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Light-Induced Torque in Ferromagnetic Metals via Orbital Angular Momentum
Generated by Photon Helicity
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We investigated photon-helicity—induced magnetization precession in Co;_,Pt, alloy thin films. In
addition to field-like torque, attributable to magnetic field generation owing to the “inverse Faraday effect,”
we observed nontrivial and large damping-like torque that has never been discussed for single
ferromagnetic layer. The composition dependence of these two torques is effectively elucidated by a
model that considers mutual coupling via spin-orbit interaction between magnetization and the electronic
orbital angular momentum generated by photon helicity. This Letter significantly enhances our under-
standing of the physics relevant to the interplay of photon helicity and magnetization in magnetic metals.
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Photon carries both spin and orbital angular momenta,
in circularly polarized and vortex electromagnetic waves,
respectively, and utilization of these angular momentum of
photons is one issue in modern physics [1,2]. Considerable
attention has been devoted in condensed matter physics
to the interaction between photons’ angular momentum
and matter, fostering technological advances such as
vortex nanoprocessing [3,4] and optical information com-
munications [5-7].

Intriguing physical phenomena relevant to the angular
momentum of photon are also discussed as one of the
central subjects in optomagnetism. The “inverse Faraday
effect” is a physical phenomenon in which magnetization
M,, or magnetic field H, emerges during the dwell time
when circularly polarized light passes through a dielectric
medium, and it can be expressed as

M,. H, x E(w,) x E*(w,), (1)

where E is electric field vector for light with an angular
frequency of w,, [8,9]. H,, can be generated instantaneously
when light is irradiated on magnetic dielectric materials
owing to magneto-optical coupling such as the magneto-
optical Faraday effect [10]. Consequently, GHz-to-THz
dynamics of magnetic order are initiated when a circularly
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polarized femtosecond laser pulse passes through magnetic
materials via the inverse Faraday effect, enabling us to
explore various spin dynamics along with various probes.
This is an ultrafast and versatile modern technique [11-16].

The inverse Faraday effect has also been discussed in
magnetic metals and a highlight is circularly polarized
laser pulse-induced magnetization reversal, commonly
referred to as all-optical helicity dependent switching,
partially attributed to the inverse Faraday effect [17-23].
Considerable efforts have been devoted to understanding
the physics of the inverse Faraday effect in metals;
however, there is still a notable gap in our understanding
of the key physics—for example, the nature of magneti-
zation arising from the inverse Faraday effect in metallic
ferromagnets. A recent study discussed the inverse Faraday
effect in terms of the above-mentioned effective magnetic
field to interpret the light-induced precessional magneti-
zation dynamics observed in various ferromagnets and
normal metal bilayers [14,24-28]. Many theories reported
light-induced magnetization of metals [29-37]. According
to the recent theoretical analysis of the inverse Faraday
effect magnetization, M, in metals predominantly consists
of orbital angular momentum (OAM) and not spin angular
momentum (SAM) [29]. On the other hand, in addition to
the inverse Faraday effect, both OAM and SAM can be
induced as an absorbed quantity [35,37-39]. Although the
inverse Faraday effect is proportional to the laser intensity,
i.e., the effect vanishes after the laser passes away from the
matter, OAM and SAM are induced by the absorption of
photonic angular momentum that remains in matter even
after the laser passes away from it. By using the absorption,

© 2025 American Physical Society
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(a),(c) Schematic illustration of photon-helicity generated OAM of electron and magnetization dynamics excitation. Circularly

polarized light has an angular momentum where its sign depends on helicity (o). The OAM (SL) is generated parallel to S,.
Magnetization dynamics are excited by SOC. Schematic of angular momentum flow induced by photon helicity when (b) relaxation to
the environment is stronger than SOC and when (d) SOC is stronger than relaxation to environment. When angular momentum flow
through SOC dominates over relaxation to environment, SL rotates within laser pulse duration; then, magnetization dynamics can be

excited by OAM transfer torque as shown in (c).

