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Abstract: The manipulation of magnetization in a metallic
ferromagnet by using optical helicity has been much
attracted attention for future opto-spintronic devices. The
optical helicity–induced torques on the magnetization, optical spin torque, have been observed in ferromagnetic thin
ﬁlms recently. However, the interfacial effect of the optical
spin torque in ferromagnet/nonmagnetic heavy metal heterostructures have not been addressed so far, which are
widely utilized to efﬁciently control magnetization via
electrical means. Here, we studied optical spin torque vectors in the ferromagnet/nonmagnetic heavy metal heterostructures and observed that in-plane ﬁeld-like optical
spin torque was signiﬁcantly increased with decreasing
ferromagnetic layer thicknesses. The interfacial ﬁeld-like
optical spin torque was explained by the optical Rashba–
Edelstein effect caused by the structural inversion
symmetry breaking. This work will aid in the efﬁcient optical
manipulation of thin ﬁlm nanomagnets using optical
helicity.
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1 Introduction
Recently, ferromagnetic/nonmagnetic heavy metal heterostructures have been widely used for manipulating magnetization via electrical means in the field of spin-orbitronics
[1]. The spin Hall effect and/or the Rashba–Edelstein effect
have been observed in heterostructures, which enable the
efﬁcient control of thin ﬁlm magnets [2, 3]. A previous study
reported that the magnetization of an ultrathin Co ﬁlm
sandwiched between Pt and AlOx layers can be switched by
in-plane current injection. This is attributed to the torque
generated by the Rashba ﬁeld due to the asymmetric heterostructure [2]. Further, it was demonstrated that the spintransfer torque in a ferromagnetic layer can be induced by
the spin Hall effect in adjacent nonmagnetic heavy metal
layers such as Ta and Pt [3]. Both these torques, which are
generally called spin–orbit torques, can be considered to be
caused by the interface effect of the heterostructure and the
bulk effect of the nonmagnetic layer [4, 5].
Analogous to the electrical generation of the spin–
orbit torque, the optical manipulation of magnetization by
using the spin-angular momentum of light, namely optical
helicity, in metallic thin films has been investigated
extensively in experimental [6–10] and theoretical studies
[11–13]. This optical manipulation will have future applications in ultrafast and low energy consumption optospintronic devices [14, 15]. Although the transfer of spinangular momentum from light to thin ﬁlm metallic magnets has been considered to be marginal, accumulative
magnetization switching induced by optical helicity has
been observed [6–10], which stems from magnetic circular
dichroism [16, 17]. In contrast to the accumulative
magnetization switching induced by magnetic circular dichroism, a recent experimental study observed that
magnetization reversal is also induced by a single circularly polarized laser pulse [10]. In addition, magnetization
precession dynamics induced by optical helicity in a
metallic thin ﬁlm magnet was observed [18, 19]. The torque
on magnetization induced by optical helicity in metallic
heterostructures can generate a helicity-dependent terahertz emission [20, 21], in which the terahertz photocurrent is produced due to the inversion symmetry breaking of
This work is licensed under the Creative Commons Attribution 4.0
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the thin ﬁlm structure. These experiments indicated that
the optical helicity–induced torque, which we term optical
spin torque, has a certain effect on metallic thin ﬁlm magnets, although many previous studies have used magnetic
semiconductors or insulators to observe the effect of optical helicity [22–29]. Optical spin-transfer torque as well as
optical spin-orbit torque have been observed in a magnetic
semiconductor GaMnAs, respectively in a study by Nĕmec
et al. [27, 28], the mechanism of the torque is different with
the case of the metal.
In the initial observations of optical spin torque in
metallic thin film magnets, optical helicity–induced
magnetization precession was mainly explained by the
inverse Faraday effect in ferromagnetic metals [18], in
which the optical spin torque has a ﬁeld-like form, m × s,
where m and s are the magnetization and spin direction
pointing along the wave vector of the light, i.e., s ∝ E × E⋆ .
However, the recent observations of the optical helicity–
induced magnetization precession in Co/Pt bilayer can be
explained using spin-transfer mechanism as follows [19].
The spin s generated by the optical helicity in the Pt layer
was due to the optical orientation, and it transfers its
angular momentum to an adjacent Co layer via the spintransfer torque effect. It was concluded that the magnetization precession in Co was excited by the out-of-plane

spin-transfer torque in the form m × (m × s) as shown in
Figure 1(a).
The study by Choi et al. [19] have studied the effect of
circularly polarized light with different thickness of Co and
Pt. Then, they discussed the thickness dependences in terms
of light absorption and optical orientation in nonmagnetic
heavy metal Pt. However, such spin–orbit induced optical
effect can also arise from interfaces, like optical Rashba–
Edelstein effect proposed in the past [30]. In this article, we
experimentally study the optical spin torque for magnetic
and heavy metal heterostructures in detail and report, for
the ﬁrst time, a new type of interface-induced ﬁeld-like
optical spin torque, as schematically shown in Figure 1(b).

