PHYSICAL REVIEW B 90, 125115 (2014)

Linear response of crystals to electromagnetic fields: Microscopic charge-current density,
polarization, and magnetization
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We present an electrodynamic approach to the description of the linear response of solids to electromagnetic
fields. For time and spatially varying applied fields we solve the dynamical equations satisfied by the gauge-
invariant Green function and find microscopic charge and current densities that result in a form allowing for an
easy construction of the multipole expansion of applied fields. Restricting ourselves to static and uniform electric
and magnetic fields, we construct microscopic expressions for polarization and magnetization fields associated
with each lattice site. The approach is in the spirit of the Power-Zienau-Wooley (PZW) treatment but generalized
to account for the motion of the charge between lattice sites. We show that the macroscopic polarization and
magnetization can be understood as the spatial average of the generalized PZW microscopic fields.
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I. INTRODUCTION

In elementary treatments of the electrodynamics of molec-
ular fluids, the macroscopic polarization and magnetization
fields are associated with the electric and magnetic dipole
moments of the molecules. Systematic generalizations to
include higher order moments were introduced almost half
a century ago [1], where the whole analysis can be drasti-
cally simplified by introducing microscopic polarization and
magnetization fields via the Power-Zienau-Wooley (PZW)
gauge transformation [2,3]. An expansion of electromagnetic
fields around the center of a molecule within expressions for
polarization and magnetization fields leads in a natural way
to molecular multipole moments, the effects of which can be
derived up to any order.

Such an approach cannot be immediately extended to
crystalline solids, where electrons cannot be assumed to be
confined to particular molecules or unit cells. It was only
with the advent of the “modern theory of polarization” [4],
anticipated by the early work of Adams and Blount [5], that
progress was made in developing a theory for the macroscopic
polarization of crystals. It was argued [4,6] that only the
change in any alleged macroscopic polarization has physical
significance, since this corresponds to the current density.
Nonetheless, that polarization could then be linked with the
dipole moment of the Wannier functions, with a quantum of
ambiguity in its definition linked to the ambiguity in how
the Wannier functions are associated with the lattice sites.
Recent work [7] has addressed the more difficult problem of
determining the orbital magnetoelectric polarizability.

An additional complication arises when magnetization is
considered. For an insulator in the ground state [8,9], the
magnetization was shown to contain a contribution due to
the magnetic dipole moment of the Wannier functions, but
also a contribution due to the moment of a current involving
Wannier functions at different lattice sites. The formulation of
magnetization in terms of these moments was subsequently
extended to systems in a uniform applied electric field [10],
while the susceptibility governing the response of the orbital
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magnetization to the magnetic field has been extracted from
the evaluation of the energy in the presence of the magnetic
field [11-14].

Approaches based on the energy of systems in the presence
of applied fields cannot immediately be generalized in a
rigorous way to take into account the response to time-
dependent fields, which is necessary for the treatment of
problems in optics. Here a number of the processes one
would like to describe, including forbidden second harmonic
generation [15] and optical activity of solids [16,17], depend on
the variation of electromagnetic fields through the crystal. Phe-
nomenological treatments [18] of such processes, for which an
underlying microscopic theory should provide expressions for
the response coefficients that appear, are often based on the
introduction of multipole moments per unit volume.

All this motivates the calculation of the response to elec-
tromagnetic fields from an electrodynamic perspective rather
than from energy considerations, and a modern introduction of
microscopic polarization and magnetization fields in extended
solids, as an approach to the construction of macroscopic
multipole moments per unit volume.

One might object to this strategy on the grounds that
the freedom in choosing Wannier functions would lead to
an ambiguity in the higher order moments more drastic
than the quantized ambiguity that arises, for example, in the
polarization of the ground state. Ambiguities in higher order
moments are not just a problem for the treatment of extended
solids, of course. Even in the description of a molecular fluid,
if the dipole moment of a molecule is nonvanishing, then its
quadrupole moment will depend on the choice of the origin.
This might lead one to suspect the validity—or at least the
uniqueness—of a usual description of the optical activity of
such a medium, where the response of the quadrupole moment
per unit volume to the electric field enters, as well as the
response of the magnetic dipole moment per unit volume to
the electric field and the response of the dipole moment per unit
volume to the magnetic field and variation of the electric field.
However, in that theory it is discovered that only combinations
of these different responses that are insensitive to the choice of
origin enter in the description of physical phenomena such as
the rotation of the plane of polarization of light [19,20]. While
the situation is more complicated for extended solids, the result
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for molecular fluid shows that higher order multipoles need not
be eschewed simply because there is some ambiguity in their
definition, and that examining the possibility of constructing
microscopic polarization and magnetization, and using them
as the basis of multipole expansions, is worth investigating.
This is the program we initiate in this paper.

In this first investigation we show how the approach can
be used to treat an insulator responding linearly to applied
uniform and static electric and magnetic fields. With a view
towards ultimate applications in the optical regime, in Sec. II
we consider the linear response of an insulator of Chern class
zero to an arbitrary applied electromagnetic field. In a manner
that allows for a natural expansion of an electromagnetic
field varying little over the distance between lattice sites, we
construct the nonequilibrium Green function that results. In
this initial paper we work within the independent particle
approximation, but the Green function approach is generally a
powerful one because it need not be restricted to considering
only the Hamiltonian evolution that is often assumed in
calculating the response to applied fields; any appropriate self-
energy can be considered. Thus it connects naturally to modern
approaches for the computation of material properties based
on density functional theory and its generalizations [21]. For
simplicity and to more clearly demonstrate the strategy we also
neglect electron spin, assume that the bands are nondegenerate,
and neglect local field corrections and any induced lattice
distortion. We will turn to generalizations to include these in
later communications. Once the Green function is determined,
the microscopic charge and current densities immediately
follow. Earlier density matrix calculations in the presence of
static and uniform fields [7] can be seen as precursors to this
approach.

While microscopic polarization and magnetization fields
do not uniquely follow from the charge and current densities
they describe, we show in Sec. III that there is a natural way
to construct the microscopic polarization and magnetization
fields associated with each site by employing the perturbed
Wannier functions. There is some ambiguity left in the
definition of the microscopic fields, which is related to
the nonuniqueness of Wannier functions. However, the first
moments of these fields are either gauge invariant, or have
a quantum of ambiguity that simply reflects the well-known
ambiguity at the macroscopic level. The higher moments do
not contribute to the macroscopic response in the case of static
and uniform electric and magnetic fields, nevertheless these
are nonunique; this is expected, as even in the extreme case
of a molecular crystal, to which a more general PZW theory
of a solid should reduce in the appropriate limit, the higher
moments depend on the choice of the expansion point with
respect to which the moments are taken.

