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Abstract

Sliding ferroelectricity is a phenomenon that arises from
the insurgence of spontaneous electronic polarization per-
pendicular to the layers of two-dimensional systems upon
the relative sliding of the atomic layer constituents. Be-
cause of the weak van der Waals interactions between
layers, sliding and the associated symmetry breaking can
occur at low energy cost in materials such as transition-
metal dichalcogenides. Here we discuss theoretically
the origin and quantitative understanding of the phe-
nomenon by focusing on a prototype structure, the WTe,
bilayer, where sliding ferroelectricity was first experi-
mentally observed. We show that excitonic effects in-
duce relevant energy band renormalizations in the ground
state, and exciton condensation contributes significantly
to stabilizing ferroelectricity upon sliding, beyond previ-
ous predictions that disregard electron-hole interaction
effects. Enhanced excitonic effects in 2D and van der
Waals sliding are general phenomena that point to sliding
ferroelectricity as relevant for a broad class of important
materials, where the intrinsic electric dipole can couple
with other quantum phenomena and, in turn, an exter-
nal electric field can control the quantum phases through
ferroelectricity in unexplored ways.

Introduction

Since the discovery of ferroelectricity in the layered
semimetal WTes [1] and the proposed sliding mechanism
[2], the interest in sliding ferroelectricity has boomed and
the pool of two-dimensional (2D) candidate materials has
significantly grown [3-21]. This interest is motivated by
both fundamental scientific questions and potential tech-
nological applications. Interlayer sliding is an intrinsic
mechanism, and it can drive ferroelectricity in an im-
portant class of materials, where it can couple to other
quantum phenomena of great scientific interest [22-28].
Reciprocally, through ferroelectricity an external vertical
electric field could control quantum phases of these 2D
systems in unexplored ways, including e.g. topological,
ferromagnetic or optical transitions [29-39]. From the
technological point of view, the search for efficient 2D
ferroelectrics is considerably more promising in van der
Waals (vdW) materials than in conventional semiconduc-
tors: Owing to the weak vdW interaction between atomic
planes, combined with strong in-plane bonding, sliding
parallel to the 2D planes takes place with limited energy
cost and without significant vertical distortions [40, 41].

* Corresponding author: massimo.rontani@nano.cnr.it

This could, for example, enable high-speed data writing
and memory devices, as well as the integration of mul-
tiple functions in future nanoelectronics and spintronics
[42-46].

A full quantitative understanding of sliding ferroelec-
tricity is however still lacking. To illustrate this point, let
us focus on the paradigmatic case of the WTey bilayer,
the first system where it was observed experimentally and
attributed to interlayer charge redistribution, in spite of
its metallic character [1]. Bilayer WTey is attractive be-
cause it was experimentally shown that its polarization
does not vanish up to room temperature; moreover, it
retains its switching capability at 300 K even when em-
bedded in 2D devices [1].

The open question has to do with the very mechanism
inducing ferroelectricity in this system. There is consen-
sus on the fact that an in-plane sliding along a specific
direction (y for bilayer WTe, as shown in Fig. 1a) changes
the charge distribution between the layers and thus the
electric polarization, as initially proposed theoretically
[3, 47]: the sign of the polarization is reversed when the
shift takes place in the opposite direction. However, while
descriptions of this process based on density functional
theory (DFT) lead to an interlayer charge transfer com-
patible with the measured polarization [2, 48], the accu-
rate determination of the sliding energy barrier is still
a challenge [49-51]: an issue especially relevant for the
room-temperature operation of ferroelectric semimetals.

For ferroelectric semiconductors, like h-BN, the tiny
potential barrier (~ 2 meV) is sufficient to stabilize fer-
roelectricity, since both lattice and electrons are rigid
and slide with macroscopic mass [49]. For ferroelectric
semimetals, the electron system is compressible [52] and
reacts to sliding (Supplementary Section I). As a conse-
quence, the sliding barrier is reduced by at least one order
of magnitude (~ 0.1 meV, see Supplementary Figure 1).
The suppression of the barrier, which was not appreciated
by previous work (DFT estimates of Refs. 2, 48, and 53
were significantly larger), calls into question the actual
origin of the ferroelectric order, its stability and switch-
ing properties.

