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In the monolayer limit, 1T ′ WTe2 is a two-dimensional topological insulator exhibiting the quantum spin Hall
effect and is believed to host an excitonic insulator ground state. However, theoretical analysis of this system is
complicated by the difficulty of obtaining descriptions of the single-quasiparticle band structure consistent with
experimental measurement within conventional first-principles techniques. Previous band-structure calculations
using the Perdew-Burke-Ernzerhof functional and a one-shot GW approximation result in a semimetallic band
structure, while calculations with hybrid functionals appear to open a band gap. Here, we demonstrate that
self-consistently updating wave functions within a static GW approximation (static COHSEX) can reproduce
the insulating band structure experimentally observed by angle-resolved photoemission spectroscopy without
resorting to mechanisms beyond the quasiparticle picture. Finally, a finite-momentum Bethe-Salpeter equa-
tion calculation on top of self-consistent GW results in negative exciton excitation energies, leaving open the
possibility of excitonic instability in 1T ′ monolayer WTe2.
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I. INTRODUCTION

The transition-metal dichalcogenide (TMD) WTe2 is
known to host exotic electronic states in both bulk and
monolayer forms [1–11]. For instance, the strong spin-orbit
coupling (SOC) in 1T ′ monolayer WTe2 causes band inver-
sion and turns the system into a topological insulator with
quantum spin Hall edge states. The corresponding insulat-
ing bulk electron bands and conducting topological boundary
states have been observed in scanning tunneling spectroscopy
(STS), angle-resolved photoemission spectroscopy (ARPES),
scanning tunneling microscopy (STM), conductance measure-
ments, and microwave impedance microscopy (MIM) [5–8].
Apart from its topological properties, 1T ′ monolayer WTe2

also hosts metal-like quantum oscillations and a Hall effect,
indicating that an abundance of carriers exist in the ground
state, and hence it is likely that the material is not a band
insulator and the observed bulk band gap arises from a cor-
related ground state [9,10]. The possibility of a correlated
ground state was further demonstrated by the fact that the
conductance rapidly falls as the temperature drops below
100 K, and doping in the low-conductance region does not
immediately improve conductivity, which can be evidence
of a semimetal-correlated insulator phase transition [11].
Additionally, first-principles Bethe-Salpeter equation (BSE)
calculations of excitons in monolayer 1T ′ WTe2 [11] reveal
negative exciton excitation energies, hinting at the possibil-
ity that it may host an excitonic insulator ground state, a
BCS- or BEC-like state [12–14] where excitons condense
due to instability of the band insulator ground state [15–18].

*Contact author: diana.qiu@yale.edu

Such excitonic insulator ground states have also been pro-
posed in several other systems according to evidence from
band renormalization observed in ARPES spectra [19], ex-
citon compressibility without charge compressibility [20],
enhanced Coulomb drag effects [21], enhanced electrolu-
minescence with abnormal photon statistics together with
tunneling proportional to the density of electron-hole pairs
[22], and negative exciton frequencies observed in ab initio
many-body perturbation theory (MBPT) calculations [23–26].

Theoretical analysis of monolayer 1T ′ WTe2 is com-
plicated by the fact that most widely used first-principles
methods are designed to study weakly to moderately corre-
lated metals and band insulators, where conventional band
theory holds. Within such first-principles methods, negative
exciton excitation energies calculated using the MBPT GW
plus Bethe-Salpeter equation (GW -BSE) approach [27–32]
are frequently interpreted as indirect evidence of the pos-
sibility of an excitonic insulator ground state [23–26]. The
GW -BSE calculation is commonly performed as a one-shot
correction on top of a ground state obtained from den-
sity functional theory (DFT) [33–37]. However, results from
such an approach can be challenging to interpret and de-
pend sensitively on the initial independent-particle ground
state and band structure. If the initial independent-particle
state is metallic, identification of negative excitation energy
states is numerically ambiguous, while an initial insulating
quasiparticle (QP) gap raises the question of whether the
experimentally observed gap is actually driven by an excitonic
instability or could be opened through other means, like struc-
tural relaxation or single-quasiparticle renormalization within
MBPT. In the case of monolayer 1T ′ WTe2, starting from
the generalized gradient approximation of Perdew, Burke,
and Ernzerhof (PBE) [38] results in a gapless semimetallic
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ground state [39–41]. A one-shot G0W0 correction, which
is expected to correct the inherent underestimation of the
band gap by conventional DFT [28,42], is unable to open
the gap [43]. The Heyd-Scuseria-Ernzerhof (HSE) hybrid
functional [44], which contains a fraction of the exact ex-
change, directly gives a gapped band structure for monolayer
1T ′ WTe2 [5,39,45–48]. Intriguingly, the HSE band structure
already agrees well with ARPES measurements [5], rais-
ing the question of whether the ARPES measurements are
of the correlated state or a band insulator state. Answer-
ing these questions requires understanding the root cause
of the disagreement between band structures predicted in
HSE and one-shot GW , which are usually expected to be
comparable [49].

