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Electric field-induced Kerr rotation on metallic surfaces
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We use a combination of density functional theory calculations and optical modeling to establish that the
electric field-induced Kerr rotation in metallic thin films has contributions from both nonequilibrium orbital
moment accumulation (arising from the orbital Edelstein effect) and a heretofore overlooked surface Pockels
effect. The Kerr rotation associated with orbital accumulation has been studied in previous works and is largely
due to the dc electric field-induced change of the electron distribution function. In contrast, the surface Pockels
effect is largely due to the dc field-induced change to the wave functions. Both of these contributions arise from
the dual mirror symmetry breaking from the surface and from the dc applied field. Our calculations show that
the resulting Kerr rotation is due to the dc electric field modification of the optical conductivity within a couple
of nanometers from the surface, consistent with the dependence on the local mirror symmetry breaking at the
surface. For thin films of Pt, our calculations show that the relative contributions of the orbital Edelstein and
surface Pockels effects are comparable and that they have different effects on Kerr rotation of s and p polarized
light, 63 and 0%. The orbital Edelstein effect yields similar values of 63 and 6%, while the surface Pockels effect

leads to opposing values of 65 and 0%.

DOI: 10.1103/rgh2-2nfz

I. INTRODUCTION

The magneto-optical Kerr effect (MOKE) has emerged as
a cornerstone technique in the study of magnetic materials,
offering valuable insights into their properties [1-3]. It is a
fundamental phenomenon extensively studied for its appli-
cations in magnetic sensing, data storage, and optoelectronic
devices. This effect relies on the interaction between light and
the orbital part of the magnetization. In magnetic solids, the
orbital moment is typically created by the spin-orbit coupling
(SOC) interacting with the spin moment, but can also arise in
nonmagnetic materials due to orbital Hall effects from applied
electric fields. In recent years, there has been growing interest
in these electric field-induced MOKE signals in nonmagnetic
materials [4-7], as they offer insights into spin-orbit-coupling
effects and potential applications in spintronics. Nevertheless,
the microscopic origin of these signals, particularly in metals,
remains under active debate.

This study presents a theoretical investigation of electric
field-induced Kerr rotation on metallic surfaces, focusing on
platinum (Pt) as a model system. Our approach includes two
components. We first perform ab initio calculations of the
Pt film’s nonlocal (two-point) optical conductivity tensor in
the absence and presence of an applied in-plane dc field. We
then compute light scattering amplitudes using a scattering
method to solve Maxwell’s equations in media described by
the resulting full nonlocal dielectric tensor. The scattering am-
plitudes then give the Kerr rotation for both s- and p-polarized
incident light. With this approach, we can identify different
microscopic contributions to the Kerr rotation and the length
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scale near the surface of the Pt film over which the Kerr
rotation is generated.

The electric field-induced change to the optical conductiv-
ity is also known as the electro-optic effect [8]. This effect
is described with a third-rank tensor ;/ 5 (w), which relates the

current oscillating at frequency w, J(w), to the applied dc elec-
tric field £y and ac field, E(@): J*(@) = x5 (@)EP (0)E] .
In this work, we keep the dc electric field spatially uniform
and its direction fixed along the in-plane x axis [as shown in
Fig. 1(a)], while the ac electric field, the ac current, and the
response tensor are all position dependent. The conventional
electro-optic effect is typically considered in bulk insulators
[9-11], whereas this work focuses on the electro-optic effect
in metals, localized near the sample surface.

As we describe in Sec. II, our evaluation of the electro-
optic effect can be framed in terms of the effect of a dc
field perturbation on the ground-state ac conductivity. We
show that the static electric field modifies the ac conductiv-
ity via two distinct pathways: shifts in carrier occupancies
and field-induced reshaping of the electronic wave functions.
Within the semiclassical framework, we refer to the electro-
optic contribution arising from perturbations of the occupation
function as “extrinsic,” whereas the term originating from per-
turbations of the wave functions is labeled as “intrinsic.” We
describe the properties of each in the following paragraphs.

The dc field modification of the occupation function, or
extrinsic contribution to the electro-optic effect, has been
studied in previous works [12-15]. We show that for systems
that are time-reversal invariant in the ground state, this con-
tribution is antisymmetric in the indices of the modified ac
conductivity. By virtue of Onsager reciprocity, this implies
that the extrinsic effect is related to time-reversal symmetry-
breaking components of the system, which are introduced by

©2025 American Physical Society
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FIG. 1. (a) Schematic depiction of the electro-optic effect. In-
cident light with either s or p polarization gets rotated in response
to an in-plane bias dc electric field. (b) Schematic depiction of the
calculation geometry. To calculate the Kerr rotation, we limit the
electro-optic response to atomic layers near the top and bottom sur-
face regions (with thickness d) as shown by the shaded areas. In order
to capture optical length scales properly, we insert optically active
but electro-optically inactive layers between the top and bottom films
such that the total length is given by L = Ny Lo, Where Ny.x is the
total number of repeated optical unit cells. The film is oriented with
the x, y, and z axes along the (100), (010), and (001) directions.

the dc field. This corresponds to the dc field-induced orbital
magnetism, or orbital Edelstein effect [12]. Interpretations of
electric field-induced MOKE experiments [4-6,16] incorpo-
rate this contribution to the optical scattering and attribute the
Kerr rotation to this effect alone.

The dc field modification of the wave functions, or intrinsic
contribution, and subsequent modification to the conductivity
also plays a significant role in the Kerr rotation. We show that
this contribution leads to symmetric off-diagonal components
of the dc field-modified conductivity. This is in sharp dis-
tinction to the antisymmetric extrinsic effect; the symmetric
conductivity indicates a dc modification to the system which is
time-reversal symmetric. The symmetric linear electro-optic
response is the characteristic signature of the linear electro-
optic (Pockels) effect. In the Pockels effect, the breaking of
the mirror plane symmetry due to an external electrostatic
field in an insulator with intrinsic broken inversion symmetry
results in the modification of both diagonal and symmetric off-
diagonal components of the conductivity tensor. This effect
often leads to optical phenomena such as linear dichroism and
birefringence. The identification of this optical response in
metallic surfaces is one of the key findings of this work.

To compare with optical experiments, we incorporate the
dc field-modified conductivity tensor into Maxwell’s equa-
tions, numerically computing the Kerr rotation for incident
s- and p-polarized light. This calculation requires the inclu-
sion of the nonlocal conductivity tensor and an approach for
incorporating the DFT-computed conductivity tensor into sim-
ulations involving the much larger optical length scales. With
this machinery, we are able to study the extrinsic and intrinsic
electro-optic contributions to the Kerr angle separately to un-
derstand the roles each plays. We find that the extrinsic effect
results in roughly equal Kerr angles for s- and p-polarized
light, while the intrinsic effect yields approximately opposite
Kerr angles for s- and p-polarized light. Measuring the Kerr

angle for both s- and p-polarized light should allow the extrin-
sic and intrinsic contributions to be disentangled. By varying
the depths from the surface layer over which we include
the modified conductivity tensor, we find that the Kerr angle
saturates when the electro-optically active region extends a
couple of nanometers from the surface, with a characteristic
length that is less than 1 nm.

Our findings both provide insights into the microscopic
origins of electric field-induced Kerr rotation and have
broader implications for the interpretation of magneto-optical
measurements in nonmagnetic materials. By revealing the
complex interplay between intrinsic and extrinsic contribu-
tions, this work paves the way for more accurate modeling
and interpretation of magneto-optical phenomena in metallic
systems.

The paper is organized as follows: In Sec. IT A, we present
the expressions for the extrinsic and intrinsic electro-optic ten-
sors and discuss their most important properties. In Sec. II B,
we describe the approach to solving Maxwell’s equations with
nonlocal conductivity for realistically sized systems. We next
present the results of our calculation. We first show the results
for the electric field-induced Kerr rotation in Sec. III A and
make comparisons to experimental data. We next provide an
in-depth analysis of the calculated electro-optic tensor for this
system in Sec. III B. We conclude in Sec. I'V.

This work includes several Appendixes, which we catalog
here: Appendix A provides some details of the computational
methodology related to the density functional theory calcu-
lations. Appendix B provides the derivation the electro-optic
tensors. Appendix C relates our approach to previous work
on nonlinear optical conductivity. Appendix D derives the
symmetry properties of the intrinsic and extrinsic electro-optic
tensors. Appendix E gives details of solving the nonlocal
Maxwell’s equations. Appendix F describes the origin of a
bulk electro-optic spatial dispersion using a Drude model.
Appendix G shows results for the MOKE response of equi-
librium ferromagnets using our numerical approach. Finally,
Appendix H shows a scheme for extrapolating the optical
calculations to thicker films, which is an alternative to the
scheme presented in the main text.

II. THEORETICAL FORMALISM

In this section, we first derive the two-point, frequency-
dependent conductivity in equilibrium by calculating the
photonic linewidth due to electron-photon interaction. The
result is given by the standard expression for conductivity
[17,18] with the addition of site-projection operators on the
perturbation and response matrix elements. Next, we gener-
alize to nonequilibrium systems by including the change in
the density matrix due to the applied electric field, including
both interband transitions (leading to our intrinsic effect) and
intraband transitions (leading to our extrinsic effect).

