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Optical Response of MoTe2 and WTe2 Weyl Semimetals:
Distinguishing between Bulk and Surface Contributions

Adrian Popescu, Anna Pertsova, Alexander V. Balatsky, and Lilia M. Woods*

A first-principles investigation of the optical response of the Weyl Semimetals
MoTe2 and WTe2 is presented. The approach, based on combining two
formulations, allows to both separate the intraband and interband parts of the
optical conductivity and to distinguish between the bulk and surface
contributions to the optical response. It is found that the response is truly
anisotropic, with peaks that can be associated with interband transitions
involving either bulk or surface states. The role of the relaxation time, and the
relation of the calculated results with available experimental measurements,
are also discussed. Furthermore, the approach reported is transferable to any
system, topologically trivial or non-trivial, thus addressing the long-standing
need for comprehensive characterization of the optical response.

1. Introduction

Weyl semimetals are a special class of 3D materials with linearly
dispersive energy bands at crossing points, called Weyl points, in
the vicinity of their Fermi surfaces.[1,2] Weyl points can be viewed
as monopoles of the Berry curvature in momentum space and
they can be characterized as having a definite chirality. Many
of the unique properties of these materials, including the chi-
ral anomaly, have been associated precisely with the linear en-
ergy band structure and the existense of Weyl points.[3,4] Also,
a key topological feature is the existence of Fermi arc surface
states, which are amanifestation of the bulk-boundary correspon-
dence. Since these states are symmetry-protected, and thus ex-
pected to be robust to small perturbations,[5] their understanding
is of great importance for both fundamental science and practical
applications.
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Weyl semimetals can be classified into
type I and II, depending on whether they
respect Lorentz symmetry or not.[6] Type I
Weyl semimetals have linear in energy
cones, which can be slightly tilted with a
Fermi surface shrunk to the Weyl points.
These materials are best exemplified by the
TaAs family of systems.[7] Type II materi-
als have severely tilted energy cones, whose
projections result in electron and hole
pockets forming the Fermi surface. Type
II Weyl semimetals have been proposed
to exist in the transition metal dichalco-
genides MoTe2 and WTe2

[8] composed of
monolayes that are held together by van
der Waals interactions. It has been shown

that such a cone tilting can lead to anisotropic electronic trans-
port properties and non-saturating magneto-resistance,[1] mak-
ing the search for type II Weyl semimetals an active area of
investigation.
Optical properties stem from basic physics and they are es-

pecially important as they describe how materials respond to
electromagnetic fields. The optical response is closely connected
with the electronic band structure properties and has both inter-
band and intraband contributions. It is expected that the optical
response of Weyl materials, due to their significant changes in
the Fermi surface under small excitations near the special Weyl
points, will exhibit unique features. One such example is the
generation of a circular photogalvanic current,[9,10] which may be
quantized if the Weyl nodes of opposite chiralities are at differ-
ent energies.[11] Other currently ongoing directions are the search
for optical effects in magnetic Weyl materials and the underlying
magneto-optical effects that might give clearer evidence for the
theoretically predicted chiral anomaly of Weyl fermions.[12,13]

Here, we investigate the optical response of MoTe2 and WTe2
type II Weyl semimetals from first principles. Using a Wannier
interpolation scheme of the results obtained from density func-
tional theory (DFT) simulations, the full optical conductivity
tensor is calculated based on the underlying atomistic and elec-
tronic structures of these materials. A clear distinction between
contributions from the bulk and surface states of a semi-infinite
Weyl material is also presented, which is indispensable when
trying to understand to what extent the terminating surface af-
fects the optical response. For this purpose, we offer a combined
computational method, based on the Kubo–Greenwood formal-
ism and the surface Green’s function[14–16] for a semi-infinite
system, while the Kubo formula within the linear response
approximation[17] is used for the bulk. We emphasize that al-
though applied here to a particular class of Weyl materials, the
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method is quite general, thus it is transferable to other systems
regardless of its surface features. To further differentiate the role
of the surface states, the results for the optical conductivity are
contrasted to those obtained for MoTe2 and WTe2 monolayers.
Further distinguishing between the interband and intraband
contributions and investigating the role of the carriers relax-
ation time helps us interpret results from recent experimental
measurements.

