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Abstract

Natural optical activity is the paradigmatic example of an effect originating
in the weak spatial inhomogeneity of the electromagnetic field on the atomic
scale. In molecules, such effects are well described by the multipole theory of
electromagnetism, where the coupling to light is treated semiclassically beyond
the electric-dipole approximation. That theory has two shortcomings: it is
limited to bounded systems, and its building blocks — the multipole transition
moments — are origin dependent. In this work, we recast the multipole theory
in a translationally-invariant form that remains valid for crystals. Working
in the independent-particle approximation, we introduce “intrinsic” multipole
transition moments that are origin independent and transform covariantly
under gauge transformations of the Bloch eigenstates. Electric-dipole transi-
tions are given by the interband Berry connection, while magnetic-dipole and
electric-quadrupole transitions are described by matrix generalizations of the
intrinsic magnetic moment and quantum metric. In addition to multipole-like
terms, the response of crystals at first order in the wavevector of light con-
tains band-dispersion terms that have no counterpart in molecular theories.
The full response is broken down into magnetoelectric and quadrupolar parts,
which can be isolated in the static limit where electric and magnetic fields
become decoupled. The rotatory-strength sum rule for crystals is found to
be equivalent to the topological constraint for a vanishing chiral magnetic ef-
fect in equilibrium, and the formalism is validated by numerical tight-binding
calculations.
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1 Introduction

As the wavelength of optical radiation is large compared to atomic dimensions, the inter-
action of light with matter is generally well described by taking the long-wavelength limit
(electric-dipole approximation). In that approximation, the response of the medium to
an electromagnetic perturbation is treated as local in space. When nonlocality is taken
into account, the response acquires a dependence on the wavevector q of light, and this is
known as spatial dispersion [1,2].

Although the effects of spatial dispersion can often be treated as small corrections,
they are significant in that they lead to qualitatively new phenomena. One example is
natural optical activity [1], whose most familiar manifestation is the rotation of the plane
of polarization of linearly-polarized light travelling through chiral molecules in solution.
Lesser-known manifestations of spatial dispersion include gyrotropic birefringence and
nonreciprocal directional dichroism [3,4]; these are magneto-optical effects that occur in
acentric magnetic materials without requiring a net magnetization.

Because of the fundamental and industrial importance of chiral molecules, molecu-
lar quantum theories of natural optical activity — and, by extension, of other spatially-
dispersive optical effects — have been developed over many decades, on the basis of the
multipole theory of electromagnetism [5-8]. This has led to the development, starting in
the mid 1990s, of several ab initio methods for calculating optical rotatory dispersion and
natural circular dichroism spectra of molecules. Some of those methods rely on sum-over-
states formulas [9]; in others, the explicit summation over a truncated set of excited states
is avoided using either static-limit [10] or finite-frequency [11] linear-response schemes, or
real-time propagation approaches [11,12] (see Refs. [13-15] for reviews).

By comparison, there have been relatively few attempts to formulate bulk theories of
optical spatial dispersion [16-18], particularly within the one-electron band picture [19-26].
As a result, only a small number of ab initio calculations of natural optical rotation [20,21,
27-29] and of nonreciprocal directional dichroism [30,31] have been carried out for crystals.
Such effects provide valuable information about broken structural and magnetic symme-
tries, and their study in novel bulk [30-32] and quasi-two-dimensional [33-36] materials
calls for improved theoretical descriptions.

In this work, we develop a microscopic theory of optical spatial dispersion in crystals
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that is firmly rooted in the molecular multipole theory. We work in the independent-
particle approximation neglecting local-field effects [21], and focus on the electronic re-
sponse with frozen ions. We proceed by evaluating the optical conductivity at first order
in q, including both interband and intraband contributions, and arrive at a sum-over-states
expression in terms of well-defined multipole-like transition moments.

To set the stage, let us introduce the multipole transition moments as defined in the
standard molecular theory [7,8]. The electric dipole (E1) appears at leading order in the
multipole expansion, followed at the next order by the magnetic dipole (M1) and electric
quadrupole (E2). These are the needed ingredients to describe natural optical activity,
gyrotropic birefringence, and nonreciprocal directional dichroism. In the independent-
particle approximation, they take the form

dy = —e{gn|r|dr) , (1a)
my = 5 (dalr x V]or), (1b)
QZIZ = _€<¢n|7aa7ﬂb|¢l> > (1C)

where ¢, (r) and ¢;(r) are occupied and empty energy eigenstates of the molecule, respec-
tively, and —e is the electron charge. (The M1 transition moment also has a spin part; we
omit it for now, but it will be included later.)

In trying to extend the multipole theory to periodic crystals, one is faced with the prob-
lem of how to define the transition moments when the molecular orbitals ¢, (r) are replaced
by Bloch eigenstates 1, (r) = e’ Tu, (r), given that the matrix elements in Eq. (1) involve
the nonperiodic position operator r. For E1 transitions between nondegenerate bands n
and [, there is a well-known prescription, namely d,;(k) = —e(unx|i@xui) [37,38].

The situation is less clear when it comes to defining M1 and E2 transition moments in
the Bloch representation. Already for molecules, their definitions in Eq. (1) are somewhat
problematic, as they give values that change under a rigid shift of the coordinate system.
Molecular properties should be origin independent, and for spatially-dispersive optical
coefficients that is generally ensured by a cancellation between the origin dependences of
different terms of the same order in the multipole expansion [6-9]. This is not entirely
satisfactory from a formal standpoint, and moreover it leads to slightly origin-dependent
numerical results, because the cancellation is not exact for incomplete basis sets [8,9].

In our independent-particle formulation, the optical conductivity at first order in q
is written in terms of “intrinsic” multipole transition moments E1, M1, and E2 that are
origin independent and well defined for both molecules and crystals. For molecules, these
modified transition moments take the form

dp = —e(pnlr — (Tn + 1) /2|¢0) , (2a)
=~ (6l fr = (B0 +0) /2] x V]6) (2b)
@it = —e(ulra — (75 + 71) /2] [ro — (7% +71) /2] o) (20)

As they are defined relative to an intrinsic origin located halfway between the centers r,, =
(¢n|r|on) and T; = {(¢y|r|¢;) of the two orbitals, the matrices d, m, and ¢ are manifestly
origin independent. For crystals, we find that they acquire “quantum-geometric” forms
when expressed in terms of the cell-periodic Bloch eigenstates: d is given by the interband
Berry connection, while m and ¢ are described by generalizations — with both intraband
and interband parts — of the intrinsic orbital moment [39] and of the quantum metric [40],
respectively.

The intraband orbital moment and quantum metric were already known to contribute
to the spatially-dispersive optical response in metals [23-25]; we clarify that the quantum
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metric appears quite generally and not just in two-band models, and identify additional
Fermi-surface terms. As for the interband counterparts of the intrinsic orbital moment
and quantum metric, they had not been clearly identified in previous theoretical studies
of spatial dispersion in band insulators [19-22], where the optical matrix elements were
written in velocity form, and without isolating the magnetic and quadrupolar parts.

