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ABSTRACT: In a recent report, room-temperature vertical
ferroelectricity was experimentally shown in WTe, bilayer,
while its mechanism of ferroelectric switching without vertical
ion displacements remains unclarified. In this work, we reveal
its origin by first-principles calculations that the polarization
stems from uncompensated interlayer vertical charge transfer
depending on in-plane translation, which can be switched
upon interlayer sliding. The calculated results are consistent
with experimental data, and a similar switching mechanism
can be applied to a multilayer counterpart. Despite its small
ferroelectric switching barrier and polarization, the in-plane
rigidity of WTe, layer gives rise to a high Curie temperature.
A moire pattern of ferroelectric domain superlattice can be

formed and tuned upon a small-angle twist of bilayer, which is unique compared with traditional ferroelectrics. Similar interlayer
translational ferroelectricity may exist in a series of van der Waals bilayers or even bulk phases.

wo-dimensional (2D) materials like graphene,1 transi-

tion-metal dichalcogenide,2 and phosphorene,3 with
atomic thickness and high mobility, are promising candidates
to replace the current semiconductor materials in micro-
electronics and to sustain Moore’s law for a longer time. For
their combination with nonvolatile memories, ferromagnetism
(FM) and ferroelectricity (FE) in 2D materials have become
two research foci in recent years. Although FM had been
predicted in various 2D systems in the past decade,” it was not
until in 2017 that 2D FM was experimentally verified in Crl,’
and CrzGezTeé,G with both measured Curie temperatures
below ~45 K. In comparison, the predictions of FE in 2D
materials date back only to 2013"~"* with the experimental
realizations in 2016.""'> However, the Curie temperature of all
those 2D FE systems were measured to be above room-
temperature, including CulnP,S,,'® In,Se;,'”'® and IV-VI
group compound,“’19 as summarized in our recent review.>’
This can be attributed to the difference in switching barrier
between 2D FM and 2D FE: the energy barrier of spin-flipping
in 2D FM is usually below a tenth of a millielectronvolt
especially in semiconductors, while the dipole switching barrier
in 2D FE may reach hundreds of millielectronvolts. Compared
with traditional FE like perovskites or PVDF with large
bandgaps and poor electron mobility, the 2D FE may render a
much better combination of nanocircuits based on high-
mobility semiconductors and a much enhanced integration
density. The van der Waals interaction at the interface between
2D FE and 3D semiconductors also allow lattice mismatch for
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epitaxial growth, while the epitaxial growth of perovskites on
silicon is hindered by such issue of lattice mismatch.

A very recent study”" further demonstrated the out-of-plane
switchable polarization in two- or three-layer WTe,, although
WTe, is well-known as a topological semimetal in previous
reports.”*~>* Despite the polarization that was almost
negligible compared with traditional perovskite FE (3 orders
of magnitude lower than BaTiO;), the Curie temperature
amazingly turned out to be around 350 K. The origin of such
FE is still unclarified, as the vertical polarization seems to be
switchable without vertical ion displacement. It was supposed
in this report that the FE may origin from the electron—hole
correlation rather than lattice instability, where a relative
motion of the electron cloud relative to the ion core may take
place.”' Here we show first-principles evidence that the weak
FE should stem from interlayer sliding, akin to previously
predicted FE in van der Waals bilayer like BN or MoS,,*
where the vertical polarization and interlayer translation are
coupled. The vertical polarization can be switched upon in-
plane ion displacement, which will not be screened as it is
metallic in-plane while the electrons are confined vertically.
The in-plane rigidity of WTe, layer makes the antiferroelectric
configuration highly unfavorable in energy and gives rise to a
high Curie temperature.
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The geometric structure of WTe, bilayer denoted as state I
is displayed in Figure la, and an equivalent state II with
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Figure 1. (a) Geometric structure of state I of WTe, bilayer and state
IT obtained by reflecting state I across the central horizontal plane,
which can be also obtained by interlayer translation. (b) FE switching
pathway of WTe, bilayer from state I to state II. Blue and orange
spheres denote W and Te atoms respectively, and red arrows denote
the polarization direction.