BSE calculations on top of the HSE band structure result in
negative energy excitons [11], suggesting a possible excitonic
insulator ground state. However, one theoretical caveat is that
the electron-hole interaction within BSE is the variational
derivative of the single-quasiparticle GW self-energy [30,50].
Thus, to treat all interactions consistently, BSE calculations
should be done on top of a GW band structure [24–26].
Previous BSE calculations predicting negative exciton exci-
tation energies [11] perform BSE calculations directly on an
HSE band structure (BSE@HSE). Thus, there remain open
questions about the correct independent-quasiparticle starting
point for BSE calculations on monolayer 1T ′ WTe2, the con-
ditions under which a gap can be opened at the independent
QP level, and the conditions under which negative energy
excitons may be found.

This paper is a systematic investigation of the validity of
the conventional GW -BSE methodology in monolayer 1T ′
WTe2, and the conditions under which an exciton instability
can be observed. At the single QP level, we start by exploring
three factors that could potentially open a band gap without re-
sorting to semiempirical hybrid functionals: the convergence
of the cutoff parameters [51], strain and relaxation of the crys-
tal structure, and the self-consistency of the wave functions
within GW [42,52]. We find that self-consistently updating
the QP wave functions with both the static GW approximation
(i.e., static-COHSEX) [27,28,53] and frequency-dependent
GW self-energy produces a gapped band structure that agrees
qualitatively with previous ARPES measurements [5]. A
uniaxial, out-of-plane compressive strain or equivalently a
biaxial, in-plane tensile strain can also open the band gap,
but the shape of the valence bands is distorted compared to
ARPES [5]. For the BSE part, we find that BSE predicts
negative exciton excitation energies when starting from a
one-shot G0W0 calculation on top of wave functions obtained
within self-consistent static-COHSEX (G0W0@scCOHSEX),
consistent with previous BSE@HSE results [11]. There-
fore, a correlated ground state due to exciton instability is
likely.

This paper is organized as follows. In Sec. II, we outline de-
tails of the first-principles GW -BSE methodologies employed
in this paper; Sec. III discusses the influence of the structural
starting point on DFT and GW quasiparticle energies; Sec. IV
focuses on the role of self-consistency in GW ; Sec. V explores
the possibility of exciton instability in monolayer 1T ′ WTe2.
We conclude in Sec. VI.

II. COMPUTATIONAL DETAILS

We start by performing PBE calculations as implemented
in the QUANTUM ESPRESSO (QE) software package [54,55].
Fully relativistic Optimized Norm-Conserving Vanderbilt
(ONCV) SG15 PBE pseudopotentials [56–58] and a non-
collinear spinor formalism are used to capture strong SOC
effects in 1T ′ monolayer WTe2 [5]. The self-consistent field
calculation is performed on a 40 × 40 × 1 Monkhorst-Pack
k-grid with a cutoff of 80 Ry for the plane-wave components
of the wave function. We use Wannier interpolation via the
WANNIER90 package [59–62] and the inteqp utility provided
by the BerkeleyGW (BGW) software package [63] to plot
the band structures. Calculations of the projected density
of states use PSLibrary pseudopotentials [64], which carry
atomic wave-function information.

