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The excitonic insulator (EI) is an exotic ground state of narrow-gap semiconductors and semimetals
arising from spontaneous condensation of electron-hole pairs bound by attractive Coulomb interaction.
Despite research on EIs dating back to half a century ago, their existence in real materials remains a subject
of ongoing debate. In this study, through systematic experimental and theoretical investigations, we provide
evidence for the existence of an EI ground state in a van der Waals compound Ta2Pd3Te5. Density-
functional-theory calculations suggest that it is a semimetal with a small band overlap, whereas various
experiments exhibit an insulating ground state with a clear band gap. Upon incorporating electron-hole
Coulomb interaction into our calculations, we obtain an EI phase where the electronic symmetry breaking
opens a many-body gap. Angle-resolved photoemission spectroscopy measurements exhibit that the band
gap is closed with a significant change in the dispersions as the number of thermally excited charge carriers
becomes sufficiently large in both equilibrium and nonequilibrium states. Structural measurements reveal a
slight breaking of crystal symmetry with exceptionally small lattice distortion in the insulating state, which
cannot account for the significant gap opening. Therefore, we attribute the insulating ground state with a
gap opening in Ta2Pd3Te5 to exciton condensation, where the coupling to the symmetry-breaking
electronic state induces a subtle change in the crystal structure.

DOI: 10.1103/PhysRevX.14.011046 Subject Areas: Condensed Matter Physics,
Strongly Correlated Materials

I. INTRODUCTION

In condensed matter systems, many-body interactions
can lead to various exotic quantum phases, such as the
Mott insulator, unconventional superconductivity, quantum
spin liquid, heavy fermion, and so on. One particularly
intriguing phenomenon is the excitonic insulator (EI)
expected to emerge when a semiconductor with a small
band gap or a semimetal with a small band overlap is cooled
to sufficiently low temperatures [1–4]. During this process,
bound electron-hole pairs known as excitons spontaneously
form and condensate into a phase-coherent insulating state.
While exciton condensation has been achieved in artificial
heterostructures [5–15], the existence of an EI state in real
materials remains a topic of ongoing debate.
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So far, only a few materials have been proposed as
candidates for EIs. Among them, the most intensively
studied ones are 1T-TiSe2 [16–22] and Ta2NiSe5 [23–29],
in which a band gap is opened around the Fermi level (EF)
below a critical temperature [21,25]. The gap opening is
accompanied by significant structural changes character-
ized by a charge-density-wave transition with periodic
lattice distortion in 1T-TiSe2 [30,31] and an orthorhombic-
to-monoclinic transition with mirror symmetry breaking
in Ta2NiSe5 [32,33]. The coexistence of electronic and
structural instabilities has aroused intense debate on
whether the gap opening originates from exciton conden-
sation or lattice distortion. In the former case, excitons
spontaneously form and condense due to electron-hole
coupling, leading to the opening of a many-body gap. In the
EI state, the electronic symmetry breaking induces lattice
distortion through electron-lattice coupling [18,20,24,34].
In the latter case, a structure phase transition is driven by
phononic instability. The lattice distortion couples to
electrons, opening a hybridized gap. Density-functional-
theory (DFT) calculations for these two materials reveal the
presence of imaginary phonon frequencies, indicating an
unstable crystal structure [35–40]. Despite numerous
efforts over several decades, the origin of the gap opening
remains a subject of significant controversy.
As the symmetry of the electronic state is broken in an EI

state, structural instability inevitably occurs due to electron-
lattice coupling, which is inherently present in solid-state
materials. Nevertheless, as a by-product of exciton conden-
sation, lattice distortion can, in principle, be significantly
suppressed. If the effects of structural changes on the band
structure become sufficiently small, the structural origin of

the gap opening can be ruled out. In this work, we show that
the van der Waals compound Ta2Pd3Te5 could serve as such
a paradigm of EIs. It exhibits an insulating ground state with
a significant band gap derived from an almost zero-gap
normal phase. The insulating state is well reproduced by the
calculations that include electron-hole Coulomb interaction.
The band gap is sensitive to free carrier density, which is
increased by either raising the temperature or laser pumping.
The gap opening is accompanied by a slight breaking of
crystal symmetry with minimal lattice distortion, which has
negligible effects on the band structure. These results suggest
that the insulating ground state in Ta2Pd3Te5 originates from
excitonic instability, with crystal symmetry breaking being a
by-product of exciton condensation.

