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Monolayer 17°-WTe, has been the first two-dimensional crystal where a quantum spin Hall phase was
experimentally observed. In addition, recent experiments and theoretical modeling reported the presence of
a robust excitonic insulating phase. While first-principles calculations with hybrid functionals and several
measurements at low temperatures suggest the presence of a band gap of the order of 50 meV, experiments could

confirm the presence of the helical edge states only up to 100 K. Here, we study with first-principle simulations
the temperature effects on the electronic structure of monolayer 17°-WTe, and consider the contributions of
both thermal expansion and electron-phonon coupling. First, we show that thermal expansion is weak but tends
to increase the indirect band gap. Then, we calculate the effect of electron-phonon coupling on the band structure

with nonperturbative methods and observe a small reduction of the band inversion with increasing temperature.
Notably, the topological phase and the presence of a finite gap are found to be particularly robust to thermal

effects up to and above room temperature.
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In 2014 [1], Qian et al. predicted through first-principles
simulations that two-dimensional (2D) transition metal
dichalcogenides (TMDs) in the 17” phase would exhibit a
sharp quantum spin Hall effect (QSHE), characterized by
strong band inversions and relatively large band gaps. These
TMDs are defined by the chemical formula MX,, where M is
the transition metal (W or Mo) and X is the chalcogenide (Te,
Se, or S), and they exhibit a variety of polytypic structures
such as 1H, 17, and 17". In particular, the 17 structure in MX>
TMDs is typically unstable in freestanding conditions and
undergoes a spontaneous lattice distortion in the x direction to
form a period-doubling 2 x 1 distorted superstructure, the 17~
structure, made of one-dimensional (1D) zigzag chains along
the y direction [2]. In all the TMDs but WTe, [3], the 17’
structure is dynamically stable but it does not correspond to
the lowest energy polymorph [1] and it is a metastable phase,
although it can be stabilized under appropriate conditions [2]
thanks to the large energy barrier between the 1H and the 17”7
phases [1]. In WTe, instead, the 17’ structure corresponds to
the most stable phase [2,3]. Conductance experiments have
confirmed the presence of a quantum spin Hall insulating
(QSHI) state in 17-WTe, until 100 K [4,5].

As QSHI material, 17°-WTe, excels in many aspects. First,
it exhibits a strong band inversion [1] of about 1 eV and
a band gap above kpTy [6], where Tk is room temperature.
In addition, WTe, is a simple binary compound, which sim-
plifies the experimental synthesis—especially with bottom-up
approaches—compared to the numerous ternary QSHI com-
pounds [7]. Finally, WTe; has a layered crystal structure and
the binding energy between the layers is relatively low [8]
(around 30 meV/ ;\2), such that the material is exfoliable into
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monolayers [9]. It is then compelling that monolayers of 17”-
WTe, have become among the most promising 2D materials
to realize the QSHE and the target of several experimental
investigations [4,5,10-13].

Although predictions report an extremely robust band
inversion and indirect band gap above room temperature,
experiments could find signatures of the QSHI phase until
100 K only, suggesting a possible role of temperature on the
band structure. Here we show that the topological phase and
the presence of a finite gap are particularly robust to thermal
effects up to high temperatures, suggesting that extrinsic ef-
fects or thermally activated bulk conductance [14] might be
responsible for the measured transition temperature.

The presence of a finite indirect band gap in mono-
layer WTe, has been debated. Density-functional theory
(DFT) simulations [1,10] with the semilocal Perdew-Burke-
Ernzerhof (PBE) functional predict a metallic state, with
bands overlapping at the Fermi level and a direct gap through-
out the Brillouin zone (BZ). On the contrary, calculations
[6,15,16] with the Heyd-Scuseria-Ernzerhof (HSE) hybrid
functional predict an indirect gap of about 50 meV. The pre-
dicted band gap is also strongly sensitive to the lattice constant
[6,11,17], where even a small amount of strain can open a gap
as predicted at the DFT level with different functionals such
as LDA, PBE, and PBEsol [17] and confirmed experimentally
[11]. In this work, we calculate the PBE and HSE band struc-
ture both with spin-orbit coupling (SOC) on the equilibrium
structure relaxed at the DFT-PBE level, as reported in Fig. 1.
The Wannier-interpolated HSE band structure has a finite
indirect gap of 62 meV, while at the PBE level the system
is metallic.

