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We study the flexoelectric effect in fifty-four select
atomic monolayers using ab initio Density Functional
Theory (DFT). Specifically, considering representative
materials from each of Group Ill monochalcogenides,
transition metal dichalcogenides (TMDs), Groups IV,
llI-V, V monolayers, Group IV dichalcogenides, Group
IV._monochalcogenides, transition metal trichalco-
genides (TMTs), and Group V chalcogenides, we per-
form symmetry-adapted DFT simulations to calculate
transversal flexoelectric coefficients along the princi-
pal directions at practically relevant bending curva-
tures. We find that the materials demonstrate linear
behavior and have similar coefficients along both prin-
cipal directions, with values for TMTs being up to a
factor of five larger than graphene. In addition, we find
electronic origins for the flexoelectric effect, which
increases with monolayer thickness, elastic modulus
along bending direction, and sum of polarizability of
constituent atoms.

Flexoelectricity!® is an electromechanical property
common to semiconductors/insulators that represents a
two-way coupling between strain gradients and polariza-
tion. Unlike piezoelectricity, it is not restricted to mate-
rials that are non-centrosymmetric, i.e., lattice structures
that do not possess inversion symmetry, and in contrast
to electrostriction, it permits reversal of the strain by re-
versal of the electric field and allows for sensing in addi-
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tion to actuation. Though the flexoelectric effect is gener-
ally negligible for bulk systems, it becomes significant in
nanostructures/nanomaterials due to the possibility of ex-
tremely large strain gradients, especially along the direc-
tions in which the system has dimensions at the nanoscale.

The flexoelectric effect in two-dimensional materials has
a number of applications — analogous to those found
for other such electromechanical couplings®'3 — includ-
ing sensors, actuators, and energy harvestors in nano-
electromechanical systems.
the flexoelectric effect is not being exploited, e.g., flex-
ible electronics 417, nanoelectromechanical devices!8-21,
and nanocomposites??23, the presence of strain gradients
such as those encountered during bending — a common
mode of deformation in two-dimensional materials, given
their relatively low bending moduli values?4 — makes flex-
oelectricity an important design consideration2>2°, This is
evidenced by recent work where flexoelectricity has been
shown to produce incorrect measurements of piezoelectric
coefficients at the nanoscale?’.

Even in applications where

Atomic monolayers, which are two-dimensional ma-
terials consisting of a single layer of material, have
been the subject of intensive research over the past two
decades®!-33, with dozens of monolayers having now been
synthesized 437 and the potential for thousands more as
predicted by ab initio calculations4%#!. The widespread in-
terest in these systems is a consequence of their novel and
exciting properties343%37:38,:42-45 " \which makes them ideal
candidates for the aforementioned applications. However,
the transversal flexoelectric coefficients for atomic mono-
layers — the relevant component of the flexoelectric ten-
sor in the context of bending deformations — are far from
being established.

Experimental data for the transversal flexoelectric coef-
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Fig. 1 Schematic illustrating the calculation of transversal flexoelectric coefficient for atomic monolayers using symmetry-adapted

DFT simulations28-30, The atoms in the unit cell are colored red.

ficients of atomic monolayers is highly sparse, likely due
to the challenges associated with isolating the flexoelectric
and piezoelectric contributions®. Recently, the coefficients
for some TMDs (MX,: M=Mo,W; X=S,Se) have been mea-
sured *®47 however there is significant uncertainty in the
results, due to large error bars and the use of substrates.
On the theoretical side, studies based on ab initio Kohn-
Sham DFT“4° have been used to calculate the flexoelec-
tric coefficients of graphene*°%>2 and some TMDs (MX;:
M=Mo,W; X=S,Se,Te)>2. However, as shown in recent
work?®, the accuracy of these results is limited by the use
of an ill defined flexoelectric coefficient®1->2, artificial par-
titioning of the electron density®%>3, and/or geometries
with non-uniform strain gradients®?. Note that a theo-
retically more involved alternative is provided by density-
functional perturbation theory (DFPT)°%°> — found to
have significant success in the study of bulk like three-
dimensional systems®6~°1 — which has very recently been
extended to the study of two-dimensional systems®2. Other
theoretical efforts include the use of force fields®3:%4, which
differ by more than an order of magnitude from experimen-
tal/DFT results, suggesting that they are unsuitable in the
current context.

