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The so-called interlayer-sliding ferroelectricity was recently proposed as an unconventional route to
pursuit electric polarity in van der Waals multi-layers, which was already experimentally confirmed
in WTes bilayer even though it is metallic. Very recently, another van der Waals system, i.e.,
the Zrls bilayer, was predicted to exhibit the interlayer-sliding ferroelectricity with both in-plane
and out-of-plane polarizations [Phys. Rev. B 103, 165420 (2021)]. Here the Zrl; bulk is studied,
which owns two competitive phases (« vs 8), both of which are derived from the common parent
s-phase. The (-Zrl; owns a considerable out-of-plane polarization (0.39 uC/cm2)7 while its in-
plane component is fully compensated. Their proximate energies provide the opportunity to tune
the ground state phase by moderate hydrostatic pressure and uniaxial strain. Furthermore, the
negative longitudinal piezoelectricity in S-Zrl> is dominantly contributed by the enhanced dipole
of Zrly layers as a unique characteristic of interlayer-sliding ferroelectricity, which is different from

many other layered ferroelectrics with negative longitudinal piezoelectricity like CulnP2Se.

I. INTRODUCTION

Ferroelectrics with switchable electric polarizations
have attracted great attentions for their unique physical
properties and wide applications, such as micro-electro-
mechanical systems and nonvolatile memories |[1H4]. New
applications such as ferroelectric tunnel junctions and
ferroelectric photovoltaics have also been proposed in re-
cent years |5, 16]. In addition to conventional proper fer-
roelectricity originated from d° ions, 6s% lone pairs, or
polar groups, improper ferroelectricity has been inten-
sively studied in the past two decades, whose polariza-
tions can be originated from charge ordering, magnetism,
and even non-polar phonons [7]. These new branches not
only extend the scope of ferroelectrics but also provide
new functions for applications [&, 19].

As an emergent branch of polar materials, two-
dimensional (2D) ferroelectrics were highly concerned in
recent years [10-12], which are mostly derived from van
der Waals (vdW) layered materials, such as InaSes [13],
and CulnP3Sg |14]. These 2D ferroelectrics not only own
promising future for integratability of nanoscale devices
[15], but also provide a unique platform to explore uncon-
ventional physical mechanisms of polarity, such as non-
collinear ferrielectricity [16], as well as various magnetic
ferroelectrics [11, [18].

In 2017, Wu et al. proposed the concept of interlayer
sliding ferroelectricity, namely that out-of-plane ferro-
electric polarizations could be induced by interlayer slid-
ing in vdW bilayers such as h-BN, AIN, etc. [19]. Soon,
this mechanism was adopted to explain the ferroelectric-
ity observed in WTey bilayer [20-22], although it is a
topological semimetal. As a newly developed sub-branch
of unconventional polarity, more 2D materials in this cat-
egory are expected to be explored, as well as their unique
physical properties.
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Very recently, the interlayer sliding ferroelectricity in
Zrl, bilayer was theoretically studied [23], which pre-
dicted both the in-plane and out-of-plane polarizations.
However, the experimental verification of bilayer system
needs very precise experimental fabrication and measure-
ments, which are technically challenging.

In this work, the Zrls bulk will be theoretically studied,
whose interlayer sliding ferroelectricity is similar but not
identical to its bilayer counterpart. In experiment, two
polymorph forms of Zrly bulk were synthesized, which
even coexisted [24]. The monolinic a-Zrly (space group
P2, /m) is isostructural with 17"-MoTey/WTeq |25-217],
while the orthorhombic 8-Zrly (space group Pmn2;) is
isostructural with Ty-MoTeo/WTey [25-27]. Our work
will clarify the relationship of these phases: the par-
ent phase s-Zrly (equivalent to To-MoTes/WTes phase
[26, [27]), and the derived phases: non-polar a-Zrly and
polar 8-Zrls. Furthermore, an intriguing negative longi-
tudinal piezoelectric effect is revealed in this vdW mate-
rial, which not only arises from the volume reduction of
vdW layer upon pressure or compressive strain, but also
mostly origins from the strengthened electric dipole in
Zrl5 layer, as a unique characteristic of its ferroelectric
origin from interlayer sliding.