The paper is organized as follows. In Sec. 2, we introduce some basic definitions and
relations. Section 3 contains the derivation and analysis of our main result: an expression
for the bulk optical conductivity at first order in q. The derivation is split into several
steps. We start in Sec. 3.1 from the Kubo formula for the frequency- and wavevector-
dependent optical conductivity in the velocity gauge. That formula suffers from apparent
divergences at zero frequency, and we recast it in a form that is manifestly divergence
free. We then expand the Kubo formula to linear order in q, treating the q dependence
coming from the band dispersion and from the matrix elements in Secs. 3.2 and 3.3,
respectively. In Sec. 3.4, we convert the optical matrix elements from velocity to length
form, and express them in terms of intrinsic multipole transition moments between Bloch
eigenstates. In Sec. 3.5 we collect terms, and report the final expression for the optical
conductivity at first order in q. Finally, in Sec. 3.6 we briefly discuss its decomposition into
magnetoelectric and quadrupolar parts, and the associated physical effects in the static
limit. In Sec. 4 we consider the molecular limit of our formalism, and its relation to the
standard multipole theory. The formal part of the paper ends in Sec. 5 with an analysis
of optical sum rules, and in Sec. 6 we present numerical results for a tight-binding model.
We conclude in Sec. 7 with a summary and discussion.

2 Basic definitions and relations

Consider the response of a medium to a monochromatic electromagnetic field. We work
in the “temporal gauge” [2], where the electromagnetic field is fully described by the
vector potential A(t,r) = Re [A(w,q)ei(q'r_m)]. To linear order in the field amplitude,
the induced current density reads

ja(w)q) = Hab(wa q)Ab(w)q) = %Hab(qu)Eb(w)q) > (3)

so that one may define an effective conductivity as o4p(w,q) = (1/iw)ly(w,q) [1-3]. If
the spatial dispersion is weak, the effective conductivity can be expanded as

Uab(wy Q) = Uab(wu 0) + Uab,c(w)QC + O(q2) ) (4)

where a summation over the repeated Cartesian index c is implied. The zeroth-order
term is the optical conductivity in the long-wavelength limit, that is, in the electric-dipole
approximation. The next term in the expansion captures the effects of spatial dispersion
to the order of magnetic dipoles and electric quadrupoles, and will be the focus of our
study. Let us split it into symmetric (S) vs antisymmetric (A), and into Hermitian (H) vs
anti-Hermitian (AH) parts with respect to its first two indices,

S H . AH
Uab,c = Re Uab,c +i¢Im Uab,c ) (53‘)
U&’c = Re Uflfc +¢Im agw . (5b)

The H and AH parts are absorptive and reactive, respectively [1,2]. Regarding the S and
A parts, they transform differently when time reversal 7 is applied to the material, that
is, under reversal of its magnetic order parameter. According to the Onsager reciprocity
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relation [1,2], the A part is 7 even, and the S part is 7 odd; the former describes natural
optical activity, and the latter describes spatially-dispersive magneto-optical effects. The
entire o4 . tensor is odd under spatial inversion P, and hence it vanishes in centrosym-
metric systems. If both P and 7 are broken but the combined P7T symmetry is present,
0&7 . vanishes but a§b7 . can be nonzero.

3 The bulk formula for o, (w)

3.1 Kubo formula for the effective conductivity o,,(w,q)

We now specialize to a three-dimensional crystal described by a single-particle Pauli Hamil-
tonian H [37], and introduce the electromagnetic perturbation via an interaction Hamil-
tonian Hj expressed in the velocity gauge [41]. To linear order in the vector potential, the
interaction Hamiltonian can be written as [23]
1P (1, r) = g A ) v v AW (t,r)} v mis -0, x AW(t 1), (6)
e

where m, is the electron mass, v = (1/ih)[H, r] is the unperturbed velocity operator, and
S is the spin operator. In addition, we have defined A (t,r) = e"A(t,r), where the
parameter 7 is formally a positive infinitesimal that controls the adiabatic turning on of
the coupling between the electromagnetic field and the crystal [8,42-45].

A standard perturbative calculation yields the following Kubo formula for the optical
conductivity in the spectral representation [23,43],

. 9 . 9
) ie“N e / fink(Q) ab
0V (w,q) = gp—— + — E — M . 7
ab (0 9) b mew  hw — Jx wink(q) —w —in (@) (™)

Here [, = [3,dk/(27)?, wipk(q) = wi(k 4+ q/2) — wn(k — q/2), where fwy, (k) = e,(k) is
the band energy, and fi,x(q) = fi(k+q/2) — fu(k — q/2), where f,, (k) = flwn(k)] is the
Fermi-Dirac occupation factor. In the first term, N is the total number of electrons per
unit volume; in the second, the matrix element is defined as

Mihe(@) = (@] Tie(a) - (8)

where Ij,x(q) is a sum of orbital and spin contributions [23],

Tik(@) = (w(k + a/2)v(k)|un(k - a/2)) , (9a)
i () = 5,k + a/2)[Slun(k — a/2)) x a (9b)

In Eq. (92), v(k) = (1/h)8H (k) with H(k) = e"*THekT and in Eq. (9b), gs ~ 2 is
the spin g-factor of the electron. Henceforth, the index k will be omitted for brevity.

The 1/w prefactors in Eq. (7), inherited from Eq. (3), make it singular at w = 0. That
singularity is only apparent [45], and it can be removed as follows. First, split Eq. (7) into
reactive and absorptive parts using lim, o+ (z —in)~! = 1/x + imd(x). Next, notice that
the reactive part can be rewritten by invoking the Kramers-Kronig relation

: ) H
i o5 (w,
ol @) = —2p [ Zald) (10)

— 00 W — Wo
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while in the absorptive part the factor 1/w can be replaced with 1/wy, thanks to the delta
function. Finally, recombine the two parts to obtain

62
i) = 53 [ En i, (1)

where we have defined @ = w + i1 and
_ fln(q) 1
WIn(Q) Wln((]) - (.:}

At zeroth order in q Eq. (11) reduces to Eq. (25) of Ref. [45], and at first order it
becomes, in the notation of Eq. (4),

- 62 C/~ a ~ ab,c
rure@) = 53 /k (€5 (@) MG(0) + (@, 0) M) (13)
n,l

gln ((':}~ q)

(12)

In Sec. 5, we discuss how the equivalence between the Kubo formulas (7) and (11) at
zeroth and first orders in q is related to the oscillator-strength and rotatory-strength sum
rules, respectively. In the context of tight-binding calculations the diamagnetic term in
Eq. (7) changes form [46], while Eq. (11) remains unchanged; similar comments apply to
first-principles calculations using nonlocal pseudopotentials.

