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Nonlinear electromagnetic response functions have reemerged as a crucial tool for studying quantum
materials, due to recently appreciated connections between optical response functions, quantum geometry,
and band topology. Most attention has been paid to responses to spatially uniform electric fields, relevant to
low-energy optical experiments in conventional solid state materials. However, magnetic and magneto-
electric phenomena are naturally connected by responses to spatially varying electric fields due to
Maxwell’s equations. Furthermore, in the emerging field of moiré materials, characteristic lattice scales are
much longer, allowing spatial variation of optical electric fields to potentially have a measurable effect in
experiments. In order to address these issues, we develop a formalism for computing linear and nonlinear
responses to spatially inhomogeneous electromagnetic fields. Starting with the continuity equation, we
derive an expression for the second-quantized current operator that is manifestly conserved and model
independent. Crucially, our formalism makes no assumptions on the form of the microscopic Hamiltonian
and so is applicable to model Hamiltonians derived from tight-binding or ab initio calculations. We then
develop a diagrammatic Kubo formalism for computing the wave vector dependence of linear and
nonlinear conductivities, using Ward identities to fix the value of the diamagnetic current order by order in
the vector potential. We apply our formula to compute the magnitude of the Kerr effect at oblique incidence
for a model of a moiré-Chern insulator and demonstrate the experimental relevance of spatially
inhomogeneous fields in these systems. We further show how our formalism allows us to compute the
(orbital) magnetic multipole moments and magnetic susceptibilities in insulators. Turning to nonlinear
response, we use our formalism to compute the second-order transverse response to spatially varying
transverse electric fields in our moiré-Chern insulator model, with an eye toward the next generation of

experiments in these systems.
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I. INTRODUCTION

The study of optical properties of materials has long been
one of the guiding themes in condensed matter physics.
From the ability of x-ray crystallography to determine
crystal structure to spectroscopic probes of band structure
and collective dynamics, optical response experiments have
served as a vital tool to learn about the structure of solid
state systems. On the theoretical side, sum rules for optical
response functions provide some of the few exact and
experimentally relevant results in quantum many-body
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physics [1-4]. Combined with first-principles calculations,
the Kubo formula for linear and nonlinear optical responses
has allowed for an understanding of the electronic proper-
ties of materials [5-10]. More recently, it has come to be
appreciated that optical response functions such as linear
and nonlinear Hall conductivity [11-14], the photogalvanic
effect [15—17], magnetoelectric polarizability [18-22], and
nonlinear magnetoresistance [23-27] all receive large
topological contributions and can be used to both diagnose
and functionalize topological materials.

The fundamental objects of interest for optical responses
are the (nonlinear) conductivity tensors of a material, which
relate the measured current density (j(r,¢)) at position r
and time ¢ that flow in a material in response to an electric
field E(r,1). Typically, the electric field E(r, ) is intro-
duced via a voltage source or an optical probe. The typical
objects of interest are the experimentally measurable (non-
linear) conductivities
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Here and throughout, we use Greek indices y, v = 1,2, 3 to
index spatial components of vectors, and the Einstein
summation convention is used for repeated indices. Since
we work entirely in flat space time, there is no functional
distinction between upper and lower indices; we try to
choose the index arrangement that makes expressions
easiest to parse. Equation (2) parametrizes the current
density order by order in powers of the external electric
field. At the order of n =1, we recover the familiar
generalized Ohm’s law with o4 (r,r,7,¢;) =0 (r,r|,1—1))
being the linear conductivity tensor. Note that in writing
Eq. (2) we have not assumed that our system is transla-
tionally invariant.

Because the speed of light is large compared with typical
velocity scales in a solid state material and because the
typical energy scales of interest are in the microwave,
terahertz, and optical regimes, the typical wavelength of the
probe electric field (on the order of thousands of angstroms
for visible light all the way up to the order of meters for ac
fields) is significantly larger than the typical lattice spacing
of crystals (on the order of nanometers). This means that,
for most experimentally relevant situations, we can ignore
the spatial variation of the electric field [28]. In this
approximation, we can introduce the uniform optical
conductivities o5, (¢, 1y, ..., t,) which depend on time
and not space and which determine the spatially averaged
current density (j(¢)) via

G =3 [ Tlanete nov. et [TE, ) G)

Equation (3) follows from Eq. (2) after assuming the
electric field is spatially uniform.

The uniform optical conductivities can be computed using
generalizations of the Kubo formula, in terms of correla-
tion functions of the electronic velocity operator v.
Recent theoretical work [29-33] has developed stream-
lined and efficient analytical machinery for computing
ot (1,1, ..., t,) for a variety of interesting materials,
for finite systems, continuum crystalline systems, and
crystalline systems in the tight-binding approximation. For
noninteracting electron systems, recent work has shown how
the Kubo formula for the uniform optical conductivities can
be interpreted in terms of the quantum geometry of electronic
wave functions in the systems [34-36]. This theoretical
work has been complemented by advances in nonlinear
spectroscopy, which have seen signatures of intriguing

), (1)
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[
topological and band-geometric effects
materials [37,38].

That said, there are limitations to focusing on the
uniform optical conductivity. First, the uniform optical
conductivity captures response to spatially uniform electric
fields but does not capture response to magnetic fields. To
understand this, we can see from Faraday’s law

in quantum

oB
VXE =—-— 4
5 (4)
that a spatially uniform and time-varying magnetic
field generates a spatially inhomogeneous (transverse)
electric field. Magnetic and magnetoelectric responses

are thus encoded in the gradient expansion of
6’(‘,‘5‘ """ “(r,ry,...,r,, 1,1, ...1,). Such a gradient expan-

sion has been carried out to low orders to obtain, for
instance, the Streda formula relating the Hall conductivity
to the magnetization density [39,40], the Kubo formula for
the magnetoelectric polarizability [41], and optical gyro-
tropy [42]. Similarly, a gradient expansion of the second-
order (n = 2) longitudinal optical conductivity yielded
diagrammatic Kubo formulas for electric quadrupole tran-
sitions in periodic crystals [43]. Lastly, the study of electron
hydrodynamics has brought renewed attention to the
connection between the viscosity tensor of a Galilean-
invariant electron fluid and the (linear) optical conductivity
expanded to second order in gradients [44-50]. Attempts to
generalize this relationship to periodic solids have yielded
unintuitive results [51].

Second, the explosion of interest in moiré materials
[52-61] gives cause to reevaluate the focus on the uniform
optical conductivity. In systems such as twisted multilayer
graphene, twisted transition metal dichalcogenides, and
lattice-mismatched van der Waals interfaces, the effective
moiré lattice constant can be several orders of magnitude
larger than the atomic spacing in individual layers. In such a
system, the wavelength of optical frequency light can be an
appreciable fraction of the moiré lattice spacing. Thus, we
can expect that optical properties such as Kerr and Faraday
rotation, as well as nonlinear shift current and second-
harmonic generation, may obtain measurable corrections
from the spatial inhomogeneity of the applied optical
electric field. Recent advances in ultrafast spectroscopy
have put the study of nonlinear optical effects in moiré and
van der Waals materials within reach of modern experi-
ments [50,62,63].
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Thus, in order to study both generalized magnetoelectric
responses and optical properties of moiré materials, it
would be desirable to have a complete theory of spatially
inhomogeneous electromagnetic response applicable to
periodic systems. From the Kubo formula, we know that
dz‘;l';' """ “(r,ry,...,r,, 1, 1,...,1,) can be computed from a

retarded correlation function of n current operators j(r).
When the full microscopic Hamiltonian H, for a system of
interest is known, the operator j(r) can be identified via
minimal coupling, by replacing the momentum of each
particle p; by the covariant combination p; —eA(x;),
where A(x;) is the electromagnetic vector potential as a
function of the position operator x; of particle 7 and é is the
charge of particle i [64,65]. Denoting by H, the
Hamiltonian we obtain after minimal coupling, we can
define the current operator as

ja(r) =— (5)

where §/5A (r) denotes a variational derivative with respect
to the vector potential. This allows us to write

H, = Hy / drj(r) - A(r). (6)

from which the nonlinear conductivities can be extracted
via standard response theory upon identifying (in this
gauge [64,65]) the electric field E = —0A/or. Crucially,
the current defined via Eq. (5) manifestly obeys the
continuity equation (charge conservation equation)

0,p(r) +V - ju(r) =0, (7)

where p(r) is the charge density operator. Equation (7)
reflects the conservation of electric charge and is equivalent
to gauge invariance.

While this gives an in-principle complete procedure for
computing 0"(‘;3‘ """ “(r,ry,...,T,, 1,1, ..., 1,), it has one

main drawback: In most situations in solid state physics,
we do not have access to the full microscopic Hamiltonian
but instead only an effective low-energy model for the
degrees of freedom of interest. This can arise due to an
approximate treatment of relativistic effects of core elec-
trons in a solid (as in, e.g., a density functional theory
calculation) or via the use of a tight-binding model that
describes only the low-energy subset of states in the full
Hilbert space of a material. When only an effective or
approximate Hamiltonian is known, the minimal coupling
substitution Hy, — H, cannot be carried out uniquely.

One common approach [41,42,66—68] to circumvent this
problem in nonrelativistic materials is to assume that the
full and unknown microscopic electronic Hamiltonian has
the form

+%ZU(xi—xj), (8)

where m is the electron mass, V is the periodic potential of

the ions in the system, 7 is the approximate spin-orbit
potential (usually expressed in terms of gradients of V), G is
a vector of Pauli matrices acting on electron spins, and U is
the Coulomb potential. With this assumption, the mini-
mally coupled current operator can be evaluated exactly.
In the absence of the external electromagnetic field, it is
given by

6H
5A(r)

jmin (l') =

= Zeiq'rjq,min’ (9)
A=0 g

where the Fourier components jq min can be expressed in
two equivalent and often used forms:

. e —igx 3
Jq.min = 52{6 4 ',Vi} = lJq (10)

-2 Z e—iq.xi/ZVie—iq.xi/Z _ jmid,q7 (11)

i

where v; = i[H, x;] is the velocity operator for particle i
and e is the charge of the particles (which for convenience
we assume to be the same for all particles throughout this
work). The customary approach is to then take either
Eq. (10) or Eq. (11) as the definition of the current operator
in the low-energy effective model and use that to compute
optical response functions.

There are two problems with this approach. The first is
that, although Eqs. (10) and (11) are equivalent for the
microscopic Hamiltonian Eq. (8), they will, in general, give
different results when applied to any effective model. This
raises the question of which, if either, of them should be
used to compute optical response functions. Additionally,
neither Eq. (10) nor Eq. (11) coincides with the minimally
coupled current j,(r) when relativistic corrections to the
kinetic energy are incorporated, which may be important
for core electrons in solid state systems. Even more severe,
we show below that generally neither Eq. (10) nor Eq. (11)
satisfies the continuity equation (7) even when A = 0.
When used in the context of effective low-energy models
for even nonrelativistic systems, this means that Eqs. (10)
and (11) represent non-number-conserving approximations
to the minimally coupled current. Thus, neither Eq. (10) nor
Eq. (11) provides a satisfactory starting point for the
computation of optical response functions in low-energy
models of quantum materials.

In what follows, we develop a theory of spatially
inhomogeneous linear and nonlinear optical response that
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manifestly obeys the continuity equation (7) when
applied to arbitrary effective models of condensed matter
systems. First, in Sec. II, we show how to construct
the position-dependent current operator for a generic
Hamiltonian that manifestly respects the continuity equa-
tion. Crucially, our construction makes no assumptions on
the form of the Hamiltonian and is applicable to non-
relativistic, semirelativistic, and approximately tight-
binding Hamiltonians. We show that our current agrees
with Egs. (10) and (I11) to linear order in the wave
vector q, implying that our theory gives the same linear
response to uniform electric and magnetic fields as in
Refs. [18,41,42,66]. We also show how to define the
diamagnetic current such that the continuity equation is
satisfied order by order in the electromagnetic vector
potential.

Next, in Sec. III, we set out the Feynman diagrammatic
rules for evaluating the spatially inhomogeneous conduc-
tivity in Fourier space as a function of frequency and wave
vector (where the uniform optical conductivities corre-
spond to the limit of zero wave vector). Focusing on the
linear conductivity, we derive a modified f-sum rule
relating the diamagnetic conductivity to the density-density
response function. In Sec. V, we explore various observable
phenomena that arises from our wave-vector-dependent
response theory at the linear response level, applied to
noninteracting electron systems in a periodic potential. As a
proof of concept, we examine the wave vector dependence
of the Hall conductivity in a time-reversal-breaking Weyl
semimetal model first. We then show how our formulation
of the wave-vector-dependent linear conductivity can be
applied to compute the Kerr rotation and ellipticity in a
model of a moiré-Chern insulator. We compare our pre-
dictions with an analogous calculation using the current
operators in Eqgs. (10) and (11), showing that our gauge-
invariant formulation predicts a measurably different Kerr
response on the order of arcseconds to arcminutes for
typical moiré length and energy scales. We round off this
section by examining the magnetic properties of insulators.
We analyze the relationship between magnetic susceptibil-
ity and transverse conductivity, present expressions for the
magnetic quadrupole moment, and give a new derivation of
the Streda formula for the Hall conductivity.

Then, in Sec. VI, we move on from phenomena derived
from linear conductivity and evaluate the diagrammatic
Kubo formula for the second-order electromagnetic con-
ductivity for noninteracting electrons in a periodic poten-
tial. We then focus on the component of the second-order
conductivity that is second-harmonic generation in fre-
quency, and self-focusing in wave vector, which is relevant
to future ultrafast optical experiments. We show how to
compute this component of the conductivity for our model
of a moiré-Chern insulator. Finally, we conclude our
paper by summarizing the key results and suggesting
new directions in Sec. VIL

II. THE CURRENT OPERATOR

Motivated by recent efforts to obtain a complete
spatially inhomogeneous electromagnetic response theory
[43,51,66,68], our goal in this section is to derive the
Fourier components of the conserved current operator in a
model-independent fashion. Measurable phenomena such
as conductivities, optical response, and magnetization can
be accurately modeled only in terms of a charge-conserving
current operator. As we show, the conventionally defined
current densities Egs. (11) and (10) fail to satisfy the
continuity equation (7) for generic Hamiltonians.

To find the conserved current density, let us consider a
general Hamiltonian

ZT p;) + V(x;.p;)

ZU x,—x;) (12)

2%

for a (possibly interacting) system of electrons. Here, i =
1...N indexes the particles of the system, p; is the
momentum operator for particle i, and x; is the position
operator for particle i. Also, T(p;) is the kinetic energy
operator for the ith particle. Although this kinetic operator
is usually quadratic in momenta, it can extend to semi-
relativistic systems. For example, the kinetic energy could
take the form
|pz|2 |pi|4
T(pl) ~ om 8m3c2

- (]3)

which is relevant for all-electron ab initio modeling of spin-
orbit coupled materials [69]. Our results hold for arbitrary
T(p;). The single-particle potential V(x;, p;) includes both
the momentum-independent external potential as well as
momentum-dependent external potential terms such as the
spin-orbit potential. Finally, U(x; — x;) is the interaction
potential, which we take to be momentum independent for
simplicity (we expect this is a good assumption for most
models of interest; however, for long-range interacting
models of Mott insulators that have recently attracted
attention, this assumption must be checked [70]). We
assume that the potential V has discrete translation sym-
metry such that

iR'Zip"He_iR'Zipi

TRHTg = e
= T(p) + V(x; + R.p;) + ZU
i zaé]
=H, (14)

where R is a Bravais lattice vector.
The global U(1) symmetry of H, implies that the density
operator

r) = éZé(r—xi) (15)
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satisfies the continuity equation (7), where all particles
have charge e. We can rewrite the continuity equation in the
Heisenberg picture as

9,p(x) = i[Ho, p(r)] = =V - juin(r), (16)

where we work in natural units where 7 = ¢ = 1 unless
stated otherwise. In the presence of an external elec-
tromagnetic field with scalar potential A, and vector
potential A, we have that the minimally coupled
Hamiltonian becomes

Hy— Hy = ZT[Pi —eA(x;)] + V[x;, p; — eA(x;)]

_ 1
_eAO(Xi)+§ZU(Xi—Xj). (17)
i#]
We can take the functional derivative with respect to the
scalar potential to arrive at

Pl o = olo) (18)

r) - 6A0(r
where p,(r) indicates the density operator in the presence
of the electromagnetic field, p(r) is defined in Eq. (15), and
we have made use of the identity

0Ao(x;)
SAo(r) 5(r—x;). (19)
Furthermore, we have that
0pa(r) = i[Hp, pa(r)] = =V - ju(r), (20)

where by evaluating the commutator we find

(21)

Equation (21) allows us to define the current in terms of
the Hamiltonian H, minimally coupled to the external
electromagnetic field. In particular, we can find the
unperturbed current operator j;,(r) from Eq. (16) as

_ GH,
5A,(r)

jﬁlin (I’) = (22)

A=0

However, in order to utilize Eq. (22), we need to know the
explicit microscopic form of the Hamiltonian in Eq. (12). In
many cases of interest, we do not have this information
available. For instance, in modeling electronic systems we
often have access to only Wannier-based tight-binding
models, or other effective Hamiltonians, that are pro-
jected into a subset of bands of interest. For an effective
Hamiltonian, it is not possible to implement the minimal
coupling of Eq. (17) in a model-independent fashion. One
possible way to circumvent this complication is to make

use of a Peierls substitution to couple a Wannierized
effective model to the vector potential, provided the
Wannier orbitals are sufficiently well localized and the
vector potential varies sufficiently slowly [4]. However,
defining the current via a Peierls substitution requires
making choices for how to evaluate path integrals of the
vector potential between Wannier centers that are not
necessarily natural. It also requires assuming that the vector
potential varies slowly on the length scale of the Wannier
function localization length, which may not be appropriate
for all models (especially for models of moiré or topologi-
cally nontrivial systems). Finally, the Peierls substitution
cannot be used to define the current when a Wannierized
tight-binding model has not been explicitly constructed.