The total Hamiltonian of a periodic electronic system
interacting with light is given by

7(DA5(1),
ey

Hlot(t) - Z CIM(I)HI/I. Jv(t)clu(t) + Z hwq

1J v
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where c}u () and ¢;, (¢) are the creation and annihilation op-
erators for an electron at time ¢, atom /, and atomic orbital
(including spin) . Here, bold symbols represent operators
in Fock (many-particle) space. The photonic dispersion is
denoted by fiwg, which has dimensions of energy, and alq(t)
and a,;(t) are the creation and annihilation operators for a
photon with polarization @ and momentum g at time ¢. In
real space, and assuming the vector potential varies slowly in
space, the time-dependent potential A() yields the following
tight-binding Hamiltonian matrix element between orbitals p
on atom / and v on atom J in a nonorthogonal atomic-orbital
basis with overlap Sy, ,:

e - e -
Hy (1) =H)), ,, + SO + A O By
e 1o X2
+ _[AI(I)+A](I)]SI//.,J1M (2)
4m
where H, ,‘L 7v(t) s the electronic Hamiltonian in the absence of
interactions with the photons, vy, ;, is the electronic velocity
operator given in Fourier space by Eq. (Al) in Appendix A,
—e is the electron charge, and m is the electron mass. The

electromagnetic vector potential at site / in Fourier space is
given by

h
2V we

A(w) = > lal (@8, +au@ial. ()

o

where ¢ is the vacuum permittivity, V is the volume, and
€, is the photon polarization vector, which is complex in
general.

The nonlocal optical conductivity is given by [12]

2 ~la ~J
he Z vmofl Umﬁ f mn ( 4)

Ola = =5 N
tasp (@) iV 2= &y (hw — & — 2i1)

Here, a hatted symbol denotes an operator acting in the single-
electron Hilbert space, and we define f., = f(¢,;) — f(&,z)
and e,, = ¢,; — &,;, with f(E) being the Fermi distribution
function. Since the system studied here consists of thin films
that are periodic only within the plane, the Brillouin-zone
sampling is restricted to in-plane wave vectors, k. More-
over, because the incident photons carry negligible in-plane
momentum, §;, all optical matrix elements couple electronic
states evaluated at the same crystal momentum k. The explicit
k index will be omitted from now on, where an averaging over
k points, Nik > ¢ is always understood whenever there is a
summation over band indices m, n. The site-resolved group
velocity is defined as, = (511 + 115)/2, where 1; is the site
operator (i.e., identity matrix for orbitals corresponding to site
I and zero elsewhere).

A. Effects of bias electric field

As shown in Appendix B, the change in optical
conductivity in response to the external electric field,
Xiwsp = 001a,75/€IEj , can be decomposed into the following

extrinsic and intrinsic components:

. he? 3 A 3 frun (50)
fa B 24y 0 (hw — &pn — 2in)emn Ok, ’
y,int h_ez [01/7 ﬁla]mnﬁ,ﬁz + ﬁ,ﬁ;[OAVv ﬁjﬂ]nm @
e fiw — & — 207 Emn
(5b)

where [,] refers to the commutation relation and we define
qu = iDpyRe[1/(gpg + in)]/€pg. The necessity to consider
the nonlocality of the off-diagonal surface electro-optic re-
sponse is explained in Appendix E. The superscripts “int” and
“ext” stand for intrinsic and extrinsic, respectively. Through-
out this manuscript, we adopt a fixed energy broadening of
n = 25 meV, which yields a room-temperature dc conductiv-
ity consistent with experimental measurements [12].

Although the full expression for the extrinsic electro-optic
response is obtained through a rigorous derivation provided in
Appendixes B and C, it can be intuitively interpreted as the ef-
fect of a bias-driven drift current that modifies Fermi-surface
electronic occupation and thereby modulates the optical ab-
sorption rate. Within the relaxation time approximation,
this effect is effectively described by the change in elec-
tronic occupation, given by 8fn,;/e8Ey = ﬁaf(en,;)/é)k”.
Consequently, the extrinsic contribution to the electro-optic
effect can alternatively be obtained by substituting the Fermi
distribution function in Eq. (4) with the nonequilibrium
occupation, § f, -

The intrinsic electro-optic effect is also derived in Ap-
pendixes B and C, and can be understood intuitively as the
perturbative change in electronic eigenstates and the resulting
modification of the layer-projected group velocity in Eq. (4)
in response to the biased electric field. This is expressed as

~la ~J
y,int __ hez a(vnf;vnnﬂz) fmn

1 IB = L eQE] e (hew — £y — 2i)

(6)

where 3(v/%)/edE] = [07, 1/%],, leads to Eq. (5b). Since
this effect arises from the external electric field breaking
the in-plane mirror symmetry and because the out-of-plane
symmetry breaking occurs locally at the interface region of
the material rather than throughout the bulk, it is referred to
as the “surface Pockels effect” [19]. This localized nature of
the symmetry breaking leads to the emergence of the electro-
optic response confined to the atomically thin layers near the
surface or interface region of the material.

For a system which is time-reversal invariant in its ground
state, the two parts of the electro-optic tensor follow opposite
exchange symmetries in their combined layer/direction

indices. The intrinsic contribution is symmetric,
,int ,int .. . . .

XI};I?/S =+ ijﬂ";a, whereas the extrinsic contribution is
. . y.ext __ _ _y.ext .

antisymmetric, x;, 75 = —X;5, (see Appendix D for a

derivation). The symmetry or antisymmetry with respect
to these indices indicates time-reversal invariance or
time-reversal breaking, respectively. Therefore, the extrinsic
(antisymmetric) contribution corresponds to a dc field-driven
breaking of time-reversal symmetry, while the intrinsic
(symmetric) contribution retains time-reversal invariance. For
this reason, the extrinsic contribution can be associated with
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orbital accumulation (orbital Edelstein effect), which breaks
time-reversal invariance, while the intrinsic contribution is
associated with the Pockels effect, which retains time-reversal
symmetry.

The indices of our response tensor include both the di-
rection of the applied electric field and the induced current,
along with the layer position of each. We find that the position
dependence includes substantial nonlocality, where an applied
ac field in layer 7 induces an ac current in layer J # I. We find
that these nonlocal components make a significant contribu-
tion to the Kerr rotation, and it is therefore necessary to solve
Maxwell’s equations with a nonlocal dielectric tensor. In peri-
odic systems, the real-space conductivity between sites I, J is
typically Fourier transformed to reciprocal space with a single
wave vector g, which corresponds to the optical wave vector.
In our case, the nonperiodicity along the film normal direction
requires the use of a real-space representation. In our results,
we find responses that are both symmetric and antisymmetric
with respect to layer indices. The latter would correspond to
odd powers of g in Fourier space, which describe phenomena
such as spatial dispersion [20,21]. We discuss this more in
Appendix F.

The necessity of a nonlocal description for the off-diagonal
xz, zx components of the surface electro-optic response can be
understood by the fact that at a metal-vacuum boundary, inver-
sion symmetry breaking confines the electro-optic response
to only a few surface layers [22,23]. This locality causes a
breakdown in the local approximation for the conductivity,
o, (F), as seen by the following argument. At optical and
lower frequencies, the electronic wave functions must sat-
isfy closed boundary conditions that suppress out-of-plane
directed charge flow, yielding an asymmetric off-diagonal
optical conductivity, ozs;“f < a)f;rf. This is in apparent con-
tradiction to the symmetric or antisymmetric response, for
which the xz and zx components are equal in absolute value.
(Note that intrinsic and extrinsic electro-optic responses have
a different parametric dependence on 1 and therefore do not
generically combine in any particular way.) The resolution of
this apparent contradiction lies in the breakdown of the local
approximation for the conductivity, which becomes nonlocal,
oup (7, 17’; ), containing terms that depend on the electromag-
netic wave vector, g,. Time-reversal symmetry and Onsager
reciprocity relate oy, (7, ) and sz(;’ , 7), thus allowing the
off-diagonal, xz and zx components at fixed (7, v ) to differ
substantially in amplitude without violating the fundamental
time-reversal relations.

The contributions to the electro-optic effect we present
here can be placed in the context of previous work on nonlin-
ear optical conductivity, for example, found in Refs. [24-26].
This is presented in Appendix C, where we discuss the in-
traband components of O and the exclusion of terms that are
linear in the broadening associated with the dc field.

B. Scattering approach to Maxwell’s equations

In this section, we describe our approach for calculating
the Kerr rotation due to the applied dc field. In addition to the
inherent nonlocal nature of the surface off-diagonal electro-
optic response, a primary challenge for the optical calculation
is the mismatch between computationally feasible length

scales for the ab initio calculations of the conductivity—
where the thickest layers are <15 nm—and the length scale
for optical scattering, which is set by the skin depth and can
exceed several tens of nanometers. To bridge this gap, we
employ a supercell approach where we stack atomistically de-
scribed layers to form thicker films, as shown in Fig. 1(b). The
spacing between adjacent layers is taken to be of the order of
tenths of nanometers, much smaller than optical wavelengths,
so that the optical field is not sensitive to the interruptions of
the lattice.

