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First-principles theory and calculation of flexoelectricity
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We develop a general and unified first-principles theory of piezoelectric and flexoelectric tensor, formulated
in such a way that the tensor elements can be computed directly in the context of density-functional calculations,
including electronic and lattice contributions. We introduce practical supercell-based methods for calculating the
flexoelectric coefficients from first principles, and demonstrate them by computing the coefficients for a variety
of cubic insulating materials including C, Si, MgO, NaCl, CsCl, BaZrO;, BaTiO;, PbTiOs, and StTiOs.
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I. INTRODUCTION

Flexoelectricity (FXE) describes the linear coupling be-
tween electric polarization and a strain gradient, and is always
symmetry allowed because a strain gradient automatically
breaks the inversion symmetry. This is unlike the case of
piezoelectricity (coupling of polarization to strain), which
arises only in noncentrosymmetric materials. FXE was the-
oretically proposed about 50 years ago,' and was discovered
experimentally four years later by Scott’ and Bursian et al.’
The FxE effect received very little attention for decades
because of its relatively weak effects. Recently, it has attracted
increasing attention, however, largely stimulated by the work
of Ma and Cross*~'? in which they found that the flexoelectric
coefficient (FEC) could have an order of magnitude of «C/m,
three orders larger than previous theoretical estimations.'

A second reason for the revival of interest in FxE is that
strain gradients are typically much larger at the nanoscale than
at macroscopic scales. For example, a 1% strain that relaxes in
1 nm in a nanowire or nanodot has a strain gradient 103 higher
than for a similar geometry in which a 1% strain relaxes to
zero at the micron scale. Thus, FXE can have a significant
effect on the properties of nanostructures. For example, a
decrease in dielectric constant'"'> and an increase in critical
thickness!? in thin films was attributed to flexoelectric effects,
and the transition temperature and distribution of polarization
can also be significantly influenced.'* A giant enhancement
of piezoelectric response'> and energy harvesting ability'®
was predicted in thin beams. FXE was also shown to affect
the properties of superlattices'” and domain walls.'®2° For
example, domain configurations and polarization hysteresis
curves were shown to be strongly affected by FXE because
of giant strain gradients present in epitaxial films.”! A FxE-
induced rotation of polarization in certain domain walls
in PbTiO; was found,” and purely mechanical writing of
domains in thin BaTiO; films was demonstrated.”> Some
piezoelectric devices based on the FxE effect have been
proposed and their effective piezoelectric response has been
measured in Cross’s group.’*2® Recently, it was found that
a strain gradient can generate a “flexoelectric diode effect”?’
based on a very different principle from that of conventional
diodes, such as p — n junctions or Schottky barriers at metal-
semiconductor interfaces, which depend on the asymmetry
of the system. The continuum theory considering the FxE
effect was also developed recently for the nanodielectrics®®
and heterogeneous membranes. >3
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In order to understand the FXE response and to apply the
FxE effect in the design of functional devices, it is necessary to
measure the FECs for different materials. Clearly, itis desirable
to look for materials with large FECs, for direct applications
of the FXE effect. For other nanoscale devices, on the other
hand, it may actually be desirable to identify materials where
FxE is weak, so that unwanted side effects of strain gradients
are avoided.

Originally, FECs were estimated to be on the order of
nC/m and to scale linearly with static dielectric constant.!
Forty years later, Ma and Cross found that the FECs, as
measured by beam bending experiments (see Sec. IV C),
could be three orders of magnitude larger than this in some
high-K materials.*'” This work set off a wave of related
work by other groups using a wide variety of approaches.
Using the same technique as Ma and Cross, Zubko et al.?!3?
measured the FECs for single-crystal SrTiO3 along different
crystallographic orientations in an attempt to obtain the full
FEC tensor. They report FECs for SrTiOj3 that are on the order
of nC/m, much smaller than in previous experimental work.
They also found that it is impossible to obtain the full FEC
tensor through bending measurements alone, and that it is even
difficult to determine the sign of the effect. Another technique
to measure FECs is to apply uniaxial compression to a sample
prepared in a truncated-pyramid geometry, thus inducing a
strain gradient in the pyramid.'® This also measures some
kind of effective FEC, but does not easily allow for extracting
individual longitudinal components, due to the complicated
inhomogeneous strain gradient distribution. However, based
on this idea but using an inverse FxE effect, Fu et al.”
measured the FEC for Bag ¢7Sr( 33 TiO3 and obtained the same
results as those from the direct FXE effect. Hana et al. also
used the inverse FxE effect to measure the FEC for ceramic
PMN-PT (a solid solution of lead magnesium niobate and
lead titanate).>*3* By using a nanoindentation method, Gharbi
et al.® obtained the same order of FEC for BaTiO; as in the
work of Ma and Cross.’ Finally, Zhou et al.*® proposed a
method to measure the flexocoupling coefficient by applying a
homogeneous electric field. They found that the hysteresis loop
shifts due to FxE effect, and that it can be restored by applying
a homogeneous electric field. The size of the required electric
field was shown to be related to the flexocoupling coefficient,
and thus could be used to measure the FEC. This method
avoids the need to apply a dynamic mechanical load and may
increase the accuracy of measurement.
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On the theoretical side, efforts to understand the FxE effect
and to extract FECs from theory began with the pioneering
work of Kogan, who first estimated FECs for simple dielectrics
to be on the order of nC/m and to scale linearly with static
dielectric constant.! Twenty years later, Tagantsev developed
a model for FXE that was based on classical point-charge
models.*’3® The FxE response was divided into four contribu-
tions denoted as “static bulk,” “dynamic bulk,” “surface FxE,”
and “surface piezoelectricity.” The first-principles electronic
response was not accounted for in this theory, which focused
more on the lattice effects. The calculation of static bulk FXE
was later implemented by Maranganti et al.,* and FECs for
several different materials were obtained. The FxE response
of two-dimensional systems was also investigated by Kalinin
et al.** and Naumov et al.*!

The first attempt at a first-principles calculation of FECs for
bulk materials was carried out for BaTiO3 and SrTiO3; by Hong
et al.,*> who performed calculations on supercells in which a
longitudinal strain variation of cosine form was imposed. This
gives access to the longitudinal FEC 111, and implicitly
corresponds to fixed-D (electric displacement field) electric
boundary conditions. In this work, the positions of the Ba or Sr
atoms were fixed and other atoms were allowed to relax. Their
calculations include both electronic and lattice contributions to
the FECs, and their results show that FECs all take on negative
values. This method is limited to the longitudinal contribution
to the FEC tensor at fixed-D boundary conditions.

Inspired by Martin’s classical piezoelectric theory,*’
Resta* developed a first-principles theory of FxE, but it was
limited to the longitudinal electronic contribution to the FEC
response of elemental materials, and was not implemented in
practice. Shortly afterwards, Hong and Vanderbilt* extended
this theory to general insulators and implemented it to calculate
FECs for a variety of materials, from elementary insulators
to perovskites. This theory was still limited to the electronic
response, and only the longitudinal w1;;; components were
computed in practice. The calculations were at fixed- D bound-
ary conditions, and several practical and convenient methods
for achieving this were proposed. The results indicated that
the electronic FECs are all negative in sign and that they
do not vary very much between different materials classes.
This work also raised several important issues, such as the
dependence of the results on choice of pseudopotential, the
presence of surface contributions related to the strain derivative
of the surface work function, and the need to introduce a
current-density formulation, instead of a charge-density one,
to treat the transverse components of the FEC tensor.

More recently, Ponomareva et al.*® have developed an
approximate effective Hamiltonian technique to study FxE
in (Bag 5Sro5)TiO; thin films in the paraelectric state at finite
temperature. Parameters in the model are fit to first-principles
calculations on a small supercell in which an artificial periodic
strain gradient has been introduced. The authors computed
both the flexocoupling coefficients (FCCs, see Sec. IIH)
and FECs for (Bag 5S1(5)TiO3 films for different thicknesses
above the ferroelectric transition temperatures. Unlike some
of the previous theories, they found all of the FEC tensor
components to be positive. They provided evidence that the
dependence of the FEC tensor on thickness and temperature
basically tracked with the dielectric susceptibility, suggesting a
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strategy in which FCCs are computed as a “ground-state bulk
property” and the FECs scale with susceptibility. However,
since FEC calculations tend to be very sensitive to the size
of the supercell,*” their small supercell size may introduce
a significant approximation. They also did not attempt to
calculate the electronic contribution separately, and the role
of fixed-£ versus fixed-D electric boundary conditions was
not discussed.

In this paper, we present a complete first-principles theory
of flexoelectricity, based on a long-wave analysis of induced
dipoles, quadrupoles, and octupoles in the spirit of the work
of Martin* and Resta,** together with an implementation
via supercell calculations and a presentation of computed
values for a series of materials. We find that the flexoelectric
response can be divided into “longitudinal” and “transverse”
components, and that the treatment of the latter requires that
one go beyond a charge-response treatment to a current-
response one. The formalism for this is presented in detail
in Appendix A, but its implementation is left for future work.
Therefore, we present the longitudinal FEC tensor coefficients
in their full generality for our materials of interest, and in
addition we present some preliminary information about the
transverse components.

During the preparation of this paper, we learned that Stengel
has also developed a first-principles theory of flexoelectricity*’
that bears many similarities to the work presented here,
although the point of view is different in several respects.
Reference 47 does not describe an actual implementation of the
method in the first-principles context or present any numerical
results. Nevertheless, the two theories seem to be in agreement
on fundamental points, and we hope that they will strengthen
one another.

In the remainder of this Introduction, we emphasize five
points that should be kept in mind when comparing calculated
and/or measured values of FECs. Before proceeding, we refer
the reader to several useful review articles that have appeared
recently covering both experimental and theoretical aspects of
the study of flexoelectricity.'%-3848-50

First, as indicated above, there are two contributions to
the FECs: a purely electronic (or “frozen-ion”) contribution
associated with a naive set of atomic displacements that are
simply quadratic functions of their unperturbed positions, and
alattice (or “relaxed-ion”) contribution arising from additional
internal atomic displacements induced by the strain gradient.
Some of the previous theoretical work focused on the elec-
tronic part,*** while others focused on the lattice part,>’~°
and still others considered both implicitly but did not separate
them.*>#¢ In this work, we have developed a first-principles
theory which includes these two contributions explicitly, and
we have proposed a method to calculate them efficiently.

Second, the question of what, precisely, is meant by
“relaxed-ion” is subtle for FXE and is discussed in Sec. I F
and Appendix B. We find that the calculation of the lattice
contribution to the FECs depends on a choice of “force pattern”
applied to the atoms in the unit cell in order to preserve the
strain gradient, even after the induced internal displacements
have taken place. Itis possible to make different choices for this
force pattern. A mass-weighted choice appears to be implicit in
some previous work, and is also appropriate to the analysis of
dynamical long-wavelength phonons. However, other choices
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are possible, e.g., restricting the forces to the A atoms of ABO3
perovskites.*” We caution that it is not meaningful to compare
FECs computed using different force patterns. However, for
an inhomogeneously strained system in static equilibrium, the
stress gradient V - ¢ must vanish, where o is the local stress
tensor. In such a case, the total FXE response is not dependent
on the choice of force pattern since there is no ambiguity about
the meaning of relaxed atomic positions in this case. This
independence is confirmed by our numerical calculations.

Third, it is important to obtain all symmetry-independent
elements of the FEC tensor in order to understand the FXE
response in the case of an arbitrary strain distribution and
to aid in the design of functional FxE devices. However, it is
challenging to obtain the full FEC tensor for general materials,
which have 54 independent components.’! Even for cubic
materials, which have only three independent components,
there is still no straightforward way to measure the full FEC
tensor. Most first-principles calculations have been limited to
reporting the longitudinal component in cubic materials,***
although lattice (but not electronic) transverse components
have also been reported in some works.>® Here, we develop
a first-principles theory for the full FEC tensor. However, our
current implementation is still limited to longitudinal compo-
nents and to certain combinations of transverse components.
A formalism addressing the full set of transverse components
is presented in Appendix A, but the implementation of such an
approach is left to future work. Moreover, we limit our formal
considerations here to the case of isotropic dielectric materials
since the convergence of some moment expansions in Sec. Il A
does not otherwise appear to be guaranteed.

Fourth, the reader should be aware that there are many
different definitions of FECs in the literature. For example,
the FECs can be defined in terms of unsymmetrized strain,
which tends to be more convenient for the derivation of the
formalism, or in terms of symmetrized strain, which is more
convenient in connecting to experimental measurements. A
third object is the flexocoupling coefficient (FCC), which
appears directly in a Landau free-energy expansion. Aside
from the confusion caused by the physical distinction between
these objects, there is also the practical problem that different
symbols and different subscript orderings are used for the same
quantity in different papers, making it very confusing when
referring to the FECs appearing in different contributions to the
literature. To help clarify this issue, we define the various kinds
of FECs (based unsymmetrized versus symmetrized strain)
and the FCC, deriving the transformations that can be used to
convert between them.

Fifth, there is a well-known issue for FXE, namely, the
roughly three-orders-of-magnitude discrepancy between most
theoretical estimates and experimental measurements of the
FECs. Our work suggests that this gap can largely be closed
by paying close attention to the difference between FECs
computed at fixed £ versus at fixed D. This is important
mainly for materials such as BaTiO;3 that have a large and
strongly temperature-dependent static dielectric constant €°.
The basic idea is to look for quantities that scale only weakly
with temperature, calculate these from first principles, and then
use the experimentally known temperature dependence of €°
to predict the FXE response at elevated temperature. Indeed,
previous theory and calculations predict that the FECs should
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scale linearly with dielectric constant,'*’*¢ and experiments
have also verified this.3! Previous work has identified the
FCC as an object with weak temperature dependence that
can be used in this way; as derived from Landau—Ginzburg—
Devonshire (LGD) theory,**° the FCC is roughly the ratio
between the FEC and €°. Indeed, Ponomareva ez al.*® argue that
the FCC is “ground-state bulk property” that is independent
of the temperature and size of system. In this work, we point
out that the FECs computed at fixed-D boundary conditions
are also suitable for this purpose. They are, in fact, closely
related to the FCCs, as we shall see in Sec. ITH, but they
are more easily and directly computed from first principles.
Furthermore, we show formally in Sec. II G that the ratio of
the fixed-£ to the fixed-D FEC is just equal to €°. Therefore, the
strategy adopted here is to compute the fixed-D FECs at zero
temperature and to use the known temperature dependence of
€’ to make room-temperature predictions. Using this method,
we find that the FECs computed from our theory are much
closer to the experimental values, falling short by perhaps one
order of magnitude instead of three.