In Sec. IV we verify that the spatial averaging of the
generalized PZW microscopic fields introduced in Sec. III
results in the macroscopic polarization and magnetization
in agreement with earlier calculations. In the absence of
applied fields we recover the established expressions for the
polarization and magnetization in the ground state [4,8]. In
the presence of the perturbation we recover the established
response coefficients of the polarization to the applied electric
field [22,23] and of the magnetization to the magnetic field
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[12], what might be called the “diagonal susceptibilities.”
While the second of these has been calculated before, our
approach does not begin from the evaluation of the energy in a
magnetic field. We also recover the response coefficients that
describe the response of the polarization to the magnetic field
and of the magnetization to the electric field [10], which might
be called the “mixed susceptibilities.”

The ground state polarization and magnetization, and both
the diagonal and mixed susceptibilities, have been derived
from a common framework. It is based on electrodynamics,
rather than energy considerations or thermodynamic poten-
tials, and microscopic polarization and magnetization fields
have been introduced associated with individual lattice sites.
While only the first moments of these fields arise in the
response to static and uniform fields, the theory we present
provides a step towards a more general description of systems
in spatially varying and time-dependent electromagnetic fields.

We present our conclusions in Sec. V.

II. LINEAR RESPONSE TO TIME AND SPATIALLY
DEPENDENT FIELDS

We consider electrons interacting with an external classical
electromagnetic field and with the periodic potential of
a lattice, in the independent particle approximation. The
interaction is described with the use of the minimal-coupling
Hamiltonian

H(T) = /d3x$T(x,T)H(x,T)1ﬁ(x,T), 1)

with the Hamiltonian density given by

h

2
Hx,T) = ﬁ[?v - SA(x,T)]

+eU(x,T) + V(x). )

Here we use a notation where @(x,T) is a field operator,
A(x,T) and U(x,T) are, respectively, the vector and scalar
potentials of the applied electromagnetic fields, and V(x) is
the lattice potential. We describe the system with the use of
the Green functions, and write for the usual “lesser” function

GPx,y; T) = i(¥(y, T)Y(x,T)). A3)

We take both coordinates in (3) to be at equal time, since the
equal-time function is sufficient to describe the microscopic
charge and current densities induced by electromagnetic fields.
The time evolution of the Green function (3) is driven by the
minimal coupling Hamiltonian,

AGP(x,y; T
ih% = [HEx,T) = H* (3. TIGPx,y; T),

and obviously depends on the gauge of the electromagnetic
potentials.

A. Gauge-invariant Green function and
the PZW transformation

The gauge-dependent formulation of the dynamics often
leads to the presence of apparent divergences in the calcula-
tions of the response coefficients, and requires an identification

125115-2



LINEAR RESPONSE OF CRYSTALS TO ...

of sum rules [12,22,24]. Therefore, rather than simply using
(3), we perform a generalized Peierls transformation intro-
duced earlier [25] to arrive at the gauge-invariant Green
function

Gx,y;T) = eI DGPx, yi 1), “)

where we put

®(x,y;T) = %[F(m;m D)+ F(y,y;T)]’

2
with the Peierls phase I'(x,y; T') defined as

Ufinal az(u; x’y)

<AQz(u;x,y),T)du. (5)
ou

C(x,y:T) =/

Uinitial

Here the function z(u; x,y) parametrizes a path in space con-
necting the Green function coordinates y to x as u varies from
Uinitial tO Ufinal. The path can be chosen arbitrarily, provided that
z(u; x,y) is differentiable in all its variables and satisfies the
boundary conditions z(uiniial; X,y) = y and z(Uinar; X,y) = X;
there is thus a kind of freedom in the description of the
system, related to the choice of a path, which replaces the
gauge freedom associated with electromagnetic potentials
when the usual Green function is used. For simplicity we take
Z(u;x,y) = 2(Ufinal — U + Uinigar; ¥,X); that is, we assume that
the path from y to x is a reverse of the path from x to y;
this will be true of the paths used in this paper. The dynamics
of the gauge-invariant Green function (4) is described in the
independent particle approximation by a kinetic equation [25],

0G(x,y; T
0 Og_TY> = [Ho(x) — H{(»IGx.y; T)

+Ux,y;T)G(x,y;T), (6)

where the differential operator on the right-hand side is split
into a free Hamiltonian term Hy(x) = —%Vz 4+ V(x), and
the differential operator that depends on the externally applied
fields is given by

1 e > P
Ux,y;T) = —(p(x)+—X(x,y;T)) -
2m c 2m
1 2 op?
_2_<p(y)+€m,y;r)> MFAS)
m c 2m
+eT(x,y;T). 7

In Eq. (7) we put p;(x) = —i hd/dx’ for the momentum
operator. The functions X(x,y;T), Y(x,y;T), 7(x,y;T)
are defined in terms of the derivatives of the Peierls phase
I'(x,y; T) and electromagnetic potentials

oir(x,y; T
Xy = T0ED g ®)
ol (x,y; T
Yi(,y;T) = % + A (p.T) ©)
10(x,y; T
T(x,y;T) = ;% +UE,T) = U T), (10)
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FIG. 1. The path going through a special point R leading to the
PZW transformation. In the simplest case the straight line paths
between points are chosen.

but they can be shown to be gauge invariant as they can be
rewritten in terms of the electromagnetic fields [25],

x a k
X;(x,y:T) =/ %[dz x Bz, )i, (11)
y
x 3Zk
Yi(x,y;T) = [ W[dz x B(z,T)lk, 12)
y 0Y
T(x,y;T)= —/ dz - E(z,T). (13)
Yy

The dynamical equation (6), as well as the expressions for the
microscopic charge and current densities [25]

p(x,T) = —ieG(x,x;T), (14)

jx.T) = —2l—e lim [p(x) — p(»IG(x,y; T)
m y—x

i 2
— i[X(x,x; T)-Yx,x;T)]G(x,x;T) (15)
2mc
are thus explicitly gauge invariant, with (11)—(13) valid for a
general path in space.

An important special case of the general Peierls transfor-
mation (4) is the Power-Zienau-Wooley (PZW) transformation
[2,3], which is a standard tool in the quantum mechanical
description of the optical response of atoms and molecules. The
PZW transformation is recovered within the Green function
formalism for the paths z(u;x,y) in (5) that go through a
special point R in space, such that the path from y to R
is a reverse of the path from R to x (see Fig. 1). For the
paths from this category the Peierls phase is of the form
I'(x,y;T)=yr(x,T) — yr(y,T), and the Green function (4)
is formed from the transformed field operators [25,26]

J'@.T) = e i@ (x, ), (16)
The interaction terms (11)—(13) take the simple form [25]
XF,y;T) = —QF(x,T), a7
YR,y T) = QF(y: ), (18)
TR,y T) = Q5 (3. T) — Q5 (x,T), (19)
where
Qf (x,T) = /d3wE(w,T) s(w.x;R),  (20)

Qf@.T) = [d3w31(w,T)aU(w,x;R), 1)
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with the line integrals s(w,x; R) and o (w,x; R) depending
on the specific choice of a path; in the simplest case of points
y, R, x connected by straight lines they are given by

1
s(w,x; R) = xR/ dud(wg — uxg), (22)
0

1
o (w,x; R) = x"e™ / udus(wg —uxg), (23)
0

where we put wg = w — R, xg = x — R. The corresponding
dynamics (6),
L, 0G(x,y;T)
h———— = [Hgx,T) —
i 3T [Hr(x,T)

with the Hamiltonian density

(3, DIG(x,y;T),

1 2
Hr(x.T) = %(p(n - SSIR(x,T)>

—eQ¥ @, T) + V(x), (24)

can be shown to arise from the PZW Hamiltonian [25], which
is formulated in terms of the polarization and magnetization
fields.

