PHYSICAL REVIEW B 105, 045406 (2022)

Inverse Faraday effect from the orbital angular momentum of light
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It is usually admitted that the inverse Faraday effect (IFE) originates from the spin angular momentum (SAM)
of light. In this paper, we show that part of the IFE in a metal is induced by the orbital angular momentum (OAM)
of light. On the basis of a hydrodynamic model of the conduction electron gas, we describe the dependence of
the IFE on the spin and orbital angular momenta as well as spin-orbit interaction in a nonparaxial light beam. We
also numerically quantify the relative contributions of the SAM and OAM of light to the IFE in a thin gold film
illuminated by different focused beams carrying SAM and/or OAM. The OAM of light provides an additional
degree of freedom in the control of the IFE and resulting optomagnetic field, thus potentially impacting various
research fields, including all-optical magnetization switching and spin-wave excitation.
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I. INTRODUCTION

Light is known to possess polarization and spatial degrees
of freedom, manifested by its linear momentum as well as spin
and orbital angular momenta [1]. Remarkably, the spin angu-
lar momentum (SAM) of light can be transferred to electrons
in matter, a phenomenon referred to as the inverse Faraday
effect (IFE) [2-4]. The IFE has attracted much attention for
its ability to generate light-induced magnetization, thereby
opening the prospect of ultrafast magnetic data storage [5-8]
and noncontact excitation of spin waves [9-13]. Plasmonic
nanostructures have recently been investigated to locally en-
hance and control the IFE in nonmagnetic metals [14-24] and
in hybrid structures, including magnetic materials [25-30].

So far, the orbital counterpart of the spin-based IFE has
hardly been addressed. To our knowledge, optomagnetism
induced by the orbital angular momentum (OAM) of light
has not been reported yet. As the first evidence of the inter-
action of magnetism and OAM of light, Sirenko et al. showed
vortex beam dichroism in a magnetized material at terahertz
frequencies [31]. Note that an OAM-dependent IFE has been
evidenced in the case of a paraxial vortex light beam propa-
gating in plasma [32]. More generally, the transfer of optical
OAM to matter has been shown to create a torque in absorbing
microparticles [33-36] and inorganic ionic nanofilms [37],
forces and torque in a dielectric medium [38,39], and spin and
charge transport in topological insulators [40]. The OAM of
light can also be coupled to the total angular momentum of an
electron vortex beam [41]. The OAM of light and its combi-
nation with the optical SAM hold the promise of new oppor-
tunities and strategies to tailor optomagnetic effects [42].

In this paper, we provide a spin and orbital angular mo-
mentum representation of the IFE in a metal. In the case of

“vage karakhanyan.femto-st.fr
fclement.eustache @femto-st.fr
fyannick.lefier @ gmail.com
Sthierry.grosjean @univ-fcomte fr

2469-9950/2022/105(4)/045406(9)

045406-1

axisymmetric optical systems (including vortex beams), we
analytically show the role of the SAM and OAM of light, as
well as the spin-orbit interaction (SOI), in the generation of
optoinduced magnetization. We find that the SAM contributes
to the IFE only in nonparaxial optical beams (carrying no-
ticeable longitudinal light fields), whereas the OAM makes
a non-negligible contribution even in the paraxial optical
regime. Finally, we numerically quantify the spin and orbital
parts of the IFE in a thin gold film under illumination with
different focused beams carrying SAM and/or OAM. We nu-
merically confirm the importance of the SOI of light in the
IFE and resulting optomagnetic field, which manifests via
SAM-to-OAM or OAM-to-SAM conversions at the focus.

II. MODEL DESCRIPTION

In a hydrodynamic approach, the conduction electron dy-
namics in a metal can be described by Euler’s equation
[43,44]:

av m, 2
meE+me(v . V)VZ—?V + eE + ppev x H — meYV"’

ey

where m,, n, T, and v are the effective mass, the conduction
electron fluid density, the collision time, and velocity of the
conduction electrons, respectively. E and H are the applied
electric and magnetic optical fields. The last term in Eq. (1)
is due to the electron gas pressure, with 8 proportional to
the Fermi velocity vp. o and e are the permeability of the
free space and the elementary charge, respectively. E(r, 1),
H(r,t), v(r,?), and n(r,t) are time- and space-dependent
variables. n and j satisfy the continuity equation:
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where j = nev = 0P/0r is the current density and P is the
polarization density vector.
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Equation (2) can be rewritten as
1

n(r,t)=ny— -V -P, 3)
e

where ny is the background, equilibrium charge density in the
absence of any applied fields.