The paper is organized as follows. In Sec. II, we derive the
charge-response formalism for the first-principles theory of
piezoelectricity and FXE, including electronic and lattice con-
tributions, based on the density of local dipoles, quadrupoles,
and octupoles induced by a long-wave deformation. Careful
attention is paid to the lattice contributions, the choice of
fixed-D and fixed-£ electric boundary conditions, and the
form of the flexocoupling tensor and FxXE tensor in the case of
cubic symmetry. In Sec. III, we propose a supercell approach
for calculating the FEC tensor for cubic materials based on
the charge-response formalism. Using two supercells, one
extended along a Cartesian direction and one rotated 45°, we
obtain all of the longitudinal components of the response. In
Sec. IV, we report the longitudinal FECs for different cubic
materials at fixed D from our first-principles calculations.
The room-temperature FECs at fixed £ are also obtained by
using experimental static dielectric constants. The full FEC
tensor is also reported after introducing some assumptions. We
then compare our computed FECs with available experiment
and theoretical results. In Sec. V, we give a summary and
conclusions. Finally, in the Appendixes, we provide details
about three issues: the current-response formalism for full
FEC tensors (including longitudinal and transverse ones), the
definition and construction of the pseudoinverse of force-
constant matrix, and the treatment of O atoms in the cubic
perovskite structures.

II. FORMALISM

In 1972, Martin* introduced a theory of piezoelectricity
based on the density of local dipoles and quadrupoles induced
by a long-wave deformation (frozen acoustic phonon). In
recent years, Martin’s theory of piezoelectricity has essentially
been superseded by linear-response and Berry-phase methods
in the computational electronic structure community. These
approaches only require consideration of a single unit cell,
and are therefore much more direct and efficient. However,
they are derived from Bloch’s theorem, so that while they do
apply to the case of a uniformly strained crystal, they do not
apply in the presence of a strain gradient.
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To treat the problem of FxE, therefore, we follow Resta*
in returning to the long-wave method pioneered by Martin.*?
For flexoelectricity, this requires an analysis not only of
induced dipoles and quadrupoles, but also of induced oc-
tupoles. While parts of our derivations are built upon previous
work, 3738434330 e attempt here to present a comprehensive
and self-contained derivation.

A. General theory of charge-density response
We define

dp(r)
ou;re

Jr:(r =Ryp) = (1)
to be the change of charge density induced by the displacement
of atom 7 in cell /, initially at R;;, by a distance u;;, along
direction 7, keeping all other atoms fixed. We also define the
moments of the induced charge redistribution via

Q(IBT :/drra fIr(r)7 (2)
Q(I%:rﬁ Z/d”’a Sre(®)rg, 3)
Q(ligrﬁy z/drra flt(r)rﬂry- (4)

Note that Q® and Q® are symmetric under interchange of
apf or afy, respectively.

It is worth briefly discussing the electric boundary con-
ditions here. For the displacement of a single atom, we do
not have to specify fixed-£ or -D boundary conditions; we
just choose boundary conditions such that the macroscopic
potential and £ field vanish as =2 and 3, respectively. Since
the induced charge density is screened, Q" corresponds to
the Callen dynamical charge, not the Born one. If instead of
moving one atom we were to move an entire sublattice, the
Callen and Born charges would correspond to the application
of fixed-D and fixed-£ boundary conditions, respectively, In
this sense, we can regard the moment tensors OV, 0@, and
0 as being fixed-D quantities.

The convergence properties of Eqgs. (2)—(4) also deserve
some discussion. At large distances, the induced charge f;.(r)
is mainly induced by the dipole field £ o r 3, raising questions
about the convergence of the integrals in Eqs. (2)—(4) at large
r. Fortunately, f;.(r) also oscillates and averages to zero
on the unit-cell scale at large r, helping to tame any such
divergences, at least for the case of isotropic dielectrics (i.e.,
cubic materials). This is less clear when the dielectric tensor
is anisotropic, so we accept Egs. (2)—(4) as being well defined
for isotropic dielectrics and focus on this case in the rest of
this paper.

We now introduce the unsymmetrized strain and strain
gradient tensors, defined as

0l
Nap = oy’ )
vy = et Ot ©)
By ory, argor,

(here we think of r as a spatial coordinate in the continuum
elasticity sense). Note that n.p is not generally symmetric
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(Map # Npa), While vug, is only symmetric in its last two
indices (Vogy = Vayp)-

We now consider a long-wavelength displacement wave
(“frozen acoustic phonon”) of wave vector K in the crystal, so
that the strain and strain gradient are given by

u@(r) = upe’™", 7

the displacement u, strain », and strain gradient v are

Ue(r) = ugy ™", (8)
Nap(r) = itgeks €™, )
Vapy (1) = —uogkgk, ™" (10)

To a first approximation, the atom displacements will follow
the nominal pattern of Eq. (7), but the presence of the strain and
strain gradient may induce additional “internal” displacements
such that the the total displacement of atom 7 in cell / is*?

wy = (W +ul’ +uf) ™R (1)

Here, u® is the “acoustic” displacement of the cell as a
whole (independent of atom index I), u(ll) is the additional

displacement induced by strain », and u(lz) is the additional
displacement induced by strain gradient v. That is,

uly) = Trepy npy. (12)

ufy = Nicpys Vgys. (13)
where I';;, is the internal-strain tensor describing the addi-
tional atomic displacements induced by a strain, and Njg,s
is the corresponding tensor describing the response to a strain
gradient. Note that we adopt an implicit sum notation for Greek
indices representing Cartesian components of polarization,
field, or wave vector, such as 8y 4§ above, although we will
always write sums over the atomic displacement direction ©
explicitly.

We shall see in Sec. IIF how I';.g, and Njg,s can be
related, via the force-constant matrix, to force-response tensors
Ay, and Tj.p,s describing the force Fy, induced, respec-
tively, by a strain or strain gradient. This is straightforward
for A, but we shall see there that an ambiguity arises for N.
Deferring this issue for now, we substitute Eqgs. (9) and (10)
into (12) and (13) to find

ul) = ug, ™R, (14)
uy) = iT ey uopky N1, (15)
ul? = —Nypys uopky ks ¥R (16)
Defining
Wig(K) = 8.5 + il 128y ky — Nrcgys kyks, a7
Eqg. (11) can be written as
Uire = Wieg g €™ 81 (18)

Then, we can write the induced charge density at r as

p(r) =" frec =Ry uy

1754

=" free = Ri)Wyegugg ™™ (19)

1754
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and compute its Fourier transform as

pk) =V~ f dr p(r) e
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1 ,
- chl Z Wlfﬂ(k)(ﬁ Z / dr f1.(r — Rll)elk-(rR”)>u0ﬂ
It 1

=V erﬁ(k)(/dl'/ flr(l’/)e_ik'r/)uoﬁ- (20)
It

(In going from the second to the third line above, we change the integration variable to r' = r — R;;, notice that the result is
independent of /, and cancel ), against N, where N is the number of cells of volume V; in the total system of volume V.%%)

Thus, we have

p®) = V'Y Wiep(K) fre(K) uop, @)

It

where the Fourier transform of f;.(r) is

S (k) = /‘drflt(r)eiik'r

1 1
= /dr f,r(r)(l —ik,r, — Ekukvrurv + Ei kykokoryrore + -+ ) (22)

Keeping terms up to third order in k, we get

fre®) = =ik Qf), — 3 kuky Q7)) + §i kukiko Q1) (23)
where the neutrality of the induced charge f;.(r) has been used to eliminate the zero-order term.
Plugging Egs. (17) and (23) into Eq. (21), we obtain an overall expansion of p(k) in powers of wave vector k. The linear-in-k

(6]

term vanishes by the acoustic sum rule in the form ), Q;}; A

1
_ (1) (2)
pk) =V, ! ZI: [Z Qe Uiepy kuky — leuﬂvk#kV

=0, so we get

Je

. 1. 1.
+v Y [, > 0% Niepys kukyks — 5 > 0% Trpykukoky, + ng(IijﬁwkMkvkﬂ]uoﬁ o (24)
1 T T

We now want to relate this to the polarization P, in terms of
which we can define the (unsymmetrized) piezoelectric and
flexoelectric tensors as

P, 25)
eupy = ——
By 87’}/3)/
and
0P,
Hapys = (26)
By avﬂy&
so that
P, = eqpy Npy + Kapys Vays + -+ - 27

Note that vg, s is symmetric in its last two indices y 3, so that
Hagys 18 not uniquely specified by Eq. (27); to make it so, we
adopt the convention that pi,g,s is symmetric in y§ as well.
For the wave in question we find, using Eqs. (9) and (10),

Poz(k) = €aBy i Uop ky + Mapys (_u()ﬂ)kyk5 + - (28)

Using Poisson’s equation in the form p(k) = —ik, Py (k), we
obtain

/O(k) = €aBy kozky Uop +i Mapys kakyk5 Uop +- (29)

I
Now, the strategy is to compare Egs. (24) and (29) term by
term in powers of k. Since the equation must be true for all

ug vectors for a given k, equating the second-order-in-k terms
gives

_ I [JPNG)
eapy kaky =V, ! Z |:Z Q(l;zrrlrﬁy kuky — EQ(l;ﬁvkﬂkV )
1 T
(30)
and similarly at the next order

Hapys koz k;/ kS

- 1
=V Z |:Z Q(I;ierfﬁyﬁ kyuky ks
1 T

1 1
- 5 Z Q(Iz;zwrlrﬂykukvky + EQ(IijﬂvakMkvk”} :
(€29)

These equations describe the piezoelectric and flexoelectric
responses, respectively.
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B. Piezoelectric response

We begin with the piezoelectric case. From Eq. (30) it
follows that

1
- (¢)) - )
eapy = V' ) QtaeTrepy — SV 'Y Qlapy + Aapy.
1
(32)

where Agg, is antisymmetric in the first and third indices but
otherwise arbitrary. The first two terms represent the lattice and
electronic responses, respectively. The third vanishes under the
symmetric sum over «y on the left side of Eq. (30), and serves
as a reminder that the forms given in the first two terms may
not be fully determined. There is little danger of this regarding
the first term, which has a transparent interpretation in terms of
dipoles associated with strain-induced internal displacements
of the atomic coordinates. Thus, we can write

Cupy = €, + €p, s (33)

where the lattice contribution

aﬂy - V IZ Q(IBIFITIS}’ (34)

is denoted “1d” for “lattice dipole.” The absence of a correction
term in Eq. (34) is demonstrated in Appendix A. In the

electronic term eaﬁy, however, a correction having the form

of Agg, can not be discounted; relabeling A as e, we obtain
| — ) LT
aﬁy = _EV Z Ol apy T €apy - (35
An explicit expression for eaﬂy is given in Appendix A.

We denote the first (symmetric in @y) and second (an-
tisymmetric in ay) terms of Eq. (35) as the “longitudinal”
(L) and “transverse” (T) parts, respectively. To clarify this
terminology, note that a given deformation of the medium
will generate a polarization field P(r) whose longitudinal and
transverse parts are defined as the curl-free and divergence-free
portions, respectively, so that any piezoelectrically induced
charge density p = —V - P comes only from the longitudinal
part. But, a simple calculation shows that

O Po(¥) = 0oy Tpy) = Capy Vpay = g, Vpay>  (36)

where the symmetry of vg,, under ay is used in the last
step. This shows that the “symmetric” and “antisymmetric”
parts of eqg, are indeed just the longitudinal and transverse
contributions, respectively.

Recall that this is the piezoelectric response to the unsym-
metrized strain tensor of Eq. (5), and so contains responses to
the rotation of the medium as well as to a symmetric strain.
Defining the symmetric and antisymmetric parts as

€ap = (Nap + Mpa)/2, 37)
Wep = (Nap — Npa)/2, (38)
and con51der1ng the general case e, = e s+ eaﬁy (with

eS and e?, respectively, symmetric and antlsymmetrlc under
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indices 'y ), one finds that
Py = egﬂy €py + e;\ﬁy Wgy . 39

Here, the antisymmetric part corresponds to the change
of polarization resulting from rotation of the crystal, and
thus contributes to the “improper” piezoelectric response.’?
However, the improper response also includes symmetric
contributions (e.g., from volume-nonconserving symmetric
strains), so the “proper” piezoelectric tensor can not simply
be equated with egﬂy. After a careful analysis that made use of
sum rules associated with uniform translations and rotations
of the lattice, Martin®® was able to show that the proper
piezoelectric response is given by Egs. (33) and (34) with
Eq. (35) replaced by

el .prop __ 1 @) (2) (2
Caty —‘V Z Qlapy = Qiyep T Qupyal-  (40)

Thus, while it is far from obvious, it turns out that the proper
piezoelectric tensor depends only on the symmetric parts of the
response. This is consistent with simple counting arguments:
the tensor describing the polarization response to a symmetric
strain has 18 independent elements, as does Q lapy-

Interestingly, the distinction between proper and improper
responses does not arise for flexoelectricity, which is defined
in terms of the polarization at a point in the material at
which n4p is zero (although the strain gradient is not). Also,
while the symmetrized strain tensor contains less information
than the unsymmetrized 7n,p (six elements versus nine), this
is not true of strain gradients. Instead, the symmetrized and
unsymmetrized strain gradients contain the same information
(18 unique elements) and are related by>*

9%u de o€ de
po_ 9y | e ey

Vpys = = 41
by or, ors org ar, drg “1)
In this one respect, the treatment of the flexoelectric response

is actually simpler than for the piezoelectric one.