Microscopic polarization and magnetization fields are the
basic entities of the PZW formalism, and are related to the
charge and current density operators 5(x,T) and j(x,T) by
(2,3]

px,T) = f d*ys(x,y; R)p(y,T), (25)

, 1 . N
i (x,T) = - f dyal*(x,y; B j (y,T).  (26)
C

Different choices of paths in Fig. 1 correspond to different
polarization and magnetization fields, giving rise to a new
freedom in the PZW formalism that replaces the gauge
freedom of the minimal-coupling Hamiltonian; the most
common choice is to use the straight line path integrals (22)
and (23). In the usual applications, the fields (25) and (26) are
expanded to yield multipole moments up to the order required,
by formally expanding the Dirac § function in (22) and (23),

.0
S(xg —uyr) = 8(xg) — ”)’;e@(s(xk) +--0 @27
Expansion (27), when used in (25) and (26) yields

" N sij o 08(X — R)
pr(xT)=p(T)s(x —R)— ¢4 (T)T +--, (28)
' (x,T) = 0'"(T)8(x — R)+ -+, (29)

with the first few multipole moments defined as
WD) = [ @50 - R (30)

ALj 1 3 i i j i\ A
g7 (T) = ifd y(' = RO — RHA(y.T),  (31)

1 o
o7 = - f d’*y(y — R) x j(y,T). (32)
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The polarization and magnetization fields couple to the
electric and magnetic fields in the gauge-invariant PZW
Hamiltonian. In the new representation, the interaction part
of the Hamiltonian (24) is given by [27]

A (T) = —/d3xi7(x,T)-E(x,T)—/d3Xﬁl<P>(x»T)'
1
X B(x,T) - E/dS)anz(D)(x,T) ° B(xsT)s (33)

where mip py(y,T) stand for the para- and dia-magnetic
contributions to magnetization. The expansions (28) and
(29), when used in (33), lead to the usual expression for the
interaction of the electromagnetic fields and their gradients
with the multipole moments. But apart from introducing a
new formulation of the dynamics, expansions of the form
(28) and (29) after macroscopic averaging are also typically
used to formulate the material Maxwell equations [28], and
to describe optical processes, such as optical activity [19,20],
in systems where the molecules can be approximated as units
where charges do not move from molecule to molecule.

B. Construction of the multipole Green function

The PZW formalism, although very powerful, can be
usefully applied only to small systems compared with the
wavelength of light. In an extended system the Peierls
transformation (4) cannot globally depend on one special
point in space, and the charge transfer between atoms in a
solid prohibits carrying out a transformation independently
for each atom. For these reasons we consider a Peierls phase
that depends on x and y coordinates only, and for simplicity
choose the path z(u; x,y) in (5) to be a straight line connecting
the two coordinates; we will refer to the phase resulting from
this choice of a path as the “global Peierls phase,” and denote
itby ISt (x, y; T). For the Green function (4) defined with the
phase Ot (x, y; T) we seek a solution of (6) in a form such
that a multipole expansion around lattice sites of the induced
charges and currents and their interaction with the applied
fields can easily be generated; we will refer to this form of the
Green function as the “multipole Green function.” The strategy
we adopt resembles the PZW treatment, with the difference
that we account for the motion of charge between lattice sites.
Thus instead of evaluating the interaction terms X(x,y;T),
Y(x,y;T), T(x,y;T) directly from Egs. (11)—(13) for the
straight line path, we locally rewrite this path in the neighbor-
hood of each lattice site as a path going through a lattice site
together with a path forming a closed loop (see Fig. 2). The path
going through R defines a phase Fflfzw(x, y; T) leading to the

X X X

y y y

FIG. 2. The path defining the global Peierls phase I'“(x,y; T),
represented as a sum of the path leading to the PZW transformation
plus a correction.
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usual PZW transformation with the multipole expansion point
at R. The closed loop defines a phase ¢(x,y, R; T) thatis a flux
of the magnetic field through a triangle spanned by x, y, and
R, which we denote by Ay, g. For any site R we can thus write

I,y T) =T wx.y:T) + ¢(x.y.R:T),  (34)
where
¢(x1y7RsT):/. B(S,T)n, (35)
AerR
with

ne  X-Bx(Gy-R) 36)
I(x — R) x (y — R)|

We now use (34) to evaluate the interaction terms (11)—(13).
Differentiating (34) with respect to T and using (10) together
with (19) we arrive at a relation

T, y,T) = —Qf . T)+ Qf(y,T)
1 0
- V,R; T). 37
+ o or ¢y R T) 37

Similarly, taking space derivatives of (34) and using (8), (9),
(17), and (18) we arrive at

d
X, y.T) = Q% (x.T) + —¢(x.y.R:T), (38)
dox/’

Y7 ey, T) = QF (3. T) + %ax,y,le; 7). (39
Relations (37)—(39) are exact and in principle hold even for
the points x, y, and R far apart. Physically however, the
relation (34) is only useful when carried out locally, and will
be applied to the projections of G(x,y;T) on lattice sites
rather than for the Green function itself.

With relations (37)—(39) in hand we can now construct
the multipole Green function. Within the independent particle
approximation, the dynamical equation (6) is exact and
completely general. We now assume we are dealing with an
insulator at zero temperature and neglect the spin degrees of
freedom; then before any perturbing fields are applied the
lesser Green function is given by

GO,y =iy fB ) E kY (Y (), (40)

where as indicated the integral ranges over the Brillouin zone,
and we write ¥,x(x) for the unperturbed Bloch function for
band index n and crystal momentum k,

Ho(X)Vnk(x) = EnkYui(X), (41)
normalized according to
/d3x e GOV (x) = 8k — k), (42)

where v denotes valence bands. Introducing
[,y T) = U,y GO (x,y: T, 43)

where we restrict ourselves to terms in U(x,y;T) linear
in X(x,y;T), Y(x,y;T), and 7 (x,y;T), we solve (6) for
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G(x,y; T) to linear order in the electromagnetic field, writing
the first order correction to G (x,y) as GV (x,y; T). We find

(1)
dt’ Inlk] nzkz(t )

1
(&) =1l
Gnlkl nzkz(T) o ;715%)l+ E /7

i ’
X exp[ﬁ(EVllkl - Enzkz - i’?)(l - T)]s (44)

where the Bloch representation of a general function of the
form g(x,y; T) is given in terms of coefficients g, &, ..k, (T)
by

sy =Y / B d s OV, (D)

niny
X gﬂlkl;ﬂzkz(T)' (45)