In the optical supercell, we employ a “truncation” scheme,
where we remove the electro-optic contribution from the
conductivity everywhere, except for the top half of the top
layer and bottom half of the bottom layer [denoted by the
blue and red hatched region, respectively, in Fig. 1(b)]. The
electro-optic effect is therefore only present at the real sam-
ple surfaces. An alternative to the truncation approach is to
keep the full electro-optic tensor in every repeated unit cell
and eliminate the spurious internal interfaces by a finite-size
extrapolation (see Appendix H for details). In the optical
frequency range considered here, this extrapolation yields re-
sults that are quantitatively similar to those obtained with the
truncation method.

In the absence of an external ac current and charge
(with frequency w), Maxwell’s equations with a nonlocal
conductivity are given by

iV x E(w;7) = wB(w; ), (7a)
iV x Bw;7F) = —%/d?/?(?, i) E@;r), (Tb)
C

where (Z(?, r ; w) is the relative nonlocal dielectric tensor. The
effect of the external dc field, Ey, is incorporated by modifying
the nonlocal dielectric tensor to first order in the applied bias

field, c=1+ %(g + XVEg ), where x7 is evaluated using
Eq. (5).

Discretizing Maxwell’s equations (see Appendix E for
details), we obtain the transfer matrix TN that links the electro-
magnetic fields immediately above and below the Nth optical
unit cell, where the first layer, N = 1, is positioned at the top.
We denote the field below the layer with subscript N, which is
equal to the field above the layer with subscript N + 1. In this

case, we have
SN_;,_] /C N gN /C
[ N = TN N ) (8)
Bri1 By

where Ty is obtained by solving Maxwell’s equations in the
interior of an optical unit cell, which is described in Ap-
pendix E. The & and B fields in vacuum are expressed in
the basis of s- and p-polarized light, and Ty is constructed
in laboratory coordinate, x, y, z, and contains the scattering
(transmission and reflection) between all optical modes (e.g.,
scattering from all s, p incoming states to all s, p outgo-
ing states). Within the truncation method, we include the
electro-optic perturbation only where the symmetry is broken,
namely, in the upper half of the transfer matrix 7} for the
topmost unit cell and the lower half of Ty, for the bottom
unit cell. Successive multiplication of the 7y matrices across
the film then yields the global transfer matrix, from which the
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overall reflection and transmission coefficients of the structure
are extracted as described in Appendix E.

Once the reflection coefficients are calculated, the Kerr
rotation of s- and p-polarized incident light, including their
Kerr angle, 6%, and ellipticity, n%, can be evaluated using [27]

s .S Tps
Ox + iny = arctan ) (9a)
0F + ink = arctan <ri) (9b)
Tpp

Simple model for optical scattering

The spatially dependent, nonlocal dielectric function we
employ in our treatment of Maxwell’s equation introduces
more complexity than standard treatments of optical scatter-
ing. To provide some context and insight for how the Kerr
angle depends on the conductivity, we briefly review a much
simpler scattering problem, where the off-diagonal optical
conductivity of the material is homogeneous and local in the
film. Specifically, consider s- and p-polarized incident light on
a medium with a spatially uniform dielectric tensor, given by

. 1 0 of
e=n{ 0 1 0|, (10)
eff 0 1

Xz

where n? = ¢,, and ngé = €up/€xr- In the above, the diag-
onal components n” describe the material’s inherent optical
response, while the off-diagonal components are proportional
to the applied dc electric field. The complex longitudinal Kerr
rotations for s and p incident light scattering off a single inter-
face between vacuum and this material are given by [1,28,29]
n  cos(0;)tan(6;) .4

0., la

tan (0 + iny) = =

—1 cos(6; —6;)
) n  cos(6;)tan(6;)
t 017 Py — eff, 11b
an( K + 17][() 1_n2 COS(G, + 91) sz ( )

where 6; is the angle of incidence and 6, is the angle of trans-
mission. Near normal incidence (6; =~ 0), the antisymmetric
part of the dielectric tensor results in equal Kerr angle for s
and p scattering, while the symmetric part leads to opposite
Kerr rotation for s and p scattering. In the full-wave optical
simulations discussed next, we find that a roughly similar
trend applies, where the antisymmetric part (extrinsic contri-
bution) yields roughly equal Kerr angles for s and p incident
light, while the symmetric part (intrinsic contribution) yields
roughly opposite Kerr angles. However, the oblique angle 45°
of incident light, together with the nonlocality of the dielectric
function in the realistic system, obscure this simple relation. In
the results of the next section, we extract values of ng; from
the full numerical simulations by examining the dependence
of the Kerr angle on 6.

III. RESULTS AND DISCUSSION

In this section, we quantify the dc field-induced Kerr rota-
tion in Pt thin films and disentangle the relative contributions
of extrinsic and intrinsic mechanisms. We begin with the
full results of the optical scattering and then examine the
properties of the electro-optic tensor in detail.

~ 4 /(@) Extrinsic =, (b)Extrinsic

~ 2 ~

g g

20 20

— —

\%_2 "'9; \%

%}x — 60 %:k -2

4

_ 10 ¢)Intrinsic _10 (d)Intrinsic

e >

~ ~

g g

20 20

— —

= =

T B

=10 =10

1 2 3 4 5 1 2 3 4 5
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FIG. 2. Calculated Kerr rotation due to the extrinsic and intrinsic
components of the electro-optic effect in 14 nm Pt film. In (a) and
(b), we show the Kerr angle and ellipticity due to the extrinsic
electro-optic response, while (c) and (d) present the results due to
the intrinsic component. The light is incident at 45°.

A. Optical results

Figures 2(a)-2(d) present the calculated dc field-induced
Kerr rotation versus the optical frequency due to the intrinsic
and extrinsic contributions for both s- and p-polarized light,
shown as blue and red lines, respectively. We observe that the
extrinsic electro-optic response results in an overall similar
behavior of Kerr rotation for both s- and p-polarized inci-
dent light, in accordance with the expected Kerr rotation in
systems with broken time-reversal symmetry. On the other
hand, the intrinsic electro-optic contribution produces Kerr
rotations of roughly equal magnitude but opposite sign for
s- and p-polarized incident light.

Following the procedure often used in quadratic-MOKE
experiments [29-31], we first account for the different an-
gular dependence of s- and p-polarized light to extract Q°'.
To this end, the calculated complex Kerr angle, 6g7 + ing”,
is regressed against the angle of incidence, 6;, according to
Egs. 11(a) and 11(b). The linear fit returns the effective field-
induced electro-optic coefficients, gfé = €q4p/€xx, Which, by
construction, are independent of 6;.

Figure 3 displays the calculated ngg (w) for Pt films con-
taining 71 monolayers in the optical superlattice geometry.
The error-bar heights represent the 95% confidence interval
obtained from the regression. The small error bars indicate
that the form of Eq. (11) describes our numerical data well.
We find that the off-diagonal elements QZ‘;, arising from
the extrinsic effect are roughly antisymmetric (i.e., of op-
posite sign), as expected from the breaking of time-reversal
symmetry associated with the extrinsic effect. We also find
a subdominant but appreciable symmetric contribution [dot-
ted lines in Figs. 3(a) and 3(b)] originating from the bulk.
We attribute this to significant nonlocal effects, which we
discuss in more detail in the following section and in Ap-
pendix F. The intrinsic effect yields off-diagonal components
of ng which are almost perfectly symmetric. This is con-
sistent with the intrinsic contribution retaining time-reversal
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FIG. 3. (a) Real and (b) imaginary parts of the effective electric
field-induced electro-optic tensor elements, szg = €4p/€xx, due to
the extrinsic mechanism. The blue (red) lines show the results for
Qﬁf(Q;ﬁf) vs the optical frequency. The thick (thin) error-bar results
correspond to 71-monolayer (Lo = 14 nm) Pt films in the optical
superlattice structure, where the error-bar amplitude is obtained
from linear fitting to the angular dependence. The small error bars
indicate that the results closely follow the expected angular depen-
dence described in Eqgs. (11). The truncation method as depicted in
Fig. 1(b) was used to extrapolate to semi-infinite Pt film thickness.
(c),(d) The same results due to the intrinsic mechanism.

symmetry.In Fig. 4, we compare the theoretically calculated
electric field-induced Kerr angle versus Pt thickness with ex-
perimental results (shown as thick black lines) for two optical
frequencies, fiw = 1.98eV and /iw = 2.4 eV, at 45° incident
angle, as reported in Ref. [6] and Ref. [4], respectively. In
the numerical calculations, the dc field-induced Kerr angles
up to 71-monolayer Pt are calculated using a single film,
and in order to extrapolate the results to thicker films, we
constructed a superlattice consisting of multiple layers of 71-
monolayer Pt film, as described in Sec. II B. We included a
semi-infinite substrate with the index of refraction, ng, = 4,
that corresponds to the Si substrate used in the experiments.
For comparison, as light-blue lines in Fig. 4, we also present
the results for the case with ng, = 1 (vacuum) and ng,, = 2
(sapphire). Overall, we observe a good agreement with the
reported experimental results in Refs. [4,6], at both probe
frequencies.

