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Ultrafast control of thin film nanomagnets using femtosecond laser pulses has attracted considerable attention for
future ultrafast and energy-efficient photo-spintronics storage/memory devices. Single femtosecond laser pulse
magnetization switching without an applied external magnetic field has been recently observed on various metallic thin
films. Herein, a recent understanding of the physical mechanism behind single-shot all-optical magnetization switching

and perspectives are described.

1. Introduction

Ultrafast manipulation of thin film magnetization using
femtosecond (fs) laser pulses has been investigated in the past
decades. The use of ultrashort laser pulses enables the study/
manipulation of ultrafast electron and spin dynamics.'™”
Because ultrafast laser heating in metals induces significant
fluctuations of magnetic moments, the ultrafast magnetization
dynamics of ferromagnets (FMs) cannot be described by a
simple macrospin model. In 1996, ultrafast quenching of
magnetization, known as ultrafast demagnetization, within
sub-picosecond (ps) time scale in a nickel thin film was first
demonstrated.” Subsequently, many associated physical
phenomena such as ultrafast hot electron/spin transport®~'?
and terahertz emission'>!'¥ have been observed. The super-
diffusive transport of photo-excited carriers within the
thermalization time has attracted significant attention.'>~!%)
Ultrafast spin transport can be induced by a fs laser pulse
focused on a metallic multilayers containing FMs. Spin
transport is triggered by the ultrafast quenching of magnetic
moments in FMs owing to the conservation of angular
momentum. Furthermore, intersite spin transfer in ferromag-
netic alloys as well as the transfer of angular momentum
between two ferromagnetic layers separated by a non-
magnetic spacer layer have been demonstrated.??2")

Simultaneously, magnetization switching induced by
irradiation with a fs laser pulse without an applied external
magnetic field, generally known as all-optical switching
(AOS), has been demonstrated for various magnetic
materials; hence, it can potentially be applied in future
ultrafast optically enabled spintronics devices.”® AOS was
first demonstrated in a ferrimagnetic amorphous rare-earth
(RE) transition-metal (TM) alloy, i.e., GdFeCo (GFC).*” In
this alloy, the magnetization of the Gd and FeCo sublattices
are coupled antiferromagnetically. AOS in GFC was initially
discussed in terms of the effect of circularly polarized light
due to the inverse Faraday effect. Subsequently, it was
demonstrated that the magnetic moments of the two
sublattices can be reversed by the irradiation of a linearly
polarized single fs laser pulse®®3! as schematically shown in
Fig. 1(a). The time-, space-, and element-resolved ultrafast
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Fig. 1. (Color online) (a) Schematic illustration of single-shot AOS in
ferrimagnet. Magnetic moments of two sublattices can be reversed by
irradiation of single fs laser pulse. (b) Schematic illustration of AOS in
ferromagnet. Magnetization direction can be reversed owing to the helicity of
the laser. This switching can be typically achieved by multiple laser pulses.

magnetization dynamics in GFC have been investigated
intensively.>*3273% Single-shot AOS of GFC is mediated by
the transient ferromagnetic state owing to the angular
momentum transfer between the two sublattices.*%4)
Although several studies have demonstrated single-shot
AOS in Tb-based RE-TM system such as TbFeCo alloy,*?
[Tb/Co] multilayer*® and ferrimagnetic Heusler alloy

Mn,Ru,Ga,*** single-shot AOS has been primarily inves-
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tigated using Gd-based materials including synthetic ferri-
magnets such as Co/Gd. %49

Whereas many studies on single-shot AOS have been
performed on ferrimagnetic thin films, single-shot AOS for
FMs has been considered difficult. In contrast to the fact that
AOS can be induced by linearly polarized laser pulses in the
GFC ferrimagnet, AOS in FMs has only been observed by
using the helicity of the laser pulse**? as schematically
shown in Fig. 1(b). However, the mechanism of magnetiza-
tion switching for FMs is still debated. In all-optical helicity
dependent switching (AO-HDS), the magnetization of various
types of magnetic materials can be reversed by sweeping the
laser pulses or after irradiation of many laser pulses.?%#-52-60)
Accumulative magnetization switching due to magnetic
circular dichroism®'®? and/or light helicity-induced magnet-
ization®*% might be a contributing factor. In addition,
helicity-dependent laser-induced domain wall motion could
also play an important role.®>% Another mechanism of AO-
HDS for FMs is that magnetization is switched due to the
stabilization of the magnetic domain when the size of the
domain is comparable to that of the laser spot.’®®” Although
AOS even in FMs has been realized by using various
methods, single-shot AOS that has been demonstrated in
ferrimagnets will be promising for the ultrafast and energy-
efficient magnetization switching. Single-shot AOS in FMs
was initially realized using ferromagnetic Co/Pt multilayers
exchange-coupled with the GFC layer.®® Subsequently,
single-shot AOS of a FM layer was achieved by utilizing
the spin transport in a spin-valve structure where two
magnetic layers are magnetically decoupled.®”

Furthermore, our recent results demonstrated that energy-
efficient single-shot AOS of FMs can be obtained by
increasing the amount of spin-current using a FM/non-
magnetic metal/GFC spin-valve structure.”” From the
experiments and calculations pertaining to the ordering
temperature of the FMs in a spin-valve, the mechanism of
single-shot AOS of the FMs can be qualitatively explained by
the combined effects of ultrafast quenching of magnetization
and the transfer of angular momentum from Gd.”"