II. METHODS

The first-principles calculations based on density func-
tional theory (DFT) were performed with the projec-
tor augmented wave (PAW) pseudopotentials as imple-
mented in Vienna ab initio Simulation Package (VASP)
[29]. The Perdew-Burke-Ernzerhof (PBE) parameteriza-
tion of generalized gradient approximation (GGA) was
used for the exchange-correlation functional [30]. The
plane-wave cutoff energy was 500 eV. The k-point grids
of 11 x 6 x 3 is adopted for both structural relaxation
and static computation. To describe the interlayer in-
teraction, the vdW correction for potential energy was
implemented using the DFT-D2 method [31]. The con-
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FIG. 1. (a-c) Schematic structures (side view) of various
phases of Zrly bulk. Each unit cell (u.c.) contains two vdW
layers and four Zr’s. (d) The corresponding phonon spectra.
No imaginary frequency exists for the a- and g-phases, while
weak imaginary frequencies exist from I' to Z for the s-Zrlo,
implying its dynamic instability. The corresponding Brillouin
zones are shown in Fig. S1 of SM [2§]. (e) The evolution tree
of these three phases. Starting from the high symmetric space
group of parent phase, the space groups of a- and [-phases
can be obtained by reducing four symmetric operations, re-
spectively.

vergent criterion for the energy was set to 107% eV, and
that of the Hellman-Feynman forces during the struc-
tural relaxation was 0.001 eV/A. In addition, the Heyd-
Scuseria-Ernzerhof (HSE06) functional is also adopted
for comparison of band gaps [32).

The phonon spectra were calculated using the finite
differences method to verify the dynamic stability of
structures ﬂﬁ, @] The polarization was calculated using
the standard Berry phase method m, @], and the possi-
ble ferroelectric switching paths were obtained by linear
interpolation of two end states. In addition, the density
functional perturbation theory (DFPT) was employed to
calculate the piezoelectric coefficients @]

TABLE I. Basic physical properties of three phases of Zrl
bulk from DFT calculations and experiments (Exp). The lat-
tice constants are in unit of A, the energies (E) relative to
the B-phase are in unit of meV/u.c., and the band gaps are
in unit of eV. Z denotes the monoclinic angle, in unit of °.
The in-plane lattice constants of a/3/s-phases obtained in
our DFT relaxation are almost identical.

S.G. a b c / E gap
a-Zrl; (DFT) 2, /m 3.749 6.865 14.881 84.05 1.1 0.11
a-Zrl, (Exp [38)) 3.741 6.821 14.937 84.34 - ~0.1
B-Zrl, (DFT) 3.749 6.865 14.801 90 0 0.15
B-ZrT, (Exp [24]) 3.744 6.831 14.886 90 - -
s-Zrly (DFT) Pnma 3.749 6.865 14.808 90 28 0.20

III. RESULTS & DISCUSSION
A. Crystalline & electronic structures

Figures [M{a-b) show the structures of a-Zrls (mon-
oclinic, space group No. 11 P2;/m) and S-Zrly (or-
thorhombic, space group No. 31 Pmn2;), which look
quite similar but with different monoclinic angle and in-
terlayer sliding. Their DFT optimized lattice constants
agree well with the experimental values, as compared in
Table [l which ensure the accuracy of following calcula-
tions. The DFT atomic positions for different phases are
S@mmarized in Table S1 of Supplemental Materials (SM)

]

As expected, the DFT energies of a-Zrly and S-Zrls
are very close: only ~ 1.1 meV/u.c. higher for a-Zrls.
Such a small energy difference can well explain the ex-
perimental observation that the monoclinic a-phase and
orthorhombic -phase coexisted in the samples [24].

The phonon spectra have also been calculated for these
two phases to check their dynamic stability, as displayed
in Fig.[Il(d). No imaginary frequency exists for both the
a- and S-phases, implying that both of them are dynam-
ically stable.