C. Flexoelectric response

We turn now to the flexoelectric response. The general
solution of Eq. (31) is

Hapys = Vi Z Q(Ioerlrﬁya

(@) (@)
- _V : Z Qlatérlfﬂy + Qlozryrlfl%)

+ gvc*‘ > 00 s + Bupys. (42)
1

where the Q® term has been symmetrized to obey the
requirement that g, s be symmetric in y§, and B,g, s is an
extra “antisymmetric” piece. For our purposes, we define the
“symmetric part” of Xqg,s (that is symmetric in its last two
indices) to be

Xogys = 3(Xapys + Xypsa + Xspay) (43)

and the antisymmetric part to be X* = X — X5. So, we are
allowed to add an extra antisymmetric term B = B to Eq. (42)
because it will vanish under the sum over @y § in Eq. (31).
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Clearly, Eq. (42) contains three terms, two of which involve
lattice responses. We write

1d Iq 1

Hapys = Hggys + Hapys + Mgﬂ}/av (44)
where the terms on the right side are the lattice dipole, lattice
quadrupole, and electronic terms, respectively. Writing these
explicitly,

iy = V'Y 050 Nicys., (45)
It

1
lg -1 Z 2 2 lg,J
H’aﬂy& - _ZVC (Qlotnirlfﬁ)’ + QIar)/F[TﬁS) + H’aﬂy&’
It

(46)
1
e — 3) 1,
Hapys = SV D Qlapys + Hagiys: 47)
1

where the last terms in Eqs. (46) and (47) are extra antisym-
metric contributions and !9’ 4 ¢ corresponds to the B
term in Eq. (42). The label “J” indicates that these terms arise
from the current-response formulation given in Appendix A;
explicit expressions for these corrections, and a demonstration
that no correction is needed for Mld, are given there.

Let us emphasize again the physics of these corrections.
First, we can straightforwardly extend the discussion at the
end of the last section to the case of flexoelectricity. In place
of Eq. (36) we find

0y Py (1) = azx(,uaﬂyé vﬁyé)
= Hapys hﬂay&

— Mzﬂys hﬂay&s (48)
where
8775)/5 831/!/3
h o = = 49
pays ory 0rq0r, drs 49)

is fully symmetric in the last three indices ay§. It again
follows that “symmetric” and “antisymmetric” correspond to
“longitudinal” (L) and “transverse” (T), respectively.

Now, the essential problem is that the charge density
appearing in Eq. (19), used as the starting point of the
derivation given above, is only sensitive to the longitudinal
response since it only depends on the divergence of P(r). Thus,
the expression given for the FEC tensor in Eq. (42), excluding
the final antisymmetric B,g,s term, must contain all of the
longitudinal response, but may contain only part of, or may
omit altogether, the transverse response. A simple calculation
shows that the Q"' N and Q@ T terms in Eqgs. (45) and (46)
do contain transverse parts, while the 0 term in Eq. (47)
does not. The last terms in Eqs. (46) and (47) are contributions
to the transverse parts 1'¢T and u®7 of the lattice-quadrupole
and electronic responses.

While the transverse parts ©'¢" and ©®-' make no contri-
bution to the induced internal charge density p(r), this does not
mean that the transverse terms have no physical consequence.
Polarization-related bound charges also arise at surfaces and
interfaces of the sample, and these can depend on the transverse
as well as the longitudinal part of the flexoelectric response, as
occurs for example for beam-bending geometries as discussed
in Sec. IVC. Thus, a full theory of flexoelectricity should

1q,T el, T
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contain both contributions, as derived in Appendix A. In
the remainder of this paper, however, we concentrate on
computing the longitudinal contributions alone.

Finally, we note that the need for transverse corrections is
also evident from counting arguments. For example, looking
at the electronic contribution of Eq. (47), we can see that
/Lzlﬁy s has 54 independent tensor elements (3 x 3 x 6 since it

is symmetric under y §) while Q(,ifﬁy(; has only 30 (3 x 10since
itis symmetric under oy §). Thus, the Q moment tensors do not
contain enough information to fully specify the flexoelectric
response. On the other hand, the symmetric (i.e., longitudinal)

part of ¢! has only 30 independent elements and can thus be

captured by Q(Izﬂy 5

D. Crystals with cubic symmetry

For crystals with full cubic point symmetry, the piezoelec-
tric tensor vanishes by symmetry and the flexoelectric tensor
Wapys has only three independent elements,' namely, 111,
W1221, and fe1122. Others related by interchange or cycling of
Cartesian indices are equal (e.g., (1221 = p3113) and those with
any Cartesian index appearing an odd number of times (e.g.,
M1223) vanish.

Using these relations and Eq. (49) we can explic-
itly write —p(r) = A i1 + B 22 + C iz with A =
hiin + hooon + h3azz, B = hyo + hoony + hiiss + hazin +
hy333 + hizp, and C = 2B. The internal bound charge result-
ing from the flexoelectric response to the deformation is then
proportional to A 1111 + B ((t1122 + 2141221)- This motivates
us to define a new set of three coefficients as

MLl = M1111, (50)
M2 = p1122 + 21221, (51
UT = M1122 — H1221- (52)

Here L1 and L2 indicate longitudinal terms which contribute
to the internal bound charges in proportion to combinations A
and B, respectively, while T indicates a transverse term. Thus,
we see that a general cubic material is characterized by two
longitudinal and one transverse flexoelectric coefficient. For a
material such as glass that has isotropic symmetry, one finds
that w1111 = (122 + 21221, i.€., (L1 = pr2, in which case
there is only one longitudinal coefficient. Thus, we can think
of A = uy» — up1 as a measure of the anisotropy of the cubic
medium, which shows up only in the longitudinal response.
In general, the flexoelectric response of a cubic crystal can
have contributions from all three terms in Eq. (44). However,
as we shall see in Sec. I F1, the lattice-quadrupole term of
Eq. (46) vanishes in simple cubic materials including those
found in rocksalt, cesium chloride, and perovskite crystal
structures. This term can be nonzero in more complex cubic
materials, such as spinels and pyrochlores; the technical
requirement is the presence of zone-center Raman-active
phonon modes, or equivalently, the existence of free Wyckoff
parameters. This will be discussed further in Sec. IT F1.

E. Definitions in terms of symmetrized strains

There are many different definitions of FECs in the
literature. Up until now, we have been working with the
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unsymmetrized strain tensor n,s = du,/drg and its gradient
Vopy = 0nqg/0r, defined in Egs. (5) and (6); this form is con-
venient for formal derivations and for practical calculations,
and corresponds to the p in Refs. 39, 45, and 55, and the f
in Ref. 38. On the other hand, the FEC related to symmetrized
strain is convenient for experimental measurements; see, e.g.,
ginRef. 54, f in Refs. 21-23, 31, 42, and 56, u in Refs. 4-10,
25, 26, 35, 44, 46, 57, and 58, and F in Ref. 51, and y
in Ref. 59. Researchers sometimes use different definitions
without emphasizing their relations. Complicating matters
further is the fact that different conventions are frequently used
in the literature for the order of the four subscript indexes of the
FEC tensor, both for unsymmetrized and symmetrized strain
cases, which can cause confusion especially for the transverse
components. In this section, therefore, we clarify the relations
between the unsymmetrized and symmetrized formulations
following the analysis in Zubko’s thesis.** Throughout our
paper, we use the notations p and g for the FECs de-
fined in terms of unsymmetrized and symmetrized strains,
respectively.
We define the gradient of the symmetrized strain as

s aeﬂy

VBys = 5

1
. = E(Vﬂyé + vy85)- (53)

Note that vy s is symmetric in the first two indices By, while
instead vg,s is symmetric in the last two indices y§. The
inverse relation to the above equation is

2
Vpys = s _ Viys + Visy = Vyspo (54
ar, drs Y vy

which appeared earlier as Eq. (41). In the context of sym-
metrized strains, we then define the flexoelectric coefficient
8upys to obey (note the order of indices)

Py = Zaspy Vpys- (55)
Comparing this with
Py = Wapys Vays, (56)
it follows that
Zuspy = Mapys + Hapsy — Haspy- (57)

Recall that we defined ttep,s to be symmetric in y§ by
convention. Then, g,sp, as given by Eq. (57) is not generally
symmetric in its own last indices By .>* Alternatively, we may
define

= %(g’aéﬂy + g(xsyﬂ)
= Wapys + Hayps — Haspy - (58)

8asBy

This is symmetric in y, making it a more natural definition in
the symmetrized-strain context, where also vg, ; is symmetric
in By. In this case, however, the fi,g, s that is related to gqsp,
by the analog of Eq. (57) is no longer symmetric in its own
last indices y§. By convention, 1 and g are usually used
in the unsymmetrized-strain and symmetrized-strain contexts,
respectively, so Eq. (58) should be used to do the conversion
instead of Eq. (57).%°
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For a cubic system, we have

g1111 = M1111» (59)
81122 = 21221 — K112, (60)
81221 = MK1122, (61)

and the flexoelectric coefficients defined in Egs. (50)—(52) can
be written as

ML1 = g1111, (62)
Mo = gui22 + 281221, (63)
pr = —3(gn2 — g1221)- (64)

F. Lattice contributions

We return now to the lattice (or “relaxed-ion’’) contributions
to the flexoelectric response, given by Eqs. (45) and (46),
neglecting now the current-response contribution to the latter.
In Sec. IT A, we defined

dujy

Flrﬁy = a"}ﬂ s (65)
14
au(z)

NITﬂytS = Bvﬁha’ (66)
Y

which are the “internal-strain” tensors describing the displace-
ments of the atoms in response to a strain or strain gradient,
respectively. Correspondingly, we define

0F;,
Alrﬂy = m’ (67)
Y
oF
Trepys = Vﬂl;, (68)
Y

representing the forces appearing on the atoms due to a
homogeneous strain or strain gradient.

For the strain-induced case, we assume that the atoms adjust
to their equilibrium positions as the strain is applied. The force
balance equations then take the form 0 = d Fy, /dng,, or

IF dF; oul)),
0= T > .
By It au_]f/ ’7/3;/

= Aregy — Y Kirw Trvpy, (69)
Jt/
where
0F
KII,JT’ = - i (70)
8uh

is the zone-center force-constant matrix. It follows that

Lrepy = Z(K_l)lr,lr’ Ajepy, (71)
Jt'

where (K ') is the pseudoinverse of K (see Sec. II F2). When
inserted in Eq. (34), this gives the standard result for the lattice
piezoelectric response

— 1 —
ens, = Vo' DY Qe (K Diese Ayogy.  (72)
It,Jt’
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and a similar substitution can be made in Eq. (46) for the
lattice-quadrupole flexoelectric response to get

2

Hapys = — Aoy oo, (13)

It,Jt

where the “...” refers to the term with (y,8) interchanged.
For the lattice-dipole flexoelectric response of Eq. (45), we
would similarly like to write the force-balance equations

O: aF[f Z aFIT BM(JZT),

dvgys du'?, dvpys
= Tiepy — Z Kic g Nyvgy, (74)
Jt/
which would lead to
Nlrﬁyé = Z(K_])IT,J‘L" TJr’ﬁva (75)

Jt/

so that Eq. (45) becomes

— 1 —
wigs = Vo' Y 0% (K Diegw Tropys.  (76)
It Jt

This is how we calculate lattice flexoelectric response in this
work; we first compute QV, K, and T from our first-principles
calculations, and then combine them via Eq. (76).

Strictly speaking, however, Eq. (74) has no solution, for the
simple reason that a true force balance is not possible: relaxing
the atoms to their equilibrium positions would erase the strain
gradient. Formally, the problem is that when summed over the
atom index I, the first term of Eq. (74) is generally nonzero,
while the second vanishes by the acoustic sum rule. Physically,
the problem is that a strain gradient is always accompanied
by a stress gradient, which in general gives rise to a force
density. Thus, external forces, not accounted for in Eq. (74),
need to be applied to the atoms in each unit cell in order to
oppose this force density. As will be discussed in Sec. I1F2,
we can still use Eq. (75) as long as K~! is replaced by an
appropriately chosen pseudoinverse. There is some freedom
in the choice of this pseudoinverse, but physical results for
static deformations, such as the beam-bending configurations
discussed in Sec. IV C, will ultimately be independent of this
choice.

Finally, following Tagantsev,?’ we note that the zone-center
force-constant matrix K. ;.- and the force-response tensors
Aregy and Tyrg,s can themselves be written in a manner
somewhat parallel to (2)—(4), but this time as moments of
the full force-constant matrix

oty — _9Fore (77
" Uy
Using

IF, dFore ul)

Arpy = 50 =) - =0 (1)
Mgyt duigy sy
8F0, aF()] BM(O)T,

Tiepys = L= Z £t (79)

- 0 ’
Wpys S o)), Ivpys
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it follows that

Kiejo =y o, (80)
1
Appy ==Y @4 AR, 81)
1J
Tlr,Bya __Z@ZIJ RIIJ AR(ISIJ, (82)

where ARZ I = (R — R()])/g As areminder, [/’ are unit-cell
labels whlle 1J and 71’ are atom and displacement-direction
labels, respectively. Regarding the convergence of these sums
at large AR, considerations similar to those discussed below
Egs. (2)—(4) apply. The practical calculation of the elements
of the T tensor will be described in Sec. IIT A, where Eq. (82)
takes the form of Eq. (116) after being adapted to the supercell
context.

1. Transformation to mode variables

In simple binary crystals such as NaCl or CsCl, the above
formulas can be used directly. For more complicated crystals
such as perovskites, however, it is useful to carry out a
transformation to symmetry-mode variables. Here, we briefly
sketch the transformation to an arbitrary set of mode variables,
and then discuss in particular the case of symmetry modes
chosen according to the irreducible representations (irreps) of
the zone-center force-constant matrix.

