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Engineering piezo-/flexo-electricity and flexomagnetism in two-
dimensional (2D) materials beyond the best-known graphene and
transition metal dichalcogenides has potential for accelerating
micro- and nano-electromechanical system applications. Herein,
using first-principles calculations, we demonstrate cobalt mono-
telluride (CoTe) monolayer as an outstanding candidate for achieving
large piezoelectric, flexoelectric and flexomagnetic responses down
to the monolayer limit. The CoTe monolayer is found to be a
semiconductor with a sizable bandgap of 0.48 eV, which is tunable
using in-plane uniaxial or biaxial strains. This is because the puckered
structure and intrinsic charge distribution asymmetry along the
perpendicular direction enable the structure and properties to be
heavily dependent on the external strain. In addition, the CoTe
monolayer exhibits an out-of-plane polarization of up to ~21 pC
m~* with a flexoelectric coefficient of ~0.08 nC m™* and a flex-
omagnetic coefficient of 89.59ug A, surpassing most of the other 2D
binary systems to the best of our knowledge. These findings not only
clarify the fundamental structure and properties of the CoTe mono-
layer but also solidify the feasibility and designability of constructing
piezo-/flexo-electric and flexomagnetic devices based on CoTe.

1. Introduction

Structural symmetry is the core of the fascinating properties of
2D materials, and intentional or unintentional symmetry
breaking introduces distinctive electronic and electro-/
magneto-mechanical properties, such as the piezoelectric,
flexoelectric and flexomagnetic effects."* From the viewpoint
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Large piezo-/flexo-electric and flexomagnetic
effects in a semiconducting cobalt telluride

Ying Liu,t® Wenfa Chen,1*® Yan Yin,® Ziming Tang,? Qihua Gong,** Min Yi {22 and

New concepts

The advances in nanotechnology have witnessed the explosive progress of
two-dimensional cobalt telluride. However, most studies of two-
dimensional cobalt telluride rely on experiments, and a systematical
theoretical simulation to uncover the underlying versatile structure and
properties is yet lacking, limiting the utilizations and developments of
cobalt telluride. In this work, cobalt telluride is verified to become
semiconducting if down-scaled from the metallic bulk form to the
monolayer form. In addition, we found that the cobalt telluride mono-
layer exhibits robust electro-/magneto-mechanical behaviors, covering the
remarkable piezoelectricity and strain gradient-related flexoelectricity
and flexomagnetism. This research offers new understandings of cobalt
telluride on a two-dimensional level and provides a promising prospect
for designing cobalt telluride-based functional devices by strain gradient
engineering.

of a noncentrosymmetric structure with D3, symmetry, transi-
tion metal dichalcogenides (TMDC) and transition metal diox-
ides (TMDO) with the chemical formula of MX, (where M = Cr,
Mo, W, Ti, Zr, Hf, and Sn and X = O, S, Se, and Te) are
theoretically predicted with piezoelectric coefficients lying in
the range of ~0.3-1.0 nC m "> To be more specific, the
stretched MoS, monolayer, for example, computationally
demonstrated a strong piezoelectric response of up to
0.368 nC m™*.° This coefficient was later experimentally deter-
mined to be ~0.29 nC m*,” which was comparable with that
of traditional 3D o-quartz, AIN, and ZnO.*® However, the piezo-
electric field in these vdW layers is barely constricted within the
basal plane and extremely hinders their applications.

Derived from traditional TMDCs, the Janus TMD monolayer
(with the chemical formula MXY) sandwiches the transition
metal layer between two distinct chalcogen layers, and the
electronegativity differences of the X and Y atoms transform
the space group from Ds}, to Cs,. The vertical broken symmetry
triggers the piezoelectric effect along the vertical operation mode
that could be further enhanced by the interlayer-slidable Janus
TMD bilayer and multilayers because of the dipole-dipole inter-
action between the adjacent vdW layers.”*? Similarly, group III
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monochalcogenides (for instance, GaS, GaSe, and InSe) have
been simulated to be piezoelectric with piezoelectric stress
coefficients of the same order of magnitude as that of the
aforementioned MoS, monolayer.'* Using machine learning on
twelve different MA,Z, (M = Cr, Mo, and W; A= Si and Ge; Z=N
and P) monolayers, a class of sandwich structures that incorpo-
rated A atoms during the synthesis of the MZ, crystals'*'®
exhibited remarkable piezoelectric coefficients, surpassing all
the previously reported 2D materials.

