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Abstract

While excitonic insulators (EIs) have been intensively studied, proper platforms of them with
stable lattice and non-cryogenic T¢ are rare. By analysing their Bardeen—Cooper—Schieffer-like
gap equation, we propose that high T¢ Els can exist in small indirect band gap 2D materials. After
screening 2D transition-metal dichalcogenides from existing computational works, we select
2H-TiTe, and 1T-PdTe,, and show that their T can be as high as 150 to 200 K under strains. A
transition of their condensate EI state from that composed by Wannier excitons to that composed
by plasmonic ones exists, even if negligible changes are reflected by the EI band structures,
demonstrating the rich quantum feature of these systems. The high T¢ also implies that they are
ideal platforms for the demonstration and applications of EIs and their related quantum states in
non-cryogenic environments.

1. Introduction

The concept of excitonic insulators (EIs) was proposed by Keldysh and Kohn successively in the 1960s
[1-3]. It is a correlated electronic state where bound excitons, a kind of bosonic quasiparticle composited
by electron—hole pairs, form and condensate spontaneously without the requirement of optical excitations.
An EI state can exist if the exciton binding energy Ej, exceeds the band gap E,. In the semimetal region

(Eg < 0), this condition can relax as long as bound excitons exist. In analogy to the superconductivity, Els
can be well described by the Bardeen—Cooper—Schieffer (BCS) theory, except that the excitons take the
place of the cooper pairs. Below the critical temperature (T¢), the EI state forms, which opens a detectable
quasiparticle gap. The Els are perfect insulators for heat and charge transport.

Over the last half a century, EIs have been sought persistently, and there are much progress made in
experiment. Two well-known examples are 17-TiSe; [4, 5] and Ta,NiSes [6—8]. However, lattice instability
exists in these two materials at low temperatures, making it hard to confirm the excitonic mechanism
behind them. Other systems, including InAs/GaSb quantum well [9] and MoSe,/WSe, bilayers [10], require
elaborate processing of the atomic structures, which hinders their further applications. Therefore, more
insights for exploring dynamically stable intrinsic Els are highly desired. In the first place, the realization of
Els calls for large Ey,. This requires reduced screening of the Coulomb interactions, which is drastic in low
dimensional systems. However, as shown in reference [11], Eg is approximately four time as large as Ej, in
two-dimension for direct excitons. One way to break this synergy between E, and Ej, is to take advantage of
the dipole forbidden transitions near the band edges [12—14]. The second way is to increase the overlap of
the electron—hole wave functions, so that they are immune to the screening effect from surrounding charges

© 2022 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft


https://doi.org/10.1088/1367-2630/ac81e4
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-8004-0368
https://orcid.org/0000-0001-5514-8588
https://orcid.org/0000-0003-0316-4257
mailto:xzli@pku.edu.cn
https://doi.org/10.1088/1367-2630/ac81e4

10P Publishing

New J. Phys. 24 (2022) 083010 H Yang et al

[15]. These two strategies have been chosen in several previous works, predicting that 2D GaAs [12],
1T-NiCl, [13], graphone [14] and a diatomic kagome lattice [15] are intrinsic Els with large E,s but even
larger Eys. Besides them, a third strategy exists in systems with small indirect band gap, as this quadruple
relationship does not hold anymore in the indirect case, and therefore E}, of indirect excitons may remain
finite even if the indirect band gap is vanishingly small. We followed such a strategy in this study and
proved it to be possible from first-principles GW-Bethe—Salpeter equation (BSE) calculations. Moreover, we
found it even superior, in the sense that not only Els can be identified, but also non-cryogenic Tc¢s can be
realised based on a simple logic behind its gap equation. We emphasize that this strategy is feasible
practically, as monolayer WTe, was shown to be an EI at around 100 K in recent experiments, where the
indirect excitons trigger the condensation [16, 17].

