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Photon Energy-Dependent Optical Spin-Orbit Torque in

Heavy Metal-Ferromagnet Bilayers

Chuangtang Wang, Yihao Xu, and Yongmin Liu*

The manipulation of magnetization through optically generated ultrafast spin
currents is a fascinating area that needs a thorough understanding for its
potential future applications. In this work, a comprehensive investigation of
helicity-driven optical spin-orbit torque in heavy metal/ferromagnetic metal
heterostructures is presented, specifically cobalt capped with gold or
platinum, subject to laser pumping at different wavelengths. The results
demonstrate up to tenfold enhancement in optical spin-orbit torque quantum
efficiency for gold compared to platinum of the same thickness when pumped
with a visible laser. Additionally, the study provides the first experimental
analysis of the photon energy dependence of optical spin-orbit torque and
derives the optical spin orientation spectra for both gold/cobalt and
platinum/cobalt heterostructures. A key insight gained from the study is the
impact of photon energy-dependent spin transport in the system, which
suggests the use of a high photon energy pump for efficient spin transport.
These findings highlight the potential of spin current generation and

metal heterostructures has been demon-
strated to play a pivotal role in ultra-
fast demagnetization processes.l’l The
spin-majority electrons, which possess
higher velocities and longer lifetimes
compared to their spin-minority coun-
terparts, traverse the interface while the
spin-minority electrons remain confined
within the ferromagnets, resulting in ul-
trafast demagnetization.®) This ultrafast
demagnetization-driven spin current can
also be converted into a charge current via
the inverse spin Hall effect, and generate
terahertz (THz) electric field emission.*]
Such spintronic THz emitters exhibit a
broad THz spectrum, considerable am-
plitude, and excellent tunability by means
of external magnetic®! or electric fields,[®!

manipulation in gold/ferromagnet heterostructures for a wide range of
applications such as all-optical magnetization switching, spin-wave

generation and control, and spintronic terahertz emission.

1. Introduction

Applying femtosecond lasers, known as one of the most potent
stimuli, to control magnetic materials has led to the emergence
of ultrafast magnetism.[!] Within this research domain, the opti-
cally generated ultrashort spin current stands out as a particularly
captivating subject for investigation. For example, superdiffu-
sive spin-current transport in nonmagnetic metal/ferromagnetic
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rendering them promising candidates
for future THz emitter applications. Fur-
thermore, the spin currents emanating
from the demagnetization of one layer
can be harnessed and employed to drive
the magnetization precession of another
layer.”] Notably, these spin currents possess
sufficient magnitude to induce single-pulse switching of ferro-
magnet magnetization,®] a result that typically requires accumus-
lative pulses for successful execution.”’

Different from demagnetization-driven spin current, an alter-
native source of spin current generation originates from opti-
cal orientation. This process involves circularly polarized laser
pulses directly transferring their angular momentum in ac-
cordance with optical selection rules, thereby generating spin-
polarized carriers within a given material.['/ This phenomenon
has been predominantly investigated in semiconductor mate-
rials, such as gallium arsenide (GaAs).''! In the case of fer-
romagnetic semiconductors, such as gallium manganese ar-
senide ((Ga,Mn)As), these spin-polarized carriers interact with
the ferromagnetic moments of manganese via exchange cou-
pling, thereby facilitating optical spin-transfer torque and pro-
viding a novel avenue for magnetization control.'?l Optical
spin-orbit torque (OSOT) was also demonstrated afterward in
(Ga,Mn)As.["3] Nevertheless, ferromagnetic semiconductors are
hindered by the constraint of low Curie temperatures. Conse-
quently, the development of new strategies to control optical
torques in metallic materials with high Curie temperatures be-
comes a pressing task that demands further exploration.