In order to circumvent these issues, we derive an
alternative expression for the current j(r) that is manifestly
conserved and that does not require detailed knowledge of
the microscopic Hamiltonian. To do so, let us first recast the
continuity equation [Eq. (16)] in momentum space. We
introduce the Fourier-transformed density

Py = /dre‘iq'rp(r) =e Z e~iaxi, (23)
i
In Fourier space, the continuity equation reads

atpq = i[HOqu} = _lq ' qu (24)

where

iq = / dre=iTj(r). (25)

Rather than attempt to evaluate the commutator in Eq. (24)
directly, we take a more general approach. In the
Heisenberg picture, we see that py in Eq. (23) depends
on time implicitly through the operators x;. Defining the
single-particle velocity operators

\— atXl' = i[Ho, Xi], (26)
we can write
pq(t+6t) = e X (t+0) 5 e—iq-(x;i(1)+61vi(1)) (27)

Thus, using the definition of the derivative, the rate of
change of the density operator is

ol (X +01v;) _ p—iqx;

0,pq = € lim (28)

510 ot

To simplify this further, we make use of a general result

of Karplus and Schwinger [71], who showed that, for any
operators A and B,

1
eATOB — oA 51/ die'"=PABeM 1+ O[(51)%.  (29)
0
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We prove this result in Appendix A. Inserting Eq. (29) with
A = —iq-Xx; and B = —iq - v; into Eq. (28), we find that

1 . .
0,pq = éz A die1-1a%i (—jq . v,)e 4% (30)

Comparing with the continuity equation in Eq. (24), we can
identify

1 . .
jo=¢ Z /O die~ =Xy, p=itax;, (31)

Equation (31) has several desirable features. Most
importantly, it is manifestly conserved. Second, for non-
relativistic Hamiltonians [where v(p, X) is a linear function
of p], a short calculation (see Appendix B) shows that j,
coincides with the minimally coupled current. Note that,
since the Hamiltonian H, commutes with the projection
operator onto a set of low-energy bands, the projected
low-energy density operator satisfies Eq. (16) with the
conserved current given by the low-energy projection of
Eq. (31). Thus, for nonrelativistic systems with micro-
scopic Hamiltonians of the form of Eq. (8), Eq. (31) is the
approximation to the minimally coupled current in Eq. (5)
that is manifestly conserved in any low-energy approxi-
mation to the Hamiltonian. However, we emphasize that a
choice is made in going from Eq. (30) to Eq. (31): We can
add any operator §jq that is purely transverse (q - 5j = 0)
to Eq. (31) without changing the continuity equation (16).
Different choices of §j correspond to different definitions
for the (orbital) magnetization current, which do not
contribute to transport and are not constrained by gauge
invariance. As such, it is, in principle, not possible to fix §j
unambiguously from effective Hamiltonians alone. Even in
the context of the microscopic Hamiltonian nonrelativistic
approximations to the Dirac equation, nonminimal cou-
pling to the electromagnetic field can modify the definition
of the magnetization current. Faced with these challenges,
we take the natural choice §j = O—corresponding to our
definition Eq. (31) for the current operator—as our work-
ing, model-independent definition of the current.

As we now show, Eq. (31) resolves many of the problems
of the nonconserved choices Egs. (10) and (11) for the
current. In Sec. II A, we show that both the longitudinal and
transverse components of Eqgs. (10) and (11) differ from
those of Eq. (31) at second order in wave vector. Then, in
Sec. II B, we compute the matrix elements of the conserved
current Eq. (31) in the basis of Bloch eigenstates, allowing
us to apply our formalism to compute electromagnetic
responses. Finally, in Sec. II C, we show that the formula of
Karplus and Schwinger can be used to define the gener-
alized wave-vector-dependent diamagnetic contributions to
the current operator in the presence of a nonzero electro-
magnetic field.

A. The nonconserved current operators

Equation (31) is our first main result. Let us compare it
quantitatively with the (nonconserved) current operators
Egs. (10) and (11), which have been used to compute
spatially inhomogeneous electromagnetic response func-
tions to low order in the wave vector [51,66]. Recall that
Eq. (10) proposes the definition

;7 _¢€ —igx;
Ju= 5> tev} (32

for the current operator. We refer to this as the “trapezoidal”
current, since it is the trapezoidal approximation the
integration over A in our conserved current Eq. (31).

Similarly, Eq. (11) proposes the commonly used
[51,66,68] definition

jmid,q -2 Z e—iq.xi/zvie—iqxi/Z_ (33)

i

We refer to this as the “midpoint” current, since it is the
midpoint approximation the integration over A in our
conserved current Eq. (31).

To see how the definitions of current operator from
Egs. (32) and (33) compare with our Eq. (31), it is helpful to
write v; = v;(p;,X;) to make explicit the p, and x;
dependence of v;. Inserting this into Eq. (31) and using
the fact that

eia~x,-f<pi’ Xi) — f(pi - a, xi)eia~x,’ (34)

we find
1 7 .
jg=¢ / dﬁe-l(l-bq«fvi Pi, X; e iMX;
)
1
= die™ %, (p; = 24, ;). 35
> ( ) (35)
Similarly, using Eq. (34) to simplify Eq. (32) yields
3 P ! —iq-X;
Jg = eize % (v,(p;, X;) + vi(p; — q,X;)).  (36)

Lastly, using Eq. (34) to simplify Eq. (33) yields
Jmidg =€ Z e I%vi(p; — q/2.x;). (37)

Thus, we generically have that j, # jq # Jmidq- Note
that if v; is a linear function of momentum (which occurs
when the kinetic energy includes no relativistic correc-
tions and the spin-orbit potential is linear in momentum),
then we can carry out the integral in Eq. (35) to find
that jq = jq = Jmidq- However, for Hamiltonians with
relativistically corrected kinetic energy and complicated
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spin-orbit potentials, this will not be the case. This is
relevant not just for ab initio calculations of charge trans-
port in heavy elements, but also for effective models where
integrating out high-energy degrees of freedom can lead to
a renormalization of the effective Hamiltonian away from
the standard nonrelativistic form.

We can compute the difference jq — jq and jq — Jmidq
order by order in q. We find that
. a \fi pl’ i)
Jq_ q = 122 /4 4y Ha u O(|q|3)9 (38)
e v, (pi, X;)
jg — Jmidg = = — 2 O(q)?). (39
.]q Jm1d,q 24 Zqﬂqv 6p§’6p? (|q| ) ( )

We see from Egs. (38) and (39) that jg, jq, and jpigq all
coincide to linear order in q, with the first discrepancy
at the order of |q|>. This suggests that, while calcula-
tions of uniform magnetoelectric response functions
(which requires knowing jq to linear order in ¢, as in
Refs. [41,42,66]) can use j, OF jmiaq in place of the
conserved Eq. (31), the calculations of the O(|q|*) cor-
rections to the conductivity in Refs. [51,68] should be
reexamined. We show below that, while jg, jq, and jnidaq
all yield the same Hall conductivity to the order of O(|q|?),
they yield different predictions for the longitudinal con-
ductivity at the same order. Even further, we see from

Eq. (38) thatq - (jy = Jo ) # 0and 4 (Jy = Jniag) # 0,50

that only jq and not jq nor jmiqq satisfies the continuity
equation (16). Generically, we have

q- jq —-q- jmin.q =0, (40)
q'jq_q'jmin.q ;é()’ (41)
q- jmid,q —-q- jmin,q #* 0. (42)

In Appendix B, we give a direct analysis of how the
conserved j, differs from nonconserved jq and jyiq q for a
concrete model of a semirelativistic free-electron system.
We show explicitly that, once the free electron is energetic
enough for quartic or higher-order corrections to the kinetic
energy to become appreciable, the conserved j, and
nonconserved jq and jpiqq disagree at the order of lq/?.

Although we have shown how the conserved j, of

Eq. (31) differs from the nonconserved jq and jiq ¢ in the
current form our results apply to only continuum first-
quantized Hamiltonians of the form of Eq. (12). To apply
our same approach to formulate the current density operator
for a wider variety of condensed matter problems, we in
Sec. II B calculate the second-quantized form of the current

operator Eq. (31) by examining its matrix elements in a
basis of single-particle Bloch eigenstates.

B. Matrix elements of the current operator
in the Bloch basis with second quantization

In this section, we evaluate the matrix elements of the
conserved current operator Eq. (31)—as well as the non-
conserved current operators Egs. (32) and (33)—in a basis
of single-particle Bloch eigenstates. Consider a noninter-
acting Hamiltonian of the form of Eq. (12) with U = 0 with
discrete translation symmetry as in Eq. (14). From Bloch’s
theorem, we can introduce single-particle eigenstates

1 ik-r
Yk (I‘) = ﬁe unk(r)7 (43)

where N is the nominally infinite number of unit cells in the
system. We denote the eigenstates with kets |y, ) with
inner product

W) = / drys (Oyme (1) = Sxrdm.  (44)

It is also convenient to introduce kets |u, ) to represent the
cell-periodic functions u,, (r). The inner product of cell-
periodic kets is given by

(et} = / drity (D (), (45)

where [, denotes an integration over a single unit cell. We
work in the periodic gauge such that

Wik+G) = [Wik) (40)

for any reciprocal lattice vector G. Note that the periodic
gauge always exists, even for topologically nontrivial
systems, as we discuss further at the end of this subsection.
The periodic gauge constraint implies [72]

|unk+G> = e_iG.X|unk>‘ (47)

Let us begin by computing the matrix elements of the
density operator pg =&, e~"4% between two Bloch
states. We have

e [ drin ey

_ 1 iR-(K/—k—

—=e ﬁ ;e ( q)

) / druy (r)e™ E =)y, 0 (r)
cell

= Ok’ i+ q @ (Ui [ Ui 1) - (48)

<Wnk ‘pq |ka’> =
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Introducing creation and annihilation operators c;k and ¢,
that create or annihilate electrons in the state |y, ), Eq. (48)
implies that we can write the density operator in second-
quantized notation as

Pq = Z <l//nk |pq|l//mk’>cj;kcmk’
kKk'nm

=e Z <unk |umk+q>cj;k cmk+q . (49)

knm

Next, we can examine the second-quantized form of our
conserved current j, from Eq. (31). Note first that

1 . .
Triglynk) = ETR/ dle=1=Da%ye=tax [y, )
0

—z / L 201708 (R) g ita -RIT [y )
0
= e DR ). (50)
Equation (50) indicates that j,|y,x) has crystal momentum
k — q. Since Bloch states with different crystal momentum

are orthogonal, we deduce that the only nonvanishing
single-particle matrix elements of j, are

. e [1 e
<Wnk|Jql//mk+q>:N/ d/l/dl'unk(l‘)e [(1-2)q+K]

x velkt=tlry, . (r)

= / d/lleu druy (Y) Vi (1-2)qUmk+q(T)
—¢ [l coaalimera): (5

where we have defined
Vi = e KXyelkX — g (emikXHelkX) =9, H, .  (52)

Using Eq. (51), we conclude that the current j, has the
second-quantized representation

1
q = éZ/ d/1<unk|Vk+(1—/1)q

knm

|umk+q>cjzkcmk+q' (53)

By the same logic, we find the second-quantized repre-
sentation of the nonconserved trapezoid current jq from
Eq. (32) is

_ez

knm

Uk | Viciq + Vkl”mk+q>c:gkcmk+q~ (54)

Finally, for the nonconserved midpoint current jpiqq in
Eq. (33), we find the second-quantized representation

jmid,q =e Z<”nk|Vk+q/2|”mk+q>cjlkcmk+q- (55)

knm

Equation (53) is the main result of this section and allows
us to reformulate our conserved current operator Eq. (31) in
terms of second-quantized Bloch orbitals. Equation (53)
can be used to compute the matrix elements of the
conserved current for effective models that include only
a subset of the energy bands of interest in a solid, in which
the effective kinetic energy need not be a quadratic function
of momentum. Additionally, Eq. (53) manifestly satisfies
the continuity equation and so gives a proper starting point
for the evaluation of linear and nonlinear electromagnetic
response coefficients.

Although we supposed that the wave functions |u,,)
were the (cell periodic parts of the) energy eigenstates for
the noninteracting part of a Hamiltonian, we can follow the
logic leading to Eq. (53) for any orthonormal Bloch-like
basis set. In Appendix C, for example, we derive the
second-quantized representation of the current Eq. (31) ina
basis of ultralocalized tight-binding orbitals which are
useful for calculations in model systems. Additionally,
provided that the interaction energy depends only on
(unprojected) density operators, Eq. (53) still gives the
second-quantized current operator.

Note that, for systems with nonvanishing Chern num-
bers, the periodic gauge constraint for |u, ) in Eq. (46)
requires that the phase of |u,.) be nonsmooth in the
Brillouin zone [73,74]. This presents no difficulty for
our formalism, which does not involve derivatives or
Taylor expansions of the wave functions themselves with
respect to k but only derivatives of the manifestly smooth
operator Hy. Additionally, when we work in a basis of
tight-binding orbitals as in Appendix C, we can include a
sufficiently large number of bands to guarantee that the
basis Wannier orbitals have smooth Fourier transforms.
Finally, we note that, in any numerical computation, the
wave functions |u),, are typically evaluated on a discrete
grid of points in the Brillouin zone; we can then choose a
periodic gauge such that any nonremovable singularities
due to nonvanishing Chern number occur at points that are
not included in the grid.

Having expressed the current operator Eq. (31) in the
second-quantized Bloch basis, we can now turn our atten-
tion to how the current density is modified in the presence
of a background electromagnetic field. This allows us to
generalize the usual diamagnetic current to nonzero wave
vector for systems with generic Hamiltonians. We see that
these generalized diamagnetic current operators—which
are essential to maintain gauge invariance of response
functions—appear naturally in our formalism for j, defined
in Eq. (31).

C. Diamagnetic current operators

In order to compute electromagnetic response functions,
we need to know the current j,(r) order by order in the
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vector potential A. Although we primarily focus on jq min
in Eq. (22), for a general system, we can write

10 = )+ [ A ) e (56)
or in Fourier space

Frg = Joing + DI qAvg + (57)
qI

While knowledge of j” . requires knowledge of the

minimally coupled Hamiltonian in Eq. (17), the continuity
equation at Eq. (16) places constraints on the longitudinal
components of j’;’_q,. In particular, note first that

_ &H,

Jit g =
=0T A, (B,

A=0
o
A,y

(58)

A=0

Inserting Eq. (58) into the continuity equation (16), we find
that

0
. U _ . U
o = 51, (id,jq) .
0
== [HA’IO ]
0A,q ! A=0
= i[j’iq,’mm,pq}, (59)

where we have used from Eq. (23) that p, is independent of
the vector potential. Equation (59) shows that the longi-
tudinal component of the diamagnetic current ] o Can be
expressed entirely in terms of the unperturbed current
— Furthermore, since the longitudinal component
of j* o min is equal to the current in Eq. (31), we find that the
longitudinal component g,q, j’;” _ Of the diamagnetic

|

Lo o*H
Jiv _ —\2 k
Jogq = (&) A A dAdA (i | [—0k"0k"

] k—k—(1-2)q'+(1-2)q

current is entirely expressible in terms of the velocity
operator.

Equation (59) is equivalent to the Ward identity from
quantum field theory [75]. We can iterate the logic leading
to Eq. (59) in order to obtain the longitudinal part of all

: . : /] ﬂ]/hlh 3
higher-order current vertices g, q,,qy,---J 0qq’ . Since
lllllzﬂz

the operators j '/ """ appear as vertex functions  in
calculations of hlgher-order electromagnetic responses
[29,76], we see that our expression for the current in
Eq. (31) in terms of the velocity operator can be used to
generate the longitudinal components of these higher-order
vertices.

Using Egs. (58) and (59), we can recast this second-order
operator in terms of an integration over an auxiliary variable A
via the Karplus-Schwinger relation. Namely, we show in
Appendix D that, for any single-particle operator O,

. 1 . .
i[O, e79%] = / dle~'1-19%(q . [0, x])e~ "% (60)
0
Applying Eq. (60) to our Ward identity Eq. (59), we find
9y =i {q’yj”_q,m, ¢ Z e"'q"‘f}

e [ die 1N Ly )

1 . .
- é/ dae= 1709 (g, gy [ x4 e,
0

(61)

where we have used the fact that both ju, 4 and jq in
Eq. (31) are conserved. The advantage to using the
Karplus Schwinger relation is being able to strip off the
q and ¢, thus allowing us to define ] ¢ that satisfies the
Ward identity for generic systems.

We can rewrite Eq. (61) in terms of the second-quantized
creation and annihilation operators for Bloch eigenstates
following the formalism of Sec. II B in order to define

|umk—q’+q>cik Cimk—q'+q- (62)

In a similar manner, we can iterate this procedure to derive expressions for the Nth-order current operator

0 = v (63)
Pl Nt RPN —qy 3
5AM-—q Vl,(héAl/zs(b"'éAVN,QN A=0
which satisfies the generalized Ward identity
(1) (=010, (=02.) - (=111 ) F G = 111 i P |- P o] (69)

011058-9



MCKAY, MAHMOOD, and BRADLYN

PHYS. REV. X 14, 011058 (2024)

Applying the Karplus-Schwinger relation Eq. (60) iteratively and using our expressions Egs. (31) and (53), we find that we
can write the nth-order diamagnetic current operator in second-quantized notation as

Jl(;qu]ljf\f~’_qN: NH/ dﬂ/ di,.. / dly

<unk | [ak” (7

;
Ok Hk]k—>k+ (1=2)g=(1=21)q; -~ (1-2y )y |tk +q-a, - —ay ) €k Cmk+q—q, -y - (65)

Note, importantly, that Eq. (65) is explicitly symmetric under the exchange of any pair of indices, since partial derivatives

commute.

For later convenience, we define the Nth-order velocity vertex v (N >(k q,—q .-

matrix element of Eq. (65), i.e.,

—qy ) as the operator appearing in the

1 1 1
1}<1Nv)(k,q, —ql,...,—qN)EA d/ll d)q/) dﬂN[akuak”...akuNHk]k_)k+(1_/1)q_(1_,11)q]..._(1_/1N)qN- (66)

Therefore, applying Eq. (66) to Eq. (65), we can simply write

TG gy = _(—é)N+IZ<unk|vl(/;\V,)(k, q.—qq, ...,
k

Note that, since the trapezoid and midpoint currents
[Egs. (10) and (11)] do not satisfy the continuity equation,
there is no general procedure for determining their corre-
sponding diamagnetic currents. Nevertheless, for the sake
of comparison, we define trapezoid and midpoint diamag-
netic current operators by approximating each auxiliary
integral in Eq. (65) with the trapezoid or midpoint approxi-
mation, respectively.

Given Eq. (65) for the generalized diamagnetic current
operators as a function of wave vector(s), we now develop a
diagrammatic formalism to compute linear and nonlinear
conductivities as a function of frequency and wave vector.
Our construction of Egs. (65) and (53) from generalized
Ward identities ensures that these conductivities give a
current that respects the continuity equation.

III. FEYNMAN DIAGRAMMATIC METHOD
AND SUM RULES

Using the conserved current operator, Eq. (31) we now
develop the formalism for computing the spatially inho-
mogeneous linear and nonlinear conductivities defined in
Eq. (2). We build off the work of Ref. [29], which presented
a simple yet powerful framework for calculating the
spatially uniform (q = 0) nonlinear conductivities.
Continuing off of this framework, we look to expand this
framework to accommodate spatially inhomogeneous
fields and currents. This framework utilizes diagrammatic
perturbation theory in terms of noninteracting Matsubara
Green’s functions for electrons, with interactions with the
external electromagnetic field given by the (noninteracting)
vertex functions governed by Eq. (66). We generalize this
diagrammatic method in Refs. [29,33] to allow for electro-
magnetic fields and currents with nonzero wave vectors.