2 Experimental procedure
Thin film samples were prepared by the magnetron sputtering method.
MgO (10)/Fe50Co50 (dFeCo)/Pt (dPt) (thickness is in nm) ﬁlms were
deposited on thermally oxidized Si/SiO2 substrate. To measure circularly polarized laser pulse induced magnetization dynamics, the
conventional time-resolved magneto-optical Kerr effect (MOKE) setup
was employed [31, 32]. The wavelength, pulse duration, and repetition
rate of the pulse laser used in this study were 800 nm, ∼120 fs, and
1 kHz, respectively. The pump pulse was irradiated on the ﬁlm at an
angle of 10° measured from the ﬁlm normal. The polar MOKE of the

Figure 1: (a) Schematic illustration of optical
spin torque induced by the optical
orientation in the heavy metal layer. (b)
Field-like optical spin torque induced by the
circularly polarized laser due to interface
spin–orbit coupling. (c) Typical magnetization precessional dynamics excited by
circularly polarized laser pulse with
different optical helicity for 2-nm-thick
FeCo/3-nm-thick Pt thin film.
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probe laser pulse was detected to measure the magnetization
component normal to the ﬁlm plane. To detect the pump pulse
induced change in the polar MOKE signal, the pump pulse was
modulated with a frequency of 360 Hz by using a mechanical chopper.
The pump induced change in the MOKE signal was detected by a lockin ampliﬁer. The pump ﬂuence Fp used in this study was ﬁxed to 8.3 J/
m2. An in-plane external magnetic ﬁeld up to 2 T was applied.

3 Results and discussions
3.1 Optical helicity–induced magnetization
dynamics and its magnetic field
dependence
Figure 1(c) shows typical femtosecond laser pulse induced
magnetization dynamics where left circularly polarized
(LCP) laser and right circularly polarized (RCP) laser were
irradiated and a 2 T in-plane magnetic ﬁeld was applied. A
change in the initial phase of magnetization precession
was observed when light of different optical helicity was
irradiated on the ﬁlm. A slight difference was observed in
precessional amplitude owing to sample misalignment.
This is because thermal demagnetization can induce
magnetization precession if the magnetic ﬁeld is slightly
tilted toward the out-of-plane direction. The signal at
approximately t = 0 could be due to the fact that MOKE
senses the orbital magnetic moment excited by the optical
helicity pulse, the so-called specular inverse Faraday effect
and specular inverse optical Kerr effect [33–36]. Figure 2(a)
shows the magnetic ﬁeld dependence of the optical
helicity-induced magnetization precession in the MgO/
FeCo(2)/Pt(3) thin ﬁlm. The magnetization precession dynamics after the initial peak were ﬁtted using a sinusoidal
decay function as m0 exp( −t/τ) sin(2πf t + φ0 ), where
m0 , f , τ, φ0 are amplitude, frequency, lifetime, and initial
phase of magnetization precession, respectively. The precession frequency increases with an increase in the magnetic ﬁeld, while the amplitude does not signiﬁcantly
depend on the magnetic ﬁeld. The precession frequency f is
evaluated by the ﬁtting plotted as a function of the magnetic ﬁeld μ0H in Figure 2(b). The f vs μ0H curve is ﬁtted by

the Kittel formula as, f  γ μ0 H(μ0 H + μ0 M eff )/(2π),
where γ and μ0Meff are gyromagnetic ratio and an effective
demagnetization ﬁeld. Figure 2(c) shows the inverse lifetime
1/τ evaluated by the ﬁtting plotted as a function of μ0H. The
1/τ vs μ0H plot is well explained by the theoretical relation
1/τ  αγ(μ0 H + μ0 M eff /2), where the Gilbert damping
parameter α is 0.019. The large value of α compared with α
for bulk FeCo (∼0.002 [37]) is due to the spin-pumping effect
at the FeCo/Pt interface [38]. Figure 2(d) shows the averaged
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precession amplitude ((|m0 (LCP)| + |m0 (RCP)|)/2) plotted
as a function of precession frequency. The precession
frequency does not have a signiﬁcant inﬂuence on the precession amplitude, indicating non-thermal ultrafast
impulsive excitation induced by the optical spin torque.