Let&; (j =1,...,3N) be a set of mode variables that are
related to the 3N atomic displacements according to

E = Ajcun, (83)
It

with A; ;. expressing the linear transformation from one basis
to the other. The inverse relation is

e =Y (A& (84)
J

Then, using a tilde to indicate quantities expressed in the mode
representation, the various quantities of interest transform
as

Q') = Z(A )ie; OV, (85)
05 = Z<A Dir Qo (86)
K=Y (A A Kingen 87)
IJtt'
Rigy =3 (A Ve Aregy. (88)
It
J/g)’lS Z(A )Ir J T[rﬁy&- (89)
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Then, Egs. (34), (45), and (46) become

o =V 2 Q5 i (90)
H’igﬂyé =V 12 Q(l) Nijgys. oD

N2 T A2 T
aﬁy& = __V ! Z Q]océ F]ﬁ?’ + Qjay Fj/%)’ (92)

where Eqs. (71) and (75) have been replaced by
i::iﬁy = Z(E_l)ij Kjﬁya (93)
J

Nigys = Y (K i Tipys. 04)
j

Note that the 1'% term of Eq. (46) has been omitted in Eq. (92)
above, but can easily be restored by converting J 1(10[?? of
Eq. (A25) into the mode representation in a manner analogous
to Eq. (86).

This formulation becomes especially advantageous if the
mode variables are chosen to be symmetry adapted. Let us
relabel the modes as j — {soa}, where s is the irrep label, o
labels the copy of the irrep if there is more than one, and a =
1...my (myis the dimension of irrep s ) labels the basis vectors.
Then, the zone-center force-constant matrix K is diagonal in
sanda,

E‘wa,x’a’a’ = 5ss’ (Saa’ E;o‘” (95)

and its pseudoinverse can be written similarly but using &;!
which is the m; x m; pseudoinverse of k°. In this notation, we
have

1 1 —
otﬂy = V Z Qg(r)a o ks oo’

soo'a

-1 1 -
Vc Z Q(m)a a ks oo’

soo'a

_ 1 N2 i1 ~
aﬁy& ——V Z QmaaS s,00'

soo'a

~(2) 1
+ QS(T&,Q}/ k& oo’

w ‘a,By (96)

Hapys = Torapys:  (97)

Asora,py

Asoraps)- (98)

It is clear that é(l), which describes the electric dipole
appearing in response to a mode displacement, behaves like a
Cartesian vector, and so will only be nonzero for vector irreps.
Thus, the sums over s in Egs. (96) and (97) can be restricted to
irreps of vector character, and A and T need only be evaluated
for these, i.e., for infrared-active modes. For cubic materials,
there is just one such irrep, namely, T}~ (also known as I'[5).
It is well known for piezoelectricity that only infrared-active
modes contribute, but the above makes it clear that the same
is true for the lattice-dipole flexoelectric response.

As for the lattice-quadrupole contribution in Eq. (98), Q(z)
describes the electric-quadrupole response, which has the
character of a symmetric second-rank tensor and thus only
couples to quadrupolar or fully symmetric irreps. These are
precisely the ones displaying Raman activity, so we can restrict
our attention just to Raman-active modes when computing 1'9.

In this paper, we consider three types of cubic crystals. First,
for C and Si in the diamond structure, the dynamical charges

PHYSICAL REVIEW B 88, 174107 (2013)

vanish so that ¢! and ;' vanish. Of course, ¢°! also vanishes as
the crystal is not piezoelectric. However, 1'9 does not vanish
because the zone-center optic mode has 7," (I's 5) symmetry

and is Raman active. The symmetry is such that Cigpy =

2 2 .
—Iapy =V €apy> Q(la)ﬂy = Q( ) = q £qpy (Where ¢ is the

fully antisymmetric tensor and “1 3 and “2” label the two atoms
in the primitive cell). It is a short exercise to show that pup; =
uro = 0 and utr = —3y¢q/2V.. In these materials, therefore,
ur1 and pyo have only electronic contributions, while pt has
both electronic and lattice-quadrupole contributions.

Second, we consider binary materials in the rocksalt or
cesium chloride structure. The zone-center modes consist of
two copies of the T;™ (I'}5) irrep, which is not Raman active.
In this case, uri, Mr2, and wr all have contributions from
electronic and lattice-dipole terms only.

Third, we consider perovskite ABO3; compounds. Here,
the zone-center modes comprise four copies of the IR-active
T, (I'}5) irrep, plus one T, (I',5) irrep that is neither IR nor
Raman active. The situation is therefore similar to the binary-
compound case, with pp;, i, and wr having electronic
and lattice-dipole contributions only. Two of the 7| irreps
correspond simply to displacements of the A or B atom, while
the other two correspond to particular linear combinations of
oxygen displacements. The symmetry-mode treatment of the
oxygen displacements in the perovskite structure is detailed in
Appendix C.

Note that more complex cubic crystals, such as spinels
and pyrochlores, may have both IR-active and Raman-active
zone-center modes. In particular, any cubic crystal having one
or more free Wyckoff coordinates has Raman-active AT (IT)
modes. For such materials, wr;, (s, and pwr may all have
contributions from all three terms in the flexoelectric response.

2. Pseudoinverse of force-constant matrix
and force-pattern dependence

Recall that the force-response tensors I and T of Egs. (67)
and (68) need to be converted into displacement-response
tensors A and N of Egs. (65) and (66) via the application of
a pseudoinverse as in Egs. (71) and (75), respectively. For the
piezoelectric response, this is straightforward because A obeys
the acoustic sumrule, i.e., Y, Aj-p, = 0. This reflects the fact
that a uniform strain induces no net force on an entire unit cell.
Unfortunately, this is not true in general for 7', which describes
the force response to a uniform strain gradient. In general,
such a strain gradient is accompanied by a stress gradient,
i.e., a force density proportional to V - o. This means that
> Tizpys # 0 in general, and the definition and application
of the pseudoinverse in Eq. (75) is more subtle.

For the present purposes, we can regard the force Tj.gy s
induced by a strain gradient vg,s as an “external” force f;,
and we have in general that b, = ), f7** # 0. We would like
to find a set of displacements u;, obeymg

ext ZKIT Jv Ujr =0. (99)

We know this is not possible, however, since K obeys the
Acoustic Sum Rule (ASR) >, K;;.jr = 0, so applying ),
on the left-hand side yields b,. Therefore, the best we can
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hope to do is to find a solution to

ext
It — E KI‘L',JT’”J‘L" :b‘c wy
Jt/

(100)

instead, where the w; are a set of weights obeying >, w; = 1.
These weights describe the residual force pattern that is left
after the displacements u;, are applied, and we have freedom
to choose these as we wish. For example, setting w; = 0except
for w; = 1 would establish that we seek a displacement pattern
that makes the force vanish on all atoms in the cell except atom
1. A more natural choice is the “evenly weighted” one given by
w; = 1/N for all 1, which asks for displacements that leave
an equal residual force on every atom. A third possibility is the
mass-weighted choice w; = M;/ My where Moy = > ; M; is
the total mass per cell. This choice does affect the computation
of the individual FEC tensor components because the dynam-
ical charges Q" appearing in Eq. (76) depend on atom I,
thus yielding a different response to different displacements.
In Sec. IV, we normally present our results for the second and
third of the choices discussed above (evenly weighted or mass
weighted), which appear to be the most natural ones.

In Appendix B, we explain how to define and compute a
pseudoinverse J }:br, to K. j having the desired property
that

_ [w] ext
Upe = E :JII,Jr’ Jr/
Jt/

(101)

solves Eq. (100). The superscript [w] appears on the pseudoin-
verse to emphasize that it is not unique, but depends on the
choice of force pattern embodied in the weights w;. We then
use this pseudoinverse J!! in place of (K~!) in Eq. (75) or
(76).

The freedom in the choice of the force-pattern weights w;
seems disconcerting at first sight, but we emphasize that any
physical prediction of our theory is either independent of this
choice, or else determines it in an obvious way. For example,
consider a static deformation u(r) such as that occurring in
the beam-bending configuration discussed in Sec. IV C. In this
case, a combination of different strain gradient components
Vgys is present, and while the net force per unit cell arising
from just one of these components may be nonzero, it must
be canceled by those associated with the other components.
Thus, individual FECs such as g111; and g1122 in Eq. (125) may
be force-pattern dependent, but the effective coupling g will
not be.

Alternatively, consider the case of a crystal that is in static
equilibrium under the force of gravity, as for a sample sitting
on a tabletop. A uniform strain gradient v333 is present because
the force of gravity provides a downward external force f
along the vertical direction, compressing the bottom of the
sample more than the top. The polarization induced by this
strain gradient is admittedly small, but so is the strain gradient
itself, and the ratio between these defines a FEC. Clearly,
this FEC should be computed using the mass-weighted choice
of force pattern since gravity applies forces in proportion to
masses. The mass-weighted choice is also appropriate to the
study of the dynamics of long-wavelength acoustic phonons
since the force needed to accelerate an atom during its acoustic
oscillation is again proportional to its mass.
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G. FEC under different electric boundary conditions

Up to now, we have not been careful to distinguish quantities
defined at fixed electric field £ from those defined at fixed
electric displacement field D. Most of our calculations are per-
formed under fixed-D boundary conditions, but experimental
results are typically reported in terms of fixed-£ coefficients.
In this section, we give the relationships between the two kinds
of quantities, which will be denoted with superscripts “D” and
“E” to specify the type of electric boundary conditions under
which they are defined.

The relationship between the fixed-£ and fixed-D FECs
follows from

D dP,
Habrs = dups [ oo
_ 0P, P, 3E,
s leco 06 Vpys Ipog
= Wy = 47 K o :;

= Miﬁy& — 47 Yo Mﬁgy(s- (102)

In the third line above, we introduce the (full lattice plus
electronic) dielectric susceptibility x,, = 9 P,/9E, and use
D = £ + 47 P. Moving the 47 x 1P term to the left-hand side,
this becomes

0 D &
9 H’Aﬁy& = I’Laﬂy(S’ (103)

where 62A = 845 + 47 x4y is the static dielectric constant.

In the above derivation we assumed that the atoms could
relax in response to the applied strain gradient, arriving at
Eq. (103). The entire argument can be repeated for the frozen-
ion FECs, in which case x and € are replaced by x°' and €%,
respectively, leading to

el,D el,&

€0 Hopys = Mapys- (104)

Introducing the Born effective charge tensor Z%, =
V.(0 P,/du;.)|s and the Callen effective charge tensor Z ,[f” =
Ve(@Py/dur)|p = (ex)ap z,fﬁ,, defined at fixed £ and D,
respectively, we can relate the zone-center force-constant

matrices via

4r
D £ & D
Kla,Jﬂ = K1a,1ﬁ + v A ij- (105)
C
Similarly, the force-response internal strain gradient tensors
are related by

T1I;,3ys = Tliﬂy& —4n Zlgax M)e\lf}?a- (106)

In the case of an isotropic dielectric tensor eg/?, = €50 0aps

as occurs in cubic crystals, we can make contact with Eq. (2)
by identifying Q') = ZP = e ! Z¢ . In the most general
case, however, it is unclear whether Q(]) and the higher

lat
moments defined in Egs. (2)—(4) will transform as true tensors,

and the connection to the Callen charge would have to be
reconsidered.

H. Flexocoupling tensor

Like for the FECs, there are many different notations for
the FCCs (flexocoupling coefficients) in the literature, e.g.,
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2(y + n) in Refs. 11-14, h in Ref. 39, and even f in Ref. 61
related to unsymmetrized strain. Here, we follow Refs. 46, 49,
and 50 in defining the FCC fys, as the coefficient in the
flexoelectric contribution

9 P,
by _ ¢ ) (107)

to the thermodynamic potential density. Minimizing this
energy functional leads to

g535y = Xax fropy- (108)
Equations (58) and (103) imply that
Zasy = €ar Bispy (109)

We can also relate fys6, to the FEC under fixed-D boundary
condition via

1

Saspy = 3 (Bur — €' frany- (110)
For high-K materials it is reasonable to make the approx-
imation that fysp, >~ 47 go%ﬁy. (Note that while Gaussian
units have been used in the derivations here, the results for
FECs and FCCs in Sec. IV are converted to SI units for
easier comparison with experimental and previous theoretical
results.) In some previous works, the FCCs have been ob-
tained either by deriving them from incomplete experimental
results*>>? or indirectly from first-principles calculations on
small supercells.*® Once the FCCs have been obtained, they
can be used to obtain reasonable estimates for the room-
temperature FECs 855,3;/ via Egs. (109) and (110).

Finally, we note in passing that the (macroscopic electro-
static) absolute deformation potentials D™ of Refs. 62
and 63 can be related to the FEC g and the FCC f via

DS = 47 e guspy (111)
and
Di'fslﬁim) = e (8ar — 62[1) Frspy s (112)

where e is the electron charge.

III. FIRST-PRINCIPLES CALCULATIONS

Although we have laid out the formalism for the theory of
flexoelectricity above, expressing the FEC tensor in terms of
more elementary objects, it is still a challenge to calculate this
tensor from first principles.

In our previous work,* we described how to calculate the
longitudinal frozen-ion component uiliD = ufll’ﬁ under fixed-
D boundary conditions® from first principles. Here, we first
review supercell cell calculations and discuss how to extend
them to obtain the 7T'-tensor elements needed for the lattice
flexoelectric response. We also show how to carry out similar
supercell calculations, but in a rotated frame, to obtain the
corresponding pp, components. We then provide the details
of the first-principles calculations, and briefly present some
computed information about the atomic cores and about the
ground-state properties of the crystals that will be needed later.