Q) [tk +q-q, "'_QN>cj;k Cmk+q-q;-—qy - (67)

As a consequence, we are able to capture not just response
to electric fields, but—yvia Faraday’s law Eq. (4)—response
to magnetic fields as well. We begin in Sec. Il A by
establishing the foundation for diagrammatic evaluation of
the Kubo formula. Then, in Sec. III B, we give the rules for
setting up and evaluating our Feynman diagrams. Finally,
in Secs. IV-VI, we apply our formalism to analyze the
linear and second-order response as a function of wave
vector for 3D Weyl and 2D moiré systems.

A. Feynman diagram setup

To write the Feynman diagram rules for evaluating the
average current, we must first relate the conductivities to
the generating function for correlations. Since the Feynman
diagrams are a direct interpretation of perturbative expan-
sions of the generating function, this allows us to write the
conductivities as a sum of diagrams, which may then be
translated to a mathematical statement involving Green’s
functions and interaction vertices [29,33,77-83].

First, consider the generic Hamiltonian that has been
coupled to a vector potential, as posed in Eq. (17). Notice
that the minimally coupled Hamiltonian can be expanded in
powers of the vector potential as

1
Ha=Ho- (Aal _(hqu + 2A“1 —QIAU‘z (Izjzllaz q2

1
+ gAal-—(h

X 003

Aaz Q2Aa3 /4.~ + ) . (68)

In the last term in Eq. (68), we have replaced the functional
derivatives of the coupled Hamiltonian with the generalized
current term described in Eq. (63). We now specify to
studying systems of electrons, where we take ¢ = —e,
with e being the (positive) elementary charge. With this
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definition of the minimally coupled Hamiltonian, we can
define the expectation values of the current operator to all
orders in the vector potential [29]:

1 — / /
() = T[T e S 00] 0 (69)

where j4(r) is defined via Eq. (56) in terms of our
conserved current [Eq. (53)] and the diamagnetic currents
[Eq. (65)]. Also, T, is the time-ordering operator.

In Eq. (69), two levels of expansion may be implemented
in orders of the vector potential: an expansion in j, (r) and
an expansion in H,. We assume the vector potential can be
written as a superposition of plane waves:

(a (1) = ZZ/quidtia’(‘,f)‘ """ Qe e tn)5<q D G) T1E.q ().
n G i i

where G are the reciprocal lattice vectors. Since the spatial
scale of variation of a current with wave vector G # 0 is on
the order of (fractions of) an angstrom, these umklapp
terms are typically not experimentally interesting. There-
fore, we focus the remaining work on computing the G = 0
component of the electromagnetic response. We empha-
size, however, that our diagrammatic calculation can be
easily generalized to compute the G # 0 umklapp compo-
nents of the current as well.

By comparing Eq. (69) with Eq. (71), we may extract the
nth-order conductivity by using the following process: We
first expand the average current to nth order in the vector
potential. Next, we Fourier transform with respect to time
and make use of the definition of the electric field

E (o) = ioAy(0) (72)
in the Ay =0 gauge. Note that this produces a time-
ordered, rather than a causal, response function. To recover
the usual causal response function that can be measured in
experiment, we can analytically continue all frequencies
into the complex plane, @ — @ + in for a small infinitesi-
mal 7, following the procedure outlined in Refs. [29,65,80].
In additional to preserving causality, a small positive finite
n can be used to approximate the electron self-energy due to
impurity scattering [29,65].

Practically speaking, we carry out the perturbative
calculation using the imaginary-time Matsubara formalism,
using Matsubara frequencies iv, = [(2n+ 1)iz/p] for
fermions and iw, = (2niz/p) for bosons, where =
(kgT)™' [78]. We take the T — O limit at the end of all
computations, which has the effect of turning Fermi-Dirac
distributions ny into Heaviside step functions. Moreover,
the 7 — 0 limit still gives a good approximation for
low-temperature transport coefficients in insulators. Since

A1) =D Ag(w)emaion (70)

To obtain the average current, we can expand the left-hand
side of Eq. (69) in terms of a Fourier-transformed response
coefficient and the corresponding fields, as described in
Eq. (2), taking the Fourier transform of every time and
position argument.

Note that, for systems of electrons in a periodic potential,
umklapp processes allow for the generation of currents that
oscillate in space with wave vectors that differ from the
wave vectors of the applied field by a reciprocal lattice
vector. Concretely, expanding Eq. (69) in Fourier space [or,
equivalently, taking the Fourier transform of Eq. (2)] yields

(71)

the Matsubara frequencies become continuous in this limit,
we suppress the subscript n [29,78,81,82].

With this as our starting point, we can now outline the
diagrammatic rules that allow us to express Eq. (71) in
terms of Matsubara Green’s functions and the vertex
functions of Eq. (65).

B. List of Feynman diagram rules

In this section, we describe the rules for writing down
and evaluating the Feynman diagrams for the wave-vector-
and frequency-dependent conductivity tensors. These dia-
grams rely on the generalized current operator derived in
Sec. II C. Our formalism closely follows Ref. [29], con-
trasting only in the inclusion of the wave vector dependence
of the external fields and the current operator.

First, let us define the symbology that composes our
diagrams.

(1) The free fermion propagator (Matsubara Green’s

function) G(k) is denoted by —»——.

(2) The perturbing vector potential field is denoted
by and carries with it a (Matsubara)
frequency and a wave vector.

(3) Where the fermion and photon propagator meet, we
place a vertex in the a direction. When correspond-
ing to the output current operator it is denoted by an
outgoing photon vertex o~~, and when correspond-
ing to a perturbing field it is denoted by an incoming
vertex ~~e.

We introduce a four-vector notation for Matsubara frequen-
cies, with k = (iv, k) representing the fermionic Matsubara
frequencies and momenta and ¢ = (iw,q) representing
the bosonic Matsubara frequencies and momenta. We also
use the shorthand dk = dkdy, to denote the integration
measure and g; + g, = ¢, to denote the componentwise
sum of two four-vectors.
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With these components defined, we may write diagrams
describing the contributions to (jg) order by order in
perturbation theory. For concreteness, we specialize at this
point to a free-electron system. As such, the Feynman rules
below require us to consider only diagrams with a single
fermion loop. We note, however, that our diagrammatic
rules can be extended in the presence of interactions, such
as from phonons [80], by including additional interaction
vertices. To simplify the bookkeeping arising from the
negative signs in Eq. (65) and from the negative sign of the
electron charge, we formulate our diagrammatic rules in
terms of the velocity vertex functions in Eq. (66).

The diagrammatic rules are as follows.

(1) Every loop has an output vertex, and most have input
vertices. Diagrams contributing the nth-order re-
sponse have n + 1 photon lines. All photon lines
are incoming at input vertices. At output vertices,
exactly one photon line is outgoing.

(2) Every loop denotes an integral over both k space as
well as a Matsubara sum (which can be made into an
integral) in frequency v.

(3) Every closed loop conserves momentum and energy
[84]. By convention, incoming photon lines carry
momentum out of the loop, and outgoing photon
lines carry momentum into the loop.

(4) Each incoming field vector also contributes a factor
of ei/hiw,, where w,, is the Matsubara frequency for
the ath photon line.

(5) To avoid double counting, only topologically unique
diagrams should be considered. In particular, if the
exchange of two or more four-vector and index
labels on photon lines (not including the photon
corresponding to the output current) does not change
a diagram, then the diagram should be divided by the
appropriate multiplicity factor [29]. In practice, this
means that Nth-order input diamagnetic current
vertices are accompanied by a factor of 1/N!,
and Nth-order output diamagnetic vertices are ac-
companied by a factor of 1/(N —1)!. We see an
application of this rule in Sec. VI.

(6) A vertex with N photon lines corresponds a factor of
(a matrix elements of) v?}(,) (k,qy, ..., qy) defined in

Eq. (65), where k is the fermion momenta going into
the vertex.

(@) ma (b) d
k Qﬂ:—: v, —q M q1
vV, —q1 k+aq
FIG. 1. Linear-order response diagrams.

After evaluating a particular set of diagrams, we can finally
obtain a causal response function by analytically contin-
uing each Matsubara frequency back to a real frequency,
iw — w + in, for # a positive infinitesimal.

IV. LINEAR RESPONSE

In this section, we apply the Feynman diagrammatic
rules from Sec. III B to calculate the linear conductivity as a
function of frequency and wave vector for a general
noninteracting periodic solid. First, in Sec. IVA, we use
our diagrammatic method to recover the Kubo formula for
the conductivity, where we comment on the relationship
between our approach and that in Refs. [51,66,68]. Then, in
Sec. IV B, we show how our formalism relates to the
generalized f-sum rule [4,85].

A. Full linear response from diagrams

The linear conductivity is given by the sum of the two
diagrams in Fig. 1. Using our Feynman rules, this becomes

. ie? )
o (iw,q) = E/a’k [Gn] (/<)1)’(’2)Jl]nI (k,—q,q)

+ G, (k+ )0y, (K + 4. —q)
X Gy, (k)0 (K. )] (73)

where G, (k) = (v—¢€,)"! is the Matsubara Green’s
function in the energy eigenbasis |y, ) of Eq. (43), €,
is the corresponding energy, and we introduce the notation

VY to denote the matrix elements of the velocity
(N+1),n1n,

vertex Eq. (60) in the basis of Bloch eigenstates |u,,y ).

The first term in Eq. (73), corresponding to the diagram
in Fig. 1(a), is the diamagnetic conductivity. We can
evaluate Eq. (73) and analytically continue to real fre-
quency to find

v ie?
i) =15 [ Y26, (001, (k—a.q)

V=€,

ie? (x| (On O Hi ) [k k= (12, ) +-(1-2)q [ U &)
=— / dvdkdidiy !
n

ie?

o dkd/ld/llan(enl(k))<un1k|(ak“ak”Hk)|k—>k+(/1]—ﬁ)q|un,k>v (74)
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where ny is the Fermi-Dirac distribution and o™ = @ + i7.
In the limit q — 0, this reproduces the generalized dia-
magnetic conductivity of Ref. [29]. Here, however, we see
that, when H) contains nonquadratic momentum depend-
ence—as it will for any semirelativistic system or for any
system modeled by a low-energy effective Hamiltonian—
the diamagnetic conductivity acquires a nontrivial q
dependence. The diamagnetic conductivity serves to regu-
larize the conductivity in the limit @ — 0. We can gain
some intuition for this by noting that Fig. 1(a) gives the
diamagnetic conductivity in terms of the average

(@) = = (P4a) (75)

of the diamagnetic current Eq. (62). The generalized
Ward identity from Eq. (59) constrains the diamagnetic
conductivity.

The bubble diagram in Fig. 1(b) gives the paramagnetic
conductivity, corresponding to the second term in Eq. (73).
By evaluating the Matsubara integrals in Eq. (73) and
analytically continuing back to real frequencies, we find
that the paramagnetic conductivity is given by

P52
a —le a2
opgra(a)y q) = ot 0 ﬁ(wv q), (76)

where Q¥ (t—1,q) = i< {jg(t),jﬂ_q(t/)} >9(t —1) is the
retarded current-current correlation function in the time
domain. In the frequency domain, we can use our expres-
sion Eq. (53) for the current operator to find

0% (w,q)

nr(€u) —nr(e
S )l g, )" R) = el
K

+
€sk — €pkiq T @

” np(€a) — nr(€piq)
= E Fih(k.q) - (77)
" €qk ~ Epkt+q T @

where v, (k, q) is the charge-conserving velocity, given by

1
kamaéﬂmmwmm%mmwmo<m

as indicated in Eq. (65).

Our improved definition for the conserved current
operator enters into the matrix elements F f;/';(k q), while
the ratio of Fermi functions to energy differences is
universal and arises from the evaluation of the Green’s
function integral in Eq. (73). We can compare our result for
the paramagnetic conductivity to that in Refs. [51,68],
which uses the midpoint current from Eq. (33) instead of
the conserved current. This leads to the appearance of a
modified matrix element

Fﬁﬁd;a[}“‘? q) = <uak

uak>v

(79)

Ao A
Uk ”bk+q><ubk+q Vg

in place of Fill;(k, q), with 3¢ = (dH\ /dk,). The subscript
“mid” is assigned to this quantity to remind the reader that
it is derived using the midpoint definition of the current
operator.

Similarly, if the (nonconserved) trapezoid current j from
Eq. (32) were used in place of j to derive the response, then
we would find for the matrix element

Upk+q >

~ DL, o+ B
Pt = (na T

2
W
k k
X <th+q +q2 Uak > . (80)

We emphasize that, since Eq. (77) is computed using the
conserved current in Eq. (53), it gives the physically
meaningful conductivity. We use Egs. (79) and (80) in
Sec. V to show how the trapezoid and midpoint currents
give quantitatively different predictions for the conductivity
as compared to Eq. (77).

In particular, Ref. [51] uses the (nonconserved) Eq. (79)
to evaluate the q-dependent Hall response for a two-band
tight-binding model, where we expect the use of the
conserved current Eq. (53) to be important to obtain reliable
results. We now argue that, since the current operators
Egs. (31)—(33) agree to linear order in q, they yield
identical calculations of the paramagnetic conductivity
Eq. (76) to the order of |q|>. To see this, let us rewrite
the current-current correlator in Eq. (76) as

([0, 2a]) = ([ 2La()] ) + [0 4] )
+([ai30.74()])
(LGN AGIN (81)

where we have introduced
5j8 = ji — jq. (82)

To proceed, note that, for crystalline systems, we know
from conservation of (crystal) momentum that the ground
state average of any operator with nonzero momentum
(modulo reciprocal lattice vectors) must vanish. We can
apply this observation to conclude that the first two terms
on the right-hand side of Eq. (81) vanish unless q = 0.
Thus, we have
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(0. La)] ) = (o750, 872()] )
-([so.a0]). 63

Finally, Taylor expanding Eq. (83) for small q shows that
the O(|q|?) contribution to the paramagnetic conductivity is
determined by the O(|q|) term in §;§. Since Eqgs. (31)—(33)
agree to linear order in q, they yield the same prediction for
the paramagnetic (and, hence, the Hall) conductivity.

Note, however, that the diamagnetic vertex Eq. (75)
derived from the conserved current in Eq. (31) differs from
the naive q-independent diamagnetic current derived
from the nonrelativistic Hamiltonian in Eq. (8) and used
in Refs. [66-68] to calculate the symmetric part of the
conductivity from tight-binding models. In particular, since
the conserved two-photon vertex j2q 4, defined in Eq. (62),
is an even and symmetric function of q, there will be
O(|q]?) contributions to the (symmetric) diamagnetic
conductivity for tight-binding models that are necessary
to ensure charge conservation.

B. The f-sum rule and diamagnetic conductivity

In this section, we show how our definition for the
conserved current j, allows us to derive a generalized
f-sum rule valid for any effective model. While the
derivations in this section do not make use of the explicit
form of the current operator, they highlight constraints on
the conductivity imposed by charge conservation that are
satisfied only when the conserved current operator is used.
We begin with a short review of density-density response
and the derivation of the f-sum rule [86]. Recall that the
f-sum rule constrains the spectral weight of the density-
density response function

o.q) = —i / ® die (o (1) p_g(O)).  (84)

We start by defining the spectral density

Y0a) = [ e pg(1)p-o(0)  (85)

[Se]

which satisfies the Kramers-Kronig relation

1 [o y'(0q)
x(,q) = 5/_00 do/"——". (86)

The spectral density y”(w, q) can also be expressed as the
imaginary part of y(w,q) and can be directly measured
through absorption spectroscopy.

From Eq. (86), we can deduce an expansion for the large-
@ asymptotics of y(w, q) in terms of moments of y”(w, q).
By Taylor expanding the denominator in the integral in
Eq. (86), we obtain the asymptotic expansion

2w o)~ 3 A (87)
n=0 (0))
where
= [Cdo@rea )

is (1/z times) the nth frequency moment of " (w, ). Note
that, since the (unprojected) density operators commute,
ie., [pq.pq] = 0, we have

s = [ dor ) (59)

:2_171/_: dw /_: dre ([pg(1). p—q(0)])  (90)

= [ a0 (pyl).p-4(0) 91)
= ([p4(0). p_q(0))) (92)
— 0. (93)

where in going from Eq. (90) to Eq. (91) we exchanged the
order of the @ and ¢ integrals and used

1 .
%/da)e’“” = 5(1).

This means that the n = 0 term in the asymptotic expansion
Eq. (87) vanishes. Using Eqs. (87) and (93), we have,
asymptotically to leading order as @ — oo,

(94)

timoy(0.0) = {(a) =, [ dofw)(w.0). (99

—
@—> 00 00

We can go further and evaluate y//(q) using the continuity
equation to arrive at a general form of the f-sum rule. In
particular, inserting the definition Eq. (85) into the defi-
nition Eq. (88) of y/(q) and integrating by parts, we find

Al = [ dofo)’0.q)

(o]

1 00

=— [ dw /_: dte o ([py (1), p_q(0)])

27 J_»

2”‘/_: da)/_: dt%(eimt)<[pq(t),,0_q(0)]>

1 e /_ : dte([i0,p4(1), p—q (0)])

- 27 )
- L " d15(1)([i0,p4 (1). p—q (0)))

= ([i0,pq. P—qg))-

—1

(96)
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where we suppress the time arguments in the equal-time
commutator in the last line. Using the continuity equa-
tion (24), along with the Karplus-Schwinger relationship to
simplify commutators of the density operator, we find

x1(a) = ([i0ipq. P—q))
= quﬂpp—qb
= q,9,(/"q.)-
= —ilimog,q,04,(q. ), (97)

w—0

where we have used Eq. (75) to express the sum rule in
terms of the average of the two-photon velocity vertex,
which is the coefficient of the diamagnetic conductivity
o' (q, ®). For Hamiltonians with quadratic momentum
dependence, the diamagnetic conductivity is independent
of q, and this reproduces the usual f-sum rule. Note that,
since Eq. (96) involves an integral over all frequencies, the
sum rule of Eq. (97) in the form we have written it relates to
the full (unprojected) density operator and diamagnetic
conductivity. We defer the exploration of restricted sum
rules over a limited frequency range to future work (though
see the recent Ref. [87] for progress along these lines).
Our derivation shows how the f-sum rule generalizes to
nonzero wave vector for general systems. In particular, we
show in Sec. II C that the two-photon velocity vertex ji, .

which uses the conserved current jg, is generally given by
Eq. (61). We also show how the correlation-correlation
operator through the spectral density function relates back
to conductivity in Eq. (97), and, in Appendix F, we explore
this connection even further through the plasmon dispersion.