II. INSULATING GROUND STATE

A previous x-ray diffraction (XRD) study reported that
Ta2Pd3Te5 has an orthorhombic crystal structure with space
group Pnma (no. 62) [41]. Each unit cell consists of two
Ta2Pd3Te5 monolayers stacked along the a axis through
van der Waals forces [Fig. 1(a)]. Within each monolayer, Ta
and Pd atoms form one-dimensional (1D) chains along the
b axis, sandwiched by Te atomic layers [41]. Consequently,
the band structure from DFT calculations exhibits a quasi-
1D character with strong dispersions along the chain
direction [Fig. 1(c)]. The calculations suggest a semimetallic
band structure, while transport measurements reveal semi-
conductorlike behavior over a wide temperature range
with a metal-insulator transition around 365 K [Fig. 1(d)].
Angle-resolved photoemission spectroscopy (ARPES) data
at 100 K in Fig. 1(e) reveal that the valence bands (VBs) are
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FIG. 1. (a) Crystal structure of Ta2Pd3Te5. (b) Bulk Brillouin zone (BZ) and (100) surface BZ. (c) Calculated band structure along
high-symmetry lines by DFT using the MBJ functional. (d) Resistance as a function of the temperature (R-T) in the b-c plane. The inset
shows a metal-insulator transition around 365 K. (e) Intensity plot of the ARPES data along Γ̄-Ȳ collected with hν ¼ 6 eV at 100 K. For
clarity, the data are divided by the Fermi-Dirac distribution function to visualize the VB bottom above EF. (f) Tunneling differential
conductance spectra at 12 K along the yellow line in the inset. The inset shows a constant-current topographic image of the cleaved (100)
surface (V ¼ 100 mV, I ¼ 100 pA). The data are collected in a clean region free from impurities to display the global gap.
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well below EF, while the conduction bands (CBs) lie
above EF, forming a global band gap. Scanning tun-
neling spectroscopy spectra in Fig. 1(f) exhibit a uniform
“U”-shaped gap in a clean region free from impurities. The
semiconductorlike behavior with a global band gap observed
in experiments contradicts the semimetallic band structure
predicted by DFT calculations.
In a previous study [42], Perdew-Burke-Ernzerhof (PBE)

calculations suggested a semimetallic band structure with a
band overlap of 85 meV. Considering the potential under-
estimation of the band gap by PBE, we check the result
using the modified Becke-Johnson (MBJ) functional. The
MBJ band structure in Fig. 1(c) shows a reduced band
overlap of 42 meV, while still maintaining the semimetallic
character (see comparison between PBE and MBJ band
structures in Fig. S1 in Supplemental Material [43]).
Furthermore, we confirm that the inclusion of spin-orbit
coupling or changes in lattice constants is insufficient
to induce a global band gap (Fig. S2 in Supplemental
Material [43]). Since noninteracting DFT calculations fail
to account for the band gap, correlation effects may play a
crucial role in the insulating state. We conduct DFTþ U
calculations, where U represents on-site Hubbard-like
electron-electron interaction on the Ta 5d and Pd 4d
orbitals. As U increases, the band overlap is moderately
reduced (Fig. S3 in Supplemental Material [43]). However,
even with U increased to 3 eV, which is already sufficiently
large for 4d and 5d electrons, the semimetallic band

structure persists, signifying that the on-site Coulomb
interaction cannot account for the insulating state.
Then, we consider electron-hole Coulomb interaction for