In order to investigate the effective thickness responsible
for the electro-optic Kerr rotation, we change the thickness
of the electro-optically active region by setting lea, p= 0 for
layers I beyond a distance d from the surface. The results for
the Kerr angle for an s-polarized incident light are presented
in Fig. 5 for three probe frequencies, fiw = 1.4, 1.96, and
2.4 eV. We observe an exponential dependence of the Kerr
angle on d which follows 63 = 9,?00(1 — e~%/*). The solid
lines in Fig. 5 show the results of the fitting to the exponential
function, where we observe a characteristic length A less than
1 nm, which suggests the localization of the phenomenon
on the film’s surface layer, consistent with the self-rotating
component of the orbital Edelstein effect [12].

e fem e Y
hw=2.4 (eV)
Experimental
L Xm e XX =S X
hiw =2 (eV)
sos¢ B~ X - g

0 20 40 60 80 100
Film Thickness, L (nm)

FIG. 4. Total Kerr angle for an s-polarized incident light vs Pt
film thickness for fiw =2 eV and hw = 2.4 eV, shown as red and
blue dashed lines with cross and star symbols, respectively. The thick
black solid lines are from experimental measurements, as reported
in Ref. [4] and Ref. [6]. The first few points, L < 20 nm films, are
calculated using a single Pt film and the rest are extrapolated results
obtained by constructing multiple copies of 71-monolayer Pt film
stacked on each other with the truncation method for the electro-optic
response as depicted in Fig. 1. In the case of hiw =2.4¢eV, we
consider multiple semi-infinite substrates with indices of refraction,
naw = 1, 2, 4, corresponding to vacuum, sapphire, and silicon, re-
spectively. An energy broadening value of n = 25 meV was chosen
in the numerical calculations. The incidence angle in all cases is 45°.

B. Electro-optic tensor

We next discuss the properties of the electro-optic ten-
sor X}’m 8 computed with Egs. (5a) and (5b), evaluated at
ho = 2 eV. We take the dc field to be along the x direction and
present the two-point electro-optical response function versus
layer indices I and J in Fig. 6. We show the layers extending
from the surface to the middle of the film. Figures 6(a)-6(d)
show the intrinsic contribution, while Figs. 6(e)—6(h) show the
extrinsic contribution.

00000000000

Fit, A\=1.1£0.1 nm

dxrp —*

1r o =14¢eV Fit, A = 0.9+ 0.05 nm -

S

T [RJURWILIO

0 2 4 6
Active Region Thickness, d (nm)
FIG. 5. Calculated Kerr angle vs thickness of the electro-

optically active region near the top surface with thickness d, as

depicted in Fig. 1. The solid lines correspond to the result of the
fitting to the exponential decay function, y = yo,(1 — e~%/*). The
total thickness of the optical supercell is ~0.5 um. For reference,

we also included the experimental results (star symbols), reported in
Refs. [4-6].
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FIG. 6. (a),(b) The imaginary parts of the symmetric and antisymmetric intrinsic two-point electro-optic response of a 71-monolayer Pt
film at photon energy fiw = 2 eV; (c),(d) The corresponding real parts. (e)—(h) The same sequence for the extrinsic contribution. The results
shown in (a), (c), (f), and (h) are layer symmetric, while (b), (d), (e), and (g) depict layer-antisymmetric nonlocal optical responses. For clarity,
only the upper half of the slab is plotted; the values in the lower half follow by layer inversion symmetry; responses that are layer symmetric

change sign, whereas layer-antisymmetric ones retain the same sign.

We present the tensor in terms of components which are
symmetric and antisymmetric with respect to direction in-
dices, given by xr. ;. £ X,.7.» Where the + sign yields the
symmetric part and the — sign yields the antisymmetric part.
Note that the resulting symmetry/anti-symmetry with respect
to position indices observed in the plots are such that the
intrinsic response is overall symmetric in its joint (direction,
layer) indices (i.e., even under time reversal), and the extrinsic
response is overall antisymmetric in its joint indices (i.e., odd
under time reversal).

We further separate the real and imaginary parts of the
tensor components. Each corresponds to either dissipative or
reactive parts of the ac response. The dissipative or dichroic
part of the response is given by the Hermitian part of the

electro-optic tensor: xy, ;5 + (X]5.,)" For the extrinsic ef-

fect, this is proportional to Tm(x;;

effect, it is proportional to Re( X};’i';;). The reactive, or bire-

fringent, part of the response is given by the anti-Hermitian
part. In this case, the Re and Im parts are reversed. The
different types of response are indicated in the plots.

The intrinsic response is shown in Figs. 6(a)-6(d). We find
it is confined to the atomic layers near the surface. It exhibits
a larger contribution from the layer-symmetric part, shown in
Figs. 6(a) and 6(c), relative to the layer-antisymmetric part,
shown in Figs. 6(b) and 6(d). For the extrinsic response,

), while for the intrinsic

shown in Figs. 6(e)-6(h), we observe somewhat different be-
havior. The direction-symmetric components, shown in Figs.
6(e) and 6(g), exhibit layer-antisymmetric contributions that
extend into the bulk of the film. We discuss the origin of this
response in Appendix F. Deep into the film interior, the total
from this layer antisymmetric vanishes due to compensating
nonlocal currents. However, near the surface, there is a lack of
cancellation due to the spatial asymmetry and this component
makes a non-negligible contribution to the Kerr rotation.

IV. CONCLUSIONS

In summary, we used ab initio methods to calculate the
dc field-induced Kerr rotation in Pt films. We showed that
due to the broken mirror symmetry at the metallic surfaces,
the electro-optic effect results in both symmetric and anti-
symmetric off-diagonal contributions to the dielectric tensor,
which we refer to as extrinsic and intrinsic components, re-
spectively. While the extrinsic electro-optic tensor breaks the
time-reversal symmetry, the intrinsic component does not and
shares its origin with the Pockels effect. We used the ab
initio method to calculate the nonlocal electro-optic tensor
and showed that intrinsic and extrinsic components have sim-
ilar magnitudes. We then employed the scattering method to
numerically solve Maxwell’s equations in a medium with a
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nonlocal dielectric constant, obtaining the Kerr rotation using
numerically calculated reflection coefficients. We show that
for room-temperature Pt films, both intrinsic and extrinsic
components of the electro-optic tensor contribute to the Kerr
rotation with a total Kerr angle that agrees well with the
experimentally reported values. Moreover, we showed that
the effective surface thickness for the optoelectronic Kerr
rotation to occur is of the order of the electronic mean free
path. Our results, therefore, highlight the limitations of sim-
plified pictures based solely on atomic-orbital Edelstein or
spin/orbital Hall mechanisms; an accurate description requires
the full, nonlocal electro-optical response subject to realistic
surface boundary conditions. Although the present quantita-
tive agreement with experimentally reported data for Pt is
encouraging, a decisive validation will require systematic Kerr
measurements on a wider range of metals and optical probe
frequencies under identical growth and optical conditions.
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APPENDIX A: COMPUTATIONAL METHODOLOGY

The Hamiltonian ﬁﬁ and overlap Sﬁ, matrix elements of
the unrelaxed (001)-oriented Pt slab (constructed from an
face-center-cubic unit cell with a lattice constant of 0.392 nm
and a 1.4 nm vacuum layer) were obtained from density func-
tional theory calculations performed using the openmx ab
initio package [32-34]. We adopted Troullier-Martins-type
norm-conserving pseudopotentials [35] with partial core cor-
rection. We used a 14 x 14 x 1 k-point mesh for the first
Brillouin-zone (BZ) integration and an energy cutoff of 500
Ry (1 Ry =~ 13.6 eV) for numerical integrations in the real-
space grid. The localized orbitals were generated with radial
cutoffs of 7.0 ap (1 ap ~ 0.529 nm) for Pt [32,33]. We used
the local spin density approximation (LSDA) [36] exchange-
correlation functional as parameterized by Perdew and Zunger
[37]. In calculating the orbital magnetization for bulk Fe,
presented in Fig. 8(a), we used quadruple-zeta basis sets to
get relative convergence with respect to the number of atomic
orbitals within the linear combination of atomic orbitals
(LCAO) methodology.

f ——Numerical:w=1.5 (eV) ||

/T [7—Numerical:w=1.99 (¢V) |

* Numerical:w=2.43 (eV)
- Analytical:w=1.51 (eV)

- Analytical:w=1.98 (eV)

20.02 Analytical:w=2.43 (eV)
90 45 0 45 90 90 45 0 45 90
Incident Angle, 6; (deg) Incident Angle, 6; (deg)

FIG. 7. Complex Kerr rotation for a 25-monolayer Fe film vs
incident angle for (a),(b) s- and (c),(d) p-polarized light calculated
numerically (solid lines) and analytically (dashed lines) at iw = 1.5,
1.99, and 2.43 eV.

