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Density-functional perturbation theory (DFPT) is nowadays the method of choice for the accurate
computation of linear and nonlinear-response properties of materials from first principles. A notable
advantage of DFPT over alternative approaches is the possibility of treating incommensurate lattice
distortions with an arbitrary wave vector q at essentially the same computational cost as the lattice-periodic
case. Here we show that q can be formally treated as a perturbation parameter and used in conjunction with
the established results of perturbation theory (e.g., the “2n 4 17 theorem) to perform a long-wave
expansion of an arbitrary response function in powers of the wave-vector components. This procedure
provides a powerful general framework to access a wide range of spatial dispersion effects that were
formerly difficult to calculate by means of first-principles electronic structure methods. In particular, the
physical response to the spatial gradient of any external field can now be calculated at negligible cost by
using the response functions to uniform perturbations (electric, magnetic, or strain fields) as the only input.
We demonstrate our method by calculating the flexoelectric and dynamical quadrupole tensors of selected

crystalline insulators and model systems.
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I. INTRODUCTION

Spatial dispersion refers to the dependence of a material
property (e.g., permittivity, conductivity, or phonon fre-
quency) on the wave vector q at which it is probed, or
equivalently, on the gradients of the perturbation and/or the
response in real space. Its origin can be traced back to the
nonlocality of the microscopic interactions in condensed-
matter systems, where the response to an external field
(electromagnetic field or atomic displacement) typically
occurs over a neighborhood of the point where the field is
applied. While in general, such effects are weak and can
often be neglected in macroscopic theories, there are
several instances where their physical consequences are
important, both regarding their fundamental interest and
their potential for practical applications. Indeed, with the
ongoing interest in nanoscale phenomena, researchers are
increasingly facing situations where the relevant scalar,
vector, or tensor quantities (e.g., polarization or strain)
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display large variations on a very small length scale; this is
precisely the regime at which gradient effects can become
strong.

Historically, spatial dispersion has been most studied in
the context of the optical response. The first-order wave-
vector dependence of the dielectric susceptibility tensor, for
example, is responsible for the natural optical activity [1,2],
which is the property of some crystals of rotating the plane
of polarization of the transmitted light. Manifestations of
spatial dispersion are, however, ubiquitous; they can
involve magnetism (the magnetoelectric effect can be
regarded as the first-order dispersion of the conductivity
[1]) or elastic degrees of freedom as well (the counterpart of
optical gyrotropy in phononics is known as acoustical
activity [3]). In the latter context, flexoelectricity [4] is
arguably the most notable example, as it has been intensely
explored both experimentally and theoretically in the past
ten years or so [5,6]. It describes the polarization response
to the gradient of the applied strain, and therefore, it can be
understood as the spatial dispersion of the piezoelectric
tensor. Being it a universal property of all insulators
regardless of crystal symmetry, it provides a tantalizing
route to novel electromechanical device concepts [7] and
opens the way to many other applications in energy and
information technology [8,9].

The long-wavelength regime also occupies a central
place in the theory of lattice dynamics in insulators. Indeed,
in the q — O limit, phonons in insulating crystals are
associated with macroscopic electric fields that are due
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to the long-range electrostatic interactions between atoms
[10]. Identifying and correctly treating such long-range
contributions is crucial for a meaningful calculation of the
interatomic force constants (IFCs) from first principles
[11,12]. The long-range IFCs are typically written as
electrostatic dipole-dipole terms, which are responsible
for the well-known frequency splitting between longi-
tudinal-optical and transverse-optical phonon branches. It
is important to note, however, that the dipole-dipole term
captures only the leading contribution to the long-range
IFCs (dipole-dipole terms decay as 1/d° as a function of
the interatomic distance d). Higher orders (1/d* and faster)
are always present but are systematically neglected as their
physical consequences are much more subtle.

The next lowest order, for example, involves dipole-
quadrupole interactions and is responsible for a nonanalytic
behavior [13] of the force-constant matrix at O(g');
this translates into a 1/d* decay in real space of the
corresponding contribution to the IFCs. A quadrupolar
response to an atomic displacement requires a broken-
inversion symmetry environment to be active and is always
(although not exclusively) present in piezoelectric crystals.
Interestingly, in his 1972 seminal paper, Martin [14]
predicted that the electronic contribution to the piezo-
electric tensor can be written as a sublattice sum of the
“dynamical quadrupoles,” so we expect these couplings to
be important in compounds where electromechanical
effects are strong. However, viable methods to compute
the quadrupole tensor have been lacking to date; this
quantity can be regarded as the first-order spatial dispersion
of the Born effective charge tensor and is therefore
characterized by analogous technical challenges as the
calculation of the flexoelectric tensor.

Developing a systematic quantitative theory of such
effects would be very desirable to improve their funda-
mental understanding and support the ongoing experimental
efforts. Achieving this goal, however, presents considerable
technical difficulties from the point of view of first-princi-
ples electronic structure theory due to the inherent break-
down of translational periodicity that a spatial gradient
entails. In the case of flexoelectricity [15], for example,
several routes have been explored to deal with this issue.
Initially, the flexoelectric coefficients were written as real-
space moments of the response (either the electronic charge
density or the atomic forces) to the displacement of an
isolated atom [16,17]. Later, the real-space sums were recast
as small-q expansions of the response to a monochromatic
displacement pattern at a given wave vector q [13,18,19].
Other subtleties were addressed as well, such as the
definition and implementation of the current-density
response [20], which eventually allowed for the calculation
of the bulk flexoelectric tensor within a perturbative
framework based on a primitive cell of the crystal [20].

While the strategy of Ref. [20] could be, in principle,
generalized to other physical properties, it still presents an

important drawback. Several linear-response calculations
need to be performed at different q points in the vicinity
of the Brillouin-zone center, and the second-order coef-
ficients (corresponding to the flexoelectric tensor compo-
nents) are then extracted via a numerical fit. This
requirement introduces significant computational overhead
(to repeat the same calculations at several values of q) and
is a potential source of numerical inaccuracies related to the
fit. It would be much cheaper from the computational point
of view, and convenient from the point of view of the end
user, to directly calculate the desired dispersion coefficients
as part of the intrinsic linear-response capabilities of the
code. To achieve this goal, however, one needs first to
establish a general formalism to describe the long-wave-
length limit within the context of density-functional per-
turbation theory (DFPT).

Here we provide a comprehensive solution to the above
issues by first rewriting the second-order energy at finite q
as an unconstrained minimization problem of a variational
functional of the first-order wave functions. Next, we show
that the parametric q dependence of the second-order
energy can be regarded as a small perturbation of the q =
0 functional; hence, one can apply the standard tools of
DFPT to perform an analytic long-wavelength expansion of
an arbitrary response property of the crystal in powers of q.
Remarkably, this strategy in combination with the “2n + 17
theorem enables us to write explicit formulas for first-order
dispersion coefficients that need only the uniform field
wave-function response as an input. Thus, one can take
advantage of the already implemented linear-response tools
to calculate a wide range of new materials properties, such
as flexoelectricity and the natural optical activity, at
essentially no cost and without the need for explicitly
implementing or calculating the wave-function response to
a gradient of the external field. Finally, we demonstrate our
formalism by implementing the formulas for the clamped-
ion flexoelectric coefficients and the dynamical quadrupole
tensor (the higher-order multipolar counterpart of the Born
dynamical charge tensor). The flexoelectric coefficients
that we calculate for several materials are consistent with
previously published results [19,20]. Established by Martin
in his seminal paper [14], the relationship between the
sublattice sum of the quadrupole moments and the
clamped-ion piezoelectric coefficients is numerically veri-
fied to a high degree of accuracy. Both quantities converge
with respect to the plane-wave cutoff and k-mesh density
comparably to “standard” linear-response properties (e.g.,
the macroscopic dielectric tensor) and can now be obtained
in a tiny fraction of the computational burden that was
formerly needed.

This work is organized as follows. In Sec. II, we present
our method based on the long-wavelength expansion of
DFPT and provide general formulas for dispersion proper-
ties at the lowest orders in q. In Sec. III, we discuss the
finite-q generalization of the electric field response, which
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we use to define and compute the polarization response in
the long-wavelength limit. In Secs. IV and V, we demon-
strate our long-wave approach by deriving and calculating
the dynamical quadrupole and clamped-ion flexoelectric
tensors in selected materials and model systems. Finally, in
Sec. VI, we present our conclusions and outlook, e.g.,
regarding future generalizations of our method to other
dispersion properties. The Appendixes provide additional
analytic support for the formulas reported in the main text.

II. LONG-WAVE PERTURBATION THEORY

A. Density-functional perturbation theory

Here we briefly introduce the basic principles of DFPT,
both for completeness and in order to support the formal
developments of the later sections. Consider an external
perturbation to the electronic ground state, which we
describe by assuming a parametric dependence of the
Hamiltonian operator on a small parameter 4,

A=A 280 + 282 ... (1)

The linear response of the wave functions to the perturba-
tion can be recast in terms of a Sternheimer equation,

O(HO — e Olwh)) = -0HD ), (2)

where ( indicates the projector on the unoccupied band
manifold, and

A A

HY = A 4 yO) (3)

contains, in addition to the external perturbation H (”, the

self-consistent (SCF) potential response V) that depends
on the first-order electron density as

V(r) = / B Ko (1.0 (1),

nD(r) = 20w ) ey ).

Ky (r, 1) is the Hartree exchange and correlation (Hxc)
kernel, which is defined as the variation of the SCF
potential at r with respect to a charge-density perturbation
at v’ calculated at the ground-state density n(?),

5Vch (I')
n(r)

_ 52EHXC
n(© - 51’1(1‘)5”(1’/) ”(0).