To make use of (37)—(39) we now recast the Green function into
the Wannier function representation. We assume that for the
material in the ground state a complete, orthonormal set of well
localized Wannier functions can be introduced. For the case of
nondegenerate bands we consider in this paper, the Wannier
and Bloch functions are related through transformations [29]

V.
Wor) = [ o /B R N

(2 )3 Z eFRW, R (x), (47)

WHk(x) =

where V. is the volume of a unit cell and R labels lattice sites.
Introducing a Wannier representation of a general function of
the form g(x,y; T),

gx.y:T) =Y W rOW o (Nn kinr(T).  (48)
RE
from (44) we find

2 T
GV o (T) = — Ve / &’k d’k, / di'exp
mRin.R zhn—>0+ ) .

i . ,
X |:_(En1k| - E112k2 - lﬁ)(f - T)]

h
ik;-(R—R ik, (R,—R' 1
% Z PR D pika(Ra— )Ir(“)Rl an?(t ).
RiR;
(49)

In each term G(I)R - x(T) we now employ the relations (37)—
(39) toarrive at the mu1t1pole expansions of the interaction with
the applied electromagnetic fields around sites R and R’. We
do this in a symmetric way, taking the average of expansions

around sites R and R’,
(1) (1) / (1 /
I 30 R, @ R+ 31 % e (R, (50)

nRy; anz(t )
where the second argument in the bracket indicates an
expansion point. Assuming the applied electromagnetic fields
to be of the form

Ex,T) =
B(x,T) =

E(x,w)e T + E(x, — w)e™7,

B(x,w)e T + B(x, — w)e'T,
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we find
(e)) ’ 1) it
IﬂlRllanz(t ’R) Ian] anz(w,R)e !
I (o R, (51)
with
I'Ell)Rl;ﬂsz(a)’R) = ifnzm (n1 R, |ﬁ1(gl)(w)|n2R2)
ie
+ﬁ/d3Z1d3ZZG(O)(Zl,Z2)¢(Z1,12,R;a))
x[Ho(z1) = Ho(z2) — holW, g, (21) Wa, &, (22).

Here we put
<mRM¥MMmRﬁ=ffmwm&m$uwm%mw,

where Hg) (z,w) is the frequency component of the PZW
Hamiltonian density (24) that is linear in fields,

h 3 0Q%x,0)
o) _ R 9 j
Hi' (x,w) = T |:2Qj (x,w) 7 + o :|
—eQf(x,w),
and in writing (51) we have employed ZU[S,,]U — Syl = frina

with f,,,, = fu, — fa,» Where the occupation factor f, =
Zv 8,y Carrying out a similar calculation for 1, g, 4, r,(t’,R"),
using (50) in (49), employing

$(z21,22,R1; 0) = ¢(21,22, R2; 0) — ¢(R 1,22, Ro; )
—¢(z1,R,Ry; w), (52)

and invoking the completeness of Wannier functions we arrive
at our final result,

GVx.y:T) = GVx.yiw)e™ " + G,y —w)e™ .
(53)
The frequency component of the Green function is given by
G (x y; )

= — Zq&(x Y. R; 0)Wyr(x)Wip(y)

_h Z Waur ()W (»)(nRIp(R.R; w)|vR')
RR
~ 5 Z Wor()W,p (»)(vR|(R,R"; 0)[nR’)

RR’

+ Y W)W

RR' niny

R (y)fnznl an;an’(a))v (54)

where we define
(nR|p(R,R";w)In2R')

/d3zW*1R(z)¢(z R.R'; 0)W,,g(2),
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and we put
2
1 Ve T e
O Rk (@) = }:&7?}n&mgw
iki-(R—Ry) ,—ik;-(R'—R>)
% lim [ dkdlo-S ¢ —_
n—0* Jpz mky — Enk, — howo —in
with
LRy HY R
’11R1 anz(w) 2(”1 1| R (a))|n2 2>

+ LR | AR (@) In2 Ry).

The Green function (53) is the main result of this section and
gives an exact, microscopic information about the charge and
current density response to the linear order in EM fields. Al-
though no approximations regarding the spatial variation of the
applied fields were made in deriving this result, the multipole
expansion of the interaction with the applied fields in (53) is
most useful in situations where the electron correlation length
is much smaller than the distance over which the electromag-
netic field varies significantly; in treating the optical response
of materials, this is identified by the wavelength of light.

The response (53) takes a particularly simple form for a
static, homogenous electromagnetic field to which we restrict
our considerations in the remaining part of the paper. In this
special case we note that (20), (21), and (35) reduce to exact
expressions

QXx)=E-(x - R), (55)
Q*(x)=1B x (x — R), (56)
¢(x.y.R) =3B -[(y — R) x (x — R)], (57)

where E = 2E(w = 0), etc. We now use (55)—(57) in Eq. (53),
and evaluate moments of Wannier functions as k-space
integrals over Brillouin zone. We find

Gie(x.y) = j{j‘/m I kY () By (k)

+ Z/BZ & kr Y5 (9) Y ()
+ X [ v
+~%§;MLLRNWAnwgoa 58)

where we use a notation

_ fﬂzn1 .
ﬂnlnz(k) = leEnlnz(k) (E Cnlnz(k)
1
+ —B. [Ln]nz(k) + annz(k)])a (59)
2mc
k) = < B - Dy, (k) (60)
ynlng - 4Ch : niny .
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Here we define vectors

1
Lmnz(k) - E Z sz(k) X pnl.v(k)

1
+5 Z E s (k) X Py (), (61)

0 Enl +E,l2
X, () = %[cm(k) x %} (62)
0
Dnlnz(k) = ﬁ X gnlng(k)’ (63)

and write £, ,, (k) for Berry connection

1 .0
om0 = 1 /V x40,

with u,x(x) being the periodic part of the Bloch function
V(X)) = 1)U, (x)e** | and for the momentum matrix
element we put (nik|plnk’) = pun,(k)3(k — k'). The first
term in (58), which involves the difference of Fermi factors
Suan, » 18 of the usual type expected in perturbation theory [30],
with B,,,,(k) (59) indicating a perturbation energy divided
by the energy difference E,,,,(k) = E,, (k) — E,,(k) between
two Bloch states, which are eigenstates of the unperturbed
Hamiltonian. Recalling that the electric and (para)-magnetic
dipole moment matrix elements between Wannier functions at
the same site, found using (46) and a partial integration, are
given by [8]

[ ExWiawn W = 25 [ ke, o
BZ

@ny
/ PAWx x PO Wao(x) = — f BPKLy (K.
" ) Jpz
(65)

we see that the first two terms on the right-hand side of (59)
are what one would expect were appropriate k components
of the atomiclike matrix elements (64) and (65) associated
with each transition energy E,,,, (k). Since the group velocity
associated with a given band n and wave vector k is given by
0E,/9(hk), the last term on the right-hand side of (59) can be
identified as a perturbation term involving the magnetic energy
associated with the motion of electrons through the bands. The
terms involving y,,,,(k) in (58) are more complicated, and
describe effects due to the variation of the Berry connections
throughout the Brillouin zone. The last term in (58) we leave
in a real space representation, in which it has a simple form;
in the next section we indicate the physical significance of this
term.