In this work, using a recently developed formulation for
the accurate computation of the transversal flexoelectric
coefficient at finite deformations28, we perform a compre-
hensive first principles DFT study of the flexoelectric effect
in atomic monolayers. Specifically, we compute the coef-
ficients for fifty-four select atomic monolayers along their
principal directions at practically relevant bending curva-
tures®>-%8. We also provide fundamental insights into the
flexoelectric effect for these materials and the variation in
the coefficient values between them.

The transversal flexoelectric coefficient at finite bending
deformations is defined as: %8

ap,
u_ aK_7

ey
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where p, is the radial polarization and x is the curvature.
In the context of electronic structure calculations like DFT,
the radial polarization can be expressed as: 28

by = /1{ /Q (r — Reir)p (x) dx, @

where A is the cross-sectional area of the deformed sheet
within the domain €, r is the radial coordinate of the spa-
tial point X, R is the radial centroid of the ions, and p(x)
is the electron density. Note that the radial dipole moment
has been normalized using the area rather than the volume,
as is common practice, given the significant disagreement
associated with the thickness of atomic monolayers©®®.

We calculate the flexoelectric coefficient by using a nu-
merical approximation for the derivative in Eq. 1, the al-
ternative being the more involved DFPT-based approaches,
for which a symmetry-adapted variant at finite deforma-
tions is yet to be developed. Specifically, we compute the
radial polarization at multiple curvatures in the vicinity of
the curvature at which the flexoelectric coefficient is de-
sired and determine the slope from a curve fit to the data.
In particular, as illustrated in Fig. 1, edge-related effects
are removed by mapping the bent structure periodically in
the angular direction, and the cyclic symmetry of the resul-
tant structure is then exploited to perform highly efficient
Kohn-Sham calculations?%3%70 for the structural and elec-
tronic ground state using the Cyclix DFT code?® — large-
scale parallel implementation of cyclic+helical symmetry
in state-of-the-art real-space DFT code SPARC”172,

We use the aforedescribed framework to calculate
transversal flexoelectric coefficients for fifty-four select
atomic monolayers along their principal directions. Specif-
ically, we consider bending curvatures in the range of
0.14 < k¥ < 0.24 nm~! — resulting system sizes are in-
tractable to traditional DFT implementations — commen-
surate with those found in experiments®> 8. We select
representative honeycomb lattice materials from each of
Group III monochalcogenides, TMDs, Groups IV, III-V, V
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Fig. 2 Transversal flexoelectric coefficients for the select atomic
monolayer groups.

monolayers, and Group IV dichalcogenides, as well as rect-
angular lattice materials from each of Group V monolayers,
Group IV monochalcogenides, TMTs, and Group V chalco-
genides. The choice of these groups is motivated by the
significant success in the synthesis of affiliated monolay-
ers, which are found to demonstrate interesting and novel
properties34-3873-75_Though close to half of the monolay-
ers chosen here have not yet been synthesized, their sta-
bility has been predicted using DFT calculations*!76, with
many synthesized in multilayer form”7-81. Therefore, we
expect most, if not all, of the monolayers to be synthesized
in the near future, motivating their study.

In all simulations, we employ the Perdew-Burke-
Ernzerhof (PBE)®? variant of the generalized gradient ap-
proximation (GGA) for the exchange-correlation functional
and optimized norm-conserving Vanderbilt (ONCV) pseu-
dopotentials® from the SG15 collection®*. All numerical
parameters, including grid spacing, k-point sampling for
Brillouin zone integration, vacuum in radial direction, and
structural (cell and atom) relaxation tolerances are chosen
such that the computed flexoelectric coefficients are accu-
rate to within 0.005 e, as verified through convergence stud-
ies (Supplementary Information). This translates to the re-
quirement of the ground state energy being converged to
within 1073 Ha/atom. Note that the coefficients predicted
here are expected to be reasonably robust against the two
main approximations within DFT, i.e., pseudopotential and
exchange-correlation functional, as dicussed next.