Angle-resolved photoemission spectroscopy [6] (ARPES)
and scanning-tunneling microscopy and spectroscopy [10]
(STM/STS) experiments indicate the presence of a finite gap
of around 50 meV, in agreement with the hybrid-functional
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FIG. 1. Left panel (a): top and lateral views of monolayer 17’-WTe,, tungsten (tellurium) atoms are marked in light blue (orange) and the
primitive call is drawn. Right panel (b): band structure for monolayer 17°-WTe, with spin-orbit coupling (SOC) calculated at the DFT-PBE
(black) and HSE (red) level. The energy is set to zero at the top of the valence band, circles denote direct calculations while solid lines represent

Wannier-interpolated states.

predictions. Some recent STM/STS experiments instead
suggested the presence of a metallic band structure with a
Coulomb gap induced by disorder [18]. Finally, more recent
transport [13] and STM/STS [12] experiments, backed up by
many-body calculations [13,19,20], provided strong evidence
of the presence of an excitonic insulating state. In addition,
Ref. [12] explicitly ruled out the scenario of a band insulator,
even in the presence of strain.

The band structure of topological insulators is character-
ized by two distinct quantities, the indirect band gap and the
band inversion [21,22]. The presence of a finite gap guar-
antees the insulating nature of the bulk and ensures that,
in an undoped finite crystallite, electronic transport can oc-
cur only through the topologically-protected metallic edge
states. In all QSHI, the band gap is entirely driven by SOC
and it is typically very weak, on the order of tens to hun-
dreds of meV [7]. However, the strength of the topological
phase is more connected to the size of the band inversion,
which also determines the localization of the edge states
[16]. Following Refs. [10,23], we define the band inversion
[21,22] for WTe, as the energy difference at I'" (the high-
symmetry point where the band inversion occurs) between
the lowest unoccupied band d;;, formed by a combination
of tungsten d,, orbitals with positive overall parity, and the
occupied d; state (with negative parity); the latter sits at about
0.5 eV below the valence band maximum (VBM). The d-d
band inversion in WTe; is driven by the 17" distortion and it
is present also in absence of SOC [10,23].

Temperature is known to affect the band structure of
semiconductors [24], through the combined effects of ther-
mal expansion (TE) and electron-phonon coupling (EPC).
Both effects can occur also at zero temperature owing to
the presence of zero-point motion, that can influence both
the equilibrium lattice constant and renormalize the band
gap. The inclusion of these effects can lead to rather dif-
ferent predictions with respect to calculations performed on
the average atomic configuration at zero temperature; for
instance zero-point renormalization (ZPR) alone has been
estimated to modify the band gap of diamond by 0.6 eV
[25]. It is then compelling to assess how TE and EPC af-
fect topological phases, and in particular the persistence of

the small indirect gap. In fact, typical predictions assume
negligible temperature effects and deduce critical tempera-
tures based on the zero-temperature structure with averaged
atomic positions. However, temperature-dependent studies of
the electronic structure of topological materials can be compu-
tationally rather challenging, especially because they involve
the calculation of EPC by considering both SOC and, as in the
case of WTe,, beyond-DFT methods like hybrid functionals or
many-body perturbation theory at the GW level. Hence, fully
first-principles studies of temperature effects in topological
insulators are scarce and limited to 3D structures [26-32].
Overall, the results of these recent studies [26—32] provide
a general picture of temperature effects in three-dimensional
(3D) topological insulators, where there seems to be no gen-
eral trend for the sign of the correction to the band gap:
temperature can promote or suppress the topological phase,
depending on the very details of the system.

As mentioned above, in WTe, the electronic bands around
the Fermi level and, in particular, the presence of an indi-
rect gap, are very sensitive to the lattice constant [6,11,17],
suggesting a possible important effect of TE on the band
structure at finite temperature. In absence of an applied ex-
ternal pressure, we can calculate the equilibrium structure
at any temperature 7 by minimizing the Helmholtz free
energy F({a;}, T) = U — TS with respect to all the indepen-
dent geometrical degrees of freedom {a;}. Monolayer WTe,
is orthorhombic with a rectangular unit cell, hence we set
{a;} = (a, b), where we name a the shortest lattice param-
eter and b the longest one, the latter corresponds to the
period-doubling direction y. We adopt the quasiharmonic ap-
proximation (QHA), where the vibrational free energy F is
written as in the case of a perfectly harmonic crystal but where
anharmonic effects are included through the dependence of
the phonon frequencies on the lattice parameters. The QHA
free energy can be then calculated as

F({a;}, T) = E({a;}) + Fop(og,j{ai}, T)

— Elai) + Z ia.
kT Zln [1—e ], 1)
q.j
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FIG. 2. Equilibrium lattice parameters of monolayer WTe, from
0 to 500 K calculated with the quasiharmonic approximation. The
triangles at O K represent the equilibrium lattice parameters obtained
without considering the zero-point motion.

where E is the electronic ground-state energy, F,; is the
vibrational energy, and wq, ; are the phonon frequencies.
The sums run on all the wave vectors ¢ in the Brillouin
zone (BZ) and all the phonon branches j. The first sum
is temperature independent and it describes the zero-point
motion.