2. Computational Methods for the Optical
Response

The computation of the optical response of the considered mate-
rials relies on ab initio DFT simulations to determine the elec-
tronic ground states of both bulk and monolayer MoTe2 and
WTe2. For this purpose, we use the Perdew–Burke–Ernzerhof
(PBE) exchange-correlation,[18] as implemented in the Quantum
ESPRESSO package.[19,20] Relativistic corrections to the spin–
orbit coupling (SOC) are also included in the calculations.We uti-
lize the projector augmented-wave (PAW) method,[21] and set the
kinetic energy cutoff to 180 Ry. The van derWaals interactions are
included using the computationally efficient atom pairwise DFT-
D3 dispersion correction scheme.[22] The structures are relaxed
until the forces on atoms and changes in the total energy are less
than 10−4 eV Å−1 and 10−6 eV, respectively. For the self-consistent
calculations, we use uniform k-point grids of 14 × 14 × 1 and
14 × 14 × 6 for the monolayer and bulk systems, respectively.
The computation for the optical conductivity tensor requires

different ways of calculations depending on the type of system
under consideration. For bulk and monolayer materials, the ten-
sor components can be found based on the linear response ap-
proximation captured in the Kubo formula.[17] Within this ap-
proach one can obtain the interband and intraband components
by incorporating the energy bands as obtained from the DFT
calculations. For the case of a bulk semi-infinite material, the
periodic boundary conditions are broken and one needs to ac-
count for the electromagnetic scattering from the terminating
surface. Our calculations for such a system are based on the
Kubo–Greenwood formula[23] within the iterative Green’s func-
tion approach.[14–16] It is important to note that the two methods
are complementary in a sense that the linear response Kubo for-
mula is convenient in obtaining optical intraband components,
while the Green’s function Kubo–Greenwood formula is suitable
for delineating the interband optical conductivity of the terminat-
ing surface from the conductivity of the semi-infinite bulk.
The components of the optical conductivity tensor for the bulk

and monolayer systems are calculated based on the linear re-
sponse Kubo formula[17]:

𝜎ij(𝜔) =
ie2ℏ
V

∑
n,m

∫BZ
dk

f (𝜖n(k)) − f (𝜖m(k))
𝜖m(k) − 𝜖n(k)

×
⟨n, k|v̂i|m, k⟩⟨m, k|v̂j|n, k⟩
ℏ𝜔 + 𝜖n(k) − 𝜖m(k) + iℏ∕𝜏

(1)

Here |n, k⟩ and 𝜖n(k) are the eigenstates and eigenvalues of the
systems Bloch Hamiltonian Ĥ, the summation goes over all oc-
cupied to unoccupied transitions, and the integration over the

wave vector k is within the first Brillouin zone (BZ). The phe-
nomenological parameter 𝜏 represents the relaxation scattering
time of carriers and although it may depend on the carriers en-
ergy and temperature, it is common practice to be evaluated by
fitting the results of the calculations with experimental measure-
ments and to be assumed constant. Also, V is the unit cell vol-
ume, 𝜔 is the frequency of the electromagnetic field, f (𝜖n(k)) is
the Fermi–Dirac distribution function for the |n, k⟩ state, and v̂i =
ℏ−1𝜕Ĥ∕𝜕ki is the velocity operator of the i-direction (i = x, y, z).
The above formulation has the advantage of allowing to obtain

the intraband part of the conductivity. This can be realized by set-
ting n = m in Equation (1), which results in [23]

𝜎
(intra)
ij (𝜔) =

ie2ℏ𝜔(pl)
ij

ℏ𝜔 + iℏ∕𝜏
(2)

where 𝜔(pl)
ij are the plasma frequency tensor components. These

are completely determined by the electronic structure of the ma-
terial and are written as

𝜔
(pl)
ij = 1

V

∑
n
∫BZ

dk
(
−
𝜕f (𝜖n(k))
𝜕𝜖n(k)

)
v̂iv̂j (3)

In order to make the integration over the Brillouin zone in
Equation (1) computationally efficient, we employ the Wannier
interpolation technique.[24] The ab initio wave functions are pro-
jected on maximally localized Wannier functions with the WAN-
NIER90 code,[25] corresponding to the d orbitals of molibdenum
and tungsten, and to the p orbitals of tellurium, which results in
Wannier Hamiltonians of size 88 × 88 for the bulk and 44 × 44
for the monolayer, respectively. An integration convergence of
3% is obtained with a 500 × 500 × 200 uniform k-grid for the bulk
and 500 × 500 × 1 grid for the monolayer, respectively.
The optical conductivity according to the Kubo–Greenwood

formula[23] within the Green’s function method is based on rep-
resenting thematerial as a stack of principal layers, defined as the
smallest group of neighboring atomic planes with nearest neigh-
bor interactions only.[26] For the materials of interest here, the
principal layers are essentially pairs of nearest neighbormonolay-
ers making up the vertically stacked MoTe2 and WTe2 structures
(Figure 1a,b). The conductivity components within this approach
are given as