The equilibrium geometries for the flat monolayers com-
puted using ABINIT®® (Supplementary Information) are in
good agreement with previous theoretical predictions 4!
and experimental measurements34387374  Furthermore,
the normalized difference in electron density between the
PBE GGA and HSE hybrid functional 8 for the undeformed
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configurations is ¢(1 —2), comparable to the agreement
between hybrid functionals and the gold standard Coupled
Cluster Singles and Doubles (CCSD) method 7. Similar dif-
ferences are observed when spin orbit coupling is included.
Since the flexoelectric coefficient is dependent on electron
density differences from the flat configuration, which cor-
responds to small (linear) perturbations in the current con-
text, significant error cancellations are expected. This is
evidenced by recent work where both local and semilocal
functionals predict nearly identical coefficients for group
IV monolayers28.

In Table 1, we present the computed transversal flex-
oelectric coefficients for the chosen atomic monolayers
along their principal directions, which is summarized visu-
ally in Fig. 2. The variables y; and u, are used to represent
the flexoelectric coefficient values along the x; and x, direc-
tions, respectively, whose orientation relative to the differ-
ent lattice structures can be seen in Fig. 3. For honeycomb
lattices, these correspond to the zigzag and armchair direc-
tions, respectively. A single value is listed in all cases since
the flexoelectric coefficients are essentially constant for the
bending curvatures considered here (Supplementary Infor-
mation), signaling linear response for the monolayers in
this regime. Note that depending on the application of in-
terest, the flexoelectric coefficient that relates polarization
to bending moment might be more informative. There-
fore, the values for the so defined flexoelectric coefficient
have been provided in the Supplementary Information, for
which we use the bending moduli from previous work for
forty-four of the materials?4, with the remaining calculated
here (Supplementary Information).

The flexoelectric coefficients span a wide range of val-
ues from 0.19 — 0.98 ¢, with silicene and ZrTe; being at the
bottom and top ends of the spectrum, respectively, and
graphene towards the lower end with 0.22¢. In terms of
the classification, Groups IV, III-V monolayers and TMTs
have the smallest and largest coefficients, respectively. In-
terestingly, we find that the flexoelectric coefficients are
similar along both principal directions, irrespective of the
lattice structure. Though this is to be expected for hon-
eycomb lattices, which usually demonstrate isotropic be-
havior/properties 2768889 it is most unusual for rectan-
gular lattices, where the behavior/properties tend to be
highly anistropic?4°0-93, This is not a consequence of
relaxation-related effects — cause for the bending moduli
of some rectangular lattices to be isotropic?* — which are
minor in the current context (Supplementary Information).
Note that when the flexoelectric coefficient relating the po-
larization to the bending moment is considered (Supple-
mentary Information), the values span more than two or-
ders of magnitude, with the trends essentially reversed,
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Table 1 Transversal flexoelectric coefficient along principal directions for the fifty-four select atomic monolayers from first principles.

Flexoelectric Flexoelectric
Group Material coefficient (e) Group Material coefficient (e)
Ui H2 Hi )
GaS 0.48 0.48 Group V P 0.25 0.25
Group III GaSe 0.48 0.50 monolayers A§ 0.26 0.27
monochalcogenides InS 0.47 0.47 (h3) Bi 0.33 0.33
(h1) InSe 0.26 0.25 Sb 0.34 0.34
InTe 0.59 0.54 Group IV GeSe, 0.42 0.42
GaTe 0.60 0.59 dichalcogenides GeS, 0.44 0.44
7rS; 0.45 0.45 (h4) SnSe; 0.40 0.41
TiS, 0.45 0.45 SnS, 0.40 0.40
Z1Se; 0.46 0.47 Group V P 0.31 0.33
TiSe, 0.41 0.40 As 0.31 0.31
NbS, 051  0.52 mon(oiayers Bi 051 0.51
NbSe; 0.51 0.54 € Sb 0.54 0.54
Transition metal HfS, 0.57 0.56 Group IV GeSe 0.38 0.39
dichalcogenides ZrTe, 0.55 0.54 PV GeS 0.42 0.41
(h2) TiTe, 0.58  0.56 monoc}‘?lg’gemdes SnSe  0.41 0.41
MoSe, 0.57  0.57 t snS  0.42  0.40
MoS, 0.57 0.58 ZrS3 0.66 0.64
WS, 0.59 0.59 TiS; 0.67 0.63
WSe, 0.59 0.58 Transition metal ZrSes 0.68 0.66
NbTe, 0.64 0.67 trichalcogenides HfS; 0.80 0.78
MoTe; 0.71 0.72 (t2) HfSe3 0.81 0.78
WTe, 0.73 0.74 ZrTes 0.98 0.86
Si 0.19 0.19 P,S3 0.24 0.25
BN 0.20 0.20 P,Ses 0.25 0.26
Grrr?g)lrlfollzglilrlsv c 022 0.22 chacl;ggggn\ifdes As253 027 028
(h3) Sn 0.26 0.25 (t3) As,Se;  0.28 0.30
Ge 0.27 0.27 As,Te; 0.38 0.39