In addition to the two-way coupling between the strain and
polarization, the outstanding elastic modulus and tensile
strengths enable the survival of 2D materials under the out-
of-plane bending motion.'® Spatial strain gradients tune the
local polarization, thereby generating a flexoelectric response;
such effects have been reported in the above-mentioned
TMDCs, TMDOs, Janus TMDs, group III monochalcogenides,
and MA,Z, materials."”” The co-existence of piezoelectricity and
flexoelectricity within one crystallized material, especially at the
2D limit, holds promises for miniaturized nanoelectromecha-
nical systems and nanoscale electronics. However, more 2D
monolayers with superior piezo-/flexo-electricity still need to be
developed, particularly in an easy and effective way.

Among the plentiful material candidates, 2D cobalt telluride
(CoTe), a transition metal telluride with nearly exposed cobalt
atoms, has been widely adopted in catalyst chemistry, solar
cells, thermoelectrical and magnetic applications."®'® Initially,
the rise of CoTe over the research horizon lied in its delicately
tuned nanostructure and stoichiometric composition. Using
well-established physical and chemical methods, such as
pulsed laser deposition,*® solvo-/hydro-thermal synthesis,*
liquid-phase exfoliation,*® chemical vapor transport* and
chemical transformation routes,>* CoTe nanodots, nanofilms,
nanoflakes, nanotubes and nanorods were demonstrated as
promising catalysts for the hydrogen/oxygen evolution reac-
tions and related energy storage devices.”>?® Another advantage
of CoTe is the concurrence of metallic and (ferro-)magnetic
behaviors. The saturation magnetization (M) of CoTe nano-
structures was measured to be ~13.4 emu g " at 2 K,> and a
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transition from superparamagnetic to ferromagnetic ordering
was observed at room temperature (M; ~ 10.2-11.3 emu gfl).28
The vertically polarized charge distribution that enables the 2D
CoTe monolayer to be a versatile platform for probing new
physical phenomena, particularly structural distortion-induced
effects like flexoelectricity and flexomagnetism, is highly
important. Unfortunately, these topics remain largely un-
explored till now, limiting the advancement of downstream
devices.

In this work, we theoretically demonstrate the CoTe mono-
layer as a 2D semiconductor with outstanding piezo-/flexo-
electric and flexomagnetic performances. The CoTe monolayer
is first predicted to be semiconducting with a sizable bandgap.
With respect to conventional 2D materials, the CoTe monolayer
is intrinsically asymmetric along the vertical direction and
more susceptible to external strain and strain gradient. Uni-
axial or biaxial in-plane strains, for instance, are demonstrated
to tune the band structure and bandgap. Along the out-of-plane
direction, spontaneous polarization occurs, exhibiting out-
standing piezoelectric properties. In addition, flexoelectric
and flexomagnetic responses, ie., electric polarization and
magnetic moment changes under a strain gradient, respec-
tively, are produced. Our work shows the detailed structure and
the excellent piezoelectric, flexoelectric and flexomagnetic
properties of the CoTe monolayer and promotes the usage of
the CoTe monolayer in advanced miniaturized devices and
integrations.

2. Results and discussion

CoTe, a transition metal telluride, has a hexagonal crystal
structure of tellurium with the cobalt atoms occupying the
octahedral voids.”® The bulk phase is nonmagnetic and metal-
lic, while a bandgap is observed after lowering the dimension-
ality down to the 2D limit. In addition, the semiconducting
CoTe monolayers exhibit intrinsic spin-polarized distributions
of density of states (DOSs), demonstrating themselves as ideal
material candidates for magnetic and spintronic applications.
Next, we offer a systematic investigation of the CoTe monolayer
from its atomic structure to unique properties, including
electronic, piezoelectric, flexoelectric and flexomagnetic
properties.