To describe the EI transition, the order parameter is defined as:

Ak) = —ZV(k—k’)<aL,bk/>, (1)
k/

where ay (by) is the electron(hole) operator, and V(q) is the screened Coulomb interaction between
electrons and holes. The corresponding self-consistent equation in anology to the BCS gap equation
reads [3]:

/
A0 = v (k—10) 28D 75, 1)) — (1. (). @
K’ k!
Here Fyo = [(e.(k) — &,(k))?/4 + |A(K)|*]"/?, and f(x) = 1/(1 + e*/*7)) is the Fermi-Dirac
distribution function. It is clear from (2) that stronger Coulomb interaction V(q) and smaller gap can lead
to larger order parameter. In so doing, T¢ can be elevated. This motivates us to search platforms for Els
with high T¢ in 2D materials with small indirect band gap, where these two conditions are both satisfied.

Among the different atomically thin 2D materials, we focus on transition-metal dichalcogenides
(TMDs), due to their unique optoelectronic properties [18, 19]. Based on recent computational works
[20, 21], many 2D TMDs are screened. We found that 2H-TiTe, and 17-PdTe, under strains are high T¢
Els, meaning that they are ideal platforms for the demonstration and applications of EIs and their related
quantum states at non-cryogenic temperatures. These conclusions are drawn from first-principles
many-body perturbation theory and self-consistent two-band model calculations on top of them. A detailed
phase diagram of these systems under varying strains and temperatures is given. By tuning the strain, we see
a transition of their condensate EI state from that composed by Wannier excitons to that composed by
plasmonic ones, with negligible changes reflected by their EI band structures. This also demonstrates the
rich quantum nature of these two materials.

The rest of this paper is organized as follows. We present the computational details of the fist-principles
calculations in section 2. In section 3, we show the results, including the density-functional theory (DFT)
and Gy W, band structures, exciton dispersions from the BSE calculations and the phonon spectra. Excitonic
instability is found under strains. Then we present the phase diagrams of these two materials using the
two-band model together with the renormalized band structures, and high T¢s are shown explicitly. A
summary of the main results and some discussions are given in section 4.

2. Computational details

The electronic ground states were computed within DFT using the QUANTUM ESPRESSO package [22].
Perdew—Burke—Ernzerhof (PBE) exchange correlation functional [23] was used in describing the
Kohn-Sham exchange—correlation potential, along with a 18 x 18 x 1 k-point mesh for the Brillouin-zone
sampling. The kinetic energy cutoff for the wavefunction was set to be 90 Ry, and the fully relativistic
version of the SG15 Optimized Norm-Conserving Vanderbilt pseudopotentials [24, 25] were used to take
spin—orbit interactions into account. An 20 A thick vacuum layer was used to avoid interactions between
adjacent layers. The lattice was relaxed until the forces on each atom were less than 0.5 meV A~!, and the
relaxed structures for both materials are shown in figures 1(a) and (b). The phonon dispersions were
calculated by the finite displacement method using the PHONOPY package [26].

Then we performed many-body perturbation theory calculations using the YAMBO code [27]. We used
the Gy W, approximation for the self-energy to correct the quasiparticle energies on top of the PBE values.
Full-frequency integration method was used to account for the dynamical dielectric screening effects. To
converge the band gap within 3 meV, eighty empty bands were included to build the polarizability, and the
Brillouin zone was sampled by a 24 x 24 x 1 k-point grid (see the details for the convergence tests in the
supplementary materials https://stacks.iop.org/NJP/24/083010/mmedia). The kinetic energy cutoffs for the
exchange and correlation parts of the self-energy were 50 Ry and 6 Ry respectively. The BSE was solved at
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Figure 1. Side (top) and top (bottom) views of the pristine structures of (a) 2H-TiTe, and (b) 17-PdTe,. Blue, grey, and green
balls denote the Te, Ti and Pd atoms, respectively. (c) and (d) The PBE (black solid lines) and G, W, (red lines of solid circles)
band structures for the primitive 2H-TiTe, and 1T-PdTe,. () and (f) The Gy W, band structure for —1.25% strained 2H-TiTe,
and —4% strained 1T-PdTe,. The grey dashed lines indicate the energy of VBM.

finite momentum Q, where the exciton wavefunction reads:

XQ(re) rh) = Z Avk,ck+Qw§k+Q (re)ka(rh)~ (3)
vck

Ak k+q 1s the envelope function, and 14 (1) is the electron (hole) Bloch wavefunction. The static
dielectric function matrix was calculated within the random-phase approximation, with local-field effects
included. Forty empty bands and 5 Ry cutoff were used. The same k-point grid as in the Gy W, calculations
was chosen to achieve the convergence within 1 meV. We only focus on the ground state exciton (the lowest
branch) throughout the paper.