𝜎ij(𝜔) =
e2

V ∫BZ
dk∫ d𝜖Tr[v̂iG

(+)(𝜖 + ℏ𝜔, k)

× v̂jG
<(b,s)(𝜖, k) + v̂iG

(<)(𝜖 + ℏ𝜔, k)v̂jG(−)(𝜖, k)] (4)

where 𝜖 is the energy integration variable, v̂i is the velocity oper-
ator of the i-direction defined above in relation to Equation (1),
and G(+), G(−) are the retarded and advanced Green’s functions,
respectively, given by

G(±)(𝜖, k) = [𝜖 − hp(𝜖, k) ± iℏ∕𝜏]−1 (5)

The lesser Green’s function G(<) in Equation (4) is defined as

G(<)(𝜖, k) = f (𝜖)[G(+)(𝜖, k) −G(−)(𝜖, k)] (6)
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Figure 1. a) Schematic representation of the common layered Td crystal structure. b) Top view of the monolayer 1T′ structures. c) The bulk Brillouin
zone showing the high-symmetry k-points and the path used in the band structure calculations. Electronic band structures for the d) MoTe2 and g) WTe2
monolayers, and for the bulk e) MoTe2 and h) WTe2, respectively. f, i) The surface spectra, plotted as log[A(kx , ky)] at 𝜖 = 𝜖F and kz = 0, for the top and
bottom surfaces for MoTe2 and WTe2. The surface states are indicated with arrows.

with f (𝜖) the Fermi–Dirac distribution function. The quantity
hp(𝜖, k) in Equation (5) is related to the Hamiltonian for the
system, which is computed using an iterative Green’s func-
tion algorithm[14–16] based on the concepts of wave functions
matching and transfer matrix[26,27] with further optimizations to
accelerate the convergence.[28,29] During the iteration, at step s
the following operations are performed

𝛼s(𝜖, k) = 𝛼s−1(𝜖, k)(ℏ𝜔 − 𝜖)−1𝛼s−1(𝜖, k)

𝛽s(𝜖, k) = 𝛽s−1(𝜖, k)(ℏ𝜔 − 𝜖)−1𝛽s−1(𝜖, k) (7)

hs(𝜖, k) = hs−1(𝜖, k) + 𝛼s−1(𝜖, k)(ℏ𝜔 − 𝜖)−1𝛽s−1(𝜖, k)

We note that for s ≥ 0, one builds a semi-infinite material along
the positive z-axis with a bottom terminating surface. In this
case, the procedure is initialized at s = 0 with h0 = H00, 𝛼0 = H01,
and 𝛽0 = H†

01. For s ≤ 0, a semi-infinite material extending along
the negative z-axis is obtained with a top terminating surface. In
this case, the initialization starts at s = 0 with h0 = H00, 𝛼0 = H†

01,
and 𝛽0 = H01. Here, H00 and H01 are the matrix elements of the
Hamiltonian between the initial two nearest neighbor layers.
If one denotes with 𝜓0 and 𝜓1 the localized basis sets (of size
88 × 88 as discussed above) associated with the first layer at z = 0
and its first neighbor along the positive z-direction, then the ma-
trices are expressed as H00 = ⟨𝜓0|Ĥ|𝜓0⟩ and H01 = ⟨𝜓0|Ĥ|𝜓1⟩,
respectively. We further note that for −∞ < s <∞ the conduc-

tivity for bulk is obtained with results coinciding with the ones
found from Equation (1). According to the accelerated iterative
procedure,[28,29] at each iteration the number of layers doubles
(here along the positive z-direction), such that at iteration step
s there will be 2|s| layers. Here the procedure is considered
converged if at iteration step p the change in hp is below 10−16.