However, the space group P2;/m is not the parent
group of Pmn2;. Thus, the a-phase can not be rec-
ognized as the high-symmetric paraelectric phase above
the ferroelectric transition temperature. Instead, there
are must be another higher symmetric one as the high-
temperature paraelectric phase of Zrls, which was pro-
posed as the s-Zrly (space group No. 62 Pnma, which is
the common parent group of both Pmn2; and P2;/m),
as shown in Fig. [[(c). Its dynamic stability is also
checked. As shown in the right panel of Fig. Id), this
s-phase is dynamically unstable as expected for paraelec-
tric parent phase. There are two imaginary frequencies:
one is an unstable optical phonon mode I'; at zone cen-
ter, corresponding to the interlayer sliding of neighboring
layers; and another one is an elastic instability mode I‘I,
causing the shearing distortion of the orthorhombic unit
cell [39]. Indeed, the two irreducible representations I'y
and I'J transform the Pnma phase to the Pmn2; and
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FIG. 2. Density of states and their atomic projects of (a)
a-Zrly and (b) B-Zrls, calculated using pure GGA method.

P2;/m, respectively. The energy profiles of these two
distortions can be found in Fig. S2 of SM [2§], both of
which are in the shape of double well. Thus, the evolu-
tion tree of these three phases is summarized in Fig. I{e):
the s-Zrls is the real high-symmetric paraelectric phase,
while the a- and -phases are two “sister” phases derived
from the s-phase.

The calculated electronic properties indicate that both
a-Zrls and (-Zrl, are semiconductors with band gaps
~ 110 meV and 150 meV respectively, as shown in Fig.
Except the tiny difference of band gaps, their electronic
structures are quite similar, and the band gaps agree with
the experimental one (~ 0.1 eV [38]).

The HSE calculations can lead to larger band gaps
~ 520 meV for a-Zrly and ~ 560 meV for -Zrls, re-
spectively, much higher than the experimental one [3§].
Noting that the experimental band gap might also be
underestimated due to defect levels in forbidden band of
semiconductors [40, |41]. Therefore, further experiments
are encouraged to verify their intrinsic band gaps.

The spin-orbit coupling (SOC) effects are also taken
into consideration (Fig. S3 in SM |28)]), considering the
existence of heavy element iodine. Even though, their
electronic structures are insensitive to the SOC effect,
because the electronic states around the Fermi level are
mainly from Zr2t instead of I~.

B. Ferroelectricity of -Zrls

Using the standard Berry phase calculation, the elec-
tric polarization of 3-Zrly is estimated as 0.39 uC/cm?,
pointing along the c-axis, which is much larger than
many others in the same category, e.g. 0.03 uC/cm?
in WTes bilayer |21, 22], but smaller than h-BN bilayer
(0.68 uC/cm?) [19].
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FIG. 3. Origin of interlayer-sliding ferroelectricity in 8-Zrls.
(a) The planar-averaged differential charge density (Ap) along
the ¢ axis (characterized by the height z), with s-Zrls as the
reference. Insert: the opposite polarization. Here the positive
value of Ap represents more electrons while its negative value
means more holes. The red and cyan spheres represent the
charge centers of positive and negative regions (distinguished
by colors), respectively. The arrows denote the dipoles. (b)
The corresponding structure of (a) for comparison. The in-
plane component of polarization (indicated by arrows) can
exist in bilayer but is cancelled in bulk for its antiferroelectric
ordering between neighboring bilayers.

To clarify the physical origin of its polarization, the
planar-averaged differential charge density is calculated
as a function of height along the c-axis [42], with the
paraelectric s-Zrl, as the reference base. For the p-Zrls,
a charge dipole is created in each Zrls layer, as shown in
Fig. Bla). In other words, the interlayer sliding breaks
the inversion symmetry between upper and lower Zr-I
bonds (i.e., their chemical environments), making one
side more charge positive while the opposite side more
negative. Such a polarization can be reversed by further
interlayer sliding, as shown in the insert of Fig. Bl(a).

It should be noted that both the out-of-plane and in-
plane polarizations were predicted in Zrly bilayer [23],
different from the 8-Zrls bulk which only owns the out-
of-plane polarization. First, our DFT calculation indeed
confirms the existence of in-plane polarization in bilayer,
the details can be shown in Fig. S4 of SM [2€&]. Second,
such an in-plane polarization is canceled between nearest-
neighbor bilayers in bulk, because the A-B stacking and
B-A stacking lead to an antiferroelectric ordering of in-
plane polarization, as illustrated in Fig. B(b).