i.e., Groups IV, III-V monolayers and TMTs now have the
largest and smallest coefficients, respectively. In particu-
lar, stanene has the largest value, given its extremely small
bending moduli®*, and ZrTes; has the smallest value, given
its extremely large bending moduli?*. Also, the coefficients
for the rectangular lattices differ significantly in the princi-
pal directions, given their significant anisotropy in bending
moduli?4.

In comparisons with experiments, while there is rela-
tively good agreement for MoS, (difference of ~ 0.09¢4°),
there is some disagreement for MoSe,, WS,, and WSe; (dif-
ferences of up to ~ 0.48¢47). These differences can be at-
tributed to the use of a substrate, and the substantial er-
ror bars (~ 0.18¢) associated with the measurements. In
comparisons to DFT-based results, the values for graphene
predicted previously°%>1>3 are more than a factor of two
smaller than those here. This can be attributed to the use
of an ill defined flexoelectric coefficient®! and an artifi-
cial partitioning of the electron density®>>3, as discussed
in previous work?8. The values reported previously for
TMDs®>2 (MX,: M=Mo,W; X=S,Se,Te) are up two orders

4| Journal Name, [year], [vol.],1-7

of magnitude smaller than those here, a consequence of
using an ill defined flexoelectric coefficient and a wrinkled
sheet geometry that has non-uniform strain gradients. Sim-
ilarly small values for a few monolayers have been pre-
dicted very recently®?, which can be attributed to the dif-
ference in the definition of the flexoelectric coefficient. In
particular, the above referenced work defines the coeffi-
cient for two-dimensional systems in terms of the drop in
potential across its surfaces®?. However, the significantly
better agreement of the current results with experiments
suggests the suitability of the definition adopted here?8.
Also, the current definition enables the study of large cur-
vatures and the corresponding nonlinear response 289,

To get further insight into the results, considering repre-
sentative materials from each group, we plot in Fig. 3 con-
tours of electron density difference between the flat and
bent monolayers for bending along the x, direction. We
also present the charge transfer due to bending as deter-
mined via Bader analysis®*. Similar results for bending
along the x; direction can be found in the Supplementary
Information. Three key observations can be made from
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Page 5 of 8

Nanoscale
o33 A . < 016 -0.65
-0.33 S 0.14 J e
e e O AW %
0.00 0.01 Y N
0.33 V. 'y
0.38 )
0.4 ,
0.6 0.36 B
o @ Ldl * e Ar A
0 — - — - o = =) = - 0 0
o (@ ‘ = J | = T
08 036 0.4 | R
Gas (h1) Ws, (h2) Wse, (h2) WTe, (h2)
e f e
x3 o 5
-0.09 Ge
0.09 o

Ge (h3) GeSe (t1)

Fig. 3 Contours of electron density difference (integrated along the x; direction) between the flat and bent (k ~ 0.2 nm~

HFS, (t2)
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1y atomic

monolayers. The contours are plotted on the x,x3-plane in the undeformed configuration. The charge transfer due to bending, which
is shown near the corresponding atoms in the lattice structure, is obtained from Bader analysis %4.

these figures. First, charge transfer occurs from the com-
pressive side to tensile side of the neutral axis, indicating
that the origin of the flexoelectric effect for monolayers
is electronic rather than ionic. The rehybridization of or-
bitals is likely the underlying mechanism for this effect,
as previously suggested for graphene?8°953 and TMDs®4.
The charge transfer is similar for both bending directions,
resulting in similar flexoelectric coefficients. Second, the
electron density perturbations are localized near the nuclei,
resulting in atomic dipoles that accumulate to generate the
total radial dipole moment. The strength of these dipoles is
dependent on the atom’s polarizability, as evidenced from
the significantly larger charge transfer for Te compared to
S and Se in the tungsten dichalcogenides. Indeed, polar-
izability of S and Se are similar, both of which are signif-
icantly smaller than Te®®. Third, the atomic polarization
(i.e., atomic dipole per unit area) increases with distance
from neutral axis, as evidenced for the S atom in the var-
ious monolayers. This can be attributed to the increase in
stress with neutral axis distance.