GW and GW -BSE calculations are performed with the
BerkeleyGW software package [63]. The GW calculation is
performed on a uniform 20 × 20 × 1 k-grid, and the fre-
quency dependence is included through the Hybertsen-Louie
generalized plasmon pole model (HL-GPP) [28]. Spinor wave
functions are used to capture the strong SOC effects [65,66].
The Coulomb interaction is truncated to prevent unphysical
interaction between periodic images of the monolayer [67].
Plane-wave components up to 30 Ry are included in the eval-
uation of the dielectric matrix, and 4000 bands are included
in the sum over bands in the calculation of the polarizabil-
ity and GW self-energy, which is sufficient to converge the
direct band gap within ∼0.001 eV at the four corners of the
irreducible first Brillouin zone [Fig. 1(b)]. Stochastic pseu-
dobands are used to replace high-energy conduction bands
above a protection window of 4.0 Ry to speed up the calcu-
lation of the sum over empty states in the polarizability and
self-energy [51,68–70]. To explore the effect of strain, calcu-
lations are performed on both relaxed and strained structures.

Additionally, to explore the effect of the mean-field starting
point, we self-consistently update the QP wave functions by
rediagonalizing the single-particle Hamiltonian with the GW
self-energy matrix. We refer to this procedure as nondiag-
onal self-consistent G0W0 (scG0W0). Due to computational
cost, self-consistency with the GW self-energy is only eval-
uated for the k-points at the band edge. In the full Brillouin
zone, we update the QP wave functions using self-consistent
GW in the static limit, i.e., the static Coulomb-hole screened
exchange (static COHSEX) approximation [27,28,53]. Then,
we perform a one-shot G0W0 calculation on top of the self-
consistent static-COHSEX wave functions. We refer to this
procedure as G0W0@scCOHSEX.

Finally, we explore the possibility of exciton instability by
calculating the exciton excitation energy within GW -BSE for
both the lowest-energy direct exciton and lowest-energy finite
momentum exciton [71] commensurate with our k-grid. Ex-
citonic instability appears when the exciton excitation energy
is negative, or equivalently when the exciton binding energy
exceeds the (direct or indirect) band gap. BSE calculations
are performed on top of GW band structures and two different
types of wave functions: PBE wave functions strained to open
a gap, and QP wave functions calculated within scCOHSEX
[27,28,53]. The BSE kernel is evaluated on a 20 × 20 × 1
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FIG. 1. Computational details. (a) Density of states (DOS) of monolayer 1T ′ WTe2 with the crystal structure in Ref. [43], where Te(i)
refers to the two Te atoms that are close to the W atoms, and the label Te(o) refers to other Te atoms. (b) Direct band gap at � point vs the
number of bands and the cutoff energy in G0W0 calculation. The change of the direct band gap is on the order of meV after the number of
bands reaches 4000 and the cutoff energy reaches 30 Ry. These cutoff parameters are then used in the following GW calculations. (c) Excitation
energies of the first 16 Q = 0 excitons vs the density of the fine k-grid in the BSE@3%-strained PBE calculation in Sec. V. The coarse k-grid
is kept to 20 × 20 × 1. The 200 × 200 × 1 and 300 × 300 × 1 grids are calculated on a patch in the Brillouin zone. Convergence is reached
at 200 × 200 × 1. (d) Convergence of the energies of the first 20 exciton states in the BSE@G0W0@scCOHSEX calculation in Sec. V with
respect to the number of conduction bands and valence bands, which are set to be equal to each other, included in the BSE Hamiltonian.
Convergence is achieved when four conduction bands and four valence bands are included.