PHYSICAL REVIEW B 88, 174107 (2013)

N O T N N T e,

200" %04 %> %> %" %o

vzq:t D v{‘ﬂn}q‘.n?g.c
D D DI I I

FIG. 1. (Color online) Original (a) and 45°-rotated (b) supercells
used for calculations on ABOj perovskites. Arrows (red) denote
the displacement of A atoms consistent with fixed-D boundary
conditions. Large ball is A atom, medium is B atom, and small is
O atom.

A. Supercell calculations in original Cartesian frame

Figure 1(a) illustrates the supercell that we introduced in
Ref. 45 in order to compute u¢),,. For each type of atom,
we move two planes of these atoms, located approximately
4—11 and % along the supercell long dimension, by equal and
opposite amounts, as illustrated in the figure. We do this in
order that the electric field between these displaced planes
should vanish; since the polarization also vanishes there, this
corresponds to fixed-D boundary conditions. As a result, we
obtain a very rapid spatial convergence (locality) of the induced
charge distribution f;,(r) of Eq. (1), and of the induced forces
reflected in the force-constant elements @ZT’T{ of Eq. (77), as
illustrated in Fig. 2. (For details of these calculations, see
Sec. III C.) Displacing only a single plane of atoms with £ = 0
boundary conditions on the entire supercell would set up a

3 T T T T T T T T
(a)
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NA 1' n
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FIG. 2. (Color online) Change of charge-density distribution (a)
and force distribution (b) in SrTiO; supercell (original frame) at
fixed D.
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macroscopic local £ field even far from the displaced plane
leading to oscillations in f;;(r) and the corresponding forces,
making it difficult or impossible to calculate the needed spatial
moments of f;.(r) and of the induced forces.

From finite differences of the computed charge densities
with small positive and negative displacements repeated for
each type of atom /1, we calculate Q(lll)1 and Q%) 11111 viaEgs. (2)
and (4), respectively. We emphasize again that these are fixed-
D quantities by definition, and so are given correctly by the
configuration of Fig. 1.

At the same time, we compute the forces on all the atoms
in the supercell as illustrated in Fig. 2(b), and use these to
construct the force-constant elements needed for computing
TAH,,, from Eq. (82). In practice, this works as follows. Let i
denote the atom in the supercell for which we want to compute
Ti111, and let j run over other atoms in the supercell. Imagine
that there is a uniform strain gradient causing displacements

Ujx = %Vxxx (A-)Cij)2 (113)

in the vicinity of atom i, where Ax;; = x; — x;. The total force

on atom / would then be

fuo=Y F uj, (114)
J

where Fl(ojﬂ ' is the force induced on atom i in direction & by
a displacement of atom j in direction 8. Using the definition
that 7; yxxx = fix/Vxxr and substituting Eq. (113) into (114),
we get

(115)

z xxxx

Z FY (Axi)?

Note, however, that Figﬁ )is just minus the zone-center force-
constant matrix of the supercell, which is symmetric under
interchange of indices, so the above can be rewritten as

Z FiY (Axip).

Equation (116) is the formula that we use to calculate
TR, in practice. That is, rather than displace other atoms
and compute the force on atom i, we displace atom i and
compute the forces on other atoms, then calculate the the
second moment of these forces from Eq. (116). The sum
is truncated when the distance |Ax;;| approaches half the
distance to the next plane of displaced atoms (i.e., N}l of
the supercell long dimension). For large enough supercells,
this is already in the region in which the F;ix) have essentially
vanished [i.e., see Fig. 2(b)], so that the sum is well converged.
Note that Eq. (116) is essentially the same as Eq. (82), but
adapted to practical supercell calculations.

We also carry out calculations in which the plane of atoms is
displaced in the transverse y direction, i.e., vertically in Fig. 1,
and compute the y forces on the other atoms in the cell. This
is not useful for computing moments of the Q tensors, but
it allows us to compute the T12211 (later presented as T181122)
which are eventually needed to compute /,L , in a manner
entirely analogous to the T/7,,, calculation. Note, however,
that the calculation is carried out at fixed (vanishing) &£, in this

(116)

1 XXXX T
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case, so the resulting quantity is to be interpreted as a fixed-&
one, as indicated by the superscript on T,

For the case of oxygen atoms in the perovskite structure,
TR, and Tf,,,, are computed as above for I = O1, 02, and
03, and then converted into the symmetry-mode representation
(§ = 3,4) as described in Appendix C.

B. Supercell calculations in rotated frame

The calculations described above are sufficient to compute
the Q1111 and T/, tensor components needed to compute
the electronic and lattice parts of up; of Eq. (50), but not u,
of Eq. (51). In order to calculate the latter, we introduce the
rotated frame shown in Fig. 1(b) and calculate the longitudinal
FEC in this rotated frame.

We label the FEC in the original frame as (14,5 and in
the rptated fr.ame as u;ﬂy s- These are related by applying the
rotation matrix

cosf® —sinf O
R@®) =] sinf cosf O (117)
0 0 1
with 0 = 45° four times,
M:y’ﬂ’y’a/ = Z Ry Rﬁ’ﬁ Ry’y Ry's MaByss (118)
afysd
giving
Wi = %(Mnn + (1122) + (1221, (119)
M,uzz = %(Mllll + (1122) — M1221, (120)
Wi = $(iin — Hi122)- (121)
Referring to Egs. (50)—(52), note that w},,; — 1111 = (U2 —

ur1)/2, confirming that A = upp — up; is a measure of
anisotropy as was discussed there. From Eq. (119), it follows
that

(122)

i =2/, — Rt

It is therefore straightforward to obtain the missing FEC
component ji, once (1}, has been calculated.
€]
To obtain ,uml, we compute Q/“)m = QI““ or

each atom [ in the rotated supercell just as we did for
(,31)111 = Q(IS’_)”“ in the original cell. However, as explained
in Appendix C, for the oxygen atoms in perovskites we have to

compute QOl vy s Well. Since QOl Yy = —QS;,X,),,X,X,,
a convenient way to do this is to move atoms Ol and O2
by equal and opposite amounts along y’, thus preserving
the £, = D, = 0 boundary conditions as was done for other
displacements. For the lattice part, we similarly need the 77
tensors in the rotated frame. The Tx”x matrix elements
are computed similarly as for the original supercell, except
that for oxygens in perovskites we also need 73 ey (see
Appendix C). Again, this requires a displacement of O1 along
y’ (or better, equal and opposite displacements of O1 and O2
along y’), with the x” second moments of the x’ forces on the

other atoms obtained in the same way as for x’ displacements.
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C. Details of the calculations

The calculations have been performed within density-
functional theory. We used the local-density approximation®’
for C, Si, MgO, NaCl, CsCl, and StTiO3, and the generalized
gradient approximation®® for BaZrO;, BaTiO; and PbTiOs.
We used the SIESTA (Ref. 67) package for the calculations.
Norm-conserving pseudopotentials were used, with semicore
shells included for for Ti (3s3p3d), Ba (5s5p), Zr (4p4d),
Pb (5d), Sr (4s4p), and Cs (5s5p). In all cases, the k-space
mesh was chosen to correspond to a 12-A cutoff®® while
the real-space integrals were carried out on an r-space mesh
corresponding to a 450-Ry cutoff.®” Supercells were built from
12 unit cells for CsCl and perovskites in the original frame and
6 cells in the 45°-rotated frame (see Fig. 1). For C, Si, MgO, and
NaCl, we used 8 conventional cells in in original frame and 4
cells in the 45°-rotated frame. Atomic displacements of 0.04 A
were used in our calculations. In order to reduce the anhar-
monic effect, two calculations were performed, one with nega-
tive displacement and the other one with positive displacement.

For the cubic perovskite structure ABOj3, atoms A and
B have the cubic symmetry, but the individual O atom
has tetragonal symmetry, not the cubic symmetry. In our
calculation, we chose to use “mode coordinate” for perovskites
in which two oxygen modes have the cubic symmetry. Please
refer to Appendix C for the details.

D. Ground-state properties of materials

In order to calculate the FEC, we need to obtain some
basic properties of our materials of interest, including the
lattice constant (a), optical dielectric constant (), static
dielectric constant (¢°), and Born effective charges. These are
summarized in Table I.

The optical dielectric constants are obtained as €* =
770", where QY is the Callen charge as given in Table III.
(For C and Si, € = ¢” and we do not compute €* explicitly.)
The Born effective charges Z¢ are obtained by finite differ-
ences, e.g., by displacing each atom slightly and calculating
the induced Berry-phase polarization.®’

The theoretical static dielectric constant is obtained via
€? = uf/uP following Eq. (103). We also checked that these
results are exactly the same as obtained by the usual method
based on the effective-charge and force-constant tensors (see,
e.g., Ref. 70). However, we do not attempt to compute €’
for BaTiO3, PbTiOs3, and SrTiO5 because our calculations are
for the reference cubic paraelectric structure, which is either
unstable (BaTiO; and PbTiOs3) or nearly unstable (SrTiO3) to
the formation of a ferroelectric ground state. For this reason, a
direct calculation of €” would give negative or extremely large
formal values, leading to nonphysical results for ¢ and other
quantities in subsequent calculations. Instead, we have chosen
to adopt room-temperature experimental values for € for these
materials, as given in Table I, and we use these to predict
meaningful values of 1€ at room temperature. Our rationale for
this approach was explained in more detail at the end of Sec. I.

E. Rigid-core corrections for pseudopotentials

Our previous work® showed that the frozen-ion FEC ¢!
is dependent on the choice of pseudopotential. To see why,
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TABLE 1. Lattice constant a [of conventional cell (Ref. 52)],
optical dielectric constant €, theoretical (zero-temperature) and
experimental (room-temperature) static dielectric constant €°, and
Born effective charge Z¢ for materials considered in this study.

a € € € z¢
(bohrs) (theor.) (expt.)* (e)
C 6.69 5.5 C 0
Si 10.22 11.9 Si 0
MgO 7.82 3.0 7.8 9.8 Mg 1.89
(0] —1.89
NaCl 10.66 2.4 6.1 5.6 Na 1.07
Cl —1.07
CsCl 7.45 3.2 6.4 7.2 Cs 1.36
Cl —1.36
BZO 7.92 5.0 57.1 15 Ba 2.84
Zr 6.26
0, —5.04
03 —2.03
BTO 7.52 6.8 2300 Ba 2.78
Ti 7.50
0, —6.04
03 —-2.12
PTO 7.43 8.8 134 Pb 3.93
Ti 7.21
0, —6.03
03 —-2.55
STO 7.31 6.3 310 Sr 2.52
Ti 7.47
0, —5.89
03 —-2.05

Room-temperature experimental values: MgO and NaCl (Ref. 71);
CsCl (Ref. 72); BZO (Ref. 73); BTO (Ref. 9); PTO (Ref. 74); STO
(Ref. 75).

consider a model in which each cation or anion is represented
by a spherically symmetric charge p; () that displaces rigidly
as a unit. A brief calculation shows that

Q,('S) - /d3r X3 =3 pi(r)] = 471/dr r*pi(r).  (123)

It can be seen that Q® and hence u® should depend on
the treatment of the core density and the pseudopotential
construction. The difference between Q@A) (all-electron) and
QB3PS (pseudopotential) can be corrected by introducing a
“rigid-core correction” (RCC)

0P = [ arr* [ 100

for each atom type i by using the densities from free-atom AE
and PS calculations, and then adding these Q©®*RC) corrections
to the Q*PS values calculated in our supercells.

In order to obtain accurate FECs, we calculate this RCC
for all elements appearing in our selected materials, as shown
in Table II. It can be seen that the RCC tends to be large
for large-radius atoms such as Cs, Ba, and Pb, even though
their semicore shells are included in the valence in the
pseudopotential construction. From these values it is clearly
essential to include the RCC for elements with large radius if
one wants to compute the FXE response accurately.

(124)
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TABLEIL Rigid-core corrections (RCCs), in e bohrs?. Pseudopo-
tentials O1 and O2 are used for MgO and perovskites, respectively.

RCC RCC RCC
C —-0.19 Si —2.93 Cs —14.58
(0]} —0.06 Cl —1.67 Ba —13.34
02 —0.09 Ti —0.84 Pb —15.46
Na —6.64 Sr —5.41
Mg —4.85 Zr —7.72
IV. RESULTS

In this section, we first present the basic charge-moment
tensors Q and force-response tensors 7 as they are extracted
from our supercell calculations. We then combine these to
obtain the longitudinal FECs at fixed D, as well as the
longitudinal flexocoupling coefficients, for all of the materials
considered. Up to this point, the results do not depend on
current-response terms 1'%’ and p® in Eqs. (46) and (47),
but to go further we then make the uncontrolled assumption
that these two quantities vanish in order to get a rough idea of
the behavior of the full FEC tensors at fixed D and €.

A. Calculated charge-moment and force-response tensors

As described in Secs. IIIA and IIIB, we carry out
calculations on supercells extended along x with small x
displacements to obtain 0V, @), and T2 (all at fixed D).
We also calculate Tlg122 by applying small-y displacements
(at fixed-€ boundary conditions) instead. Then, we carry out
similar calculations on 45°-rotated supercells to obtain Q(LSZ)
and 71, as well. The treatment of the oxygen displacements in
perovskites requires special care as described in Sec. III B and
Appendix C.

The results are presented in Table III. The RCCs from
Table II have been included in the calculation of the Q®
moments. From Table III, it can be seen that a modified
acoustic sum rule has to be used for the mode variables in
ABOQOj3 perovskites, namely, Q(A}) + Q(Bl) + Qg) + \/ng) =
0. Almost all Q® values are seen to be negative, which can be
understood heuristically from the rigid-ion model of Eq. (123),
in which the positive nuclear charge at r = 0 makes no
contribution so that the electronic charge gives an unbalanced
negative contribution to Q. The only exceptions are for the
&4 modes in the perovskites, where the oxygen motion along
y’ is involved so that the sign is less intuitive. In the ABO;
perovskites, the A atom makes a significant contribution to all
QO and T tensors. Also note that oxygen mode &4 contributes
only very weakly to 7;7, while &; contributes strongly.