2.1. Structure and electronic properties

The optimized CoTe monolayer adopts a hexagonal lattice
(space group P3m), in which each Co atom is coordinated to
three Te atoms in a trigonal-pyramidal geometry and, conver-
sely, each Te atom is coordinated to three Co atoms in a
trigonal-pyramidal arrangement, forming a quasi-planar, atom-
ically thin slab (Fig. 1a). The structure optimization yields a 2D
CoTe unit cell with lattice parameters of a = b = 4.39 A. In the
top view (upper panel, Fig. 1a), Co and Te (stoichiometric ratio
=1:1) occupy alternating lattice sites of the honeycomb struc-
ture, while the side view (bottom panel, Fig. 1a) reveals a
Te-Co-Te zigzag (ZZ) motif with a thickness of 0.67 A.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Structure and electronic properties of the CoTe monolayer. (a) Top view (upper panel) showing the alternating Co/Te lattice sites, and side view
(bottom panel) revealing the Te—Co-Te ZZ motif with a thickness of 0.67 A. (b) Orthogonal unit cell (black solid rectangle) and crystallographic ZZ and AC
directions. (c) Spin-polarized electronic band structure. (d) Bandgap evolution of the CoTe monolayer under varying uniaxial tensile strain. (e) Bandgap
variation under biaxial tensile strain. (f) Comparison of the bandgap modulation by uniaxial and biaxial in-plane strains.

The orthogonal unit cell and two principal crystallographic
directions—ZZ and armchair (AC)—are indicated in Fig. 1b.
The spin-polarized electronic band structure is calculated and
shown in Fig. 1c. In contrast to the metallic character of its bulk
counterpart,'® the CoTe monolayer exhibits a direct bandgap of
2.07 eV for the spin-up states, with both the valence-band
maximum (VBM) and conduction-band minimum (CBM) located
at the I' point. For the spin-down states, a direct bandgap of
0.89 eV is observed, with the VBM and CBM located at the K
point. By considering the minimum difference between the VBM
and CBM, regardless of the different spin states, the overall
bandgap is 0.48 eV. It is worth noting that the density of states
(DOSs) near the band edges are dominated by Co 3d and Te 5p
states, indicating a strong Co-Te orbital hybridization (Fig. S1).
It is widely known that strain engineering offers an effective
approach for tuning the bandgap of 2D monolayers.*® For the
CoTe monolayer, which belongs to the trigonal crystal system,
we applied both uniaxial strain along the a-axis and biaxial
strain to investigate their effects on the bandgap. Under a
uniaxial tensile strain (¢) of up to 2% along the a-axis, with
the b-axis held fixed, the bandgap changes monotonically.
Specifically, the bandgap increases from 0.326 eV at ¢ = —2%
to 0.488 eV at ¢ = +2% (Fig. 1d). Similarly, under a biaxial strain
(eni) applied simultaneously along both the a- and b-axis, the
bandgap increases but with a higher sensitivity: from 0.311 eV
at ¢ = —2% to 0.627 €V at ¢ = +2% (Fig. 1e). This comparison
shows that the biaxial strain tunes the bandgap more effectively
than the uniaxial strain, and the bandgap under biaxial strain is
consistently higher across all the applied strain values.

This journal is © The Royal Society of Chemistry 2025

Furthermore, the change in the bandgap due to the biaxial
strain is more pronounced, particularly for larger strain values
(Fig. 1f), indicating that the CoTe monolayer exhibits a stronger
response to the biaxial strain than to uniaxial strain.

To gain atomic-scale insights into the origin of this strain-
induced band-gap modulation, we quantified the evolution of
Co-Te bond lengths (bond;-bond;) and Te-Co-Te bond angles
(angle;—angle;) under both uniaxial and biaxial strains from
—2% to +2% (Table S1). Under uniaxial tension, bond, increases
from 2.608 A to 2.632 A, bond, increases from 2.610 A to 2.630 A,
and bond, increases from 2.611 A to 2.630 A; simultaneously,
angle; expands from 111.12° to 116.70°, angle, shifts slightly from
114.49° to 113.18°, and angle; increases from 112.80° to 114.89°.
Biaxial tension produces similar trends, with all the three bonds
elongating by ~0.012 A and angles increasing by 0.9°-1.0°. These
lattice distortions reduce the overlap between the Co 3d and Te 5p
orbitals, weakening their hybridization and thereby directly con-
tributing to the observed band-gap changes. We further carried
out projected density of states (PDOS) analyses for the Co 3d and
Te 5p orbitals at each strain point (Fig. S2). These calculations
reveal that tensile strain shifts the Co 3d states upward in energy
while weakening the contribution of Te 5p orbitals at the
conduction-band minimum, driving the observed band-gap
widening under tension and band gap narrowing under compres-
sion. Taken together, these results establish a direct correlation
among the lattice distortions, orbital overlap, and electronic-
structure modulation, providing a clear crystallographic and
orbital-leve]l mechanism for the strain-tuning behavior of the
CoTe monolayer.