coarse k-grid. For the PBE wave functions, the BSE kernel
is then interpolated onto a 200 × 200 × 1 fine k-grid using
a patched dual grid interpolation scheme [30,72–76]. To re-
duce the computational cost, the fine grid used is not the
full Monkhorst-Pack grid but two patches of radius 0.1 in
fractional coordinates centered on the two conduction-band
valleys where the direct band gap is the smallest [Fig. 2(d)].
For the calculation with the QP wave functions from scCOH-
SEX, the self-consistency is too computationally expensive
to perform on a fine k-grid. Hence, the BSE calculation
is performed without interpolation on the coarse 20 × 20 ×
1 k-grid. The results of the BSE@G0W0@scCOHSEX cal-
culation should be compared with the calculation on the
PBE wave functions to extrapolate changes in the exci-
ton energies with k-point convergence [Fig. 1(c)]. In the
BSE@G0W0@scCOHSEX calculation the dielectric matrix
is recalculated from the insulating G0W0@scCOHSEX band
structure. Convergence over the number of conduction bands
and valence bands in the BSE calculation is relatively easy
because the lowest-energy excitons are primarily composed of
the highest two valence bands and the lowest two conduction
bands, and therefore as few as four conduction bands and
four valence bands are sufficient for good convergence of
the first 10 exciton states [Fig. 1(d)]. The BSE kernel on
the coarse 20 × 20 × 1 grid in all three cases in Sec. V is
calculated using 10 conduction bands and 10 valence bands.
When interpolation to the 200 × 200 × 1 k-grid is performed,
four conduction bands and six valence bands are kept in the
interpolated BSE kernel.

III. INFLUENCE OF THE STRUCTURAL STARTING
POINT ON THE QUASIPARTICLE BAND STRUCTURE

We start by analyzing the band structure calculated at the
PBE level and the G0W0 level starting from (1) the structure
relaxed with the PBE functional with the lattice parame-
ters reported in Ref. [43], and (2) a series of structures
with a uniaxial out-of-plane compressive strain, where the
in-plane lattice parameter is relaxed or kept fixed. The PBE
and GW @PBE band structures are shown in Fig. 2. In our

analysis, we will focus on two main features of the band
structure: (1) Ec1 − Ev1, the indirect band gap or the overlap of
the highest valence band and the lowest conduction band, and
(2) Ev1 − Ev2, the energy difference between the two highest
valence bands [Fig. 2(b)]. These quantities are summarized in
Table I for the relaxed structure and the 3%-strained structure,
which exhibits a band gap with magnitude comparable to the
experimental band gap at the PBE level.

The PBE and G0W0@PBE band structures for the relaxed
structure are shown in Fig. 2(c). We observe a larger G0W0

correction than the one in Ref. [43], which we attribute to the
larger cutoff parameters we use and the crystal structure dif-
ference. In fact, the G0W0 correction in Ref. [43] is negative,
which we also observe in underconverged scG0W0, indicat-
ing that the sign of the GW correction is highly sensitive to
convergence parameters. However, consistent with Ref. [43],
we find a negative band gap at both the PBE and G0W0@PBE
level, so the G0W0 correction is still insufficient to open a band
gap.

In Ref. [43], strain is invoked to explain the contra-
diction between the semimetallic G0W0 band structure and
the experimentally observed bulk band gap. Reference [43]
demonstrates that a 2 % biaxial tensile strain opens a band
gap within PBE. In this work, we show that a compressive
uniaxial strain in the c direction is also able to open the
band gap [Fig. 2(e)]. Out-of-plane compressive strain com-
bined with in-plane relaxation always leads to a larger band
gap. If the strain is introduced without in-plane relaxation,
the strain threshold for the semimetal-insulator transition is
∼5 %. However, if we relax the structure in the xy plane after
introducing a strain in the c direction, the band gap increases
and a gap is opened at ∼1.5 % strain. The relation between the
out-of-plane strain along the c-axis and the induced in-plane
strain is approximately linear, and the corresponding in-plane
strain at the semimetal-insulator transition is ∼0.45 %, which
is smaller than previously reported values of ∼2 % [43]. We
note that in Ref. [5], the experimentally measured lattice
constant a is 6.3(2) Å, and the two publicly available crystal
structures in Ref. [43] (from DFT relaxation) and Ref. [47]
(from the bulk data [78]) and the eight relaxed structures in
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FIG. 2. PBE and G0W0@PBE calculations of the electronic band
structure. (a) The crystal structure. (b) The first Brillouin zone and
a schematic of the band structure with key energy differences la-
beled; the gray part is the irreducible Brillouin zone. (c), (d) The
band structure along the �-Y path based on the structure relaxed
directly from the structure reported in Ref. [43] (c) and with a 3%
compressive out-of-plane strain (d). The zero-energy point of both
PBE and G0W0@PBE bands is fixed to the Fermi energy of the
PBE calculation to enable easier visual comparison of the bands.
(e) Relation between the band gap, the compressive strain in the
c-direction, and the tensile strain in the ab plane induced by the
c-direction uniaxial strain.