In this review, we first describe the AOS in ferrimagnetic
GFC and the mechanism behind single-shot AOS. Next,
spin-transport following fs laser excitation in the metallic
multilayer stack is introduced. Next, we describe spin-
transport-mediated single-shot AOS and the energy required
for magnetization switching of FMs. The physical mechan-
ism behind single-shot magnetization switching of FMs is
discussed. Finally, the perspectives for single-shot AOS are
discussed in the light of numerous experimental results.

2. AOS in a GdFeCo Alloy Ferrimagnet

The GFC alloy is an amorphous RE-TM ferrimagnet, and
the magnetization of the RE and TM sublattices are opposite
because of the negative exchange coupling between the two
elements as schematically shown in Fig. 2(a). The first
observation of AOS was demonstrated in GFC.?® Figure 2(b)
shows the magnetization reversal by the irradiation of a 40 fs
circularly polarized single laser pulse. The magnetization
reversal depended on the helicity of the laser pulse [Fig. 2(b)
top]. Because the magnetization can be reversed by the
helicity of laser pulses without the use of an external
magnetic field, all-optical magnetic recording [Fig. 2(b)
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Fig. 2. (Color online) (a) Schematic illustration of GFC ferrimagnet. Gd
and FeCo have opposite magnetic moments due to antiferromagnetic
exchange coupling. (b) All-optical magnetization switching demonstrated
for GFC film. Reprinted with permission from Stanciu et al.>? © 2007
American Physical Society. (c) Transient ferromagnetic states observed in
GFC by time-resolved X-ray magnetic circular dichroism experiment.
Reprinted with permission from Radu et al.>® © 2011 Nature Publishing
Group. (d) Atomistic spin dynamics simulation results of all-optical
magnetization switching. Each magnetic moment (middle) and total
magnetic moment (bottom) dynamics induced by ultrafast laser-heating
(top). Reprinted with permission from Ostler et al?” © 2012 Nature
Publishing Group.

bottom] was proposed. The mechanism of the AOS was first
discussed based on an effective magnetic field generated by
the inverse Faraday effect.??**3 Subsequently, AO-HDS in
GFC was quantitatively explained based on magnetic circular
dichroism,” i.e., light absorption is different with the light
helicity. Simultaneously, it was demonstrated that the
magnetization of GFC was reversed by single linearly
polarized fs laser pulses. This result indicated that the
mechanism of single-shot AOS is of purely thermal origin.
Time-resolved X-ray magnetic circular dichroism measure-
ments were performed to study the element-resolved mag-
netization dynamics.>® Figure 2(c) shows the time- and
element-resolved Gd/Fe magnetization dynamics. A transient
ferromagnetic-like state at approximately 1 ps was observed.
The different demagnetization rates for Gd and 3d transition

©2021 The Physical Society of Japan
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metals such as Fe was originally explained by the micro-
scopic three temperature model (M3TM),”® in which the
demagnetization is caused by spin-flip scattering mediated by
electron—phonon scattering. In the M3TM, the demagnet-
ization rate 11(,[1 is characterized by the spin-flip probability
asr, magnetic moment u and the Curie temperature 7¢ as

follows:”®

—1 2
Ty < agTc/p.

Therefore, the large magnetic moment and low 7¢ of Gd
yielded a lower demagnetization rate.

Thermally induced single-shot AOS was theoretically
investigated using atomistic spin dynamics simulations.3*-3!
The dynamics of spin S; at each localized lattice was
calculated using the Landau—Lifshitz—Gilbert (LLG) equation
as follows:

o’ ___r
o (I+ad)u

[SixH;+o;S; x(S; xHp, (1)

where ¥, u;, and a; are gyromagnetic ratio, magnetic moment,
and damping parameter, respectively. H; (= —0E;/dS;)
expresses an effective magnetic field considering the
anisotropy energy and exchange coupling energy, with