the insulating state, since the DFT calculations show a small
overlap between the valence and conduction bands around
EF. For this purpose, we first construct an effective Wannier-
based two-dimensional tight-binding Hamiltonian (HTB)
extracted from PBE calculations. The noninteracting band
structure of HTB is presented in Fig. 2(b). The CB originates
from the Ta-dz2 orbital, while the VB originates from the
PdA-dxz orbital hybridized with the Te-px orbital (Fig. S5 in
Supplemental Material [43]). Here, PdA represents the Pd
atoms at the A site [42]. In the absence of electron-hole
interaction, the hybridization between the valence and con-
duction bands along Γ-Z is prohibited due to the presence of
mirror symmetrymb indicated in Fig. 2(a). Subsequently, we
consider the interband density-density term for the electron-
hole interaction V. The total Hamiltonian reads as follows:

H ¼ HTB þ VHint;

Hint ¼
X
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FIG. 2. (a) Schematic illustration of electron-hole Coulomb interaction considered in the theoretical model. Ta, PdA, and Te atoms with
interacting orbitals are labeled by numbers 1–8. Red arrows represent the interaction between Ta-dz2 and PdA-dxz, and blue arrows
represent the interaction between Ta-dz2 and Te-px, but we assign the same interaction strength V in the model. (b),(c) Band structures of
the noninteracting Hamiltonian HTB (b) and the EI state (c). The thickness of the red lines scales the Ta-dz2 orbital component.
(d) Intensity plot of the ARPES data along Γ̄-Z̄ collected with hν ¼ 40 eV at 10 K. (e) hν dependence of the spectral intensities at two
constant energies indicated by the dashed lines in the inset. Inset: intensity plot of the ARPES data at Γ̄ with varying hν. The spectral
intensities are normalized by photon flux. (f) Same as (e), but collected at Z̄.
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where the Ta-dz2 , PdA-dxz, and Te-px orbitals are labeled
by numbers 1–4, 5–6, and 7–8, respectively, as indicated in
Fig. 2(a). σ and σ0 denote the spin degrees of freedom. We
employ theHartree-Fock approximation to treat the Coulomb
interaction. In the self-consistent process, we exclude the
Hartree terms, as they are already considered in DFT
calculations.
The mean-field band structure with V ¼ 1.1 eV in

Fig. 2(c) exhibits a gap opening at EF with a sizable
hybridization. The hybridization indicates that the mb
symmetry of the electronic state is broken due to the
interband interaction, even though crystal symmetry is
preserved, which is the hallmark of excitonic instability.
Here, we define an order parameter δ⃗ of the form

δ⃗ ¼ ðδ15; δ25; δ36; δ46Þ;
δi5 ¼ hc†i c5i þ hc†i c5ð−b⃗Þi;
δj6 ¼ hc†jc6i þ hc†jc6ðþb⃗Þi: ð2Þ

We drop the spin index as we focus on the spin-singlet case.
The four δmn are in general independent. The detailed
calculations show that the inversion symmetry and all
mirror symmetries are broken in the EI state, leading to
a nonzero order parameter of δ⃗ ¼ δ0ð−1;þ1;−1;þ1Þ.
To verify the band hybridization of the EI state, we

perform photon-energy- (hν) dependent ARPES measure-
ments to determine the orbital components of the VBs.
For transition-metal compounds, when hν is tuned to the
binding energies of p orbitals, the spectral intensities of the
VBs originating from d orbitals are suppressed due to p-d
antiresonance [44,45]. The hν-dependent data at Γ̄ in
Fig. 2(e) exhibit significant suppression around 34 and
43 eV, corresponding to the binding energies of the
Ta 5p3=2 and 5p1=2 orbitals, respectively (Fig. S6 in
Supplemental Material [43]). At Z̄, in addition to the
suppression around 34 and 43 eV, the data in Fig. 2(f)
show kinks around 50 and 55 eV, corresponding to the
binding energies of the Pd 4p3=2 and 4p1=2 orbitals,
respectively (Fig. S6 in Supplemental Material [43]).
These results demonstrate the presence of a considerable
Ta 5d orbital component in the highest VB, signifying a
strong interband hybridization due to the breaking of mb.