Nanoscale Horiz., 2025, 10, 2995-3002 | 2997
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2.2. Piezoelectric properties

To evaluate the mechanical properties of the 2D CoTe mono-
layer, we calculated its elastic constants using the energy-strain
method. In this approach, different strains are applied to the
structure, and the total energy change relative to the ground-
state energy (strain energy) is calculated for each distortion.
The energy-strain relationship is then fitted using a second-
order polynomial, from which the elastic constants are derived.
To be more specific, the elastic tensor of the CoTe monolayer
contains two independent elastic constants: Cy; and Cj, (see
the SI). The mechanical stability criteria, given by C;; > 0 and
Cy1 > |Cyz|, are all satisfied, indicating the robust mechanical
stability of the CoTe structure.

We further examined the mechanical properties of the CoTe
monolayer by calculating the Young’s modulus Y(0), shear
modulus G(0), and Poisson’s ratio ¢(0), which are found to be
isotropic across all the directions (Fig. 2a-c). The values
obtained for these moduli are 3.8984 N m™ ' for Young’s
modulus, 1.0339 N m™* for shear modulus, and 0.8853 for
Poisson’s ratio (Table S2). These results indicate that the CoTe
monolayer exhibits isotropic mechanical behavior, which
means that its mechanical response is consistent across all
the directions. Isotropic materials are particularly advanta-
geous in applications such as in flexible electronics, sensors,
and actuators that require uniform mechanical properties in all
orientations for consistent performance across varying
directions.

Next, we calculated the out-of-plane polarization strength
(Pout) of the CoTe monolayer using the Berry phase method.
Interestingly, the P, of the CoTe monolayer is determined to

View Article Online
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be approximately 21 pC m ™', enabling the CoTe monolayer to
be one of the leading 2D materials (Fig. 2d) in terms of out-of-
plane polarization; it substantially surpassed the reported
values of many other 2D materials, such as SiSn, AlSb, and
GeSn, and other well-studied 2D monolayers.'”?'"*?

To further assess the piezoelectric performance of the CoTe
monolayer, we employed density functional perturbation the-
ory. For two-dimensional systems, the piezoelectric tensor ey,
elastic tensor Cj, and piezoelectric coefficients d;; are related as
e;ix = d;iCj. Our calculations yield an out-of-plane piezoelectric
strain coefficient ez, of 26.2 pC m™" for the CoTe monolayer,
which is significantly higher than those of half-metallic Co,Se;
(9 pC m™"), In,Se; (11.9 pC m™ ') and MoTe,/In,Se; van der
Waals heterostructures (17.9 pC m™*)."”**” More importantly,
the out-of-plane piezoelectric strain coefficient dz; reaches
0.74 pm V', surpassing the piezoelectric constants of most
of the reported two-dimensional systems to date (Fig. 2e). The
benchmark values for all the systems in the figure are strictly
cited from the theoretical literature to highlight the exceptional
theoretical performance of the CoTe monolayer. We emphasize
that experimental validation of these high piezoelectric coeffi-
cients is crucial for translating this outstanding potential into
practical nanoscale electromechanical devices.

2.3. Flexoelectric effect

When the CoTe monolayer is bent out-of-plane by applying a
constant strain gradient (Fig. 3a and Fig. S3), i.e., O&y,/0y =
0.59°u,/0y” = 0.5 K for AC bending and e,,/dx = 0.50°1,/0x” = 0.5 K
for ZZ bending, a change occurs in the out-of-plane polariza-
tion P,. To offer more insights, we compute the P, via the Berry-
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Fig. 2 Mechanical anisotropy and piezoelectric properties of the CoTe monolayer. (a)-(c) Polar diagrams of Young's modulus Y(0) (orange), shear
modulus G(0) (purple) and Poisson’s ratio v(0) (blue) on the (001) plane. (d) Overview of the out-of-plane spontaneous polarization strength P, of the
CoTe monolayer compared with representative 2D materials. (e) Scatter plot of the out-of-plane piezoelectric stress coefficients ds; versus the out-of-
plane piezoelectric strain coefficient es; for CoTe and various 2D materials in their monolayer form; CoTe (red star) exhibits an exceptional dsz; of