B. Longitudinal contribution to flexoelectric response

The longitudinal FEC constants uf; and up,, and their
electronic and lattice contributions, are presented in Table IV,
following the definitions in Egs. (50) and (51). The electronic
(frozen-ion) response is obtained from Eq. (47) (recall that
u) does not contribute to the longitudinal response), and is
seen to be negative in all cases, as expected from the sign
of the Q¥ contributions. The lattice-quadrupole contribution
w'9 of Eq. (46) vanishes for all of our compounds except for
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TABLE III. QP and T tensors computed from first-principles
calculations. Units: e for QV; e bohrs? for Q®; eV for T. The RCCs
from Table II are included in the Q® moments.

ov  of Doy 1y Ty

C C 0 —13.2 —25.4 0 0 0
Si Si 0 —-30.9 —54.9 0 0 0
MgO Mg 0.63 —13.7 —23.3 375 654 16.3
O —0.63 —12.8 —15.8 41.5 30.4 20.1

NaCl Na 0.45 —10.1 —24.2 10.5 11.8 30.8
Cl —0.45 —27.6 —-30.6 14.0 5.4 -3.0

CsCl1 Cs 0.43 —64.1 —72.3 11.6 10.3 16.3
Cl —0.43 —30.2 —40.1 8.1 11.6 20.1

BZO Ba 0.57 —-75.5 —63.3 18.8 422 11.1
Zr 1.25 —-30.5 —63.5 639 376 5.3

& —1.01 —34.7 —132.0 734 356 6.2

& —0.57 —11.7 67.9 1.8 10.3 7.5

BTO Ba 0.40 —-79.2 —65.7 24.1 52.9 13.1
Ti 1.11 —149 —46.0 46.0 40.2 7.6

& —0.89 —-292 —1094 452 364 14.4

&y —0.44 -84 52.4 92 179 15.6

PTO Pb 044 =737 —66.7 16.1 38.0 6.1
Ti 0.83 —238 —49.5 440 38.6 35
& —-0.69 -—245 —1358 52.0 256 13.4
& —-041 -129 69.6 49 203 12.0
STO Sr 039 =575 —435 17.0 357 8.4
Ti 1.20 -16.2 —45.0 523 389 3.0
& -092 286 —44.0 68.7 13.1 15.7
& —0.47 -95 7.7 36 182 12.0

C and Si, where it only makes a contribution to the transverse
component ur, as discussed in the next section. Regarding
the lattice-dipole contributions ', which vanish for C and
Si, these are computed from Eq. (76) using the information
in Table III together with the computed zone-center force-
constant matrices and their pseudoinverses.

As emphasized in Sec. Il F2, the lattice contributions to the
FECs depend on the force pattern applied on each atom in the
unit cell. Here, we chose two different force patterns, either
evenly weighted on all atoms, or else weighted according to
the atomic mass. From Table IV we can see that the total
fixed-D FECs are comparable for all of our selected materials.
The lattice contribution, and therefore the total FEC, is force-
pattern dependent. However, the anisotropy (A = 2 — p1p1)
(Ref. 18) shows hardly any force-pattern dependence, and
the anisotropy is much larger in the perovskites than in the
elemental and binary materials. It can be seen that C, Si, MgO,
NaCl have a nearly isotropic behavior. From this table, we
can also see that at fixed D the lattice contribution is much
smaller than the electronic contribution. For the even force
pattern, the lattice contributions are positive, which reduces the
total FEC. However, under the mass-weighted force pattern,
the lattice contributions are negative, enhancing the total FEC.
Therefore, the FECs under the mass-weighted force pattern are
larger (more negative) than those under the evenly weighted
force pattern.

We next present the results for the flexocoupling coefficients
(FCCs) defined in Sec. IIH, which can be regarded as
fundamental materials properties because they are not strongly
temperature dependent.*® The FCCs can easily be obtained
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TABLE IV. Longitudinal components of FEC tensor at fixed D. ur; = fi111, L2 = 1122 + 2141221, and anisotropy A = p, — pp;. Units:

pC/m.
Even force Mass-weighted force
1454 145 oy 1h L [ A i I41s L1 or A

C —175.4 —163.5 0 0 —1754 —163.5 11.9 0 0 —175.4 —163.5 11.9
Si —106.0 -90.8 0 0 —106.0 -90.8 15.2 0 0 —106.0 —90.8 15.2
MgO —111.7 —164.8 —-5.7 50.5 —1174 —1144 3.0 —-29.2 22.0 —140.8 —142.8 -2.0
NaCl —62.8 -91.2 -9.0 16.3 —71.8 —74.9 -3.1 4.2 25.6 —58.6 —65.6 -7.0
CsCl —115.2 —1374 5.8 22 —109.4 —139.6 —30.2 —13.2 —233 —128.4 —160.6 —-32.2
BZO —154.8 —194.1 29.3 34.7 —125.5 —159.3 —33.8 —352 —18.1 —190.0 —212.2 —-222
BTO —155.8 —199.7 10.5 9.8 —1453 —189.9 —44.6 —5.4 —-94 —161.2 —209.1 —47.9
PTO —165.7 —224.1 16.5 23.1 —149.2 -201.0 —51.8 —-314 —29.6 —197.1 —253.7 —56.6
STO —1439 —160.9 24.8 22.3 —119.1 —138.6 —19.5 —12.1 —11.6 —156.1 —1724 —16.3

from our fixed-D FECs via Eq. (110). To evaluate this
equation, we use the theoretical dielectric constants €Y in
Table I for MgO, NaCl, CsCl, and BZO, while using the
experimental €° values for other materials.

The FCCs for our various materials under the two different
force patterns are presented in Table V. It can be seen that
|fLil = | fi111] is in the range of [10 V,20 V], which is slightly
larger than the value [1 V,10 V] in a previous theoretical
estimate.’® The FCC is slightly larger under the mass-weighted
force pattern than under the evenly weighted one, and fi,
is also larger than fi,. Interestingly, the FCCs are all of
roughly comparable size for all of the materials, reinforcing the
picture that they constitute fundamental materials properties
that are hardly affected by the large static dielectric constants
present in some materials. The anisotropy of the FCCs is also
nearly force-pattern independent, just like for the FECs. From
Eq. (112) we calculate D" = 11.0 eV, close to the result
(12.0 eV) in Ref. 62.

Zubko et al.** summarized the available FEC data in their
recent review paper and converted them to FCCs by using
f ~4mwg/e’. They found that the FCCs change substantially
(including in sign) in different materials. The discrepancy
relative to our results may result in part because their analysis
rests on experimental data for the effective beam-bending
FECs and they also include surface effects.

Ponomareva et al*® calculated the
(BagsSrp5)TiO; from first principles by

FCCs for
introducing

TABLE V. Longitudinal flexocoupling coefficients. fi; = fii11,
fi2 = fiizz + 2 f1221, and anisotropy A = fio — fi1. Units: V.

Even force Mass-weighted force
Sui fia A Sui Sz A
C —19.8 —18.5 1.3 —19.8 —18.5 1.3
Si —12.0 —10.3 1.7 —12.0 —10.3 1.7
MgO —15.2 —14.8 0.4 —18.2 —18.5 -0.3
NaCl -9.7 —10.1 —-04 -7.9 -89 -1.0
CsCl —14.6 —18.7 —4.1 —-17.2 -21.5 —4.3
BZO —144 —18.3 -39 —21.8 —24.4 —-2.6
BTO —16.4 —21.5 —5.1 —18.2 —23.6 5.4
PTO —17.0 —22.9 -5.9 224 —28.9 —6.5
STO —13.5 —15.7 —-2.2 —17.7 —19.5 —1.8

periodic strain gradients in small supercells. Their results
show that the FCC is indeed a fundamental quantity that is
only weakly dependent on the temperature and thickness
for (Bag 5Srg5)TiO3 films. However, fi;;; is about 5 V for
(Bag.sSrg 5)TiO3, smaller than our value presented in Table V,
and with opposite sign. One possible reason could be that
their supercells were too small; other previous work has
shown that the FEC is very sensitive to the size of supercell
when inducing a periodic strain gradient via first-principles
calculations.*> The FCC obtained in the small supercell in
their work, taking into account only the interactions between
the local dipoles and strain gradient, may not reflect the full
contribution to the FCC.>°

We now turn to our results for the FECs at fixed £.
According to Egs. (103) and (104), the total FEC u® and
the electronic (frozen-ion) FEC u®¢ and are given by
multiplying u? or uP by the the static €” or optical €*,
respectively. Because we are interested in comparing with
room-temperature experiments, we used room-temperature
static dielectric constants €” for all the materials as given in
Table I. Our results are given in Table VI, where Mld is obtained
through 'Y = u — u®'. From this table we can see that the
lattice contributions are larger than the electronic ones under
fixed-€ boundary conditions, especially for the high-dielectric-
constant materials. It is also evident that the anisotropic
flexoelectric response for nonperovskite materials is small,
indicating that the FXE tensor of these materials is close to
that of an isotropic material having only two independent FEC
components.’’ However, note that the experimental BaTiO;
and PbTiO; materials are tetragonal ferroelectrics at room
temperature, and the room-temperature € values used in the
conversion to uf for these materials were obtained from
this tetragonal structure. Therefore, the results presented for
BaTiO3 and PbTiO; in Table VI are not fully consistent and
should be interpreted with caution. We also assume for all
materials that the optical dielectric constants and fixed- D FECs
are temperature independent, but we expect this to be a rather
good approximation.

From Table IV it can be seen that the FECs at fixed D for
the different perovskites are very similar, while instead the
fixed-€ FECs reported in Table VI show dramatic variations.
This is because uf is linearly scaled to the static dielectric
constant, as in Eq. (103), and these perovskites have very
different dielectric constants as shown in Table 1. BaTiO3 has

174107-16



FIRST-PRINCIPLES THEORY AND CALCULATION OF ...

PHYSICAL REVIEW B 88, 174107 (2013)

TABLE VI. Longitudinal FEC components at fixed £ at room temperature. py; = (1111, M2 = K1122 + 241221, and anisotropy A =
M2 — prg- Units: nC/m. Note that the choice of units is three orders or magnitude larger than in Table IV.

Even force Mass-weighted force
mh o b 1 1S oy [t A I I iy 1 A
C -1.0 -09 0 0 -1.0 —0.9 0.1 0 0 -1.0 —0.9 0.1
Si -13 -1 0 0 -13 —1.1 0.2 0 0 -13 —1.1 0.2
MgO -03 05 —0.8 —0.6 —1.1 —1.1 0.0 —1.1 -0.9 —1.4 —1.4 0.0
NaCl —-0.1 —-0.2 -0.3 —0.2 —04 —04 0.0 —0.2 —0.2 -0.3 —-0.4 —0.1
CsCl  —-04 —-04 —04 —0.5 —0.6 -1.0 —-04 —0.5 —0.8 —0.9 —-1.2 -0.3
BzO -08 -—1.0 —-1.1 —1.4 -1.9 2.4 —-0.5 -2.0 22 -2.8 —-3.2 —-0.4
BTO —-1.1 —14 3332 4354 3343 —436.8 —102.5 —-369.7 —479.6 —-370.8 —481.0 —110.2
PTO -1.5 =20 —18.5 —24.9 —20.0 —26.9 —6.9 —24.9 -32.0 —26.4 —34.0 —7.6
STO -09 -10 —36.0 —42.0 —36.9 —43.0 —6.1 —47.5 —52.5 —48.4 —53.5 —5.1

the largest FEC due to its large dielectric constant, which
also explains the large FEC observed in the work of Ma and
Cross;*™ all of the materials they measured displayed large
dielectric constants (typically several thousands). However,
they also observed that the FEC does not exactly scale linearly
with the dielectric constants in some materials, which may
indicate that u” also has some weak temperature dependence.
Their measurements may also be affected by surface effects
not considered here.

Our flexoelectricity theory is valid for materials with any
symmetry, but our current first-principles calculations are
limited to cubic materials. However, our previous work has
shown that ferroelectric tetragonal BaTiO3 has a similar g1
value (along the [001] direction) as for cubic BaTiOs3,*> and
ferroelectric tetragonal PbTiO; has a similar u$|,, (along
[001]) as for cubic PbTiO5.* These results hint that pq;;
may have similar values in tetragonal and cubic phases of a
given perovskite material.

C. Transverse and full Cartesian flexoelectric response

In order to make closer contact with experiment, in this
section our goal is to present results for the fixed-£€ FECs
in the Cartesian frame. If wp;, 12, and wr are known, it is
straightforward to invert Egs. (50)—(52) to obtain pt1111, (41122,
and [1221. However, as discussed in Sec I C and more fully in
Appendix A, we can only obtain the longitudinal contributions
ur1 and pp, from our first-principles calculations based on
the charge-response formulation; additional terms from the
current-response formulation would be needed to obtain .
Since @111 = M1, there is no ambiguity about its value, but
1122 and (41271 can not be obtained individually without access
to .

Another way to see the problem is that we can imagine
obtaining Mlldlzz or Nlldzm at fixed D directly from Eq. (76).
However, this requires a knowledge of T111)22’ which is not one
of the raw ingredients available to us in Table III. Instead, we
have T ,,, but converting this to 7\5,, would require the use
of Eq. (106); this in turn requires ,ufll’?z, which is not available
without the current-response calculation.

So, the problem is that we do not have the lattice quadrupole
contribution 1'%’ to u'T in Eqgs. (46) and (A25), nor do we
have the electronic contribution ' = ;°'T in Egs. (47) and

(A26). The lattice quadrupole contribution !9 vanishes by
symmetry for all of our compounds except for C and Si, where
it makes a contribution only to the transverse component
wr. We have computed these contributions, neglecting any
current-response contribution ,ulq*J , following the discussion
in Sec. Il F1. We find y = 0.14(0.72) bohrs, g = —0.10(0.12)
e bohrs, and p'¢T = —0.84 pC/m (1.5 pC/m) for C (Si),
respectively. These values are much smaller than the other
values in Table IV, and we speculate that the current-response
contributions are probably small too. We do not consider the
lattice quadrupole contributions any further here.