3.2 Thickness dependences of the optical
helicity–induced magnetization
precession
To understand the excitation mechanism of the optical
helicity–induced magnetization precession in FeCo/Pt
bilayer, nonmagnetic Pt and ferromagnetic FeCo thickness
dependence were measured as shown in Figure 3. To
exclude the effect of the sample misalignment as
mentioned above, we measured the signal for both +2 T
and −2 T, and the average was obtained. In addition, the
MOKE signal was normalized by the static MOKE voltage to
detect the change in normalized magnetization. Figure 3(a)
and (b) show the Pt thickness dPt and FeCo thickness dFeCo
dependences of the optical helicity–induced magnetization precession. It was found that the precession amplitude
initially increased with increasing dPt from 2 to 5 nm and
then slightly decreased at dPt = 10 nm. The decrease in
amplitude with increasing dFeCo [Figure 3(b)] can be

Figure 2: (a) Circularly polarized laser pulse induced magnetization
precession in 2-nm-thick FeCo/3-nm-thick Pt bilayer with different
magnetic fields μ0H. (b) Precession frequency and (c) inverse
lifetime obtained by ﬁtting plotted as a function of magnetic ﬁeld.
Solid curves are the results calculated using theoretical formula. (d)
Precession amplitude plotted as a function of precession frequency.
Horizontal line is a guide to eye.
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qualitatively explained by the fact that the optical spin
torque was induced by interface effects.

3.3 Evaluation of optical spin torque vectors
To evaluate the optical spin vector quantitatively for different
thicknesses, the phase of the magnetization precession was
analyzed as shown in Figure 4. Figure 4(a) shows the typical
time-resolved MOKE signal when a circularly polarized laser
pulse was irradiated on the sample. The data were obtained
by taking the differences between signals measured with LCP
and RCP lights. All data for the phase analysis are provided
in Supplemental Material [39]. The large peak due to specular
inverse Faraday effect, as mentioned above, is used to deﬁne
t = 0, the time when pump pulse arrives. Figure 4(b) shows
the subsequent magnetization precession. The signal is
decomposed into the cosine and sine components by using
the following ﬁtting function:
f (t)  (a1 cos(2πf t) + a2 sin(2πf t)) exp(−tτ),

(1)

where a1 and a2 are the cosine and sine component amplitudes, respectively. They are shown as red and blue solid
curves in Figure 4(b), respectively. If the magnetization
precession is assumed to be induced by the out-of-plane
spin-transfer torque (m × (m × s)), the magnetization is
simultaneously tilted away from the ﬁlm plane by the
femtosecond laser pulse and the precession starts from the
magnetization tilted away from the ﬁlm plane, which leads
to a cosine signal in the out-of-plane component of
magnetization. On the other hand, if magnetization precession is excited by the ﬁeld-like torque (m × s), magnetization is tilted toward in-plane and precession starts

subsequently, leading to a sine signal. Note that the easy
axis of the magnetization is in the ﬁlm plane, and the
magnetization is parallel to the magnetic ﬁeld direction in
equilibrium. A small in-plane component of the light wave
vector is parallel to the magnetization and does not induce
torque on the magnetization. The magnetization dynamics
excited by the optical spin torque can be described by the
Landau–Lifshitz–Gibert equation as follows:
dm
dm
 −γμ0 m × Heff + αm ×
dt
dt
− τ∥ (t)m × z − τ⊥ (t)m × (m × z) ,

(2)

where, the first and second terms are precession torque and
damping torque. z is a unit vector normal to ﬁlm plane. τ⊥
and τ∥ are the out-of-plane and in-plane optical spin torques,
respectively. Heff is a effective magnetic ﬁeld due to external
magnetic ﬁeld and anisotropy ﬁeld, which is given by,
Heff  H − M eff (m ⋅ z)z.

(3)

By solving the linearized Landau–Lifshitz–Gilbert equation, the following equation is obtained for the out-ofplane component of the magnetization:
⎝τ⊥
mz (t)  ⎛


H
⎠Δt
cos(2πf t) +
τ∥ sin(2πf t)⎞
H + M eff

× exp(−tτ) ,
(4)
where mz is the out-of-plane component of the normalized
magnetization. Here, the phase delay due to the damping
term was neglected since α is small enough (tan−1(α) = 0.6
deg. when α = 0.01 is used). Δt is the pulse duration, and it is
considerably shorter than the period of the magnetization
precession, i.e., 2πf Δt ≪ 1. Therefore, the time-integrated outof-plane torque τ⊥Δt and in-plane torque τ∥Δt can be evaluated
by using Eqs. (1) and (4). It should be noted that the effect of τ∥
on mz is increased with increasing H because the elliptical
shape of magnetization precession is suppressed by the bias
magnetic ﬁeld. Figure 4(c) and (d) show the two-dimensional
plots of the optical spin torques, τ⊥Δt and τ∥Δt. It was found
that the torque vectors depend on both dPt and dFeCo. The dPt
and dFeCo dependences of the out-of-plane torque and inplane torque are summarized in Figure 4(e) and (f).