The velocity operator in Fourier space was calculated
using [38]

- 31‘7,; A A 1331‘5 (R Bl 5y O6—1%
by = Py S 7 —1(r~Sl; Hp — Hi S, 7). (Al

where the k derivatives are obtained using

aC; IR
_)k — RCﬁelkAR,
0

R

(A2)

==

A

where C can represent either the Hamiltonian or the
overlap matrix. The position operator within the unit

. . 2 2 kR = I, Jv -
1l is calcul ing 7z =Y s ize™ R, where 7" =F
cell is calculated using 7z =} 5 7ge™ ™, where 7 i

%10
0.02 5 Fe ) Fe
—e—Numerical, 0
= * Experimental = ¥
e ->¢-Analytical < *
= 0 b 10 Ko K
Y v o
> <
-20
-0.02
0.01
001 () Co @ Co
~ 2
s =
=~ ] :Mo 01
> x -U.
-0.01 -0.02
0 2 4 6 2 4 6
hw (eV) hw (eV)

FIG. 8. Comparison of polar complex Kerr rotation (6; = 90°)
between experimental data (black stars), numerical simulations (blue
lines with open circles), and analytical calculations (red lines with
stars) for (a),(b) Fe and (c),(d) Co films. The experimental data are
taken from Ref. [1].
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I“ vy I“ ™V Here, u, v represent the atomic-orbital basis

sets and /, J are the atomic indices inside the unit cell. The
position operator within the atoms is evaluated using
S Iud N ST
P = /df’fpm(r)r@u(r — 7 —R+T7), (A3)
with ¢y, (7) the atomic-orbital basis functions for atom /. The
electro-optic calculations were carried out using a 90 x 90 x

1 k-point mesh that we checked to be sufficiently large enough
for n = 25 meV and /iw > 1 eV in Pt.

APPENDIX B: EFFECTS OF CURRENT BIAS: GREENS
FUNCTION APPROACH

This appendix derives the expressions for the dissipa-
tive part of the optoelectronic tensor given by Eq. (5a) and
Eq. (5b). The photonic linewidth (i.e., absorption rate) is re-
lated to the dissipative (Hermitian) part of the conductivity
tensor, or anti-Hermitian part of the photonic self-energy due
to the vacuum polarization, ny;,’ = (0up +04,)/2€0, and, ina
system out of equilibrium, is generally given by the electron-
hole recombination rate that obeys

J

he?

B1
" 4V hwe, BD

dE N A N N
/ —Tr{d*[G” (E)YDPG=(E + hw) — G=(E)?*? &7 (E + ho)1},
Vg
where G= (G>) describes the electron (hole) density matrix. It can be shown that unlike the total optical conductivity, the
diamagnetic term does not contribute to the photonic linewidth. As a result, unlike the standard velocity gauge approach [39], it
remains well behaved in the dc limit and free from divergence [12]. In the presence of a biased electric field Ey written in the
length gauge, the lesser and greater Greens functions to the lowest order are given by

G=(E) =2inG' f(E — eEy - 1)G*

= 2iIm(Gy) f(E) + 2ilm[ G} (eEy - )G F(E) — 2inGy(eEo - PG 8’; ;E), (B2a)
G”(E) = 2ilm[G"(E)] — G=(E)
= 2iIm(GY)[1 — f(E)] + 2iIm[G(eEo - )Gyl — F(E)] + 2inG, f ) (B2b)

a 3

where, GS = (Gg)* = (E — H — in)~" denotes the unperturbed retarded/advanced Greens function. Substituting the lesser and
greater Greens function in Eq. (B1) yields the following bias-induced change in the anti-Hermitian part of the dielectric tensor,
85 (@) he* [ dE R R A
eEy = Vhoe [ 7[ f(E + ho) — fE)T (3 {Im[GH(E)? Gy(E) 0P Im[GH(E + hiw)]})
hez dE N3 Ar ~B Ar INT 2
+ Ve F[f(E + hw) — f(E)]Tr(v {Im[GO(E)]v Im[GO(E + hw)?Y Gy (E + ha))]})
0
he*n dE _ . ., B A v Aa e B
Ve —Tr( {Im[GO(E)]v Gy(E + hw)? G 0(E + ho)f'(E + ho) — GO(E)r G()(E)v
0

x Im[G{(E + ho)|f'(E)}).

Using Bloch states as the basis set, we can diagonalize the Hamiltonian and carry out the integration over energy analytically to

(B3)

obtain
5Q“H(w) fie? 8(e,z —h 8(e,p — &5 — ho)
. e T Z[f(:‘?nk) f(gnk _ hw )] /5 kA;i/sze ( nk — Emk w) + k Pk .
ek VNkha)eo o ik — €k — how — &, — &,; — how —in
he*n 8(e . —e -+ hw)  8(eq— e+ hw)
- I Aﬁ # R nk mk n p
+ V Ny hweg n%;;[f(gnk Ml f(gnk) mnk npk o e( nk 8,,12 + hw — in * &8~ €k + how — in
P i 0% 00 [0, (e,0) — 01, f (e,)]5( + )
—_— % D e ez)|6(e—¢e = ).
ZHVNkha)G() - k mk nn nk nk mk
Here, §(x) = Im[1/(x — 2in)]/m is the Dirac delta function and we used the relations
* dx 1 1 1
—Im — JIm{ —— | =Im - (B4)
o T X —in xX—a—in a—2in
/00 dx, U 1 S| . 1 T 5@ 0 B5)
—Im m ~ —Im| ——— |~ — , n—0.
o T x—in xX—a—in 2n a—4in/3 2n @
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Introducing the operator, OAI’; ﬁRe[l /(e
simplified as

b = Eai — M), the expression for the anti-Hermitian dielectric tensor can be

85 (@) helm

Z f(S;nk) f(snk)( [O}’ Aﬂ] + [OV Aa]mnkv )8(8nk ml; + hw)

e‘E(J)/ VNkG() = mk snk
mnk
BT o op O e = U e 56
2nV Nye k" nmk e r—¢& (o = £ - F0)- (B6)
n k€0 nk mk nk

The Kramers-Kronig relation can then be used to obtain the reactive part of the optical self-energy, resulting in the following
expression for the total (retarded) photonic self-energy:

8Qp(@)  he?
eE}  iVNie

Z f}jmlz[oy’ f)ﬁ]nmE +107, ﬁa]nInEﬁyini J(e,p) = fle,p)
&,z — &, T ho —2in & —¢&

mnk mk nk
N
h 2 v.oouo - o f(e =) — O (e 2
+ — ¢ Z mnk _nmk : k f( mk) k f( nk). (B7)
2inV Nieg : &k~ &k T how — 2in &k — Sk

The first term is the intrinsic contribution, given by Eq. (5a) of the main text, while the second term is the extrinsic
contribution, given by Eq. (5b) of the main text.

APPENDIX C: RELATION TO PREVIOUS WORKS

In this appendix, we relate our treatment of the electro-optic effect to that found in previous works [24-26]. Previous works
often use the density matrix equation of motion. In what follows, we relate this approach to the results we obtain with the
Keldysh formalism presented in the previous section. We start from the equation of motion for the density matrix, given by

ap( )
ot

=[H (@), p)],
where
H() = Hy + (Vi + Vye™ 4 Hec)).
Using the Bloch basis set that diagonalizes the unperturbed Hamiltonian, Hy, we obtain
(hoy + hwy — ) D201 + @2) = [V1, B! 1, F [V P L
(hoo; = &) [D{ Tam = Wi Dl = Wil frms i = 1,2,

where, fu, = f(e,) — f(en) and &, = &, — &,. The second-order perturbation term to the density matrix is then given by

(hw; + hwn — ean)PE(@1 + w2) = Vilae[85"],,, = [25" ], [V 1em + Dalue[2{"],,, — [21"], ,[V2)em:

_ [Vl]nE[VZ]meme B Value[Vilem Fn + [Vz]nz[Vl]tszlmZ _ [Vl]nz[vz]mfen'
hawy — €om hawy — &ne howy + &g hwy — €ne

The expectation value of an observable operator, \70, can be calculated using

09O = Te(0, 5@ = — LVolm Wil Vol - WVabelViden Vz]nz Wil o Vil Vol
hwy + hay — gup han — &4 han — &ue w1+ Eum hwy — &g

To extend this expression to metals and allow time-reversal symmetry breaking, we adiabatically switch on the perturbation
V; at arate n; < fhw;, implemented by the substitution, iw; — fiw; — in;, to obtain

V)@ =

[Volmn [ Vilue[Valomfre _ ValueViem fom n Value [Vilem fre _ Vilue [Valem flfm]
fiwy + hiws — e — i + M) Lliwy — ¢ —im iy — g —in1 hwy — g0 — in2 Tiwy — &g — imp 4

(ChH
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Using the partial-fraction identity

1 1 ( 1 1 )
(w—a)w—b) a—-b\w—a w->b/
we rewrite the first two pieces to give
Vilue Valom fre 1 1

iﬂz(

nt — Enm + h(l)z -

<V0>(2) = [Vo]mn|:
Eng

hwy — &ne — iy

ha)l + th — Enum — 1(7)2 + 771))

WValue Vilem fom < 1 3 1 >
Etm — Enm + ha)Z - ”72 ha)l — &m — ”71 ha)l + ha)Z — &mm — 1(772 + 771)
‘70 mn V nt Jn ~ ~ V mJem
Wolm_ [ bt gy, gy, L2l )
howy + hwy — epn — i(n2 + n1) Lliws — £,0 — i hwy — €4y — i

: ; 1 .
Collecting all terms proportional to T e e B

WD = V] Vilue Valom fre 1 [Vl ViJom fom 1
" eme + iy — iny oy — ey — imy &on + hiws — iy hwy — egm — M

[Vo]mn [Vz]nﬂ [Vl]ém fn( _

+

WVilae Valom fom WVile Valom fue  Value Vilem fom

[

Re-index the first two terms so they carry f,,,:

hawy + hawy — gy — i(n2 + 1) Lhws + €0, — in2

hawy + &g —in2 & + Ry — iy &4y + iy — i’?z]'

]

WVilue [V2lom

|

hws + ey — i

If n, is greater than intraband transition energies (which

s where ¢ is the optical wave vector),

then the contribution from the intraband component of O™
is suppressed. This is the scenario considered in this work.