Assuming that the time variation of the conduction electron
fluid density is relatively low (i.e., n < n), the ratio n/n may
be expanded in powers of 1/(ngpe):
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By applying the above-described assumptions in Eq. (1), we
find [44,45]
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III. TIME HARMONIC REGIME

In the time harmonic (i.e., monochromatic) regime, the
electric and magnetic optical fields become E = E,, (r)e~*" +
c.c. and H = H,(r)e ™ + c.c., where w is the angular fre-
quency, ¢ is time, and c.c. is the complex conjugate. To predict
both the linear and nonlinear responses of the metal, we solve
Eq. (6) using a perturbation approach. To this end, the current
density j is written as

j= (e ™ +c.c.)+ jnr- @)

jo and jni are the linear and nonlinear contributions to the
current density, respectively. In the following, we focus on the
nonlinear optical process defined by the drift current density
ja = (jnr), where the operator (-) denotes time averaging. jq
originates from an optical rectification process [46]. Because
jni is small compared to j,, the perturbation method turns
Eq. (6) into the following couple of equations:
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are the linear (i.e., dynamic) and DC conductivities, respec-
tively. This system of equations describes both the linear and
nonlinear (rectification) responses of a material to an optical
field. It can be numerically solved using, for instance, the
two-fluid plasma model solver [47]. However, these solvers
require high computational power and are time-consuming.

IV. INVERSE FARADAY EFFECT

Assuming that the optical response of a metal is mainly
driven by its conduction electrons, the IFE can be described
by the orbital magnetization defined as

1
M = —/LdV, (12)
w [y

where
L=rxjg (13)

is the optoinduced local orbital angular momentum in the
conduction electron gas. In that case, the IFE directly depends
on the optoinduced drift current density in the metal.

A. IFE in the metal bulk

The last terms of Egs. (1) and (8) both describe nonlocal
effects in the metal. In the case of smooth and slowly varying
charge densities n, it is possible to neglect nonlocal effects
(i.e., considering 8 — 0) and take into account only the local
response [45]. This local response approximation simplifies
the resolution of Egs. (8) and (9) [21,48]. It is, however,
valid only within the metal bulk. The extension of the local
approximation method to metal surfaces will be addressed in
Sec. IVB.

In the framework of a local response approximation,
Egs. (8) and (9) become

jw = waw (14)
and
. T [ . Les . o
Ja=— —Re[—(V “Jo)ig + (o - Vg,
npe wT
—MWLxHﬂ, (15)

respectively. Using the vector identity
(o - Vi, =Jo - Vi, —Jo x (V X j3)
=jo - Vil +ionoy jo x HS, (16)
Eq. (15) becomes
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When the spatial variation of y,, is small enough to be
neglected, Eq. (17) reads

2
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npe

1
ja = {—Im[(V -E,)E*] + TRe[E, - VE*]
w

—uoRe[E, x H;;]}. (18)

045406-2



INVERSE FARADAY EFFECT FROM THE ORBITAL ...

PHYSICAL REVIEW B 105, 045406 (2022)

Using vector identities and Maxwell’s equations, Eq. (18)
can be rewritten as

W2 [ T
ja= u{——V<|Ew|2> 4 Im[E; - VE, ]
npew 2
1
+3V % Im[E} x Ew]} 19)

According to Refs. [49,50], the last two terms of Eq. (19)
represent the orbital and spin parts of the time-averaged
Poynting vector I1 = Re[E,, x H}], respectively. We have

H — HOI‘b + Hspn’ (20)

where IT° = Im[E} - VE,] and IT**" = V x S. Vector S =
Im[E} x E,] is proportional to the SAM density of light
[49,51-53]. The optoinduced drift current density in the metal
bulk becomes

ja=f + 30+ @n
where
2
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The optoinduced drift current density thus combines three
source terms [Eq. (21)]. Term j:f is linked to the so-called
intensity-gradient force [54,55] that is central in optical tweez-
ing applications [56]. The other two source terms are related
to the orbital and spin parts of the Poynting vector.