3.4 Discussions of the thickness
dependence of the optical spin torques
Figure 3: (a) Pt and (b) FeCo thickness dependence of optical
helicity–induced magnetization precession for FeCo/Pt bilayer. The
sample (dPt, dFeCo) = (2, 3 nm) was measured twice.

To discuss the optical spin torque with different dPt and
dFeCo, light absorption and Poynting vectors are calculated
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Figure 4: (a) MOKE signal as a function of
pump-probe delay time when circularly
polarized laser pulse was irradiated
on FeCo/Pt thin films. The optical
helicity–induced signal was observed at
zero-delay time. (b) Subsequent optical
helicity–induced magnetization
precession. Dashed curves are fitted results
and decomposed into cosine and sine
components, shown as red and blue solid
curves, respectively. (c) Pt and (d) FeCo
thickness dependence of two-dimensional
optical spin torque in FeCo/Pt thin films
extracted from the phase analysis. (e) Pt
and (f) FeCo thickness dependence of the
out-of-plane [square symbols] and in-plane
torque [triangle symbols]. Dashed curves
are calculated normalized light absorption
in Pt layer. Solid line in (f) represents
in-plane torque proportional to 1/dFeCo.
MOKE, magneto-optical Kerr effect.

with the refractive index values taken from the literature
[40–43]. The details of the calculation are provided in the
Supplemental Material [39] (see Supplemental Material,
Sections I and II). The out-of-plane and in-plane torques
are discussed based on the optically generated spin and
spin-transport in bilayer thin ﬁlms, analogous to electrical
generation of spin–orbit torque [4, 5, 44–52]. The dPt and
dFeCo dependences of out-of-plane torque can be understood by the fact that spin generated by the optical orientation in Pt layer induces out-of-plane spin-transfer torque.
The dPt dependence of out-of-plane torque shown in
Figure 4(e) is similar to light absorption in Pt layer [dashed
curve in Figure 4(e)], indicating that spin is generated by
light absorption in Pt layer. In addition, the out-of-plane
torque increased with decreasing dFeCo, as indicated in
Figure 4(f). This is consistent with the nature of the interface effect of the spin-transfer torque. The spin-angular
momentum conversion efﬁciency in Pt layer calculated by

using the light absorption in Pt layer was found to be
approximately 2% (see Supplemental Material, Section V
[39]). This value is roughly consistent with that reported
previously [19].
The in-plane torque can be potentially induced by the
following three mechanisms: spin-rotation at the interface,
inverse Faraday effect in the ferromagnetic layer, and spin
generation via interface spin–orbit coupling. The spin is
slightly rotated when it travels across the nonmagnet/
ferromagnet interface, which can be described by the imaginary part of the spin-mixing conductance at the interface
[4, 5]. However, if the in-plane torque is assumed to be due to
the imaginary part of the spin-mixing conductance, the dPt
dependence of in-plane torque should exhibit the same
behavior as the out-of-plane torque. In addition, the imaginary part of the spin-mixing conductance is smaller than the
real part by a factor greater than ten [53]. These facts rule out
the possibility of spin-rotation at the interface. The second
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possible consideration is that the in-plane ﬁeld-like torque is
induced by the magnetic ﬁeld generated by the inverse
Faraday effect. In the inverse Faraday effect, the magnetic
ﬁeld generated by the circularly polarized light is proportional to the square of the electric ﬁeld amplitude E × E⋆ .
However, the signiﬁcant increase of the in-plane torque with
decreasing FeCo thickness cannot be explained by the inverse Faraday effect inside the FeCo layer (see Supplemental
Material, Section IV). Hence, the above fact cannot explain
the dFeCo dependence of in-plane torque [Figure 4(f)] and
rules out the second scenario.
The remaining possible mechanism is that the in-plane
torque is induced by the spin generated due to the interface
spin–orbit coupling because the in-plane field-like torque is
inversely proportional to dFeCo [Solid line in Figure 4(f)]. If the
stacking structure exhibits inversion symmetry breaking,
spin is generated due to Rashba spin–orbit coupling. Optically induced spin via Rashba spin–orbit coupling has been
theoretically discussed in previous studies [30, 54–57]. Here,
we consider the Rashba spin–orbit coupling with inversion
symmetry breaking to be normal to the ﬁlm plane,
HR 