<‘7 >(2) _ [Vl]nmfnm [ [Vo]Zn [VZ]mZ _ [Vo]mi [‘72]£n
’ hioy — epm — iy Legy + Ry — iy epe + iy — i
[Vo]mnfnm [ [VZ]M [Vl]ﬁm N
hwy + hws — &pn — 1(2 + M) Lhwy + 60 — im2
[
Defining O = L, we obtain
S areequaltoe, ; — ¢
(‘7 )(2) _ [Otol’ Vo]mn [Vl]nmfnm
’ hwy — &yn — iy

[Vo]mn [Otol’ Vl]nmfnm
hoy + hwy — e — (02 + 1)

(e2))

In addition to helping in the time-reversal decomposition
(as shown below), Eq. (C2) is computationally more effi-
cient than Eq. (C1) because the ¢-sum can be precomputed
once (independently of the chemical potential and the probe
frequency w;) and the chemical-potential dependence is intro-
duced only after completing the band-index matrix operations.
This efficiency is particularly important for layer-resolved
electro-optic calculations.

The time-reversal decomposition O is obtained by writ-
ing O} = Op¢ +i0,,,, where O, = [ValeRe(G—z—r)
is the intrinsic component (i.e., even function of 7,) and

= = [Vo]meTed (€¢m + hwy) is the extrinsic component (i.e.,
odd function of ;). In the limit w = w; > n/h and
(w2, N1, n2) — 0, with the identifications
ivf iv”

1= —,

how

~

~>
<

V, Vz

%,

ha)z ’

one obtains the electro-optic response given by Eqgs. (5a) and
(5b). Here we retain only the leading order in 1, for both
intrinsic and extrinsic contributions, whose physical interpre-
tations are detailed in the main text.

195428-

On the other hand, for 7, less than the intraband transition
energies, O™ makes additional contributions to the response.
In other words, there is a difference according to the order in
which the limits § — 0 and 1, — 0 are taken. In this work,
we consider ¢ — 0 first, and intraband contributions do not
appear.

For the extrinsic component, the delta function 8(e, +
hw,) guarantees gauge equivalence between length and veloc-
ity formulations and permits the substitution 7V = id¥ /hw,, in
the derivation of Eq. (5b). There are higher-order corrections
with respect to the parameter 1,, originating from the finite
width of the Lorentzian in the definition of O, and from
the expansion of the second term in Eq. (C2). These terms
are linear in 7,. We do not include these terms, as they are
prone to violating conservation laws and gauge invariance. A
detailed analysis of their effects and physical interpretations
is the subject of future work.

APPENDIX D: PROPERTIES OF ELECTRO-
OPTIC TENSORS

In this appendix, we show that for time-reversal invariant
systems, the intrinsic and extrinsic electro-optic tensors are
symmetric and antisymmetric in their indices, respectively. In
what follows, we write the extrinsic and intrinsic components
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as the product of two complex numbers, one equal to the
product of velocity matrix elements and the other comprising
the remaining factors, related to energy eigenvalues and the
optical frequency. For example, the extrinsic conductivity is

yeext | wta ngp 0Smn he? 1
XIaJﬁ - vmn vnm . " .
okY 2iVn (hw — &up — 2i0)Emn
The factor d f,,,/9k” includes velocity matrix elements and is
given by

Ofun

ok” = Vi

_Jm Y afn

vnn aM'

(D)

Consider the contribution from states at k and their Kramers
pairs at —k. The factor in the electro-optic response that de-
pends only on energy eigenvalues is identical for the Kramer’s
pair. For the other factor, consisting of a product of velocity
matrix elements, we note the following relation between a
velocity matrix element between states at k and their Kramers
pairs at —k [24]:

v (k) = —vl% (—k)* . (D2)

Therefore, the sum over a Kramer’s pair of states includes

only the imaginary part of the velocity matrix element prod-
uct,

y,ext ]‘(’ y,ext ]_C' I ~la ~JB 8fmn D3

Xlozlﬂ( )+ Xlotfﬁ (_ ) & lm vmnvnmm . ( )

We will make use of this property in what follows.

ext . .
Next we compare x ,’;Jez with its index-transposed counter-
y.ext

part x;4,- Evaluating Eq. (5a) for each leads to
~la AJB 8fmn

The second equality on the right-hand side of Eq. (D5) fol-
lows from the Hermitian property of the velocity operator. By
virtue of the fact that only the imaginary part of the matrix
element product enters into the sum over Kramer’s pairs, the
above immediately implies

y.ext __ Y .ext

Xia,gg = ~XigIa (D6)

For the intrinsic contribution, the same argument can be
used. We evaluate both y/ "% with xJ" using Eq. (5b).

For X}/ﬂ’i?fx, we utilize the Hermitian property of the velocity

operators to transpose indices of each matrix element: 9/% —
N

(0f*y*, p), = (Dh)*. After some algebra, we find that the

mn .
product of matrix elements for X}’ﬁ"}; is the negative complex

conjugate of that of x;, 1;;3 Therefore, summing over Kramer’s

pairs immediately yields

y,int y,int

Xiagp = T Xig.1a (D7)

APPENDIX E: SOLVING MAXWELL’S EQUATIONS
WITH NONLOCAL DIELECTRIC TENSOR

In the absence of an external ac current and charge (with
frequency w), Maxwell’s equations in a linear medium are
given by

iV x E(:7) = wB(w; ),

w - - -
iV x B(w;7) = = Xﬁ:éa/dr’e;ﬁ(a); 7, r&Ep(w; 1),
o

(Ela)

Xiaap OO0 (D4) ) (E1b)
5 5 " where €], 8 (w; 7, r') is the relative nonlocal dielectric tensor.
X Jyﬁe;(; o Aﬁ,‘f, @’Ino; ﬂ — [@,1& @){[Zﬂ} . (D5) The discretized wave equation for the electric and magnetic
' dkr dkr fields on each layer along the z axis is then given by
J
Ervrix — Erx & & B By
i 1+1 Ix , I+1; + &1z +ow I+1y + Iy — 0, (E2a)
U+l — 2 2 2
& -& & & B B
;O Iy ) I+1z T Orz _ 2l + bix —0. (E2b)
2141 — 2 2 2
B B & & Ery1x + Eix
Pt + 5y, 0 I+1y + Ory —q I+1x + Of _o, (E2¢)
2 2 2
Briix — Bix B B €1,y T €5,
;B I a0 1+1: + B 22 I+1y,Jp T €IyJp &1 =0, (E2d)
U1 — 2 2 <G 2
By — By Bry:+8;; o €l1xp T €lxip
i ) R d 4+ — — = rF s = O7 E2e
2A+1 — 2 o 2 c? JXIS: 2 "’ ( )
Briix + Bix By +8, o €lr1z0p 1 €12 up
, — gy — — &5 =0. E2
D G&—> 52 5 ” (E2f)

JB
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This system of equations can be rewritten in a more com-
pact form as follows:

M M ) -3 &r/c
Z( 1+1,0 + Mg Lif 1+1,J u>|: : :| — 0, (E3)
y 2 Ul — U B,
where
FP = 8,51, a=x,y (E4a)
F# = FP =, (E4b)
R —q:0:801;  28,p01y
o= 0 T @
s — cEIyJﬁ —qx(SzﬁS”
. —qy8:8817  —Cp01s
M =| 7" L (E4d)
' C€Lp —qy8:801y
M) = 817 (a:dyp — 4y84p) 1
0 5.80
9[ o ”] (Ede)
CL=€0p 0

For a homogeneous material, we have /\;(‘1“3 = /\?(“581, ;. In
this case, in Fourier space and the limit of small ¢, Eq. (E3)
becomes