Fig. 2(e), which may be semimetallic or insulating, all lie
in this range. The lattice constants of our unstrained, relaxed
crystal structure are a = 6.34 Å, b = 3.52 Å.

Given the strong influence of crystal structure on the quali-
tative properties of the electronic structure, and the possibility
that the experimentally measured sample is naturally strained,
it is possible that the 1T ′ WTe2 monolayer observed in ex-
periments has a band gap opened due to strain [43,48]. To
explore this possibility, we apply a 3% out-of-plane, uniaxial
strain to the crystal structure, inducing a 62 meV indirect band
gap on the 20 × 20 × 1 grid, which is reduced to 0.055 eV
after interpolation to a dense k-path (Table I) and roughly
agrees with the experimentally measured indirect band gap
of 55(20) meV [5]. With this level of strain, the distance
between the two highest valence bands and the two second
highest valence bands is severely underestimated and is only
half of the ∼0.5 eV experimentally observed value [Table I,
Fig. 2(d)]. After a G0W0 correction is added on top of the PBE
band energies, the indirect band gap increases to 308 meV,
and the valence band develops a camelback shape, which is in-
consistent with experimental measurements. We attribute this
large renormalization to the reduced screening coming from
the insulating starting point. Because we are unable to obtain
the realistic band gap and the Ev1 − Ev2 at the same time,
regardless of the computational scheme used, we conclude
that straining the structure alone is unlikely to account for the
band gap seen in ARPES [5].

IV. QUASIPARTICLE WAVE FUNCTIONS AND
SELF-CONSISTENCY

Next, we analyze the effect of updating the QP wave
functions at the GW level. Figure 3(a) displays the overlap be-
tween the initial PBE wave functions and the wave functions
after rediagonalizing with the G0W0 self-energy. The overlaps
are dominated by a 2 × 2 block structure [highlighted by
gray boxes in Fig. 3(a)] along the diagonal corresponding to
the spin degenerate spaces. However, there is also significant
coupling between these blocks, indicating substantial changes
to the wave functions. Rediagonalizing the GW self-energy on
the 20 × 20 × 1 k-grid opens the indirect band gap to 7 meV
(Table I). We note that due to the computational cost, per-
forming a full update of the quasiparticle wave functions at all
relevant k-points is not tractable, and this 7 meV indirect band
gap is the gap between the highest valence-band energy at
� and the lowest conduction-band energy at k = (0, 0.15, 0)
on the 20 × 20 × 1 grid, which does not contain the k-point
corresponding to the conduction-band minimum. The true
scG0W0 indirect band gap is likely slightly smaller.

As a computationally cheaper alternative to scG0W0, self-
consistent static-COHSEX is performed to update the wave
functions, and a one-shot G0W0 is then performed on top
of the static-COHSEX wave functions. The band structure
is shown in Fig. 3(b). This procedure results in a 52 meV
band gap on the 20 × 20 × 1 grid, which is surprisingly close
to the 55(20) meV experimental observation and the HSE
calculation in Ref. [5]. We note again that the reported gap
corresponds to the smallest gap on the 20 × 20 × 1 k-grid.
The actual conduction-band minimum is not in the k-grid,
so the actual indirect band gap is slightly smaller than the
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TABLE I. Indirect band gaps and distances between the highest valence bands and the second highest valence bands measured by ARPES
and predicted by PBE and GW @PBE. The scG0W0 and G0W0@scCOHSEX calculations are performed on the 20 × 20 × 1 grid. The PBE and
G0W0@PBE calculations are first performed on the 20 × 20 × 1 grid and then interpolated to a finer 121-point k-path along the Y -�-Y line.
The indirect band gaps measured on the coarse 20 × 20 × 1 grid and the fine 121-point k-path are labeled accordingly.