3. Results

3.1. Electronic Structure

Bulk MoTe2 and WTe2 are transition-metal dichalcogenides with
a layered structure. The WSM state for these materials is
the orthorombic Td phase with space group Pmn21, which is
characterized by time reversal symmetry and broken inversion
symmetriy.[30] The crystal structure is depicted schematically in
Figure 1a, showing alternate layers of tellurium and molibde-
num (tungsten) in the xy-plane, stacked vertically along the z-
axis. Figure 1b shows a top view of the monolayers MoTe2 and
WTe2, which belong to the 1T ′ phase with space group P21∕m.
While the monolayers can exist in a variety of structures, namely
1H, 1T , and 1T ′, it has been shown that the 1T structure is typi-
cally unstable in free-standing condition and undergoes a sponta-
neous transition to the 1T ′ structure.[31] Previous first-principles
calculations show that 1T ′ is the natural ground state of WTe2,

[32]

and that while the 1H structure may be more stable for MoTe2,
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the 1T ′ state is also stable under appropriate chemical, thermal
or mechanical conditions.[33,34]

The electronic band structures for the MoTe2 andWTe2 mono-
layers in the 1T’ phase are shown in Figures 1d and 1g, respec-
tively, which indicate that both materials exhibit semimetallic
characteristics. A noticeable feature, present for both cases con-
sidered, is the appearance of the avoided band-crossings along
the ΓY symmetry line. Our results agree very well with other pre-
viously reported first-principles electronic structure calculations
using both PBE and many-body G0W0 theory.

[32]

Next, we show the calculated band structures for the bulk
MoTe2 andWTe2 in Figuress 1e and 1h, respectively. A schematic
representation of the k-path along the high symmetry lines in the
Brillouin zone used in the calculation is also shown in Figure 1c.
Although the band structures resemble those of the monolayers,
there are now several differences including pairs of linearly band-
crossing Weyl points in the vicinity of the ΓY symmetry line,
slightly above the Fermi level. It is important to note that the
number of theWeyl points and their position relative to the Fermi
level are rather sensitive to the details of the crystal structure. For
example, for WTe2 it has been reported from first principles cal-
culations that depending on the SOC strength, the band structure
can show four pairs ofWeyl points.[6] However, the lack of SOC or
variations in the lattice parameters due to temperature or other
factors can lead to annihilation of the Weyl points.[6,35] Similarly,
for MoTe2 there are four pairs of Weyl points reported, whereas
two pairs may annihilate due to the same reasons stated for the
othermaterial.[8,36] There are also different results concerning the
experimental investigation of the Fermi surface reported in the
literature for both MoTe2

[37–39] and WTe2,
[35,40,41] which further

gives evidence of the Weyl points sensitivity to variations of the
materials structure. From our calculations, which take SOC and
relaxation of the lattice structures into account, we find two pairs
of Weyl points at about 55 meV above the Fermi level for WTe2.
Since symmetry considerations pertinent to this particular space
group allow, depending on the strength of the SOC, the appear-
ance of locally stable degeneracies at isolated points in the BZ,
our results are consistent the previously reported results.[6] Sim-
ilarly, we found four pairs of band-crossings for MoTe2 at about
30 and 50 meV above the Fermi level, respectively.
As previously discussed, the surface states in WSMs can have

a topologically non-trivial nature, thus it is important to calculate
their electronic structure. For this purpose, one typically calcu-
lates the surface spectral function from the imaginary part of the
surface Green’s function as

A(𝜖, k) = − 1
𝜋
lim
𝜏→∞

Im Tr G(+)(𝜖, k) (8)

where G(+)(𝜖, k) was defined in Equation (5) and it is obtained
using the iterative approach for semi-infinite materials. We note
that the broken inversion symmetry for the materials suggests
that the electronic structure of the terminating surface with re-
spect to two nearest neighbor principal layers will be different.
This difference can be resolved by realizing that the above de-
scribed iteration procedure can be carried out in the positive or
negative z−direction, as described in the previous section.
The surface states spectra, calculated on the kz = 0 plane, for

both top and bottom surfaces, are shown in Figure 1f for MoTe2

and in Figure 1i for WTe2, respectively. The effects of the semi-
infinite surface termination is the appearance of the arc struc-
tures shown with arrows in the figures. The lack of symmetry
with respect to the xy-plane results in slight differencies between
the top and bottom arcs, more visible for the case of WTe2 in
Figure 1i. Our results for the surface spectra agree well with pre-
vious reports for WTe2

[35] and MoTe2,
[36] respectively.