For the materials other than C and Si, the only missing
ingredient is the electronic contribution T to the transverse
response, which comes entirely from the current-response
contribution ©°’ in Eq. (A26). We have essentially no
information about this contribution. On the other hand, we can
still calculate the full lattice-dipole contribution 14'¢ since there
is no current-response correction for this term. To do so, we
move one layer of atoms along the y direction under fixed-&,

boundary conditions and obtain Tlg122 and thus /Llldlfz and

1'% 76 For high- K materials in which the lattice contribution
dominates the FEC, calculating u'¢ is a good approximation
for the total FEC response. However, for the low-K materials
in which the electronic contribution ¢! is comparable to the
lattice contribution, we need to obtain u$,, and u$,, for
the full FEC tensor. Here, we introduce the assumption that
/L?llzz = /Lel'nl, ie, uT = pu =0, to obtain a rough first
approximation to the full FEC tensor. A proper calculation
would require the inclusion of the current-response terms of
Appendix A, which are not currently implemented in this work.

The results for the full fixed-£ FEC tensor at room
temperature, making use of this assumption, are presented
in Table VII. We present the results in terms of the FEC
components defined in terms of both unsymmetrized strains
() and symmetrized strains (g). We also give values for the
effective beam-bending FEC defined as*!-*?

eff

g7 = —tgun + U —1)gi, (125)

where t = Cj122/(C1111 + Ci122) is Poisson’s ratio with C
being the elastic stiffness tensor. Experimental values of g°ff
were reported in Table VII for our materials of interest.
Letting x and z be the thickness and length directions,
respectively, Eq. (125) follows from the expression for the
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TABLE VII. Cartesian FECs at fixed £ using the assumption u¢,, = u¢,,. Room-temperature €” values are used for perovskites (see
Table I). First column is experimental Poisson’s ratio ¢ (dimensionless); others are FECs in nC/m. FECs p and g are defined in terms of
unsymmetrized and symmetrized strains, respectively, and are related by Egs. (59)—(61).

Poi R Even force Mass-weighted force
oisson’s
ratio JZAR0% HL1122 K1t H1122
t 81111 81221 Mi1221 81122 gelT 81111 81221 M1221 81122 8eﬁ

C 0.12 —-1.0 —-0.3 —-0.3 —-0.3 —0.2 —-1.0 —-0.3 —-0.3 —-0.3 —-0.2
Si 0.22% —1.3 —-04 —04 —04 0.0 —-1.3 —04 —0.4 —-04 0.0
MgO 0.18* —1.1 —-0.3 —-04 —-0.6 —-0.3 —-14 —0.4 —0.5 —-0.7 —-0.3
NaCl 0.25% —-0.2 0.0 —-0.2 —0.4 —0.2 —-0.2 0.0 —0.2 —-04 —-0.3
CsCl 0.27¢ —-0.8 —-0.2 —04 —0.6 —0.2 —-0.9 —-0.5 —-0.3 —-0.2 0.0
BZ0O 0.242 —-1.9 0.0 —-1.2 -2.3 —-1.3 —2.8 —-0.2 —1.5 2.7 —14
BTO 0.27* —334.3 13.8 —225.3 —464.3 —248.7 —370.8 —-2.5 —239.2 —4759 —247.3
PTO 0.31% —20.0 0.1 —13.5 —27.2 —12.4 —-26.4 —-2.0 —16.0 —-30.0 —12.3
STO 0.242 —36.9 —14 —20.8 —40.2 —-21.6 —48.4 -5.0 —24.2 —43.5 —214

“Experimental values: C (Ref. 77); Si (Ref. 78); MgO (Ref. 79); NaCl (Ref. 80); CsCl (Ref. 81); BZO (Ref. 82); BTO (Ref. 83); PTO (Ref. 8§4);

STO (Ref. 85).

displacement field in the case of pure beam bending, given
by?® u, = —[2% + t(x* — y?)]/2R, uy, =—txy/R, and u, =
xz/R, where R is the radius of curvature of the neutral
surface of the beam. Thus, the symmetrized strain gradient
isvi,, = vy, = —1v,,, leading to Eq. (125).

As we discussed in Sec. II F, the lattice contribution to the
FEC:s has a dependence on the choice of force pattern because
of the force density that arises due to the nonzero divergence of
the stress in a general strain gradient configuration. However,
in the beam-bending experiment, the beam is in local static
equilibrium at every interior point, so there is no such force
density; the contributions coming from individual elements
of the strain gradient tensor cancel each other. Therefore,
the effective beam-bending FEC g should not depend on
the choice of force pattern in our calculation. This can be
confirmed by referring to Table VII, where g° obtained from
different force patterns are indeed the same to within the
numerical precision of the calculations. This confirms that
although the individual FEC components are force-pattern
dependent coming from the first-principles calculations, using
them for problems of static equilibrium should not cause any
problem. Conversely, it follows that it may be problematic
to measure the full set of FEC components experimentally
from static-equilibrium experiments since only special linear
combinations of strain gradient components, for which the
force density vanishes, are accessible in this way.

Since quantities related to elastic properties are usually
defined in the literature for symmetrized strain, we focus on the
FECs gqgys related to symmetrized strain for the remainder of
this section. From Table VII, we can see that the values of g;11;
and g2, are comparable, but the value of g1 is much smaller
than the other two components, indicating that the gradient of
the shear strain €;; , makes only a very weak contribution to
the flexoelectric response (under the assumption p¢' = 0), in
agreement with the results of Ponomareva et al.*®

According to Eq. (125), in order to obtain a large bend-
ing flexoelectric response, a large gjj» and a small gqq13
are preferred, as well as a small Poisson’s ratio. Even if
the individual FEC components are all negative, the effective
beam-bending FEC can still be positive, depending on the

ratio of gy1;; to giio. Specifically, g has a positive
value if g1111/81122 > (1 — 1)/t (assuming gy11; and gy12; are
negative).

D. Comparison with experiment and previous
theoretical results

As mentioned in the Introduction, large discrepancies
between experimental and theoretical results for the FECs
have been reported. For example, for high-K materials, the
experimental effective FECs are usually reported to be on the
order of uC/m (Refs. 4-9) with a positive sign, while the
theoretical results are typically on the order of nC/m with
negative sign.’**> One possible reason is that the theoretical
results are calculated at 0 K while the experimental results
are measured at room temperature (or above the Curie tem-
perature), and very strong dependence of the static dielectric
constant can contribute to this large discrepancy. Regarding the
sign problem, the effective beam-bending coefficient is given
by Eq. (125), and as discussed in the previous section, the
negative individual components can give a positive effective
beam-bending FEC even if g;;1; and g112, are negative.87

As we showed in the previous section, the individual FEC
components are dependent on the force pattern adopted for the
first-principles calculations. Therefore, we should not expect
that individual FEC tensor components, such at 11111, can be
compared directly between theory and experiment.

In order to obtain the full FEC tensor, we need to have
information about wr. In Sec. IV C, we assumed that MSI*T =0
in order to obtain a rough estimate of the the full FEC tensor
as presented in Table VII. However, it can be seen that the
effective beam-bending FEC computed in that way does not
agree with available experiment results. For example, g°" has
been reported to be 6.1 nC/m for SrTiO3 single crystals’!-3?
and 9 uC/m for BaTiOj; ceramics’ at room temperature, while
we obtain —22 nC/m and —0.246 uC/m for SrTiO; and
BaTiOs, respectively. There are several possible reasons for
this discrepancy. First, it may well be that our assumption
that u°»T = 0, introduced to obtain the full FEC tensor in
Table VII, is strongly inadequate.?” Second, the experiment
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results include surface effects that have not been included here.
To do so would require computing the surface contributions as
discussed in Ref. 45, which is beyond the scope of this paper.

Hong et al.** also calculated the longitudinal FECs for
SrTiO3 and BaTiOs at fixed D, including electronic and lattice
contributions, by imposing a strain wave of cosine form for the
A atoms in the supercell and relaxing all other atoms. This cor-
responds to a choice of force pattern in which all of the force is
on the A atoms. Their results are 1P}, = —0.37 £ 0.03 nC/m
for BaTiOsand /,Lﬁn = —1.38 £ 0.65 nC/m for StTiO;. It can
be seen that our results agree with their BaTiO; result in order
of magnitude and sign, with the remaining discrepancy coming
mostly from the difference in force patterns.

V. CONCLUSION

A general and unified first-principles theory of piezo-
electric and flexoelectric tensors has been developed and
presented here. The longitudinal contributions to the flexo-
electric tensor can be computed from the dipoles associated
with strain-gradient-induced displacements (lattice dipole),
quadrupoles associated with strain-induced displacements
(lattice quadrupole), and octupoles associated with an ideal
strain gradient (electronic). The full tensor also requires the
transverse part, which has contributions that can only be
obtained from the adiabatic currents that flow in response to
the flexoelectric displacements.

While the full formalism is presented in Appendix A, we
have implemented only the charge-response formalism in this
work, following the equations presented in the main text and
working in the framework of first-principles density-functional
calculations. We have paid careful attention to the distinction
between FECs computed at fixed £ versus fixed D and
presented the relationships connecting them. We have argued
that the FECs at fixed D provide a characteristic “ground-state
bulk property” that can be used to predict finite-temperature
fixed-& properties by scaling to the dielectric constant. We also
show how the FCCs can be computed from our approach and
used in a similar way as for the fixed-D FECs.

A practical supercell-based method is proposed to calculate
the FECs from first principles and is demonstrated by com-
puting the coefficients of several cubic insulating materials,
namely, C, Si, MgO, NaCl, CsCl, BaZrO3, BaTiO3, PbTiOs3,
and SrTiOs;. It is found that the FECs at fixed D are on
the order of —0.1 nC/m for all these materials, and their
FCCs are in the range of —10 to —20 V, indicating that
when large FECs are found in experiment, it is likely to
arise from a large dielectric constant, or possibly from surface
effects not treated explicitly here. Therefore, searching for
large dielectric-constant materials is a good way to obtain
materials with a large FXE response. The FECs computed
from our first-principles theory at fixed £ still do not agree
well with available experiment results, even after considering
the relations between different electric boundary conditions.
However, this discrepancy is two orders of magnitude less
severe than some previous discrepancies between theory and
experiment for the FECs (i.e., for BaTiO3). When surface
effects are treated properly, it is hoped that this discrepancy
will become even smaller.

PHYSICAL REVIEW B 88, 174107 (2013)

Our calculations show that the lattice contribution to the
FECs depends on the force pattern applied in the unit cell
to maintain the strain gradient. Therefore, the total FECs are
also dependent on the force pattern, and it is not meaningful
to compare with FECs computed using a different force
pattern. However, for a system in static equilibrium (zero
stress gradient), the force-pattern dependence should cancel
out, and we have confirmed that this is indeed the case from
our numerical calculations.

The full FEC tensor is critical for an understanding of the
FxE response in cases of complicated strain distributions, as
well as for the design of functional FxXE devices. In general,
it is impossible to obtain all the elements of this tensor using
only the charge-response formulation, even for cubic materials
which have only three independent components. Therefore, it
is clearly of interest to develop a full implementation based on
the current-response tensors as described in Appendix A. The
implementation of such a method, and the calculation of the
remaining terms in the FXE response, remains as an important
avenue for future work.
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APPENDIX A: CURRENT-RESPONSE FORMALISM
AND TRANSVERSE TENSOR COMPONENTS

In Sec. IT A, we carried out a derivation that expresses the
flexoelectric tensor in terms of changes in the charge density
induced by the atomic displacements associated with the strain
gradient. However, this procedure only determines a part of the
flexoelectric response, which we denote as the “longitudinal”
part since it corresponds to the longitudinal part of the current-
density field that arises as the deformation of the material
is adiabatically turned on. In this appendix, we derive the
full expression in terms of the current-density response, thus
clarifying the status of the expressions given in Sec. IT A.

As we discussed in our previous work,*? the choice of the
induced current density instead of the induced charge density
provides a more complete description of the response. We
define

0 Ja(r)
al;t“ﬁ

Prapr —Ryp) = (Al)
to be the current density 7,(r) in Cartesian direction o
resulting from the adiabatic motion of atom [ in cell / at
some small velocity 1;; g along the 8 direction, keeping all
other atoms fixed. We can simply think of this as the local
polarization field AP(r) induced by the displacement of the
atom. Such a quantity is not generally well defined for a finite
adiabatic deformation; while its cell average is fixed by the
change in Berry-phase polarization and its longitudinal (curl-
free) part is fixed by the change in ground-state charge density,
its transverse (i.e., divergence-free) part is not guaranteed
to be independent of path. However, for an infinitesimal
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displacement, as arises here in the linear response to a small
strain gradient, there is no such ambiguity.

We then define the moments of the induced current densities
in analogy with Eqs. (2)—(4) as

JI(?o)tﬂ = /dl' P, (), (A2)
fz(,ligy = / dr Prap(r)ry, (A3)
JI(,zoiﬂy(S = /drpl,aﬂ(r) ryrs. (A4)

Note that Jl(zo)[ﬁy s 1s symmetric in indices y§, but otherwise
these tensors are general. The charge-response tensors of
Egs. (2)—(4) are related to the current-response tensors via

1 0
Qs =i (A5)
@ ) )
Qrapy = Jiapy T J1par (A6)
3) @ @ @
Ql,aﬂyé = JI,O(IS)/S + JI,]//S(XB + Jl,éﬁay' (A7)

These equations follow after integration by parts using the
Poisson continuity condition

S1,8(0) = —0,Pr op(r). (A8)
For example, inserting Eq. (AS8) in Eq. (3) gives
07, = — / dr rory 3, Prp(r)

= /dr Prus®) 0, (rary), (A9)

which leads to Eq. (A6) using Eq. (A3) after noting that
0,(rary) = 8ualy + 8uy7a.