αR
(σ × p) ⋅ z,
ℏ

(5)

where αR, σ, and p are the Rashba parameter, Pauli
spin matrix, and electron momentum, respectively.
Edelstein derived the optically induced spin due to
Rashba spin–orbit coupling as [30],
sR  iKz(z ⋅ E × E⋆ ),

(6)

where we used K as a coefﬁcient of the induced spin sR.
Note that the spin is generated parallel to the ﬁlm normal,
and its sign does not depend on the polarity of the symmetry. The exchange coupling between the magnetization
and the spin generated via Rashba spin–orbit coupling
induces the in-plane torque m × sR [51, 52], which is analogous to the electrical manipulation of magnetization via
the Rashba–Edelstein effect.
To validate the optical Rashba–Edelstein effect, the
optical helicity-induced magnetization precession with a
changing stacking structure symmetry (Pt/Co/Pt, Pt/Co/Ta,
and Co/Pt) was measured [39] (see Supplemental Material,
Section VIII). The in-plane torque was enhanced when Co
was sandwiched by SiO2 and Pt. This conﬁrms that the inplane torque is induced by the interface Rashba effect due
to the asymmetric heterostructure. In addition, the
electrical interfacial ﬁeld-like spin–orbit torque due to the
Rashba–Edelstein effect has been reported in similar
stacking structures (oxide/[Co, CoFe, CoFeB]/Pt ) [47, 49, 58].
This supports the presence of Rashba spin–orbit coupling in
the heterostructures used in this study.

Finally, the in-plane torque τ∥Δt obtained from the
experiments are discussed quantitatively in terms of optical Rashba–Edelstein effect. The in-plane torque in the unit
of the angular momentum per unit area M s dFeCo τ∥ Δt/γ,
which was obtained by the slope of τ∥Δt vs 1/dFeCo in
Figure 4(f), was evaluated to be ∼4 × 10−18 [J ⋅ s ⋅ m−2]. This
value agrees with the calculated value ∼2 × 10−18 [J ⋅ s ⋅ m−2]
[39] (see Supplemental Material, Section VII), in which the
Rashba parameter and the exchange coupling constant are
taken from literature [44, 59, 60].

4 Conclusion
This study investigated the optical spin torque vector in
FeCo/Pt heterostructure with different thicknesses. dPt and
dFeCo dependences of the out-of-plane and in-plane optical
spin torque were evaluated by analyzing the magnetization
precession phase. It was shown that the in-plane ﬁeld-like
optical spin torque signiﬁcantly increased with decreasing
dFeCo, indicating the interfacial nature of the torque. The inplane ﬁeld-like torque was induced by the spin generated
due to the interface spin–orbit coupling as a result of the
optical Rashba–Edelstein effect. The optical generation of
spin via optical Rashba–Edelstein effect represents a new
method of manipulating thin ﬁlm nanomagnets. However,
the ﬁeld-like optical spin torque induced by the interfacial
spin is small compared with the spin-transfer torque
induced by the optical orientation of Pt. The materials that
are known to show Rashba interface, such as Ag/Bi interface [59, 61, 62], may prove valuable in increasing the efﬁciency of the interface optical spin generation.
Author contribution: S.I. and S.M. conceived the research
idea. S.I. performed the sample fabrication. S.I. and K.I.
performed the optical measurement. S.I. performed the data
analysis. S.I. and S.M. performed theoretical calculations. All
authors contributed to discussions of the results.
Research funding: This work was partially supported by
KAKENHI (No. 26103004), Advanced Technology Institute
Research Grants, the Center for Spintronics Research
Network (CSRN), and the JSPS Core-to-Core Program.
Conﬂict of interest statement: The authors declare no
conﬂicts of interest regarding this article.

References
[1] A. Manchon, H. C. Koo, J. Nitta, S. M. Frolov, and R. A. Duine, “New
perspectives for Rashba spin–orbit coupling,” Nat. Mater., vol. 14,
p. 871, 2015.