OAM can be induced in any dissipative materials. It is then
intriguing to determine whether the light-induced angular
momentum in metals is relevant to orbital magnetism in the
context of recent research on the magnetization dynamics
induced by an electric field (current) via OAM [40—-46].
Furthermore, their deep understanding will also push
technologies relevant to optomagnetism, such as the
aforementioned all-optical helicity dependent switching.
In this Letter, we elucidate the role of electronic OAM in
the dynamics of magnetization induced by circularly
polarized laser pulses in ferromagnets. Our experimental
data clearly demonstrate the existence of not only the effec-
tive magnetic field, traditionally interpreted as the inverse
Faraday effect, but also a nontrivial and large effective
magnetic field that is orthogonal to that induced by the
inverse Faraday effect. In other words, these correspond
to the field and damping-like torques, respectively. In the
former scenario, a circularly polarized laser pulse acts as
an effective magnetic field that induces field-like torque.
On the other hand, the latter scenario where damping-like
torque is generated cannot be explained by the traditional
inverse Faraday effect alone. Both torques can be under-
stood with a simple model we provide, on an equal footing,
that considers the nonequilibrium OAM induced by the
angular momentum of a photon and its coupling with

magnetization via spin-orbit interactions in ferromagnetic
metals. Here, it should also be noted that the effective
magnetic field generation in the model is different from the
traditional model [Eq. (1)] in which magneto-optical
coupling plays an important role.

As mentioned above, we focus on both kinds of torque
(or effective magnetic field), and these are illustrated in
Fig. 1. In Fig. 1, the macroscopic magnetization of a
ferromagnetic metal film is in the film plane (m|x) and
circularly polarized laser pulse with k vector incidents
along the film normal (k||z). In this geometry, magnetiza-
tion precession is induced and the initial phase is deter-
mined by the direction of the total torque. The absorption of
photonic angular momentum induces M, parallel to z,
which will then act on magnetization as an effective
magnetic field, i.e., the field-like torque, via a coupling
between m and M,,, T o« m x M,, [Fig. 1(a)], as reported
[14,24,27]. In the opposite case, the direction of the M,
changes owing to strong coupling between M, and m,
leading to the emergence of the damping-like torque, i.e.,
T «m x (M, x m) [Fig. 1(c)]. Hereafter, we assume that
M, is dominantly caused by the electronic OAM JL
induced by light, as shown in Fig. 1. The path of the
angular momentum flow is schematically shown in
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Figs. 1(b) and 1(d). When relaxation to environment for
induced OAM is stronger than the coupling with magneti-
zation, light acts as the field-like torque [Figs. 1(a)
and 1(b)]. However, coupling between induced OAM
and magnetization is stronger than relaxation to environ-
ment, the damping-like torque as an OAM transfer torque
is induced by light irradiation [Figs. 1(c) and 1(d)]. Con-
sequently, the two cases are characterized by the coupling
strength between m and JL and relaxation of L. In the
realm of torque physics induced by the OAM generated by
electric current or field, one can intuitively infer that the
coupling strength between m and SL is governed by spin-
orbital coupling (SOC), given that magnetization stems
from SAM in transition metal ferromagnets. Hence, the
field- and damping-like torques can be tuned by the heavy-
metal addition into ferromagnetic metals.
Five-nanometer-thick Co;_,Pt, alloy thin film samples
with different compositions (x) were prepared by magnet-
ron sputtering. The stacking structure of the sample is as
follows: Si/SiO, sub./Co;_,Pt,(5)/Al(2) (thickness is in
nanometers). The wavelength and pulse duration of the
pump and probe laser pulse used for the circularly polarized
laser induced magnetization dynamics measurements were
800 nm and 100 fs, respectively. The pump fluence (F)
used for the measurement was fixed at 4.6 J/m?. An in-
plane external magnetic field of 2 T was applied during the
measurement. The measurement was performed at room
temperature. Figure 2 shows the effect of left circularly
polarized (LCP) and right circularly polarized (RCP) laser
on normalized Kerr rotation angle Afy /0x to determine the
impact on magnetization dynamics in Co [Fig. 2(a)] and

—o—LCP, —=—RCP ——sin, ——cos

011 [ (a) Co + | (©) 40.1
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FIG. 2. (a) and (b) Circularly polarized laser pulse-induced
change in normalized Kerr rotation angle [Afk (#)/60x] in Co and
Co;5Ptgs alloy films with different photon helicity using LCP and
RCP laser pulses. (c),(d) Helicity-dependent change in normal-
ized Kerr angle rotation [(A0g (LCP) — Afg (RCP))/(20k)] as a
function of time for Co and CossPtg5 alloy films extracted from
(a) and (b). Broken and solid curves are results fitted using a
sinusoidal decayed function [Eq. (2)].