Here we move from the recent evidence of important
excitonic effects in mono- and bi-layer WTes, leading to a
ground-state excitonic insulator (EI) phase [54, 55], and
analyze the role that electron-hole (e-h) interaction can
play in the ferroelectric properties of bilayer WTe,. This
interaction, which may sustain a many-body gap and
hence make the electron system incompressible, was not
taken into account in previous theoretical studies. Note
that the possible role of excitons was already remarked



in Ref. 1, based on the observation of identical electron
and hole densities in the ferroelectric phase (as well as in
Ref. 26 for MoTes, but in the superconducting phase).

More generally, excitonic effects are widespread in 2D
semiconductors and semimetals, due to enhancement of
e-h correlations with reduced dimensionality [56, 57]. If
the exciton binding energy exceeds the semiconductor
gap size (or does not vanish in the semimetal), excitons
may undergo Bose-Einstein condensation. This results
into a new ground state, the EI [58, 59], which qualita-
tively differs from the pristine phase since a many-body
gap opens [54, 55, 60-85], and/or a crystal symmetry is
spontaneously broken [59-70, 86-88] (though concurrent
lattice distortions spoil the EI picture in several candi-
date bulk materials [89-94]). The most fascinating as-
pect of the EI is the emergence of macroscopic quantum
coherence [59, 95-100], which may appear e.g. as coun-
terflow superconductivity, or anomalous enhancement of
interlayer tunnelling, in bilayer systems with spatially
separated electrons and holes [83-85, 96, 101-104]. An
intriguing possibility is the ‘excitonic ferroelectricity’,
where the macroscopic electric dipole arises from the co-
herent superposition of the interband electric dipoles as-
sociated with condensed excitons [66, 67, 95, 105] (see
also Supplementary Section IIC). Furthermore, excitons
might trigger the transition to superconductivity upon
a tiny amount of doping, like in the phase diagram of
monolayer WTey [106], mediate (unconventional) super-
conductivity [107-116] and magnetism [117, 118], and af-
fect topological properties of 2D materials [66, 119].

In this Communication, after analyzing the uncorre-
lated ground state of bilayer WTes from first principles,
we develop a model to account for e-h interactions form-
ing tightly-bound excitons, in order to calculate how they
modify the electronic structure of the system and in turn
estimate how this affects its energy. We find that the bi-
layer can undergo a transition to a ground-state excitonic
phase: The repulsion of the renormalized conduction and
valence bands accounts for the energy cost of exciton ion-
ization and makes the bilayer either semimetal or insu-
lating. In all events, the energy of the system is lowered.
This process induces a relevant change in the energy bar-
rier for the sliding process, thus showing that excitonic
effects can contribute significantly to the energetics of the
ferroelectric switching.

Our work indicates that electronic correlations and a
theoretical description beyond DFT can be relevant for
2D vdW systems, even for phenomena such as sliding
ferroelectricity where they are typically neglected. Im-
portantly, it indicates that such contribution can stabi-
lize sliding ferroelectricity beyond previous predictions,
which increases the conceptual and technological inter-
est of this phenomenon in the broader class of 2D vdW
materials.

Figure 1 summarizes the main ideas that we will dis-
cuss in the following paragraphs. The structure of a
WTe, bilayer is shown in Fig. la, in particular the non
polar configuration that we label with a black star in

the rest of Fig. 1. We refer to this configuration as
glide-mirror symmetric (GMS) structure. The next two
columns of the figure respectively schematize the picture
emerging from single-particle DFT calculations (Fig. 1b)
and from a description that includes excitonic effects
(Fig. 1c).

Results

Starting from the DFT picture

Let us first consider the picture obtained by means of a
first-principles description at the DF'T level. When one of
the WTey layers of the GMS structure, say the top one, is
shifted horizontally with respect to the bottom layer, the
energy of the system is lowered. The new configuration,
marked by a blue diamond in Fig. 1b, is characterized by
a finite polarization perpendicular to the layers. Because
of the symmetry of the crystal structure, in bilayer WTe,
this sliding mechanism connects two energetically equiv-
alent ground states with opposite out-of-plane polariza-
tion. We estimated the energy barrier for this process,
sketched in Fig. 1b, by means of a DFT nudged elastic
band (NEB) calculation, obtaining a value of ~ 0.1 meV.
Our careful extrapolation of NEB data to zero tempera-
ture (Supplementary Section I) provides an estimate that
is a small fraction of previous results [2, 48, 53].