In the following subsections, we evaluate the expansion coefficients of the £ and M
matrices appearing in Eq. (13). We start in Sec. 3.2 with the expansion of £, and then
devote Secs. 3.3 and 3.4 to the expansion and subsequent manipulations of M, which is
where our treatment differs more substantially from that of previous works.

The terms in the resulting expression for o, (@) can be classified as either “molecular”
or “band dispersive,” depending on whether or not they vanish for a crystal composed of
nonoverlapping units. The first term in Eq. (13) is clearly band dispersive, because the
quantity &7 (@) involves the band velocities v, = Okwy, (see Egs. (14c) and (14d) below).
While less obvious, the second term in Eq. (13) is not purely molecular; as we will see, it
has a band-dispersion component that went unnoticed in previous works [19,22].

3.2 Expansion in q of the band-energy terms

When expanding Eq. (12) in powers of q, the intraband (I = n) and interband (I # n)
parts must be treated separately. To first order in q, one finds

oy

Enn(@.0) = —= £, (14a)
Em(@,0) = iill"(wm + @) Zin (@) (14b)
£i6 (@) = =5 favf, (14c)
o~y BVLf+vn - -
gln(w) = illT(wln + W)Zln(w)
. Zz w ~ ~ c c
—ifin lgg ) (wWin 4+ @) (win — ©/2)| (vf +0°), (14d)
In

where f), = df,/0w, and Zj,(@) = 1/(w?, — @?). For the intraband identities, we used
fon(a)
wnn(Q)

which follows from wp,(q) = (Oawn)qa + O(¢®) and fun(q) = (Oufn)da + O(q?), where
8a = ak

= fn+ 0@, (15)

a
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3.3 Expansion in q of the optical matrix elements

3.3.1 Nondegenerate bands

Energy eigenstates are only defined up to overall phase factors, and observable quantities
cannot depend on this phase arbitrariness. In the case of nondegenerate Bloch bands,
physical observables must remain invariant under single-band quantum-mechanical “gauge
transformations” of the form |u,) — e~%|u,), where 3, is a real function of k.

As the M matrix defined by Egs. (8) and (9) is clearly gauge invariant, the same must
be true for its expansion coefficients entering Eq. (13) for 4 .(w). When evaluating those
coefficients, we would like to insist that each individual contribution — and not just their
sum — is gauge invariant. Doing so will lead to a physically transparent and numerically
robust expression for o4 (@) in terms of origin-independent quantities.

The coefficient M (0) appearing in the first term of Eq. (13) is trivially gauge invari-
ant, as it involves a single term,

MG1(0) = vhyvp, (16)
which is a product of gauge-covariant velocity matrix elements (clearly, those matrix ele-
ments are also origin independent). Instead, the coefficient M appearing in the second
term comprises several terms, not all of which are individually gauge invariant. The prob-
lematic terms are those that contain matrix elements such as (u,|vq|0:u;), because Bloch-
state derivatives transform noncovariantly as [Oxu,) — e P (|Oxun) — i(Oxfn)|un)).
This can be fixed by writing |Oxu,) as |Dxuy) — @A, |uy,), where |Dygu,) is the covari-
ant derivative [38] and A,, = (uy|i@ku,) is the intraband Berry connection. The terms
containing Berry connections cancel out, leaving

1
b
M© = 9 (Ugl (Dewr|vp|un) + <un|va‘Dcul>Ulbn - <Dcun|va‘“l>vlbn - Ugl<ul|vb’Dcun>)

igs

+ 2me

(eacdsgﬂ)?n - 6bccl‘svldnvzl) s (17)

where every term is a gauge-invariant product of gauge-covariant matrix elements, just

like in Eq. (16).

3.3.2 Degenerate bands

Gyrotropic birefringence and nonreciprocal directional dichroism occur in antiferromag-
netic crystals such as CroOs [3,4], where the energy bands are doubly degenerate at
every k as a result of the combined PT symmetry [47]. To treat such cases, we in-
troduce degeneracy indices A and v for the Bloch states in bands [ and n, respectively.
The Kubo formula (11) remains unchanged, but the matrix element therein becomes
a trace over the degeneracy indices, MZ’I’ = >, U4 mj)*.flb)\ n- The reasoning lead-
ing up to Eq. (17) follows through, provided that the covariant derivative is generalized
as |Ditn,) = |Oxtiny) + i3, [ty ) ALY, where ALY = (uy,|iBxun,,) [38]. The ob-
ject |Dyuyy) transforms covariantly under multiband gauge transformations of the form
) — 30 |un YUYV, where U, is a k-dependent unitary matrix in the degeneracy
indices. To alleviate the notation, from now on we will assume nondegenerate bands.

3.4 Conversion to length (multipole) form

As we started out from the Kubo formula in the velocity gauge, the optical matrix elements
(16) and (17) entering Eq. (13) for o4 (@) are written in terms of the velocity operator.
Now, we would like to recast those matrix elements in a “length form” that brings out
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their multipole character. In the case of molecules [9, 48], this is achieved by means of
identities such as (¢;|v|pn) = iwp, (Pi|r|én), where wy, = wp — wp.

In periodic crystals, where the velocity operator is given by the gradient of the Hamil-
tonian, the conversion from velocity to length form follows from the identity

(OxH)|un) = (9ken)|un) — (H — )| Dxuy) (18)

which can be obtained by differentiating H|u,) = e,|uy), and then writing |Oxu,) as
|Dyun) — i Ay |uy). Contracting with (u| gives vy, = 01,V + iwi Ay, where vy, is the
band velocity, and

Vin  if [ £ n,
A, = <ul|zDun> = (1 — 5ln)<ul|’bakun> = { Win . 7& (19)
0 ifl=n

is the interband Berry connection.
With Egs. (18) and (19), one can split Eq. (17) for /\/lflll)’C as

. w
M =i (vn Bl = ob Baf ) + 5 | (v + of) 4D ASy + (b + 0D AR AL L (20)
where we have defined
1
Bl = 5T ((Dywi|H — 1| Dett) — (Dew|H — 5| Dyuy,)) — 2%; €peaS . (21)

The first term in Eq. (20) is molecular for [ # n and band dispersive for [ = n, whereas
the second term is purely band dispersive and vanishes for [ = n (the distinction between
molecular and band-dispersive contributions was introduced in Sec. 3.1).