Co;5Ptgs alloy [Fig. 2(b)]. Magnetization precession was
excited after irradiation with a femtosecond laser pulse. The
oscillation phase reversed when the photon helicity was
reversed, indicating a photon-helicity—induced torque on
magnetization. The slightly different amplitudes between
the irradiation of the LCP and RCP resulted from thermally
induced magnetization precession, likely caused by a slight
misalignment between the sample and the applied field. To
extract the photon-helicity—induced signal, the normalized
difference signal [(AOg(RCP) - 0x(LCP))/(26k)] was
taken as shown in Figs. 2(c) and 2(d). This photon-
helicity—induced normalized change in the Kerr rotation
angle was then fitted by the following equation:

f(t) - (5mz,sin Sin(Z”fof) + amz.cos 005(27Tf0t))
x exp(=t/7), (2)

where 0m, g (cos)» f0, and 7, are sine (cosine) amplitude,
frequency, and lifetime of magnetization precession,
respectively. The broken and solid curves in Figs. 2(c)
and 2(d) represent the fitted results based on Eq. (2). In the
case of Co, the magnetization precession excited by the
photon helicity was sinelike, indicating that the field-like
torque was dominant. In contrast, a phase shift and cosine-
like components, which are signatures of the damping-like
torque, were exhibited by the Co;5Ptgs alloy.

Figure 3(a) shows om,, i, and ém, o5 plotted as functions
of the Pt composition (x). Both values increased with
increasing x. In particular, a relatively significant increase
of ém, .., was observed with an increase in x, compared
with that of om, ;. The relative magnitudes of two values
significantly changed, resulting in a change in the initial
phase ¢(= tan~!(6m, os/0m, gy)) [Fig. 3(b)]. This phase
change indicates that the damping-like torque enhances
with increasing Pt concentration in Co;_,Pt,, and therefore
the SOC correlates with the above-mentioned physical
scenario relevant to the OAM.

For a more quantitative discussion of both amplitudes
(6m,) and phase change (¢), we consider the physics based

o
o
=3

= T T T T T
X
< 1@ 90b)
8 Dampinglike torque
@ 0.06]
g -
&l ® $ 60
g = m
2 0.04 - & =5
= .' 3 8
£ 8My, sin T 30+
© & =]
B 002} \ By
s B o ODges o -
g I ~_ P & m Fieldlike torque
S
P4 e . (] Q \ \ L L L L
0 60 80 100 0 20 40 60 80 100

Pt composmon, X (%) Pt composition, x (%)

FIG. 3. (a) Photon-helicity—induced magnetization precession
amplitude (dmg;, and dm.,) as a function of the Pt composition
(x) in Co;_,Pt, alloy. Square and circle symbols are sine and
cosine amplitude, respectively. (b) Phase of magnetization
precession (@) as a function of x extracted from (a).
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on the simple dynamical model of magnetization (m) and
the induced OAM (SL.). Although ab initio theory of the
inverse Faraday effect has been reported [29], the theory
was calculated in a few compounds and derived to calculate
OAM parallel to light propagation as well as magnetization
direction for ferromagnets, which is different from the
current experimental configuration. Therefore, we develop
the model that allows us to consider precession of JL
around magnetization considering L. generation owing to
absorption of angular momentum where the framework
of OAM generation was discussed in [37]. The torque
equation for 6. was derived from the Heisenberg equation
of motion (see Sec. I-A in Supplemental Material [47]) in
addition to OAM generation term and relaxation term as

BL _ o, — L xm L, (3)
dr T

where Qy is the generation rate of the electronic OAM and
its sign depends on the photon helicity [Eq. (1)]. Note that
the form of Qy in Eq. (3) is based on absorption effect, i.e.,
if there is no relaxation term OAM is preserved even after
laser pulse passes away from the matter. As discussed in
Fig. 1, we assume the relaxation time (z) for the non-
equilibrium OAM created and introduce SOC strength & as
the frequency dimension for the coupling between mag-
netization m and SL. The timescale of dynamics induced
by SOC and the relaxation process are shorter than pulse
duration, thus we consider quasistationary state during the
pulse duration. The steady state condition d(5L)/dr =0
leads to a following equation:

- T 5/1.2
NS RN
(g' )

The first term represents the quasistatic electronic OAM
whose direction is parallel to the light propagation direction
and the second term arises from the rotation of OAM
around m due to SOC between OAM and magnetization.
The low-frequency dynamics of magnetization in ferro-
magnetic metals can be expressed using the Landau-
Lifshitz equation with torque T as follows:

dm
a —ypom X Hegr + T, (5)

where, y, uo, and Hy; are the gyromagnetic ratio, vacuum
permeability, and effective magnetic field, respectively.
Here, we assume the torque is due to the SOC T =
(& /u)m x 8L (see Sec. I-A in [47]), where p, is the
atomic magnetic moment. Then, we derived the following
dynamical equation:

d !
d—nll:—WomXHerr+ (g/ff m x Q.
/\2
LD (Quxm). (6)

- m
Hat (5/7)2 +1

The second and third terms are the field and damping-like
torques, respectively, and both are governed by the time-
scale of & and 7, as discussed in Fig. 1. Here, laser was
irradiated from the film normal; thus, Q; = —Qj z. Then,
the field and damping-like torques were along the y and z
directions. The z component magnetization precession
amplitudes can be derived by impulsive response due to
the torque T as [27]

5mz,sin = (5, f ﬂQLAt (7)
6mz,cos = y (5,(5) ) QLAtv (8)

where At is the laser pulse duration. Here, we use Hyi =
Hx — M ;(m - z)z with an external magnetic field (H)

and effective demagnetizing field (M.y). The factor f =

H/(H + M) is related to the elliptical shape of
magnetization precession due to the demagnetizing field
in the thin film.

The experimental and theoretical amplitudes are com-
pared in Fig. 4(a). In this figure, we plot the normalized
values of experimentally obtained magnetization preces-
sion amplitudes (u,0m, i,/ and p,dm, o) as functions of
&'z, Here, we evaluated & for Co-Pt alloy with different
compositions (x) using the values of & interpolation of the
SOC strength energy for Co and Pt (Co: 0.085 eV, Pt:
0.72 eV) [59] with the well-known scaling rule ~Z§Vg [60],
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FIG. 4. (a) Magnetization precession amplitude (u,ém, g ,/f
and p,m, ;) and (b) phase [y, = tan™! (BSm, cos/5m, )]
plotted as a function of &z in the model of photon-
helicity—induced OAM transfer torque. Broken and solid curve
in (a) are results calculated based on M,&'z/[1+ (£7)?] and
M, (E'7)%/[1 + (&'7)?], respectively, where M, corresponds to the
orbital magnetization generated by light. Solid curve in (b) is the
result calculated based on ¢, = tan™!'(£'7). Here, & scales with
Z2,. and orbital relaxation time 7 of 1 fs.
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where Z,,, is the average atomic number of Co-Pt alloy. We
also set approximately used fixed value of 7 ~ 1 fs, which
approximates photo-excited electron relaxation time, i.e.,
7~ 1 fs for Co [61] (see Sec. IV in Supplemental Material
for more detailed discussion for & and 7 for the alloys [47]).
The theoretical curves in Egs. (7) and (8) are shown
with the broken and solid curves, respectively, in Fig. 4(a)
under the assumption of a fixed value of M, = yQ; At ~
0.8 x 1073 [ug]. The theoretical magnetization precession
phase is given by the ratio between the field and damping-
like torques in Eq. (6),

Pipe = tan~! ({'7). ©)

Figure 4(b) shows the theoretical and experimental phases
of magnetization precession as a function of &'z. Here,
experimental phase is corrected by the factor f3, i.e., q)gxp =
tan~! (B6m,, o5/ Om, gy ) from Egs. (7) and (8) to compare
with the theoretical phase ¢|,. for the torques [Eq. (9)] In
those figures, the experimental data for the amplitude and
phase are in good agreement with those obtained from the
theoretical model with the same footing.