III. POLARIZATION AND MAGNETIZATION FIELDS
ASSOCIATED WITH LATTICE SITES

The microscopic charge and current distribution driven
by an applied electromagnetic field can be found using the
expression (53) for the Green function. However, when the
variation of the applied field is over a length scale much larger
than the lattice constant in a normal material, a coarse-grained
description with the charge and current densities averaged
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over the microscopic degrees of freedom is of more interest.
For a fluid, this can be an ensemble average [1]; in a solid
it can be a spatial average [31]. In the PZW treatment, a
coarse-grained description is formulated by introducing the
microscopic polarization and magnetization fields (25) and
(26) in an electrodynamic approach that is also valid for sys-
tems driven out of equilibrium. The definitions (25) and (26)
however, although useful in the treatment of isolated atoms
and molecules, are not immediately applicable to extended
systems like solids. In this section we formulate a generalized
description in the spirit of the PZW treatment, where we
introduce microscopic polarization and magnetization fields
taking into account the motion of electrons between lattice
sites. We restrict ourselves here to the case of static, uniform
fields and plan to turn to the general case of arbitrary fields in
future publications.

The system we consider in this section is described by
the Green function G(x,y) = GO(x,y) + GSL(x,y), with
the ground-state contribution given by (40), and the linear
order correction given by (58). The difficulty in introducing
polarization and magnetization fields is related to the fact that
the charge and current densities that follow from G(x,y) are
not localized. In a material with short electron correlation
lengths we can avoid these difficulties by searching for
a decomposition of the Green function into contributions
associated with lattice sites G g(x, y), each of which is nonzero
only if x and y are within a few lattice constants of R. We
construct such a decomposition, ensuring that in the isolated
atom limit Gg(x,y) reduces to a Green function formed from
the transformed field operators (16) introduced in the PZW
approach.

The PZW treatment can be applied to a molecular crystal
where Wannier functions associated with different lattice sites
are assumed to have no common support, and it is equivalent to
introducing a gauge-invariant Hamiltonian (33) at each lattice
site using the Peierls phase Ff,ezw(x, y; T). In this limit of a
molecular crystal, the global Peierls phase 'S (x,y; T) used
to define G(x,y;T) in Sec. II differs from the PZW phase
by a flux term ¢(x,y,.R;T) = rx,y; T) — ngw(x,y; T)
at each R. So in the more general problem we seek a
decomposition of the form

G(x.y) = Y Grlx,y)e” rd®r® (66)
R

in the limit of static, uniform fields [see (35) and (57)]. Here
Eq. (66) does not yet define G g(x,y) uniquely, rather a sum
>k G(Ig')(x, y) at each order n in electromagnetic fields. From
(40) we see than in the zeroth order we have

Y GREY) =iy Wor(x)Wie(y), 67)
R vR

and the obvious physical choice of Gg(x,y) before an
electromagnetic field is applied is

GRE ) =i Wor(x)Wg(y). (68)

Here we consider Wannier functions (46) for an insulator with
nondegenerate bands, as the formalism of Sec. II is restricted
to that special case. For the first order term we use (58) and
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(68) to find

Y GRan =) /B ) kY, OV L (9)Bryny ()
R

nina

+ Z/BZ dSkwnk(x)w:k(y)ynv(k)

+ 3 [ raioma. ©)

showing that the last term in (58) arises from using a global
rather than a local Peierls phase for each site. Note that in
(67) the Wannier functions provide a Schmidt (biorthogonal)
decomposition of the function ) p G(,(;)(x, y). Even with the
application of an electromagnetic field, we can always seek a
Schmidt decomposition of ) & Gr(x,y). Of course, if there is
degeneracy in the amplitudes of the product functions [as there
is in (67)], that Schmidt decomposition will not be unique; for
example, both Egs. (40) and (67) provide equivalent Schmidt
decompositions of GO(x, y). Nonetheless, at least within a
perturbative approach a natural strategy would be to seek a
Schmidt decomposition of the form

Gr(x,y) =iy  Wor(x)Wr(), (70)

where the W,z(x) are Wannier functions modified by the
applied electromagnetic field but still satisfying

/W:R(x)WU’R(x)d3x = Sy (71)

Furthermore, in the special case we consider here, of a
perturbative response to uniform fields, we would expect
the Wannier functions associated with each lattice site to
be identical except for translation; that is Wyr(x — R) =
W,r (x — R’). With this assumption we can introduce Bloch
functions Y,k (x) associated with the W, g(x),

Ve

ka (x) = 2n )3

Y e R WoR(x), (72)
R

satisfying ¥,z (x + R) = e* R4, (x), and write
G =i Y [ Pruwinm. @
= ~ Jpz

These natural assumptions, together with (69), are enough to
significantly constrain the possible W, z(x), as we now show.
Noting that in the absence of an applied field 1}5(,)2 (x) = Yr(x)
[see (68) and (72)], from (73) and (69) we immediately see
than one of the solutions is given by

~ 1
Yok () = Pu(¥) = Yur(x) + = > Ve (0)Beul)

1
+ = 2 Uiy (R). (74)

The general solution is a unitary transformation of (74),

Tok®) =Y Uy ()pyac(x),  Uph(k) = 8,0, (75)
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which however does not affect the dipole moment contri-
butions to polarization and magnetization, while the higher
order moments do not contribute in the case of uniform
electromagnetic fields, as we will show in Sec. IV. Thus in
the simple case we consider in this paper we can choose
Yok (X) = ¢pr(x). More generally, for nonuniform fields or
degenerate energy bands a unitary transformation of the Bloch
functions could be considered to minimize the spread of the
Wannier function. The modified Wannier function follows
from the inverse of (72),

i V.
Wor) = [ fB R PR

and the lattice-site Green function (70) can be constructed.
The charge and current densities that correspond to it,

Pr(X) = —ieGR(x,x), (77
ty B [P R 8To
= —— 11 _— = — .
Ik 2m y—x | i dxk i Oyk R
ie? R
+ —Q; (x)GRr(x,x), (78)
mc

when summed over lattice sites lead to the total charge and
current densities

p(x) = pr(x), j @)= jkx). (79)
R R

The densities pr(x) and j g(x) [(77) and (78)] are localized
about R and their moments are well defined. We can thus
use them to introduce polarization and local circulation
magnetization fields, in an approach that follows the PZW
definitions (25) and (26). We write

Pla(x) = f B ys(x,y; R)pr(y), (80)

i _l 3., ik . -k
mp(x) = C d’ya'(x,y; R) jr(y), (81)

where the functions s’(x,y; R) and a*(x,y; R) are given by
(22) and (23), and satisfy relations

os'(x.y: R)