Equations (A5)—(A7) make it clear that the charge-response
and current-response tensors are closely related. In fact, 9
and J© are identical. For the higher-order tensors, however,
the charge-response tensors contain less information. Essen-
tially, they only contain information about the longitudinal
part of the induced current response and lack the additional
information contained in the transverse part. A simple way to
see this is just to count elements: recalling the symmetries of
the various tensors under interchanges of indices, we note that
Q%M has 3 x 6 = 18 independent elements while J, I(,lo)zf}y has

3x3x3=27,and Q) ; has 3 x 10 = 30 elements while

J;,Z;ﬁya has 3 x 3 x 6 = 54. This makes it clear that some

information is missing from the charge-response tensors.
To make this more precise, we define the longitudinal parts
of the J tensors to be

LL)y _ 1M (e))
Irapy = 1rasy + 1vpa) (A10)
and
2L 1(7@ 2) @)
i apys = §(J1,aﬂys + 1 pas T ‘Il,sﬁay)’ (ALD)
and the transverse parts to be the remainders
(1,7) [€)) (LD
Jl,aﬂy = Jl,a,f}y - Jl,atﬂy’ (A]Z)
(2,T) (2) (2,L)
JI,otﬁyB = J[,Dtﬂ)/5 - JI,ut,BytS' (A13)

The longitudinal current-response tensors describe the mo-
ments of the curl-free part of P;, and can be written, using
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Egs. (A6) and (A7), as

ras = Crop (Al4)
(1L,L) 1 HQ2)

le"‘ﬂ)’ = in,aﬁy’ (A15)
L) 3)

Jrapys = %Ql,aﬁyé’ (A16)

thus reproducing the information in the charge-response
tensors. On the other hand, the transverse current-response
tensors JU'T and J@T contain new information that is not
otherwise available.

The entire derivation of Sec. I A can now be repeated using
the current-response formalism. Equation (19) is replaced by

Py(r) = Prac(t = Ri)ui (A17)
1744
and its Fourier transform is
Py(k) = V'Y " Wip(K) Prac (@ uop,  (A18)

It

where P; o (K) is the Fourier transform of Py 4. (r). Equation
(24) is then replaced by

P,k) =V 'Y |:i > i Trepy by — i J}igukv] o
1 T
N T
1 T

1
O 2
+ Z ‘Iloztvrlfﬁykvky - EJIaﬂvukaM] Uop

+ e (A19)
Comparing this with Eq. (28) we conclude that

eapy =V Y TixCigy = V' D Jfay,. (A20)
It 1

Using Egs. (A14) and (A15) we find that the lattice-dipole
part e'4 is still given by Eq. (34) while the electronic part ¢!
becomes

_ 1
cihy =V (= 50y — ) 20
1

Thus, the free contribution eg;y in Eq. (35) has now been
determined and can be seen to represent precisely the trans-
verse components that were omitted in the charge-response
derivation.

In a similar way, we can now obtain the full flexoelectric
tensor. Remembering that (1., is forced by definition to
be symmetric in the last two indices, we find that the the
contributions to the flexoelectric tensor, Eq. (44), are now
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given by

MO‘IBV‘S - V ! Z J’O{T Nltﬂy(?s (A22)

It

1
1 - (1 ()]
H’a(}f}yé = _EVC ! z : ‘]I apfy 1—‘11131S + Jl,a/% 1—111137’)’ (A23)
It

1
1 - @)
Wy = 5Ve ' D2 I iupys- (A24)
ji
Once again, Egs. (46) and (47) are recovered, but now we can
identify the missing transverse pieces as

1
M‘l"%i"s - _EVC_I Z Jl(laﬂy Ureps + JI txﬂB Flrﬁy) (A25)

el.] @2,7)
Hapys = Z JI apys:

This completes the full derivation of the flexoelectric response
tensor using the current-response formalism.

Methods for computing the transverse parts of the current-
response tensors J1"T and /@D have not been developed as
part of this work. No extra contributions are needed for the
lattice-dipole contribution, and the lattice-quadrupole terms
vanish for all of the cubic materials considered in this work
except for C and Si. For the electronic contribution, however,
we are only able to report on the longitudinal contributions
uand 2 leaving the calculation of T for future
work.

(A26)

APPENDIX B: PSEUDOINVERSE OF
FORCE-CONSTANT MATRIX

We begin by restating the problem posed in Sec. II F2, sim-
plifying the notation by dropping the Cartesian indices. This
is clearly sufficient for the binary cubic materials considered
here since the force-constant matrix is block diagonal in the
Cartesian representation, and the procedure outlined applies
to each N x N block (N is the number of atoms per cell).
(For the perovskites, the transformation to symmetry-mode
variables outlined in Appendix C is performed first. For more
complex crystals, the force-constant matrix would be block
diagonalized by IR-active irrep before the procedure would be
applied, with N replaced by the number of copies of the irrep.)

With this simplification, the problem is as follows. We are
given a force-constant matrix K = K7 obeying the acoustic
sum rule ) ; K;;t; = 0, where t; is a vector all of whose
elements are 1, and a set of weights w; specifying a “force
pattern.” We wish to construct a pseudoinverse J!*! having the
property that Eq. (100) is obeyed, i.e.,

ext Z Klk Jk[‘;ﬂ] jexl (Z tj ext) w; (Bl)
Jjk

for any external force vector f*. To simplify the notation we
use a bra-ket notation for vectors with implied matrix-matrix
and matrix-vector products, so that this is equivalent to

KJ™ =71 —w)(r] (B2)

with (w|t) = 1.
The construction proceeds as follows. Constructan N x N
matrix £ whose first column is |w) and whose remaining
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columns are all orthogonal to |¢), being sure to keep the
columns linearly independent. Also define D = (ET)7!, i.e
the matrix whose columns are the duals to those of E (that is,
DTE = I). This means that the first column of D is just |t).
We can think of D and E as giving the transformations back
and forth between the original atomic displacements and a set
of mode variables of which the first is the uniform translation.

Next let D, and E, be the N x (N — 1) rectangular
matrices constructed by dropping the first column of D and
E, respectively. Letting |o) be the vector (1,0, ...), this can
be written as D, = D — |t){o| and E, = E — |w){o|, and it
follows that

E. DI =1 — |w)(t| (B3)

after using that D|o) = |t) and E|o) = |w). Since K obeys
the acoustic sum rule, the first row and column of DT K D are
zero, and K is fully represented by the “reduced” matrix

K, =D'KD, & K=EKE". (B4)
Then, our solution is to set
JW = p(kHDT, (B5)

which is well defined because the reduced matrix K, is
nonsingular. Substituting into Eq. (B2) we get

kJ™ = (E,K.E])(D,K;' D))
= EK. K 'D!
=ED! =1—|w)t], (B6)

where Eq. (B3) was used on the last line. This satisfies Eq. (B2),
showing that J(*! is indeed the needed pseudoinverse.

APPENDIX C: OXYGEN IN THE PEROVSKITES

As discussed in the main text, the site symmetry of
individual O atoms in cubic perovskites is not cubic, and some
of the space-group operations interchange O atoms. To handle
this case, it is convenient to introduce “mode coordinates.”

We define O1, O2, and O3 as the oxygen atoms displaced
by a/2 from the central Ti along X, y, and Z, respectively.
Taking SrTiO3 as our example system, we start by considering
zone-center phonons and carrying out a linear transformation
between the 15 sublattice displacement variables u;, describ-
ing the displacement of sublattice I = {Sr, Ti, O1, 02, O3}
in Cartesian direction t = {x,y,z}, and symmetrized mode
variables &, that we choose to define as

Elx = Uspx, Ely = Usry, &1z = us,
&3 = Utic, &y =umiy, &2 = T,
& = uowx, &y = o2y, &; = o3,

(ChH)
Easpe = (oar £ U02:)/ V2,

Es)y = (uory T u03y)/ V2,
S5 = (Mo = Uo12)/ V2,

where {4,5} means that the plus and minus apply to cases 4
and 5, respectively. Here o is a label running over o = 1,2,3,4
for the four copies of the IR-active I'ys irrep, while o =5
corresponds to the IR-silent I',5 irrep. We can summarize this
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as

gar = Z Aor,lt’ U, (C2)

It

where the elements of A, ;- are given in Eq. (C1).

We have chosen an orthogonal transformation A~' = A7
so that forces transform in the same way,
for =Y Agere fir. (C3)
It

The T tensor elements of Eq. (68) will also transform in the
same way,

Tar.ﬁy(S = Z Aat,lr’ Tlr’ﬂyrSv (C4)
It

which is essentially Eq. (89) using A~! = AT,

1. Original frame

Our main interest here is the calculation of these T -tensor
elements. We start with the original supercell extended along x
as in Fig. 1(a) and detailed in Figs. 3(a) and 3(b), and consider
the forces in response to a longitudinal strain gradient v, .
In this case, all forces are along x by symmetry, and from
Eq. (C3) with A given by Eq. (C1) it follows that

fox = forer  Fax = (fose + for)/V2,
Fox = (fose — for)/ V2.

For this case we find foor = fosx, SO fsx vanishes and f4x
simplifies. Applying this to the T -tensor elements, we find

(C5)

Tl,xxxx = TSr,xxxxv TZ,xxxx = TTi,xxxx’
T3,xxxx = TOl,xxx)m T4,xxxx = \/ETOZ.xxst (C6)
TS,xxxx =0.

(a) ©

(b) @ X
‘ . ‘ . ‘ . . .
. .

FIG. 3. (Color online) ABO; perovskite atomic geometry in
(a), (b) original Cartesian frame, and (c), (d) 45°-rotated frame, as
appropriate to the two supercells of Fig. 1, respectively. (a), (c) slice
at z = 0; filled squares (red) are A and filled circles (green) are O;
atoms. (b), (d) slice at z = ¢/2; filled diamonds (blue) are B, filled
circles (green) are Oy, and open circles (green) are O, atoms.
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These correspond to 7Tj111; elements in the notation of the
main part of the paper. Similar results hold for the Q" and
0 tensors:

AL _ HM) A )

Q3,xx - QOl,xx’ Q4,xx - ﬁ QOZ,xx’ (C7)
N3 _ Nn® A3 _ (3)
Q3,xxxx - QOl,xxxx’ Q4,xxxx - ﬁ QOZ,xxxx' (C8)

If instead we consider the presence of a transverse strain
gradient vy, we find that for, # fo2y # fo3, are nonzero.
Again using the transformation rules of Eq. (C1), we find

Tl,yyxx = TSr,yyxxa TZ,yyxx = TTi,yyxxa
T-‘S,yyxx = TOZ,yyxxv

ﬁ,yyxx = (TOl,yyxx + TOS,yyxx)/ﬁa
ﬁ,)’yxx = (TOI,yyxx - TOS,yyxx)/\/E~

(€9

Using symmetry, these correspond to the 712, elements in
the notation of the main part of the paper.

2. 45°-rotated frame

Referring now to Figs. 3(c) and 3(d), we consider the 45°-
rotated geometry as in Fig. 1(b). Then, to relate the forces, we
have to carry out 45° rotations on Cartesian indices twice, once
before and once after the transformation to mode variables.
This is trivial for the Sr and Ti atoms, giving fi,» = fs., etc.,
but for the oxygens it is more complex. We find, for example,

f3x’ == (ﬂx + ﬂ\)/ﬁ
= (foix + fory)/V2

= (foir — foiy + foor + fooy)/2.  (C10)

Using similar algebra, we find the full set of transformations
to be given by

fax h i h h 0 0\ [ for
Fay hoh b h 0 0| fory
N I fors 0o | gy
fay t ot &t 0 s || fory
Foxr t t t t 0 5 fosw
fsy, t t tr f 5§ 0 Jozy

where h = 1/2, s = «/5, t = 1/2\/5, and a bar indicates a
minus sign.

We restrict our attention now to longitudinal strain gradients
of the form v, . For the oxygens we find foiv = foov,
foty = — foay, and fos, are nonzero. Then, using Eq. (C11)
we find

f3x’ = fle’ - fOly”
Faxe = (forr + fory + foa)/V2,
Fsy = (forr + fory — foa)/V2,

(C12)
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while f3yr = f4y/ = fs¢ = 0. It follows that

Tl,x’x’x’x’ = TSr,x’x’x’x’z T2,x’x’x’x’ = TTi,x’x’x’x’s

T3,x’x’x’x’ = TOl,x’x’x’x’ - TOl,y’x’x’x’v
~ (C13)
T4,x’x/x/x/ = (TOI,x’x’x’x’ + TOl,y’x’x’x’ + TOS,x’x’x/x/)/\/zs

TS,y/x/x/x/ = (TOl,x’x’x’x’ + TOl,y’x’x’x’ - TOS,x/x/x/x/)/ﬁ-
Similarly, for the 6(3) tensors in the rotated frame we find
A3 )] 3)
Q3,xxxx - QOl,x’x’x’x’ - QOl,x’y’x’x”

N3 _ 3) (3) (3)
Q4,xxxx - ( Ol,x'x'x'x’ + QOl,x’y’x’x’ + QO3,x’x’x’x’)/ﬁ’
(C14)
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3 3 3
where we used that Q(Of i = Qz);,x,x,x,x, and Q(Ol) Py =

- Qg%,x,v,x/x, from symmetry.

3. Discussion

Note that Tgaﬁyg has the same symmetry for o € {1,2,3,4}.
That is, we have arranged things so that the ¢ = 3 and 4 cases
behave justlike 0 = 1 (Sr) or 0 = 2 (Ti), so that any formulas
used for Si and Ti contributions can easily be extended to the
oxygen modes of I'js symmetry. Note that strain gradients
also induce forces of I'ps symmetry, corresponding to o = 5,
which in turn cause first-order I'»s displacements. However,
because these modes are not IR active, they do not contribute
to the flexoelectric response.
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