reversed vertical polarization can be obtained via mirror
operation on state I with respect to the horizontal plane in the
center. The horizontal polarization will not be reversed from I
to II since the mirror operation is with respect to a horizontal
plane. Meanwhile we note that only a slight interlayer
translation is required to transform state I to state II, which
may render a feasible FE switching pathway. As displayed for
state I, along the —x direction, the horizontal distance between
Te0 and Te2, x(Te0) — x(Te2) = —a = —0.32 A, is slightly
distinct from the horizontal distance between Tel and Te3,
x(Tel) — x(Te3) = —b = —0.40 A; state II can be obtained via
moving the upper layer along the —x axis by a distance of a + b
= 0.72 A, where the horizontal distance x(Te0) — x(Te2) and
x(Tel) — x(Te3) in state II will respectively switch to b = 0.40
Aanda=032A

On the basis of our nudge-elastic-band (NEB) calculation of
the FE switching minimum energy pathway in Figure 1b, the
energy barrier for such slippage-induced polarization transition
is only ~0.6 meV per unit cell. The intermediate state is
nonpolar where the two layers are equivalent and the
horizontal distance x(Te0) — x(Te2) and x(Tel) — x(Te3)
are respectively (b — a)/2 and (a — b)/2. For example, the
positions of Te0 and Te3 are completely equivalent and their
charges are both 0.075e by Hirshfeld analysis. In comparison,
the charges on Te0 and Te3 are respectively 0.077 and 0.073e
in state I, as the upper and down layer become nonequivalent
due to the broken symmetry: the interlayer Te—W distance,
Te0—W?2 and Te0—W3 are respectively 5.02 and S5.71 A, while
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Te3—WO and Te3—W1 are respectively 5.23 and 5.42 A; for
state II, the TeO—W2/W3 distance will swap with Te3—WO0/
W1, and the charges on TeO will swap with Te3. The
nonequivalence of two layers gives rise to an uncompensated
charge transfer and a vertical polarization, which switches from
upward at state I to downward at state II. Figure S1 displays
the bandstructure of WTe, bilayer, where the slight Rashba
splitting also indicates the breaking of symmetry and the
possibility of tuning spin by electric field. Our results show that
the vertical FE polarization of WTe, bilayer is around 3.2 X
10" e/cm?, which is consistent with the value of 2 X 10! e/
cm? measured at 20 K by experiment, considering the thermal
fluctuation and possible defects.

To make sure state I is not the local minimum but the
ground state, the energy dependences on interlayer translation
along the —x and —y directions are plotted in parts a and b of
Figure 2, where x and y are respectively denoted as the
interlayer displacement along —x and —y direction compared
with the intermediate state (x = 0, y = 0). The energy profile of
WTe, bilayer along x direction reveals a double-well potential
of ferroelectrics, where the energy minimum locates at x = +(a
+ b)/2 = +0.36 A, which is not the maximum point for
polarization: the FE polarization can be further enhanced via
interlayer translation along the —x direction, which can reach
its maximum value that is almost doubled at x = +0.90 A, as
shown in Figure 2a. In comparison, the energy minimum
locates at y = 0 along the —y direction in Figure 2b, which is
also the point where the polarization reaches its maximum.
The oscillating polarization upon translation may be utilized as
proposed previously,” as shown in Figure S2: when the upper
layer is dragged along either the —x or —y direction, the
interlayer voltage will oscillate and generate an alternating
current output signal, which can be used as nanogenerator,
where variations in the potential of the bilayer system can be
used to drive the flow of electrons and harvest energies. It is
also worth to note that the vertical polarization can be further
enhanced if the interlayer distance is compressed due to
enhanced interlayer charge-transfer, as shown in Figure 2c,
which can increase by ~50% upon a 7% compression of
interlayer distance.

The FE induced by interlayer sliding may be experimentally
verified using scanning transmission electron microscope
(STEM) as the change of bilayer nanostructure after FE
switching can be characterized. Similar FE switching
mechanism can be applied to multilayer which maintains 1T’
structure. As shown in Figure 3, the polarization of WTe,
trilayer can be switched from downward to upward as the
middle layer displaced by a + b, and the switchable polarization
of WTe, trilayer is around 2.2 X 10" e/cm?. For the case of
five layer, its polarization will be switched as the second and
fourth layer displaced by a + b simultaneously. Akin to
previously predicted low-dimensional metallic multifer-
roics,”~*" the thin-layer WTe, are metallic in-plane while
the electrons are confined vertically, so the vertical polarization
can be switchable in thin-layer while external electric field may
be screened in its metallic bulk phase. However, for insulating
van der Waals 1T layers with a similar Pnm2, structure like
Zrl,, their bulk phase may also be FE with switchable
polarizations.