For general Hamiltonians, such as those arising in tight-
binding approximations to solid state systems, the ¢
dependence of j’(;,”‘_ a leads to a nontrivial q-dependent

diamagnetic conductivity and, hence, a modification to the
f-sum rule according to Eq. (97). In Ref. [4], the deviation
between the generalized f-sum rule [in the form of
Eq. (96)] and the electron filling was taken as a measure
of goodness of fit for tight-binding parameters. Here, we
take a different point of view: The deviation between the
generalized f-sum rule and the electron filling is a
consequence of gauge invariance and quantifies a combi-
nation of semirelativistic effects as well as information
about the truncation of the Hilbert space in an effective low-
energy model. Since the spectral density at nonzero q is
measurable via absorption spectroscopy, Eq. (97) gives an
experimental probe of the two-photon velocity vertex and,
hence, of the conserved current j, [85].

V. APPLICATIONS OF THE LINEAR RESPONSE

Having derived the complete expression for the
q-dependent linear conductivity in Eq. (73), we now use
it to analyze electromagnetic response in insulators and

semimetals. We begin in Sec. VA by computing the
frequency- and wave-vector-dependent Hall conductivity
in a model of a Weyl semimetal. We see that for large wave
vectors the use of the conserved current Eq. (53) in the
Kubo formula yields quantitatively different predictions for
the Hall response as compared to the trapezoid or midpoint
approximations prevalent in the literature. This analysis is
applicable to studying the response of the system to
spatially modulated ac electromagnetic fields, such as
can be applied using standing waves or gate potentials.
Next, in Sec. V B, we turn our attention to moiré materials,
where the wave vector dependence of ¢*“(w,q) has
implications even for optical response due to the large
effective lattice constant. We compute the Kerr angle and
ellipticity at oblique incidence as a function of frequency
for a model of a moiré-Chern insulator in two dimensions,
showing that spatial inhomogeneous electric fields can lead
to experimentally relevant modifications to the Kerr effect.
Finally, in Sec. VC, we use our formalism for the
conserved current to analyze the magnetic moment and
magnetic susceptibility of insulators.

A. Linear Hall effect in a Weyl semimetal

As a proof of principle, we apply our definition for the
conserved current Eq. (53) to compute the wave-vector-
dependent Hall conductivity

Xy

op(.q) =5 (c”(0.q) - 6" (0.q)) (98)

N[ =

for a toy model of a time-reversal symmetry-breaking,
inversion symmetric Weyl semimetal with two Weyl
points first presented in Ref. [88]. We also compare our
predictions with analogous calculations of the Hall con-
ductivity using the (nonconserved) midpoint and trapezoid
currents via Egs. (79) and (80). In the Weyl semimetal, Hall
conductivity arises due to the Berry curvature texture of
the occupied bands; each Weyl point is a source of Berry
curvature of charge |C| = 1. For two Weyl points of
opposite charge separated by momentum 2k,Z, the Berry
curvature, when the chemical potential is exactly at the two
Weyl nodes, leads to a spatially uniform anomalous Hall
conductivity [36,89-91]:

7 (w— 0,q = 0) = 22k (99)

For future convenience, we define the wave-vector-
dependent anomalous Hall conductivity caom(q) as
oy (@ = 0,q) = 6anom(q)- (100)

We use our formalism to compute how this topological
Hall response is modified in the presence of inhomo-

geneous electric fields. At this stage, we do not assume
that our fields are optical—that is, we do not require that
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® = c|q|. As such, our analysis is primarily applicable to
the response of the Weyl semimetal to spatially dispersive,
slowly varying ac electromagnetic fields. Note that the
diamagnetic conductivity Eq. (74) is explicitly symmetric,
owing to the symmetry of the diamagnetic current vertex in
Eq. (59). Therefore, when we go to calculate the Hall
conductivity (which is antisymmetric), it will not contrib-
ute. Thus, we can focus on the paramagnetic conductivity
Egs. (76) and (77).

1. The Weyl semimetal model

We consider a model for a time-reversal symmetry-
breaking, inversion symmetric Weyl semimetal with tight-
binding Hamiltonian given by [92-97]

H = : d;(k)o',
i=0
do(k) = yleos(k,) — cos(ko)] - 4.
d, (k) = =2t,sin(k,),
dy(k) = =2t,sin(k,),
d3(k) = —(2tZ(COS(kZ) - COS(ko))

+ m(2 — cos(k,) — cos(ky))

+ 7. (cos(3k,) — cos(3kp))). (101)
where ¢ are the 2 x 2 Pauli matrices with ¢° defined to be
the identity matrix. All values of k are measured in reduced
coordinates, i.e., k; €[—x,z] for i =x, y, z. Here, k
quantifies the separation of the Weyl nodes along the %
direction. When |m| > 2¢,, this model has a gapped
spectrum everywhere in the Brillouin zone except at two
Weyl points with (reduced) coordinates (0,0, tkj); we
focus on this regime for our analysis. The energy param-
eters 7, 1,, and 7, determine the velocities close to the Weyl
node in each principal direction. The quantities y and y, are
tilting parameters that allow for type-II Weyl semimetals to
occur [92]. A plot of the spectrum of Eq. (101) with k, =
ky, = 0 is shown in Fig. 2.

Using this model along with our Kubo formula Eq. (77),
we examine how the Hall conductivity o} (w, q) deviates
from its topological value as a function of both @ and q.

2. Hall response when q=(q,.,0,0)

Using Eq. (77), we first compute the Hall response in this
Weyl semimetal model when the electric field is parallel to
the y direction and the wave vector is oriented in the %
direction with a magnitude g,. The Hall current then flows
along the X direction, parallel to the wave vector. Note that,
in this case, the electric field is transverse, while the
measured current is longitudinal. We examine this response
because it illustrates the differences between the Hall
conductivity calculated with the conserved current and

N

2n 7T
3

w3

-t -2z I 0
3 3
FIG. 2. Energy spectrum of the Weyl semimetal Hamiltonian
Eq. (101) along the k, = k, = 0 line in the Brillouin zone, with
parameter values m =4¢,, t, = fy=1, y= 0, y,=0, and
1 = 0. The dotted lines indicate two types of indirect transitions
that can be driven by a time- and space-dependent electric field:
The green dotted line shows a jump of |q| = z/2 in momentum

and w = 2¢, in energy, and the dotted yellow line shows a jump of
|q] = 7 in momentum space with zero energy transfer @ = 0.

the Hall conductivity calculated with the nonconserved
currents commonly used in the literature.

We first illustrate the difference in the three definitions as
outlined in Eqgs. (77), (79), and (80): the conserved current,
the (nonconserved) midpoint definition, and the (noncon-
served) trapezoidal definition, respectively.

Each of these three different definitions, yielding differ-
ent predictions for the Hall conductivity, is shown in Fig. 3.
Increasing the wave vector generally leads to a more
pronounced difference among the three predictions, which
makes sense, since the midpoint and trapezoid currents are
approximations to the A integration in the definition
Eq. (53) of the conserved current; these integral approx-
imations become less exact as the wave vector increases.
This is further demonstrated in Fig. 4(c), where we can see
that the discrepancies between the anomalous Hall con-
ductivity oanom(q) [defined in Eq. (100)] computed using
each of the three methods increase as q increases. We note
also that, due to the integration over A in the definition of
the conserved current Eq. (53), the anomalous Hall con-
ductivity computed using the conserved current decays as
1/|q|> for asymptotically large q. Hence, the continuity
equation has an influence on the Hall response that
becomes more apparent with increasing wave vector. On
the contrary, the nonconserved trapezoidal and midpoint
definitions of the current fail to capture this feature and
instead predict an anomalous Hall conductivity that is
periodic in g, with period 2z and 4z, respectively. This
point is illustrated in Fig. 4(c).

We also find, as expected, that the three current operators
predict the same Hall conductivity in the limit ¢ — O for all
frequencies. Furthermore, from Fig. 4(c), we see that, for
small |q|, deviations between the conserved and non-
conserved predictions for the anomalous Hall conductivity
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FIG. 3. The Hall conductivity versus the frequency of the perturbing electric field at different values of the wave vector

(Ig| = =/4,7/2,37/4) in the % direction. (a)—(c) show the real parts of the Hall conductivity for each wave vector, while (d)—(f) show
the imaginary part. The parameters m = 4t,, t, =1, =1,y =0, y, =0, and y = 0 are used for these calculations. Black curves
correspond to the conductivity computed with the conserved current j, using Eq. (77). For comparison, we also show the Hall

conductivity computed with the nonconserved trapezoid current }'q (blue) and the nonconserved midpoint current (pink). We see that, at
large wave vectors, the nonconserved currents give quantitatively different predictions for the Hall conductivity as compared to the
conserved current. All plots are generated with natural units (i.e., all energy parameters in terms of 7, and e = 1).

vanish faster than |q|>. We see that, for small q, the
anomalous Hall conductivity behaves as

Xy

O'anom(qxje) ~ 5§ﬁom<0) - |a|6]§ (102)

This is consistent with the results in Ref. [51], which found
that to quadratic order the nonconserved midpoint approxi-
mation Eq. (79) predicts a negative ((g*) correction to
the anomalous Hall conductivity arising from band-
geometric effects (recall that to quadratic order the mid-
point current and the conserved current yield the same Hall
conductivity).

Focusing now on the physically meaningful conserved
current, we show in Figs. 4(a) and 4(b) the real and
imaginary parts of the Hall conductivity as a function
of frequency for five different wave vectors in the X
direction. Strikingly, we see that the Hall conductivity at
q = (7,0,0) is identically zero, ie., o} (w,n%)=0.
This is true for computations based on both the con-
served and nonconserved currents, arises due to the
simplicity of the model, and can be most clearly understood
in terms of the trapezoid method: Since vy depends only
on k, and includes only nearest-neighbor hopping, we
have F,, (k,7%) =0 identically. In a more complicated
model with longer-range hopping, we would expect

Wa=000 © go7s
Ma=(5,0,0) 0.050
[[1a=(3.0.00 & |g0.025¢

N——
Ta=(3,0.0) § 0 mc d method
i EE_ E onserved metho
Ma=(7.0,0)  %-0.025 [ Midpoint method

(a) (b) 0.25
o.10»/ —0.20
— N
S 5]
% |£ 0.08F LZo01s ‘
Mttt > \
B ] &g 0.10 \
% 9 i
3 r £ 0.05 N
=
-0.05 L L L L 0 1
0 25 5.0 7.5 10.0 0 25
w/t,

3
—— _ =-0.050¢ [l Trapezoid method
-0.075F
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FIG. 4. Thereal [(a)] and imaginary [(b)] parts of the Hall conductivity as a function of frequency for several values of the wave vector
in the % direction. The conductivities in (a) and (b) are computed using the conserved current Eq. (53) and the Kubo formula Eq. (77).
(c) shows the real part of the anomalous Hall conductivity [as defined in Eq. (100)] as a function of the wave vector changing in the X
direction. The parameters m = 4t,, t, =t, =1,y =0, y, =0, and p = 0 are used for these calculations.
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FIG.5. Thereal [(a)] and imaginary [(b)] parts of the Hall conductivity as a function of frequency for several values of the wave vector

in the Z direction. (c) shows the real part of the anomalous Hall conductivity [as defined in Eq. (100)] as a function of the wave vector
changing in the Z direction. The parameters m =41, t, =t, =1,y =0, y, = 0, and u = 0 are used for these calculations.

o5 (w, n%) # 0 generically. Examining Figs. 4(a) and 4(b),
we see that, as the magnitude of q = gx is increased, the
magnitude of the Hall conductivity decreases. We also see
peaks in the Hall response at frequencies corresponding to
indirect (nonzero momentum transfer) transitions between
occupied and unoccupied states induced by the external
electromagnetic field.

3. Hall response when q=(0,0,q,)

Now we take the orientation of the incoming field to be
in the Z direction, which is parallel to the Weyl node
separation. Unlike when q was in the X orientation in
Sec. VA2, the three different definitions of the current
operators yield identical predictions for the Hall conduc-
tivity in this case. This is because, for our toy model
Eq. (101), only the matrix elements Eqgs. (77), (79),
and (80) change in the Kubo formula for the conductivity.
Since our model has no diagonal hopping and since
the Hall conductivity depends only on the x and y
components of the current, we have that Fé(k,q) =

F& . (k.q) = F&(k,q) = Fi(k,0). To change this,
we could include diagonal hoppings of the form sin(k;) —
sin(k;)f(k.) or cos(k;) — cos(k;)f(k,) for i€ {x,y} and
f (k) being a general periodic function. Mixing the k, or k,
dependence with k, gives rise to the possibility of a Hall
conductance where each of the three mentioned methods
would then yield different results.

In Figs. 5(a) and 5(b), we show the real and imaginary
parts of the Hall conductivity 65 (q = ¢,2, ) for five
values of g,. We point out two relevant wave vector values:
q. = n/2 (the momentum transfer of the transition from
one Weyl node to the highest-energy eigenstate) and g, = 7
(momentum transfer of the transition between Weyl nodes
at zero frequency). The g, = /2 transition is shown in
Fig. 2 with the green dotted arrow, and the g, =z is
illustrated in that same figure with a yellow dotted line. At
q. = n/2, we would expect a large Hall response, since the
density of states at the band maximum is large. To examine
the Hall effect in this orientation, we inspect Figs. 5(a)
and 5(b), which plot the Hall coefficient as a function of
frequency for several wave vectors. At the value g, = 7/2,

we notice the real part of the Hall effect achieves its
maximal value at o ~2.63¢,.

The other interesting value of ¢, is at 7. At g, =z, a
zero-frequency electric field can excite transitions between
the two Weyl nodes. This is, an electron can directly hop
from one Weyl node to the other without having to absorb
energy. This type of excitation at q = #Z puts the electron
in the strongest differential of Berry curvature possible,
hopping from one topologically charged Fermi point to the
Fermi point with opposite charge. We find that, at low
frequencies, this leads to a Hall conductivity o5 (q =
72, ) with a real part that is nearly constant over a wide
frequency range, before decaying to zero at high frequen-
cies. We see this in Fig. 5(a). In Fig. 5(b), see that the
imaginary part of o}; (q = 7%, ) is nearly linear at lower
frequencies and then decays to zero at high frequencies.

We next consider the anomalous Hall conductivity
Ganom(q = ¢,2) as a function of the wave vector. We plot
the anomalous Hall conductivity as a function of the
q = ¢q,Z, in Fig. 5(c). We see that the anomalous Hall
conductivity for this model is periodic as a function of ¢,
due to the absence of diagonal hopping. We also see that the
Hall conductivity decreases quadratically at small ¢,
consistent with previous investigations into O(q?) correc-
tions to the Hall conductivity [44,45,98].

Lastly, to study the effect of a finite Fermi surface on the
Hall conductivity, we study oy (0,q = ¢.%) for our Weyl
semimetal as a function of chemical potential. When the
Fermi surface volume is finite, we expect a diverse range of
intra- and inter-Fermi surface indirect transitions to con-
tribute to the q dependence of the Hall conductivity.

First, we focus on the anomalous Hall conductivity as a
function of wave vector for several different values of the
chemical potential. For |u| < |21, |, we see from Fig. 2 that the
Fermi surface consists of two disjoint pockets centered on
each Weyl node. At |u| = |21/, there is a Lifshitz transition,
where the two Fermi pockets meet; for [u| > |2t.|, there is a
single Fermi pocket. Since the density of states and topo-
logical charge of the Fermi surface change drastically at the
Lifshitz transition, we expect to see a drastic change in the
Hall conductivity near u = 2¢, for all q.
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FIG. 6. Chemical potential dependence of the anomalous Hall conductivity [as defined in Eq. (100)] for the Weyl semimetal model.
(a) shows the real part of the anomalous Hall response as a function of the wave vector in the Z direction, for several different values of u
up to the Lifshitz transition at 4 = 2¢,. (b) shows the real part of the anomalous Hall response as a function of chemical potential at
q, =0, and (c) shows the real part of the anomalous Hall response as a function of chemical potential at g, = #. The parameters
m=4t, t, = Ly=1,y= 0, and y, = 0 are used in these calculations.

We show this in Fig. 6(a), where we plot the anomalous
Hall conductivity canom(q = ¢.2) as a function of ¢, for
five different values of the chemical potential. We see that,
when p = 2t,, the anomalous Hall conductivity is positive
at g, = 0 but decreases dramatically as a function of g,.
For larger g, the anomalous Hall conductivity reverses
sign and achieves a large negative value at g, = r; the Hall
response at ¢, = and p = 2¢t, is almost an order of
magnitude larger than the topological anomalous Hall
response Ganom(q = 0).

To investigate this further, we compute the anomalous
Hall conductivity canom(q = ¢.2) at @ = 0 and at fixed q.
as a function of i, shown in Fig. 6(b) for g, = 0, and we see
that 6ynom(q, = 0) decreases quadratically as u — 0, con-
sistent with previous results [99-102]. Importantly, the
anomalous Hall response at g, = 0 is proportional to the
Berry curvature at the Fermi surface leading to this
quadratic dependence on the chemical potential [99—
102]. Furthermore, we see in Fig. 6(b) that canem(q = 0)
is always positive for any value of x. Therefore, since we
know from previous literature [36,93] that this contribution
is proportional to the Berry curvature, we can establish both
the positivity and quadratic behavior as indicators of a
Berry curvature-dominated influence at the Fermi surface.

However, as noted previously, canom(q = 72) demon-
strates very different behavior as a function of y, as shown
in Fig. 6(c). We see that the anomalous response is positive
for p = 0 and then, as |u| grows, eventually switches sign
and achieves a large negative value at the Lifshitz tran-
sition. The behavior of caom(q = #2) near the p = 2t,
arises due to the divergence of the joint density of states
[essentially, the velocity-independent universal factor in
our Kubo formula Eq. (77)] at the Lifshitz transition.

B. Kerr rotation in moiré materials

While the wave vector dependence of the optical
conductivity can usually be ignored in most solids, the

large length scales present in moiré lattice systems mean
that spatial inhomogeneities in optical electromagnetic
fields may have an appreciable effect on transport. In this
section, we focus on applying our formalism to compute
the wave vector dependence of the Kerr effect in 2D
systems. Recall that the Kerr effect describes the change
in relative angle and ellipticity from the light reflected from
a material [22,103] and is a direct probe of time-reversal
symmetry breaking [104]. As such, the polar Kerr effect has
been used as a direct probe of time-reversal symmetry
breaking in unconventional superconductors and charge-
ordered systems [105—110]. Additionally, reflectivity studies
on 2D materials allow us to probe the frequency and wave
vector dependence of response functions off the light cone,
since, for a fixed frequency, the magnitude of the in-plane
wave vector can be varied by changing the incidence angle.
Because of the intrinsic time-reversal symmetry breaking of
states in twisted graphene and transition-metal dichalcoge-
nides materials, a study of the Kerr effect in these systems is a
natural avenue for future experiments [62].