= —6(x —y)+34(x — R), (82)
ox'
8 i ’ ;R [ [ a jk ’ ;R
M - 3lk5(x —y)— €V M, (83)
ayk dxP

where R is a lattice site. Using relations (82) and (83) we can
rewrite the charge and current densities as

p(x) ==Y V- pr(x)+ prei(x), (84)
R

J)=c) V xmp(x)+ jx), (85)
R
where we define the reference charge density,

p(x) =) 8(x — R)Qr, Qr= / d*ypr(y), (86)
R
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and an additional current density,
jxy=->" / d*ys(x,y; R)OR(). 87
R

A term d pr/9dT would normally be present on the right-hand
side of (84), but is absent because we have assumed that
all fields are time independent. Were that time dependence
reintroduced, both ®g(x) and j(x) would also become time
dependent, with Or(x,T) = dpr(x,T)/0T +V - jr(x,T);
in the time-independent problem we consider here, Og(x) =
V - jr(x). This term thus describes the fact that although the
total charge-current density (p(x), j(x)) naturally satisfies the
continuity equation, the individual charge-current densities
we have introduced, (pg(x),jr(x)), need not. And so we
can identify J(x) as a current associated with the motion of
electrons between sites, or a “hopping current” for short. Using
(70) and (78) we find

Or(x) = = O Win(®)Hr(¥)Wor(x) +cc. (88)

where Hg(x) is the static limit of the PZW Hamiltonian (24)
associated with site R,

1 2
Hr(x) = %[m) - %B X (x — R)} +V(x)
—¢E-(x —R).

Equation (88) is valid in general for the Green function
decomposition of the form (66) and (70), with the densities
defined through (77) and (78). However, since we identified
the modified Wannier functions (76) only up to linear order in
the applied electromagnetic fields, when using Eq. (76) in (88)
only terms up to linear order should be kept; this applies also
to the remaining equations in this section, for which we drop
the subscripts indicating the order of the perturbation theory
for a clearer notation.

Equation (85) is not yet in its final form. For a collection
of isolated molecules Og(x) = }'(x) =0, and then mpg(x)
given by (81) is the total contribution to the magnetization
per lattice site; but this is not the case for a solid where
the hopping current j(x) gives rise to the itinerant part of
magnetization. We note that physically the change in the
charge-current densities leading to the violation of the “site
continuity equation” ® g(x) should be understood as the influx
of charge from neighboring sites diminished by the outflow to
other sites. To identify the hopping matrix elements in the
presence of external electromagnetic fields, we first need to
establish the dynamical equation satisfied by the lattice-site
Green function. Using the decomposition (66) in (6) together
with relations (37)—(39) we have in the static case

3 e HOEI R (x) — Hy(1)IGr(x.y) = 0. (89)
R

Now we only need to integrate out one of the variables in
(89). This can be easily done since the Wannier functions (76),
rather than being orthonormal, satisfy

/ BPxWE g ()Wog,(x)e” FOTRER) — 5 50 2. (90)
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up to linear order. We note here that the relation (90)
guarantees indempotency of the usual gauge-dependent den-
sity matrix —iGP(x,y;T) = —iG(x,y; T)e'®**¥ D) with
G(x,y; T) given by (66) and (70). Multiplying now both sides
of Eq. (89) by exp[£p(x,y, R")]Wy g(y), using (52) and (90)
and integrating over space, we arrive at

HREOWir(x) = Y thlg Wurp (x)e™ FOSRE),
V'R
with the hopping matrix elements
e’k = / W (0)e ™05 R R () W, )
- /dst:/R/(x)HR/(x)e_ﬁ¢(x’R,R)WUR(x)

satisfying [tlue/"fe]* = t}’{lé,. Having identified the hopping matrix
elements it is now straightforward to construct a decomposi-
tion

Or(x) =) [Opr(x) — Opp(x)] ©1)
R!
of the function (88), where
Orr(x) = = )t Wig(e) W g (x)e FOE R
v’

describes the motion of charge from R’ to R. From (91) we
now see that the hopping current (87) is an inherently two-site
quantity, and we can identify the part of j(x) associated with
hopping between sites R and R/,

- 1
Jrr®) = =3 / d*y[Orr(y) — Orr(¥)]

x [s(x,y; R) — s(x,y; R)]. (92)

Assigning half of the current (92) to site R and half to R’, we
put

- 1 - -
Jrx)=3 ;[jm:c) + Jrr@®)]. (93)

The current (93) is divergenceless and thus can be represented
as the curl of an itinerant magnetization

, 1 , -
p(x) = — / d*ya’(x,y; R) jr(y). (94)

We now arrive at the final representation of the charge and
current densities,

p(x) == V- pgx), (95)
R

Jx)=c) V x [mg(x)+ ig(x)], (96)
R

where to write (95) we use the fact that in linear response
the reference charge density (86) vanishes after the ionic
background is included. The polarization and magnetization
fields in Egs. (95) and (96) serve as a basis for constructing a
multipole expansion of the charge and current distributions that
when spatially averaged leads to a macroscopic description of
a system.
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IV. MULTIPOLE EXPANSION OF POLARIZATION AND
MAGNETIZATION FIELDS

We are interested in applying the formalism of Sec. III and
its generalizations to problems where normal materials are
subject to radiation with wavelengths in the optical regime or
longer. In general any polarization and magnetization fields
that describe charge-current densities not confined in space
must be linked with those densities in a nonlocal way [25].
But for normal materials the Green function G(x,y;T) can
be expected to vanish as the distance between x and y is
increased beyond a few lattice spacings, and the Gg(x,y)
(70) constructed perturbatively from (68) can be expected to
vanish for x and y removed from R by a few lattice spacings,
a distance over which the electromagnetic field varies little. A
multipole expansion of the charge and current densities asso-
ciated with each site R within the expressions for polarization
and magnetization fields can then be successfully introduced
which, when complemented with a spatial averaging procedure
to define macroscopic fields, gives a macroscopic description
of the material response. In this section we construct the
multipole expansion for the static case of Sec. III. We confirm
that within our approach we recover the earlier results for the
ground-state polarization and magnetization [4,8], the electric
susceptibility [22,23], the magnetoelectric response [10], and
the magnetic susceptibility [12].

We start by using the Dirac § expansion (27) in the
expressions (80) and (81) to find

mia(x) = ve8(x — R) +-- -, (98)

where the dipole, quadrupole, and the local circulation mag-
netic dipole moment are given by (30), (31), and (32) with
the charge and current density operators replaced by pg(x)
and jg(x). For the itinerant magnetization (94) we first do
the integral [ d3ya'*(x,y; R1)s*(y,z; R,) and then keeping
the lowest term in the expansions around u(R, — R;) and
u'(z — R>) we get

mg(x) =6(x — R)vg+---, 99)

with the itinerant magnetic dipole moment given by

Vg = %Z(R’— R) x /d3z(z—R)
R/

x [Orr(z) — Orr(2)].