KHXC (I’, I'/) =

The second-order variation of the energy with respect to the
perturbation can then be written as

N 10°E
E@ — O,y 22 = 4
2 (A lyn’) + 57 (4)

m

where the second term on the right-hand side does not
depend on the first-order wave functions,

sz = 2w 1Ay, (5)

One can also recast the linear-response problem as a
variational functional of the first-order wave functions [21]

EC) =" (i [(HO = e yh)

1 0 0 1
+ 3 (b IHO i) + () [HO )

1
+ / / Kygeo (0, ¥)n 0 (1)1 ) (1)
Q

2
o ©
(the double integral of the third line must be taken once
over all space and once over the primitive unit cell, whose
volume is ) to be solved within the “parallel-transport
gauge” (i.e., under the constraint of orthonormality to the
valence manifold V),

1 0
w; ) =0,

Equations (4) and (6) manifestly coincide if the first-order
wave functions satisfy the Sternheimer equation (2); how-
ever, the latter expression has the virtue of being stationary

jlLeV.

with respect to variations of |w,(,i )>, and such a characteristic
will have a key importance in the context of this work, as
we see shortly.

B. Unconstrained variational formulation

First, recall the definition of the valence- and conduc-
tion-band projectors (we already see the latter in the
previous subsection),

P=SW .  0=1-P. (7)

We now use these definitions to write the linear-response
problem as an unconstrained variational minimum of the
following functional

E® =3 (P [(AO + aP - &) lyid)

+ 3w [0A ) + cc.

+%/ /Kch(r,r’)n(1>(r)n(1)(r’)d3rd3r’
o
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Note the explicit introduction of the band projectors in the
first and second lines and implicitly in the third line via a
redefinition of the first-order electron density,

() =Y i 10N elys) e (9)

m

The parameter a is a constant with the dimension of an
energy, whose role is to ensure that the matrix element in
the first line of Eq. (8), quadratic in the first-order wave
functions, is defined positive, and hence, that the functional
is stable. To see this point, consider the expectation value of
the operator in the round brackets on a valence (v) or
conduction (c) state,

W (A + aP —e)p”) =€, +a~e,
WA+ aP —e,)ly) = e ~e,.

As n belongs to the valence band, the matrix element on the
conduction state is always positive. Regarding the valence
state, for the value ¢, +a —¢, to be guaranteed to be
positive, it suffices to set a to any positive energy that is
larger than the total valence bandwidth.

The insertion of a conduction-band projector Q in both
the charge density and in the second line of Eq. (8) has the
purpose of enforcing the parallel-transport gauge i.e., that
at the variational minimum the solutions y!!) be strictly
orthogonal to the valence manifold. Indeed, thanks to the
projectors O, the addition of a small valence component to
the trial solution y(!) leaves the energy unaltered except for
the (quadratic) matrix element in the first line of Eq. (8).
The latter term, in turn, always provides a positive con-
tribution to the energy, whose magnitude depends on the
parameter a. Therefore, a has no influence other than
preventing the first-order wave functions from acquiring
arbitrarily large components on the valence manifold,
which will lead to runaway solutions.

Following these considerations, it is clear that the
variational solution of this unconstrained energy functional
is unique and corresponds precisely to the constrained
minimization procedure described by Gonze [22]. It also

leads, by differentiating Eq. (8) with respect to <1//,(nl)|, to
the form of the Sternheimer equation proposed by Baroni
et al. [12],

(A + aP =)y = —0A i), (10)

Such a form clearly enforces f’|1//,(nl)> =0 and reduces to
Eq. (2) once the left-hand side is projected on the
conduction manifold.

C. Factorization of the phase

To appreciate the practical advantages of the uncon-
strained formulation of the previous subsection, we now

apply it to a monochromatic perturbation in a periodic
crystal. This can be expressed as a phase times a cell-
periodic part,

A

AN (r,v) = eatA) (r,v). (11)

As customary, we work with the cell-periodic part of the
Bloch wave functions by writing

Yink (I‘) = eikrumk (I‘),

which allows one to reabsorb the incommensurate phase
€T by performing appropriate shifts of the states and
operators in momentum space.

For the sake of generality, we consider the mixed
derivative with respect to two distinct perturbations 4,
and 1,, whose physical nature is specified later in this
manuscript. (The functional, strictly speaking, is variational
only for 4, = 4,; yet, even in the mixed case it preserves
the stationary character with respect to small variations
in the first-order wave functions.) We implicitly assume
that the crystal under study is a time-reversal (TR)
symmetric insulator. (A generalization of the formulas to
TR-broken materials, while not difficult, will unnecessarily
complicate the notation.) The second-order energy can then
be written as

B s [ e,

/ / (e, )™ (1) (V) d3rd®r
1 O’E
e (12
20A704, )
where the quantity in the first line is given by
2
Efrikzq = mk q|(H]((—¢)—q + aPk+q - €mk)|umk q>
+ <urr;k.q|Qk+qu2.q|umk>
(0) [f]/ll A Ao 13
+ <umk|( k,q) Qk+q|umk,q>’ ( )

s = 2 is the spin multiplicity, and we use the following
shorthand notation for the Brillouin-zone averages,

= %

The last (third) line in Eq. (12) is, as usual, the nonvaria-
tional contribution to the second-order energy, while the
second line contains the self-consistent energy that depends
quadratically on the first-order electron densities [23]
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n

(r) =2s / Z[d%}wa,?&|r><r|Qk+q|ufnk,q>. (14)

m

A
q

Note that we introduce new symbols for the phase-
corrected Hxc kernel [we specialize to the local density
approximation (LDA)]

Ky(r, 1) = Ky (T, r')eld =),

the operators in momentum space
Ok — e—kreikr
and the cell-periodic part of the charge-density response

P
g

(r) = e"4Tn’(r).

From these formulas, one can now appreciate the most
remarkable property of the unconstrained functional:
Unlike the original version, where the orthonormality
constraint is taken by calculating the scalar products with
ground-state valence orbitals at k + ¢, the present version
is written in a manifestly gauge-invariant form; i.e., only
the operators explicitly depend on q. (The first-order wave
functions should be regarded as “trial” solutions, which
means that their q dependence is implicit: It is a conse-
quence of the stationary condition that is imposed on the
functional at each q.) This feature is a key advantage when
developing a perturbative theory in q, as the derivatives of
the operators in momentum space are well-defined math-
ematical objects and do not suffer from the phase inde-
terminacy of the Bloch states.

D. 2n +1 theorem

L 7! .
At this point, we can treat Efl] * as a new functional of
|M/11.2
mk.q

take advantage of the established mathematical tools of

), which depends parametrically on q. We can then

perturbation theory to expand Efliﬂz in powers of q around
q = 0, which has the physical interpretation of a long-wave
expansion. This procedure can be pushed, in principle, to
any order in q. In particular, in virtue of the 2n + 1 theorem
[24], the knowledge of the q derivatives of the wave
functions up to order n is sufficient to calculate response
properties up to O(g***!). As we see in the following, this
result is especially useful at the lowest orders: The
computational tools to calculate the n = 0 (and, sometimes,
n = 1) response functions are already available in many
public first-principles packages, which implies that many
response properties can be, in principle, extracted without
even implementing a new response function in the code. (In
the following, we illustrate this strategy at a formal level,
without specifying the physical nature of the perturbations;
practical examples are provided in Secs. IV and V.)

At first order in q, the 2n + 1 theorem reduces to the
Hellmann-Feynman theorem and can be summarized as
follows:

aEi

= aa,

DE

dq,

4
v

, (15)

q=0 q=0

which states that the q gradients of the response functions
|}, o) are not needed to access the q gradient of the
stationary second-order functional. (We specialize our
formulas to a neighborhood of q = 0, as such a limit is
directly relevant for the macroscopic response properties of

the crystal.) In particular, we have
i “a
o= | Y E

// (r. ¥ ) (£)n () rd v

82E>
qO

+

2 aqy ((%T 02y

where we use shorthand notation for the q derivative of the
Hartree and exchange-correlation kernel,

(16)

_ OKy(r,x')

K,(r.r')

and the band-resolved contribution reads as
y)
Ef;;kzy = >
0) | /1Y% A
+ (i |0, O i) + (i | (P40, Oy
(0
+ (U AR, ) + Gl (A ) ). (17)

Here we introduce new symbols for the q derivatives of the
external perturbation,

\3H |u

OH;
dq,

YA
ky —

9
q=0

and for the k derivatives of the ground-state operators
(Hamiltonian or band projectors), e.g.,

8H k-+q
dq,

q=0

Also, we remove the q subscript from those quantities
(either first-order wave functions, densities, or perturbing
operators) that are intended to be calculated at q = 0,
c.g., mk> |umk q= O>

Note that we use the symbol H introduced in Eq. (3)
in the second line of Eq. (17) to indicate that the
self-consistent (SCF) Hartree and exchange-correlation
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potential must be included in the first-order Hamiltonian at
q = 0. The SCF part of ﬂf( comes from the Hartree and
exchange-correlation term in Eq. (12) via the partial
derivative of the first-order density with respect to ¢,,

I’l]L .
8(9;:) =25 Az[d%};(uﬁfﬂr)(ﬂaka|u£1k>. (18)

Crucially, the SCF potential needs to be explicitly calcu-
lated only at the level of the O(q°) perturbation; the q
gradient of the perturbation, in the third line, concerns only
the external potential part H. (This result is, again, a
consequence of the 2n + 1 theorem.) Note also that 8y13k
has only cross-gap matrix elements; thus, it does not
contribute to the first line of Eq. (17), and we can omit
O\ from the matrix elements in the third line, as it always
appears next to a conduction-band state.