S. Iihama et al.: Optical spin torque in a ferromagnet/heavy metal heterostructure

[2] I. M. Miron, K. Garello, G. Gaudin, et al., “Perpendicular
switching of a single ferromagnetic layer induced by in-plane
current injection,” Nature, vol. 476, p. 189, 2011.
[3] L. Liu, C.-F. Pai, Y. Li, H. W. Tseng, D. C. Ralph, and R. A. Buhrman,
“Spin-torque switching with the giant spin Hall effect of
tantalum,” Science, vol. 336, p. 555, 2012.
[4] P. M. Haney, H.-W. Lee, K.-J. Lee, A. Manchon, and M. D. Stiles,
“Current induced torques and interfacial spin-orbit coupling:
semiclassical modeling,” Phys. Rev. B, vol. 87, p. 174411,
2013.
[5] V. P. Amin and M. D. Stiles, “Spin transport at interfaces with
spin-orbit coupling: phenomenology,” Phys. Rev. B, vol. 94,
p. 104420, 2016.
[6] C.-H. Lambert, S. Mangin, B. S. D. Ch. S. Varaprasad, et al., “Alloptical control of ferromagnetic thin ﬁlms and nanostructures,”
Science, vol. 345, p. 1337, 2014.
[7] M. S. El Hadri, M. Hehn, P. Pirro, et al., “Domain size criterion for
the observation of all-optical helicity-dependent switching in
magnetic thin ﬁlms,” Phys. Rev. B, vol. 94, p. 064419, 2016.
[8] Y. K. Takahashi, R. Medapalli, S. Kasai, et al., “Accumulative
magnetic switching of ultrahigh-density recording media by
circularly polarized light,” Phys. Rev. Appl., vol. 6, p. 054004,
2016.
[9] R. John, M. Berritta, D. Hinzke, et al., “Magnetisation switching of
FePt nanoparticle recording medium by femtosecond laser
pulses,” Sci. Rep., vol. 7, p. 4114, 2017.
[10] G. Kichin, M. Hehn, J. Gorchon, G. Malinowski, J. Hohlfeld, and
S. Mangin, “From multiple- to single-pulse all-optical helicitydependent switching in ferromagnetic Co/Pt multilayers,” Phys.
Rev. Appl., vol. 12, p. 024019, 2019.
[11] M. Battiato, G. Barbalinardo, and P. M. Oppeneer, “Quantum
theory of the inverse Faraday effect,” Phys. Rev. B, vol. 89,
p. 014413, 2014.
[12] M. Berritta, R. Mondal, K. Carva, and P. M. Oppeneer, “Ab initio
theory of coherent laser-induced magnetization in metals,”
Phys. Rev. Lett., vol. 117, p. 137203, 2016.
[13] F. Freimuth, S. Blügel, and Y. Mokrousov, “Laser-induced
torques in metallic ferromagnets,” Phys. Rev. B, vol. 94,
p. 144432, 2016.
[14] A. V. Kimel and M. Li, “Writing magnetic memory with ultrashort
light pulses,” Nat. Rev. Mater., vol. 4, p. 189, 2019.
[15] H. Becker, C. J. Krückel, D. V. Thourhout, and M. J. R. Heck, “Outof-plane focusing grating couplers for silicon photonics
integration with optical MRAM technology,” IEEE J. Sel. Top.
Quant., vol. 26, p. 8300408, 2020.
[16] M. O. A. Ellis, E. E. Fullerton, and R. W. Chantrell, “All-optical
switching in granular ferromagnets caused by magnetic circular
dichroism,” Sci. Rep., vol. 6, p. 30522, 2016.
[17] J. Gorchon, Y. Yang, and J. Bokor, “Model for multishot allthermal all-optical switching in ferromagnets,” Phys. Rev. B,
vol. 94, p. 020409(R), 2016.
[18] G.-M. Choi, A. Schleife, and D. G. Cahill, “Optical-helicity-driven
magnetization dynamics in metallic ferromagnets,” Nat.
Commun., vol. 8, p. 15085, 2017.
[19] G.-M. Choi, J. H. Oh, D.-K. Lee, et al., “Optical spin-orbit torque in
heavy metal-ferromagnet heterostructures,” Nat. Commun., vol.
11, p. 1482, 2020.
[20] T. J. Huisman, R. V. Mikhaylovskiy, J. D. Costa, et al.,
“Femtosecond control of electric currents in metallic