In the monochromatic regime, the linear momentum of
light is proportional to the time-averaged Poynting vector
[49,51]. Equations (23) and (24) thus describe momentum
transfer from light to the conduction electrons in a metal,
leading to an optical drag effect [57]. II°® and II*"" are thus
proportional to the canonical (orbital) and spin momentum
densities of light, respectively. When vector-multiplied by r,
the source terms of Egs. (23) and (24) give the orbital and spin
contributions to the angular momentum L of the conduction
electron gas, respectively [49,50]. The local angular momen-
tum [Eq. (13)] and resulting orbital magnetization [Eq. (12)]
of the conduction electrons then read

L=rxjf+rxjg®+rxj (25)
and
M = M 4 M 4 M1, (26)

respectively. M8, M°® and M*" are the intensity-gradient,
spin, and orbital contributions to the IFE, respectively. We
have M = 1/(2V) [, r x ji?dV, where id stands for ig, orb,
and spn. Therefore, the IFE does not originate solely from the
SAM of light. Equation (26) shows that part of the IFE in the
metal bulk relies on the transfer of OAM from a light beam
to the conduction electron gas of a metal. It appears from
Egs. (23) and (26) that the orbital part of the IFE relies on
an axis-symmetric optical drag effect induced and controlled
by the OAM of light.

B. IFE at metal surfaces

As previously stated, the local approximation approach
used to analytically solve Egs. (8) and (9) is valid only
within the metal bulk. To overcome the ambiguities of this
simplified model at metal interfaces (where strong variations
of the electron fluid density occur), an analytical method
has been proposed to describe optoinduced surface currents
[23,24,45,58-60]. This method brings a nonlocal correction
to the local response approximation at metal surfaces.

The idea is to define a thin metal layer beneath interfaces
whose thickness matches the Thomas-Fermi length (Arp =~
0.1 nm for noble metals). This layer is considered to be a
“surface layer,” where the electron gas pressure and the spatial
variations of the conductivity are not negligible. Out of this
layer, in the metal bulk, the local model applies (8 — 0).
Within the interface layer, the component j! of the linear
current density that is locally parallel to the surface is pre-
served, whereas the normal component j¥ decays to zero.
This additional boundary condition on j¥, which is required
to solve the nonlocal problem, is attributed to a neglected
electron “spill-out” at interfaces [45].

We define p as the spatial coordinate normal to the surfaces
so that the metal bulk is located at p < O and the surface
layer corresponds to 0 < p < Agp. In that case, we have in the
surface layer jI (p) ~ jT(07) and j¥ = jN(07)o (p), where
o is a decaying function defined by fOATF o'(p)dp = —1 [45].
o' is the derivative with respect to p. The o (p) function has
the following useful properties:

ATF
/0 o(p)"o'(p)dp = — ) (27)

m+ 1

ATF
/0 a(p)"dp =0. (28)

This nonlocal correction is applied by redefining the lin-
ear conductivity of the metal as a tensor. The linear current
density [see Eq. (14)] then becomes

Yo O 0 ElT
Jo=10 Vo 0 E] |, (29)
0 0 yo(p)]||EN

where E[, EI, and EV are the vector components of the
optical electric field that are transverse and normal to the
interfaces. Finally, the optoinduced drift current density at
metal surfaces is deduced by replacing j, in Eq. (17) by its
expression in Eq. (29).

V. IFE IN AXISYMMETRIC OPTICAL SYSTEMS

We now focus on axisymmetric optical systems in which
both the metal structure and light intensity are axially sym-
metric. In that case, the IFE mainly involves a magnetization
oriented along the symmetry axis [21,23,48]. The azimuthal
component [ jz]¢ of the drift current density [in the cylindrical
coordinates (r, £, z)] then becomes the main contributor to the
IFE [see Egs. (12) and (13)].