The above formulas enable the calculation of the
“d/dq,” response with a computational workload that is
comparable to the uniform (q = 0) case. Indeed, only the
q = 0 first-order wave functions are needed as ingredients;
the additional burden consists of the implementation of the
new operators that appear in Egs. (16) and (17), but once
this is done, the evaluation of the corresponding matrix
elements proceeds at essentially no cost. Most of these
“new” operators are, in fact, well known in the context of
band theory and are standard in most DFPT implementa-

tions (e.g., the velocity operator 8},1:1 E(O) or the derivatives of
the band projectors). For example, the second line of
Eq. (17) might look unusual at first sight, but it can be
made more explicit by observing that aka = —8y13k
and that

A~ 0 A 0 A 0 0
0, Py =D () (B,ulf) | + 18, (1

n

), (19)

where |57u£32> are the “covariant derivatives” of the
ground-state wave functions (also known as d/dk,
response functions) and are orthogonal to the valence
manifold. Then, one immediately obtains

(|0, 0K ulin) = = (e |9,ul)) (el |2 o)

(20)

which is now a rather familiar expression in the context
of DFPT.

The truly new pieces in Eqgs. (16) and (17) are the q
derivatives of the monochromatic perturbation and the q
derivative of the SCF kernel. We defer the discussion of the
former term, which depends on the specific perturbation, to
Secs. IV and V. The latter quantity is particularly simple to
evaluate in the framework of the LDA, where the XC kernel

is independent of q. (Adapting the formalism to other XC
functionals, e.g., in the framework of the generalized-
gradient approximation is, in any case, straightforward:
It requires calculating only the analytic q derivative of the
exchange-correlation kernel, which is well behaved in the
long-wavelength limit [25]) As we are left only with
electrostatic effects, it is most convenient to work in
reciprocal space, where the Coulomb (Hartree) kernel is
local,

[gerel
KyoG,G)=dr—"—. 21

H,q( ) |G + q|2 ( )
(G and G’ stand for reciprocal-lattice vectors, and & is a
Kronecker symbol.) The q gradient (at q = 0) of the above
expression is easily computed,

oy
K,(G.G) = —snG,%. (22)

The G =0 term must be, of course, excluded; this
corresponds to adopting short-circuit electrical boundary
conditions, which is the correct choice for computing
materials properties that have a tensorial nature. (A formal
justification of this point was provided in Ref. [22] for the
uniform electric field problem and in Ref. [13] for the
flexoelectric tensor.)

E. Higher orders

As we said, the 2n 4 1 theorem, in principle, provides
access to the long-wave expansion terms of a given crystal
response to any order in q. In general, the analytic formulas
for higher orders in q can become rather cumbersome to
derive, as they involve a larger number of terms; plus, they
typically require additional response functions to be imple-
mented and calculated. There is, however, an important
exception to this statement that is worth discussing, as it is
central to the topics that we present in the later sections.
Indeed, there are some notable cases where a perturbation
produces a vanishing response at q = 0, and the interesting
physics occurs only at first order in q. A classic example is
that of a scalar potential perturbation: At q =0, the
perturbation is a rigid shift of the potential reference,
which has obviously no effect on the electronic structure;
at first order in ¢, one obtains the response to a uniform
electric field [22]. In such cases, the formula for the O(g?)
response simplifies considerably and, in fact, is only
marginally more complicated than the first-order formulas,
Egs. (16) and (17).

To be more specific, consider the following mixed
derivative,

e dPES”
v dqyd% q:O’
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and assume that |u’,1,fk_q:0) = 0. Consistent with the above
notation, we indicate the response function to a gradient of
the perturbation 1, as

q0>

A
ouy q

dq;s

) —\

Then we have

‘A y; i
£ = B 4 B 23)
where the tilded (unsymmetrized) quantities read as
E;;Z =S / [k ZE;izya
// 11* )ngz(r’)d3rd3r’
1 o O’E
+_7(*—> »
4 8%,8615 8218/12 q=0

with

i)
Efnlkz,yé = mkl8 H |umk §>

1 SN
5 (0|0, 0K 1) - (i 0, O )
Wl

(25)

Ao A 1
(i (R0, Okl 5) + 5 (s

(U () [l 5)

and

(1) = 25 / P ). (20

m

(Again, we can drop the conduction-band projector as
|u’},fkﬁ) belongs to the conduction band by construction.)
The resulting formulas for the second-order energy are
essentially identical to those derived in Sec. II D for the first
order in q, with three main differences: (i) the result needs
now to be symmetrized with respect to y and J; (ii) every
occurrence of the response functions and perturbing oper-
ators that depend on 4, need to be replaced with their next
higher-order gradient in q; (iii) there is a new term in
Eq. (25) containing the second k gradient of the band
projector 8y5QAk. The latter operator is multiplied by .2,
which we include to account for cases where the perturba-
tion 4,, while yielding a vanishing response at q = 0, may
not vanish therein.

Similar considerations can be used in order to push the
expansion to O(q*) whenever both perturbations A; and 1,
produce a vanishing response at q = 0.

III. TREATMENT OF THE
POLARIZATION RESPONSE

Many materials properties (including the flexoelectric
tensor that we discuss in Sec. V) involve, in one way or
another, the polarization response to an external perturba-
tion. Correctly treating the long-wavelength limit of the
electrical polarization is far from trivial in the framework of
density-functional perturbation theory. In the presence of a
spatial modulation, the standard formulas (e.g., based on
the Berry-phase approach) are not applicable, since they are
specialized to the macroscopic response at the Brillouin-
zone center. To work around this issue, in Ref. [20] the
polarization (P) response to some monochromatic external
field 19 was expressed as the current-density (J) response to
the time derivative of the field,

dpP1  dJ1
LA (27)
g

In a quantum-mechanical context, this can be expressed
[20,26] via the following formula,

dP3  2s 0) %
T = o [dgk}zw,(nl)(|Jak.q|5”fnk.q>’

BZ m

(28)

where J .q 1s the current-density operator at a given value
of q, |6uj, ) describes the adiabatic wave-function
response [20] to the perturbation velocity in the limit of
JLEEN 0, and the index m runs over the occupied manifold.
In other words, if we modulate the perturbation in time with
a dynamical phase e~ |6y?) is related to the first-order
term in the low-frequency expansion of the wave-function
response.

Unfortunately, Eq. (28) is not directly useful to our
scopes, as it is not explicitly written as a second derivative
of the total energy. To circumvent this issue, we use the
known [27] thermodynamic relationship P = —0E/JE to
rewrite P as a mixed derivative with respect to the electric
field £ and the external perturbation 4,

q 2
wn___LE )
drd dEq dM
This strategy recovers the established DFPT formulas [11]
for the polarization response in the q =0 case. [For
instance, if 4 is an atomic displacement, Eq. (29) reduces
to the standard linear-response expression for the Born
effective charge tensor.] It presents, however, a new
complication in that we need to generalize the electric
field perturbation to finite values of q. To do that, we
express the £-field perturbation as the time derivative of the
A-field perturbation, again by means of adiabatic pertur-
bation theory. As we see shortly, this allows us to write the
polarization response in a variational form, and therefore
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apply the formalism that we develop in the previous
sections to perform its long-wave expansion.

In the following subsections, we first discuss the
response to a monochromatic vector potential at finite q,
which is the fundamental building block of our approach.
The electric field response is then defined as the frequency
derivative of the vector potential response via a first-order
expansion in the frequency. Finally, we discuss the simpler
case of the scalar potential perturbation and show that, at
first order in q, it correctly recovers the electric field
response (as defined via adiabatic perturbation theory)
at q =0.

A. Vector potential

The coupling of a generic Hamiltonian to a modulated A
field is expressed, in the linear regime, via the current-
density operator [20]. We report its derivation, following
the guidelines of Ref. [20], in Appendix A; hereafter, we
discuss the response to such a perturbation with special
attention to the lowest orders in q.

The wave-function response can be written in terms of
the following Sternheimer equation

0
o).

~ (0 Fal A{l A AAu
(Hl<(4)»q + aPk+q - 6mk)|”mk,q> = _Qk+qu.q

(30)

where ﬁﬁ is the first-order variation of the Hamiltonian in
the presence of a modulated A field. (Note the absence of
the SCF potential contribution, as a static vector potential
field leaves the charge density of the crystal unaltered in the
linear regime by time-reversal symmetry.) In the context of
this work, we need only the zeroth and first orders in the q
expansion of |u;\1‘i(’q). Regarding the q = 0 limit, it is easy
to show that (since we are dealing with electrons, we
assume Q = —1 henceforth)

i q0) = OuPrlity) = Datiy).  (31)
where the “9” sign is a shortcut for the gradient in k space,
and the tilde indicates the covariant derivation in the
language of band theory. Regarding the first order in q,
we report here the final result (we report a detailed
derivation in Appendix A)

a”%{.qzo Lo s 0
“oq, ) E(aﬁypk|unk>
14

b 5 0
— [0,Py. Pyl + 1uSE,)). (32)

The first term on the right-hand side is symmetric in fy; the
second and the third terms are both antisymmetric and
describe the response to a uniform magnetic field B. In
particular, the second contribution has only valence-band
components and is related to the Berry curvature; the third

is a cross-gap (CG) contribution that obeys the following
Sternheimer equation,

(I:Ik +aPy - €nk)|”SkG,py> = _Qk({ayﬂk’aapk}
— {0, B, 0, )|y, (33)

This corresponds precisely to the linear response of the
wave functions to a uniform B field as derived in Ref. [28].

B. Electric field

The standard treatment of the electric field perturbation
is based on the long-wavelength limit of a scalar potential
perturbation [22]. Such an approach, which we discuss in
Sec. I C, is appealing for its simplicity; however, when
pushed to higher orders in q, it has the disadvantage
of limiting the scope of the theory to the longitudinal
components of many dispersion-related tensors. (The trans-
verse components of the flexoelectric tensor, for example,
require a current-density response theory [20], while the
scalar potential is only sensitive to the charge-density
response.)