The helicity-dependent interaction between light and mag-
netic metals has been extensively investigated in the context
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Figure 1. Schematics of optical spin-orbit torque and experimental setup. a) Schematic for optical spin-orbit torque in a heavy metal (HM) /ferromagnetic
metal (FM) heterostructure. Right-handed circularly polarized (c*) pump light is absorbed by the HM layer and generates spin carriers (filled black
circles with solid blue arrow indicating the spin angular momentum direction) through optical orientation process. The spin carriers then diffuse from
the HM to the FM in the form of spin currents (J,), which exert a torque on the FM and induce magnetization precession. The green arrows indicate
the equilibrium magnetization direction along the x-axis (mg) and transient magnetization direction (m), and the dashed blue arrow indicates the
optical spin-orbit torque direction. A linearly polarized light (r, red arrow) is used to probe the magnetization dynamics. b) Schematic illustration of

time-resolved magneto-optical Kerr effect spectroscopy used in this work.

of all-optical switching of magnetization.'"¥! Heavy metal

(HM)/ferromagnetic metal (FM) heterostructures constitute
the cornerstone of spintronic devices, yet the all-optical con-
trol of magnetization in such structures has been relatively
underexplored.””] Only a limited number of studies have been
conducted on helicity-driven spin currents and torques in
HM/FM heterostructures.!’>! Upon the interaction of circularly
polarized light with in-plane magnetized HM/FM heterostruc-
tures, three distinct torques can be exerted on the FM. The first
one is OSOT, wherein spin-polarized carriers are first generated
in the HM by optical orientation with a spin polarization effi-
ciency of P,. Then, the spin-polarized carriers diffuse into the FM
layer and induce a damping-like torque on the FM with a spin col-
lection efficiency of P_[1%4<] as shown in Figure 1a. Consequently,
we have an overall OSOT quantum efficiency n = P, P.. Please
note that we follow the terminology of OSOT defined by Choi
et al.,[>] considering its structure analogy to electric spin-orbit
torque in an HM/FM bilayer. Additionally, an in-plane field-like
optical torque emerges in HM/FM heterostructures as a conse-
quence of the optical Rashba—Edelstein effect.>! Lastly, the FM
can directly interact with light through the inverse Faraday effect
(IFE), resulting in the generation of a field-like torque.['>*l OSOT
is found to be the dominant torque in HM/FM heterostructures
and presents itself as a potentially viable approach for control-
ling the magnetization of thin film magnets. Nevertheless, our
current understanding of OSOT in HM/FM heterostructures re-
mains limited. Previous investigations were conducted with a
single photon energy,['>*“¢l and a comprehensive analysis of the
photon energy dependence of OSOT in HM/FM heterostructures
is still lacking. For example, the dependence of optical orienta-
tion on photon energy has not been studied. On the other hand,
whether spin transport is affected by photon energy remains un-
explored. These subjects are essential to better understand the
underlying physics and maximize OSOT for practical applica-
tions. Additionally, heavy metals such as platinum (Pt), palladium
(Pd), tungsten (W), and tantalum (Ta) have been selectively stud-
ied owing to their substantial spin-orbit coupling strength, as in-
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vestigated in spintronics.['?) Gold (Au) has also been examined,
albeit exhibiting minimal OSOT under near-infrared light pump
conditions.(*>¢]

In this work, we report the observation of a surprisingly
large OSOT quantum efficiency in Au when exposed to visible
light pumping. We systematically investigate the photon energy-
dependent OSOT in cobalt (Co) capped with Au and Pt. Our find-
ings offer valuable insights into the optical orientation of heavy
metals and the mechanisms of energy-dependent spin transport.
The results suggest that enhanced optical orientation and more
efficient spin transport occur when utilizing laser excitation with
high photon energy. These intriguing results provide guidance
on the potential use of heavy metal Au and visible pump lasers,
as opposed to the more commonly employed near-infrared lasers,
for future opto-magnetic applications.