Since V¢|E,|*> = 0 in light beams showing axis-symmetric
intensity, jiig makes no contribution to the IFE in axis-
symmetric optical systems (i.e., [jf]¢ = 0). Only the orbital
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and spin parts of the optoinduced drift current density are now
involved [see Egs. (23) and (24), respectively]. The angular
momentum of the conduction electron gas now reads

L:rxjgrb—}—rxj;p“
|Vw|2 orb spn
= "—[rx O°° +r x IIT*"]. (30)
noew

In the following, we consider the incoming light to be
a Laguerre-Gauss vortex beam described by a polarization
helicity s (—1 < s < 1) and a topological charge ! [61-63],
respectively. Laguerre-Gauss beams fulfill the cylindrical
symmetry condition required to cancel the contribution of the
intensity-gradient source term j.

A. IFE in the metal bulk

From Eq. (19), we find that the azimuthal component of the
drift current density within the metal bulk reads

. I+s 2 3s, a8
[Jd]g‘k=x[ |Ew|2—;sz]+x[ ——S] 31)

r 0z ar

orbbulk .spnbulk
= [ + L (32)
where k = |y, |?/(npew). S,, Se, and S, are the components of
the SAM density S of light in cylindrical coordinates. We have
S, = Im[EZE.], S¢ = Im[EE,], and S; = Im[EE¢].

The first term of Eq. (31), namely,

orb7bulk I+s ., 2
= E,>— =S 33
[ig®]; K[r" rz] (33)

= §(1|E,,,|2 +IsIE, P —25.0)  (34)

refers to the azimuthal component of jgrb [see Eq. (23)]. This
part of the optoinduced drift current density evidences the
contribution to the IFE of the OAM of the light within the
metal.

The second term of Eq. (31),

.spn bulk - aSr _ % 35
[ _K|:8z | (35)

describes the spin part of the IFE.

Therefore, in an axis-symmetric optical problem, our
model suggests that the IFE in the metal bulk relies on both the
SAM and OAM of light. From Eq. (34), the OAM manifests
itself via the topological charge / of the incoming vortex beam
and as an intermediate between the SAM of light and the
OAM of the electron gas, via optical SOI (see Sec. V C).

B. IFE at metal surfaces

In the following, we consider the optoinduced drift current
density at the surfaces perpendicular to (0z). We thus have
p = £z, where p is defined in Sec. IV B. From Sec. IV B and
Egs. (33) and (35), the orbital and spin parts of the azimuthal
drift current density at metal surfaces read

sur’ l 2
Lig"]; = K< g - ;SZ(O‘)> (36)

r

and

syt _(00(p)S,(07)  30(p)S;(07)
[7d"]; K( % ). @D

respectively. We have |E||>=E,(07)E*(07)+E¢ (0~ JEZ(07).
The definition of the optical electric field within the surface
layer follows that of the linear current density (see Sec. IV B).
We have E! (p) ~ EF'(07) and EY (p) = EN(07)o (p).

We now define i; as the linear density of the surface cur-
rent. We have

, b .spnsurf .orbsurf
= [ U . (38)
0

Using Eqgs. (27) and (28), we find

g [ +s 21 B _
i :K[ IE At — ——285.(07) — S,(0 )}. (39)

r r

With the terms containing Atp being negligible, we finally
obtain

i = —kS,(07), (40)

where S,(07) = Im[Eg‘(O’)Ez(O’)]. At metal surfaces, the
IFE is mainly driven by the radial component of the SAM of
light.

C. Paraxial approximation and spin-orbit interaction

In the paraxial approximation, the optical field is consid-
ered to be purely transverse (E, = 0), and the SAM of light
reduces to S, = s/2|E,|? (S, = Sg = 0) [51]. In that case, the
second term (in brackets) of Eq. (34) vanishes, leading to

orb1bulk K 2
[a®]e = ~ 1B (41)
The second term of Eq. (34) thus analytically describes the
spin dependence of the OAM of light in nonparaxial beams
by virtue of SOI (SAM-to-OAM conversion) [64,65]. We will
numerically see in Sec. VI that SOI (OAM-to-SAM conver-
sion) is also inherent in the spin part of the IFE [see Eq. (35)].