0.74 pm V™! and a competitive es; of 26.2 pC m™.
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Fig. 3 Flexoelectric responses of the CoTe monolayer under out-of-plane bending with a constant shear-strain gradient. (a) Schematic of the CoTe
monolayer bent with a constant shear-strain gradient K, defining AC (y) bending axis. Red arrows indicate the out-of-plane displacement profile u,(y).
(b) Induced polarization P, as a function of the strain gradient K for AC-CV (blue circles) and AC-CC (red circles) bendings. Solid lines represent linear fits.
(c) Corresponding P,—K curves for ZZ-CV (blue circles) and ZZ-CC (red circles) bendings, with fitted flexoelectric coefficients. (d)—(f) Partial charge
density at the VBM for the spin-up (top) and spin-down (bottom) channels in a flat monolayer (d), under AC-CV bending (e), and under AC-CC bending (f).

Panels (e) and (f) correspond to K = 0.0025 A~

phase approach for four bending geometries, i.e., armchair-
convex (AC-CV), armchair-concave (AC-CC), zigzag-convex
(zz-CV) and zigzag-concave (ZZ-CC) and found that P, scale
strictly linearly with K in all the configurations (Fig. 3b and c).
From the linear fits to the P,—K data, we extract the flexoelectric
coefficients as F,y,, = —0.079nC m ' for AC-CV bending and
+0.044nC m~ " for AC-CC bending. Moreover, along the ZZ
direction, we obtain F,,,, = —0.032nC m~" for convex bending
and —0.033nC m™* for concave bending. The larger magni-
tudes in the AC modes reflect their lower bending stiffness. In
other words, the bending stiffness of the CoTe monolayer tends
to be anisotropic with ratio up to ~2.39.

At the atomic level (Fig. 3d-f), the out-of-plane bending with
a constant shear-strain gradient breaks the uniform VBM
charge distribution: under AC-CV bending, both the spin-up
and spin-down densities shift toward the central convex region,
generating a change in P,, whereas under AC-CC bending, both
the spin channels migrate to the concave edges. Meanwhile, the
ZZ-CV bending and ZZ-CC bending yield the same qualitative
redistribution. This strain gradient-driven charge asymmetry
change at the band edge causes the observed P, oc K relation.

For a more intuitive comparison, Table S2 lists the flexo-
electric coefficients of the CoTe monolayer and those of the
other reported binary two-dimensional materials. In the AC-CV
mode, CoTe reaches |F| ~ 0.08nC m™', which is nearly an
order of magnitude larger than those of the prototypical TMDC
monolayers (MoS,: 0.0018; WS,: 0.0016; MoSe,: 6.9 X 10’4;
WSe,: 7.6 x 10~ % MoTe,: 0.0023; and WTe,: 0.0020nC m™ ')
and even exceeds the values of some functionalized graphene
ribbons (CH: 0.035 and CF: 0.062nC m ™). In a nutshell, the
CoTe monolayer exhibits the strongest flexoelectric response

This journal is © The Royal Society of Chemistry 2025

among these binary 2D systems, which is promising for
modern-day electromechanical transductions at a 2D limit.

2.4. Dipole responses and flexomagnetic properties

We then quantified the dipole moment change Au of the four bent
CoTe geometries, AC-CC (Fig. 4a), AC-CV (Fig. 4b), ZZ-CC (Fig. 4c)
and ZZ-CV (Fig. 4d), under a range of strain gradient values K and
perpendicular electric fields. For the AC-CC geometry, Ay, displays
minimal variation as the field sweeps from negative to positive,
regardless of K. In contrast, in AC-CV, ZZ-CC and ZZ-CV, Au,
becomes progressively more negative with increasing field, and
the degree of this negative shift increases with the larger curvature
values of K, indicating a curvature-amplified suppression of the
dipole moment along both the AC and ZZ directions.
Spin-resolved partial charge densities at the VBM (red isosur-
faces) and CBM (green isosurfaces) under a field of 0.5 eV A™*
(Fig. 4e) confirm the net electron displacement toward negative
z-axis, which is consistent with the Ay, trend across the bending
modes. Finally, we evaluated the flexomagnetic behavior by tracking
the unit-cell magnetic moment upon bending. As shown in Fig. 4f,
for the AC-CV bent structure, the magnetic moment decreases from
2.45 up for the initially flat monolayer to 2.22up under mechanical
curvature, corresponding to a large flexomagnetic coefficient around
89.59u; A. Therefore, it is verified that a strain gradient can
effectively tune the magnetization of the CoTe monolayer.