For each temperature we calculate the minimum of the free
energy on a dense grid of lattice constants and obtain the
equilibrium lattice parameters (a.4(T'), bey(T)) (details in the
Supplemental Material (SM) [33]). As experiments are per-
formed at relatively low temperatures, we report in Fig. 2 the
results until 500 K, while we include the results until 1000 K
in the SM [33] for reference. In the temperature range that is
more relevant for experiments, i.e., below room temperature,
TE is very weak. The effect of ZPR is about 5 x 10‘310%, while
lattice constants increase by less than 0.1% up to 150 K and
of about 0.2% at 300 K. The QHA predicts a 0.5% (0.4%)
increase of the lattice constant a (b) at 500 K. The weak
TE can be ascribed both to the small absolute change of the
phonon frequencies with respect to the lattice constant and,
especially at low temperatures, to the partial cancellation be-
tween negative and positive Griineisen parameters, although
the effect is much weaker than in other 2D materials such
as graphene, for which a thermal contraction at low temper-
ature has been predicted [34]. Before discussing the results
of the first-principles calculations and their interpretation, it
is worth discussing some more general considerations. As
already mentioned, the band gap of all QSHIs is always due to
the presence of SOC, which gaps the band crossing. At finite
temperature, it is tempting to assert that the system breaks
spatial symmetries at each point in time due to atomic Vvi-
brations, leading to a dynamical splitting of the degeneracies.
However, in the harmonic approximation the symmetries are
maintained upon thermal averaging as phonon-induced spin
splitting is forbidden at equilibrium [35]. Only the presence
of strong anharmonic effects, beyond the weak anharmonicity
captured by the QHA, could break band degeneracies. Here
we adopt the QHA and calculate the renormalization of the
band structure due to the EPC by using the special displace-

ment method (SDM) [36]. The SDM is a nonperturbative
approach in the adiabatic approximation, at each temperature
the band structure is computed on a sufficiently large supercell
where the atomic positions are suitably distorted according
to the phonon displacement patterns calculated with DFPT
(details in the SM [33]).

In Fig. 3 we report finite-temperature band structures and
band inversions at the PBE level obtained with the SDM and
unfolded to the primitive BZ. The error bars account for the
broadening of the band structure due to temperature and to
the BZ unfolding, and include the spurious splitting of the
degeneracies caused by the finite supercell. At 100 K, the band
structure closely resembles the one obtained for the pristine
monolayer where atoms sit at their equilibrium positions. In
addition to thermal broadening, a weak reduction in the band
inversion is present, while the finite direct gap is maintained.
The effect becomes more visible at 300 K, where the reduction
of the band inversion is more pronounced. We also report
the strength of the band inversion from 0 K to 500 K (see
Fig. 3), where we separate the contribution of TE from EPC.
To sum up, TE has a negligible effect, while EPC leads to a
reduction of the band inversion. The latter effect is relatively
small and does not compromise the topological phase, but it
seems sufficiently pronounced to be potentially measured with
ARPES experiments. Notably, our findings are compatible
with ARPES measurements performed on 3D WTe, crystals,
that reported that the band structure of bulk WTe; is tempera-
ture independent in between 20 and 130 K [37].

While the strength of the topological phase of WTe; is due
to a robust band inversion, the persistence of an insulating
state with helical edge states is guaranteed as long as the
band gap is finite. As semilocal functional, such as PBE,
do not predict the presence of a finite indirect gap for the
equilibrium structure, we deploy the SDM method with the
HSE functional and SOC to study the temperature dependence
of the band gap until 300 K, as reported in Fig. 4. Supercell
calculations of 2D WTe, with hybrid functionals and SOC
are computationally very intensive, and the magnitude of the
band gap in WTe; is very small, of the order of tens of meV.
Hence, we just aim to qualitatively probe the persistence of
a gap as temperature is increased from zero to room temper-
ature. In order to do so, we perform HSE calculations with
SOC on 108-atom supercells, representing the uncertainties
introduced by finite size effects with error bars (details in
the SM [33]). While for WTe, a meV-accurate quantitative
estimate of the renormalized band gap seems to be beyond
reach, the calculations clearly highlight the persistence of a
indirect gap at high temperatures. In order to emphasize the
robustness of the gap, we separately calculate the effect of TE
and EPC. TE increases the band gap, going from 62 meV at
zero temperature to 85 meV at 300 K. EPC does not seem to
affect the indirect band gap, which never falls below 40 meV
until 300 K, suggesting that the QSHI phase could in principle
survive up to room temperature.