To this end, we compute the magnitude of the Kerr effect
in a model of a moiré-Chern insulator. First, in Sec. VB 1,
we introduce a toy model for a Chern insulator in a moiré
system. Then, in Sec. V B 2, we compute the Kerr angle
and ellipticity for the model, using Eq. (73). Unlike in our
analysis of the Hall effect in Sec. VA, here both the
paramagnetic and diamagnetic conductivities play a role.
We compare our results with approximate calculations
using the nonconserved trapezoid [Eq. (32)] and midpoint
[Eq. (33)] definitions of the current prevalent in the
literature, showing that they yield quantitatively distinct
predictions for the Kerr angle and ellipticity that could be
distinguished in experiment.

1. Moiré Haldane Chern insulator model

For our toy model of a moiré-Chern insulator, we
start with the spinless Haldane model on a honeycomb
lattice [111-114]. The Bravais lattice vectors connecting
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next-nearest-neighbor honeycomb lattice sites (in the same
sublattice) are, in Cartesian coordinates,

b, =g {_f] (103)
b, =g {‘f] (104)
b; = a[\(ﬂ, (105)

where a is the moiré lattice constant. The nearest-neighbor
vectors connecting honeycomb lattice sites in opposite
sublattices can similarly be written as

a, :% [\ﬂ (106)
a =2 [—;@} (107)
wed] 2] s

We construct a tight-binding model with nearest and next-
nearest-neighbor hoppings as well as a staggered on-site
potential and an orbital magnetic flux. We can write the
Hamiltonian as H = >3 h;(K)o;, with

ho(k) = 2t, 23: cos(k -b;) —pu+3t,cos(¢), (109)

j=1
hi(k) = ticos(k -a;), (110)
j=1
3
hy(k) =1 sin(k -a;), (111)
j=1

hy (k) = M — 21, sin(¢h) ZS: sin(k-b;).  (112)

Here, M is the staggered on-site potential, ¢ is the nearest-
neighbor hopping amplitude, and #, is the next-nearest-
neighbor hopping amplitude. The parameter p is the
chemical potential. Also, the last term in Eq. (109) is
modified from Haldane’s original derivation by the extra
term 37, cos(¢p). We include this extra term for the
convenience of putting the zero of energy in the band
gap. Finally, ¢ is the time-reversal symmetry-breaking
magnetic flux per plaquette.

PEPEIE R R
T I 0
3

3 )
kra

A I |
2 T

N

=-JT -

|-

FIG.7. The top is the topological phase diagram of the Haldane
Chern insulator as described by Egs. (109)—(112). We set t = 4¢,
and t, =1 THz to adhere to the nonoverlap condition of
|t,/1] < 1/3. The Chern number, as illustrated in this figure, is
calculated by integrating the Berry curvature across the Brillouin
zone. The bottom is the spectrum for the Haldane Chern insulator,
capturing both K and K’ points when k, = 2z/3, which is at

k, = +27/3v/3. At these points, the separation in energies

follows as 2|M =+ 31/3t, sin(¢)|, which take on separation values
of 6 and 14.8 THz, respectively.

In this model, we take |t,/7] < 1/3, which forces
the bands to not overlap. Additionally, to be in a topo-
logically nontrivial state with Chern number C = %1, our
choice of parameters must satisfy |M/1,| < 3+/3|sin(¢).
The phase diagram for this model is shown in Fig. 7.

Furthermore, we note this model contains two gapped
Dirac points at points K and K’, with coordinates
(27/3)[(1/+/3),1] and (27/3)[—(1/+/3),1] in units of
the inverse moiré lattice constant, respectively. The K
and K’ points are shown in the Brillouin zone in Fig. 8.
By adjusting M, t,, and ¢, the Dirac nodes can be
gapped out. A gap closes at a single Dirac node at
each phase boundary as illustrated in Fig. 7. At the K

and K’ points, the band gaps are 2|M — 31/3t, sin(¢)| and
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FIG. 8. Brillouin zone for the Chern insulator model in
Egs. (109)—(112) measured in natural units of inverse lattice
constants. The dotted green line denotes the momentum transfer
between the K’ and K points. An excitation between these two
points can be excited by adjusting the wave vector of the
incoming electromagnetic field.

2|M + 3+/3t,sin(¢)|, respectively; we refer to these as
the topological gaps. We show the band structure of the
model for a representative set of parameters ¢, = 1 THz,
t =4 THz, M = 2.2 THz, and ¢ = x/2.

2. The momentum-dependent Kerr effect
of the Haldane Chern insulator

We now consider the influence of an optical electric
field on the moiré-Chern insulator, focusing on the Kerr
effect. When the moir€ lattice constant is large, the in-plane
wave vector |q| ~ @/c may be an appreciable fraction of
the inverse lattice spacing 1/a, at frequencies near the
topological gaps. To model this, we choose the moiré
length and energy scales of our model to be comparable
to those of twisted bilayer graphene reported in the
literature [62,115-118]. In particular, we take the lattice
constant a = 200 10%, which is achievable at small twist
angles in graphene. Additionally, we take ¢, = 1 THz,
t =4 THz, and M ~4.45 THz, such that the relevant
energy scale for optical excitations is on the order of
10 THz. Additionally, by differentiating the Hamiltonian H
defined in Egs. (109)—(112) with respect to k, we find that
the matrix elements of the velocity operator are all on the
order of ta ~ 2.6 x 10~*¢ or smaller, where ¢ is the speed
of light; this is comparable to the Fermi velocity in a
typical metal.

To compute the Kerr response, we consider the exper-
imental geometry shown in Fig. 9. We consider an infinite
sample oriented in the xy plane, encapsulated within
a dielectric substrate with large index of refraction
ng = /ég = 38 [119]. We illuminate the system with
linearly polarized light at oblique incidence 6, = 7x/16,
E, = Eyfe~™'*4T_ Since the in-plane component of the
electric field is continuous across the interface, this means

Polarization
o

X
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\
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\
\
1

2D Material

\
\
'
\
\
\
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\

Substrate:
with e \
'
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with €z
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o1

Polarization
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FIG. 9. Diagram of the polarization and configuration of the
Kerr effect setup. The 2D sample (red) is encapsulated in a high-
ey dielectric (green). The yellow curve is the incident light with
incidence angle ; and incident field E;. The left blue curve is the
reflected wave with reflected angle 6 and reflected electric field
E. The right blue curve is the transmitted light with transmitted
angle 07 and transmitted electric field E;. Each of the reflected
and transmitted polarizations can be described in terms of an
ellipticity and angle of rotation that describe the Kerr (reflected)
and Faraday (transmitted) effects.

that the in-plane component g, of the wave vector relevant
for scattering is, in dimensionless units,

g,a = angsin(0;)w/(c) ~ (0.0025 THz o  (113)

for our choice of moiré lattice constant. This is several
orders of magnitude larger than the typical scale g,aq ~
(107 THz!)w for crystalline systems with typical lattice
constants ay ~ 2 A. Taking the incident photon frequency
to be on the order of approximately 10 THz, which should
be reasonable with recent breakthroughs in terahertz
spectroscopy experiments, we see q in the moiré system
is comparable enough to the lattice spacing to make finite
wave vector corrections to optical response large enough to
be experimentally measurable; although the effects of
nonzero q are still small, they are experimentally non-
negligible in moiré systems. Although we use a very large
ng substrate appropriate to metamaterials, we see from
Eq. (113) that a lower dielectric constant can be used,
provided the moiré lattice constant is similarly increased
(e.g., by decreasing the twist angle). Additionally, the effect
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FIG. 10. Kerr effect in the moiré-Chern insulator model. (a) shows the Kerr angle 6 and ellipticity ex as a function of frequency
computed using the conserved current, the nonconserved midpoint current, and the nonconserved trapezoid current. (b) shows the
difference between the angle and ellipticity computed using conserved current compared to the uniform approximation
6,,(q,w) % 6,,(0,w), effectively showing the importance of g-dependent modifications to the optical response. In (c), we show
the differences between the conserved and midpoint current predictions for the Kerr angle and ellipticity. Similarly, in (d), we show the
differences between the conserved and trapezoid current predictions for the Kerr angle and ellipticity. These figures use model

parameters of M = (3v/3 —3/4)t,, t = 4t,, 1, = |1 THz, and ¢ = x/2. Vertical dashed lines denote the two topological gaps and the

highest allowed transition frequency.

of the wave vector correction becomes more noticeable as
the angle of incidence becomes closer to being oblique.

We can now compute the Kerr angle (rotation of the
plane of polarization of the reflected wave) and ellipticity
(imaginary part of the Kerr angle) for light reflected off our
model of a moiré-Chern insulator. Since our sample is two-
dimensional, its primary influence on the propagation of
light is through the boundary conditions that enter
Maxwell’s equations. In particular, the conductivity tensor
0" (w,q = q,) determines the surface current at the sam-
ple, which determines the discontinuity in the magnetic
field across the sample and, thus, the reflection coefficient.
We give a full derivation of the Kerr angle and ellipticity in
terms of the conductivity tensor in Appendix E. We can,
thus, use our Kubo formula Eq. (73) in terms of the
conserved current operator in Eq. (53) to compute the Kerr
angle and ellipticity. Since the derivation for the Kerr angle
and ellipticity involves both the longitudinal and Hall
components of the conductivity tensor, we need to include
both the diamagnetic and paramagnetic parts of the
conductivity, as presented in Sec. IVA.

In Fig. 10(a), we show the Kerr angle 0 and Kerr
ellipticity eg as functions of frequency, using the Kubo

formula in Eq. (73). For comparison, we also include the
analogous calculation using the nonconserved trapezoid
and midpoint definitions of the current operator. As noted at
the end of Sec. II, to use the nonconserved currents we
introduce an approximate diamagnetic current in order to
compute the corresponding q-dependent diamagnetic con-
ductivity. For the parameter values considered here, the
topological gaps in the band structure occur at w =
1.5 THz and another at w ~ 19.28 THz, which are indi-
cated by vertical dotted lines in Fig. 10(a). As expected, we
see that the Kerr angle rises rapidly (and the ellipticity falls
rapidly) near the smaller topological gap, and the Kerr
angle nearly vanishes above the larger topological gap.
Note also that, while the ellipticity and Kerr angles also
grow at very low frequencies (o < 0.5 THz), the intensity
of the reflected light goes rapidly to zero at low frequencies.
We also indicate with a vertical dotted line the frequency
@ = 25.60 THz, which corresponds to the highest possible
excitation energy in this system.

To highlight the non-negligibility of including wave-
vector-dependent corrections to the optical response in
moiré systems, in Fig. 10(b), we show the difference
between the q-dependent conserved current calculation
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FIG. 11.

Kerr angle 0y and ellipticity e as a function of magnetic flux ¢ per plaquette in the moiré-Chern insulator model, computed

using our conserved current in Eq. (53). O and ellipticity ex are shown at fixed frequency @ = 1.5 THz in (a), 14 THz in (b), and
25.6 THz in (c). (d) and (e) show the Kerr angles [(d)] and Kerr ellipticities [(e)] as a function of flux when  is pinned to the ¢-
dependent topological band gap w(¢) = 2|M + 31/3t, sin(¢)| at the K (for positive ¢) or K’ (for negative ¢) point in the Brillouin zone.
The dotted red vertical lines indicate values of ¢ corresponding to the topological phase boundaries shown in Fig. 7. All quantities are

computed using M = (3v/3 = 3/4)t,, t = 4t,, and 1, = |1 THz.

of the Kerr angle and ellipticity and the Kerr angle and
ellipticity computed using the common ¢ — 0 uniform
approximation to the conductivity tensor. This shows the
calculational error arising from neglecting the wave vector
dependence in the Kerr effect. We see that the difference
varies on the order of 103 arcseconds, which shows that
including spatial inhomogeneity when modeling light
scattering off the material surface has quantitative effects
that cannot be ignored in order to accurately describe the
Kerr effect in moiré systems. Moreover, this magnitude
of difference is detectable using existing experimental
techniques. Thus, this further demonstrates that optical
response in moiré materials is sensitive to spatial inhomo-
geneities in electromagnetic fields.

At the scale of Fig. 10(a), it is difficult to distinguish
between the predicted value of 6y and ex from the
conserved and nonconserved currents. According to our
analysis of the dimensionless in-plane wave vector in
Eq. (113), we expect the difference in prediction between
the three definitions of the current operator to be small but
measurable. To demonstrate this, in Figs. 10(c) and 10(d),
we show the difference between 0y and ex calculated with
the conserved current and the midpoint [(c)] and trapezoid
[(d)] approximations to the current. We see that the
differences are on the order of 1 arcsecond for the midpoint
current, to as large as almost 1250 arcseconds (or about
20 arcminutes) for the trapezoid current, which are both

within reach of experimental detection. Thus, we expect
that the conserved current in Eq. (53) provides a better fit to
Kerr effect experiments, especially for terahertz frequencies
in moiré lattices.

Next, we turn our attention to the dependence of the Kerr
angle on the magnetic flux at fixed frequency. In our tight-
binding model, the parameter ¢ controls the magnetic flux
through each plaquette; varying ¢ at fixed M allows us to
tune between the topological phases with Chern numbers
—1,0, and +1 as indicated in Fig. 7. We examine signatures
of the topological phase transition on the Kerr angle and
ellipticity, restricting our attention only to predictions using
the conserved current of Eq. (53).

In general, we expect the 5 and ex to both be odd
functions of ¢, since all of O, ek, and ¢ are odd under time
reversal. Additionally, since ¢ =0 and ¢ = 7 are time-
reversal invariant values of the magnetic flux per plaquette,
we expect the Kerr angle and ellipticity to vanish for these
values of ¢p. We see this reflected in Fig. 11, where we show
the Kerr angles and Kerr ellipticities as functions of ¢ for
various values of w. Figures 11(a)-11(c) show 0 and ey
for w = 1.5 THz (the frequency corresponding to the
topological gap), 14 THz (an intermediate frequency scale
in the model), and 25.6 THz (the highest possible excitation
energy in the model), respectively. We show with vertical
dashed lines the values of ¢ corresponding to the topo-
logical phase boundaries in Fig. 7. We see that, when the
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incident photon frequency is on resonance with the topo-
logical gap [Fig. 11(a)], the Kerr angle and ellipticity peak
near the value of ¢ corresponding to the topological phase
transition. On the other hand, when the photon frequency is
off resonance [Figs. 11(b) and 11(c)], the evolution of the
Kerr angle and ellipticity as a function of ¢ becomes more
smooth; for very large frequencies [Fig. 11(c)], we see that
the Kerr angle is approximately zero for all ¢, and the
dependence of the ellipticity angle on ¢ resembles a
steepened sinusoidal function.

To further explore the sensitivity of the Kerr angle and
ellipticity to the topological phase transition in our model,
we compute O and e as functions of ¢ at frequency
o(¢p) = 2|M + 3+/3t, sin(¢h)|, which is on resonance with
the smaller of the two topological band gaps for every ¢
(shown in Fig. 7); we show these results in Figs. 11(d) and
11(e). In these figures, we examine the case when the
frequency is varied in step with the size of the Dirac points’
topological gaps at @ = 2|M + 31/31, sin(¢)|. We see that
both the Kerr angle and ellipticity on resonance are large
and sharply peaked at the phase boundary, with maximum
values |0x| 2 40° and |eg| = 40°, respectively.

Thus, in order to fully understand and quantitatively
model optical experiments being performed on moiré
materials, it is necessary to account for wave vector
dependence of the optical conductivity. In particular, as
moiré systems become larger and as fabrication techniques
allow for smaller twist angles and longer-wavelength
superlattice potentials, the need to understand how q affects
the conductivity will become more imperative for explain-
ing the physics.

C. Magnetic properties of insulators

While we have derived our expression for the conduc-
tivity tensor in terms of response to an electric field, gauge
invariance and Maxwell’s equations imply that responses to
electric and magnetic fields are inextricably linked. In
particular, Faraday’s law Eq. (4) implies that a transverse
electric field is always accompanied by a magnetic field.
Rewriting Eq. (4) in Fourier space, we have that

1
Bﬂ,q(w) = Eeuvﬂ‘hEﬁ,q (a))’ (1 14)

where €, is the totally antisymmetric Levi-Civita symbol.
Additionally, the momentum-dependent conductivity ten-
sor ¢*”(w,q) can be used to derive equilibrium suscep-
tibilities. Recall that, in the limit @ — 0 for generic,
nonzero q, our perturbing fields A4 (@) and Aq (@) become
time independent. The electric and magnetic fields corre-
sponding to these potentials are time independent,
bounded, and oscillate in space with wave vector q.
Note that, in this limit, the static electric and magnetic
fields interacting with the material are purely dependent on
the wave vector q and, therefore, offer a promising

experimental setup to probe the physics discussed in this
manuscript. Thus, the Hamiltonian in the presence of a
static @ — 0 electromagnetic perturbation at nonzero q has
a static ground state. It follows that taking @ — 0 at fixed
nonzero ( leaves the system in an equilibrium state [120].
This means that there can be no charge transport, and
so the ground state current is purely a magnetization
current [121]:

<jq) = iq x Mg, (115)
where M, is the magnetization density (i.e., magnetic
dipole moment per unit volume).

Combining Egs. (114) and (115), we are able to use
our formalism for the nonuniform conductivity ¢**(w, q)
to calculate magnetic properties of insulators. First, in
Sec. VC 1, we derive a formula for the magnetic suscep-
tibility tensor in insulators. Next, in Sec. V C 2, we derive
expressions for the magnetic quadrupole moment in finite
systems. Finally, in Sec. V C 3, we show that our formalism
is consistent with the Streda formula, for which we provide
a new derivation. We note that the results of this section are
completely general, relying only on gauge invariance and
the assumption that any two-particle interactions are
independent of momentum; they apply equally well to
interacting and noninteracting systems.