III. BAND GAP CONTROLLED
BY CARRIER DENSITY

EIs exhibit a semiconductorlike band structure with a
band gap at EF, where thermal excitation leads to an increase
in the number of free carriers with increasing temperature.
The higher carrier density effectively screens the electron-
hole Coulomb interaction, diminishing the stability of
excitons. As a result, the gap size of an EI gradually
decreases as the temperature increases [20,21,25]. Hall
resistance measurements on Ta2Pd3Te5 reveal a substantial

increase in carrier density with increasing temperature above
30 K (Fig. S10 in Supplemental Material [43]). We perform
temperature-dependent ARPES experiments to investigate
the evolution of the band structure with the temperature. The
ARPES data in Figs. 3(a) and 3(b) show that the VBs lie well
below EF at low temperatures, while the CBs above EF
become visible when thermally occupied above 100 K. Both
valence and conduction bands shift in energy with the
temperature [Fig. 3(c)]. They gradually approach with
increasing temperature [Fig. 3(d)], resulting in a substantial
reduction in the gap size from 55 meV at 75 K to 5 meV at
300 K [Fig. 3(e)]. Furthermore, the dispersions around Γ̄
change from parabolic to linear when the temperature
reaches 300 K. These results reveal a significant renormal-
ization in the low-energy state with the temperature.
The temperature dependence of the gap size is further

validated by transport data. The R-T curve in Fig. 1(d)
exhibits semiconductorlike behavior below 365 K. In semi-
conductors, the thermal activation of carriers follows the
relation ρ ¼ ρ0 exp ½−ðEA=2kBTÞ�, where ρ0 is a constant
with the dimension of resistance, and EA represents the
activation energy of carriers, reflecting the magnitude of
the band gap. By fitting the R-T curve with the formula
EA ¼ −2kBT2ð∂ ln ρ=∂TÞ, we obtain EA as a function of
the temperature [Fig. 3(e)]. Above 100 K, EA monotonically
decreases with increasing temperature, and its magnitude
closely aligns with the gap size extracted from the ARPES
data, indicating that the thermal activation model effectively
describes the evolution of the band gap above 100 K.
In contrast, EA decreases dramatically below 100 K. This

behavior can be attributed to the presence of in-gap states,
which contribute finite intensities near EF to the low-
temperature ARPES spectra (Fig. S9 in Supplemental
Material [43]). The in-gap states could originate from
impurities with a finite spatial extension of the wave
function, as observed in the Si-doped semiconductor
β-Ga2O3 [46,47]. Based on this assumption, we estimate
the spatial extension of the impurity wave function to be
about 16 Å by fitting the momentum distribution curve at
EF (Fig. S11 in Supplemental Material [43]). Scanning-
tunneling-microscopy (STM) measurements confirm the
presence of impurities in some regions on sample surfaces,
and their spatial extensions are consistent with the value
estimated from the ARPES data (Fig. S12 in Supplemental
Material [43]). Carrier hopping between nearby impurities
would have a significant impact on transport behavior at
low temperatures, leading to an obvious deviation from
the thermal activation model as well as a rapid upturn in
carrier density below 30 K (Fig. S10 in Supplemental
Material [43]. With increasing temperature, the contribu-
tion of thermally excited intrinsic carriers gradually rises,
eventually becoming dominant above 100 K.
In addition to heating in the equilibrium state, in pump-