3.2. Optical Response

There are a limited number of experimental studies reporting
measurements for the optical properties of WTe2.

[42–44] These re-
sults show an overall approximately linear increase in the optical
conductivity with frequency and they are analyzed in terms of a
Drude model with two types of carriers. However, probing the
Weyl physics of this material in its optical response has proven
difficult due to limitations of themeasurement techniques or dif-
ficulties in relating energy band transitions involvingWeyl points
to signatures in the optical spectra.[42–44] For the case of Td MoTe2,
to our knowledge there is only one very recent report on its opti-
cal spectrum.[44] The results show a similar to MoTe2 linear in 𝜔
behavior, just with slightly larger overall values, which has been
attributed to the increased density of states of MoTe2 near the
Fermi level.
Using the computational approach within the linear response

Kubo approach (Equation (1)) and the Wannier interpolated
electronic structures, as described in the previous sections, the
calculated optical conductivity tensor for the bulk and mono-
layer MoTe2 and WTe2 are shown in Figure 2. Since all consid-
ered structures preserve time reversal symmetry, only the diago-
nal components of the optical conductivity tensor are non-zero.
Figures 2a,b and 2c,d display the frequency dependence of the
real part of the calculated optical conductivities for bulk and
monolayer MoTe2 and WTe2, respectively. Figure 2a,b indicates
that the optical response is strongly anisotropic with Re 𝜎zz being
much smaller (by at least a factor of 5 at small frequencies) that
the Re 𝜎xx and Re 𝜎yy. The results show that the overall optical
conductivity components follow a linear-like increase with fre-
quency, but there are distinct peaks pertaining to the electronic
structure of the materials, which are especially prominent in the
infrared range.
To further understand the results for the bulk structures, we

analyze the optical conductivity for the monolayers shown in
Figure 2c,d. There are peaks in the infrared at about 120 meV
for monolayer MoTe2 in its Re 𝜎xx and at 150 meV for monolayer
WTe2 in both Re 𝜎xx and Re 𝜎yy (see insets). These arise from
interband transitions between voided band-crossings in the
vicinity of the ΓY symmetry line in accordance with the band
structures in Figure 1a,f. Larger peaks in the Re 𝜎xx are found at
about 0.55 eV for MoTe2 and at about 0.7 eV for WTe2, and they
originate from several interband transitions in the ΓM symmetry
line. The peaks observed further in the 1–2 eV range may be
attributed to a superposition of many interband transitions.
Comparing the bulk optical response in the xy-plane with the

monolayer response shows significant differences especially in
the infrared. For example, there are peaks at about 25 meV in
Re 𝜎xx and 100 meV in both Re 𝜎xx and Re 𝜎yy for bulk WTe2,
and about 20 and 110 meV for both the in-plane components of
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Figure 2. The real part of the optical conductivity tensor components as a function of frequency calculated for a) bulk MoTe2; b) bulk WTe2; c) monolayer
MoTe2; and d)monolayerWTe2. The insets show the results for the infrared frequency range. The frequency dependence of the intraband part of the optical
conductivity calculated for e) the bulk and f) monolayer structures. The obtained values for the plasma frequencies are also shown in the corresponding
figures. The relaxation time used in the calculations is 1∕𝜏 = 40 cm−1 (5 meV).

bulkMoTe2, respectively. For bulkWTe2, the 𝜎xx component dom-
inates 𝜎yy at frequencies below 1.5 eV, and they tend to merge at
higher frequencies, while MoTe2 shows less anisotropy in the in-
frared range. The behavior is dictated again by the interband tran-
sitions between nowmuch closer energy surfaces in the BZ near
the Γ-point, also visible in the corresponding band structures in
Figure 1e,h in the vicinity of the ΓY , ΓX , and ΓM symmetry lines,
respectively. Thus the characteristics of themonolayers come into
play at frequencies larger than 100 meV. Although the appear-
ance of peaks in the optical spectra is due to interband transitions,
the observed linear increase with frequency may be attributed
to the Dirac-like energy spectra of these 3D materials, as shown
by effective models calculations within the linear response Kubo
approach.[45–47] Our calculated results agree reasonably well with
the previously reported experimental measurements[43] for bulk
WTe2. For example, the peaks at about 240 meV and 1.6 eV of
Re 𝜎xx, and the peaks at about 240 meV, 750 meV, and 1.25 eV of
Re 𝜎yy, respectively, are measured and reported in ref. [43]. Simi-
larly, our obtained peaks at 100 meV of Re 𝜎xx and at 750 meV of
Re 𝜎yy agree with those from the recent report[44] on bulk MoTe2.
The intraband part of the optical conductivity, obtained accord-