1. Magnetic susceptibility in insulators

We derive an expression for the magnetic suscepti-
bility starting from the defining relation for the linear
conductivity:

(f4(@)) = 0*(@. Q)E, 4 (). (116)

While the derivations in this section do not make use of the

explicit form of the current operator, they highlight con-

straints on the conductivity imposed by charge conserva-

tion that are satisfied only when the conserved current

operator is used. We can rewrite Eq. (116) in the Ag =0

gauge (which we use for our derivation of the diagrammatic
response in Sec. III) as

(4(@)) = i0o™(@.q)4,q(@).  (117)

Now let us suppose that our perturbing field A, is time

independent, which in Fourier space implies that it consists
of only an @ = 0 component. Defining

R*"(q) = limiws" (w, q),

w—0

(118)

we have that the time-independent current response is
given by

(Ja) = R*(Q)A, q- (119)
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where the current and vector potential are taken at w = 0.
From Eq. (115), we know that R*(q)A,, must be
expressible as the cross product of q with a vector. This
allows us to write

Rﬂy(q)Av,q = ieﬂﬂ/)QiapD(q)Av,q (120)

for some tensor @’*(q). Furthermore, gauge invariance
restricts the form of @ (q); the average current can depend
on A, 4 only through the magnetic field B, = i€,;,q,A, 4
and so

a(q) = iy" (q)€;,09,- (121)

Combining Eqgs. (115), (119), (120), and (121), we have

ie;w/lunll,q = _ewlpqﬂf/m(q)emsyqy4q,u

= ieﬂ/l/)qw/m(q)Bq,rr (122)

and, hence,

Mﬂ,q = )(M(q)Bq,a' (123)
Thus, we see that y*°(q) is the wave-vector-dependent
magnetic susceptibility. Furthermore, we see from
Egs. (119)—(121) that the magnetic susceptibility is
related to the conductivity tensor via

limiwo" (0, q) = —€,),9:0"(A)€ss95-  (124)

w—0
From Eq. (124), we can deduce several general features
of the conductivity tensor in the @ — 0 limit. First, we see
that if the magnetic susceptibility y** is finite, then the
conductivity tensor is singular in the @ — 0 limit. In
particular, Eq. (124) shows that the magnetic susceptibility
determines the weight of the 1/w pole in the conductivity
tensor as @ — 0 at nonzero . This singularity appears
only in the transverse component of the conductivity (i.e.,
the transverse current response to a transverse field).
Counterintuitively, this shows that the transverse conduc-
tivity can be divergent as @ — 0 even for an insulator. We
also deduce for any system with a finite uniform magnetic
susceptibility

o — limyHY
2 = limp (@), (125)
the low-frequency conductivity satisfies
. i
(})l_r}%]aﬂy(w’ q) ~ 5 yﬂpquﬂe(f&yqé + O(qs)’ (126)

and so the singular part of the low-frequency transverse
conductivity depends quadratically on q and vanishes
as |q| = 0.

To support these conclusions, we use our formalism to
compute lim,,_,q 6**(w, q) for our model of a moiré-Chern

0
R —]
/N
s
lE =01
N—

B (wo™)(aqy,w=0)
B (wo®)(gX,w=0)

1 1 1 1
-2 -1 0 1 2

q(1/a)

FIG. 12. Plot showing the imaginary part of the diagonal
components of the transverse conductivity scaled by the fre-
quency, in the limit of zero frequency for the moiré-Chern
insulator model introduced in Eqs. (109)—(112). The real part
vanishes. Notice the two curves are similarly quadratic at
leading order, and higher-order curvatures separate the curves
with increasing q. We use model parameters of ¢ = z/2,
M = (33/3 = 3/4)t,, and t = 4t,, which puts the ground state
in the topological phase at C =1 as shown in Fig. 7.

insulator described in Egs. (109)—(112). We show the
results in Fig. 12. We see that, in accordance with
Eq. (124), we have that

lim Im[wo™ (@, ¢9)] = lim Im[we™ (w, g&)] ~ —¢*¢*

w—0 w—0

(127)

for small ¢. This figure demonstrates not only the ¢
dependence, but also the singularity that is linear in w.
Notably, this numerical computation does not assume a
form of the magnetic susceptibility, since it just faithfully
carries out the conductivity calculation; equality of
lim,,_o 6™ (¢¥, w) and lim,_, 0o’ (gX, w) in the limit
of small ¢ is a reflection of gauge invariance alone.

We can also invert Eq. (124) to derive an expression for
the uniform magnetic susceptibility y**. First, we note that,
for a system that conserves energy, the uniform magnetic
susceptibility must be a symmetric tensor. To derive this,
we follow the logic of Ref. [122], which proved an
analogous result for the tensor of elastic moduli. We can
consider the change in (free) energy for a system as we
slowly move the magnetic field through a closed cycle:

Mm:—fBuM

=- 7{ B,y dB,

1
= ——%Bﬂ(ﬂ” —x"")dB,.

5 (128)

Since the total energy is a state function, its change over
every closed cycle must be zero. Thus, we deduce
that y* = y**.
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Taking two derivatives of Eq. (124) with respect to ¢ and
making use of the antisymmetry of the Levi-Civita symbol,
we find after making use of the symmetry of y** that

—iw 7 e

)(/w = lim—— ﬂﬂ/)eyo’ﬁ— .
04,995/

w—0 3 (129)
Equation (129) is consistent with and generalizes expres-
sions for the orbital susceptibility that appear in the
literature [67,123-125]. It allows us to compute the
magnetic susceptibility of insulators using our Kubo for-
mula Eq. (73) in terms of the conserved current operator.

2. Magnetic quadrupole moments

In this section, we derive an expression for the magnetic
quadrupole moment in the ground state of a finite system
with zero external field using our manifestly conserved
operator j, defined in Eq. (31). Using Eq. (115), we see
that evaluating the average magnetic moment involves
expanding our expression for the current operator in powers
of q; thus, we expect our conserved current operator to give
different predictions for magnetic multipole moments as
compared to the nonconserved currents in Egs. (10) or (11).
Since we show in Sec. II that all definitions of the current
operator agree to linear order in q, we begin our analysis
with the magnetic quadrupole moment. In the interest of
generality, we here return to consider particles of charge e.

We start by following Refs. [126-128] and take the
average of Eq. (115) to find in components

Xi) + /120¢(pi’

ey = Z/ da{(1 = 2)

xlxl U; (pi’

e (a0} 4 300 ) S ) ).

This implies from Eq. (134) that the magnetic quadrupole
moment takes the form

M(Zl = 2 ﬂI/AZ<{x1 1’ z pl’ l)}

1 1
SR 4 S i) (135)

Given that we know our conserved current in Eq. (31)
differs from the nonconserved trapezoid [(32)] and mid-
point [(33)] at the order of q°, we expect Eq. (135) to differ
from conventional expressions for the magnetic quadrupole
moment that have appeared in the literature. Indeed, if we
insert Eq. (32) for the nonconserved midpoint current j
operator into Eq. (133), we find the alternative expression

x;)xxf + (1= 2)x7 vy (pi,

(Ja) = ie"7q,M,q. (130)
To find the higher-order moments (quadrupole, octupole,
etc.), we expand both sides of the equation in orders of the
wave vector:

(o) + (A, + (57 auq, + -

:iem/yCIy<M0+M{IQa+My2qaqﬂ+ ) (131)

We point out that, in the thermodynamic limit, (jj) =0
by Bloch’s theorem [129,130]. We now match up the
left- and right-hand sides by orders of q. The magnetic
dipole moment M, has been extensively considered in the
literature [73,127]. We focus instead first on the quad-
rupolar term (/5,") = ie"” M. Using the antisymmetry of
the Levi-Civita symbol, we can rewrite this as

i

2 yvA(]gya> MZl' (132)
Since
va 1 o
(5) = 500040 (133)

we can use our definition of the conserved current in
Eq. (31) to find

X;)x§ + A(1 = 2)x¢v (p;» X;)x¥)

(134)
(B =~ Z<{x, i (pex)t),  (136)

which also gives a quadrupole moment of
Mg, = -3 ,Mz<{x, ol eax)}). (137)

Finally, if we use instead the midpoint current juqq Of
Eq. (33), we find the alternative expression

(fiaa) = =5 2 (et v (piox))})
+<x?”’;(l’i7

yielding a quadrupole moment of

X;)x¢ + x30f (pi, x;)xY),  (138)
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ie
Miigar =~ 16 GWAZ<{x§’x;-‘, v (pi X))}
i

+x{ 07 (P X)X +x?”7(l’ivxi>x?>' (139)
By comparing Eqgs. (135), (137), and (139), we see that
the conserved current predicts a different value for the
ground state magnetic quadrupole moment compared to
the nonconserved currents conventionally used in the
literature. This suggests that care must be exercised when
computing the magnetic quadrupole moment in effective
low-energy models, for which the nonconserved currents
may not correspond to physically relevant observables.
Furthermore, similar discrepancies will appear in the
octupole magnetic moment, as well as all higher moments.

3. Gauge invariance and the Streda formula

Continuing with our study of response to time-
independent fields, we now specialize to two dimensions
and show how the Streda formula [39,40] arises as a
consequence of gauge invariance and Eq. (115). While this
result is somewhat tangential to our main argument, it
highlights the importance of defining the q-dependent
conductivity using the conserved current operator. To
begin, recall that although we derived the Kubo formula
for the conductivity in the A, = 0 gauge, gauge invariance
requires that the conductivity tensor also governs the
response to gradients of Ay. In particular, let us consider
response to a longitudinal electric field Eq(w) =
—iqAg q(@). We have from Eq. (116) that

(Ja(@)) = —ic" (. q)q,Aq 4(@). (140)
We now take the @ — 0 limit at fixed nonzero q. Recall
from our discussion preceding Eq. (115) that, in this
limit, the perturbing electric field is static, bounded, and
spatially periodic. Thus, the system remains in a perturbed
equilibrium state, and the only currents that flow are
magnetization currents. Hence, we have

ieﬂM%Ml.q = —ilirr(l)a”’“(q,a))quo,q. (141)

We can expand Eq. (141) to lowest order in q to obtain

e M, = —c*(0,0)A,, (142)
where we have introduced
. . 9,9y
¢6**(0,0) = lim lim 6**(w, q) 22X . 143
(0.0) = fim lim oo q) {416 (143)

(Jq(w)) = / dw,dw,dq,dqx6(® — @ — ©,)5(q — q; — Q)" (01, @2, 91, Q) E, ¢, (01)E, g, (@,).

Finally, we note that a time- and space-independent scalar
potential A, is indistinguishable from (the negative) of a
uniform variation of the chemical potential —du. Taking
derivatives on both sides then yields the generalized Streda
relation

oM
#(0,0) = e —~.
o (0,0) = e 3

(144)
Finally, for an insulator, we know that the longitudinal
component ¢** (w, q) g, must be analytic and vanishing as q
and w both go to zero [45]. This allows us to interchange
the order of limits in Eq. (143) and identify the suscep-
tibility ¢#*(0,0) with the dc Hall conductivity. We see then
that, for an insulator, the only nonvanishing component of
the response to a longitudinal electric field at zero fre-
quency is the Hall conductivity, and the components of the
Hall conductivity are equal to the derivatives of the
magnetization with respect to chemical potential. We note
that this derivation makes clear the importance of consid-
ering an insulating system: It is only for an insulator that we
can guarantee the regularity of ¢**(w, q)g,.

VI. SECOND-ORDER RESPONSE
IN MOIRE MATERIALS

Impressive experimental advances in recent years
have spurred a renewed interest in nonlinear electromag-
netic responses in (topological) materials. Theoretical
and experimental investigations into the nonlinear
optical response of electrons in crystals has yielded
new insights into band topology and geometry that can
be probed using spatially uniform (q — 0) optical fields
[13-16,29-31,34,36,38,64,65,76,131-133]. So far, rela-
tively little attention has been paid to the nonlinear response
to finite q electromagnetic fields. As we show in Sec. V B,
in moiré materials even the wave vector dependence of
optical fields may play an important part in determining the
electromagnetic response.

Recently, Ref. [43] examined the wave-vector-dependent
longitudinal nonlinear conductivity at low order in wave
vector. Here, however, we show how our diagrammatic
perturbation theory of Sec. III can be used in conjunction
with our definition of the conserved current in Eq. (53) to
compute longitudinal and transverse nonlinear conductiv-
ities for arbitrary wave vector. We focus primarily on the
second-order response. In Sec. VI A, we write down and
evaluate the Feynman diagrams for the second-order non-
linear conductivity ¢*"*(w;, ®,, q;, q,) that determines the
second-order response via

(145)
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This requires using all of the diagrammatic rules of Sec. 111
B and involves a careful treatment of the g-dependent
diamagnetic current vertices from Sec. IIC. Next, in
Sec. VIB, we apply our results to compute the second-
order response of our toy model of a moiré-Chern insulator
from Eqs. (109)—(112). Motivated by experimental con-
siderations, we focus on spatially rectified (q; = —q»)
second-harmonic generation (®; = @,). This component
of the nonlinear conductivity can be probed using transient
grating spectroscopy techniques [134—138]. In such mea-
surements, a pair of coherent lasers are made to interfere at
the sample to generate a sinusoidal electric field, whose
wave vector can be tuned by changing the wavelength of
the beams and the angle between the beams. The nonlinear
response of the system to such a finite wave vector
perturbation is then determined using a probe pulse. By
using light in the visible to extreme ultraviolet range,
grating wave vectors on the order of 0.001-0.1 A~! can be
achieved. For moiré systems with lattice constants
a~ 100 f\, this means that the nonlinear response can
be measured over a range of wave vectors spanning
multiple moiré Brillouin zones; even for conventional
materials with lattice constants on the order of 1 f\, the
transient grating wave vector can span a large portion of the
first Brillouin zone. In both cases, a formalism such as ours
is necessary to compute the nonlinear response of the
manifestly conserved current at large q.

A. Second-order response

We may now turn to higher-order conductivities like the
second-order response. We proceed in a similar fashion as
in the linear response case, by using the rules and
conventions set out in Secs. II C and III B.

To compute the second-order conductivity, we begin by
using the diagrammatic rules in Sec. III B to write down the
four relevant Feynman diagrams, shown in Fig. 13. Note
that, in all cases, ¢, and ¢, flow “into” the fermion loop,
while g, flows “out” of the fermion loop. We see that
diagrams Figs. 13(b) and 13(c) involve the two-photon
diamagnetic current vertex, while diagram Fig. 13(a)
involves the three-photon vertex. Using rule 5 from the

|

-3 /dk IG (k) vy
TRV = v
io))(iw,) 2 M) mm
1
2
+ Gy, (k+q,)],,

Gmm(iwl» ia)29 q:, qZ) = (

+

-

(b) vV, —q2 E

(a) s Q12
70 Y —q

G2 +k
(c) k vi—z  (d)  v,—g &
7 —q W\“C:}i k~£§>w/v\/\ s q12
otk s q12 v —@ k+ a2

FIG. 13. Second-order response diagrams.

Feynman diagram rules in Sec. III B, we see that, since
Figs. 13(b) and 13(c) are invariant under the exchange of
(7, q,) with (v, g,), these diagrams enter into the expres-
sion for the conductivity with a multiplicity factor of 1/2.

To this end, we examine a representative example of the
input and output vertices in Fig. 13(c) in applying rules 5
and 6 before writing the full mathematical expression from
the diagrams. First, the input vertex has a fermion line
going into the solid dot vertex, so that k' = k + ;. The
photon line associated with this line carries a value of —(q;
as well, so this input vertex goes as

/ A2y (Ut q, |0 Hiclkoktq,—(1-2)q, [Unok ). (146)

Similarly, we can apply Feynman diagram rules 5 and 6
to the output vertex of the same diagram. Since the fermion
line coming into the vertex has momentum k, then k' = k.
We also see there are two vector potential lines emanating
from the open dot vertex: One is going “in”” with momen-
tum —q,, and the other is going “out” with qq,. So the
output velocity vertex goes as

/d’1/2d/12<un2k|[ak”ak/‘Hk]k—»k—(l—ﬂ’z)qur(l—/lz)qlz|”n1k+q1>'
(147)
Similarly applying the Feynman rules to each diagram in

Fig. 13 and summing the results, we can write the second-
order conductivity in terms of Matsubara frequencies as

(k.—q;,—q2.912)

G, (k+ 6112)1)1(/;),,,1,,2(1( +q12, —qy, —‘h)an(k)U?l),nznl (k. qp)
k+q1.-q1)G,, (K)vy) ., (K. =02, q12)

+ Gy, (k+q12)v(y) 0, (K + Q12 =1) G, (K + q2) 07, (K + €0, —q2) G (K)v) - (KL G2)

) < 0],

(148)
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Each of these diagrams must be symmetrized under the
exchange of (y,q;) with (v,q,), since, as we see from
Eq. (145), these are merely labels for components of the
incident electromagnetic field. We indicate this explicit
symmetrization in the last line in Eq. (148). Feynman rule 5
in Sec. [II B ensures that this explicit symmetrization does

|

3

not overcount diagrams, by including multiplicity factors
like the % in the second line in Eq. (148) from Fig. 13(b).
In this format, we can carry out the Matsubara frequency
integrals and analytically continue back to real frequencies
(using the prescription in Refs. [29,65,80] that iw; — (ufr,
iy — w3, and @}, = @ + w, + 2in) in order to find

e 1
(W, 02,4, q2) = w*w*/ dKdAdAydAs |:2nF(enlk)<”n|k|[ak"ak”akVHk]kek—(l—/ll)QI—(1—/12)(12+(1—/13)‘I12|u”|k>

1 @2
lnF(enzk) — np(€n,k4qy)
2 CUE + enzk - €n1k+‘hz
nF(ank) - ’lF(€n,k+q.) (

+
w + €k — € k+q,

nF<€n1k+q12)

(U k-t O O Hiclk okt q = (1=, )= (1= s |k ) st | O Skt (122 | U )

Un k+q, |[akVHk]k—>k+q|—(l—/I])q| |un2k> <un2k | [ak”ak"Hk]k—»k—(l—/lz)q2+(l—/13)q|2 |un|k+q1>

nF(€n2k+qz)

+ + -
((_wl + €nkt+qpn — €n2k+q2)(_w12 + €nik+qp — €n3k)

nF(€n3k)
- €n3k)<_wf—2 + €n1k+q12

_|_

- %k))

+
(_a)Z + €nyk+q,

+ +
(_wl + €n1k+q12 - €I12k+q2)(_w2 + €l12k+q2 - €l’l3k)

X (U, kg, | O HiJk o krqio—(1-2, )y Wk +a0) (ko | Ok Flic ko q— (1220 qp | sk )

X <”n3k|[akﬂHk]k—»kJr(l—/l})qlz|“n1k+q12>

+ (7. q1) < (v, 612)}

This analytic expression in Eq. (149) also allows us to
comment on the regularity of the conductivity at low
frequencies. In the q;,q, — O limit, it was shown in
Refs. [29,43,80] that the diamagnetic vertices in
Figs. 13(a)-13(c) serve a crucial role in regulating
the low-frequency conductivity; in particular, proper
definitions of the diamagnetic current are necessary to
ensure that the second-order conductivity for a band
insulator satisfies

lim lim o*"(w,,w,,0,0) = 0.

(150)
;=0 wy—0

Using our formalism, we can now examine the behavior
of the static (@, @, — 0) second-order conductivity as a
function of q; and q,. Since we defined our diamagnetic
current vertices to satisfy the generalized Ward identity
in Eq. (64), we are guaranteed that for a band insulator
the longitudinal components of the static second-order
conductivity go to zero as the wave vectors tend to zero.
On the other hand, as we show for the linear conduc-
tivity in Sec. V C 1, the transverse components of the
second-order conductivity can have singularities as we
take w — 0 at fixed q; and q,. These singularities
correspond to second-order magnetic and magnetoelec-
tric responses and are not unphysical.