Instead, here we work in an electromagnetic gauge
where the scalar potential vanishes, and the electric field
is provided by a vector potential that is slowly varying over
time £ = —0,A. To achieve this goal, we need to establish a
time-dependent framework, where the external perturbation
(in this case, the vector potential that we discuss in the
previous subsection) is applied dynamically.

The adequate formalism to attack this problem is
provided by first-order adiabatic perturbation theory, which
relates the adiabatic wave functions |én) to the static
response functions |9;n) via a Sternheimer equation,

(H + aP —¢,)|6n) = i|0;n). (34)

Here, |0,n) and |6n) describe the first-order response to A

and A, respectively. In the context of the electric field
response, this translates into

A (0 D ga
(Hf(_f_q + aPkJrq - €mk)|umk.q>

7 a A Ea 0
= —l|”fnk,q> — Ox1qV4q ”;(112>7 (35)

where we incorporate charge self-consistency via the usual

SCF potential contribution V‘é". Remarkably, the A-field
response functions now play the role of an external
perturbation in the context of the E-field response,

A AL 1..(0 A,
Qk+qu.q|u}(nl)(> - |l”mk,q>-

This allows us to write the mixed derivative with respect to
an electric field and a second perturbation A as the

following stationary functional of |”f{’k,q> and [uhy o)
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/ [d*K] ZEmk .

—1—5//I(q(r,r’)ni"*(r)n’jl

(we neglect the nonvariational term, as it is generally absent
in the case of the £-field response), where

()Prd®  (36)

Eal
Emk,q < Upk, q|(H§(J>rq + aPkJrq emk)|ufnk q>

+ <umak.q|Qk+qu(.q|umk> + <lumk qlumk q> (37)

Note that Eq. (36) is not a variational function of the A-
field response wave functions |zumk q). Consequently,

when calculating the q derivatives of Eq" , one needs to

explicitly derive the functions |zu ) as one would do for

mk,q
a standard external potential operator (e.g., corresponding
to a phonon or a “metric” [26] perturbation, as in the
flexoelectric case of Sec. V). Note also that at q = 0, the
above formulas trivially reduce to the standard treatment of
the uniform electric field perturbation [11], of which they
constitute the desired generalization to arbitrary q vectors.

Before closing this subsection, it is interesting to verify
where the variational formulas derived here stand compared
to the existing treatment of the polarization response [20]
via Eq. (28). By imposing the stationary condition Eq. (35)
to Eq. (36), we obtain the following nonstationary formula
for the polarization response,

dP} 2 e 28 3
d/{ = _ﬁEq = Q [d k]z< mk qlumk q> (38)

BZ p

It is not difficult to show that Eq. (38) exactly matches
Eq. (28). One just needs to recall the relationship between
the current-density operator and the vector potential per-
turbation Eq. (A5) and the sum-over-states expression of
the adiabatic wave functions [a consequence of Eq. (34)],

|Sut >:iz Q) >M (39)
mk.q nk+q €nk tq — Emk

neunocc

To go from Eq. (28) to Eq. (38), it suffices then to
incorporate Eq. (39) into Eq. (28) and subsequently move
the energy denominator and the factor of i from the right (4
response) to the left (A response) matrix element. This
derivation shows that, apart from irrelevant differences in
the notation, Eq. (28) can be regarded as the nonstationary
[11] counterpart of the variational functional, Eq. (36).

C. Scalar potential

A monochromatic scalar potential perturbation simply
involves adding @e'?" to the local electrostatic potential;
thus, in the language of this work, the external perturbation

is the unity operator at any (, ﬁﬁ = Q = —1, where Q is
the electron charge. The mixed derivative functional
involving a scalar potential and a second perturbation A
then reads as (note, as in the electric field case, the
disappearance of the nonvariational term)

. o
EV' =5 / (K> End
BZ m

+%//Kq(r,r’)n‘{l’*(r)

ni(vdrd®r,  (40)
where

*ﬂ A 0 A
Enica = (Wincql (ALq + aPicrq = )|t )
0) | A A A 0
- <Mr<nl>(|Qk+q|u;1nk,q> + <uf1k,q|Qk+qu(,q|u£nl)(>'

(41)

Differentiation ~with respect to |[u}, ,) yields the
Sternheimer equation for the first-order wave functions,

7(0 5 A s 0
(A + aPiciq = el o) = —Okrq(=1 + V) uln).
(42)

where Vﬁ is, as usual, the SCF contribution to the
perturbation.

As we mentioned earlier, the scalar potential response
vanishes at q = 0, and any mixed derivative involving ¢
identically vanishes at q =0 as well. (Note that the
perturbation does not vanish at q = 0, as it is a constant
equal to —1 at any value of the wave vector.) At first order
in q, one recovers the standard treatment of the uniform
electric field [22], with the following relationship between
the corresponding first-order wave functions,

i) = |lumk 5)- (43)

Then, by combining Eq. (43) with our higher-order formula
Eq. (24), one can obtain useful information about the
dispersion of the charge-density response of the system to
an arbitrary perturbation.

To see the relationship between the scalar potential and
the first-order charge density, one can insert Eq. (42) into
Eq. (40) to obtain a nonstationary expression for the mixed
derivative,

@A __
Eq" =

=5 [ Ol ) (44

m

which provides a direct link to the electronic contribution to
the charge-density response,
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_ 1 2 *
P =g L Froi(r) =SB (45)

Note that ,0el QO the cell-averaged electronic charge density
induced by the perturbation 4, differs from the cell average
of ng(r) by a minus sign, which stems from the negative
electron charge.

D. Relationship to the continuity equation

The fact that Ei’l’*'1 and —Egj’/1 correspond, respectively
(modulo a factor of 2/Q), to the charge-density and
polarization response to the perturbation A implies that
they must satisfy the continuity equation V-P = —p. In
reciprocal space, this means that the following must be true,

P> g Bt =Eq”. (46)
a

The correctness of this result can be, of course, verified at
the level of the finite-q functionals, respectively, Egs. (36)
and (40). In the context of the present work, however,
it is perhaps more insightful to verify Eq. (46) in the long-
wave limit and use it as a “sanity check” of the formalism.
At the lowest orders in q, Eq. (46) leads to the following
relationships,

—Efit = (ES " (47a)

iES B = —E7). (47b)
(We choose the prefactors in such a way that all quantities
are real numbers and that they match the sign conventions
of Ref. [13].) Equation (47a) is trivial to verify by using
Eq. (36) and the Hellmann-Feynman theorem applied to the
first q gradient of Eq. (40). Equation (47b) can be checked
by applying the higher-order formula Eq. (24) to Eq. (40)
and by using the relationship existing between the scalar
potential and the electric field response functions, Eq. (43).
In the special case of 4 being an atomic displacement, one
can recognize the relationships between the multipolar
expansion of the charge-density and polarization response
as established in Ref. [13].

IV. DYNAMICAL QUADRUPOLE TENSOR
A. Theory

Following the notation of Ref. [13], we can define the
cell-integrated charge response to a monochromatic atomic
displacement as

0% = Qp¢’ = —iqyZ, +2E4 ™. (48)

where Z, is the pseudopotential charge, and 2Eg * is the
mixed derivative of the energy with respect to a scalar
potential [see Sec. III C, Eq. (40) in particular] and an
atomic displacement pattern of the type

R, = R + 7,e/Ri, (49)

(I and « are cell and sublattice indices, respectively. R?K
indicates the unperturbed atomic position. Note that this
perturbation differs from the standard implementations of
DFPT [12,22] by a phase factor; see Appendix B 1 for
details.)

In the long-wave limit, Qg/, can be written as a multipole
expansion of the charge density induced by an atomic
displacement,

(Ly) _ 495 010 .

0% = —iq, 0y > Qs s (50)

where the dots stand for higher-order terms that we do not
discuss in this work. The first-order term corresponds to the
Born effective charge tensor,

. 7)
Zepy = Qkﬁ = Op Ly + DLy, (51)

where the electronic contribution reads as

AZ, 5 = = 2is A Y 0, Pl

m

= 2is/ &k 3,ul) |u™
BZ[ ]Z< 14 mkl mk>

m

— 2 [g P B, (52)

m

thus, recovering the already established result [11,12]. [We
apply the Hellmann-Feynman theorem to the q derivative
of the functional of Eq. (40), combined with the fact that the
@-response wave functions vanish at q = 0.]

The quadrupole tensor elements can be written as the
second q gradients of O,

Q<2 75)

o 2E"’ o, (53)

By using Eq. (47b), we arrive at the following expression,

E{;ﬁf‘ﬂ g‘*TK" 1E£ o (54)
The first q gradient of the mixed response to an electric
field and to an atomic displacement can then be calculated

by applying Egs. (16) and (17) to Egs. (36) and (37),
respectively,

fx/x / d3 k Z Ei; ]:Kﬁ

—i—EL/Ky(r, v )né (r)n® (¢ )drd’r, (55)

with
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Effl:f}//} < |a H | Txﬂ> < mk|a QkHTKﬁ mk>
+(u mk\v&sa Onluii) + (W A |l
+ < mk y|u > (56)

Since the response functions need to be symmetrized
according to Eq. (54), we can simplify the expression of

i), Ed. (32), and set

i .
<lumky|umk> - _2< mk|ay5Pk|u /j> (57)

where 8y5ﬁk is the second k gradient of the valence-band
projector that we describe in Appendix A. [Other terms in
Eq. (32) vanish as they are antisymmetric in the two
indices.] The explicit formula for the q derivative of the
atomic displacement perturbation H ”" is reported in

Appendix B 1.