Figure 1b also shows the band structure for both un-
polarized and ground-state polarized configurations, as
obtained by DFT calculations within the generalized gra-
dient approximation for the exchange-correlation func-
tional. Note that spin-orbit coupling (SOC) is not in-
cluded in these calculations (see Supplementary Section
IV for a discussion), as it leads to minor corrections for
the natural stacking of the layers considered here, at dif-
ference with geometries that preserve the inversion sym-
metry [120]. A systematic display of band structure re-
sults for increasing relative displacement of the layers is
given in Fig. 2. Among these values, the displacement
d = 0.28 A gives the lowest total energy in the DFT cal-
culation. The corresponding bands are represented by a
solid blue line, as in Fig. 1b. Note that, at this level of
description, the system is semimetallic. We expect the
gap opening effect of DFT hybrid functionals [121, 122]
essentially not to alter the predicted energy barrier.

The comparison of DFT-level calculations with exper-
iments is intriguing. On one side, the charge transfer
between the layers, as computed from the ground state
charge density, gives an areal polarization density of
1.5 x 10* e-cm™!, in agreement with the experimental
measurements [1] and previous theoretical results [2, 48].
On the other side, the metallic character resulting
from the calculated band structure is at odds with the
measured transport gap of a few meV [54]. This hints
at a polarization density and energy barrier higher than
predicted, as DFT overestimates the electronic screening.

Beyond DFT: including excitonic interactions
In the following we analyze how this picture is modi-
fied by the effects of e-h interaction, to assess the pos-
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The potential barrier for the sliding process. a) Top view, side view and Brillouin zone of bilayer WTez. In the

top view the top layer is shaded for better clarity and the black rectangle marks the unit cell with the corresponding lattice
parameters a and b. Blue atoms represent W, orange ones Te. b) Top: sketch of the energy barrier of the sliding process. The
two equivalent ground states have opposite out-of-plane polarization (up/down arrows). The configuration corresponding to
the energy maximum is the GMS structure. The top layer displacement from the GMS structure to the ground state structure
is largely magnified in this sketch. Bottom: DFT-PBE bands corresponding to the ground state structure (left) and to the
GMS structure (right). The bands are plotted along the I'’X path and the zero of the energy axis is the Fermi energy, Er. c)
Effects of the formation of the excitonic insulator phase (red curves). The sketch shows that tightly bound excitons can modify
the band structure (bottom), and possibly open a gap, hence lowering the energy of the system and thus changing the energy
barrier for the sliding process (top). The red solid bands represent qualitatively how the DFT bands change after including
excitonic effects; the dashed bands, shown as reference, reproduce the DFT-PBE bands of panel b) around Er for the displaced

and GMS structures (left and right, respectively).

sible contribution of an excitonic phase to ferroelectric-
ity. To make the problem tractable, we introduce some
approximations. We consider spinless excitons, as spin
effects are unlikely to affect ferroelectricity (see Supple-
mentary Section IV for further discussion). Furthermore,
we take that all condensing excitons have zero momen-
tum, q, = 0 (direct transitions). Otherwise, the excitons
would sustain a charge density wave, with period related
to the momentum q,. Since for all possible choices of q,
the charge modulation would encompass at least two lat-
tice units, the net coupling of the density wave with the
macroscopic electronic dipole would likely average out.

A full first-principles treatment is beyond our scope,
as predictive accuracy requires computational tasks that
are demanding for a semimetal, such as the calculation of
the GW correction to band structure including dynamical
screening effects, as well as the evaluation of the intra-
band contribution to electronic polarizability [123-128].

Therefore, we rely on the envelope function approxima-
tion, which allows us to both solve the exciton problem
and compute the renormalized band structure of the ex-
citonic insulator, building on DFT results. Importantly,
we model the e-h attraction through the Rytova-Keldysh
potential [129-131], which parametrizes the interaction
strength through a single parameter, the 2D polarizabil-
ity of the bilayer, aop, as defined in Eq. (3).