(149)

|
B. Second-order response in a moiré-Chern insulator:
Harmonic generation in frequency
and self-focusing in wave vector

Using Eq. (149), we can numerically compute the
second-order conductivity as a function of frequency and
wave vector for any noninteracting electron system.
Typically, calculations of the second-order conductivity
have focused on sum frequency generation (where the
measured current oscillates as the sum of applied
electric field frequencies) or difference frequency gener-
ation responses (where the measured current oscillates as
the difference of applied electric field frequencies)
[29,33,80,139—141]. When we allow for spatially inhomo-
geneous electric fields, however, the response at second
order becomes more complicated. In particular, when the
applied electric field varies sinusoidally in space with wave
vector q and in time with frequency w, we can consider sum
frequency generation (measured current oscillating at
frequency 2w) and “difference wave vector generation”
in wave vector (measured current is spatially uniform with
wave vector q —q = 0). Experimentally, this could be
measured in a transient grating experiment by looking at
the second-harmonic generation signal.

To see an example of this in practice, we return to our
model of a moiré-Chern insulator from Egs. (109)—(112).
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FIG. 14. Plots showing the real (a) and imaginary (b) parts of the second-order transverse conductivities as functions of the frequency,
o (w, gy, w, —q,; 2w, 0). The chosen direction for the conductivities” indices are yyy and the wave vector is varied in ¢,£. (c) shows the
imaginary parts of the transverse and longitudinal wave vectors of lim,_, e (w, q,w, —q;2w,0). These figures used model

parameters of ¢ = z/2, M = (3v/3 — 3/4)t,, and t = 4t,, which puts the topological phase at C = 1 as shown in Fig. 7.

We can consider the “sum-in-frequency, difference-in-
wave-vector” response. Since previous works [43] have
presented a formalism for computing the longitudinal
components of the response, we primarily focus on the
transverse response ¢ (w, w, g%, —q%) that quantifies the
spatially uniform current ;”(2w) that flows in the y
direction in response to a transverse y-polarized electric
field. Such a response could be probed using in-plane
polarized terahertz radiation at oblique incidence. Referring
to Fig. 8, we see that the wave vector of incident light is

parallel to the vector AK = (47/3+/3a) separating the K
and K’ points in the moiré Brillouin zone. In Figs. 14(a) and
14(b), we plot the real and imaginary parts of
o (w, w, g%, —qX), respectively, as a function of fre-
quency for five different values of ¢ between ¢ = 0 and
q = |AK|. We see that for all wave vectors the real part of
the response initially grows as a function of frequency,
peaks at w ~ 0.8t, = 0.8 THz—such that 2@ is approx-
imately equal to the topological gap—and then decreases at
larger frequency. Intriguingly, as a function of wave vector,
we see that for small values of ¢ the magnitude of the
current at @ ~ 0.8%, initially grows as ¢ increases, before
again decreasing: The peak value of 6*”(w, w, X, —q2R) is
similar for ¢ = 0 and ¢ = |AK]|.

To conclude, we can also study magnetoelectric response
by examining the low-frequency behavior of
" (w,w, g%, —qx). In line with our discussion in
Sec. VC 1, we expect that, as @ — 0 for fixed q, there
will be a 1/w singularity in ¢ (w, w, g%, —q%) whose

weight disperses at least quadratically at small q; the
weight of this pole quantifies the magnetization current
that flows in response to the external magnetic and electric
fields [with the magnetic field determined by Eq. (4)].
At the same time, we expect the longitudinal response
0o (w, w, g9, —qP) to be regular as w — 0 for any fixed
q. We can see both properties in Fig. 14(c). We show the
quantities lim,,_o 06> (w, ®, g%, —g&) (in blue) and
lim,,_o we”* (@, w, g9, —¢q¥) (in red) computed for our
moiré-Chern insulator model. Thus, our formalism for
computing transverse nonlinear electromagnetic responses
correctly captures the low-energy behavior dictated by
Maxwell’s equations and gauge invariance discussed in
Sec. VC 1 for the linear response.

VII. CONCLUSION

In this work, we have developed a formalism for
computing spatially nonuniform (wave-vector-dependent)
linear and nonlinear electromagnetic response functions
for condensed matter systems. In Sec. II, we introduced
a definition of the current operator that can be defined
using only the velocity and position operators, independent
of detailed knowledge of the microscopic form of the
Hamiltonian. Furthermore, unlike the approximations
Egs. (11) and (10), our current in Eq. (31) is manifestly
conserved independent of the microscopic details of the
Hamiltonian. It is important to emphasize that, while
Egs. (11), (10), and (31) coincide for nonrelativistic
Hamiltonians of the form of Eq. (8), only our conserved
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current in Eq. (31) remains conserved when Eq. (8) is
approximated by truncating the Hilbert space. For non-
relativistic systems, we can thus view Eq. (31) as a con-
serving approximation to the total current applicable to
effective models such as Wannier-based tight-binding
models. This is crucial for calculations involving approxi-
mate models of nonsuperconducting systems with truncated
Hilbert spaces, since physically relevant approximations
must conserve charge if the total Hamiltonian also conserves
charge. Additionally, unlike Egs. (11) and (10), our con-
served current (31) also remains conserved when relativistic
corrections to the kinetic energy are taken into account.

Next, we showed how Ward identities could be iter-
atively applied to determine the diamagnetic current oper-
ator order by order in the electromagnetic vector potential.
Using our conserved current as a starting point, we
continued in Sec. III to develop a diagrammatic perturba-
tion theory for computing spatially nonuniform linear and
nonlinear conductivities, focusing on the case of non-
interacting electrons for simplicity. Focusing first on the
linear conductivity, we showed how our fully charge-
conserving approach implies a generalized f-sum rule
relating the density-density response function to the dia-
magnetic conductivity as a function of wave vector.

We also applied our formalism to compute the wave-
vector-dependent Hall conductivity in a toy model of Weyl
semimetal. To connect our formalism to experimentally
relevant systems, in Sec. V B we introduced a model for a
2D Chern insulator in a moiré superlattice, such that the
wavelength of terahertz radiation can be a non-negligible
fraction of the moiré lattice scale in certain geometries. We
used this model to compute the Kerr angle and ellipticity as
a function of frequency for oblique incidence, showing that
the effects of spatial nonuniformity are potentially meas-
urable in the next generation of experiments. We also
showed how the low-frequency transverse conductivity
yields insights into the magnetic susceptibility, magnetic
quadrupole moment, and Streda formula for insulating
systems.

Finally, we applied our formalism to study second-order
response to spatially nonuniform, time-varying electric fields
in two-dimensional systems. We calculated the experimen-
tally relevant spatially uniform second-harmonic generation
current that flows in response to a transverse, spatially varying
ac electric field for a model of a moiré-Chern insulator, which
points toward future experimental work on transient grating
nonlinear spectroscopy in moiré materials.

Our work opens up several avenues for future theoretical
and experimental studies. First, while our explicit calcu-
lations in Secs. Vand VI were carried out for noninteracting
systems, our Feynman diagram formalism in Sec. III can
naturally accommodate a treatment of interacting systems
by including additional interaction vertices. Our manifestly
charge-conserving approach to transverse linear and non-
linear conductivity would thus allow a consistent quanti-
tative treatment of magnetoelectric response in models for

candidate axionic charge density wave materials such as
(TaSey),I [142,143]. Along the same lines, our formalism
can be systematically applied to systems with disorder. In
the lowest-order approximation, the effect of disorder on
the nonlinear conductivities may be phenomenologically
accounted for by replacing o™ — w + i/7, where 7 is the
quasiparticle lifetime [29]. Our formalism, however, can
treat disorder scattering more formally by including ver-
tices for scattering of electrons by the disorder potential,
and standard diagrammatic techniques [78] for averaging
over disorder may be applied. In particular, we expect the
(nonlinear) conductivities to depend on both the current
vertices defined in Sec. II as well as (nonlinear general-
izations of) the diffuson propagator obtained by averaging
over disorder. Additionally, our formalism implies addi-
tional generalized sum rule relations between nonlinear
density response functions and diamagnetic current verti-
ces, generalizing our results of Sec. IV B and making
contact with Ref. [3].

As we showed that commonly used approximations for
the current operator do not conserve charge within the
context of effective models, our work also prompts a
reexamination of wave-vector-dependent quantities com-
puted using those approximations, such as the magnetic
quadrupole moment in models of higher-order topological
insulators [126,128]. Furthermore, in calculations of (non-
linear) x-ray scattering processes where both core and
valence electronic states must be treated on equal footing,
our response formalism based on the conserved current of
Eq. (31) can be used to ensure Ward identities are obeyed
even when relativistic corrections to the kinetic energy
cannot be ignored [144]. Our work also motivates exper-
imental studies of nonlinear optics in moiré systems, where
the effect of spatial inhomogeneity of optical fields may be
non-negligible provided samples are large enough.

Finally, recent advances in superlattice and gate engineer-
ing open the door to experimentally studying (nonlinear)
response to spatially inhomogeneous electromagnetic field
outside of optics. In particular, gate-tunable electronic
superlattice potentials [145-147] could be modulated in
time to create time-dependent electromagnetic fields. While
recent theoretical [148] and experimental [149,150]
progress along these lines has focused on tunable super-
lattices in untwisted bilayer graphene systems, applications
of these techniques to twisted systems would allow the study
of response to time-dependent electromagnetic fields with
wave vectors comparable to the moiré lattice spacing. Thus,
we emphasize that our results will be directly applicable to
the next generation of transport experiments in gate-tunable
superlattice devices.

Let us conclude by reemphasizing the importance of
the conserved current from Eq. (31). Unlike the approx-
imations of Eqgs. (10) and (11) to the minimally coupled
current in nonrelativistic systems commonly used in the
literature, Eq. (31) is manifestly conserved for any model
Hamiltonian. Since most Hamiltonians of interest in
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condensed matter systems arise as low-energy approxima-
tions to (i.e., truncations of the Hilbert space of) compli-
cated many-body semirelativistic systems, electromagnetic
response functions computed within these models will be
faithful approximations to what is experimentally measured
only if the current used in the calculation is conserved
within the Hilbert space of the model. All of Egs. (10), (11),
and (31) accomplish this task to linear order in the wave
vector, ensuring that they yield the same approximations in
(paramagnetic) conductivities to quadratic order in wave
vector. However, only Eq. (31) is generally conserved at
quadratic order in wave vector and beyond, and only
Eq. (31) allows for the determination of diamagnetic
current vertices via Ward identities, which are essential
for properly regularizing the low-frequency conductivity.
Thus, we expect that Eq. (31) is a necessary starting point
for obtaining consistent approximations to response func-
tions beyond quadratic order in wave vector.
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APPENDIX A: PROOF OF THE
KARPLUS-SCHWINGER RELATION

In this appendix, we review the proof of the Karplus-
Schwinger relation [Eq. (29)], which was first presented in
Ref. [71]. We consider two operators A and B. Let us define
a function

F(T) — t(A+dtB) (Al)

We develop an expansion for F(1) = exp(A + 6tB) as a
power series in 6t. To do so, first note that

F'(r) =

(A + 8tB)F(z). (A2)

Defining

G(r) = e™F (1), (A3)

we find that
G'(7) = -AG(7) + €_TAF/(T)
= —AG(7) + e ™ (A + 6tB)F(t)

= Ste ™ Be™ G (7). (A4)

Note that, from Eqs. (Al) and (A3), we also have that
G(0) = 1. Introducing
C(r) = e Be™ (A5)

and recasting Eq. (A4) as an integral equation, we have

G(z) =1+ A " wsIC(2)G(A). (A6)

This integral equation can be solved iteratively by means of
a Dyson series. We find that

Gz) = Peft; 81C(2)d2

_1+5t/TC(/1)d/1

+ (61) /dﬁ/ drc

where P represents the path ordering (in 4) of the
exponential.

Setting 7 = 1, multiplying by e4, and using the definition
of Eq. (A5) for C(z), we have

C(V)+ O[(s1)’], (A7)

A+6tB

F(l1)=¢eG(1) =e

1
e +5t/ eAC(A)dA

+ (61) /dxl/ dierC(2

— oAy 5t / I-DABA Q) 1 O[(51)2),
0

C(¥) + O[(61)%)
(A8)

which is equal to Eq. (29).

APPENDIX B: EXAMPLE: LONGITUDINAL
AND TRANSVERSE CURRENT OPERATOR
FOR SEMIRELATIVISTIC FREE ELECTRONS

As an example and verification of our expression for the
current operator derived from Eq. (31), we consider the
semirelativistic free-electron Hamiltonian

4
HSR—Z' .

By minimally coupling Hgg to a background vector
potential, we can derive from Eq. (22) that the current
operator is given by

(B1)
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_ 1 Sl | e 1 —igx; —igx: —igx: igx;
= EZ%(PW N eTNpy) o (PilpilPe TN A pre N [pi] o [pifPe T Np; 4 T Nipy [pi]?)

. 1 1
—7 —iqx; |___(Dp. — — _(lp:*p; 12(p: — . —ql*p: —ql?(p; — .
é §i e Lm( P q)+8m362<lpl| pi + pil*(P; — q) + [p; — qlp; + [p; — q|*(p; q))}

We can alternatively use our Eq. (31) to obtain the
current jq. The single-particle velocity operator for Hgg is

) 1 1
v; = i[Hs. X;| = Epi +W|pi|2pi- (B3)

Inserting Eq. (B3) into Eq. (31), we find that our formalism
for the current operator yields

1 ) 1 1 )
5 § di —-i(1-)qx; [ ~ p. 12p. | e—idax;
Jq e i A e mpl + 2m302 |pl| Pi e
1 ) 1
:—E: die=i9%i | — (p. =)
€ i /0 e |:m (pz q)

1
—|p:i—q)2(p; = q)|. B4
+5 3z Pi—Adl(p q)] (B4)

Finally, using Eqgs. (32) and (33), we have that
Jq 226 9% (v,(py, X;) + Vi(Pi — @, X))
= Y-

1
- |y .|2 . — _—al2 B5
+ 3.2 PRl + (pi — )i —af) (B5)

and

Jmidg = @ Z e~ %y, (v,(p; — q/2.%;)
;

= Zg_iq'xi |:21n

1
+ 16m3c?

(2p; —q)

(2pi —q)12p; —q*|.  (B6)

Let us examine the longitudinal and transverse compo-
nents of the current using the three possible definitions:
Egs. (B2), (B4), and (B5). For the longitudinal current,
we find

[
s : > —iq-X; 1
4-jqmn=0-jq=2) e '[ﬁ(Zpi-q—lqlz)

1
+8 3 2(2Pi‘q—|Q|2)(2|Pi|2—2pi'Q+|Q|2)}’
m’c

(B7)
~ X 1
1 — 2 —iqx; | . _ 2
q'Jq—ez e [Zm@pz q-lq)
1 5 5
5 (2p g = laP) (PP~ pi-a + [aP)|
(B8)

q- .]mldq—eze_qu |: 2p1 _|q|2)

<2pl-~q—|q|2><4p,»|2—4pi-q+q|2>].

(B9)

1
+ 16m3c?

Equation (B7) shows that the longitudinal component of
the current j, as defined in Eq. (31), agrees with the
longitudinal component of the current jgmi, defined
through minimal coupling via Eq. (21); both j, and
Jqmin satisfy the continuity equation [Eq. (16)], as men-
tioned in the main text. The longitudinal components of jq
and jpiqq from Egs. (B8) and (BY) are distinct, implying
that the (nonconserved) jq and jpiq q as defined in Egs. (32)

and (33) do not satisfy the continuity equation. Subtracting
Eq. (B7) from Egs. (B8) and (B9), we find

a- (fa = Jamn) = grazs o 1P 2pi-a = laP)
#0 (B10)
and
q - (Jmidq = Jqmin)
N ‘ﬁze"“"flql%zl)i -q—1|q]?) #0. (B11)

This explicitly shows that jq and jpiaq. as defined in
Egs. (32) and (33), are not conserved for the semirelativistic
Hamiltonian from Eq. (B1).
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Let us now examine the transverse components of the
currents Eqs. (B2), (B4), and (B5). Taking the cross product
with ¢, we find that the minimally coupled current satisfies

s _—E —iq-X;
qx.]q.min—e e q
i

1
P [E jrepe

(Ipil? + [pi - qm]. (B12)

On the other hand, for our 1 integral definition of the
current from Eqgs. (31) and (B4), we find

o 11 g
qxjg=2¢) e ‘”‘qu{m ﬁ/ dﬂlp;—ﬂqz]

. 1 —igx,
:qXJq,min+er qxz|q|2(pixq)' (B13)

This means that, although the current j, is conserved, its
transverse components differ from that of the minimally
coupled current for the semirelativistic Hamiltonian in
Eq. (B1), implying a different definition for the magneti-
zation current.

On the other hand, the transverse current for the midpoint
definition of the current Eq. (33) is

. _ g, 1
QX jmiaq =2 Y e7%q x [%(ZPI- -q)
1 2
+W(2 q)2p; — q|
. 1 1
- Ze_lq'xiq X P; [% T s (Ipil?
2 1 2
+Ipi—al" =5 laf)

1 )

(B14)

=qX jq,min -

Curiously, if we examine the transverse component of
the nonconserved trapezoid current, j,, from Eq. (32), we
find that for the semirelativistic system
(pilpil?

- iax 1 1
qXJq:eZe a 'qX[ﬁ@pl Q)+ s

+ (pi —q)lp; — qlz)}

= e (n -l

=qX Jq,min- (BlS)

Thus, for the semirelativistic Hamiltonian, the transverse
component of the nonconserved current jq is equal to the
transverse component of the minimally coupled current.
This means that for the semirelativistic Hamiltonian,
Eq. (B1), we have

. q"'q" . q"q
Jz,min = |q|2 jl{l + <5ﬂb | |2>Jq

In other words, for the semirelativistic Hamiltonian in
Eq. (B1), the minimally coupled current in Eq. (22) can
be written entirely in terms of the velocity operator via
Egs. (31) and (32). We could, if we desired a model-
dependent formulation of the current, apply Eq. (B16) to
the semirelativistic Hamiltonian which is applicable to
heavy elements:

(B16)

P 1
HSOC*Z| |32+V( )+8m202
I .
+ a0 (P x VV(x) + o(1/¢%),  (B17)

where ¢ is a vector of Pauli matrices acting on electron
spin; & - (p; x VV(x;)) represents the spin-orbit coupling
energy.

If we can assume that our Hamiltonians under study have
the form of Hggc in Eq. (B17), then the current defined
in Eq. (B16) entirely in terms of the velocity operator can
be used to compute both longitudinal and transverse
responses. If we cannot assume that Eq. (B17) holds for
our system of interest, then we cannot determine the
transverse component of the minimally coupled current
entirely in terms of the velocity operator without detailed
knowledge of the full microscopic Hamiltonian. In such a
situation, the only guiding principle is that we define a
conserved current, such as Eq. (31). In addition, we note
that the nonrelativistic approximation to the Dirac equa-
tion that yields Eq. (B17) in the absence of an external
electromagnetic field does not give a minimally coupled
Hamiltonian in the presence of a nonzero vector potential
[151]. Furthermore, Eq. (B16) fails when higher-order
relativistic corrections are taken into account. To see
this, we can consider a toy model with the next highest
power in momentum according to the semirelativistic
kinetic term:

(B18)

=il

Minimally coupling H’ to a vector potential via Eq. (22)
gives the minimally coupled current

011058-34



CHARGE CONSERVATION BEYOND UNIFORMITY: SPATIALLY ...