From the gauge-covariant and Hermitian matrices A® and B%, we can now define for
crystals the intrinsic multipole transition moments that were introduced in Eq. (2) for
molecules. The intrinsic electric-dipole matrix is d* = —eA%, while the intrinsic magnetic-
dipole and electric-quadrupole matrices are related to the antisymmetric and symmetric
parts of B as follows,

_ e
Mip = ieachlbﬁv (22a)
ais =~ (Bl + BiY) - (22b)
Win
Thus,

dpy = —e(un|iDyw) , (23a)

_ e g +e eg
my, = %<Dkul\ X <H - n) |Dyun,) — Tn;esl”’ (23b)

e

= —5 ((Dyur| Devn) + {Dewr] Dyun)) (23c)

where my,, comprises orbital and spin contributions. By expanding the covariant deriva-

tives and then setting I = n, one finds that d,, = 0 [see Eq. (19)], and that m,,, and
—q% /e are respectively the intrinsic magnetic moment m,, [39] and the quantum metric
gb¢ [40] of a Bloch eigenstate.
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Using Eq. (19) for Ay, together with the completeness relation, Eq. (23) can be recast
in a more convenient form for numerical work,

_ ieYl if [ #£n
d, = Wni , 24a,
" {o if1=n (24a)
_ orb e 1 1
wit = 3 (o) e 2
p#ln

~bc e U?pvlgn
Bo=—5 > |SE+ e (24c)

p#ln “plWpn

As they are written in terms of matrix elements of the velocity operator, these expressions

are manifestly origin independent. The correspondence with the molecular expressions in
Eq. (2) will be established in Sec. 4.

In the case of degenerate bands, Eq. (23) gets modified in the manner described in
Sec. 3.3.2. The modified Eq. (24) remains nonsingular, as its energy denominator only
contains energy differences between nondegenerate bands.

There is at present considerable interest in quantum-geometric quantities associated
with interband optical responses [49]. In this regard, we note that the quantity —g¢/e is
distinct from the “band-resolved quantum metric” gf’nc = (A?n o1t AanZl) /2 that has
been introduced in connection with nonlinear optical responses [50-52]. The quantity glbﬁ
is gauge invariant for every [ and n, and when summed over [ it gives the quantum metric
of band n, g% = Re (Opun|Ocu,) — ALAS. Instead, —cjﬁf/ e is gauge covariant for [ # n,
and for [ = n it reduces to g&°.

3.5 Final expression

We have now gathered all the needed ingredients to evaluate Eq. (13) for o4 (@), namely
the expansion coefficients of £ in Eq. (14), and those of M in Egs. (16) and (20). In
Egs. (26) and (31) below, we break down the resulting expression into antisymmetric (7-
even) and symmetric (7-odd) parts. The real and imaginary parts of those two equations
are either absorptive or reactive, as per Eq. (5).

To arrive at Eqgs. (26) and (31), several terms containing double band summations
were eliminated by exchanging the [ and n indices (note also that the [ = n terms therein
vanish, because fn, = wpn, = A%, = 0). Those equations are written in terms of the A®
and B matrices, which in turn are related to the intrinsic multipole transition moments
by 1 1

=g Bli= mieact ol (25)

According to Eq. (24), the A® and B matrices depend exclusively on band energies
and interband velocity matrix elements. From the restrictions imposed on the-latter these
quantities by the presence of P, T, or PT symmetry [47], the restrictions on A% and B
can be deduced. In this way, it may be verified that the expressions given below satisfy
the symmetry constraints discussed at the end of Sec. 2.
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3.5.1 Antisymmetric (time-even) part

The antisymmetric part of g, (@) takes the form

0@ =0 % [ 2@ = fum [45,58 ~ (0 o 0)
n,l

62
+ fin [; (0% + %) Im (Aﬁ;lA;’n) (o b)]
+ fin (3wl — &2) Zin (@)Im (AglA?n) % (0 +vf)
- frontin (4345, o2}
1 ! a pbe b pac
+ 5 Zn: /k fn (vann - van) . (26)

The five terms in this expression can be classified as follows. The first is molecular, while
the others are band dispersive; the four inside curly brackets are interband, while the fifth
is intraband; and the first three are Fermi-sea-like, while the last two are Fermi-surface-like.

In insulators and cold semiconductors, only the Fermi-sea terms survive, and one
can compare with previous treatments of optical activity in nonconducting crystals. In
Refs. [19,22], the sole band-dispersion contribution to ¢4 (@) came from differentiating
the £ matrix, that is, from the first term of Eq. (13) for Vaabvc(d;). It went unnoticed in
those works that the other term in that equation — where one differentiates the M matrix
instead — is not purely molecular, as shown in Eq. (20). This is why we have not two but
three Fermi-sea terms in Eq. (26), one molecular and two band dispersive.

In conductors, the Fermi-surface terms contribute as well. Using Eq. (25), the last
term in Eq. (26) becomes (€4cq4Kpq — €bcdFad) /(€20), where

Kugp = —Z/kﬂlvfimfl— Z/kfn&mzz. (27)

This intraband contribution to optical activity involving the intrinsic magnetic moment
of conduction electrons was identified in Refs. [23,24], and was evaluated for p-doped
tellurium in Refs. [28,53]. The fourth term in Eq. (26) gives an additional interband
contribution to the optical activity of conductors that was overlooked in previous works.

The low-frequency behavior of the optical rotatory dispersion is different in insulators
and in conductors. For simplicity, let us consider the propagation of light along the optical
axis z of a uniaxial crystal. The rotatory power is given by [1]

W

_ A . _—1

p(wa T) - 26260 Re [Uzy,z (w +or )] ’ (28)
where €y is the vacuum permittivity and c is the speed of light. To deal with absorp-
tion, the positive infinitesimal 7 in @ = w + in has been reinterpreted heuristically as a
phenomenological scattering rate 7! [6,45,54]. For frequencies and scattering rates well

below the threshold for the interband transitions, w, 771 < wWeap, Eq. (26) yields

(wr)?

— 2

p(w, 7)
The coefficient b comes from the interband terms which have @ prefactors, and a =

—(e/c*eoh) Kyy (With Kup = Ky,) comes from the intraband term with a 1/@ prefac-
tor. In insulators the coefficient a vanishes, and hence the rotatory power displays the

10
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familiar w? dependence at low frequencies [6]; in conductors that coefficient is nonzero,
and one can distinguish two different regimes as follows,

(T2a +b)w? fwr <1,
w,T) 30
pleT) {a+bw2 ifwr>1. (30)

In Sec. 6, we will illustrate these low-frequency profiles for a concrete tight-binding model.

3.5.2 Symmetric (time-odd) part

The symmetric part of ogp (@) reads

h - . ~ a pbe
2 afbyc(w) =1 Z /k Zln(w){flnwlnRe [AnlBlbn + (a < b)]
n,l

1
+ finwin [2 (vn +vf') Re (Anglcn> + (a < b)]
~ fintsin Zin(@)Re (AZ AL ) (v + 0f)
+ Frsd e (Az,h,) ot

7
-5 [ ket (31)
n

The first three terms are Fermi-sea-like, and can be compared with the expressions ob-
tained for insulators in Ref. [22]. The third is band dispersive, and it corresponds to
Eq. (31) in that work, while the first two add up to Eq. (30) therein, revealing its mixed
molecular/dispersive character.