The ferroelectric switching of 5-Zrls is also nontrivial,
as illustrated in Fig.[d Both the parent phase s-Zrly and
sister phase a-Zrls can play as the intermediate states,
leading to two different switching paths (I vs II). On one
hand, these two paths show almost identical behavior
of polarization changing as a function of normalized in-
terlayer sliding along the b-axis, as shown in Fig. E(a).
On the other hand, these paths own totally different
switching barriers, as shown in Fig. d(b). The more con-
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FIG. 4. (a) Two possible switching paths of polarization (P)
in B-Zrlz. The s-Zrly is the intermediate state of path I,
while the a-Zrlz is the intermediate state of path II. Both
of these paths are achieved via the interlayer sliding of vdW
layers, while the path II also includes the monoclinic angle
distortion of cell. The interlayer sliding is normalized to its
optimized value. (b) The corresponding energy barriers of
these two switching paths for §-Zrls.

ventional path I, which takes s-Zrl, as the intermediate
phase, has a higher energy barrier ~ 28 meV/u.c. (i.e., 7
meV/f.u.), which is unimodal since the s-Zrls is dynamic
unstable. This barrier is higher than that of ZrIy bilayer
[23], mainly because that the vdW coupling is double
side in bulk but unilateral in bilayer. In contrast, the
dynamic stable a-Zrly as the intermediate state leads to
double peaks barrier ~ 12.9 meV/u.c. (i.e., 3.2 meV/f.u.)
for the path II. Therefore, the path II may be the more
preferred one in real switching process, with synchronous
monoclinic distortion and interlayer sliding, which is be-
yond previous studies of interlayer sliding ferroelectrics
[19, 21, 122]

C. Mechanical tuning

The energy proximity between a-Zrls and 8-Zrly pro-
vides an opportunity to tune their competition via exter-
nal stimulations. Besides the electrical switching as dis-
cussed in above subsection, the mechanical approaches
can also be available.

First, the aforementioned path II has already demon-

strated that the monoclinic distortion during the ferro-
electric switching. As an inverse effect, a shear strain
may drive the 5-Zrls to a-Zrls.

Second, (-Zrls may be also sensitive to the strain due
to its loose vdW layer. Here a uniaxial strain is applied
along the c-axis. The energy curves of 5-Zrly and a-Zrly
as a function of the lattice constant ¢ have a crossover at
c=14.85 A (i.e., ~ 40.35% from the optimized §-Zrl,),
as shown in Fig. Bl(a), which can be easily realized via
0.038 GPa tensile stress. In the opposite direction, the
compressive strain can further stabilize the 8 phase and
enhance its polarization, i.e., the negative longitudinal
piezoelectricity [Fig. BIb)].

The enhancement of polarization upon the c-axis com-
pression can be contributed by two factors: the first part
is the reduced volume, especially for the shrunken soft
vdW layer; the second part is the enhanced dipole of
each u.c.. The first part was once proposed as the main
contribution in CulnP,Sg and other layered ferroelectrics
[43-45]. However, more interestingly, here the electric
dipole of -Zrls in each u.c. is also enhanced with de-
creasing lattice constant along the c-axis, as shown in
Fig. BIb). This tendency is due to the unique origin of
interlayer-sliding ferroelectricity, which is beyond the sce-
nario of negative piezoelectricity in CulnP3Sg. In other
words, the closer neighboring Zrl, layers, the larger in-
plane sliding, and the stronger out-of-plane polarization.
In fact, for B-Zrls, the first part contributes only ~ 5%,
while the second part contributes ~ 95%, to the negative
longitudinal piezoelectricity.

The negative piezoelectricity is further confirmed by
the DFPT calculation [46]. The elastic matrix of 5-Zrly
has nine independent nonzero matrix elements (C1, C12,
Ci3, Caz2, Co3, C33, Cu4, Cs5, Css) due to the space group
Pmn2, [47]. The piezoelectric tensor matrix has five
independent matrix elements (e15, €24, €31, €32, e33) for
its point group mm?2 [48]. Then, the piezoelectric strain
coefficient d;; can be calculated as:

6

dij = Zeikskj, (1)

k=1

where S = C'~! is the tensor for elastic compliance coeffi-
cients. The calculated piezoelectric dss is —1.445 pC/N,
indeed a negative one. The values of more details of Cj;,
eij, and d;; can be found in Table S2 of SM [28].