The pertinent physics discussed thus far for helicity-
induced magnetization dynamics is worth noting. As
mentioned in the introduction, the inverse Faraday effect
is traditionally considered to effectively generate magnetic
fields in both magnetic metals and dielectrics owing to the
magneto-optical coupling [10]. Thermodynamic consider-
ations indicate that the effective magnetic field generated
by the magneto-optical coupling is proportional to the
Faraday or Kerr effect, which is characterized by magneto-
optic constant Q. However, our sample showed a reduction
of the Kerr effect with an increase in the Pt concentration,
contrary to the significant increase in helicity-induced
torque with increasing Pt concentration(see Secs. II-A
and V-A in Supplemental Material [47]). Thus, significant
increase of both field and damping-like torques with Pt
concentration cannot be explained by the inverse Faraday
effect due to magneto-optical coupling. On the other hand,
recent microscopic theories facilitated further understand-
ing of the nature of field and damping-like torques in metals
via SAM directed to §S and dS x m, respectively, where 6S
is SAM induced by the circularly polarized light [33]. The
theoretical computations predicted that field-like torque
was significantly enhanced in ferromagnetic metals with
large SOC such as FePt, with the damping-like torque
being much smaller than the field-like torque. Concerning
the SAM generation, the emergence of the damping-like
torque with increasing Pt concentration is difficult to be
interpreted as the SAM generation in ferromagnets,
ie, M,~6S in Eq. (1), similar to that observed in
GaMnAs [62]. When JS is generated by circularly polar-
ized light irradiation, the timescale is characterized by the
exchange coupling (J,) of the induced 6S and m, and
relaxation time of the induced spin (zg). Hence, we can

expect ¢ ~ tan~! (Jo, g/ h), similar to Eq. (9). It is difficult
to consider that the phase increases with increasing Pt
concentration (x) in Co-Pt alloys because Pt addition would
deteriorate ferromagnetism, that is, reduction of J,. Also,
Pt addition reduces zg due to its strong SOC according to
the Elliot-Yafet mechanism [63]. Similarly, the damping-
like torque has been discussed in terms of the SAM induced
in the heavy metals in ferromagnet and heavy-metal
bilayers; however, the physics behind this torque is related
to the spin-transfer torque owing to the SAM flow in the
bilayer [25]. Moreover, ultrafast damping-like torque was
observed in antiferromagnet [16]. This was caused by the
exchange enhancement of the Gilbert damping torque,
which may be a unique feature in some antiferromagnets
and not the case in ferromagnets studied here (see Sec. V-B
in Supplemental Material [47] for detailed discussion).
Thus, we ruled out the physical mechanisms of the damp-
ing-like torque proposed to date.

Our Letter indicates that the OAM induced by light plays
a much more important role than the SAM induced by the
light. We try to quantify generation of OAM and orbital
magnetization owing to light absorption in metals [37].
The calculation of M|, generated due to conservation of
angular momentum leads to a value ~1072 [ug] one order
of magnitude larger than that used to explain the exper-
imental result ~1073 [ug] [Fig. 4(a) and see Sec. VI in
Supplemental Material [47] for detailed calculation]. This
fact indicates that some part of the induced OAM contrib-
utes to the magnetization torque. It is likely that the torque
may dominantly be caused by the induced OAM with
d-electron character since magnetization is mostly com-
posed of the d electron. On the other hand, conservation
law accounts induced OAM for s p electrons as well as that
for the d electron, which might be a source of the difference
between experiment and calculation based on the conser-
vation law. Thus, for a more quantitative discussion, we
need the quantum theory of the angular momentum dyna-
mics and torque induced by light, taking account of realistic
band structure beyond the naive phenomenological model
discussed here, which is out of scope of the Letter and will
be a subject for future works.

In summary, we investigated helicity-dependent laser-
induced magnetization precession in Co;_,Pt, alloys.
We demonstrated that the magnitude and the phase of the
magnetization precession induced by the circularly polar-
ized laser pulse systematically increase with the Pt con-
centrations in the Co,_,Pt, alloy film. Those evolutions are
attributed to two different types of induced torques: field
and damping-like torques. The experimental data are well-
described by a simple model that considers the electronic
OAM generated by light and its coupling with magnetiza-
tion via SOC. This Letter deepens the understanding of the
physics relevant to the interaction with photon helicity and
matter. Furthermore, this Letter opens alternative route for
manipulating magnetization in magnetic substances.
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