The remaining two terms in Eq. (31) are Fermi-surface-like, and they can be compared
with the expressions obtained for metals in Ref. [25]. The last term was identified in that
work. Writing w?, Z;,(@) as 1 + ©@2Z,(@) and noting that Re ", A% A% is the quantum
metric g% = —g% /e [this can be seen from Eqgs. (19) and (24c)], the fourth term in
Eq. (31) splits into intraband and interband parts as follows,

i [ puatt v > | fiZm(@Re (az,47,) ot (32)

The intraband piece is similar to the quantity K,, in Eq. (27), but with the intrinsic
magnetic moment replaced by the quantum metric (intrinsic quadrupole moment). An
equivalent result was obtained in Ref. [25] for two-band models, but without invoking the
identities leading up to Eq. (32), which is what allowed us to isolate a quantum-metric
contribution in the general multiband case.

3.6 Magnetoelectric and quadrupolar responses

As recognized in Ref. [3], the physical basis for o4 (w) is provided by quadrupolar and
magnetoelectric couplings. The quadrupolar couplings are described by a 7T-odd totally-
symmetric tensor ygp.(w), and the magnetoelectric ones by a T-odd traceless tensor dq,(w)

11



SciPost Physics

together with a 7-even tensor dyp(w). Those tensors are defined as [3,22]

Tase() = 5. [05,e(0) + 050() + 05000 (33a)
(W) = %Usc,d(w)ecdba (33b)
G = Sesea [0740() — 2070 ()] (33¢)
so that
5y (W) = i [eqcdtia(w) + bcdClad(w)] + PYabe (W) , (34a)
Tah (W) = i [€acatiba(w) — €bcatad(w)] - (34D)

Inserting Eq. (34) in Eq. (3) for the induced current density and then using the Maxwell-
Faraday equation yields

J = (V x M)+ [agp(w) — dap(w)] 8tBZJ’q + Yabe(w)Vp EZ9 (35)

where X“*9 denotes X (w, q)e' (@~ and M"Y = [dpq (w) + dpa(w)] B4

In the quasi-static limit the electric and magnetic fields become decoupled, and the
three terms in Eq. (35) describe separate physical responses. The first corresponds to a
magnetization current induced by an electric field; the second to a current induced by
a time-varying magnetic field; and the third to a current induced by a spatially-varying
electric field. The first two are direct and inverse magnetoelectric effects [1], and the third
is an electric quadrupolar effect.

The T-even magnetoelectric tensor ¢ describes a “kinetic” magnetoelectric effect in
gyrotropic conductors [55], while the 7T-odd tensor &, describes magnetoelectric effects
in both insulators and conductors. In the case of insulators, the inverse magnetoelectric
response can be expressed as as a polarization current, 9; Py = dab(w)atBZ”q. Integrating
the adiabatic current in the quasi-static limit, one obtains the familiar form P, = &, By of
the inverse magnetoelectric effect in insulators [1]. The full 7-odd magnetoelectric tensor
includes an additional trace (“axion”) piece (fe?/2mh)dq; the axion angle @ is boundary
sensitive [38], and this is why it is not captured by the present formalism, which is based
on the electromagnetic response of a bulk medium.

Quantum-mechanical expressions for the static magnetoelectric and quadrupolar sus-
ceptibilities can be obtained by inserting in Eq. (33) the formulas given in Sec. 3.5 for
USb, (w) and Jﬁb’ o(w), evaluated at w = 0. This has been done in previous works for se-
lected terms only: in Ref. [22], the Fermi-sea orbital contribution to é,;(0) was shown to
give the traceless part of the orbital magnetoelectric susceptibility tensor of insulators [56];
and in Ref. [23], the intraband contribution to dg(0) was shown to reproduce the kinetic
magnetoelectric susceptibility obtained from Boltzmann transport in the relaxation time
approximation combined with the modern theory of orbital magnetization [57].

Compared to those previous works, the present formalism provides a more complete
description. In particular, it captures 7-odd magnetoelectric and electric-quadrupolar
effects in conductors that so far have only been treated semiclassically [25,58-60], and
which found were to involve the quantum metric. A detailed account of magnetoelectric
and electric-quadrupolar responses on the basis of the present formalism will be given in
a separate work.

12
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4 Molecular limit

In this section, we analyze the molecular limit of our formalism. First, we show how in
that limit the bulk expressions for the intrinsic transition moments d, m, and g reduce to
those in Eq. (2). We then show how the formulas for 0% (@) and 0%, (@) reduce to the
standard molecular expressions in terms of the ordinary transition moments d, m, and ¢

in Eq. (1).
Consider an idealized molecular crystal composed of nonoverlapping units. For such a
crystal, the cell-periodic Bloch states assume the form [61,62]

Unk(r) = e Mg [E(r)] (36)

where £(r) = r — R(r) is the intracell coordinate, R(r) is the lattice vector that folds the
absolute coordinate r into the home unit cell, ¢, (r) is vanishingly small outside that cell,
and = denotes an equality that only holds in the molecular limit. The intraband Berry
connection can now be easily evaluated by integrating over the home cell,

Ay = | de ()T i [T (x)] =10, (37)

cell

and the covariant derivative of a Bloch state reduces to
Dkunk(r) = _ie_ik.r (I‘ - f‘n) ¢n(r) ) (38)

for r in the home cell. Using this identity in Eq. (23) for d, m, and ¢, we recover after
some manipulations the expressions in Eq. (2). In the case of m, it is necessary to invoke
the operator identity [vq, rp] = [vp, 74| to rewrite (r x v —v X r)/2 asr X v.

With these relations in hand, we can address the molecular limit of Egs. (26) and
(31) for Ufbj (@) and USb, .(@). Since the energy bands become dispersionless in that limit,
all band-dispersion terms in those equations vanish, leaving only the first term in each
of them; and since the transition moments also become independent of k, we can set

Ji =1/Ve in those terms (V is the cell volume) to find

. A w _
Veogse = Gogtare + 5 abe = (@ ¢ 1), (39a)
. . A w_
ZVCUSb,c = —Gad€dbe + 5&;1)6 + (a <), (39b)

where we dropped the @ dependence for brevity, and defined the (extensive) molecular
tensors

= 1 _
Gap = % Z fnlwanlnRe (dglm?n) s (40&)
n,l
_ 1 _
w="7 D fu®ZiIm (dzlﬁd’n> , (40D)
n,l
1 _
Qabe = ﬁ Z fnlwanlnRe (d?Ll(jlbg> ) (40C)
n,l
' 1 WIQn ja =bc
Agpe = _ﬁ Z fnl?ZlnIm (dnlqm) . (40(21)
n,l

Writing f; as fn(1 — fi) — fi(1 — fn), the fu factors in these expressions can be

replaced with 2f,(1 — f;). In that form, G, G’ and @ become single-particle versions of
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the multipolar susceptibility tensors G, G' and a defined in Egs. (2.83), (2.85) and (2.86)
of Ref. [7], with one difference: the ordinary transition moments d, m, and ¢ have been
replaced with d, m, and ¢. It is not immediately clear that the same is true for @', since
Eq. (40d) contains a factor of w?, /@ in place of the @ factor appearing in Eq. (2.84) of
Ref. [7] for a’. However, those factors are interchangeable in the expression for o', as
can be seen in the manner described around around Egs. (2.75-2.78) of Ref. [7]. Thus,
(G,G',a,a') are origin-independent versions of the molecular tensors (G, G, a,a’) entering
the standard multipole theory.