The expansions (97), (98), and (99) need to be comple-
mented with an appropriate coarse-graining procedure. We do
this in the standard way [31] by defining macroscopic fields
g™*(x) in terms of the corresponding microscopic fields g(x)
by spatial averaging,

(100)

gmaC(x) — / w(x _ xl)g(x/)d3x/’

where we take w(x) = w(|x|) to be a smooth function, peaked
at |x| =0, normalized according to f w(x)d*x =1, and
nonvanishing only for |x| < A, where the range A satisfies

a < AKLA, (101)
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with a on the order of a lattice constant and A indicates the
range of variation of the fields one wants to describe at the
macroscopic level; in optical problems, for example, it could
be taken to be the wavelength of light. The detailed form of
the function w(x) is unimportant. From Eqgs. (95) and (96) we
then have

pmaC(x) = -V -P(X),
J™(x) = cV x M(x),

where using (97), (98), and (99) we have for the macroscopic
polarization and magnetization fields

Px)=Px)—V-Qx)+---, (102)

MxX)=Mx)+---, (103)
with

P(x) =) w(x — R)px.

R

Q) =Y wix - Ry,
R

M@x) =) wx— R)(vg +g).
R

The terms surviving in (102) and (103) result from the
terms kept in the use of the expansion (27); in general more
could be included. Expansions such as (102) and (103) are
common in the discussion of the electrodynamics of fluids,
where the macroscopic fields are traditionally defined via
ensemble averages [1]. In the case we consider here, with
uniform electric and magnetic fields, the multipole moments
are independent of lattice site g = M, etc., and taking the sum
over all lattice sites of w(x — R) to be essentially independent
of x by virtue of (101), P(x) = P, etc., we have

(104)
(105)

P =nn,
M =n(v+v),

where n is the number density of lattice sites.

We now explicitly evaluate the moments in (104) and (105)
to find the ground state contributions, the electric and magnetic
susceptibilities, and the magnetoelectric tensor, defined as
coefficients in the expansion

Pi = P(io) + X;ijj + ONliij,
M = Mé()) + XgBj +dlej.

For the ground state contribution to polarization and magneti-
zation we find

dk

P(O) =e Z/];Z mgvv(k), (106)
dk

Mg =e Z fBZ iju(k)’ (107)
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in agreement with King-Smith et al. [4] and Thonhauser e? al.
[8] and where we have introduced a shorthand

1
Jnlnz(k) = %[Lnlnz(k)'i‘annz(k)]' (108)

Identifying the term in the expression for the polarization pro-
portional to the electric field we find the electric susceptibility

&k fny
© I , 0.
ZLZ (27.[)3 Eillnz(k) Ilzn]( )é-"l"z( )

niny

(109)

in agreement with Sipe et al. [22,23]. The magnetoelectric
tensor we calculate both as a response of the electric dipole
moment to the magnetic field and the magnetic dipole with
respect to electric field; the result is

&k fom
& = o Tnam i i
Z/‘Z (277)3 Enlnz(k) Cnml(k)‘lnlm(k)

niny

2Ch Z‘/I;Z (2 )3 ;-vn(k)Dyiu(kL (110)

and agrees with that of Malashevich et al. [10] for the simple
case of nondegenerate bands that we consider in this paper
and in the limit where screening effects are neglected. The
magnetic susceptibility tensor we write as a sum of four terms,

(111)

X5 =xd x5 +xd i
The first two terms are given by

ij A’k e f
. = i gl k), (112
. ’%‘/Z (27[) Enlnz(k) nznl( ) ”lnz( ) ( )

ijo_ ’” .
X = 4m622 fB o )g[ T () - £l

- —(cf (), (k) + c,,fv(ky;;n(k))}, (113)
and in the limit of isolated atoms they reduce, respectively, to
the usual paramagnetic and diamagnetic atomic susceptibili-
ties. The remaining two terms involve itinerant currents, in that
they would disappear were the Wannier functions at different
sites to have no common support. They are given by

lj - _ Z‘/];Z ony {Jén(k)D,{v(k)

+ iEv,xk)D:;n(k)D,{v(k)}, (114)
8ch
2 3 2
ij _ e iml _jus d’k 3"Ew
X = gp2e ;6 € /BZ 27) oKl ok
x [cmk)g (k) + o (R)gm (k)] (115)

where the curly bracket indicates a symmetrization in i, j
indices,

{A'B/} = {A/B'} = L(A'B/ + A/B"). (116)
Equation (111) is in agreement with the earlier result found for
crystals assumed to have a cubic symmetry and derived using

energy considerations [12].
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The gauge transformation of Eqs. (106)—(110) was dis-
cussed in earlier works [4,8,10]. We now show that the form
(111) of the magnetic susceptibility for a crystal of arbitrary
symmetry is explicitly gauge invariant; to this end we introduce
“gauge-covariant” matrix elements J ,,,,(k) and D, ,, (k),

8n1n7 ( nmk + Enzk)
Jnlnz(k) Cmnz(k) a—k
+ m ; Esny (k) X Py, s(k)
1
+ ; Enis(k) X pon, (), (117)
Dy, (k) =i Y Lnpsk) x Lony(k), (118
SFEN| Ny

that differ from J,,n,(k), Dp,n,(k) [(108) and (63)] by the
absence of diagonal Berry connections [see (A1) and (A2)].
The susceptibility tensor (111) we now write as

X =X+ 5+ 5+ 5]+ 59 (119)

where the first four terms

3 2
wex [ A S

2 Jiz Q1) By

T 0T1, (), (120)

2 3
Sif . e d’k ij )
B=-7= / a7 [8 Eun(k) - Eu(k)
n#v

1, . . . .
- 5(;,;’,,(k>c,iu(k) - ;ﬁ(k)c,in(k))}, (121)

Z/ bz Q1) {j‘f"(k)p'j’“(k)

1 ) )
+ —E.(k)D,,(k)D;, (k) ¢,
8ch

~l] —

(122)

2 3 2
i — € iml jus/ d’k 9 E”k
% = graa 2 by 27) oklok®

nv

n#v

X (£ (g, () 4 &0, (G, (), (123)

differ from (112)—(115) in that the diagonal Berry connections
are now excluded; the excluded terms we collect and using
appropriate sum rules outlined in the Appendix rewrite as

Xéj=—ﬁ2/

V. DISCUSSION AND FUTURE OUTLOOK

o )3{ij(k)17£v(k)}- (124)

We have presented a microscopic description of the linear
response of a crystal to electromagnetic fields that is based
entirely on electrodynamic considerations. Our starting point
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was a gauge-invariant Green function [25] with a Peierls phase
defined only in terms of the coordinates of the Green function.
In the neighborhood of each lattice site the phase was rewritten
as the Power-Zienau-Wooley (PZW) phase modified by a flux
of the magnetic field, with the lattice site being the special
point of the transformation. An expansion of applied fields
around the lattice sites within the Green function followed in
a natural way, and microscopic charge and current densities
could be extracted for the response of the system exposed to
time and spatially varying electromagnetic fields.