probe ARPES experiments, pump laser pulses can sub-
stantially raise the transient electronic temperature [48,49],
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thereby increasing the number of thermally excited carriers
in the nonequilibrium state (Fig. S14 in Supplemental
Material [43]). Hence, we investigate the effect of laser
pumping on the insulating state of Ta2Pd3Te5 with pump-
probe ARPES. To observe the evolution of the CBs more
clearly and reduce the thermal effect (Fig. S13 in
Supplemental Material [43]), the pump-probe ARPES
experiments are conducted at 150 K. The ARPES data in
Figs. 4(a) and 4(b) exhibit a clear band gap in the equilibrium
state without laser pumping. The gap gradually diminishes
with an increase in pump fluence and is closed at a fluence
of 0.17 mJ=cm2. We compare band dispersions at pump
fluences of 0 and 0.25 mJ=cm2 in Fig. 4(c). The dispersions
around Γ̄ change from curved to linear, resulting in a gap
closing, while those away from Γ̄ are almost unchanged.
Our ARPES results demonstrate that the band gap is

closed with a significant change in the dispersions around
Γ̄, when the number of carriers becomes sufficiently large
through thermal excitation in both equilibrium and non-
equilibrium states, as illustrated in Fig. 4(d). These findings
are well consistent with the expectation for EIs.

IV. STRUCTURAL INSTABILITY

In an EI state, structural instability is expected to occur
due to finite electron-lattice coupling. Hence, we conduct
a systematic investigation to clarify whether structural

instability exists in Ta2Pd3Te5. The calculated phonon
spectra in Fig. 5(a) reveal the absence of imaginary
frequencies, indicating that the Pnma crystal structure is
stable with no tendency toward spontaneous symmetry
breaking. This result is in contrast to the calculations for the
EI candidates 1T-TiSe2 [35–37] and Ta2NiSe5 [38–40].
The single-crystal XRD data at 300 and 50 K can be well
refined with space group Pnma [Fig. 5(b)], in agreement
with the previous report [41]. The Raman spectra exhibit
continuous temperature-dependent behavior for all phonon
modes without any splitting or emergence of new modes
below 450 K (Fig. S15 in Supplemental Material [43]). The
specific heat data in Fig. 5(c) do not show any anomaly
associated with a structure phase transition. These results
point to a stable crystal structure without a structural phase
transition. We note that an electronically driven EI phase
transition cannot be ruled out in the specific heat data, since
the contribution of electronic heat capacity is negligible at
high temperatures.
While no structural phase transition is identified, trans-

mission-electron-microscopy (TEM) measurements reveal
the existence of crystal symmetry breaking in the insulating
state. For space group Pnma, the (h00) and (00l) diffrac-
tion spots, where h and l are odd numbers, are forbidden
due to the presence of glide symmetries m̄c and m̄a. The
electron-diffraction patterns oriented along the [100] direc-
tion are displayed in Fig. 5(d). To demonstrate the subtle
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FIG. 3. (a) Intensity plots of the ARPES data along Γ̄-Ȳ collected with hν ¼ 6 eV at different temperatures. For clarity, the data are
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changes with the temperature in these patterns, we high-
light the base of the line profiles along the [001] direction in
Fig. 5(e). Only the primary spots with an even number of l
are observed at 368 K, confirming that m̄a is preserved.
Remarkably, the (00l) forbidden spots become visible at
300 and 100 K. Similar behavior is observed for the (h00)
forbidden spots (Fig. S16 in Supplemental Material [43]).
The emergence of the (h00) and (00l) forbidden spots
upon cooling indicates that both m̄c and m̄a are broken. The
simulated electron-diffraction patterns for Pnma and its
orthorhombic subgroups indicate that both (h00) and (00l)

forbidden spots appear only in space group P212121
(Fig. S17 in Supplemental Material [43]), in which both
m̄c and m̄a are broken.
The crystal symmetry breaking occurs near the metal-