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

1175

ferromagnetic heterostructures,” Nat. Nanotechnol., vol. 11,
p. 455, 2016.
M. B. Jungﬂeisch, Q. Zhang, W. Zhang, et al., “Control of
terahertz emission by ultrafast spin-charge current conversion at
rashba interfaces,” Phys. Rev. Lett., vol. 120, p. 207207, 2018.
G. Lampel, “Nuclear dynamic polarization by optical electronic
saturation and optical pumping in semiconductors,” Phys. Rev.
Lett., vol. 20, p. 491, 1967.
D. D. Awschalom, J. Warnock, and S. von Molnár, “Lowtemperature magnetic spectroscopy of a dilute magnetic
semiconductor,” Phys. Rev. Lett., vol. 58, p. 812, 1987.
A. Oiwa, Y. Mitsumori, R. Moriya, T. Slupinski, and H. Munekata,
“Effect of optical spin injection on ferromagnetically coupled Mn
spins in the III-V magnetic alloy semiconductor (G a, M n) As,”
Phys. Rev. Lett., vol. 88, p. 137202, 2002.
A. V. Kimel, A. Kirilyuk, P. A. Usachev, R. V. Pisarev,
A. M. Balbashov, and Th. Rasing, “Ultrafast non-thermal control
of magnetization by instantaneous photomagnetic pulses,”
Nature, vol. 435, p. 655, 2005.
T. Satoh, S.-J. Cho, R. Iida, et al., “Spin oscillations in
antiferromagnetic NiO triggered by circularly polarized light,”
Phys. Rev. Lett., vol. 105, p. 077402, 2010.
P. Nĕmec, E. Rozkotová, N. Tesar̆ová, et al., “Experimental
observation of the optical spin transfer torque,” Nat. Phys.,
vol. 8, p. 411, 2012.
N. Tesar̆ová, P. Nĕmec, E. Rozkotová, et al., “Experimental
observation of the optical spin–orbit torque,” Nat. Photonics,
vol. 7, p. 492, 2013.
A. J. Ramsay, P. E. Roy, J. A. Haigh, et al., “Optical spin-transfertorque-driven domain-wall motion in a ferromagnetic
semiconductor,” Phys. Rev. Lett., vol. 114, p. 067202, 2015.
V. M. Edelstein, “Inverse faraday effect in conducting crystals
caused by a broken mirror symmetry,” Phys. Rev. Lett., vol. 80,
p. 5766, 1998.
S. Iihama, S. Mizukami, H. Naganuma, M. Oogane, Y. Ando, and
T. Miyazaki, “Gilbert damping constants of Ta/CoFeB/MgO (Ta)
thin ﬁlms measured by optical detection of precessional
magnetization dynamics,” Phys. Rev. B, vol. 89, p. 174416, 2014.
S. Mizukami, S. Iihama, Y. Sasaki, A. Sugihara, R. Ranjibar, and
K. Z. Suzuki, “Magnetic relaxation for Mn-based compounds
exhibiting the Larmor precession at THz wave range
frequencies,” J. Appl. Phys., vol. 120, p. 142102, 2016.
G.-M. Choi, H. G. Park, and B.-C. Min, “The orbital moment and
ﬁeld-like torque driven by the inverse Faraday effect in metallic
ferromagnets,” J. Magn. Magn Mater., vol. 474, p. 132, 2019.
R. Wilks, N. D. Hughes, and R. J. Hicken, “Investigation of
transient linear and circular birefringence in metallic thin ﬁlms,”
J. Phys. Condens. Matter, vol. 15, p. 5129, 2003.
V. V. Kruglyak, R. J. Hicken, M. Ali, B. J. Hickey, A. T. G. Pym, and
B. K. Tanner, “Measurement of hot electron momentum
relaxation times in metals by femtosecond ellipsometry,” Phys.
Rev. B, vol. 71, p. 233104, 2005.
F. Dalla Longa, J. T. Kohlhepp, W. J. M. de Jonge, and
B. Koopmans, “Inﬂuence of photon angular momentum on
ultrafast demagnetization in nickel,” Phys. Rev. B, vol. 75,
p. 224431, 2007.
M. A. W. Schoen, D. Thonig, M. L. Schneider, et al., “Ultra-low
magnetic damping of a metallic ferromagnet,” Nat. Phys., vol. 12,
p. 839, 2016.