We start by writing the (Bethe-Salpeter) equation of
motion of excitons based on the DFT-PBE band struc-
ture of Fig. 2. Whereas our framework works for an
arbitrary number of bands, here we limit their number
to two for the sake of simplicity (results from a four-
band model are presented in Supplementary Section II
and shown for comparison in Supplementary Figure 4).
We use the highest valence (i = 1) and lowest conduc-
tion (¢ = 2) bands of Fig. 2, which are separated by
gaps at k; ~ 0.12 rlu and k, = 0.21 rlu, respectively, as
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FIG. 2. Effect of layer sliding on band structure.
DFT-PBE bands for different displacements of the top layer
along the sliding direction. The plot shows the cut along I'’X
(thus ky = 0); ks is in units of the corresponding reciprocal
lattice vector (rlu). The bottom layer (dyed in black) is fixed
and 0.00 displacement of the top layer corresponds to the
GMS structure. Images on the right show the displacements
of the top layer (coloured) in real scale, with the dashed line
indicating the fixed position of the bottom layer; negative
values of the displacements are indicated in A, as in the key;
positive displacements — not shown — are analogous and give
the same bands.

the eigenvalues ¢;(k) of the noninteracting Hamiltonian
Hy(k), a 2x2 diagonal matrix in k space. The two bands,
which are partially filled in the semimetal ground state
predicted by DFT, become either occupied or empty in
the excitonic insulator phase. The eigenvalue problem
for the excitons is

> HEUY = B, Uk, (1)
kl

with the exciton Hamiltonian matrix element, Hll(‘,, being
Hy = [ea(k) —e1(W)]ope = W(k=K). (2)

Here \Illg is the exciton wave function, i.e., the probability
amplitude for exciting an electron from valence to con-
duction band conserving its momentum k, F, is the exci-
ton energy, and W(q) is the e-h attraction that transfers
momentum q between e-h pairs. In view of the postu-
lated exciton condensation, we assume bands 1 and 2 to
be respectively filled and empty, hence e5(k) — &1 (k) is
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FIG. 3. Excitons and excitonic insulator. Results for
the bilayer structure with sliding displacement y = d = £0.28
A and asp = 4.3 A. a) Exciton wave function in k space. The
contour plot represents the probability amplitude U¥ of excit-
ing an e-h pair by transferring an electron from the valence to
the conduction band state at fixed momentum (k, ky). The
range of the color scale is [0,0.11]. b) Condensation of exci-
tons leads to the reconstruction of the bands (EI) with the
opening of a gap. The plot shows the cut for k, = 0. The EI
indirect band gap is 7 meV.

always positive. The explicit form of W [129-131] is

2 1
)= 5
a 2604 q(1+ 2T asp q)’

W( 3)
where A is the unit cell area and g the vacuum permit-
tivity.

Figure 3a plots the contour map of WX obtained for
the equilibrium layer displacement d and e-h attraction
strength sufficient to open a gap in the excitonic phase,
aop = 4.3 A (see Supplementary Section III for further
discussion). This choice gives a tiny gap of 3 meV in
the GMS structure. The resulting binding energy is 256
meV, smaller than the one we obtained for the mono-
layer, ~ 300 meV [54] (Supplementary Figure 6). This



is reasonable, as the electronic screening should be more
effective in the bi- than in the mono-layer. The max-
imum amplitude of WX is reached at the two locations
in the Brillouin zone region shown in Fig. 3a that corre-
spond to the two energy gaps along the I'X cut, where
the excitation energy of free e-h pairs is lower. Note that
Uk may be regarded as a proxy of the macroscopic wave
function of the exciton condensate [132] that we evalu-
ate below, the discrepancies arising from Pauli blockade
effects when condensing excitons fill in the phase space.
Therefore, we anticipate that the Brillouin zone region
where the band renormalization due to the condensate is
stronger approximately mirrors the map of UX (Fig. 3b).