E;j=-) JsS;-S;— KS;., )
nn

where the summation considers the nearest-neighbor inter-
action. J; and K are the exchange coupling constant and
the uniaxial anisotropy constant, respectively. A stochastic
Langevin field was included in H; to consider the effect of
the laser heating. The temperature was considered as the
electronic temperature, which can be calculated using a two-
temperature model (TTM). Figure 2(d) shows computed
thermally driven AOS, where five Gaussian laser pulses were
irradiated on GFC. Toggle-type switching of each magnetic
moment was demonstrated in this calculation. Stochastic
atomistic spin dynamics simulations on various model
systems have been reported and ultrafast thermally induced
magnetization switching has been predicted theoreti-
cally. 747" Another type of numerical description can be
obtained using the Landau-Lifshitz—Bloch equation.’® Mag-
netization switching in RE-TM ferrimagnets has been
reproduced theoretically using the Landau-Lifshitz—Bloch
equation.” In addition, theoretical models based on micro-
scopic theories exist for single-shot AOS in ferrimag-
nets.3%7 In the microscopic model, exchange scattering of
electron spins in the sublattices was considered to reproduce
the magnetization switching in the ferrimagnet. The scatter-
ing of electron spins of two sublattices through intra-atomic
exchange coupling such as s—d exchange has been theoret-
ically implemented to reproduce single-shot AOS in
ferrimagnets.3*3” Mentink et al. developed a simple model
to explain the thermally induced magnetization reversal.*>:8%)
Figure 3(a) shows a schematic illustration of the spin angular
momentum flow in the model. The spin-angular momenta of
the two sublattice, S; and S, are described as follows:

(@)

Fe

Environment

Si(S3)

-1.0 -0.5 0.0 0.5 1.0

Fig. 3. (Color online) (a) Schematic illustration of path for spin-angular
momentum flow in model introduced by Mentink et al.*?’ Two arrows S, S»
represent spin direction of two sublattices. Double sided arrows indicate the
coupling. (b) Time evolution of §; plotted as a function of S, calculated
using the model. Figure from Mentink et al. (© 2012 Authors).*?

where the first and second terms on the right-hand side
represent the transfer of angular momentum of each sublattice
due to exchange scattering of electron spins and transfer of
angular momentum to the environment. A, and 4; (i € {1,2})
represent the coupling strength of the two sublattices and the
coupling between each sublattices with the environment,
respectively. H; is the effective magnetic field, which can
be calculated by the magnetic energy W using functional
derivative: H; = —6W/8S,;. W is expressed as follows:**-8%

W= / drLfi(S2) + (52 + £(S152)]. )

Here, f; is the energy for each sublattice and is obtained using
the Landau theory, where f; has a minimum at the
spontaneous spin angular momentum |S,| at room_temper-
ature below Tc for ferromagnets, i.e., f; o« (S7 — 572, fo is
the exchange coupling energy which can be expressed as,
Jo=—JeS5152. A; can be described by the longitudinal
relaxation time in the Bloch equation and therefore can be
expressed as follows:*?

s, A ”ﬂﬂ (6)

E=/1e(H1—H2)+/11H1, (3) '

dS, Thus, a larger damping parameter and a smaller magnetic

—2 =l (H| — H)) + WhH>, (4) ~moment increase the coupling to the environment. Here, we

dt assume that S| and S, correspond to spins of Gd and Fe in the
081009-3 ©2021 The Physical Society of Japan
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two sublattices, consequently, Sy (> 0) demagnetizes faster
than S; (< 0) and reaches O due to a large 4;. Menink et al.
calculated the time-evolution of S| and S, at constant
temperature using Eqs. (3) and (4). Figure 3(b) shows time-
evolution of §; plotted as a function of S, with various initial
S1 and 5. In this calculation, A, is assumed to be larger than
Ai. If the first terms in the right-hand side of Eqgs. (3), (4) are
dominating, the relation dS;/dt= —dS,/dt is obtained
[shown as the red dotted line in Fig. 3(b)]. The two thick
dots indicate equilibrium values. The blue shaded area
represents the initial conditions from which the exchange of
angular momentum will proceed to reversal. This condition
indicates that the magnetic moment of one sublattice has
to be quenched while the magnetic moment of another
sublattice should still be finite. In addition to the above
condition for the spin reversal, this model also yielded that
exchange scattering of electron spin in an anti-parallel spin
configuration increased the speed of demagnetization for both
sublattices.*”

Based on the experimental studies and the theoretical
considerations mentioned above, the significant difference in
the demagnetization time and transfer of angular momentum
between two sublattices are essential for realizing the single-
shot AOS in GFC. Another important mechanism is the
dissipation-less dynamics of the angular momentum during
the demagnetization and switching processes. Wienholdt
et al. calculated orbital-resolved atomistic LLG simulation
with changing the damping parameter [a; in Eq. (1)]
artificially.*" It was theoretically demonstrated that the
transient ferromagnetic states disappeared when higher
values of damping were applied in the LLG calculation.
Because the damping parameter reflects the angular momen-
tum dissipation to the environment, it suppresses the
exchange of angular momentum between two sublattices.