2. Results and Discussion

2.1. Experiment

Thin film structures consisting of sapphire/Pt(d},) /Co(5)/SiO,(3)
and sapphire/Au(d,,)/Co(5)/SiO,(3) were fabricated by mag-
netron sputtering, with the numbers in parentheses denoting
the respective thicknesses in nanometers. In these structures,
sapphire serves as the substrate, while d;,, and d,, represent
the thicknesses of Pt and Au, respectively. A SiO, layer with a
thickness of 3 nm was deposited to inhibit the oxidation of Co.
The magnetization dynamics induced by OSOT was character-
ized by a home-built time-resolved magneto-optical Kerr effect
(MOKE) spectroscopy system based on a tunable Ti:sapphire os-
cillator, as depicted in Figure 1b. The thin film structures were
pumped from the sapphire substrate side and probed from the
opposite side in a polar MOKE configuration, with an external
magnetic field applied along the direction parallel to the sam-
ple plane. The pump light was circularly polarized and the probe
light was linearly polarized. In this study, we employed a two-
color configuration, utilizing the fundamental light from the
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Figure 2. Magnetization dynamics induced by optical spin-orbit torque. Magnetization dynamics excited by right-handed (67) and left-handed (¢™) circu-
larly polarized light with a wavelength of 400 nm in a) sapphire/Co(5)/SiO,(3), b) sapphire/Pt(3)/Co(5)/SiO, (3), and c) sapphire/Au(10)/Co(5)/SiO, (3)
samples. The external magnetic field is around 2800 Oe, corresponding to an oscillation frequency of 20.5 GHz. The difference between ¢+ and o~ shows
only helicity-dependent magnetization dynamics. It helps to eliminate the contribution of the reflection background arising from an imperfect photode-
tector balancing and nonsymmetric magnetization dynamics under ¢* and ¢~ illumination due to the possible misalignment of the external magnetic

field and magnetic easy-anisotropy axis (See Figure S1, Supporting Information and the discussion in Section S1, Supporting Information).

Ti:sapphire laser (ranging from 800 to 1040 nm) as the pump and
its corresponding second harmonic generation light (spanning
from 400 to 520 nm) as the probe, or vice versa. We conducted
thickness dependence measurements of OSOT with a 400 nm
pump (photon energy of 3.1 eV) for both d;, and d,,. Samples of
sapphire/Pt(3)/Co(5)/SiO,(3) (hereafter denoted as Pt3Co5) and
sapphire/Au(10)/Co(5)/SiO,(3) (hereafter denoted as Aul0Co5)
were utilized to assess the photon energy dependence of OSOT.

2.2. Thickness Dependence of OSOT

We characterized the dynamics of the z-component of magneti-
zation of different samples pumped with right-handed (o) and
left-handed (o ~) circularly polarized light, and helicity-dependent
magnetization dynamics was deduced by subtracting the ¢* and
o~ cases. Figure 2 displays three representative samples of Co
(5 nm), Pt3Co5, and Aul0Co5. The magnetization dynamics can
be fitted with a damped cosine function: Acos(2zft — ¢)exp( —
t/t), where A, f, ¢, and 7 represent the amplitude, frequency, ini-
tial phase, and lifetime of magnetization precession, respectively.
In the scenario of ferromagnetic Co with in-plane anisotropy and
an in-plane external magnetic field, the magnetization m aligns
along the in-plane direction. When the magnetization is excited
by the in-plane IFE-generated field-like torque m X o, where m
and o are the magnetization and angular momentum of circu-
larly polarized light, the magnetization is instantaneously tilted
toward another in-plane direction, followed by damped magneti-
zation precession governed by the Landau-Lifshitz-Gilbert equa-
tion. Under polar MOKE geometry, ¢ will be 90° without out-of-
plane tilt. Conversely, OSOT-generated damping-like torque m x
(m X o) is oriented along the out-of-plane direction, and the cor-
responding ¢ will be 0°. For a bare Co thin film, IFE-torque dom-
inates, and thus the magnetization dynamics does not exhibit a
substantial out-of-plane tilt as indicated by ¢ = 72° (Figure 2a).
In the cases of Pt3Co5 and Aul0Co5, however, both exhibit a
dominated out-of-plane tilt at the starting time of pumping. The
dynamics responses are better fitted with a cosine function with
¢ = 36° and 20° respectively, as shown in Figure 2b,c. Interest-
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ingly, at the employed photon energy of 3.1 eV, Au functions as
a more potent OSOT source compared to Pt since the amplitude
of magnetization dynamics is four times larger in Au10Co5. We
further quantify the OSOT quantum efficiency, which is defined
as