ing to Equations (2) and (3), is shown in Figure 2e for the bulk
and in Figure 2f for the monolayer structures. The anisotropic
nature of the systems is also evident in the different values of
plasma frequencies, also shown in Figure 2e,f, when compar-
ing 𝜔(pl) along the x, y, and z directions. Our results indicate that
plasma frequencies for all materials are at least an order smaller
than typical plasma frequencies for metals, for example, which
reflects the small density of states around the Fermi level as im-
plied by the band structures (Figure 1). Our results are in good

agreement with the available values reported forWTe2 in ref. [42],
𝜔
(pl)
xx = 6000 cm−1 (0.75 eV), 𝜔(pl)

yy = 3700 cm−1 (0.46 eV), and in

ref. [48], 𝜔(pl)
xx = 5800 cm−1 (0.725 eV), 𝜔(pl)

yy = 4000 cm−1 (0.5 eV),
respectively.

3.3. Effects from the Terminating Surface

Next we calculate the optical response for the semi-infiniteMoTe2
and WTe2 structures, using the Kubo–Greenwood formula in
Equation (4) combined with the iterative Green’s function
method[28,29] and the Wannier interpolated electronic structures.
The results are shown in Figures 3a and 3b for MoTe2 and WTe2,
respectively, with the infrared range shown in the insets. The
optical response agrees well with the one obtained by using the
Kubo formulation for bulk from Equation (1), with the 𝜎xx com-
ponent dominating 𝜎yy at frequencies below 1.5 eV forWTe2, and
with less anisotropy for MoTe2 at low frequencies. One notes that
peaks of Re 𝜎xx at about 20 and 110 meV for MoTe2, and about
25 and 100 meV for WTe2 in Figure 3a,b (insets) are also found
in Figure 2a,b (insets) indicating that these specific features
originate from interband transitions associated with the bulk
band structure of the materials. However, there is a new peak of
Re 𝜎xx in the infrared range at about 60meV forWTe2, which was
also experimentally observed[42,49] and remained unexplained by
previous calculations.[42] The fact that this peak doesn’t appear
in the bulk calculations, but only through the semi-infinite
approach, suggests that it is associated with the surface states.
In order to distinguish the bulk and surface contribu-

tions to the optical response, we consider the difference
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Figure 3. Real part of the 𝜎xx and 𝜎yy components as a function a frequency
for the semi-infinite a) MoTe2 and b) WTe2. The insets show the results for
the infrared frequency range. The real part of the in-plane components dif-
ference Δ𝜎ii = 𝜎semi

ii − 𝜎bulkii for c) MoTe2 and d) WTe2, respectively. Here
𝜎s denotes the surface contribution, 𝜎b denotes the bulk contribution, and
the relaxation time used in the calculations is 1∕𝜏 = 40 cm−1 (5 meV).

Δ𝜎ii = 𝜎semi
ii − 𝜎bulkii , with 𝜎bulkii obtained from Equation (1)

(Kubo formula) and 𝜎semi
ii obtained from Equation (4) (Kubo–

Greenwood formula). In Figure 3c,d, the in-planeΔ𝜎ii are shown
for both materials for frequencies 𝜔 ≤ 0.25 eV. In this repre-
sentation, negative values for Δ𝜎ii indicate that the bulk has the
main contribution to the optical conductivity, while positive val-
ues indicate that the surface states contribute more to the optical
response. In other words, the surface dominant regions have sig-
nificant contributions from interband transitions involving sur-
face states, whereas the bulk dominant regions involve mainly
bulk states. For example, both the 20 meV and 110 meV peaks of
Re 𝜎xx and Re 𝜎yy for MoTe2 are attributed mainly to the surface
states. Also, the peak of Re 𝜎xx at about 25 meV for WTe2 is asso-
ciated with the surface states, while the peak observed at 100meV
incur similar contributions from the surface and bulk states.
The above description allows us to determine whether a given

region or peak in the optical conductivity originates from the in-
terband transitions between states associated with the bulk band
structure or with the surface states. We also emphasize that the
procedure described here is, wether the surface states are topo-
logically trivial or not, generally applicable to any system with a
real space surface termination, for which the semi-infinite con-
struction is the appropriate description.