3. Conclusions

In conclusion, we provide a comprehensive study of the 2D
cobalt telluride monolayer using theoretical calculations.

Nanoscale Horiz., 2025, 10, 2995-3002 | 2999
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Fig. 4 Dipole and flexomagnetic responses. (a)-(d) Change in the dipole mo
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ment (Ay,) as a function of the electric field for AC-CC, AC-CV, ZZ-CC and

ZZ-CV bends at K = 0.00025, 0.00100 and 0.00175/A, respectively. The AC-CC geometry shows minimal Ay, variation, while AC-CV, ZZ-CC and ZZ-CV
exhibit more negative Ay, with increasing curvature. (e) Top and side views of the spin-up charge densities (VBM, red; CBM, green) for AC-CV at
K = 0.00175/A without field (top) and with a 0.5 eV A~ field (bottom). (f) Magnetic moment plotted against the strain gradient.

Differentiating from its bulk counterpart, the CoTe monolayer
becomes semiconducting with a bandgap of ~0.48 eV. The
bandgap could be tuned by uniaxial or biaxial in-plane strains,
and it monotonically increases with increments in tensile stress.
More importantly, the CoTe monolayer is predicted to exhibit an
exceptionally high out-of-plane polarization of up to ~21 pCm ™,
ranking top in the 2D piezoelectrics developed to date. The
flexoelectric coefficients of the CoTe monolayer is calculated to
be 0.08nC m ™, which is almost one order of magnitude larger
than those of the conventional TMDC monolayers. The pristine
CoTe monolayer is found to be flexomagnetic with a coefficient of
89.59u;; A that could be manifested by strain gradient engineer-
ing. We believe that this work not only offers insightful guidance
for newcomers but also promulgates the great potentials of the
CoTe monolayer toward diverse electromechanical devices.

4. Computational methods

All density functional theory (DFT) calculations were performed
using the Vienna ab initio simulation package (VASP),***° employ-
ing the projector-augmented wave (PAW) method*® in conjunction
with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional.* The ion-electron interactions were modeled using
PAW pseudopotentials, with a plane-wave energy cutoff of 520 eV.
The electronic convergence criterion was set at 10~ ° eV for self-
consistent field (SCF) iterations. Geometric optimizations were
carried out using the conjugate gradient algorithm, with atomic
forces converging below 0.001 eV A™*, For the optimization of the
2D CoTe unit cell, Brillouin zone integrations were performed

3000 | Nanoscale Horiz., 2025, 10, 2995-3002

using Monkhorst-Pack k-point meshes of 15 x 15 x 1. A vacuum
spacing of more than 20 A in the z-direction was included in all the
models to prevent artificial interactions due to periodic boundary
conditions. The Co U value used in the calculations was set at 5 eV
in the DFT+U method to account for the strong correlation effects
in the Co 3d orbitals.

The dipole moment was calculated using the Berry phase
method.*>** The effective thickness of the 2D CoTe used in this
work corresponded to the vertical distance between the Co and
Te atoms along the z-axis. The AC direction was expanded with
a1l x 5 x 1 supercell, while the ZZ direction was expanded with
a 10 x 1 x 1 supercell. Curved structures of 2D CoTe were
constructed by displacing the atomic z-coordinates according
to a quadratic function (u, = (K/2)-x> or u, = (K/2)-y*), where K is
the strain gradient of the curved plane, defined as K = 0%u,/0x*
or K = 0%u,/dy*. These curved geometries were generated using a
custom Python program, and subsequent relaxation calcula-
tions were performed using DFT simulations.

As outlined in previous studies, the applied bending pertur-
bations induced only the xz or yz strain components and their
strain gradient terms (Oe,,/0x or Og),/dy), while the other com-
ponents of the strain and strain gradient tensors remained
zero. The total induced polarization (P,) can thus be expressed
along the z-direction as follows:

P, = dyxzbxz + FoxzxOxz/0X OF Py = 8y, + Fryzy0t),/0y.
Additionally, the angle-dependent Young’s modulus Y(6),

shear modulus G(0), and Poisson’s ratio 1(0) were calculated
using the elastic constants via the VASPKIT software.

This journal is © The Royal Society of Chemistry 2025
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