AM -d., F, - Abs
= —/—
Hp ho

n 1)

Equation (1) represents the percentage of absorbed spin angular

F;,-Abs
h

momentum from photons (that is, ) converted into the spin

AM-dg, )

10)

angular momentum transferred into Co (that is, . Here

AM is computed by comparison with the static MOKE angle,
dc, is the thickness of Co, and p, denotes the Bohr magneton.
F,, refers to the laser fluence used in this work, which is 6 ] m~2.
Abs denotes the absorption percentage of Pt or Au, and Aw rep-
resents the photon energy. The calculated # for 3 nm Pt is 0.015,
which is in close agreement with the reported values.['>“¢] Sur-
prisingly, 5 is 0.11 in the instance of 10 nm Au capping, although
Au has not been commonly used to produce OSOT. This result
motivates us to investigate the OSOT process more closely.

Based on the theory proposed by Choi et al. for HM/FM bilay-
ers 15 and the photo-induced inverse spin Hall effect theory in
Pt/semiconductor junctions,!'®! the OSOT process involves two
steps: spin generation in HM and diffusion of carriers toward
the interface. One plausible explanation for the enhanced 7 in the
Au10Co5 sample is that Au has a longer spin diffusion length (L,)
compared to Pt, as reported in the literature.['’] It indicates that
more spins survive across the HM/FM interface before they are
scattered. We quantify the spin diffusion length of Au and Pt in
our case by measuring the thickness-dependent # in Au and Pt.
Then we fit the results using a spin diffusion model by numeri-
cally solving the spin diffusion equation:!”>15¢18]

2a (2) F;,
* hoN

ou, _ 0*u,  p
ot~ T 9z2 I12/D

G (1) (2)

Here u,, D, a(z), N; and G(t) represent the spin chemical poten-
tial, diffusion constant, light absorption profile inside the heavy
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Figure 3. Thickness-dependent optical spin-orbit torque quantum efficiency (n). #n of a) sapphire/Pt(dp)/Co(5)/SiO,(3) and
b) sapphire/Au(da,)/Co(5)/SiO,(3) samples under the pump photon energy of 3.1 eV. The dots are the experimental data, and the solid curves
represent the best-fitted result from the spin diffusion simulation by varying the spin diffusion length (L;). The other two dash curves are normalized to
the best-fitted results to illustrate the trend difference with different spin diffusion length.

metal, spin density of states at the Fermi level, and temporal pro-  served in Au. From the spin diffusion model (see Experimen-
file of the Gaussian laser pulse, respectively. Please note that the  tal Section), we deduce the value of P, to be 0.6 for Au10Co5,
spin relaxation time (z,) is related to L by 7, = L? /D. The re-  while P, is 0.18 for Pt3CoS. Conversely, prior research has in-
sults are presented in Figure 3a,b, while the unnormalized data  dicated that # of Au under near-infrared pump illumination is
are plotted in Figure S2 (Supporting Information). In both cases,  relatively weak.['>*] Therefore, investigating the photon energy
n decreases as the thickness increases, which is expected since  dependence of OSOT is essential to fully understand this un-
spins experience more scattering as they travel a longer distance. ~ usual phenomenon. We have conducted measurements of pump
Note that # of Au is one order larger than Pt with the same thick-  photon energy-dependent OSOT in Pt3Co5 and Aul0Co5 sam-
ness. For example, 5 is 0.157 and 0.012 for 5 nm Au and Pt, re-  ples, and the results are presented in Figure 4a,b, respectively.
spectively. The simulated thickness-dependent n with varying L, The original data of magnetization dynamics can be found in
are plotted alongside the experimental data. Based on the similar ~ Figure S3 (Supporting Information). For all the tested photon
trend between the experimental and simulation results, we can  energies, the Pt3Co5 sample exhibits OSOT-dominated magne-
determine that the spin diffusion length is 2 nm for Ptand 35 nm  tization dynamics with substantial transient out-of-plane tilt. As
for Au, which are within the range of previously reported values ~ demonstrated in Figure 4c, the OSOT increases as photon en-
(1-10 nm for Pt and 30-100 nm for Au).!*”] ergy decreases from 3.10 to 1.44 eV, while exhibiting dimin-

ished efficiency with even lower photon energies. In the case of

Au10Co5, the difference between the near-infrared pump and the
2.3. Photon Energy Dependence of OSOT visible pump is significant. When the photon energy is >2.5 eV,