Eq/c

‘i/ } =0.
B;
The resulting generalized eigenvalue problem can be solved to
obtain six eigenvalues, ¢..,, and the corresponding eigenstates,
®n. However, since the F matrix is diagonal with only four
nonzero elements, Eq. (ES) is guaranteed to have, at most,

four eigenmodes with finite eigenvalues, two of which cor-
respond to the right-moving ¢7, and the other two describe
left-moving photons @;,. It is thus numerically advantageous
to reduce the size of the matrices in the eigenvalue problem to
4 x 4 by removing, say, the z component of the electromag-
netic field,

M, (@) — Fq.] [ (ES)

The effective eigenvalue problem to be solved is therefore

given by
~ ~ae 1o s \[EB/c &E/c
af oz~ AazB
Xﬂ: (M MM >[ g |=%| go | ED
where o, B = x,y. In the case of incident light in the yz
plane in a vacuum with incident angle 6; for the in-plane
wave vector, we have g, = 0, g, = wcos(6;)/c. The out-of-
plane wave vector is then obtained by solving the eigenvalue
problem, given by Eq. (E7), which yields the expected four

doubly degenerate eigenvalues, qf = twsin(f;)/c, with the
corresponding eigenstates given by

&/c 1 0
. & 0 ) oz
o= = o | o= | @
B . 0
The dual of the basis set is then given by
1
[0~ 'F = 5[1, 0,0, a)/cqzi], (E9a)
. 1
971y = 5[0, —@/eqr, 1,0]. (E9b)

Here, we distinguish the two degenerate modes by the
relative angle of their electric field component with respect
to the plane of incidence, where the mode with an electric
field normal (parallel) to the plane is referred to as the s(p)
eigenmode.

In the case of a thin film with M atomic layers sandwiched
between two relatively thick (semi-infinite) materials (vacuum
in this case), once the electromagnetic eigenmodes of both
materials are found, we solve Eq. (E3) as follows. Assuming
I, J layer indices range between 0 and (M + 1), where Oth
and (M 4+ 1)th layers are in the vacuum adjacent to the top
and bottom surfaces, respectively, the wave equation can be
solved for fields in the material, I, J = 1...M, thus leaving
only the electric and magnetic fields in the vacuum layers next

&EJ/c .~ o1 R &le] —
G _ 'z B G to the surfaces, I, J =0, M + 1,
|: B :| - _[MZ\] Z Mﬁ(w)|: B | (E6)
4 B=x.y g |
1 1 Eo/c] (] 5 & /c
~Moo—i F) Y + (—A?t +i— F)[ /. }:0, E10a
<2 00 21— 20 )[ By JX:I: 27 21 — 20 By ( )
Mo, ~ "
M M ) -4
Z ( 110+ My 4oy IJ)I:SJ_/Ci| 0 I=1.M—1 (E10b)
= 2 24— 2 By
M1 5 & /c 1 1 I3
> (—A?(M,, - 1LF>|: L/‘} + (—A?IMH,MH + l—F>|: &“‘/C} 0. (E10c)
—=\2 M+1 — M By 2 IM+1 — M Bu+1
Solving this system of equations yields
1 Eo/c] | <o, 1 5 &r/c
Moo —i FY YN+ My +i— F[L }:0, Ella
(2 00 —iT— )[ 3, } ;(2 R ) 3, ( )
. A - | N
[Si/c} — —G,,M<—/\/(M+1,M+1 + i—F) [8&4“/0], (E11b)
By 2 M+ — M B+
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where we define

The transfer matrix is then given by

21 — 20

= P 0,0 l ) 1,J i

Equation (E4b) implies that we can restrict our attention to the
in-plane components of the electromagnetic field. In this case,
the transfer matrix is given by

Taﬁ — B _ foz 1

7zp —
I TzzT , a,B=xy.

(E14)
Equation (8) can be rewritten as

R Ay = Y (@ol, Anr + (G0 Aui), (ELS)

n=s,p n=s,p

where A, ;, A, ,, and A,, correspond to the expansion
coefficients representing the wave amplitudes of the inci-
dent, reflected, and transmitted lights, respectively. Here, the
subscript ¢ stands for the transmitted electromagnetic wave,
which corresponds to the electromagnetic wave at the (M +
1)th layer, and the subscripts i and r denote the incident and
reflected light, respectively, at the Oth layer. Solving Eq. (E15)
for the reflected and transmitted light amplitudes in terms of
the incident light, we obtain

Ay =Y 05", T Ans, (E16a)
m=s,p

A= (051 il T A (E16b)
m=s,p

The transmission coefficients, defined as t,,, = Apr/ An.is
are obtained by solving Eq. (E16b). These solutions are then
substituted into Eq. (E16a) to determine the reflection co-
efficients, r,,, = A,/ Ay, which represent the ratio of the
reflected m-polarized to the incident n-polarized electric field.
Here, m, n = s, p denote the polarization states.

APPENDIX F: BULK RESPONSE OF THE EXTRINSIC
ELECTRO-OPTIC EFFECT

In this appendix, we discuss the origin of the bulk electro-
optical response seen in Figs. 6(e) and 6(g). To do so, we show
that this bulk electro-optic effect occurs in a Drude model,
to linear order in the ac field wave vector g. The linear-in-g
response is applicable to the site-antisymmetric response of
our real-space calculation.

We consider a free electron gas (density n,, mass m,
charge —e) within the relaxation-time (Drude) approximation,
driven by a uniform dc field Ey and a weak ac plane wave
E(F, 1) = R4E (G, w)e' @] with accompanying magnetic
field B(7, w). We keep only terms linear in Ey and the ac fields
[i.e., O(EyE,)]. For the electro-optic effect, we will then focus
on terms that are bilinear in E, and the ac electric or magnetic
field.

(E12)

a 1 . 1 L
F)GJ,M<—MM+1,M+1 + i—F>- (E13)
2 M+l — M

Let ¥v=79y+4+V(¢,w) and n=n,+n(g,w) with

|U1], |n1] < 1. The Drude momentum and continuity
equations are
md, + 1/7% = —e[E + 7 x B, (F1)
dn+ V-(nv) =0, (F2)
where T = 7i/n is the relaxation time. The dc drift is
. et -
Vo= —— E(). (F3)
m

For the ac perturbations (phasor convention e~*'), define
D(w) = 1/t — iw. Linearizing to first order in the ac fields,
¢ and vy,

mD()01(7, 0) = —elE(G, ») + T x B, w)].  (F4)
n
—iwni (g, w) +in. G-01(G. w) =0 = n; = ZE G-vy. (F5)
The total currentis J = —en®. Keeping cross terms up to
linear in Ey and the ac fields,
f(cj, w) >~ —en, U —en; Uy

e’n,

= m[E(C_])v ) + Uy x B(gG, w)]

ne - - -
— e—(g-v1)Vo,
w

2

~ Lﬁ[ﬁ@ )~ By x B@. w)]
m(l/t —iw) m
enet -
- m[CI'E(tL w)]Eg
ST
m(l/t —iw)
3 > B
- mZ(Ie/,.Zgi ia)) I:q'EZI7 a))EO “I‘EO X E(q, a)):|,
(F6)
. en, et | -
ra o= s (1 ea BB @)

enet G- E(@E + quEo - E (o)
m2(1/t — iw) ) ’

where we used the Maxwell-Faraday equation, E(cj, w)=¢gx
E(w)/w, to convert the ac magnetic field into an ac electric
field. Equating this expression with J*(§) = x(f,g (HEYEF (w),
within Drude approximation, for the nonzero off-diagonal
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(o # B) elements of the electro-optic response, we obtain [40]

3)(35 _ 3X§a _ e3ne
_ I S U (F8)
aqP dqP m2(1/t — iw)w

Equation (F8) suggests that the dispersive electro-optic re-
sponse diverges in the dc limit, w — 0, although enforcing the
optical dispersion, w = c|g|, renders it finite. The linear-in-g
dependence results in an electro-optic response, Xl):x, 15> that
is an odd function of #;; = 7; — 7, consistent with the result
shown in Figs. 6(e) and 6(g) in the main text, where the ¢
dependence can be obtained by using Fourier transformation,
Xe5(@) =25, Xjw.sp€"" . The T = /27 proportionality of
xXap/ dg” (i.e., only extrinsic contribution) and also its sym-
metric tensor form, dx;,/dq, = dx%,/9q;, are also consistent
with our numerical calculations.

We next connect this result to the numerical calculations
presented in this work. The direction of the spatially varying
ac current and fields in our calculation is fixed along z. This
corresponds to the g vector of the Drude model. The direction
of the dc field in our calculations is fixed along x. Therefore,
the term proportional to g - Ey in Eq. (F7)—which affects only
the longitudinal optical conductivity and does not generate
Kerr rotation—is omitted from our results. The bulk compo-
nent of x; in our results is derived from the term proportional
to[g - E(w)]Ey in Eq. (F7), while the bulk component of x7, is
derived from the term proportional to (Ey - E (w)]g in Eq. (F7).