Third, the phase competition can be also tuned by hy-
drostatic pressure. Figure[6a) plots the lattice constants
as functions of the hydrostatic pressure. As expected, the
in-plane stiffness (along the a- and b-axes) is higher than
the out-of-plane one (along the c-axis). For example, at
1 GPa, the lattice constant ¢ decreases for 1.5%, while it
only decreases 0.6% for a, and then the total volume is
reduced for 2.8%.

Similarly to aforementioned strain case, the polariza-
tion is also promoted by increasing hydrostatic pressure,
as shown in Fig.[B(b). Noting for most ferroelectrics, the
hydrostatic pressure prefers to suppress their polariza-
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FIG. 5. The evolution of Zrlz under the uniaxial strain ap-
plied along the c-axis, as a function of the lattice constant
of c-axis. (a) The compressive strain prefers the ferroelec-
tric B-Zrla, while the pulling stress can lead to the a-Zrls.
The corresponding pressures of strain are also shown (right
axis). (b) The negative piezoelectricity, namely the out-of-
plane polarization is enhanced by pressure along the c-axis.
Both the net polarization (left axis) and the electric dipole of
a u.c. (right axis) are enhanced by pressure. The open circles
denote the meta-stable 8-Zrls.

tions |45]. Not only the net polarization, but also the
dipole of Zrl; in a u.c. is enhanced by hydrostatic pres-
sure, as a characteristic result of interlayer-sliding ferro-
electricity.

Since the volume of 8 phase is larger than that of «
phase [24], the phase transition from (-Zrly to a-Zrly
may be triggered by compression. Figure [6lc) plots the
enthalpy difference between 8-Zrl; and a-Zrl; as a func-
tion of pressure. The « phase becomes more stable than
the 8 phase when the pressure is above 1.3 GPa. Any-
way, it is worth noting that S-Zrly remains dynamically
stable under moderate pressure. For example, there is no
imaginary vibration mode in the phonon spectrum of g
phase at 3 GPa, as shown in Fig. [6(d). Therefore, this
pressure-driving phase transition should be in the first-
order and the ferroelectric 8-Zrl, with enhanced polar-
ization can co-exist with a-Zrl,; as the meta-stable phase
under pressure.

IV. CONCLUSION

In summary, based on the first-principles calculations,
the structure and electric properties of vdW bulks (a-
Zrly and B-Zrly) have been studied systematically. They
are sister phases derived from the parent phase s-Zrls,
and can coexist in real materials due to their proximate
energies. Our calculation revealed a moderate out-of-
plane polarization (0.39 pC/cm?) for B-Zrly, resulting
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FIG. 6. The effects of hydrostatic pressure to 8-Zrl.. (a)
The lattice constants (left axis) and the volume (right axis).
(b) The polarization (left axis) and electric dipole of a u.c.
(right axis). (c) The enthalpy difference between a-Zrly and
[B-Zrls as a function of pressure, where the enthalpy of 8-Zrl.
is taken as the reference. «a-Zrlo becomes more stable above
~ 1.3 GPa. (d) Phonon spectrum for 3-Zrl, at 3 GPa, which
remains dynamically stable.

from the unbalanced Zr-I bonds due to interlayer sliding.
The possible ferroelectric switching process is also non-
trivial, mediated via its sister phase a-Zrly, which leads
to the barrier with double peaks.

In addition, the ferroelectric properties of 5-Zrls can
be tuned effectively by mechanic approaches, including
shear strain, uniaxial strain along the c-axis, as well
as the hydrostatic pressure. The most exciting result
is that the polarization can be increased by pressure
and compressive strain, i.e., the negative piezoelectric-
ity. Such anomalous effect is directly associated with its
vdW structure and its interlayer sliding ferroelectricity.

Note. Very recently, Ma et al. independently studied
the ferroelectric properties of 3-Zrly |49]. Despite the
common base of ferroelectricity, our work and Ma’s work
contain different contents: we focused on the mechanical
tuning and negative piezoelectricity, while they focused
on the ferroelectric domains.
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