OSOT-dominated magnetization dynamics are observed. How-
As mentioned in the introduction, the overall OSOT quantum  ever, with lower photon energies, the magnetization dynamics
efficiency is given by n = P, P.. The longer spin diffusion  show IFE-dominated characteristics with large ¢, and the ampli-
length alone cannot account for the significantly larger # ob-  tude is considerably smaller than that in the OSOT case. The

- - ; — Pt |Au
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Figure 4. Photon energy-dependent optical spin-orbit torque. Magnetization dynamics under different photon energy excitations in
a) sapphire/Pt(3)/Co(5)/SiO,(3) and b) sapphire/Au(10)/Co(5)/SiO,(3) samples. The external magnetic field is around 1200 Oe, correspond-
ing to an oscillation frequency of 12.9 GHz. c) Measured optical spin-orbit torque quantum efficiency 5 of the sapphire/Pt(3)/Co(5)/SiO,(3) sample
(blue dots) and sapphire/Au(10)/Co(5)/SiO, (3) sample (red dots). The blue and red solid lines are the derived  for Pt and Au samples, respectively,
based on the simulated spin collection efficiency using the spin diffusion model. The right column of ¢ shows the derived optical spin polarization
efficiency (Ps).
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decrease in OSOT amplitude is expected, because the absorp-
tion substantially reduces when the photon energy falls below
the interband transition gap of 2.5 eV for Au. The details for
wavelength-dependent absorption of heavy metals in Pt3Co5 and
Aul10Co5 can be found in Figure S4 (Supporting Information).
Intriguingly, n exhibits the same decreasing trend with reduced
photon energy. It is important to note that  is a normalized quan-
tity relative to absorption, as evidenced by the definition of # in
Equation (1).

We have examined photon energy-dependent P,. In the case of
the semiconductor junctions previously studied (e.g., GaAs/Pt,
Ge/Pt, and Si/Pt), a 1D analytical diffusion model successfully
reproduces the optical orientation and spin transport behavior,
despite the differences in the band structures among GaAs, Ge,
and Si.l'®! The photon energy dependence of # exhibits the fol-
P (hw)a(hw)L,
s
represents the absorption coefficient. If the absorption length
L, = 1/a is significantly greater than L (or aL; < 1), the spin-
polarized carriers will undergo dephasing before reaching the in-
terface, and hence n «x P (hw)a(hw)L,. If L, is much smaller than
L (or aL, > 1), spin-polarized carriers enter the FM before de-
phasing, causing the photon energy dependence of OSOT to be
dominated by P,(Aw). As demonstrated in Equation (2), our spin
diffusion model explicitly incorporates the contributions of L, in
the a(z) term and L,. We have directly simulated photon energy-
dependent P, considering the dispersion of refractive index of
materials (see Figure S5, Supporting Information). The Pt3Co5
and Aul0Co5 samples both exhibit minor weak photon energy
dependence. For Pt3Co5, L, is #10 nm across the studied photon
energy range (that is, a(hw) is nearly independent of photon en-
ergy), which is substantially larger than the Pt thickness of 3 nm.
This suggests that spin generation is relatively uniform through-
out the thickness for all investigated photon energies, thereby
resulting in minimal photon energy dependence. For Au10Co5,
the studied thickness of 10 nm is smaller than L, (=15 nm) and
L, (=35 nm). Consequently, there is minimal spin dephasing oc-
curs before reaching the interface, leading to weak dependence of
P, on the photon energy. From the above discussion, we have de-
termined that # predominantly depends on P, during the optical
orientation process.