Next, let us consider the propagation of light inside our idealized molecular crystal.
For a given propagation direction n, we define (intensive) optical-activity and gyrotropic-
birefringence tensors as B4 (h) = (‘l\b e and B3 (R) = ia§b7 Me, respectively. Using
Eq. (39), we obtain Egs. (5.8) and (5.9) of Ref. [7] for those tensors, but with (G, G’, @, @) in
place of (G, G’,a,d’). Inserting Eq. (2) in Eq. (40), the terms containing the orbital centers
drop out from the combinations of molecular tensors appearing in Eq. (39). Thus, (d,m, §)
can be safely replaced by (d, m, q) for the purpose of evaluating the optical properties of an
idealized molecular crystal. This completes the proof that our formalism correctly reduces
to the standard single-particle multipole theory in the molecular limit.

In summary, we have in Egs. (39) and (40) a reformulation of the molecular multipole
theory of optical spatial dispersion at linear order in q in terms of translationally-invariant
property tensors. This is in contrast to the standard formulation, where translational
invariance is achieved by a cancellation between the origin dependences of the magnetic-
dipole and electric-quadrupole terms [6-9].

5 Sum rules

In Sec. 3.1, we wrote two alternative Kubo formulas for o4;(w, q), namely Egs. (7) and (11).
The former displays apparent 1/w divergences at w = 0, whereas the latter is explicitly
divergence free. In this section, we scrutinize the mathematical identities that underlie
the equivalence between those two formulas at zeroth and first order in q, and relate those
identities to the oscillator- and rotatory-strength sum rules.

5.1 Equivalence between the two forms of the Kubo formula

Let us denote as (ie?/w)Aq(q) the difference between the reactive parts of the Kubo
formulas (7) and (11). Writing 1/[x(a - 1‘)] as (1/a)[1/3: +1/(a —z)], we find

fln

Aala) = b [t (a1)
and using
Wln(q) = _wnl(_q) ) (42&)
fln(q) = _fnl(_q)’ (42b)
M) = [Mid(-a)| (420)
Mi(a) = [M(@)] (424)
we obtain
Re Aab(q) = Re Aba(q) = Re Aa,b(_Q) ) (433‘)
ImAgp(q) = —Im Ape(q) = —Im Ay (—q) . (43Db)
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For the two Kubo formulas to be equivalent, A,;(q) must vanish identically, and according
to the derivation in Sec. 3.1 this is guaranteed by the Kramers-Kronig relations. To analyze
the behavior of Ay;(q) at zeroth and first order in q, we expand it as

Aab(q) = Aab(o) + Aab,cqc + O(q2) . (44)

Let us start with the zeroth-order term in the expansion. Writing the electron density
N in the first term of Eq. (41) as Y, [, fn, and using the identity in Eq. (15), followed by
an integration by parts, to deal with the [ = n contribution to the second term, we obtain

b 2
Oab veVi) 1 9% |
/ n QZ o R Okaky| (45)

The quantity in square brackets is formally real and symmetric in accordance with Eq. (43a),
and it vanishes identically by virtue of the effective-mass theorem. We note that the same
theorem was invoked in Ref. [63] to remove the apparent divergence at w = 0 in the
dielectric function of insulators and semiconductors.

In preparation for analyzing the first-order term in Eq. (44), let us compare Eq. (41) for
Agp(q) with the w — 0 limit of I (w, q) = iwoe(w, q) [see Eq. (3)], evaluated using the
Kubo formula (7). This gives —e2A5(q) = H45(0,q), and so —e2Agp . = 9y Iap (0, )| =0
From the analysis of this quantity in Ref. [23] (see Sec. ITI.A.1 of its Supplemental Mate-
rial), we conclude that

)
A(JLb,c - _heabczn:/kfn vp -2, =0 s (46)

where ,, is the Berry curvature. In agreement with Eq. (43b), the expression above is
purely imaginary and antisymmetric in a and b. It vanishes identically for topological
reasons, and that amounts to a no-go theorem for the chiral magnetic effect in equilib-
rium [23].

In a recent work [36], an expression was derived for og (w) that contains a term
diverging as 1/w. The authors found that the prefactor of that term was neglibible for a
specific tight-binding model, but they were unable to confirm analytically that it vanishes
in general. The removal of that apparent divergence can be achieved by means of Eq. (46).

The vanishing of Ag(q) dictates the high-frequency behavior of the optical conduc-
tivity as follows. Suppose there is a frequency wmax above which the system does not
absorb [6]; setting w > wmax in Eqgs. (11) and (12) and comparing with Eq. (41), we can
deduce that 0N e

Jab(w > Wmax; 4 ) = 5ablem - L; Aab(Q) . (47)

e

Thus, at high frequencies the optical conductivity reduces to the diamagnetic term; and
since that term is independent of q, we conclude that o4,(w,0) decays as 1/w.

In Sec. 5.2.4 of Ref. [6], the high-frequency behavior of the optical activity of molecules
was inferred from the rotatory-strength sum rule. This is consistent with the present
analysis, because that sum rule is a direct consequence of the vanishing of Ay, ., as we
will now show.

5.2 Optical sum rules

Consider the sum rules obtained by integrating over positive frequencies the absorptive
part of the optical conductivity, taking into account both interband and intraband ab-
sorption. Writing [ f(w)dw as (f(w)) and using Eq. (5) yields

<aab (w,q)) = (Re o, (w,q)) + i (Imopy(w,q)) . (48)
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To evaluate this quantity, we begin by taking the Hermitian part of Eq. (11) for n — 0T,

o 7'('62 fln(q) a
o-(Iz_Ib(wv q) - _? ~ . Wln(Q) Mnll)(q)(s [w - WZn(Q)] : (49)
Making the substitution
fm(@) = filk+a/2)[1 = fu(k —a/2)] - fu(k —q/2)[1 - filk +q/2)] ,  (50)

and noting that at zero temperature only the second term contributes to Eq. (49) when
w > 0 and q ~ 0, we obtain

(ReoSy(w,q)) + i {Imaly(w,q)) = Rap(q) + i Lup(q) , (51)
where we have defined

Re [M%(q)
Ra(a Z/fn (k—q/2) [1—fl(k+Q/2)]Lln(qlq}

(
)

m ab
() =" > /k fulk —a/2) 11— filk + q/2) IWz§<1>] |

7 (52a)

womla (52b)

Let us split Ryg(q) and Iy(q) in Eq. (51) into even and odd parts in q. Using the
identities in Eq. (42), one finds that the even part of Ru(q) plus the odd part of il,,(q)
is proportional to the second term in Eq. (41) for Ag(q). Therefore,

2

<Re‘7 7q)> = % [5abN/me — Re Aab(Q)] + % [Rab(q) - Rab(_q)] s (533‘)
7T€2

(1m0, ) = ~ T~ Aga(a) + 5 [La(@) + Lop( )] (53b)

where we keep track of the vanishing quantity Agp(q).