Contribution of exciton condensation to the fer-
roelectric transition

We next investigate whether the formation of bound e-h
pairs, the excitons, can be energetically favorable in the
initial semimetal state, such that the system will undergo
a transition to the ‘excitonic’ insulator (EI) [58, 59, 133]
or semimetal [134] phase. In Els, excitons form sponta-
neously, i.e., in the absence of any photoexcitation, con-
dense, and collectively sustain the reconstruction of the
bands and the onset of a gap. A condition for energy
gain in the EI formation is a large exciton binding en-
ergy, which in some 2D systems can be achieved thanks
to the reduced screening of the e-h Coulomb interaction,
as we have demonstrated for WTes monolayer [54].

To explore the possibility of this kind of transition in
bilayer WTey driven by the formation of direct excitons,
we extend the model of Ref. 58 to our case, which in
principle includes several bands. The excitonic insulator
state is written as

Wir) = [ [ édclvac), (4)
ik

where the EI valence band annihilation operators ¢&;x can
be expressed as

ik = Zai]’k&jk (5)
J

and |vac) is the vacuum state with no electrons. In
this last expression a is either a conduction or valence
band Bloch state of the pristine semimetal and the coef-
ficients a;; form a unitary matrix, to be determined self-
consistently for each k point. The reconstructed bands
E;(k) are then obtained from the diagonalization of
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where A(k) is the (single) gap function for the special
case of two bands. Its multiband form is
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FIG. 4. Excitonic renormalization of the sliding

energy barrier. Energy versus sliding displacement, with
(solid red) and without (dashed black) e-h interaction effects.
The dashed black curve is the DFT total energy; the solid red
curve is obtained by subtracting the corresponding Eg; value.
For both curves the energy zero is set at d = 0 displacement
(GMS configuration). The interpolation lines are a guide to
the eye. The inset shows, in scale, the variation of the energy
barrier, which increases from 0.3 to 6 meV.

Supplementary Section IT details the analysis in the case
of four bands. Since the A’s depend on the eigenvalues
E;(k) of the matrix above through the expectation values

(o Guric Vg = S0 f(Ey(K)) 8)

as well as its eigenvectors ay, the problem has to be solved
self-consistently (here the Fermi-Dirac function f is 1 and
0 for valence and conduction). In the first step of the
self-consistent cycle the sum over [ and I’ is replaced by
UK the (lowest energy) exciton wavefunction from the
solution of Eq. (2). The final, reconstructed bands F; (k)
come from the diagonalization of the matrices in Eq. (6)
with the converged values of A(k).

We are now ready to show results for the EI phase, as
schematically summarized in Fig. 1c. The calculated EI
reconstructed bands with the indirect narrow gap ~ 7
meV, comparable to the measured one [54], are given in
Fig. 3b for the equilibrium relative layer shift d, com-
pared to the starting DFT bands.

To estimate the energy gain in the EI phase for all the
top layer displacements, we start from the plot of the
DFT total energy Eio as a function of the sliding along
y (Fig. 4, black dashed line). Without considering the
excitonic effects, the energy difference between displace-
ments 0 and d is ~ 0.3 meV, which is comparable with
the NEB barrier. We emphasize that the dashed black
curve of Fig. 4 and the NEB barrier have diverse nature:
The latter is obtained through force optimizations deter-
mined by the NEB algorithm, whereas the former is the
difference in DFT total energy for given layer displace-
ment.



We now evaluate the total energy gain due to exciton
condensation, Fgr, as

EEI = Nik Z[El,occ (k) +52,occ (k) - El (k)] + Eéap . (9)
k

Here €; occ(k) are the occupied (i.e. ¢ < Ex) DFT energy
bands, Fj (k) is the reconstructed valence band energy for
the EI phase, lowered by —FEgs.,/2 (at zero temperature
the chemical potential is in the middle of the gap), Ny
is the total number of k-points sampling the Brillouin
zone, and the factor 2 accounts for spin degeneracy. Note
that Eq. (9) holds only for the insulating phase. For
the semimetallic excitonic phase, Fgap = 0, and Ej (k)
in Eq. (9) must be replaced with E1 oec(k) + E2 0cc(k),
where Er has to be determined self-consistently, for each
step of the iterative cycle. It is then immediate to check
that Fgr = 0 in the absence of excitonic effects.