Note that we can obtain the same result by directly
applying the higher-order formula Eq. (24) to Eq. (40),
instead of using Eq. (54). The above progedure has the
advantage that the intermediate quantity Emskﬁ has also a
well-defined physical meaning, as it relates to the P(!)

tensors discussed in Refs. [6,13],

Ly) _ a

Ert,,
N/ QEVE ﬂ' (58)

!
These quantities can be interpreted as the first spatial
moment of the polarization field induced by an atomic
displacement and are required for the calculation of the so-
called “mixed” contribution to the flexoelectric tensor.
Their in-depth discussion brings us out of our main topic,
and we defer it to a forthcoming publication.

B. Computational parameters

The computation of the quadrupole tensor is imple-
mented in the ABINIT [29] package as a postprocessing of
the DFPT response function calculations. All the numerical
results are obtained employing Troullier-Martins norm-
conserving pseudopotentials and the Perdew-Wang [30]
parametrization of the LDA. For our calculations on bulk
Si, we use the calculated cell parameter of ay, = 10.102
bohr and two different crystal cells: (i) the primitive two-
atom cell sampled with a Monkhorst-Pack (MP) mesh of
12 x 12 x 12 k points, and (ii) a nonprimitive six-atom
hexagonal cell with the translation vectors oriented along
the [011], [101,] and [111] directions, sampled with a I'-
centered 22 x 22 x 22 k mesh. We use a plane-wave cutoff
of 20 Ha in both cell types. We also perform a convergence
study by repeating our calculations at several different
values of the cutoff and k-point mesh resolution. Regarding
our calculations of ferroelectric PbTiO5, we use a tetrago-
nal five-atom unit cell, with a plane-wave cutoff of 70 Ha

and an 8 x 8 x 8 MP mesh of k points. We relax the unit
cell until the forces are smaller than 1 x 10~® Ha/bohr,
obtaining an aspect ratio of ¢/a = 1.046 (a = 7.275 bohr)
and a spontaneous polarization Pg = 0.78 C/m?. These
structural data are in excellent agreement with earlier
calculations of the same system [27].

C. Numerical results
We first study bulk Si as a test case. The quadrupolar

tensor is defined by a single material constant Q via the
following expression,

05 = (1) (59)

where €5, is the Levi-Civita tensor. In order to benchmark
the formalism, we first perform a calculation of Q via an
independent real-space method, which does not rely on
Eq. (53). To this end, we calculate the charge-density
response to an atomic displacement along the [111]
direction by using a Brillouin-zone unfolding procedure
[31] applied to the six-atom hexagonal cell. In particular,
we consider a stripe of 22 equidistant q points (q =0
included), spanning the entire Brillouin zone along the
crystallographic [111] direction and calculate the first-order
densities associated with a phonon perturbation at each q.
(In practice, the number of independent q points reduces to
12 due to time-reversal symmetry.) After unfolding, we
readily obtain the induced charge density that corresponds
to a displacement of an isolated atom. (In practice, this
approach corresponds to studying the displacement of a
plane of atoms in a supercell where the hexagonal unit is
repeated 22 times along the [111] direction.) We report the
plane averages of the first-order density in Fig. 1, where we
also show its decomposition into the antisymmetric and
symmetric contributions. A fast decay of the induced
density is clearly observed, which allows us to calculate
the desired real-space moments with high numerical
accuracy. The dipole moment correctly reproduces the
pseudopotential charge, as expected. The second real-space
moment of the first-order charge is then related to Q via

J3o
0% = e 0, (60)

where the superscript RS stands for “real space,” and e, is
the calculated electronic dielectric constant.

Our calculated values are Qflzl)l] =1.178 and e, = 13.103,

which via Eq. (60) yield a value of QRS = 13.367 e bohr.
With an equivalent choice of the computational parameters,
by using our new method, Eq. (53) and the primitive two-
atom cell, we obtain Q = 13.368 e bohr. The matching
between the two approaches is essentially perfect, which
demonstrates the soundness of our implementation.
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0.015 T T T T T

[Fig. 2(b)] converge equally fast with respect to both
computational parameters. Moreover, the agreement

0.01 between Q and ORS becomes better and better as the
energy cutoff increases. Both observations concur to put
~ 0005 our new method based on Eq. (53) on very firm ground.
= Note that the calculation via Eq. (53) is at least an order of
_@ 0 magnitude more efficient than the alternative real-space
o method, as the latter requires us to calculate the phonon
“Q—_O 005 response at many q points, while the present approach
’ requires only I'-point response functions as prerequisites.
Next, as a more ambitious test of our method, we carry

-0.01 out a numerical verification of Martin’s formula [14]

1
O 05 02 0 025 05 075 Copy = —ﬁZ(QS;W) — Q& 4 0ZF) - (61)
[111] direction (bohr ) K

FIG. 1. Electron-density response to an atomic displacement  relating the proper [32] clamped-ion piezoelectric tensor
along the [111] direction in bulk Si (solid line). Its symmetric ~ e,p, to the sublattice sum of the dynamical quadrupoles.
(dotted line) and antisymmetric (dashed line) parts are also  [Here, the first subscript (@) of the piezoelectric tensor on
plotted. The first-order density is averaged in plane. The origin the left-hand side indicates the polarization direction,
of the abscissas coincides with the position of the atomic  \heregq the other two indices (By) refer to the strain tensor
sublattice highlighted in the inset. components.] In particular, we benchmark the value of e,
computed from Eq. (61) via the quadrupoles against its

To better illustrate the plane-wave and k-point mesh  value obtained as the mixed derivative of the energy with
requirements of our new method, we also perform a  respect to the components of the strain and the electric field.
convergence study, where we compare the behavior of = The latter response function is a standard DFPT quantity
the quadrupole tensor components (alongside with the  that we obtain by means of the metric tensor formulation by
flexoelectric response, which we comment on in Sec. V)  Hamann er al. [33] as implemented in the ABINIT package.
to that of a standard linear-response quantity, the electronic We focus on a well-known piezoelectric system, the
dielectric constant. The numerical results are plotted in  tetragonal phase of PbTiOs. The quadrupole moments of
Figs. 2(a) and 2(b) as a function of the plane-wave energy each atom in the unit cell are shown in Table 1. As for the
cutoffs and the number of k points employed to sample the  three independent PbTiO; piezoelectric tensor elements,
Brillouin zone. One can clearly appreciate from the figure  they are reported in Table II. The comparison between
that the quadrupoles [Fig. 2(a)] and the dielectric constant ~ the coefficients from the two methods demonstrates

k points k points k points
6 83 10° 123 143 16° 6 8’ 10° 123 143 16° 6’ 83 10° 123 14° 16°
13.9 T T T T 13.3 T T T T T T T T
L (a) ] | (b) 1 140 .
I
13.7 1301 )
> T -141 - 4
': ~
S 135 < )
= 13.1 8 9 2
) S -la2 | e
13.3
! 13.0 7 -1.434 7
131 1 1 1 1 1 1 1 1 1 1 1
0 12 14 16 18 20 22 100 12 14 16 18 20 22 10 12 14 16 18 20 22
Ecut (Ha) Ecut (Ha) Ecut (Ha)

FIG. 2. Convergence of selected linear-response quantities with respect to the plane-wave cutoff and the density of the k-point mesh.
Calculated dynamic quadrupole moment (a), dielectric constant (b) and longitudinal flexoelectric coefficient (c) are shown. Red empty
circles (lines are a guide to the eye) are obtained by varying the plane-waves energy cutoff while keeping the 12 x 12 x 12 k-points grid
fixed. Empty blue squares correspond to varying the k-points mesh resolution with a fixed energy cut-off of 20 Ha. Panel (a) includes the
energy cut-off dependence of the quadrupole constant as calculated from the second moment of the induced charge density response
(green circles).
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TABLE I. Quadrupole moments (in e bohr) of PbTiO5 calcu-
lated via Eq. (53). Note that Q,%/}Y) = Q;((%z’yﬂ ),

xk=Pb k=Ti k=0, k=0, k=03
Q(?{ll) 2264  -3.545 2.884  —4.186 0.406
Q(%ﬂ) 2264  -3.545 -4.186 2.884 0.406
Q(21~31) -0.062  -3.799 3.123  -—1.115 -1.784
Q%m -0.062  -3.799 —1.115 3.123 —-1.784
Q(§~33) 1.240  —0.195 2.027 2.027 6.653
TABLEIL. Clamped-ion piezoelectric coefficients (in C/m?) of

PbTiO; calculated via two different methods. “Strain”: Standard
DFPT approach relying on the strain [33] and electric field
response. “Quadrupoles”: From the quadrupole moments via
Eq. (61). Literature values from Ref. [34] are shown for
comparison.

€113 = €223 €311 = €322 €333
Strain 0.1547 0.3617 —0.8345
Quadrupoles 0.1548 0.3614 —0.8347
Ref. [34] 0.20 0.35 —0.88

exceptionally good agreement, which improves up to the
fifth decimal digit by increasing the density of k points
to 14 x 14 x 14. Our results also qualitatively agree
with those of Ref. [34], wherein a different set of lattice
parameters, pseudopotentials, and exchange-correlation
functionals were employed.