APPENDIX G: MAGNETO-OPTICAL KERR ROTATION
IN EQUILIBRIUM

In order to validate the numerical methodology presented
in the previous appendixes, we consider ferromagnetic slabs
of bec Fe(001) and hep Co(0001) and calculate the corre-
sponding complex Kerr rotation in a polar MOKE setup (i.e.,
magnetization along the z axis). The Kerr response in ferro-
magnetic materials in equilibrium can be cast in terms of a
magnetization-dependent permittivity tensor &, (/72) that must
satisfy the symmetry operations of the magnetic point group
of the crystal (Neumann’s principle) [1,41,42]. Up to second
order in the unit magnetization, 771, one can write [43—45]

Eap (i) = £5) + Kupymy, + Gapysmyms,  (G1)

where Kug, (Gupgys) is a third- (fourth-)rank axial tensor
that is antisymmetric (symmetric) in the first two indices,
d Kaﬁy = _Kﬂay (Gaﬂyé = Gﬁay5)~

For a crystal structure with cubic symmetry, Eq. (G1) re-
duces to

, . .
2 iOm, —iQm,
¢ =|—-iOm, € iOm,
iOm, —iQm, €
Blmf Bym,m, Bym.m;
2
+ Bmemy Blmv BZmymz (G2)
: 2
Bymm,  Bymym; Bym;

The linear-in-m off-diagonal term (Q) is, to the lowest order,
linear in spin-orbit coupling and odd under time-reversal sym-
metry, and produces the linear Kerr effects [46], whereas the
quadratic part (B ) is second order in spin-orbit coupling,

2 =
S (a) AR
g > |
E E
5= MW <0 .
= |
e —w=154 (V)| & \V
i “+w=1.96 (eV)|| «ix |
> 5 w=243 V)] T 1 L
. N ! d
= Ag i
g <N g x
7 e 2 OW@
— = o
B B
ES 8

-1 -
90 -45 0 45 90 }90 _45 0 45 90
Incident Angle, 0; (deg)  Incident Angle, 6; (deg)

FIG. 9. Electric field-induced complex Kerr rotation for 55-
monolayer Pt film vs incident angle for (a),(b) s- and (c),(d)
p-polarized light calculated for optical frequencies, /iw = 1.5, 1.99,
and 2.43 eV.

even under time reversal, and leads to the quadratic MOKE
[47].

Figure 7 shows the dependence of the Kerr rotation on the
incident angle of the electromagnetic wave from the Fe film
for three different frequencies, including zw = 1.5, 1.99, and
2.4 eV. The dashed lines correspond to the results obtained
using the analytical expression in Egs. (G3). Overall, there is
good agreement between the numerically calculated complex
Kerr rotation and the analytical results across all incident
angles for both s- and p-polarized light. Notably, at incidence
angles less than 45° relative to the normal axis, the Kerr angle
for s-polarized light tends to decrease as 6; increases, while
p-polarized light exhibits a larger Kerr angle. This behavior
can be attributed to the pseudo-Brewster angle, where the
reflectivity of p-polarized light reaches a nonzero minimum.

Figure 8 presents the results for the normal incident case
versus optical frequency for Fe and Co films, where we also
included experimental data as black star symbols. For compar-
ison, the results using the analytical expression for the Kerr
rotation for the semi-infinite ferromagnets are also included
as red lines with cross symbols. The bulk dielectric tensor in
the analytical approach was calculated by summing over the
layer indices in the two-point dielectric tensor, divided by the
total number of layers. The numerical results are calculated
by constructing a superlattice that consists of a sufficiently
large number of slabs, each consisting of 25 monolayers. The
results demonstrate an excellent agreement between analytical
and numerical methods and a good agreement with the exper-
imental measurements. The deviation between the experiment
and theory can be attributed to the smearing effect due to the
other collective excitations in the material and the resulting
shorter relaxation time at high optical frequencies.

Angular dependence of field-induced Kerr rotation. In the
presence of an in-plane current along the x axis, the induced
off-diagonal conductivity tensor has an xz component, which
requires an oblique incidence in a longitudinal MOKE setup,
in order to yield a finite Kerr rotation. Figure 9 presents the
results for the electric field-induced complex Kerr rotation in
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55-monolayer Pt film versus incident angle for three different
frequencies, including iw = 1.5, 1.99, and 2.43 eV. Consis-
tent with the case of the longitudinal Kerr rotation, we observe
an odd dependence of the Kerr rotation versus the incident
angle for both light polarizations.

Analytical expressions. The complex Kerr rotations from
a material with off-diagonal dielectric tensor elements can be
evaluated using [27]

cos(6;) — ncos(6;)
Vss = P (G3a)
cos(#;) + ncos(6;)
ncos(6;) — cos(6,)
Tpp = ) )
ncos(9;) + cos(6,)

cos(0;)[ tan(6, )l — €, |
Tsp = - ,  (G3c)
n[n cos(6;) + cos(6;)][cos(6;) + ncos(6,)]

cos(6,)| tan(6, el + €, |
Fps = ,  (G34d)
n[ncos(6;) + cos(6;)][cos(6;) + ncos(6;)]

(G3b)

where n = /€7 and nsin(f;) = sin(6;). It should be noted
that the equations in (G3) are derived perturbatively, retaining
terms only up to linear order in the off-diagonal elements
of the dielectric tensor. In both the analytic derivation and
the numerical code, we adopt a fixed polarization basis: the
s-polarized unit vector € lies in the film plane along the lab-
oratory x axis, while the p-polarized unit vector €, is chosen
so that é; x €, = ¢/q. Because the z component of the propa-
gation vector g reverses for the reflected beam, the in-plane y
component of €, flips sign, whereas & remains unchanged;
this convention preserves a right-handed coordinate system
for both incident and reflected light and an opposite sign for
r,p compared to ry at normal incidence. This sign reversal
makes the polar MOKE response for p-polarized incidence
opposite in sign to that for s-polarized incidence, as seen in
Fig. 7.

APPENDIX H: FINITE-SIZE EXTRAPOLATION METHOD

As an alternative to the truncation scheme used in the main
text, we compute the full electro-optic response throughout
a Pt superlattice of total thickness L, composed of films of
thickness Ly, and then extrapolate by regressing the results
versus (L — Ly)/Ly > 1 at fixed total film thickness L. For
sufficiently thick films Ly, where finite-size corrections are
small, the complex Kerr response (rotation and ellipticity)
admits the asymptotic form,

_ _ 2
O/ (Lo L) = (Lo L) + C L) +o<(L L) )

Lg
(HI)

and analogously for ng”. Since (L — Ly)/Lo corresponds to
the number of “interfaces” residing in the bulk of the opti-
cal superlattice setup, a linear regression of the complex 6
against (L — Ly)/Ly therefore yields the intercepts 6;”(L, L),

2 0.2 SO 1
—~ (a):) L=500 nm ro.g L=500 nm g (b) Exp, hw =2 (Cv)
Z AL 0 (R S O NG
= R ! ﬁﬁ\\
= 2 hiw=2.4 (eV) Fc% -1 f*ﬁ*;i—t*t-ﬂ—l—:*-ﬁ-ﬁ-
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\9; &% E gt FEE- \% -2
g 0 ho=3 (V) & 3
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C d 223
s o @ g
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FIG. 10. (a) Total Kerr angle and (b) ellipticity for an s-polarized
incident light vs Pt film thickness for iw = 2 eV and fiw = 2.4 eV,
shown as red and blue lines with star symbols, respectively. The
insets shows the Kerr angle vs (L — Ly)/Ly for the case of a fixed
total thickness L = 500 nm, and varying unit-cell thicknesses L.
In the extrapolation scheme, we use only the first four points cor-
responding to the thickest unit-cell film thicknesses, Ly. (c),(d) The
corresponding results for p-polarized incident light. The thick black
lines are from experimental measurements, as reported in Ref. [4]
and Ref. [6]. The first few points without error bar are calculated
using a single Pt film with a substrate with ngy,, = 4, and the rest
are from the finite-size extrapolation method. An energy broaden-
ing value of n = 25 meV was chosen in the numerical electronic
calculations. The incidence angle in all cases is 45°. The error-bar
amplitudes denote the 95th-percentile ranges from the fit.

which correspond to the case without the interfaces in the
bulk.

Figure 10 shows the results of the finite-size extrapola-
tion versus total thickness of the Pt superlattice structure for
photon energies /iw = 2.0 and 2.4 eV. The first few points
in Fig. 10 (without error bars) come from single-film cal-
culations on a substrate with refractive index ng,, = 4; the
remaining points are obtained through the finite-size extrap-
olation workflow implied by Eq. (H1). The insets of Fig.
10(a) show representative 6 versus (L — Ly)/Lo trends and
their linear fits for iw = 2.4 eV (left inset) and iw = 2 eV
(right inset). Error bars represent 95 % confidence intervals,
calculated from the standard deviation of the residuals of the
linear least-squares fit.

Figures 10(a) and 10(b) report the total Kerr rotation and
ellipticity for s-polarized incidence, while Figs. 10(c) and
10(d) show the corresponding quantities for p-polarized in-
cidence. Blue symbols denote /iw = 2.4 eV and red symbols
denote hiw = 2.0 eV. Experimental benchmarks (thick black
lines) are reproduced from Refs. [4,6].

To ensure asymptotic validity of Eq. (H1), the fits are
restricted to higher thicknesses for which higher-order terms
are negligible and the residuals versus 1/Ly are structureless.
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