Importantly, the variations in the starting DF'T bands
and their anticrossings (Fig. 2) impact the final F;(k)
bands and FEj,,, significantly. It follows that the energy
gain FEgr is highly sensitive to the sliding displacement
value d along y, as clear from Fig. 4 (solid red curve).
Namely, the energy difference between the ferroelectric
structure (d = d displacement) and the GMS structure
(d = 0) with no dipole is modified from 0.3 meV to =~ 4
meV. For a displacement of 0.4 A this value increases
up to around 6 meV . The value of the areal polariza-
tion density at the minima of the renormalized barrier
is 2 x 10* e-cm™', which compares to the experimen-
tal estimate of 1 x 10 e-cm™! [1]. Overall, the energy
barrier for the sliding process is heavily renormalized by
condensation, due to the sensitivity of exciton binding to
the modifications of the band structure.

Discussion

Our theory shows that a gap opening in bilayer WTes is
induced by the condensation of direct excitons. Whereas
the absolute value of the indirect gap depends on the
screening parameter asp, the gap size variation (and in
turn Egr) with the layer shift coordinate d does not, as
illustrated from Supplementary Figure 7 and discussed
in Supplementary Section III. Therefore, our estimate of
the ‘excitonic’ barrier height should be robust against the
uncertainty associated with the simplified approach.

In conclusion, we have pointed out that e-h interaction
effects can play an important role in sliding ferroelectric-
ity that is not captured by a first-principles description
at the DFT level. For the WTe,; prototype bilayer we
show that, as long as the exciton coherence survives, rel-
evant modifications result in the energetics of the system
that contribute to stabilize ferroelectricity upon sliding.
This will add to other effects, both intrinsic (intralayer
stiffness, vdW interaction, quantum and thermal fluctua-
tions) and extrinsic (e.g. domain wall dynamics, defects,
boundaries, etc), dictating the Curie temperature and
switching properties of the system.

We expect that relevant excitonic contributions will
be present in general throughout 2D systems, where e-

h Coulomb interactions are greatly enhanced by the re-
duced screening. Combined with the easy relative sliding
typical of van der Waals layers, these results indicate that
2D sliding ferroelectricity may be even more widespread
and robust than previously expected.

Methods

DFT and NEB calculations are performed using the
Quantum ESPRESSO package [135]. We adopt
the Perdew-Burke-Ernzerhof (PBE) approximation for
the exchange-correlation functional [136] and norm-
conserving pseudopotentials [137].  Unless otherwise
specified, the cutoff value for plane wave expansion of
wave functions is 100 Ry and the Brillouin zone is
sampled by a 22 x 12 Monkhorst-Pack grid of k-points
[138]. Van der Waals interactions are taken into ac-
count through the Grimme-D3 method [139] with Becke-
Johnson damping [140]. Spurious interactions between
periodic replicas in the out-of-plane direction are avoided
by setting the cell dimension along z to 40 A. NEB calcu-
lations employ the climbing image scheme to determine
the transition path [141], with a 0.01 eV-A~! thresh-
old on the forces orthogonal to the path. The plane
wave expansion cutoff in NEB calculations is set to 120
Ry. The optimized lattice parameters and atomic po-
sitions are obtained by means of a structure relaxation
with a threshold of 1 meV-A~! on atomic forces and
a cut-off value of 200 Ry for the plane wave expansion.
The resulting values are 3.473 A and 6.276 A for the z
and y cell parameters respectively. The model BSE and
EI gap equation are implemented in a publicly available
custom code [142]. The k-points in the calculations dis-
cussed here sample the region of the BZ corresponding
to k, = [0,0.3] and k, = [—0.3,0.3] in units of the cor-
responding reciprocal lattice vectors (rlu) with a 30 x 60
mesh. In the self-consistent gap equation we check con-
vergence on the values of A(k): the cycle stops at the
n-th step if |[AP~U(k) — AlPN(k)| < e, and we set
€thr. = 0.5 meV.

Data availability
All data are included within the paper (and its Supple-
mentary Information file) and generated from publicly
available software.

Code availability

The code developed for this work and the instructions
to reproduce the figures are available for download on
Zenodo [142].
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