insulator transition with a gap opening, signifying a close
relationship between electronic and structural instabilities
in Ta2Pd3Te5. In the EI candidates 1T-TiSe2 and Ta2NiSe5,
the concurrence of electronic and structural instabilities
has aroused intense debate on the origin of the gap opening
[39,40,50–55]. While crystal symmetry breaking allows
the opening of a hybridized gap between the valence and
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oriented with respect to the [100] direction at 368, 300, and 100 K. (e) Line profiles along the [001] direction extracted from the regions
in the rectangles in (d).
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conduction bands, the gap size depends on the magnitude of
lattice distortion. By comparing the refinement results of the
XRD data at 50 K with Pnma and P212121, we confirm
that the lattice distortion is exceptionally small in the
symmetry-breaking phase (Tables S1–S3 in Supplemental
Material [43]). To assess the impact of crystal symmetry
breaking on the band structure, we calculate the band
structure of P212121 with the refined lattice parameters.
The band structure remains almost unchanged due to the
minimal lattice distortion (Fig. S18 in Supplemental
Material [43]). Therefore, the slight breaking of crystal
symmetry cannot account for the significant gap opening.
Given the stable crystal structure and the negligible effects of
crystal symmetry breaking on the band structure, we rule out
the possibility that the gap opening in Ta2Pd3Te5 is induced
by a structural change resulting from phononic instability.
In contrast, the gap opening with crystal symmetry break-

ing can be well explained within the framework of EIs. The
high-temperature normal phase exhibits an almost zero-gap
band structure with linear dispersions. The electron-hole
Coulomb interaction is weakly screened due to the quasi-
1D structure with a vanishing density of states at EF. The
electronic state becomes unstable against exciton condensa-
tion. Excitons are trapped to lattice sites and form a static
charge transfer from the Pd 4d=Te 5p to Ta 5d orbital,
breaking the symmetry of the electronic state. This allows the
hybridization between the valence and conduction bands,
resulting in the opening of a many-body gap. Meanwhile, the
electronic symmetry breaking induces local lattice distortion
through electron-lattice coupling, causing a breaking of
crystal symmetry. The small lattice distortion suggests aweak
coupling between electron and lattice degrees of freedom.

V. OUTLOOK

We reveal that Ta2Pd3Te5 exhibits an EI ground state
emerging from an almost zero-gap normal phase. As the
VB top and CB bottom are located at the same momentum
point Γ in the BZ (Fig. S4 in Supplemental Material [43],
the excitons carry zero momentum. The zero-momentum
excitons couple to the q ¼ 0 phonon mode, resulting in
crystal symmetry breaking that does not change the period in
the lattice. It is well known that BCS-type exciton con-
densation occurs in a semimetal, while BEC-type exciton
condensation occurs in a semiconductor. Our results show
that the normal phase features an almost zero-gap band
structure, making Ta2Pd3Te5 a promising platform for
investigating many-body phenomena in the BCS-BEC
crossover region. Because of the quasi-1D van der Waals
structure, this material can be easilymechanically exfoliated
into large flakeswith long straight edges along the 1D chains
[56]. The chemical potential can be conveniently tuned by
applying gate voltages to thin flakes, which is favorable for
further studies of the EI state. Consistently, the firstprinci-
ples calculations with many-body perturbation theory pre-
dict an EI state in the Ta2Pd3Te5 monolayer [57].

Furthermore, the abnormal band order indicates that
Ta2Pd3Te5 is an unconventional material with a mismatch
between charge centers and atomic positions [58,59], leading
to the emergence of quasi-1D edge states with typical
Luttinger liquid behavior within the excitonic gap [56].

VI. METHOD

A. Sample growth

Single crystals of Ta2Pd3Te5 were synthesized by the self-
flux method. Starting materials of Ta (powder, 99.999%),
Pd (bar, 99.9999%), and Te (lump, 99.9999%) were
mixed in an Ar-filled glove box at a molar radio of
Ta∶Pd∶Te ¼ 2∶4.5∶7.5. The mixture was placed in an
alumina crucible, which was then sealed in an evacuated
quartz tube. The tube was heated to 950 °C over ten hours
and dwelt for two days. Then, the tube was slowly cooled
down to 800 °C at a rate of 0.5 °C=h. Finally, the extra flux
was removed by centrifuging at 800 °C. After centrifuging,
the black and shiny single crystals of Ta2Pd3Te5 were
picked out from the remnants in the crucible.