The expansion of Eq. (53) in powers of q generates a series of sum rules. Since,
according to Eq. (43), the terms Re Ay, and Im Ay, only contribute (formally) at even
and odd orders in q, respectively, and since the reverse is true for the second terms in
Egs. (53a) and (53b), we obtain

<Reaab (w,0)) = abN/me — Agw(0)] (54a)
<Im oop(w,0)) = I (54b)
(Re o, o(w)) = Rapye, (54c)
<Im Tabc( w)) = Agbe s (54d)

to linear order in . Below, we consider each of these identities in turn.
Once we set Agy(0) = 0 in accordance with Eq. (45), Eq. (54a) becomes the oscillator-

strength sum rule [1]
2

“p

gdab 5 (55)
where w, = (4me?N /me)'/? is the plasma frequency. As already mentioned, for tight-
binding models the diamagnetic term in Eq. (7) changes form while Eq. (11) remains
unchanged, which leads to a modified oscillator-strength sum rule [46].

(Re o5 (w, 0)) =
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Equation (54b) is the rotatory-strength sum rule for magnetic circular dichroism. At
q = 0, the intraband part of Eq. (52b) vanishes because M2 (0) is real, and from the
interband part we recover the bulk expression given in Ref. [64] for that sum rule. If a single
band is occupied, the integrated magnetic circular dichroism spectrum is proportional to
the intrinsic orbital magnetic moment of the Bloch states in that band [64, 65].

Equation (54c¢) is a sum rule for nonreciprocal directional dichroism. An explicit
expression can be obtained by expanding Eq. (52a) to first order in q.

Finally, by setting Agp . = 0 in Eq. (54d) in accordance with Eq. (46), we arrive at the
rotatory-strength sum rule for natural circular dichroism,

<Im U&’C(w» =0. (56)

This sum rule is well known for molecules in solution [5], as well as for oriented molecules [6].
Here, we have relied on a topological argument [23] to show that it remains valid for crys-
tals, both insulating and conducting. Alternative discussions restricted to insulators are
given in Refs. [19,20].

The above derivation highlights the connection between the oscillator-strength and
natural rotatory-strength sum rules for crystals, and the equivalence between the Kubo
formulas (7) and (11) — that is, the vanishing of Ay (q) — at zero and first order in q,
respectively. More generally, the expansion of Eq. (53) in powers of q yields at each order
two optical sum rules, one of which relies on the vanishing of Ay, (q) at that order.

6 A tight-binding example

In this section, we use numerical tight-binding calculations to validate our formalism, and
to illustrate the distinctive low-frequency profiles of the rotatory power in insulators and
conductors.

As a simple model of a bulk crystal with nonzero Jfb .» we take the tight-binding model
of Ref. [57], which consists of honeycomb layers couple’d by a chiral pattern of interlayer
hoppings. To break time-reversal symmetry, so that Jasb . becomes nonzero as well, we
add complex intralayer hoppings. The resulting model is depicted in Fig. 1(a), and its

Hamiltonian reads

H=A Zfzcjcz + 1ty Z ijl-LCj + % Z C;-[ (O’ . 51']') ¢+ % Z CI (0’ . dij) Cj - (57)
¢ (4,9) (4,9 [4,4]

The first term is a staggered on-site potential, with & = 41 for the two sublattices in each
layer. The second and third terms describe intralayer hoppings between nearest-neighbor
sites 7 and j: the second is the complex hopping responsible for breaking time reversal, and
the third is a spin-orbit coupling term; therein, o is the vector of Pauli matrices and d;;
is the vector taking from site j to site ¢. The last term is the helical pattern of interlayer
hoppings that renders the model chiral, with d;; the vector taking from site j to site ¢
in adjacent layers. We choose the distance a between nearest-neighbor sites on the same
layer as the unit of length, and the nearest-neighbor hopping amplitude t; as the unit of
energy. For our tests, we set ¢ =1, A = 0.5, Ay = —0.06, and A\ = 0.05.

Exploiting the translational symmetry of the crystal, we replace the site indices {i}
with {Ri}, where the lattice vector R labels the cell, and 7 is now an intracell site index.
The Hamiltonian matrix elements are denoted by H;;(R) = (¢oi|H|¢pr;), where ¢r;(r) =
@;j(r — R — 7;) is a basis orbital centered at R — 7; [38]. The tight-binding Hamiltonian
in k space is constructed as

Hzl; — Z eik-(RJr‘rjf‘ri)inj (R) 7 (58)
R
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Figure 1: (a) The tight-binding model of Eq. (57). The crystallographic vectors are
a; = (V/3a,0,0), ay = (v/3a/2,3a/2,0) and a3 = (0,0,c), with a the distance between
nearest-neighbor sites on the same layer, and c the interlayer distance. The on-site energies
and hoppings are indicated schematically. As shown on the right, the complex intralayer
hoppings from +A sites to —A sites have amplitude it1; the reverse hoppings (not shown)
have amplitude —it;. (b) Band structure of the model for the Hamiltonian parameters
given in the main text.

leading to the eigenvalue equation Hy - Cpx = €nkCrk-

The energy bands of the model are displayed in Fig. 1(b). There are two composite
groups with two bands each, separated by a gap. We treat the lowest group as occupied,
and calculate U?b,c and USb,c at zero temperature using Eqgs. (26) and (31), respectively.
The A% and B® matrices are evaluated from Eqs. (24) and (25), with effective velocity
matrix elements given by [46]

1
vu(k) = ﬁC;ka - (OxHy) - Cix . (59)
As the system is insulating, the only nonzero contributions to o4 (w) come from the

Fermi-sea terms in Egs. (26) and (31); we will restrict our calculations to frequencies well
below the threshold for interband absorption, where one can safely set = 0 in those

equations.
The magnetic point group of the model is 32. Of the four independent tensor com-
ponents that are allowed by symmetry [66,67], aﬁz’m, ag\y,z, agx’y and agzy, only the first

three are actually nonzero when the Fermi level e lies in the gap. Converged results,
obtained by sampling the Brillouin zone on a uniform mesh of 50 x 50 x 50 k points, are
shown as solid lines in Fig. 2.

For comparison, we show as filled circles in Fig. 2 the results obtained from calculations
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0.5 1

Figure 2: Numerical results for the nonzero components of oy, . for the model of Eq. (57)
and Fig. 1, with the two lowest bands treated as occupied. The results are plotted as
a function of frequency up to Aiw = 0.3, which is well below the threshold for interband
absorption (ggap ~ 0.53). Filled circles: extrapolation from finite-size crystallites. Solid
lines: bulk crystal. The tensor o4, has been divided by e?/h to make it dimensionless.

on finite crystallites. We treat them as “molecules,” and evaluate Jﬁ) . and agb . from
Eq. (39) under open boundary conditions. Calculations are performed for samplés with
L +1 unit cells in each crystallographic direction, with L ranging from 4 to 12. The results
are extrapolated to L — oo by fitting them to the function

FL) = fo+ fi/L+ fof I + f3/ L%, (60)

where fy is the extrapolated value to be compared with the result of the bulk calcula-
tion, and fi/L, fo/L?, and f3/L? account for face, edge, and corner corrections, respec-
tively [68]. The excellent agreement seen in Fig. 2 between the two types of calculations
confirms the validity of our formalism for band insulators.