The above observations suggest the flexoelectric coeffi-
cients for the monolayers is primarily determined by their
thickness, elastic modulus along bending direction, and
sum of polarizabilities of constituent atoms. The depen-

dence on atom polarizabilities is in agreement with liter-
ature”’-?8 where it has been proposed that the flexoelec-
tric coefficient is proportional to the dielectric permittivity,
which can be related to the atom polarizabilities through
the Clausius—-Mossotti relation®. Using the three features
listed above, we perform a linear regression for the flexo-
electric coefficients, the results of which are presented in
Fig. 4. Note that the thickness has been defined to be the
distance between the two atoms furthest from the neutral
axis plus an additional 11 Bohr (results insensitive to this
choice +4 Bohr). This choice is based on the typical out-
of-plane extent of atomic orbitals/electron density. Indeed,
the structural thickness so defined can differ from the ef-
fective thickness of the monolayer®. The regression fit
is very good, suggesting that the flexoelectric coefficients
for atomic monolayers are primarily decided by the three
aforementioned features. Though the quality of fit can be
further increased by using higher order polynomial regres-
sion (Supplementary Information), it can possibly lead to
overfitting, and hence not chosen here.

In Fig. 4, we perform a linear regression between the
flexoelectric coefficients and each of the aforementioned
features independently. The fits are not as good as with
the three-feature regression, suggesting that any one indi-
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Fig. 4 (a) Set of calculated transversal flexoelectric coefficients and its linear regression with the features being thickness, elastic
modulus along bending direction, and sum of polarizability of constituent atoms. (b), (c), and (d) Set of computed flexoelectric
coefficients and its linear regression with each of the features independently. In all plots, R> denotes the coefficient of determination

for the regression.

vidual feature is insufficient to make accurate predictions.
This is because of the inherent dependence of the flexoelec-
tric coefficients on all three features, further verifying that
they are all instrumental in determining the strength of
the flexoelectric effect. Indeed, the correlation coefficient
with each individual feature is proportional to the corre-
sponding coefficient in the three-feature linear regression,
indicating that monolayer thickness has the maximum im-
pact on the flexoelectric coefficient. Overall, though there
are a number of exceptions, the results suggest that the
flexoelectric coefficient generally increases with monolayer
thickness, elastic modulus along bending direction, and
sum of polarizability of constituent atoms. Indeed, given
the complex nature of the bonding in atomic monolayers,
ab initio DFT calculations such as those employed in the
current work are required for accurate predictions.

In summary, we have studied the flexoelectric effect
in atomic monolayers using first principles DFT. Specif-
ically, considering representative materials from each of
the prominent monolayer groups, we have computed the
transversal flexoelectric coefficients for fifty-four select
monolayers along their principal directions at practically
relevant bending curvatures using symmetry-adapted DFT
calculations. We have found that the monolayers demon-
strate linear behavior and have similar flexoelectric coeffi-
cients along both principal directions, with values for TMTs
being up to a factor of five larger than graphene. In addi-
tion, we have found electronic origins for the flexoelectric
effect, which increases with monolayer thickness, elastic
modulus along bending direction, and sum of polarizabil-
ity of constituent atoms.

Overall, this work provides an important reference for
the transversal flexoelectric coefficients for a number of
important atomic monolayers, and provides fundamental
insights into the underlying mechanisms. The flexoelec-
tric coefficients predicted here could prove useful in the
design of nanoelectromechanical devices, with the regres-
sion model in terms of the three aforementioned features

6| Journal Name, [year], [vol.],1—7

serving as a powerful tool for rapid preliminary searches
through large databases of two-dimensional materials. In-
deed, the symmetry-adapted DFT calculations employed
here, which can calculate the coefficient for a material
in a few minutes on a few hundred processors, are likely
to serve as a useful tool for searches through small to
moderate-sized databases. The study of the flexoelectric
effect in bilayer and multilayer materials, where tremen-
dously large coefficients have been predicted %%, is a wor-
thy subject for future research.
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