B. ARPES experiments

Laser-based ARPES experiments were conducted at the
Institute of Physics, ChineseAcademy of Sciences [60]. The
equilibrium ARPES data were collected with hν ¼ 6 eV. In
nonequilibrium ARPES experiments, the samples were
pumped by an ultrafast laser pulse (hν ¼ 2.4 eV) with a
pulse duration of 250 fs and a repetition rate of 800 kHz. An
ultraviolet probe laser pulse (hν ¼ 7.2 eV) subsequently
photoemitted electrons. The overall time and energy reso-
lutions were set to 500 fs and 18 meV, respectively.
Synchrotron ARPES experiments were conducted at the
03U beam line [61] and the “Dreamline” beam line at the
Shanghai Synchrotron Radiation Facility.

C. STM experiments

STM experiments were conducted in a low-temperature
ultrahigh-vacuum STM system, Unisoku USM-1300.
Topographic images were acquired in the constant-current
modewith a tungsten tip. Before themeasurements, STM tips
were heated by e-beam and calibrated on a clean Ag surface.
The scanning settings of all the topographies were under a
bias voltage of 100 mV and a setpoint of 100 pA unless
specificallymentioned.Differential conductance spectrawere
acquired by a standard lock-in technique at a reference
frequency of 973 Hz unless specifically mentioned.

D. TEM experiments

The specimens oriented with respect to the [100]
direction were thinned by the conventional mechanical
exfoliation method, while those oriented with respect to the
[001] direction were prepared by the conventional focused-
ion-beam (Helios 600i) lift-out method. After that, the
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specimens were transferred to a Cu grid for ED charac-
terization, which were collected using a TEM (JEOL
JEM-F200). The cryo-TEM holder (Gatan) with heating
controller was used to maintain the specimen temperature
at 100, 300, and 368 K. The diffraction patterns at each
temperature were collected using an operating voltage of
200 kV at a camera length of 400 mm.

E. X-ray diffraction experiments

A specimen of Ta2Pd3Te5 with dimensions of 0.017 ×
0.038 × 0.089 mm3 was used for the x-ray crystallographic
analysis on the Bruker D8Venturewith theMoKα radiation
(λ ¼ 0.710 73 Å. The frames were integrated with the
Bruker SAINT software package using a narrow-frame
algorithm. The data were corrected for absorption effects
using the MultiScan method (SADABS). Data collection, cell
refinement, and data reduction were performed using the
Bruker APEX4 program. The refinement was carried out
using SHELX programs within the Olex2-1.5-alpha software
package [62]. The crystal structure was successfully solved
using the intrinsic phasing method with SHELXT [63] and
refined with SHELXL [64] against the F2 data, incorporating
anisotropic displacement parameters for all atoms.

F. DFT calculations

First-principles calculations were conducted within the
framework of DFT using the projector-augmented-wave
method [65,66], as implemented in Vienna ab initio
simulation package [67,68]. The PBE generalized-
gradient-approximation exchange-correlation functional [69]
was used. In the self-consistent process, 4 × 16 × 4 k-point
sampling grids were used, and the cutoff energy for plane-
wave expansion was 500 eV. Since PBE band calculations
usually underestimate the band gap, we introduced the MBJ
exchange potential [70,71] to improve this underestimation.
The maximally localizedWannier functions were constructed
by using the WANNIER90 package [72].

Note added in proof. A similar study in Ref. [73] also
provides evidence for an excitonic state in Ta2Pd3Te5.
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[4] D. Jérome, T. M. Rice, and W. Kohn, Excitonic insulator,

Phys. Rev. 158, 462 (1967).
[5] L. V. Butov, A. Zrenner, G. Abstreiter, G. Böhm, and G.