In Fig. 3, we take the Jxijz curves from Fig. 2 and split them into origin-independent
contributions. For the extrapolated crystallites (left panel), there are two types of con-
tributions in Eq. (39): those containing m are denoted as M1, and those containing ¢
are denoted as E2. For the bulk crystal (right panel), there are, in addition to M1 and
E2 contributions from the first term in Eq. (26), band-dispersion contributions from the
second and third terms, which are denoted as v.

A comparison between the two panels of Fig. 3 reveals that the M1 and E2 contributions
are different for the extrapolated crystallites and for the bulk crystal, with the difference
being exactly compensated by the v contributions that are only present in the latter. A
similar situation occurs for the ground-state orbital magnetization of a crystal, whose bulk
expression contains a subtle Berry-curvature term without an obvious counterpart in the
molecular theory [68,69]. For a two-dimensional insulator with a single valence band, that
term reads —(e/2h) [, ex(9.Ay — 0yA;) or, after integrating by parts, (e/2) [, (vz Ay —
vyAy). As in Fig. 3, this additional band-dispersion contribution must be included in the
bulk calculation to recover the net orbital magnetization of a large flake [68,69].

To conclude, let us illustrate the different low-frequency behaviors of the rotatory
power in insulating and conducting states of our model. We evaluate p(w, 7) for the bulk
model from Egs. (26) and (28), setting i/7 = 2 x 1073, The frequency range is chosen
as 0 < hw < 1072, and the calculation is carried out at zero temperature for ep = 0.0
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Figure 3: Decomposition of the J?y’ . curves in Fig. 2 into three types of origin-independent
contributions: intrinsic magnetic dipole (M1), intrisic electric quadrupole (E2), and band
dispersive (v). The latter is only present in the bulk calculation on the right, and it must
be included to obtain the same total result as in the extrapolated crystallite calculations
on the left.

(insulator) and ep = 1.0 (metal). In both cases, a uniform mesh of 100 x 100 x 100 & points
is used to sample the Brillouin zone; to improve the convergence of the calculation in the
metallic case, the Fermi-surface terms in Eq. (26) are evaluated as Fermi-sea integrals by
performing an integration by parts.

The resulting p(w) profiles, plotted in Fig. 4 as solid lines, display the behavior dictated
by Eq. (29). The insulator displays a simple p o w? decay with a negligible influence from
the scattering time 7. Instead, for the metal one can distinguish two different parabolic
regimes (dashed lines) delimited by wr ~ 1, in accordance with Eq. (30). This distinc-
tive low-frequency profile of the optical rotatory dispersion in conducting crystals awaits
experimental verification.

7 Summary and discussion

In summary, we have developed a band-theoretical description of optical spatial dispersion
in insulating and conducting crystals. The novelty with respect to previous formulations
resides in the fact that the current induced by the optical field is given in a physically-
transparent form, as a sum of contributions that are individually origin independent, and
which remain invariant under single-band gauge transformations of the Bloch eigenstates.
Although we have focused on the optical conductivity o4 (w) at first order in q, higher-
order responses can in principle be treated in a similar manner.

For a crystal composed of nonoverlapping units, our formula for og, .(w) reduces to
the standard multipole-theory expression for molecules, but with the transition moments
(d,m,q) of Eq. (1) replaced by their intrinsic (origin-independent) counterparts (d, m, q)
given by Eq. (2). Away from the molecular limit, o4 .(w) changes in two ways. First,
the intrinsic transition moments between delocalized Bloch eigenstates are no longer given
by Eq. (2); instead, one should use either the quantum-geometric expressions in Eq. (23),
or their sum-over-states counterparts in Eq. (24). The second change is that o4 (w) ac-
quires additional band-dispersion contributions associated with electron transfer between
crystal cells; this is in line with the modern theories of electric polarization and orbital
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Figure 4: Low-frequency optical rotatory dispersion of the model of Eq. (57) and Fig. 1 in
an insulating state (ep = 0.0), and in a metallic state (e = 1.0). Numerical results based
on Eq. (29) are shown as solid lines. The dashed lines are guides to the eye, indicating
the distinct parabolic behaviors in the metallic state for w7 <« 1 and for wr > 1, as
per Eq. (30), and the faint vertical line indicates the crossover frequency w = 1/7. The
rotatory power has units of radians per length.

magnetization in crystals [38].

There were two key aspects to our derivation. The first was the use of covariant
Bloch-state derivatives to expand the optical conductivity in powers of q; this allowed us
to eliminate spurious noncovariant terms, and to isolate the physically relevant matrix
elements d, m, and g. The second was the choice of the nonsingular form of the Kubo
formula in Eq. (11), rather than Eq. (7), as the starting point for the expansion in q. An
order-by-order analysis of the equivalence between the Kubo formulas (7) and (11) led us
to identify a hierarchy of optical sum rules. In particular, we found that the well-known
rotatory-strength sum rule from molecular physics remains valid for crystals, thanks to a
topological argument involving the k-space Berry curvature.

Our work opens up new prospects for realistic ab initio calculations of spatially-
dispersive optical responses in crystals, and of static magnetoelectric and quadrupolar
responses as well. An implementation based on the sum-over-states formulas for (d,m, q)
in Eq. (24) has already been carried out in a concurrent work done in coordination with
the present one [70], and we also envision evaluating the k-derivative formulas in Eq. (23)
using Wannier interpolation [71].

In closing, we mention a possible connection with the theory of the orbital Hall effect.
It was recently proposed [72-74] to evaluate the orbital Hall conductivity using an orbital-
current operator whose matrix elements in the Bloch-eigenstate basis are proportional to
> (mz;(l)rbvfn + vfnlm;’borb). Here, m%b is the bulk generalization of Eq. (1b), given by
the same expression as in Eq. (23b) for ﬁl%b, but with the covariant derivatives therein
replaced by ordinary derivatives. The two definitions are related by

— orb orb €
my,” = my,” — W (A +Ap) X Ay, (61)

in

and therefore they agree for [ = n only. For [ # n, the two terms on the right-hand side of
Eq. (61) are not separately gauge covariant, and the lack of gauge covariance of mféb makes
the orbital Hall conductivity gauge dependent. This suggest that one should generally use

rh%b instead of m%b when evaluating the orbital Hall conductivity. In other words, one
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is allowed to work with m$* only in the parallel-transport gauge, where A; = A, = 0.
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