With the spin part of the IFE being dependent on S, and S;
[see Egs. (35) and (40)], the contribution of the SAM of light
to the IFE vanishes in the paraxial optical regime. According
to our model, the IFE induced by paraxial optical beams is
solely driven by the OAM of light, which manifests via the
topological charge /.

Such a property is consistent with the fact that in the
paraxial approximation, the orbital momentum of light (pro-
portional to TT°P; at the origin of the OAM) is the only
observable contribution to the optical momentum [49,51]. The
orbital momentum is here proportional to the wave vector of
the optical field and is solely responsible for energy transport
[49]. The spin momentum (proportional to IT*P"; at the origin
of the SAM) represents a solenoidal current, which does not
contribute to energy transport [49,51]. In the paraxial approx-
imation, the spin momentum has no observable contribution
to the IFE in a metal.
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FIG. 1. Schematic diagram of the focusing system which in-
volves a microscope objective of the circular pupil.

VI. OPTOMAGNETISM IN A THIN GOLD LAYER

To estimate the relative contributions of the SAM and
OAM in the IFE and resulting optomagnetic field, we simulate
the optomagnetic response of a thin gold film under illumi-
nation with single focused light beams carrying SAM and/or
OAM.

A. Design and theory

The configuration under study is shown in Fig. 1. A 20 nm
thick gold layer lies on a semi-infinite glass substrate. An
incoming vortex beam of topological charge / and polarization
helicity s with a Gaussian or Laguerre-Gaussian profile is
focused onto the backside of the gold film in the substrate. The
1/e width of the beam waist coincides with the pupil diame-
ter of the microscope objective. Operating in the immersion
regime, the objective shows a numerical aperture (NA) of 1.3.
On the basis of the theory established by Richards and Wolf
[66,67], the optical electric field at focus can be written as

xpl—iki f]

iklfe 1 Om 1 .
E(r,§,2)=— o \/_n_I/O cos2(0)sin(0)F (0)

2
X / e(0, V¥, z)expliar cos(yp — &)]dOdyr,
’ “2)

where (r, £, z) are cylindrical coordinates, f is the focal length
of the microscope objective, 6 and y are directional angles,
and o is a function of 6. We have 0y = arcsin(NA/n;),
where n, is the refractive index of the substrate. The (0z) axis
matches the symmetry axis of the microscope objective and is
perpendicular to the metal surfaces (see Fig. 1).

Vector e(8, Y, z) takes the form

e, v.2)

Esty(z)siny — Epty(z) cos 6 cos
= explily]| —Ests(z) cos ¥ — Ept}(2) cos 6 sin yr
Ept;(z)sin6
43)

For circular polarization (s = £1), we have

E, = —is(~/2/2) explisyr], (44)
E, = — (v2/2)explisy]. (45)

The apodization function at the exit pupil plane of the micro-
scope objective reads

ol -
2 | ZyP, 2 0 — 0
FO)=— ﬂ(ﬂ) exp f# . (46)
wo\ || wo wg
with
wo = fsinfy  if =0, (47)
in 6
wy = 23O e Sy (48)
(21N>

Py and wy are the power and 1/e width of the incoming beam,
and Zj is the vacuum impedance.

In the case of radially polarized vector vortex beams of
the first order (I = 1, s = 0), the optical field at the focus is
defined by

E]J = 17 EY = 05 (49)

and we assume the Gaussian apodization function at the pupil
plane given by Eq. (46) for [ = 0.

For all the above-described vortex beams, the optical mag-
netic field is calculated by replacing e(r, §,z) by h(r, §,z) =
k x e(r, &, z)/wu in Eq. (42).