3.4. Role of the Relaxation Time

In addition to the electronic structure of the materials, the re-
laxation time also affects the optical response (Equations (1–5)).
Experimental measurements of the optical conductivities per-
formed at different temperatures[42,44] reveal a quite large range
of values for the relaxation time parameter 𝜏. For example, for
measurements at temperatures between 10K and room temper-
ature, the obtained 1∕𝜏 for MoTe2 ranges in about 4–640 cm−1

Figure 4. Real part of the a) 𝜎xx component and c) 𝜎yy component of semi-
infinite MoTe2. Real part of the b) 𝜎xx component and d) 𝜎yy component of
semi-infinite WTe2. Calculations for several values of the relaxation scat-
tering time 𝜏 are shown.

(0.5 to 80 meV),[44] while for WTe2 in between 1.6–320 cm
−1 (0.2–

40 meV)[42] respectively.
In ref. [42], 𝜏 is found from fitting the experimental results

within a two-band Drude model and depending on the temper-
ature, it is attributed to different scattering mechanisms. While
WTe2 displays roughly a quadratic temperature dependence of 𝜏,
and thus behaves as a Fermi liquid,[42,50] MoTe2 behaves at low
temperatures rather like a non-Fermi liquid material,[44,51,52] with
a 1∕𝜏 ∝ T1.5 dependence. Although the exact dependence of 𝜏 on
temperature is still under investigation, it is assumed that the
relevant mechanisms are scattering by phonons at higher tem-
peratures and scattering by impurities and/or defects at lower
temperatures.[44]

The computational method discussed here allows taking 𝜏 as
a constant parameter in the calculations. Figure 4 shows the ob-
tained in-plane components of the optical conductivity in the
infrared region, for different values of 𝜏. We observe that as
the scattering parameter is increased, there is a global decrease
in magnitude of the conductivity components. In addition, the
peaks become decreased and smoothed out as this trend is more
pronounced for larger 𝜏. Thus even though the overall features of
the optical response are preserved, some of the smaller frequency
peaks (especially those at energies comparable to 1∕𝜏) may not be
easily resolved due to the smearing from the relaxation processes.

4. Conclusions

In summary, we propose an approach, based on combining two
complementary formulations, for a complete description of the
optical response of materials. The linear response Kubo formula
allows to separate the interband and intraband contributions of
the optical conductivity, while the Kubo–Greenwood formula,
combined with the iterative Green’s function method for semi-
infinite systems, allows to distinguish between the bulk and sur-
face contributions to the optical response. This method is ap-
plied to MoTe2 and WTe2, characterized as type II WSMs. It is

Adv. Theory Simul. 2020, 1900247 © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900247 (6 of 8)
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found that the optical response is truly anisotropic, with many
peaks especially in the infrared region, which can be associated
with interband transitions involving either bulk or surface states.
In particular, the Kubo–Greenwood approach, using the Green’s
function method for semi-infinite solids, allows to ascribe cer-
tain contributions in the optical response, otherwise absent in
the bulk calculations, to the Weyl points. The phenomenological
relaxation time, present in both formulations, is also taken into
account. It is shown that it can hinder the observation of small
frequency peaks.
We note that the calculated optical spectra for the consid-

ered materials were obtained for the electronic structures when
the Fermi level is at 0 eV and the interband conductivity com-
ponents involve transitions between occupied and unoccupied
states. Weyl points for MoTe2 and WTe2, however, are typically
located in the conduction region (55 meV and above). Thus, in
order to probe signatures from transitions involving the bands
forming the Weyl points, the Fermi level has to be raised ac-
cordingly without affecting the rest of the electronic structure.
The strongest signature of the Weyl semimetallic phase in the
calculated response is essentially the linear-like overall increase
in frequency of the interband conductivity components. A possi-
ble route to highlight topological features specific to WSM may
be to investigate materials with broken time reversal symmetry,
such as magnetic WSMs,[1,2] that exhibit the anomalous Hall ef-
fect. There, the off-diagonal components of the optical conduc-
tivity tensor are expected to carry more information about the
non-trivial topological features, intrinsic to the electronic band
structure, and stemming from theWSM character. Nevertheless,
the approach reported here is transferable to any system, topo-
logically trivial or non-trivial, with a real space surface termina-
tion, for which the semi-infinite construction is the appropriate
description.
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