V. FLEXOELECTRICITY
A. Theory

The flexoelectric tensor describes the macroscopic
polarization response to a strain gradient. It can be written
in two different ways [6,13] depending on how the strain-
gradient tensor is defined. The type-I form is

dp,

—_— 62
Wy (62)

I —
lu(z/}.yﬁ -

where 7,5 is the second spatial gradient of the displace-
ment field. Alternatively, one can use the type-II form,

dpP,
dEﬂ(;_y ’

/42”35 = (63)

where 45, is the first gradient of the symmetric strain
tensor. The two representations contain the same informa-
tion and are symmetric under permutation of the last two
indices. One can convert one into the other and vice versa
via the following relationships

ﬂgy.ﬂé = P‘}z/},y(s + lu}zé,ﬁy - :u}ly,&ﬁ’ (64a)
1 _ 1 11 I 64b
Hopys = 5 ('uay,ﬂé + lua5,ﬂy)' ( )

From the point of view of atomistic calculations,
flexoelectricity can be decomposed into three distinct
contributions [13]: lattice mediated, mixed, and electronic.
In principle, all three can be written by using the formalism
developed in this work in terms of a few basic ingredients.
These ingredients are the mixed response to an electric
field, atomic displacement, or metric wave perturbation
taken at first or second order in q. We defer the detailed
implementation and test of the full flexoelectric tensor to a
forthcoming publication and focus here on the purely
electronic response only.

The electronic flexoelectric tensor can be written as the
second derivative with respect to q of the current density
that is adiabatically induced by a “clamped-ion” acoustic
phonon perturbation [20], i.e., to a displacement pattern of
the type

R, = R) + ueRi, (65)

Note the absence of the basis index on the perturbation
parameter; this implies that all atoms in the primitive cell
should be displaced simultaneously with equal amplitude
u. Thus, a calculation of the flexoelectric tensor can be, in
principle, carried out by regarding Eq. (65) as the sublattice
sum of Eq. (49), which leads to the following practical
scheme. First, one writes the polarization response to the
displacement of an individual sublattice at finite q; then, a
second-order expansion in the wave vector q is performed;
finally, the clamped-ion flexoelectric tensor is written as a
sublattice sum of the result [13]. This was indeed the
strategy adopted in Ref. [20].

In the context of this work, however, such an approach is
impractical—the phonon perturbation of Eq. (49) does not
vanish in the q = O limit. Therefore, Eq. (24) cannot be
directly applied to calculate expansion to second order in
q of the corresponding polarization response. To work
around this obstacle, we follow Refs. [26,35] and recast
the acoustic phonon as a “metric wave” perturbation by
operating a coordinate transformation to the curvilinear
comoving frame. We then write the polarization response to
the acoustic phonon at finite q as (following the notation of
Ref. [26])

2 eup
=gk (66)

~
=

where Eg‘*’(/j ) refers to the mixed derivative of Eq. (36)
specialized to the case 1 = (f3), and (f) indicates a metric
wave with the displacement field oriented along the
Cartesian direction . (The overline implies cell averaging,
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and the prime indicates that we implicitly discard the
magneticlike contribution from rotation gradients, follow-
ing the arguments of Refs. [20,26,35].)

It is useful at this stage to recall [26] two crucial
properties of the metric wave: (i) both the perturbation
and the response vanish at q = 0,

2300 #)
H K.q=0 — 0, |”mk,q:0

) =0; (67)
(i1) at first order in ¢, the metric wave reduces to the
uniform strain perturbation 775, by Hamann ez al. [33],
A =i i) = i), (68)
As we see shortly, properties (i) and (ii) allow us to write
down a closed expression for the clamped-ion flexoelectric
tensor by using the second-order formula, Eq. (24). Before
doing that, it is useful to perform a consistency check of
Eq. (66) by showing that it correctly recovers the piezo-

electric tensor at first order in . The clamped-ion piezo-
electric tensor can be defined as

~d (dP}
e = —1l—
afy dq}/ duﬁ

By applying the Hellmann-Feynman theorem to Eq. (36)
and by using Egs. (67) and (68), we readily obtain

2S/ £
Cupy = I— d*k U,

2 .
= R ()

q=0

N 0
H;{ﬂ)|u( )>

¥ 17 mk
2s 3 Ea 17y, (0)
= _a BZ[d k]z<umk|Hk |umk>’ (70)

which matches the established result [11,33].
The type-I clamped-ion flexoelectric tensor can now be
written in terms of the following formula,

1 e
ﬂ}x/}.yﬁ = ﬁEya( )’ (71)

where the mixed derivative is, as above, taken with respect
to an electric field and the metric wave perturbation. By
taking again into account the relationships existing between
the metric () and the strain perturbations 1, the formulas
for the second gradient, Egs. (24) and (25), are as follows:

7L 7
Efé(ﬂ) = Séz[d3k]zEm]§.ﬂy)5

5 [ Kterm e @y, 02)
Q

Telsl

7Eo . Ey y(0) . Mps
Emk(,ﬂy)é = l<umk|a}’HE()|urr/:k>

T,
. & A A 0 . 0) 1v> A
+ iUl |0, Ok |ulSe) + i(uln V€0, O )
T, Ts
1, e  ~tB), (0 A
5 (il ) + iy ). (73)
| ——
T, Ts

Here we label, for later reference, the five different terms of
the band- and k-resolved contribution as 7';_s, and the term
deriving from the self-consistent energy via the gradient of
the Coulomb kernel as 7. Most of the symbols are self-
explanatory, as we already encounter them in the formula
for the quadrupolar response. Similar to the quadrupole
case, we use Eq. (57) to simplify T’s; this is justified here
because all our tests are performed on cubic materials,

where Ts must be symmetric with respect to ay. The

formulas for the q derivatives of metric perturbation I:I]((ﬂ 3 5

are elaborated in Appendix B 2.

In the following subsection, we present our numerical
results in type-Il form by using Eq. (64a) whenever
appropriate. In practice, this transformation needs to be
performed explicitly only on T4, since all the other terms
are most naturally written in type-II form. (The explicit
formula is reported in Appendix B 2.) As we are dealing
with cubic crystals only, we adopt the shorthand notation
HL =W qps Hr = p 0. and pg = pi 1, for the three
independent components, respectively: longitudinal (L),
transverse (7'), and shear (S). We drop the “II”” superscript
and assume that the flexoelectric tensor is in type-II form
henceforth.

B. Computational parameters

The computation of the clamped-ion flexoelectric tensor
is also implemented in the ABINIT [29] package. The
numerical results are obtained with the same type of
pseudopotentials and XC functional as in Sec. IV B. For
our calculations on noble-gas atoms He, Ar, and Kr, we use
a large cell of 14 x 14 x 14 a.u., with a plane-wave cutoff
of 90 Ha and a 2 x 2 x 2 (4 x 4 x 4) mesh of k points to
sample the Brillouin zone of He and Ar (of Kr). For our
calculations on SrTiO5, we use a cubic five-atom unit cell
with an optimized cell parameter of a, = 7.267 bohr, with
a plane-wave cutoff of 70 Ha and an 8 x 8 x 8 mesh of k
points. Regarding Si, we use the two-atom primitive cell
with the same computational parameters as we describe in
Sec. IV B. We also perform a convergence study of the
calculated Si flexoelectric tensor by varying the cutoff and
k-point mesh resolution.
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TABLE III. Flexoelectric coefficients (in pC/m) of noble-gas TABLE V. Flexoelectric coefficients (in nC/m) of Si and
atom systems. SrTiO5 along with previous values found in the literature.
ML Hr ps(x1074) My M Us
He -0.479 (-0.479") —0.479 (-0.479") —0.08 (-0.08%) Si (this work) —1.4114 —1.0491 —0.1895
Ar  —4.821 (—-4.813")  —4.823 (-4.820") -1 (=10% Ref. [26] —1.4110 —1.0493 —0.18%4
Kr —6471 (-6.474" —6.477 (-6.476" —4 (=20% SrTiO5 (this work) —0.8848 —0.8262 —0.0823
"Ref. 2% Ref. [26] —0.8851 —0.8260 —0.0823
eference [20]. Ref. [19] —0.883 —0.825 —0.082

C. Numerical results

In order to test our method, we first study a simple
cubic crystal lattice consisting of isolated noble-gas atoms,
as already investigated in Refs. [6,18,20,26,35]. This toy
model presents the advantage that its flexoelectric coef-
ficients can be determined analytically, based on the
macroscopic dielectric tensor and the second real-space
moment of the unperturbed atomic charge. In particular, the
three independent flexoelectric coefficients as calculated
from a metric wave perturbation must fulfill the conditions
[26,35] u; = pr and pg = 0.

Table III shows the flexoelectric coefficients calculated
for He, Ar, and Kr. It is clear from the reported data that the
expected relationships are satisfied to a high degree of
accuracy, and our coefficients are in excellent agreement
with those obtained in previous works [26]. The largest
deviation is shown by Kr: Being it a larger atom, the
overlap between neighboring images is likely to be more
pronounced than in the other cases, which justifies the
discrepancies we observe with respect to the expectations
of the isolated atom model.

At this stage, it is worth emphasizing that such a test is
by no means trivial; on the contrary, it represents a very
stringent benchmark for our formalism. To demonstrate this
point, in Table IV we show a breakdown of the three
independent coefficients of the Ar-based crystal into the
contributions of the individual terms appearing in Eqgs. (72)
and (73). The data in the table show a much more complex
behavior than the final results of Table III suggest. In
particular, the conditions p; = ur and pg =0 are not
fulfilled by any of the individual terms (an exception is
T,, but it contributes only a tiny fraction of the final value);
instead, the cancellation of the shear component and the
equality between the transverse and longitudinal ones both
result from a subtle balance between all the terms. Since
each term involves a different combination of the input
response functions and of the perturbations, such an

TABLE IV. Contribution to the Ar flexoelectric coefficients (in
pC/m) from the different terms of Eqs. (72) and (73).

T T, T, T; T, Ts
Ur —-6.472 3.512 -0.257 1.909 -9.367 5.854
ur —1.885 =2.286 —-0.257 0.000 -0.395 0.000
us  —1.885 2.907 0.000 0954 —-4903 2.926

accurate compensation clearly demonstrates the robustness
of the numerical implementation.