The calculation of optical orientation in metals is challenging
due to their complex band structures.'>] Here, we have managed
to draw valuable insights by considering both experimental data
and theoretical modeling. Based on the experimental data of 5
and the calculated P, using the spin diffusion model, we have cal-
culated P, of Pt and Au with amplitude indicated by the right axis
of Figure 4c. We then deduce the P, spectra under the assumption
that P, follows the same trend as absorption, as depicted by the
solid line in Figure 4c. The assumption is underpinned by the
fundamental physics involved in both processes. Absorption is
the process by which light energy is transferred to the electronic
states within a material, resulting in the excitation of electrons.
Both optical absorption and optical orientation depend on the op-
tical excitation of electrons. Therefore, we propose that the P, is
influenced by how efficiently a material absorbs light. Simultane-
ously, as can be observed in Figure 4c, the curves reproduce exper-
imental data effectively. Distinct from other heavy metals like Pt,
Ta, and W, Au possesses a notable interband transition bandgap

lowing proportionality relation: n « PP, « , Where a
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of 2.5 eV. For interband transitions, the change in orbital an-
gular momentum (Al) must still adhere to the electric dipole se-
lection rule of +1. When circularly polarized light interacts with
Au, the angular momentum can be transferred to electrons as
they transition from the s band to the p band. Intraband transi-
tions, where electronic transitions occur within the same energy
band and the orbital angular momentum remains constant (Al =
0), can also generate spin orientation, for example, through vir-
tual interband transitions considering the spin-orbit splitting of
the valence band.["! However, the probability of inducing spin
polarization in Au under circularly polarized light may be lower
compared to interband transitions. In the case of Pt, the spread-
out and less notable interband transition result in a continuous
change in P..

Nevertheless, there is a discrepancy for photon energy below
1.5 eV for both Au and Pt, as the deduced # is higher than the
experimental data. We speculate that the reason lies in the in-
terface junction between the HM and FM with different work
functions.?%! To understand this phenomenon, it is necessary to
closely examine the spin transport step. Contrary to conventional
spin transport at the HM/FM interface, one must consider the su-
perdiffusive transport behavior of hot carriers at energies higher
than the Fermi energy due to laser excitation.’) The hot carri-
ers undergo scattering during transport and reach the interface
with energy ranging from E, to E; + 1.5 ¢V under an 800 nm
pump.[?!) Previous first-principles calculations have suggested a
decreased transmittance of hot electrons through the interface
as the energy decreases.[?!] For the spin diffusion calculations,
we employed a constant interfacial spin-mixing conductance and
did not account for the energy dependence. Moreover, energy de-
pendence provides insight into the dominance of diffusive trans-
port during spin transport. Choi et al. proposed that the mecha-
nism of spin transfer from HM to FM could be either diffusive
or drift transport, in which the internal electric field at the in-
terface drives the directional motion of spins.!**) In a diffusion-
dominated process, the spin current is driven by a concentra-
tion gradient of the spin-polarized carriers. These carriers, par-
ticularly those with low energy, can be scattered at the interface
or junction, leading to reduced transmittance. Scattering and re-
combination processes at the interface can impede the motion
of low-energy carriers, making it more difficult for the carriers
to cross the interface. In contrast, drift-dominated spin transport
is driven by an internal electric field, which can effectively push
carriers across the interface or junction. In this case, the transmit-
tance would be less sensitive to carrier energy, as the drift mecha-
nism can help overcome interface-related barriers. To clarify this
issue, first-principles calculations of photon energy-dependent
optical orientation are needed in future investigations.

We would like to emphasize that Au not only exhibits the high-
est n but also the greatest absorption under a 400 nm pump (see
Figure S4, Supporting Information), resulting in a larger spin
current and enhanced control of magnetization compared to Pt
that is manifested by the tilt of magnetization of 6 x 10~ for
Au and 5 x 10~ for Pt (see Figure S6, Supporting Information).
This effect can be further enhanced through the optimization of
material quality, interface properties, and laser parameters. The
potential to induce substantial magnetization changes holds the
promise for realizing single-shot helicity-dependent switching of
ferromagnetic magnetization,®! as well as the localized excitation
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of spin waves for spin-wave computing applications.[?*! More-
over, Au is an excellent plasmonic metal at wavelengths longer
than 500 nm (photon energy of 2.5 eV), leading to successful im-
plementation in various optical,? magneto-optical,>°! and opto-
magnetic devices!?® by utilizing plasmonic resonances. Conse-
quently, the Au/FM structure could be engineered to efficiently
write and read magnetization at the same time. These attributes
make Au a superior choice compared to other heavy metals in
opto-magnetic applications.

