with our low-temperature measurements. We note
that these results from quantum oscillations are consis-
tent with our measured 7, ~ 2, as well as 7,. ~ 5 re-
ported in Ref. 36.

We also extracted the optical conductivity from our
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FIG. 4. (color) Interband optical conductivity of WTez mea-
sured along the crystallographic a-axis (blue line; left panel)
and b-axis (blue line; right panel), along with corresponding
theoretical calculation of the optical conductivity from den-
sity functional theory (black dashed lines; both panels). The
calculated conductivity captures the main features of the ex-
perimental data over a broad range of photon energy.
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FIG. 5. (color) First-principles calculations of interband op-
tical conductivity. (a) The Fermi surface in the first Brillouin
zone, showing electron pockets in blue and hole pockets in
orange (generated using XCrysDen?). (b) Band dispersion
along the I'—X direction, with the five bands which contribute
most strongly to low-energy interband transitions colored. (c-
d) Decomposition of interband conductivity into individual
band-to-band transitions for light polarized along the a-axis
(c¢) and b-axis (d). The five strongest low-energy transitions
are colored to match with the transitions shown in the simpli-
fied energy diagram of panel (e) and offset by 500 Q7! cm™*
for clarity.

data as o(w) = —2miw[e(w) — €x0]/Zy, with Zy ~ 377
Q) the impedance of free space, to compare with first-
principles calculations.?® The experimental data with
Drude contribution subtracted are shown in Fig. 4 (blue
lines), revealing a sizeable anisotropy in the strength of
interband transitions for the two axes. Below 12000
cm™!, the absorption is stronger along the a-axis, but
the b-axis conductivity dominates above this frequency
until they finally merge at ~20000 cm~!. We plot the
results of our ab initio calculations as black dashed lines
in Fig. 4. Remarkably, the experimental conductivity is
extremely well-reproduced by the calculation.

As noted in Ref. 21, the interband conductivity ap-
pears to grow approximately linearly with frequency. Our
polarized measurements reveal that this behavior is espe-
cially pronounced along the a-axis. This is the expected
behavior for Dirac and Weyl semimetals.*? 48 The calcu-
lations presented in Refs. 8 and 13, however, reveal that

the Weyl points in WTe, lie well above the Fermi level.
Optical measurements probe transitions from filled states
to empty states, so our measurements are not sensitive to
transitions between Weyl cones. Instead, they are only
sensitive to transitions from topologically trivial occupied
bands to both topologically trivial and nontrivial unoc-
cupied bands. Additionally, the energy separation for
direct transitions between upper and lower Weyl cones is
expected to be ~5 - 10 meV (40 - 80 cm™1), %13 which
overlaps with the free carrier response and is below our
experimental low-frequency cutoff. This energy separa-
tion also implies that transitions from trivial to nontrivial
bands would lie within a narrow frequency range, making
a negligible contribution to the measured conductivity.
It is thus likely that the observed interband conductivity
can be fully accounted for by transitions between topo-
logically trivial bands.

To elucidate the origin of the measured optical re-
sponse, we have decomposed the interband conductivity
into contributions from different bands near the Fermi
level. The results of the calculations are presented in
Figs. 5c-d. In these panels, the five strongest low-energy
interband transitions are colored and offset by 500 Q!
cm™! for clarity, with the full interband conductivity
shown as black lines. For the remaining contributions to
the interband transitions, each thin grey line represents
the sum over all transitions originating from the same ini-
tial band. The relevant band dispersions along the I'—=X
direction are shown in panel (b), and the transitions are
shown in a simplified energy diagram in panel (e). Here,
the color of the initial and final energy levels corresponds
to the bands in panel (b) and the arrow colors match the
colors of the conductivity contributions in panels (c-d).
These results demonstrate that the interband conductiv-
ity in WTes, including the approximately linear region, is
comprised of dozens of trivial band-to-band transitions.

In conclusion, we reported measurements of the
anisotropic electrodynamics of carriers in the semimetal
WTe;. We found an average mass anisotropy ratio of
~2.2 for the a and b lattice directions, in agreement with
quantum oscillations measurements and first principles
calculations. This anisotropy ratio was found to exhibit
moderate dependence on temperature. We also demon-
strated that the interband conductivity can be under-
stood as arising from numerous band-to-band transitions
without invoking Weyl physics. These results serve as
an important baseline to inform future optical measure-
ments of other potential Weyl semimetals. In particular,
our analysis reveals that caution must be exercised when
ascribing linear frequency dependence of the optical con-
ductivity to Weyl physics or to a superposition of many
trivial interband transitions.
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