We also calculate the electronic contribution to the
flexoelectric tensor of two real materials Si and SrTiO;.
The converged values of the flexoelectric coefficients are
shown in Table V, where we also compare them to the
relevant literature data [19,20,26]. Again, the excellent
agreement with the published values is clear. Nevertheless,
we stress that our results are obtained with a small fraction
of the computational effort that was formerly needed.
Indeed, the most efficient method to calculate the flexo-
electric tensor prior to this work [26] was based on a finite-
difference implementation of the long-wave expansion.
This required several metric wave response calculations to
be performed on a mesh of q points close to I'. As a
consequence, it implied a numerical workload that was
about 1 order of magnitude larger than the present method,
which requires only I'-point response functions as an input.
(The response at finite q is much more costly than at I" and
needs to be repeated for several q’s to perform the
numerical differentiations described in Ref. [26].) Also
note that, in Ref. [26], the q-mesh spacing is a further
numerical parameter that needs to be monitored and
controlled, resulting in additional overhead that is asso-
ciated with the corresponding convergence studies.
Nevertheless, the method of Ref. [26] is still orders of
magnitude more efficient than the earlier calculations of
Ref. [19], which used a supercell geometry to access the
transverse components of the bulk tensor.

As a final benchmark, we study the convergence of the
flexoelectric coefficients of Si as a function of the k-point
mesh resolution and of the plane-wave cutoff. The results
for u; are shown in Fig. 2(c). (The convergence of the two
other independent components is qualitatively similar to the
longitudinal one.) Analogous to the case of the quadru-
poles, the flexoelectric coefficients converge at the same
rate as the dielectric tensor. This means that all the spatial
dispersion properties that we calculate in this work require
a computational effort that is comparable to the study of
other standard linear-response quantities, such as the
electronic dielectric tensor.

VI. CONCLUSIONS AND OUTLOOK

We establish a general method to perform a systematic
study of spatial dispersion effects in the framework of
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density-functional perturbation theory. As a practical dem-
onstration, we implement the dynamical quadrupole tensor
and the clamped-ion flexoelectric tensor in the ABINIT
package and perform extensive numerical tests. This work
opens a number of exciting avenues for future research,
which we briefly sketch hereafter.

First, we expect that the knowledge of the dynamical
quadrupoles will allow for an improved description of
the interatomic force constants, thereby enabling a more
accurate computation of the phonon band structures. This
refined processing of the IFCs might be important for
certain material classes, such as piezoelectrics, where the
treatment of long-range electrostatics is crucial for repro-
ducing the correct sound velocity [36]. On a different note,
our theory might also prove itself very helpful in establish-
ing higher-order multipolar generalizations [37] of the
Berry-phase theory of polarization [38]. Indeed, our
expressions for the dynamical quadrupole and flexoelectric
tensors can be regarded as the linear variation of the “bulk
quadrupolization” [39] with respect to a zone-center lattice
distortion or uniform strain, respectively. There are in-
triguing parallels to the theory of multipolar magnetic
orders [40,41] as well, which will certainly stimulate
further studies.

Second, the treatment of flexoelectric effects beyond the
clamped-ion level should be relatively straightforward by
following the same guidelines as we do here. Both the
“mixed” and “lattice-mediated” contributions involve first or
second derivatives of the polarization response to a phonon,
or the force-constant matrix, just like the electronic con-
tribution. These additional pieces involve similar formulas,
only with a slightly different combination of the basic
response functions (electric field, atomic displacement, or
uniform strain). Thus, the calculation of the full flexoelectric
tensor for an insulating crystal or nanostructure of arbitrary
symmetry looks now well within reach. We expect that, once
implemented, it will involve a computational effort that is
comparable to the calculation of the piezoelectric tensor.

Third, the method can be easily adapted to compute other
spatial dispersion effects, for example, the natural optical
rotation tensor. (The latter can be written as the first
gradient with respect to the wave vector of the dielectric
tensor.) First-principles calculations of natural gyrotropy
are starting to appear [42]. We expect that by bringing it
within the scopes of DFPT, the formalism that we present
here will greatly simplify the calculation of this interesting
quantity as well. For example, it may help clarify the
physical origin of the nonmagnetic circular dichroism that
has recently been observed in PbTiO5 /SrTiO5 superlattices
[43,44]. In the context of ferroic materials, we also expect
our method to facilitate the development of first-principles-
based continuum models [45] and effective Hamiltonians
[46], where gradient-mediated couplings often play an
important role.

More generally, our work reveals a profound connection
between spatial dispersion and orbital magnetism that, in

our opinion, deserves further attention. Whenever the
polarization response to a perturbation is needed at first
order in the wave vector q, one of the contributions
necessarily involves the wave-function response to a
gradient of A, and hence, to a uniform magnetic field.
This contribution can be tentatively interpreted as a
“gyrotropic” response and is present only in certain crystal
classes; we are unable to discuss it here because of space
limitations, but we regard it as yet another interesting topic
for future studies. As a final note, the polarization response
to an inhomogeneous perturbation (including strain [47])
has received considerable attention in the context of
semiclassical wave-packet dynamics [48]. It is our hope
that the theory we develop here will help bring the
aforementioned results in closer contact with first-princi-
ples electronic structure theory and possibly help clarify the
microscopic physical nature of the effects described
in Ref. [47].
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APPENDIX A: RESPONSE TO THE
ELECTROMAGNETIC VECTOR POTENTIAL
IN THE LONG-WAVELENGTH LIMIT

The functions |ufn’i{.y> are the q derivatives of the

functions |u’s q)» Which are defined as the solutions of

the Sternheimer equation, Eq. (30). In the following, we
proceed to explicitly demonstrate Eq. (32) by first review-
ing the coupling of a generic Hamiltonian to a vector
potential field and subsequently by performing the formal
expansion of Eq. (30) to first order in q.

1. Coupling to a vector potential field

The coupling of a generic Hamiltonian to a vector
potential field can be written as [28,49]

I:I(I‘, r/) _ FI(O)(r, r/)eiQ f:, A~df’ (Al)

where the line integral is assumed to be taken along the

straight path connecting r’ to r, Q is the particle charge

(Q = —e for electrons), and we use atomic units; i.e., we

set i = ¢ = 1. The linear expansion of the above expres-

sion in powers of the vector potential components to first
order yields
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r

A

H(r,r’)zI:I(O>(r,r’)+iQH(O)(r,r’)/A-dz,”. (A2)

r

We consider a monochromatic A field written as a real
constant times a complex phase of wave vector q,

Ay(r) = A e, (A3)
After taking the line integral, one obtains a closed expres-

sion for the first-order Hamiltonian in a coordinate repre-
sentation,

elar _ eiq-r’

AAu . A
Ay (r.x') = iQH (r.r')(r, — r/)m-

p (Ad)
Note that the first-order Hamiltonian is related to the
current-density operator as

(AS)

which stems from the
J(r) = =6E/5A(r).

In the long-wavelength context of this work, it is useful
to expand the fraction on the right-hand side in powers
of q and to move the incommensurate phase factor to
the left,

thermodynamic relationship

elar _ eiq-r’ ® (_i)n

q -0 el Zm [q-(r=0)]".  (A6)

n=0

The above expansion clarifies that the fraction simplifies to
unity in the q = O limit, where the first-order Hamiltonian
reads as

nk.y

n . N . A N [N ~
(B + aPy = el ) = (0,0 + ad, P) i) = 0,060, ) = 5 Ok, A ).

[:Iéazo = —iQ[I:I(O)’ru], (A7)
This provides a first sanity check of the present formalism:
In the q = 0 limit, the current-density operator as defined in
Eq. (AS5) correctly reduces to the velocity operator times the
particle charge,
ja = Qﬁay i}a = l[H(O)’ ra]' (AS)
To make further progress towards a practical formalism,
it is useful to consider the cell-periodic part of the first-
order Hamiltonian in momentum space,
Flﬁfq(r, 1) = e ikt OT e (p 1)k (A9)
This is a self-adjoint operator at any ¢, and can be
conveniently written as

[se]
GAc _ 4>+ 9B, gy
A =-0> | 3 Betig, )

where the individual terms in the summation stem from the
k expansion of the unperturbed Hamiltonian,

. oAy
..... P OkaOky,, o Ok,

(Al1)

Equation (A10) is the first-order perturbation associated
with a modulated vector potential field, which appears
in Eq. (30).

2. Long-wave expansion

By deriving both sides of the Sternheimer equation (30),
with respect to gy, one obtains

(A12)

[We drop the superscript “(0)” on the ground-state Hamiltonian operator from now on, to simplify the notation.] One can
now use the zeroth-order result Eq. (31) to achieve the following expression (we also use 9,0y = —0,Px Whenever

appropriate),

N N A A o o ~ N 1 4 A
(Hy + aPy — €nk)|“fii,y> = <3kaaan — a0, Py0,Py — 0,0x0,Hy — 2Qk8aaka) \”Sb

(A13)

It is convenient, at this point, to separately treat the contributions that are symmetric and antisymmetric under ay exchange.

a. Symmetric part

We have

~ A A A ~ ~ A A A ~ A
(Hy + aPy — €nk)(|”2§,y> + |ty o)) = (—a0, PO Py — a0y Py 0, Py + 0,Hy 0 Qx + 00, Oy

- 3ka8aﬁk - aanay[:Ik - Qkaaayﬁk)|uﬁl(l)()>'

(Al14)
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The large parentheses on the right-hand side contain a total of seven terms. The third to the seventh can be rewritten more
compactly by observing that 93, [Qy, Hy] = 0, leading to

~ PN A, A A A A A N 0
(A + aPy = e) ([ ) + [y o)) = (a0, PrduPy = ad,Py0, Py = [y, 02,0l (A15)
The solution is given by

" A, o A 0 o A 0
)+ i o) = =02, O lul)) = 0%, Prluly)). (A16)

To justify the above derivation, observe that

32

ay

(PP) = 9,P0,P + 0,P0,P + 02,PP + P02, P.

ay

Using the idempotency of P, this immediately leads to

PO2,PP = —P(0,P9,P + 0,P0,P)P.