Predicting the IFE in a metallic structure requires the cal-
culation of the optical field inside the metal [see Egs. (19)
and (40)]. In the basic configuration treated here, the opti-
cal field in the metal layer is described by the coefficients
ts, t;, and t; under the form C* expliw,z] + C™~ exp[—iw,z],
where w, is the component of the wave vector normal to
the surfaces [i.e., along (0z)]. Coefficients C* and C~, which
are obtained by applying boundary conditions of the optical
fields to the film interfaces, can be found, for instance, in
Ref. [68]. The dispersion properties of gold at A = 800 nm are
defined by the Drude model with ¢, = —24.76 + 0.88i and
Yo = 1.5718x 107 S m~'. From the calculated optical field in
the metal, we anticipate the distribution of optically induced
drift current density using the formalism detailed in Sec. V.

B. OAM- and SAM-driven optomagnetism

In the following, we consider four different light beams
carrying SAM or OAM or a combination of SAM and OAM.
We examine the circularly polarized beam (I =0,s = 1),
the radially polarized vortex beam (I = 1, s = 0) leading, for
instance, to optical skyrmions [69], and two circularly polar-
ized vortex beams with opposite topological charges (/ = +£1,
s = 1) [70,71]. The incoming light waves are characterized
by a maximum intensity of 10'>W c¢cm~2 at the focus and
a wavelength A of 800 nm. The waist of the incident beam
coincides with the pupil plane of the microscope objective. Its
1/e width matches the pupil diameter.

Figure 2 shows cross sections of the bulk and surface cur-
rents generated in the metal film under illumination with the
above-described light beams. The drift currents are calculated
by numerically integrating the azimuthal components of the
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FIG. 2. Optoinduced current loops (a)—(d) at the bottom surface and (e)—(p) in the bulk of a thin gold film illuminated with (a), (e), (i),
(m) a circularly polarized light beam (s = 1, [ = 0), (b), (f), (j), and (n) a radially polarized vortex beam (s = 0, [ = 1), (c), (g), (k), and (0)
a circularly polarized vortex beam (s = 1,/ = 1), and (d), (h), (1), and (p) the same circularly polarized vortex with the opposite topological
charge (s = 1,1 = —1). The helicity of each beam is shown by the / and s numbers on top of each column. The bottom surface [the (xOy) plane;
see (d)] of the thin gold film matches the focal plane of the incoming light. The orientation of the surface currents in (a)—(d) is represented by
white arrows. Equation (37) is used to calculate the surface currents as it is assumed to be solely driven by the SAM of light (see. Table I).
Currents in the metal bulk are represented along the longitudinal (x0z) plane [see (e)] and are decomposed into their (e)—(h) spin and (i)—(1)
orbital parts [see Egs. (35) and (33), respectively]. The overall bulk current combining spin and orbital contributions is shown as well in
(m)—(p) [see Eq. (32)]. The color code used to represent these out-of-plane currents is defined in (e). All currents are given in nanoamperes.

bulk and surface current densities [see Eqgs. (31) and (40),
respectively] over areas of 0.1x0.1 nm?. The optomagnetic
fields originating from the SAM- and OAM-driven loops of
drift current are represented in Fig. 3 together with the overall
optomagnetic field.

TABLE I. By, and B, coefficients for four different combina-
tions of the / and s parameters defining the incoming beam entering
the microscope objective. By, and Boy are defined from Egs. (50)
and (51), where p°® and u*" are given in (52) (the total amount of

e-OAM).
[=0,s=1l=1,5s=0l=1,s=11l=-1,5s=1
Bulk B 73% 55% 45% 55%
Borv 27% 45% 55% 45%
Surface Byn  99.8% 99.5% 99.3% 99.2%
Borb 0.2% 0.5% 0.7% 0.8%
Overall B, 88% 76% 69% 1%
Borb 12% 24% 31% 29%