In Ref. [5] it was speculated that the 100 K transition
temperature might not be an intrinsic limit, and that improve-
ments in device quality may enable the observation of the
QSHI phase at even higher temperatures. Notably, very recent
theoretical work [14] suggests that actually moderate amounts
of disorder can enhance the stability of conductance with

L021201-3



ANTIMO MARRAZZO

PHYSICAL REVIEW MATERIALS 7, L021201 (2023)

(b% 0 300 K (PBE)
O -
N /-
0.5 - \ -

— S
3 \ &
> 0.0 pristine
E)‘ \/

-0.5+ S

\ ~¢
-1.0

—4— TE + el-ph (PBE)

(a) 100 K (PBE)
1.0
0.5 -
S
L
2 0.0+ pristine
—0.5
-1.0 \
r
(c)
S
L
c
R
2
(7]
>
£ ~+- TE (PBE)
2115 -
©
8 11 \
0 100

I I I 1
200 300 400 500

Temperature (K)

FIG. 3. Top panels: unfolded spectral density at (a) 100 K and (b) 300 K, the gray line marks the pristine calculation with atoms at
the equilibrium positions. Bottom panel (c): temperature dependence of the band inversion. Calculations are performed with the special
displacement method for a 108-atom supercell and the PBE functional with spin-orbit coupling. Triangles represent the contribution of thermal
expansion (TE) only, while dots and error bars include also the effect of electron-phonon coupling (TE + el-ph).

respect to temperature, while the specific edge termination
can affect the robustness of the topological protection. Here,
we have provided robust evidence that thermal effects on the
electronic structure are not responsible for the disappearance
of the topological phase with protected helical edge states.
On the contrary, the QSHI is predicted to be very robust to
the combined effect of TE and EPC, and a finite direct gap
seems to persist until room temperature and possibly above.
TE is very weak in free-standing WTe,, although it leads to
a small increase of the indirect band gap with temperature.
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FIG. 4. Temperature dependence of the band gap. Calculations
are performed with the special displacement method for a 108-
atom supercell and the HSE functional with spin-orbit coupling.
Triangles represent the contribution of thermal expansion (TE) only,
while error bars include only the effect of electron-phonon coupling
(el-ph). The grey horizontal line represents the reference HSE
band gap calculated on the average atomic configuration at zero
temperature.

EPC has a small but potentially measurable effect on the
band inversion, the latter is reduced as temperature increases.
Notably, TE seems to affect the indirect gap and not the
band inversion, while the opposite is true for electron-phonon
effects. The robustness of the band inversion strength implies
that the remarkably small penetration length of the edge states
is maintained at finite temperature.

Our findings rule out thermal effects within the harmonic
and adiabatic approximation as possible explanations for the
relatively low critical temperature at which pure edge con-
ductance is suppressed in monolayer WTe,. While the QSHI
phase seems to persist at room temperature and above, it
is possible that at about 100 K the conductance starts to
be dominated by contributions of bulk states due to ther-
mal broadening; this is the scenario suggested in Ref. [14]
for ultraclean samples. Beyond bulk conductance and ex-
trinsic effects, other intrinsic effects related to temperature
remain to be investigated, as well as the role of the harmonic
and adiabatic approximations. First, the TE of WTe, might
be affected (e.g., the a/b ratio) or even enhanced by the
presence of a substrate. In addition, while in the harmonic
approximation the band degeneracies due to crystalline sym-
metries are preserved at any temperature [35], anharmonicity
might affect the band structure [38,39] and lead to a phys-
ical splitting of the bands. On a different note, failures of
the adiabatic approximation might lead to nonadiabatic EPC
effects on the band structure, especially in the case of po-
lar materials [40]. As WTe, is a centrosymmetric material
made of heavy chemical elements, anharmonicity and nona-
diabaticity are expected to be relatively weak; a quantitative
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computational study of their possible role will be the subject
of future work.
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