3. Results and discussions

The black lines in figures 1(c) and (d) illustrate the DFT band structures at the PBE level for 2H-TiTe, and
1T-PdTe,. The former is an indirect band gap semiconductor and the latter is a semimetal, with band gap
or overlap of 53 meV and 107 meV. Given that PBE tends to underestimate Eg, these band structures were
calibrated by the many-body perturbation theory within the Gy W, approximation. The results are shown by
red lines in figures 1(c) and (d). Both 2H-TiTe, and 17-PdTe, are indirect semiconductors, with band gap
values of 276 meV and 387 meV. The valence band maximum (VBM) and conduction band minimum
(CBM) locate at I and M point in 2H-TiTe,, and at I and N point (midpoint of I'M) in 17-PdTe,. Then
we perform finite momentum BSE calculations to determine the lowest energy exciton states. The
dispersions of the lowest exciton branches are shown by black lines in figures 2(a) and (b). Els require the
exciton excitation energy lower than zero, but now it is positive for both materials. Therefore, no excitonic
instability occurs.

Strain can induce a significant band gap reduction in 2D materials [28]. Considering the fact that the
screened Coulomb interaction and the exciton binding energy E;, depend strongly on the direct band gap
instead of the indirect one [12, 29], we believe that scenarios for Els exist upon applying strains, i.e.
moderate strains reduce the indirect E; to vanishingly small values whilst keep the direct E, finite, in so
doing the values of E}, exceed those of the indirect E,. Based on this consideration, we perform the GW-BSE
calculations for 2H-TiTe, and 1T-PdTe, under different strains. We applied the biaxial strain by changing
the lattice constants without further relaxing the structure, as in references [12, 20]. The band gap decrease
fast with the increase of the strain in 2H-TiTe,. The value of indirect E, is 219 meV at —0.5% strain,

131 meV at —1% strain, and 28 meV at —1.25% strain. The corresponding E;, for the lowest exciton, on the
other hand, remains finite, i.e. 69 meV, 50 meV, and 49 meV respectively under these strains. This indicates
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Figure 2. Dispersions of the lowest energy exciton states for (a) 2H-TiTe, and (b) 17-PdTe,. The red lines indicate the zero
excitation energy. (c) and (d) The phonon spectra of —1.25% strained 2H-TiTe, and —4% strained 1T-PdTe,.

an excitonic instability at —1.25% strain, as shown in figure 2(a), where a negative exciton excitation energy
can be seen close to M. For 1T-PdTe,, the CBM moves to the P point (KP = I'K/4) at the strains larger
than —2%, together with the location of the lowest energy exciton state. Ey, and the indirect E, are 63 meV
and 284 meV at —2% strain, 62 meV and 96 meV at —3% strain, and 62 meV and 16 meV at —4% strain.
Therefore, exciton instability in 17-PdTe, exists at ~—4% strain.

In many other candidates for Els, e.g. 1T-TiSe, [4, 5] and Ta,NiSes [6—8], the EI transition is
accompanied by the phonon softening, making it difficult to distinguish the mechanism behind
experimental signals of the mechanical instability. In figures 2(c) and (d), we show the phonon spectra for
2H-TiTe, and 1T-PdTe,. Absence of the soft mode means that they are dynamically stable. Therefore,
instability, if measured by experiment, should be purely excitonic. In experiments, the gap opening like
figures 3(a) and (b) can be revealed by angle-resolved photoemission spectroscopy. Besides, an
antiferroelectric texture corresponding to the finite momentum of the exciton can be observed by scanning
tunneling microscope etc, like in reference [29].