SOI [72] is known to tailor the helicity of focused light. As
an example, in the focal region of a circularly polarized beam,
the SAM is partly converted to OAM [71]. A reciprocal OAM-
to-SAM conversion occurs at the focus of the vector vortex
beams [69,73]. An immediate consequence of the SOI of light
on the IFE is that optoinduced drift currents show both orbital
and spin components even when the incoming beam carries
solely SAM or OAM. We see from Figs. 2(e) and 2(i) for the
circularly polarized beam (carrying SAM) and Figs. 2(f) and
2(j) for the radially polarized vortex beam (carrying OAM)
that in the metal bulk both the orbital and spin parts of the
drift currents are non-negligible. The SAM dependence of the
orbital part is analytically evidenced in Egs. (33) and (36),
whereas the OAM dependence of the spin part is contained in
the spatial derivatives of Egs. (35) and (37). As anticipated in
Eq. (40), the orbital part of the drift current at metal surfaces
is negligible. This property is numerically verified in Table I
using Eq. (39).

The effect of the SOI in the IFE is also visible in the case
of circularly polarized vortex beams (carrying both SAM and
OAM; see the two last columns of Fig. 2). By comparing
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FIG. 3. Optically induced static magnetic field in an (x0z) plane perpendicular to the metal surfaces. The black arrows show the local
orientation of the magnetic field. (a)—(d) Optomagnetic field (in linear scale) from the contribution of the OAM of light to the IFE. (e)—(h)
Optomagnetic field (in logarithmic scale) from the contribution of the SAM of light to the IFE. (i)—(1) Overall optomagnetic field (in logarithmic
scale). In all plots, the horizontal yellow lines are used to localize the 20 nm thick gold layer. The gold film is illuminated from the substrate

[see indications in (a)].

Figs. 2(c) and 2(d) and 2(k) and 2(1), we see that the spin part
of the drift current in the metal bulk and at metal surfaces is
reversed and shows a different morphology when the sign of
the topological charge [ (i.e., the OAM) of the incoming beam
is flipped while the polarization helicity s (i.e., the SAM)
remains unchanged.

To quantify the relative contributions of the SAM and
OAM of light to the IFE, we consider coefficients By, and
Borb, respectively, defined as
"

B spn = ~spn

e+ g e
Z

u ;)rb
ﬂ orb == spn

——— . 1)
ue" 4t

p" and o™ are the z components of vectors u**™ and p°™,

defined as being derived from the spin and orbital parts of the
optoinduced magnetization (M*" and M°®, respectively).

We first focus on the ability of the SAM and OAM of light
to create local orbital angular momentum in the electron gas
(e-OAM), i.e., to move conduction electrons in the form of
drift current loops. To this end, we define

[l,id ! r X |jff|dV,

S 52

w ), (52)

with |jild| = |[jiid]s““f| + |[jgi]b““‘|, where id stands for orb
or spn. Here, u, = u™ + o™ quantifies the total amount

of optoinduced e-OAM. We thus avoid angular momentum
compensation effects that could be induced by current loops
of opposite handedness to focus on how much of the total
optoinduced e-OAM comes from the SAM and OAM of light.

From these considerations, it appears that the OAM of light
is the main source of e-OAM in the metal bulk for three
of the four helicities of the incoming light (see Table I). In
contrast, the SAM of light is the main contributor to e-OAM
at metal surfaces [calculated from Eq. (39)], which confirms
the simplification made in Eq. (40). Table I also shows that
the overall e-OAM (combining the surface and bulk contri-
butions) is mainly driven by the SAM of light. The existence
of a non-negligible OAM-driven magnetization (SAM-driven
magnetization) for an incoming beam solely carrying SAM
(OAM) highlights the crucial role of the SOI of light in the
IFE. In the case of the radially polarized vortex beam carrying
solely OAM (I = 1, s = 0), the contribution of the SAM to
the total generated e-OAM is even three times higher than the
contribution of the OAM. OAM-to-SAM conversion in such a
beam was already evidenced in Ref. [69], leading to the con-
cept of an optical skyrmion. When the incoming beam carries
both OAM and SAM (I = £1 and s = 1), the OAM and SAM
contributions to the overall e-OAM are almost balanced.

We now study the observable magnetization associated
with the IFE. u is then defined as the amplitude of the mag-

. 1
pd = M| = ——

netization:
r x j4dv
% /‘; Ja

where id stands for orb or spn. The e-OAM compensation
effects induced by current loops of opposite handedness are
now taken into account. We see, for instance, by comparing
Figs. 2(b)-2(d) and 2(j)-2(1) that the SAM-driven drift cur-
rents at metal surfaces and bulk can have opposite handedness.