3. Conclusion

In summary, we report helicity-driven spin transfer torque in HM
(Au and Pt)/FM (Co) heterostructures subject to laser exposure
at different wavelengths. Our experimental results reveal three
significant observations. First, we have discovered a tenfold en-
hancement of OSOT quantum efficiency in Au compared to the
extensively studied Pt with the same thickness when employ-
ing a visible pump. Second, we have experimentally investigated
the photon energy-dependent OSOT for the first time and sub-
sequently extracted the optical spin orientation spectra for both
Au and Pt. Lastly, the energy-dependent spin transport has been
experimentally examined in the OSOT system, suggesting that a
high-energy pump is favorable for efficient spin transport. Our
experimental findings demonstrate that OSOT in Au/FM het-
erostructures represents a promising platform for diverse appli-
cations, such as all-optical switching of magnetization, spin-wave
generation and manipulation, and spintronic terahertz emitters,
among others.

4. Experimental Section

Time-Resolved Magneto-Optical Kerr Effect Spectroscopy: In our exper-
imental setup, a mode-locked Ti-sapphire laser with a pulse duration of
200 fs and a repetition rate of 80 MHz was employed. The laser had tunable
wavelengths from 800 to 1040 nm. A f-phase barium borate crystal was
used to produce second harmonic generation (SHG) with wavelengths
from 400 to 520 nm. The fundamental and SHG lasers were used for the
pump and probe in a two-color pump-probe geometry. The pump beam
was frequency-modulated to 10 MHz using an electro-optical modulator.
The use of a 10-MHz high-frequency modulation effectively suppressed
the laser intensity noise. However, there was a coherent pick-up signal
of 10 MHz from the function generator and the electro-optical modulator
driver. To eliminate this background noise, the probe beam was modulated
by a 200 Hz frequency through an optical chopper. This double modula-
tion technique could enhance the signal-to-noise ratio of the pump-probe
experiment.[?’] Both pump and probe beam were focused on the samples
using a 20X objective lens in normal incidence geometry. Prior to being
directed toward the Wollaston prism and a balanced photodetector for
polarization detection, the probe beam passed through an optical filter
designed to exclude the pump light. All measurements were conducted
under ambient room temperature conditions.

Spin Diffusion Simulation: The transfer matrix method was employed
to calculate the absorption profile a(z) used in the spin diffusion equation.
The number of photo-excited electrons per unit area in the heavy metal

Abs-Fy e o7

is calculated as: ngp = =, where absorption Abs = [ a(@)dz.

0
The number of spin-polarized electrons is calculated as: ng = Py - ng,.
Ns

To convert to spin chemical potential, the relation used is:l"3 y = R
s

where N; is the average spin density of states (N, = %). To solve the
spin diffusion equation, an open boundary condition was applied for the
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heavy metal/air interface. The heavy metal/ferromagnetic metal interface
was connected by spin currents: J; = G - Ap,. Here Ay, denotes the dif-
ference of spin chemical potential between the heavy metal and the fer-
romagnetic metal, and G is the transverse component spin conductance
(G = @ , where G, is the interfacial spin-mixing conductance and
e is the elementary charge). The spin chemical potential of Co was set to
be zero. Diffusion constant (D) was taken as 2.2 x 107 and 9.9 x 1073
m? s~ for Pt1>] and Au,["3] respectively. Ny was set to be 1.15 x 10%
and 1.125 x 10%7 ]=" m~3 for Pt and Au,!"®! respectively. The values of
Re{G,,} were 0.6 x 10'® and 0.1 x 10" Q' m~=2 for the Pt/Col'>] and
Au/Coﬁzg] structures, respectively. The spin collection efficiency of P, was
calculated by setting P, to be 1.
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Supporting Information is available from the Wiley Online Library or from
the author.
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