Structure Indirect band gap / eV Ev1 − Ev2 at � / eV

Exp. [5] 0.055(20) ∼0.4 − 0.5

PBE G0W0@PBE scG0W 0 G0W0@scCOHSEX PBE G0W0@PBE scG0W0 G0W0@scCOHSEX

Coarse Fine Coarse Fine
[43] −0.110 −0.070 0.399 0.498
Relaxed −0.066 −0.066 −0.010 −0.016 0.007 0.052 0.339 0.419 0.418 0.359
3% strain 0.062 0.055 0.321 0.308 0.180 0.210

52 meV band gap calculated in the 20 × 20 × 1 grid. The
difference between the true band gap and the band gap on
the 20 × 20 × 1 coarse k-grid, however, is estimated to be
� 10 meV by comparison of the conduction-band minima in
the semimetallic G0W0@PBE band structure before and af-
ter Wannier interpolation, and we expect G0W0@scCOHSEX
to maintain a positive band gap on a denser k-grid. Also,
the distance between the highest two valence bands and the
second highest two valence bands is slightly underestimated.
Overall, the resulting band structure is close to the HSE06
band structure in Ref. [5] [Fig. 3(c)], which suggests that
the exact exchange plays an important role in accurately de-
scribing the ground state of this system. We note that while
we update the wave functions, the dielectric matrix is not
updated and corresponds to the original semimetallic state. If
the dielectric matrix is updated with the G0W0@scCOHSEX
band structure, the indirect band gap increases dramatically
to 191 meV, but there is no unphysical camelbacking. This
is consistent with the previous observation that self-consistent
GW without vertex corrections tends to overestimate the band
gap [79].

V. POSSIBILITY OF EXCITON INSTABILITY

Finally, we investigate the stability of the three insulat-
ing ground states discussed in Secs. III and IV, namely (a)
the PBE band structure from the 3%-strained and relaxed
crystal structure, (b) the G0W0@PBE band structure from
the 3%-strained and relaxed crystal structure, and (c) the
G0W0@scCOHSEX band structure (Table II). In all three
cases we perform a Q = 0 BSE calculation and a finite-Q
calculation. The finite momenta used in cases (b) and (c) are
determined by minimizing the corresponding indirect band
gap, which makes exciton instability more likely to happen.
In case (c), we choose Q = (0, 0.15, 0) in crystal coordi-
nates, which is comparable to the position of the exciton band
minimum reported in [11], and in case (b) we choose Q =
(0, 0.05, 0). For comparison of the exciton binding energy
with case (b), in case (a) the Q used in the finite momentum
calculation is also (0, 0.05, 0).

In case (a), the DFT energy levels based on the strained
structure is used, and the lowest-energy exciton calculated
within BSE at both the direct and indirect gap has a neg-
ative excitation energy. The binding energy of the zero
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nk 〉| between the PBE Kohn-Sham wave functions and the
wave functions corrected by scG0W0 at k = (0, 0.15, 0). nQP and nDFT refer to band indices after and before rediagonalization of the G0W0

Hamiltonian. Spin-degeneracy subspaces are marked by gray boxes. The number of occupied bands in the DFT calculation is 120, and band
hybridization can be observed both within occupied states and between empty and occupied states. (b) Comparison between Fig. 2(c) and
G0W0 corrections (green circles) on top of the scCOHSEX corrected wave functions. (c) G0W0@scCOHSEX (blue circles) compared with
ARPES dispersion reproduced using a minimum gradient method [77] with data in Ref. [5] (used with permission). The valance-band top of
the G0W0@scCOHSEX bands is manually aligned with the valence-band top of the ARPES spectrum. Note that the ARPES spectrum also has
contributions from the �-P/P′ directions, therefore the G0W0@scCOHSEX prediction of the highest valence band on the �-Y path deviates
from the experimental ARPES spectrum away from �, although the experimental data around � are dominated by the �-Y path [cf. Fig. 2(g)
in [5]].
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TABLE II. Exciton energies in eV, based on 3%-strained and relaxed structure and the unstrained but G0W0@scCOHSEX-corrected
electronic structure. The coarse grid refers to the grid on which the BSE kernel is calculated. The BSE kernel is then interpolated to the fine grid.
E gap refers to the direct/indirect independent-particle band gap, which always corresponds to the smallest direct gap on the fine k-grid used
in each set of calculations. The binding energies are calculated from the difference between the direct (indirect) gap and the minimum exciton
energy at zero momentum (finite momentum corresponding to the momentum transfer at the gap). The BSE@G0W0@scCOHSEX calculation
is not fully converged, and the minimum exciton energies reported here are expected to be higher than the fully converged minimum exciton
energies.