To investigate the stability of FE state, we also take possible
antiferroelectric (AFE) configurations into account. Here the
vertical polarization stems from interlayer translation, which is
uniform as each layer is almost rigid in plane, making AFE
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Figure 2. (a) Dependence of energy and polarization on «x along the —x direction at y = 0. (b) Dependence of energy and polarization on y along
the —y direction at x = —(a + b)/2. (c) Dependence of polarization on the compression of interlayer distance of the WTe, bilayer.
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Figure 3. FE switching of WTe, trilayer, five-layer, and bulk phase structure.

configuration highly unstable. In Figure 4a, we obtain an
unstable artificial AFE phase by doubling the unit cell along the
—ux direction, where the translation is positive in one unit cell
but negative in the other with opposite vertical polarizations.
This AFE state is 0.39 eV/f.u. higher in energy compared with
the FE ground state, which can clarify why Curie temperature
still over 350 K despite the polarization (3.2 X 10" e/cm?* =
5.1 X 1072 uC/cm?) and FE switching barrier (~0.6 meV) that
both are almost negligible. Here the FE switching barrier is the
“collective” barrier where all dipoles must “simultaneously”
switch to the opposite direction; however, the Curie
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temperature mainly depends on the “isolated” barrier A for
one dipole to flip while all other dipoles around are fixed
(T = 39), and the in-plane rigidity

2A . . .29
. for a coarse estimation
B

of WTe, layer will give rise to a large “isolated” barrier A.
Although the AFE state is highly unstable, the FE domains
of opposite directions can be formed upon a small angle twist
within the bilayer, as shown in Figure 4b, giving rise to a Moire
superlattice pattern with superlattice period L « /6. If a
twisted angle as small as § = 0.2° can be obtained in such
bilayer as reported in a recent experiment,31 this domain size
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Figure 4. (a) Geometric structure of FE and artificial AFE configuration. (b) FE domains formed by moire patterns upon a small angle twist of

bilayer.

will be over 180 nm. Similar to previous design of exciton
funnel by a spatially varying bandgap in a twisted bilayer,*” an
internal stacking translation u(r) varying gently with position r
can be created and control the local polarization P(u(r)). P
will be upward when u,(r) > 0, and downward when u,(r) < 0.
The adsorption of certain dipole molecules that assemble only
in certain domains may even give rise to molecular superlattice
with novel properties.

In summary, we show first-principles evidence that the
polarization of WTe, bilayer stems from uncompensated
interlayer vertical charge transfer depending on in-plane
slippage, which can be verified by using in situ transmission
electron microscopy,33 and the computed results are consistent
with the experiment. It is metallic in-plane while the electrons
are confined vertically, so the vertical polarization can be
switchable upon interlayer sliding for thin-layer, while external
electric field may be screened in its bulk phase. The in-plane
rigidity of WTe, layer makes the AFE configuration highly
unstable, which clarifies the origin of high Curie temperature
despite the negligible FE switching barrier and polarization. A
Moire superlattice pattern of FE domains can be formed and
tuned upon a small angle twist of bilayer, which is unique
compared with traditional ferroelectrics. Once there is slippage,
the two layers are no longer equivalent; because the
dependence of charge transfer on in-plane slippage is generic,
similar ferroelectric effect induced by interlayer translation and
rotation is predicted to exist widely in various other van der
Waals (BN, MoS,, GaSe, MXene, etc.””) bilayers or even bulk
phases.

Our density function theory (DFT) calculations are carried
out using the Vienna ab initio simulation package (VASP).”***
The projector augmented wave (PAW) potentials®® and the
generalized gradient approximation (GGA) in the Perdew—
Burke—Ernzerhof (PBE) form®” are applied. The plane-wave
cutoft energy for wave function is set to 500 eV. For the
geometry optimization, PBE-D3 method of Grimme with BJ
damping® is applied for taking van der Waals interaction into
account. 11X 7 X 1 Monkhorst—Pack k-meshes are adopted
for bilayer structures and a vacuum spacing of ~17 A is used.
For ground states like I and II, both lattice constants and
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atomic positions are relaxed until the residual force on atoms
are less than 0.001 eV/ A during optimization. Dipole moment
correction is employed to evaluate the vertical polarization,
and the FE switching pathwaz is obtained by using the nudged
elastic band (NEB) method.”
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Figure S1. Bandstructure of WTe, bilayer using HSE hybrid functional without (left) and with (right) spin-
orbit-coupling (SOC).
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Figure S2. A model of nanogenerator based on WTe, bilayer.
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Atomic coordinates of WTe, trilayer
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Atomic coordinates of WTe2 four-layer
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