1176

S. Iihama et al.: Optical spin torque in a ferromagnet/heavy metal heterostructure

[38] Y. Tserkovnyak, A. Brataas, and G. E. W. Bauer, “Enhanced
Gilbert damping in thin ferromagnetic ﬁlms,” Phys. Rev. Lett.,
vol. 88, p. 117601, 2002.
[39] See Supplemental Material for light absorption calculation,
calculation of inverse Faraday effect, evaluation of spin-angular
momentum conversion efﬁciency in Pt, all data of phase
analysis, measurement results for Pt/Co/Pt, Pt/Co/Ta, Co/Pt
samples, and calculation results of in-plane torque due to
Rashba spin-orbit coupling.
[40] W. S. M. Werner, “Optical constants and inelastic electronscattering data for 17 elemental metals,” J. Phys. Chem. Ref., vol.
38, p. 1013, 2009.
[41] R. E. Stephens and I. H. Malitson, “Index of refraction of
magnesium oxide,” J. Res. Natl. Bur. Stand., vol. 49, p. 249, 1952.
[42] I. H. Malitson, “Interspecimen comparison of the refractive index
of fused silica,” J. Opt. Soc. Am., vol. 55, p. 1205, 1965.
[43] M. A. Green, “Self-consistent optical parameters of intrinsic
silicon at 300 K including temperature coefﬁcients,” Sol. Energy
Mater. Sol. Cells, vol. 92, p. 1305, 2008.
[44] I. M. Miron, G. Gaudin, S. Auffret, et al., “Current-driven spin
torque induced by the Rashba effect in a ferromagnetic metal
layer,” Nat. Mater., vol. 9, p. 230, 2010.
[45] J. Kim, J. Sinha, M. Hayashi, et al., “Layer thickness dependence
of the current-induced effective ﬁeld vector in Ta/CoFeB/MgO,”
Nat. Mater., vol. 12, p. 240, 2012.
[46] H. Kurebayashi, J. Sinova, D. Fang, et al., “An antidamping spin–
orbit torque originating from the Berry curvature,” Nat.
Nanotechnol., vol. 9, p. 211, 2014.
[47] M. Hayashi, J. Kim, M. Yamanouchi, and H. Ohno, “Quantitative
characterization of the spin-orbit torque using harmonic Hall
voltage measurements,” Phys. Rev. B, vol. 89, p. 144425, 2014.
[48] C. O. Avci, K. Garello, M. Gabureac, et al., “Interplay of spin-orbit
torque and thermoelectric effects in ferromagnet/normal-metal
bilayers,” Phys. Rev. B, vol. 90, p. 224427, 2014.
[49] C.-F. Pai, Y. Ou, L. H. Vilela-Leão, D. C. Ralph, and R. A. Buhrman,
“Dependence of the efﬁciency of spin Hall torque on the
transparency of Pt/ferromagnetic layer interfaces,” Phys. Rev. B,
vol. 92, p. 064426, 2015.
[50] S. Emori, T. Nan, A. M. Belkessam, et al., “Interfacial spin-orbit
torque without bulk spin-orbit coupling,” Phys. Rev. B, vol. 93,
p. 180402(R), 2016.

[51] A. Manchon and S. Zhang, “Theory of spin torque due to spinorbit coupling,” Phys. Rev. B, vol. 79, p. 094422, 2009.
[52] A. Matos-Abiague and R. L. Rodríguez-Suárez, “Spin-orbit
coupling mediated spin torque in a single ferromagnetic layer,”
Phys. Rev. B, vol. 80, p. 094424, 2009.
[53] Q. Zhang, S. Hikino, and S. Yunoki, “First-principles study of the
spin-mixing conductance in Pt/Ni81Fe19 junctions,” Appl. Phys.
Lett., vol. 99, p. 172105, 2011.
[54] K. Taguchi and G. Tatara, “Theory of inverse Faraday effect in
Rashba system,” J. Phys. Conf., vol. 400, p. 042055, 2012.
[55] A. Qaiumzadeh and M. Titov, “Theory of light-induced effective
magnetic ﬁeld in Rashba ferromagnets,” Phys. Rev. B, vol. 94,
p. 014425, 2016.
[56] J. Li and P. M. Haney, “Optical spin transfer and spin-orbit
torques in thin-ﬁlm ferromagnets,” Phys. Rev. B, vol. 96,
p. 054447, 2017.
[57] M. Mochizuki, K. Ihara, J. Ohe, and A. Takeuchi, “Highly efﬁcient
induction of spin polarization by circularly polarized
electromagnetic waves in the Rashba spin-orbit systems,” Appl.
Phys. Lett., vol. 112, p. 122401, 2018.
[58] Y. Du, H. Gamou, S. Takahashi, S. Karube, M. Kohda, and J. Nitta,
“Disentanglement of spin-orbit torques in Pt/Co bilayers with
the presence of spin hall effect and Rashba-Edelstein effect,”
Phys. Rev. Appl., vol. 13, p. 054014, 2020.
[59] G. R. Ast, J. Henk, A. Ernst, et al., “Giant spin splitting
through surface alloying,” Phys. Rev. Lett., vol. 98,
p. 186807, 2007.
[60] C. Barreteau, M.-C. Desjonqueres, A. M. Oleś, and D. Spanjaard,
“Effects of intersite Coulomb interactions on ferromagnetism:
application to Fe, Co, and Ni,” Phys. Rev. B, vol. 69, p. 064432,
2004.
[61] J. C. R. Sánchez, L. Vila, G. Desfonds, et al., “Spin-to-charge
conversion using Rashba coupling at the interface between nonmagnetic materials,” Nat. Commun., vol. 4, p. 2944, 2013.
[62] H. Nakayama, Y. Kanno, H. An, et al., “Rashba-Edelstein
magnetoresistance in metallic heterostructures,” Phys. Rev.
Lett., vol. 117, p. 116602, 2016.

Supplementary Material: The online version of this article offers
supplementary material (https://doi.org/10.1515/nanoph-2020-0571).