Direct Indirect

Single-particle picture Coarse grid Fine grid E gap (eV) min E ex (eV) E bind (eV) E gap (eV) min E ex (eV) E bind (eV)

PBE, 3% strain 20 × 20 × 1 200 × 200 × 1 0.125 −0.115 0.240 0.065 −0.214 0.279
G0W0@PBE, 3% strain 20 × 20 × 1 200 × 200 × 1 0.359 0.137 0.222 0.318 0.045 0.273
G0W0@scCOHSEX@PBE 20 × 20 × 1 20 × 20 × 1 0.285 <0.182 ∼ 0.103 0.052 < −0.082 ∼0.134

center-of-mass momentum (Q = 0) exciton is 240 meV while
the binding energy of the indirect band-gap exciton is
279 meV. In comparison, the binding energy of the indirect
exciton calculated by BSE on top of HSE, in Ref. [11], is
333 meV. In case (b), after the G0W0 correction, the lowest
exciton excitation energies at both the indirect band gap and
the direct band gap increase to positive values. This is be-
cause the exciton binding energy remains roughly the same
after the GW renormalization of the band structure, and
the magnitude of the GW correction is larger than the
exciton binding energy. This contrasts with the behav-
ior of other materials where negative exciton excitation
energies at the BSE level are observed when the BSE
calculation is performed on top of the GW band struc-
ture [25]. BSE calculations on other systems with sus-
pected exciton instabilities also consistently show nega-
tive exciton energies before and after GW corrections
[24,26].

Next, we turn to case (c), the G0W0@scCOHSEX calcu-
lation. Due to the computational cost of updating the wave
function on a fine grid, our BSE calculation uses a 20 ×
20 × 1 coarse grid without interpolation to a fine grid. This
unconverged calculation places a lower bound on the exciton
binding energy, as further convergence increases the binding
energy [Fig. 1(c)]. Additionally, we note that we use the
updated W from the insulating ground state for our BSE
calculation to more accurately reflect the insulating screen-
ing seen in experiment. Under these calculation conditions,
we find that the lowest indirect band-gap exciton still has a
negative excitation energy of −82 meV. Using a semimetallic
screening from the PBE mean field results in a minimum
exciton excitation energy of 22 meV, suggesting that the exci-
tation energy may become negative with further convergence
[Fig. 1(c)]. No negative exciton energy is seen when Q = 0,
but the exciton binding energy is comparable to that of the
indirect band-gap exciton.

VI. CONCLUSION

We have presented a comprehensive analysis of various
factors affecting the accuracy of ab initio calculations of the
electronic structure and excitonic properties of monolayer 1T ′
WTe2. Our results highlight the failure of the conventional
PBE functional in describing the ground state. In particu-
lar, we show that 1T ′ WTe2 is semimetallic in a carefully

converged G0W0@PBE calculation. Structural distortions
open the band gap but introduce unphysical renormalization
of the band structure. We show that using QP wave functions
by updating DFT wave functions within either a nondiag-
onal scG0W0 or scCOHSEX results in a semiconducting
band structure that agrees qualitatively with previous ARPES
measurements. The scCOHSEX results are also in excellent
agreement with previous HSE calculations, highlighting the
inadequacy of the PBE ground state and justifying the success
of HSE in previous calculations on the material. Finally, our
finite-momentum BSE calculations performed on top of the
quasiparticle wave functions suggest that exciton instability in
the form of excitons with negative excitation energies is likely
present in monolayer 1T ′ WTe2. This is consistent with the
hypothesis that monolayer 1T ′ WTe2 is an excitonic insulator.
It should be noted, however, that other correlated states of
matter due to excitonic instability are also possible, and thus
an exciton mode with a negative energy is necessary but not
sufficient evidence for an excitonic insulator phase [80].
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