PHYS. REV. X 14, 011058 (2024)

. e —ig-x; —ig-xX; —iq- —ig-X; —iq-x: —ig-x:
Jq,minzgz[e ipy|pi|* + pie N [pi|* + [piPe NPy PP + [PiPPie N PP + [p[fe TN, + eI Nip,[p, 7]

e .
=2 e il + (i — @)lpil* + Ipi — alPpilpi + Ipi — al*(pi — @)lpif* + [p; — al*pi + P — al*(pi - @)

Similarly, applying Egs. (32) to the Hamiltonian H’ in
Eq. (B18) results in the nonconserved current operator

3 e —iq-x;
Jo =52 ™ lpl*pi + Ipi —al*(pi ). (B20)

Decomposing Egs. (B19) and (B20) into longitudinal
and transverse components, we find

q- jq * q- jq,minv (le)

such that Eq. (B20) is not conserved. Importantly, using
Eq. (B20), we also find that

H 3 1 —iq-X;
A% Jg = A% Jamin T2 D¢ (a xp;)(lal* - 2q - p)°

£0. (B22)

Thus, for a general Hamiltonian, neither the longitudinal
nor the transverse components of the conventional
current jq correctly reproduce the minimally coupled
current Jjg min-

APPENDIX C: CURRENT OPERATOR
IN THE TIGHT-BINDING BASIS

In many cases, we are interested in operators and
dynamics projected into a (tight-binding) basis of
Loewdin orbitals ¢,(r—R —r,). Let us introduce the
Bloch-Loewdin basis functions

Zai(F) = %Zem%a(r “R-r,). (CI)
R

We can equally well use |y,) as a basis for expanding
the current operators. Taking matrix elements of the
conserved current from Eq. (31) in the basis of
Eq. (C1), we find

(B19)

[

1 . . -
iq=e¢ ZA Ay aic|e™ IV ANy € Carg

kap
= > [ dabrade 1)
KK'k"apyn 0
X (e VD) Gt €7 (i) o Cprrq- - (C2)
Introducing the cell-periodic basis functions
Fak(r) = VNe™ ™y (r) (C3)

and using Eq. (48), we observe that Eq. (C2) reduces to

1
jq=e¢ Z /0 AAF i [ i+ (1-2)q)

kapyn

X <)(yk+(1—/1)q|v|)(qk+(l—/1)q>

X O?nkJr(l—/l)q Iﬂ?ﬂk+q>clkc/;k+q- (C4)
We can simplify Eq. (C4) by  rewriting
Wyk+(1-2q YWk +(1-2)q) in terms of the Bloch
Hamiltonian. First, note that
Wak Vo) = Fax | Hy [ 7px)
= O (o [Hx|7p) — (OxFax [ Hi ¥ px)
— (Zak |Hx [0k 7 px)
= O HY — i[Ai, Hilop, (C5)
where we have introduced
Hﬁﬁ = O?ak|Hk |)?/1k>, (C6)
AL = iF 0T (€7)
(C8)

A Hi = Y ATHE = HZAY.
v
In the tight-binding limit where

/ drg,(r—R — ra)r(j)ﬁ(r —R' - rﬁ) = I0p0RR' (C9)

we can simplify Eq. (C5) further as
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WHY — i[ Ay, Hyly = 0H? — it HY + iH vy

— oikrig, (e—ik-raHiﬂeikTﬂ) ok

= [V(K) (i) V' (K)o (C10)
where
VAP (K) = e*Tes,, (C11)
is the tight-binding embedding matrix and
hP = Zvay K)H'V,5(k) (C12)

is the matrix Bloch Hamiltonian in the “nonperiodic” gauge
with 7y g = VI (G)h V(G) for any reciprocal lattice
vector G.

an/ dAV((A-1)q)V(k

/ dA(Ok i (1-2)q) P Tl Cpcq-
kaﬂ

where we have introduced

Cok = VZ/;(k)C/ik (C15)

as the annihilation operator for the nonperiodic basis states,

Xak (T \/—Ze'k Ry (r — R —1,)

= Vap(K)xpi (r)-

Equation (C14) allows us to compute matrix elements of
the conserved current jq in the tight-binding basis entirely
in terms of the tight-binding Bloch Hamiltonian h% (k).
Note that Eq. (C14) could have been anticipated from
Egs. (C4) and (C5) by noting that the nonperiodic basis
states in Eq. (C16) have vanishing Berry connection in the
strict tight-binding limit.

Following a completely analogous set of steps, we find
for the nonconserved trapezoid current in Eq. (32) that

jo = Z(ak 0+ O );kaﬂm, (C17)
2k(1[)’

(C16)

and similarly for the nonconserved midpoint current in
Eq. (33):

Jmica =& Ohi o piaCpmcra (C18)
kap

Furthermore, in the tight-binding limit, we also have
<)Zak I)?ﬂk/> _ / dre’k (r- R)e—zk’ (r-R’)
RR' cell

X (ba(r_R

e 5(1/)7/611'@

- Vo (k — k).

— ) ¢p(r —R' —rp)
r¢(l(r - l'{l)gb/)»(l' - r/)’)
(C13)

Notice that, in going from the second to third line in
Eq. (C13), we use an even stricter form of the tight-binding
limit than in Eq. (C9): We require not just the first moment
but all moments of the position operator to be diagonal in
the tight-binding basis. Nevertheless, in this strict tight-
binding limit we can combine Egs. (C4), (C10), and (C13)
to find

+ (1= ﬂ)‘l)akhkﬂl—,{)qw(k +(1- /I)Q)V(_A‘I)L,ﬁclkcﬁkm

k)i hics(1-1q V' (K + Q)lclyCpirq

(C14)

[
Equations (C14), (C17), and (C18) serve as our starting
point for computing linear and nonlinear response coef-
ficients from tight-binding models in the main text.

APPENDIX D: GENERALIZED INTEGRATION
FORMULATION OF AN OPERATOR USING
THE KARPLUS-SCHWINGER RELATION

In this appendix, we apply the Karplus-Schwinger
relation from Eq. (60) to the specific case of the density
operator pgq in order to derive an iterative formula for the
diamagnetic current vertices.

First, consider the commutator between a general oper-
ator A and the exponential e~'4X that appears in the Fourier
component p,. By introducing an auxiliary parameter z, we
can write

, d, . . .
i[A, e719%] = iAt ,—iq-X ,—iAT
i[A, e7'9%] o (e'TemlaX omiAT)

=0
_ ieeiAr(_iq'X>e—iAr
dT 7—0
d .
— = omiax(7) D1
dT ¢ r—»O’ ( )
where we have defined
X(‘L’) — etAr e—iAr (DZ)

011058-36



CHARGE CONSERVATION BEYOND UNIFORMITY: SPATIALLY ...

PHYS. REV. X 14, 011058 (2024)

From here, we may follow our derivation in Appendix A of
the Karplus-Schwinger relation to find

) —iq-x(r+67) _ ,—iq-X(r)

i[A, e=9%] = lim & ¢

ot—0 ot

=0
e—iq~(x(r)+6ri[A.x]) — e—iax(7)

~ lim
or—0 ot

7—0

/ dhe=i1-19% (q - [A, x] )=,

0
/d/l/ di,.. /dAN

aky ak”

(D3)

THVY .. UN
Ja.—q;....—

o
Ok i (1001212 Jay Cok Emk =g, --ay -

Equation (D3) allows us to rewrite commutators with the
density operator that appear in the generalized Ward
identity of Eq. (64) in terms of iterated integrals over
auxiliary variables A.

We can also use Eq. (D3) in conjunction with the tight-
binding expression in Appendix C to express the general-
ized diamagnetic current operators in Sec. I C in the tight-
binding basis. In keeping with notation from Appendix C,
we let an overline indicate the operator in the orbital basis.
We have

(D4)

Furthermore, in analogy with Eq. (66), we can define the tight-binding velocity vertex

’TJL(/]A<,>(k, q, ...,qN) = [dkudk»]

Note that we can express any of the diagrams and
subsequent conductivities in Sec. III B in either the orbital
or tight-binding bases.

APPENDIX E: THE KERR EFFECT DERIVATION

In this appendix, we present a derivation of the Kerr
effect for systems with an anisotropic dielectric tensor. In
Appendix E 1, we start by analyzing electromagnetic
scattering from a 3D interface. Then, in Appendix E 2,
we apply these results to the experimentally relevant
situation of scattering from an encapsulated 2D sample
considered in Sec. V B.

1. Kerr effect derivation in 3D materials

Consider an interface between vacuum and a 3D semi-
infinite slab of material, with the interface normal to the z
axis. We take the material dielectric tensor ¢ to have the
form [152]

€y €y O
€= |—€y €, 0]. (El)
0 0 ¢

We also make the approximation g ~ 1, which is tanta-
mount to including all magnetic response in the transverse
dielectric tensor [153—-155].

We now consider an incident light beam with electric
field of the form

Oke- lhk]k—’k+( =44+ (1-Ay)ay

(D5)

1
E, = EOR(gi) ) e—iwt+i1q[ysin(éi)Jrzcos(é)i)]‘ (EZ)
0

Here, R(0;) denotes a rotation matrix about the x axis by
angle 6; [while this has no effect on x-polarized light such
as in Eq. (E2), we retain it for ease of comparison with later
steps in the derivation]. Notice that this electric field is
linearly polarized and propagating in the direction of 6;,
measured from the normal of the plane of the material. The
wave vector k; and frequency w are related later, and Ej is
the real and positive amplitude.
We next consider the reflected field [155,156]:

I'x

ER:EO ry

r

e—imt+ikR[y sin(0g)-+z cos(Og)] . (E3)

Z

Before considering the form of the transmitted field, we
consider the differential equations it must satisfy. Consider
Maxwell’s equations in a material [154,157,158]:

D
VXHT—Jf-i-a—T, (E5)
ot
V.B; =0, (E6)

OB,
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Here, with the assumption p ~ 1, then Hy = B;. Also,

Dy = €Er, and we take p, = J; = 0. We can now com-

bine Egs. (ES) and (E7) to obtain a wave equation:

e Ody *eEr

V(V-E;) - VE; = o P

The fields that satisfy Eq. (E8) are of the form

t,E ekt where E, is the £th eigenvector of e and

|k,| is proportional to the corresponding eigenvalue. Given

the form of the dielectric tensor in Eq. (E1), we can solve

the eigenvalue equation €E = n’E [159], to obtain the
eigenvalues

1
nj, = ) <€xx &y + \/(exx —€,)* - 45)%}’)’

1
nZ = 5 <exx + €y — \/(ex)C - eyy)z — 4€§y),
ny = e, (E9)

(E8)

with normalized (in units of E) eigenvectors E ,, E,,, and
E;, respectively [160,161]. The meaning of n?; is the
refractive index (squared) in the material.

Next, let 07, be the angle of propagation of each
eigenmode of the transmitted wave, measured with respect
to the normal. Satisfying the wave equation implies |k ,|> =
nZw*/c*. Note that, when we assign an angle, this also
changes our eigenvalue equation to [R(07,)eR™"(07,)]x
R(07,)E;=n2R(07,)E,, but the eigenvalues remain the
same even if the eigenvectors are now angle dependent [155].
Given the required form of |k ~|? to be a solution to Eq. (ES),
we can now write down the generalized form of the solution
of the transmitted electric field [155,158,160]:

E; = tpEpe_i"’t+ik71[)’ sin(Or;)+z cos(071)]
+ tmEme_i“’f+ikrz[y sin(09)+z cos(072)]

+ t3E3e—iwt+ikT3 [ysin(@73)+z cos(eu)]’ (EIO)
where 7, and E, are angle dependent.

To now solve this electromagnetic scattering problem,
we can first derive Snell’s law for each of the transmitted
modes. Snell’s law states that the argument in the expo-
nential of all the electric fields must be equal at the
boundary. Therefore, we now have a set of four equations
that results in

k; sin(6;) = kg sin(6g), (EI11)
k; sin(6;) = kg sin(07y), (E12)
k; sin(6;) = kg, sin(07,), (E13)
k; sin(6;) = kr3 sin(073). (E14)

It should be noted by the nature of reflection that kp = —k;
and GR = —(9,~.

We may now consider the remaining boundary condi-
tions derived by requiring that Eqs. (E4)—(E7) are satisfied
by components of the incident, reflected, and transmitted
waves at the boundary. The Snell’s law equations ensure the
position-dependent arguments in the exponential are the
same, guaranteeing the reflection and transmission coef-
ficients are position (and time) independent. Following
Ref. [157], the boundary equations are [156]

[€vacuum * (E+; + Eg) —=D7]-n =0, (E15)
[Vx(Ey+Eg)—VxE;]-n=0, (E16)

[Ei; +Eg—E7] xn =0, (E17)
[Vx(Ey +Eg) - VxEs]xn=0, (EI8)

where n = [0, 0, 1], the normal to the 2D material plane.
We also observe, as a good check, that V-E, =0 and
V-E; =0 after resolving the coefficients through the
boundary conditions. Solving the transmitted coefficients
in this basis results in 73 = 0.

To solve for the Kerr angles, we first rotate our local
coordinate system to the frame of the reflected wave,
R(Og)Eg. Then we redefine the coefficients as r, = (r, +
iry)/2 and r,, = (ry, —ir,)/2, which describes the reflec-
tion coefficients for the right-hand and left-hand circular
polarizations. Each of these coefficients is, in general,
complex so we may break up each according to complex
polar coordinates, that is, r, = |r,|e’ and r,, = |r,,|e .
Kerr rotation results in a phase shift between right- and left-
hand circularly polarized components of the reflected wave.
Furthermore, the reflected wave can have an amplitude
difference between right- and left-hand circularly polarized
components. This allows us to define [22,152,154,161]

r_|r

_[7 —p|ei<ap_am) = ‘r

_Inl CilOk+ie)]

il

(E19)

m | rm |

~

where @y is the Kerr rotation angle and e is the ellipticity,

Al =1

| B m|
tan(eg) = ——. (E20)
[7pl + 17l
Our derivation expresses the Kerr angle and ellipticity in
terms of components of the dielectric tensor. This can be
related to the frequency and wave-vector-dependent con-
ductivity using [152,154]

4xi
e=1+—o,
0]

(E21)

where I is the 3 x 3 identity matrix.
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2. Kerr effect derivation in 2D materials
with a substrate

In this section, we extend our analysis of Kerr effect to
2D materials. Most of the derivation remains the same, but
there are a few subtle changes. In this setup, there is a
vacuum, followed by a 2D thin film, and followed by a
substrate which has the permittivity €. We take the 7 axis to
be normal to our 2D film, in the direction of the vacuum.

In this setup, the conductivity of the 2D materials now
enters into Maxwell’s equations as a boundary condition at
the interface. Therefore, the propagation speed of the
transmitted wave is not influenced by the film, only by
the substrate in which it propagates. That is, the eigenvalue
equation for the transmitted wave must satisfy n3I;E; o =
erl3Er,op [152,159]. Thus, we can write the transmitted
wave as

Erop = R(0r) - (116 + 1ye5 + 13€3)

x e—ileri[R(HT)-(O,O.\/e?k,‘)]r, (E22)
where e; = (1,0,0), e, = (0,1,0), and e; = (0,0, 1) are
the eigenmodes of ezl;. The form of the incident and
reflected waves remain the same, respectively:

1
E o
Eil,ZD — 7%R(9i) .10 e—zthrz[R(H,»)~(0,0,ki)].r’ (E23)
0

rX
Egop = R(-0;) - Ty
;

—iwt+i[R(—6;)-(0,0,—k;)]-r .

e (E24)

Z

The Snell’s law found by comparing the exponentials is
also similar to before:

ki Sin(@,») - _ki Sin(@R), (EZS)

sin(0;) = /eg sin(0y). (E26)
Since we have a 2D material with nonzero conductivity
tensor, a surface current is generated at the interface. As
such, the boundary conditions get modified to include this
surface current by way of the surface conductivity,
js = 6°® - E1op, which enters into Maxwell’s equations
as a free current on the surface. Since V- Eg,p = 0 and
V-Er,p =0 force t; = r, =0, we arrive at four equa-
tions arising from two boundary conditions [153,162]:

[Eiiop +Egop —Ez] xn =0, (E27)
c
o [V x (Eyiop +Egop) = VX Egop] xn
=06 -Erp. (E28)

Since 6°P is a property of the 2D sample, it takes the form
o o 0

o =16 o 0], (E29)
0 0 O

where the bulk conductivity is related to the surface
conductivity by 6? = do3P [152]. The Kerr rotation and
ellipticity can be extracted using Eqs. (E19) and (E20),
respectively.

APPENDIX F: CONSISTENCY WITH PLASMON
DISPERSION

In this appendix, we examine the implications of
Egs. (31) and (73) for the dispersion of collective plasmon
modes. Since the plasmon dispersion depends on the q
dependence of the density-density calculation, it serves
as a consistency check on Egs. (31) and the sum rule
from Eq. (97).

To begin, we treat the Coulomb interaction between
electrons in the random phase approximation (RPA). That
is, in writing the dielectric function, only the first bubble
diagram is considered, such that

e(w,q) =1 -v.(q)(w,q). (F1)

Here, v.(q) is the Fourier transformed Coulomb interaction
[in 2D, v.(q) = 27e*/xq, and v.(q) = 4rwe® /kqg* in 3D]
[163,164]. The function IT(w, q) is the polarizability or
the electric susceptibility for noninteracting electrons. The
electric susceptibility is related to the conductivity through
the continuity equation. First, consider a longitudinal
electric field Eq = —iqA¢(w. q), defined in terms of a
scalar potential Ay. The current that flows in response to
this field is j(w,q) = —io(w, q) - qQAy(®, q). Additionally,
from the continuity equation, —ed,n(t,x) + V - j(¢,r) = 0.
Expressing the density in terms of the response function I1,
we find [165]

iwe’(w,q) +q-06(w,q)-q=0. (F2)

Now Egq. (F2) may be substituted into Eq. (F1) to obtain
the relation

e(w,q) =1+ ﬁ ve(q)(q-o(w.q)-q). (F3)
Note that, since our conserved current in Eq. (31) satisfies
the continuity equation, our formalism ensures that Eq. (F3)
is obeyed. To solve for the plasmon dispersion, we set
Eq. (F3) equal to zero and solve for w(q), the plasma
frequency as a function of q.

Since our conserved current Eq. (31) obeys the con-
tinuity equation, we can use the conductivity Eq. (73) to
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determine the RPA plasmon dispersion in generic models.
By contrast, since the midpoint and trapezoid definitions of
the current [Eqs. (10) and (11)] do not obey the continuity
equation at large q, they do not give reliable estimates of
the plasmon dispersion.
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