Weimann, Condensation of indirect excitons in coupled
AlAs=GaAs quantum wells, Phys. Rev. Lett. 73, 304 (1994).

[6] L. V. Butov and A. I. Filin, Anomalous transport and
luminescence of indirect excitons in AlAs=GaAs coupled
quantum wells as evidence for exciton condensation,
Phys. Rev. B 58, 1980 (1998).

[7] S. Datta, M. R. Melloch, and R. L. Gunshor, Possibility of
an excitonic ground state in quantum wells, Phys. Rev. B
32, 2607 (1985).

[8] X. Xia, X. M. Chen, and J. J. Quinn, Magnetoexcitons in a
GaSb-AlSb-InAs quantum-well structure, Phys. Rev. B 46,
7212 (1992).

[9] Y. Naveh and B. Laikhtman,Excitonic instability and electric-
field-induced phase transition towards a two-dimensional
exciton condensate, Phys. Rev. Lett. 77, 900 (1996).

[10] L. J. Du, X. Li, W. Lou, G. Sullivan, K. Chang, J. Kono, and
R.-R. Du, Evidence for a topological excitonic insulator in
InAs=GaSb bilayers, Nat. Commun. 8, 1971 (2017).

[11] Hongki Min, Rafi Bistritzer, Jung-Jung Su, and A. H.
MacDonald, Room-temperature superfluidity in graphene
bilayers, Phys. Rev. B 78, 121401(R) (2008).

[12] J. I. A. Li, T. Taniguchi, K. Watanabe, J. Hone, and C. R.
Dean, Excitonic superfluid phase in double bilayer gra-
phene, Nat. Phys. 13, 751 (2017).

JIERUI HUANG et al. PHYS. REV. X 14, 011046 (2024)

011046-8

https://doi.org/10.1080/14786436108243318
https://doi.org/10.1080/14786436108243318
https://doi.org/10.1103/RevModPhys.40.755
https://doi.org/10.1103/RevModPhys.40.755
https://doi.org/10.1103/PhysRevLett.19.439
https://doi.org/10.1103/PhysRev.158.462
https://doi.org/10.1103/PhysRevLett.73.304
https://doi.org/10.1103/PhysRevB.58.1980
https://doi.org/10.1103/PhysRevB.32.2607
https://doi.org/10.1103/PhysRevB.32.2607
https://doi.org/10.1103/PhysRevB.46.7212
https://doi.org/10.1103/PhysRevB.46.7212
https://doi.org/10.1103/PhysRevLett.77.900
https://doi.org/10.1038/s41467-017-01988-1
https://doi.org/10.1103/PhysRevB.78.121401
https://doi.org/10.1038/nphys4140


[13] Z. F. Wang, D. A. Rhodes, K. Watanabe, T. Taniguchi, J. C.
Hone, J. Shan, and K. F. Mak, Evidence of high-temperature
exciton condensation in two-dimensional atomic double
layers, Nature (London) 574, 76 (2019).

[14] L. A. Jauregui et al., Electrical control of interlayer exciton
dynamics in atomically thin heterostructures, Science 366,
870 (2019).

[15] L. G. Ma, P. X. Nguyen, Z. F. Wang, Y. X. Zeng, K.
Watanabe, T. Taniguchi, A. H. MacDonald, K. F. Mak,
and J. Shan, Strongly correlated excitonic insulator in
atomic double layers, Nature (London) 598, 585 (2021).

[16] J. A. Wilson, Concerning the semimetallic characters of
TiS2 and TiSe2, Solid State Commun. 22, 551 (1977).

[17] J. A. Wilson, Modelling the contrasting semimetallic char-
acters of TiS2 and TiSe2, Phys. Status Solidi B 86, 11
(1978).

[18] Th. Pillo, J. Hayoz, H. Berger, F. Lévy, L. Schlapbach, and
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