The SAM and OAM contributions to the overall IFE
(combining the surface and bulk contributions) are given
in Table II. We find that except for an incoming circularly

, (53)
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TABLE 1II. By, and Boy coefficients for four different com-
binations of the / and s parameters defining the incoming beam
entering the microscope objective. Byn and By, are defined in
Egs. (50) and (51), where u°® and p*P" are given in (53) (observable
magnetization).

[=0,s=1 I=1s=0 I=1,s=1 I=-1,5=1
Bspn 78% 0.2% 36% 49%
Bory 22% 99.8% 64% 51%

polarized beam (I = 0, s = 1), the contribution of the OAM
of light dominates the IFE. The spin part of the IFE under-
goes compensation effects due to surface and bulk currents of
opposite handedness, which reduces the resulting optomag-
netization. The SAM of light thus induces a larger amount of
e-OAM, but due to compensation effects between surfaces and
bulk contributions (electrons move in opposite directions), the
SAM of light can be less efficient than its orbital counterpart
for generating observable magnetization. This surface-to-bulk
compensation effect can be almost perfect, leading to a near-
zero contribution of the SAM to the IFE (as observed from
Tables I and IT with the radially polarized vortex beam; / = 1,
s =0).

The resulting optomagnetic field is calculated from the
drift currents shown in Fig. 2 using the Biot-Savart law. We
show in Fig. 3 the optomagnetic field generated from the
spin and orbital parts of the drift currents [Figs. 3(a)-3(d)
and 3(e)-3(h), respectively] as well as the overall magnetic
field combining these two parts [Figs. 3(1)-3(1)]. Figures 3(i)—
3(1) reveal that the distribution of the overall optomagnetic
field strongly depends on the OAM of the incoming beam.
When! = 1 and s = 1, the optomagnetic field forms a ringlike
pattern and points upward at the center of the light beam
[Fig. 3(k)]. The amplitude of the static magnetic field reaches
1.2 mT. When the sign of / is reversed, the optomagnetic field
is both flipped and confined at the beam center [Fig. 3(i)],
and it peaks at 1.8 mT. The topological charge (i.e., OAM)
of the collimated light entering the microscope objective thus
provides an additional degree of freedom for the control of the
optomagnetism.

VII. CONCLUSION

On the basis of a hydrodynamic model of the conduction
electron gas, we gave a spin and orbital angular momentum
representation of the IFE in a metal. Both the SAM and OAM
contributions to the IFE in the metal bulk rely on an optical
drag effect [57,74]: the underlying optoinduced current den-
sities are proportional to the Poynting energy flow (optical
momentum) inside the metal. In the case of an axisymmetric
optical system, we showed a direct proportionality between
the optoinduced drift current at metal surfaces and the radial
component of the SAM of light. In the paraxial approxima-
tion, the contribution of the SAM vanishes, and the IFE is
driven solely by the OAM of light, which is consistent with
the interpretation of the spin and orbital angular momenta of
purely transverse light fields [49,51]. We also showed that the
SOI of light plays a significant role in the IFE. Finally, we
numerically quantified the relative contributions of the SAM
and OAM to the IFE in a thin gold film illuminated with
four different focused beams carrying SAM and/or OAM. We
found that the SAM of light is the main source of drift current
density regardless of the helicity of the incident light. How-
ever, the compensation effects between SAM-driven surface
and bulk currents of opposite handedness reduce the contribu-
tion of the SAM to the observable optoinduced magnetization.
Except for circular polarization, the OAM of light is found
to be the main contributor to the IFE. We also numerically
confirmed the importance of the SOI of light in the IFE,
which manifests both via SAM-to-OAM and OAM-to-SAM
conversions at the focus. The OAM of light thus opens dif-
ferent degrees of freedom in the control of the IFE in metals,
thus potentially impacting various research fields, including
all-optical magnetization switching and spin-wave excitation.
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