Restricting ourselves then to static and uniform electric
and magnetic fields, we introduced microscopic polarization
and magnetization fields associated with each site, taking
into account the itinerant current “between” lattice sites that
gives an additional contribution to the magnetization. Macro-
scopic polarization and magnetization fields were introduced
as spatial averages of the microscopic fields. The results that
followed for the macroscopic polarization and magnetization,
both before any field is applied as well as in linear response,
are all in agreement with accepted expressions. Expressions
for the ground state polarization and magnetization, and the
diagonal and mixed susceptibilities, have all been derived
within a single framework and based on purely electrodynamic
considerations.

The description of the response of solids to time-varying
and spatially varying electromagnetic fields—where for trans-
verse fields the former necessarily implies the latter through
the Maxwell equations—is an outstanding problem in the
optical response of materials. A formal expansion of the
minimal-coupling Hamiltonian in terms of the wave vector of
the applied fields is an obvious strategy and always a possible
approach, but it offers little physical insight, and since the
calculations are made for a particular choice of the scalar
and vector potentials they are generally not manifestly gauge
invariant. In contrast, only the electromagnetic fields appear
in a PZW approach. But even in the usual PZW treatment of
molecular fluids, nonunique polarization and magnetization
fields arise once spatially varying applied fields are introduced,
and moments beyond the first of the molecular charge and
current densities appear in the description. Nonetheless, a
unambiguous account results for both the charge and current
densities in the bulk of the material, and the physics of
interfaces involving such calculations as the intensity of
reflected light [19,32].

In the extended PZW approach of a solid we initiate here the
situation is even more complicated, but the nonuniqueness of
the higher order moments of the Wannier functions does mirror
that of the nonuniqueness of the higher order moments in
molecular fluids. Whether the generalization of the formalism
to treat optical response could provide an unambiguous
account of both the charge and current densities in the bulk,
and the optical properties of interfaces, is an open question
and beyond the scope of this paper. But the success of such an
extended PZW approach in describing all the linear response
properties in the limit of static and uniform fields is promising,
and its demonstration here provides an introduction to a
strategy for addressing the outstanding problem of the optical
response of solids to time-dependent and spatially varying
electric and magnetic fields.
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APPENDIX

In this Appendix we prove the equivalence of Eqgs. (111)
and (119). We first establish relations between the vectors
Jnin,(k), Dy, (k) [(108) and (63)], and the gauge-covariant
vectors J y,n, (k), Dy, (k) [(117) and (118)],

_ Sn]nz aEVllk
Jl’llnz(k) - jnlnz(k) + 2Ch, ;nﬂh(k) X 8k
+ Gnin (k) + Sy (K)) X M (AD)
4mc
Dnlng(k) = Dn1112(k) + iCnlnl(k) X §n1n2(k)
_i;nznz(k) X Cnlnz(k)- (Az)

Next we use (A1) and (A2) to decompose (112)—(115),
X =% +gl. p=ab.cd,

where )N(Ii,j are the explicitly gauge-invariant contributions
given by (120)—(123), and g;,] are the remaining contributions
involving the diagonal Berry connections. The sum of g;/ and

g after some manipulations can be written as

i, d3k ) )
i _ i
gie =Re) /B L @ny {GL ()L (k) X &nu(K)) ]

¢ 3 f &k (DI (X] ()),  (A3)
mhc? o JBZ (27[)3 v vy ’
where we define
ie? 1 i
Gvnk = 375 Lvnk__v vnk
(k) hc2m< (k) 2xp()>

i62 aEvk
Unk
* b x =

2
2h2c?

and the remaining two terms are
i e? d’k ; ;
vo_ __~ — [P (el (k
8 o Ev /B , (271)3[ £y, ()], (k)

+ 88 (k) - £ou ()],

. iml . jus d3k azE
ij _ KETTE / vk om 06" (k
$ = e bz 2y aktaks oo

v

=+

Ep(k)S (k) X §un(k), (A4

We now simplify expression (A3) by noting that, although
formally involving sums over all bands, in fact it really depends
on the properties of the valence band manifold. To show that
this is the case, we rewrite the first line of (A3) using sum
rules for the three contributions coming from each line in
the definition (A4). For the contributions from lines two and
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three of (A4) we use, respectively, the expression for the Berry
curvature tensor
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We write the contribution from the first line of (A4) in real
space in terms of the Wannier function moments of the position

and orbital angular momentum operators,

Lo ()=t () = i Y &l (G =i Y &, (L (),

(AS)
Z =z—R,
and the effective mass tensor sum rule r(2) =2
92E,; Lg(z) = (z — R) x p(2).
=18 ik ) th(k)p,,(k
makmakl +l ané‘vn( )pnv( )
(A6) When the first line of (A4) is inserted in (A3) we find

—ihy ph )G k).
" |

= Re 3 S WRIL IR (VR | Z5I0R)
C R'R" nv

x (nR'|Zg/|[vR")). (A7)

RGZ /Z (2 )3|: Un(k) VXpUn(k)] [va(k) X Cnu(k)

Recalling now that Wannier functions are complete, and summing over n and R’ we find

Ak
RCZZ/ |: vn(k) V X pvn(k)i| [;vv(k) X ;nv(k)

[(WR"|Z5 |lvR) (vR|Zg Lig/[vR")—R<R"]

bz 1) e
2 2h ! (k ‘
ety ——Z [ s 3[L’ (D], ) + eImelrs Horn) ;”,j(k)], (A8)
Bz (27) k”
where we introduced the orbital angular momentum tensor
ms l m
L) = 5 3 [Ehop, 00 + £ op, (0], (A9)

which can be expressed in terms of the orbital angular momentum vector (61) through
m E vk
_ m k .
Bk’" 2h§””( ) ok’

The terms in the first line on the right-hand side of (A8) cancel out, which can be seen either by explicitly evaluating the Wannier
function moments as k-space integrals over Berry connections and momentum matrix elements, or more simply by expanding
the periodic part of the wave function u(x) = ZG U (G)e* G and formally writing

1 s i d’k 0 (G)  du(G) / ,
726]1 (VR"|Z% [vR) (VR| 2% L [UR") :lh/ a7 Z[ k gk } [uvk(G)(k+G)x
c R’ BZ

‘ 1.
LZqJ(k)zie’m*L;u(kH w(k) (A10)

du (G
ok

1 , . o
= Ze’l”‘(vR|ZlR|vR”)(vR”|Zm/,L’R|vR).
c R”

Finally we establish a relation

d’k acl (k
/Bzm{eﬂmem é‘akf )Lnls(k)+Ll (k)D/ (k)} =

3
G ’; {mcjlfv(kmiv(k) — Dy, ()X, (k)

+ 2 e emelts e (k) (k ) } (A11)

okl ks
by using (A10) in the first line. Using now (A11) together with (A8) we arrive at the third “sum rule”

2,

%V X pon(k). Using now (AS5), (A6), and (A12) in (A3) we arrive at

mc*h

. d’k i i i i ij ij
Re;z /B Zm{[;m)xcnv(mw (k)} = o )3 {Dy, (X}, (0} + (7% —2g) —28i] (A12)

with Tun (k) = Lvn(k) -
give =X — 83 — 8. (A13)
Adding now all the contributions to susceptibility, we get (119).
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