On top of these ab intio results, we built a two-band model [29]. As the accuracy of our first-principles
calculations for band structure (~5 meV) is much larger than the accuracy of the spin degeneracy (~0.5
meV) and detailed valley structure (~1 meV, see figure 4(A) of reference [29]), we omit the detailed
structures of spin and valley degrees of freedom and mainly focus on the transition temperature and the
general EI band structures. Despite its simplicity, this model is solid in theory, and the numerical error is
very small, as the k-point mesh can be extremely dense. Using this model, the BCS gap equation (2) can be
solved so that the order parameter and the transition temperature of the EI state can be obtained. Since
A(k) enters both sides of this equation, it must be solved by iterations. EI transition occurs when A(k) has
a non-trivial solution.

Besides this, the excitonic states can also be described by this model using the BSE, as detailed below.
The Hamiltonian of this two-band model reads:

H=> cKaja+ Y eK)blbic+ Y V(@b beal,  aw- (4)
k k kk'.q

From now on, we omit the finite momentum difference between VBM and CBM for convenience. The
conduction band and valence band read:

E, R |(k)? K
el = Ty 1| my] (5)
x y
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Figure3. (a) and (b) The EI (red dashed lines) and original (black solid lines) band structures of 2H-TiTe, under (a) —1.25%
and (b) —1.3% strains. (c) and (d) The exciton wavefunction in reciprocal space of 2H-TiTe, under (c) —1.25% and

(d) —1.3% strains. (e) and (f) The order parameter at 0 K in reciprocal space of 2H-TiTe, under (e) —1.25% and (f) —1.3%
strains.

E, RW|(k)? k
a0 = =2 = |0 ,@] ©)

The k, and k, means the k vector along the I'-M and I'-K direction, measured from the CBM and VBM.
The mg, my, mP and m" are the effective masses of the electron and hole along these directions, extracted

from the Gy W, results together with the indirect band gap E, and the band overlap. V(q) is the screened

Coulomb interaction between the electrons and holes, described by the Keldysh potential in the

semiconducting region [30]:
Vi) = )
q Sq(1 + 2mwqaap)
Here S = 472/ Ag?, and Aq is the distance between neighboring k-points on the dense k-mesh. a,p is the
2D polarizability at the momentum of the indirect band gap. When E; < 0 (in the semimetal region), the
Coulomb potential will be further screened by the free electron and hole carriers, and V(q) is modified to

[31]:

V(@) = o ®)
1 S(1+2mqaop) /@ + K2
% is the Thomas—Fermi screening factor, fitted by the ab initio results. The exciton wavefunction in this
two-band model is:
X = bualbi|®). 9)
k
In the semiconducting region, the BSE is written as:
(ce(k) — &K — > _V(k — K)o = Eexchic- (10)

k/
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Figure4. The EI phase diagrams of (a) 2H-TiTe, and (b) 1T-PdTe, with respect to different strains and temperatures. SM and
SC mean that the ground states are semimetallic or semiconducting, and the grey vertical line indicate the boundary between
them. BCS and BEC mean that the condensation is of BCS type or BEC type, and they are labeled by yellow and red respectively.

In the semimetal region, (10) is modified due to Pauli exclusion, reading as:

(ce(k) — &, (K)pr — > _V(k = K)(ny(K) = ne(k) i = Eexcbros (11)

k/

with n.(k) (n,(k)) being the occupation number of the conduction (valence) band. The singularity of V(0)
can be integrated out. We solve these equations in a very dense k-point mesh to converge the result within
0.1 meV.