Note that the response is purely “geometric,” i.e., given only in terms of the ground-state wave functions, despite the
response containing both valence- and conduction-band components, as the operator agyﬁk generally has both inner and
Cross-gap matrix elements.

b. Antisymmetric part
The antisymmetric part can be written as follows:

~ A A ~ A ~ A A A
(Hy + aPy — €nk)(|”2i§,y> = |tk o)) = (=0, PO Py + a0 Py0, Py + 0,H\ 0, Ok

- aot[f]ka}/Qk - a;/Qkaut[flk + 8(1Qk8yﬁk)|ugl(l)2>' (A17)
This can be expressed more compactly by using (anti)commutators,
A A A N A A A A A
(A + aPy =€) ([ ) = |t o)) = (=a[0, Py, 0Pr] = {0, Hy, 0, Py} + {00 0,P D)), (A18)
To recast the above equation into a more transparent form, it is useful to work out the following expression,
H,0,P0,P - 0,P0,P| = H,0,P|0,P—[H,0,P]0,P - 0,P[0,P,H] + 0,P[0,P.H]
= -[0,H, P]0,P + [0,H, P]0,P + 0,P|P,0,H| — 0,P|P,0,H|
= PO,HO,P — PO,HO,P — PO,PJ,H + PO,PO,H
= P{0,H,0,P} — P{0,H.0,P}, (A19)

where the fact that the expression must be applied to a valence ket is used to go from the third to the fourth line. The
Sternheimer equation can then be rewritten as

- - A - 5 5 5 11 (0
(A + aPy = ) (13 ,) = |t o)) = =(Fic + aPy = €)[0, P, 0P )

- Qk({aygkvaapk} + {aaﬁk7ayﬁk}>|uf1(l)(>>’
and finally,

(I:Ik + aﬁk - €nk)|u519,y> = _Qk({aygkvaaﬁk} - {8aﬂk,3ypk})|“£3()>’ (A2O)

where we define

Ay
nk,a

Ag 5 A 0
1SS = lul ) = it o) + [0, Prc. Do P ul3)). (A21)

By combining Egs. (A16) and (A21), we recover Eq. (32).
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APPENDIX B: ¢ DERIVATIVES OF
FIRST-ORDER HAMILTONIANS

1. First q derivative of atomic displacement
Hamiltonian

The first-order Hamiltonian with respect to an atomic
displacement consists of a local potential plus a nonlocal
separable contribution,

0C,T, 1 .
V" (G) = ~i(Gy + qp) g e "0 (G +q). (BI)
sep, 7y . 1 —i(G=G')-t
Viea "(6.G') = ~i(Gy + 45 = G)) 5 » e ¢
H
X e;u(él/u((k + q + G)é’;ﬁm(k + G/) (BZ)

Note that the above formulas slightly differ from the
standard implementations of DFPT [22]. This is because
in formulating them we use a different convention [13] for
the sublattice-dependent phase factors. Such a difference is
rooted in our assumption of a displacement pattern of the
type e’9Ri instead of the typical one (e’4®). This choice
leads to a much simpler and physically transparent treat-
ment of the long-wave expansion. At q = 0, the present
theory reduces to the standard treatment.

By differentiating the above formulas, we arrive at the
following expressions for the first q gradients (at q = 0) of
the perturbation, which are necessary for the dynamical
quadrupole calculations,

oc,z 1 G4G
Vl Kﬁ(G) - —ji— —iGT, <6Jy loc(G) + s YU}COC(G)/>’

Q¢ G
(B3)
sep r,(/; (G G,)
= —iﬁ > e e, (8, Lk + G) (K + G)
H
+ (G/)' - G%)é,;m,y(k + G)Z.:;K(k + G/)]’ (B4)

loc (G)

K

] e U}(oc(G)/
Q Ze G, |: G (5/35G}/ + 6/37/G5 + 5},5G/,v -

where G = |G|, v/(G)’ is the first derivative of the
spherical atomic pseudopotential, and ¢, ,(k + G) is the
q derivative along the y direction of the separable nonlocal
projector.

2. Second q derivative of metric
perturbation Hamiltonian

The first-order Hamiltonian of the metric perturbation
is [26]

PSP.(p

PRSP | pHO) | XCOP) 4 preom ()

(BS)

=10,

where the terms on the right-hand side correspond
to the kinetic (7)), pseudopotential (PSP), Hartree (HO),
exchange-correlation (XC0), and geometric contributions
to the external potential. The pseudopotential term, in turn,
consists of a local plus a separable contribution,

V(G -6+ vt (G.@).
(B6)

Vi (G, G') =

The explicit formulas for each of these terms are reported in
Ref. [26]. In the following, we list the formulas for the
second q gradients (at q = 0) of these contributions
required in the calculation of the clamped-ion flexoelectric
tensor [see, e.g., Eq. (73)].

The kinetic contribution is

. 1
T;f;)/é(G, G’) =1 (5y5(k/;’ + G/}) + 5ﬂy 5 (k5 + G(S)

o3+ G,) ) (87)
The local part of the pseudopotential is
GGG V¢ (G)"
o y) + GGG, . (BS)

with 21°(G)" being the second derivative of the spherical atomic pseudopotential.

The separable part of the pseudopotential is

sep. i
Vi (6.6) = -5

HK

o 3 3
Cun o-i(G-G)z, [(E 85 Cus(k +G) + EcS,,gcﬂk,y(k +G) + (kg + Gp)C sy (K + G)) ek +G)

+= %c,m(k + Gy (k +G') + Cues(k + G) ey (k + G) (kg + Gp) + 5 6ﬁycﬂx(k +G)hs(k +G)

+ ey (K + G)G 5(K + G (ky + Glp) + Lk + GG 5, (K + G (ky + G’ﬁﬁ :

(B9)

with £, ,s(k + G) being the second q derivative along the y and & directions of the separable nonlocal projector.
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The remaining terms [26] include the XC and geometric
contributions that vanish at second order in q and a Hartree
contribution whose second q gradient is

5 <4GﬁG5G7, _ 84G, + 85, G5 + 55ycﬁ>
G* G ’
(B10)

where n(9)(G) refers to the ground-state electron density.
It is useful at this point to perform a further rearrange-
ment of Hl(f >y5 by defining

AP — AP, + AP, — AY),

k.py (Bll)

This allows us to write the flexoelectric tensor directly in
type-II form as

2 _enps
Pay ps = ﬁEfa(ﬁ \ (B12)
where
«(B3) _ 3 «(B5)
E / [d3K] ZEmk !
// (v, 0 )née(r)ns (¢ )dPrd>r  (B13)

Tc]sl
and

Eg;(ﬁé) _ < mk|8H |u'7/15>+l< mk|a QkH’?/i5| mk>

mk.y

T, T,

5 Eq 1 1Y (PO 0
il 9500, 0ulully) + 5 (uEn ALY )

T

T,
+ iy ). (B14)
N e’

Ts

APPENDIX C: TREATMENT OF THE
ELECTROSTATIC DIVERGENCE AT G=0

The local potential diverges at G = 0 because of the
Coulomb singularity [22]

4
ULOC(Q) ~ = _ZZK’

p (C1)

where Z, is the bare pseudopotential charge. This means
that the q derivatives of the local potential contribution to
the first-order Hamiltonians that we discuss in the previous

sections must be calculated with some care regarding the
G =0 component. To see this, it is useful to rewrite
Eq. (C1) as follows:

ve(g) =5, (C2)
q
where we introduce the auxiliary function
P
F.(q) ~—4nZ, +—F}. (C3)

2

Regarding the atomic displacement perturbation, the
above definitions lead to the following small-q expansion
of the local potential part at G = 0,

Vg)c,uﬂ (G — O) ~ —

iqp 4nZ, n F!
Q q2 2

) e
Because of the assumption of short-circuit electrical boun-
dary conditions, we drop the divergent term. This leaves us
with a constant multiplied by g, which vanishes in the

q — 0 limit. The q derivative does not vanish,

Vloc T (G O) - — E F//éﬂ},,

(C5)
and we should in principle take it into account in the
calculation of the quadrupolar tensor. However, in Eq. (56)
the operator H ;f appears only between a conduction-band
bra and a valence-band ket. By orthogonality, the above
constant contribution is irrelevant and can be safely
discarded.

Regarding the metric perturbation, recall that it vanishes
in the q — 0 limit, as the aforementioned divergence in the
local potential contribution exactly cancels with an oppo-
site divergence in the “H0” term [26]. Within the present
notation conventions, one has

= —EQ/}Z:FZ +0(q*),

Vet h) (G =0) = —47Qn(© (G_O))

(Co)

where in the last line we take into account that F,.(q =
0) = 4rZ, [22], that 9 (G = 0) = [(>_,Z,)/Q], and that
odd terms in the Taylor expansion of F,(q) vanish due to
the spherical symmetry of the local atomic potentials. The
first q derivative of the above yields a well-defined
constant,

vy 06 = 0) = (c7)

i 1!
- ﬁ(s,ijFK.
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Recall that the first q derivative of the metric wave
perturbation coincides (modulo a factor of i) with the
uniform strain perturbation. Hence, we conclude that to
calculate the clamped-ion flexoelectric tensor, the G = 0
component of the local potential of the first-order strain
Hamiltonian has to be corrected as

yloc s (G _ 0) _ Vgoc.,(/”) (G — 0) — _ﬁéﬁézFK(q)”'
(C8)

This correction is important in the calculation of the
flexoelectric tensor, since the uniform strain operator in
Eq. (73) appears sandwiched between two unperturbed
valence states.
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