In figure 3, we take 2H-TiTe, as an example to show the EI band structure (E, = ECTV + Ej, where Ej is
solved in equation (2)), the exciton wavefunctions (¢ in (9)), and the order parameters (A(k) in (2)) from
the two-band model. When the EI transition takes place, the bands around I" are replicated at M, and the
two bands repel each other, changing the bands from the original parabolas to a quartic-like conduction
band and a rather flat valence band. An example in the BEC region is shown in figure 3(a), when the strain
is —1.25%. The CBM is slightly shifted from T, and the true gap is indirect. Figure 3(c) is the wavefunction
of the excitons in reciprocal space, which compose the EI state. The absolute value of the coefficient ¢
decreases fast to zero when k is away from I', showing a Wannier character with s feature. The order
parameter at 0 K is also isotropic but more spreading in reciprocal space, as in figure 3(e). After the band
gap decreases to zero or minus, the BEC-BCS crossover occurs. We show an example of 2H-TiTe, at —1.3%
strain, where the quasiparticle band structure is semimetal and the band overlap is 16 meV. The EI band
structure is similar to that at —1.25% strain, except that the two bands is distorted more (figure 3(b)). The
exciton wavefunction, however, is different by showing a plasmonic character which is compressed near the
Fermi surface (figure 3(d)). This fact implies that the EI now is mainly of the BCS type. Due to the large
effective mass difference in the two directions, there is prominent anisotropy, in sharp contrast to the 1s
feature of the exciton in figure 3(c). The absolute value and the shape of the order parameter, on the other
hand, still resemble that in the BEC region, which are only a few millielectronvolt larger and more extended
in the k-space (figure 3(f)).

To obtain an overall understanding of the phase diagram of these two materials under different thermal
and mechanical environment, we run the two-band model simulations for these two materials in a wide
range of strains using parameters including the effective masses, the band gaps (overlaps), and the screened
Coulomb interactions interpolated from ab initio calculations. The results are shown in figure 4. For
2H-TiTe, (1T-PdTe,), the EI occurs between —1.317% and —1.188% strain (—4.65% strain and —3.425%
strain), and the highest T¢ is 175 K (220 K) at —1.282% (—4.2%) strain, when the band gap is zero. In a
large strain region, the band gap (band overlap) is relatively small. Therefore, according to (2), the T¢s are
very high. The EI states from a semiconducting ground state are highlighted in red and labelled by BEC,
meaning that the condensation can be described by BEC of preformed excitons. The EI states from a
semimetal ground state, on the other hand, are marked by yellow and labelled by BCS, meaning that the EI
transition is in analogy to the BCS superconductors. With more strain, the band overlap grows and the
screening effect increases fast, which diminishes the EI state. These intrinsic physical effects do not only
promote the emergency of the BCS-BEC crossover, but also induce smaller EI phase space in the semimetal
region compared with that in the semiconducting region. Combining these discussion, we emphasize that in
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a large EI phase space, the T¢s are high, indicating that these two materials are ideal experimental platforms
for the demonstration of the EI state at non-cryogenic temperatures.

However, there are several technical difficulties for the synthesis of these two materials in experiments.
2H-TiTe, has only been synthesized successfully on Au surface and 17-PdTe, needs a large strain to achieve
EIL. We hope these issues can be overcome in actual experiments, or, in other way, the method we proposed
may inspire the discovery of more suitable materials for EI. Recently, references [16, 17] proved that WTe,
went through an EI transition linked to indirect exciton at around 100 K, in alignment with our
expectation.

4. Conclusion

We presented a strategy to seek for high-temperature Els. Two key factors, i.e., strong Coulomb interaction
and small band gap, are extracted from the BCS gap equation. Small indirect band gap 2D materials fulfill
these criteria, and we found 2H-TiTe, and 17-PdTe, as two representatives. First-principle GW-BSE
calculations showed that they are EIs under strains. The strain-temperature phase diagrams for EI transition
obtained from two-band model illustrate that the Tcs are extremely high in a wide range of strain. The
BCS-BEC crossover is explicitly observed with respect to the varying strains. The large EI phase spaces for
both materials makes them great realistic platforms to study novel phenomenon and explore potential
optoelectronic applications of Els. In particular, as predicted in recent studies [32—34], there will be exotic
optical response corresponding to the excitonic collective modes in both linear and nonlinear regime. The
correlation effects in Els may lead to strongly enhanced photovoltaic effects compared to conventional
insulators, contributed by a resonating shift current and a nonvanishing injection current [35]. Thouless
charge pumping, arising from order parameter steering in BCS regime, is another novel phenomenon can
be pursued in real Els [36]. We hope more high-T¢ Els can be discovered through this route, inspiring more
research including for example the possibility of excitonic high-T¢ superconductivity [37].
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