3. Ultrafast Spin-transport in Metallic Multilayer
Stacks

When fs laser pulses are irradiated on a metallic structure,
the strong absorption of photons results in a significant
increase in the electron temperature. Consequently, heat flow
is induced by the strong electron temperature gradient in the
metallic structure. The electron and phonon temperature
dynamics are generally described using the TTM,!691-%%
where electron—phonon coupling, electronic heat diffusion,
and the light absorption profile are considered. Simulta-
neously, spin-transport can be induced when fs laser pulses
are irradiated on metallic multilayer stacks, including
magnetic layers, as schematically shown in Fig. 4(a). It was
theoretically predicted that ultrafast demagnetization is
partially caused by the superdiffusive spin-transport in
metallic films'® in which the spin angular momentum is
transferred from FM to a nonmagnet. The first experimental
observation of the ultrafast spin-transport in a metallic film
was reported using Fe/Au by Melnikov et al.® In the first
observation, a 35 fs pump laser pulse was irradiated from the
Fe layer side and a spin accumulation signal in Au was
detected by using second harmonic generation on the
opposite side of the Au layer. The spin accumulation
dynamics obtained in Au are shown in Fig. 4(b). The spin-
polarized carrier velocity evaluated from the shift of the peak
for different Au thicknesses was comparable to the calculated

081009-4

velocity of the ballistic transport for the photo-excited
carrier.®) Front-side pump/back-side probe technique has
been used to detect the ultrafast spin-transport in several
studies.'%29 In the experiment by Choi et al., a 0.8 ps laser
pulse induced spin accumulation in a thick Cu layer in FM/
Cu samples. The spin accumulation in Cu was explained by
the spin-current generation due to the ultrafast demagnet-
ization in the FM layer.'” If one assumes that spin-transport
is described by a diffusive equation, then the spin
accumulation in the nonmagnetic layer can be described as
follows:”®

sz 1) _ [ Oms@ 0 ps(z1)
ot 072 T

where, us, D, and 7 are the spin chemical potential, diffusion
constant, and spin lifetime, respectively; z is the coordinate
along the thickness direction; Q(#) is a source term at the
FM/nonmagnet interface owing to ultrafast demagnetization,
which can be expressed as

+ 0,0, @)

dSem(?)
dt

where, Spy is the spin-angular momentum of FM. The spin
accumulation dynamics observed in the nonmagnetic Cu
layer was well explained through spin diffusion equation
calculation.!” In addition to the spin-current generation by
the demagnetization inside FM layers, the spin-dependent
Seebeck effect or the spin Seebeck effect at the FM/
nonmagnet interface can be a source of the spin-current.”’%?

Ballistic/diffusive spin-transport in the metallic structure
enables the transfer of spin angular momentum in spin-valves
where two magnetic layers are separated by a metallic non-
magnetic spacer layer as schematically shown in Fig. 4(c).
This transfer of angular momentum in the spin-valve was
initially observed using two ferromagnetic [Co/Pt] layers
separated by nonmagnetic Ru spacer layer by Malinowski
et al.?” The speed and magnitude of the demagnetization
were enhanced when two [Co/Pt] magnetizations are anti-
parallel to each other, as shown in Fig. 4(d) bottom. When
two magnetizations are in an anti-parallel configuration,
demagnetization rates for both layers will increase because
of the exchange of electrons with opposite spins between
both layers, consistent with the model by Mentink et al.*?
mentioned above. In addition, no change in demagnetization
dynamics was observed when two [Co/Pt] layers were
separated by insulating NiO as a reference sample, thereby
preventing spin-transport [Fig. 4(d) top]. If the transfer of
angular momentum from the other layer is more prominent
than the magnetization quenching in the layer, one can expect
enhancement of magnetization. Rudolf et al. observed this
ultrafast magnetization enhancement in a Ni/Ru/Fe tri-
layer.>¥ The magnetization of the bottom Fe layer [red
symbols in Fig. 4(e)] increased whereas the magnetization of
the top Ni layer [blue symbols in Fig. 4(e)] decreased. This
enhancement in Fe magnetization was discussed based on the
superdiffusive spin-transport from the Ni layer. In addition
to the ultrafast demagnetization dynamics in spin-valves due
to the angular momentum transfer, ultrafast spin-transport
has been used to create ultrafast spin-transfer torques using
two FM layers with noncollinear magnetization separated by
a non-magnetic spacer layer.!%2697:100.10D Thig can be used

Os(1) x — (3)

©2021 The Physical Society of Japan
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Fig. 4.

(Color online) (a) Schematic illustration of fs laser induced spin-current in a FM/nonmagnet bilayer. Laser-excited hot-carrier induces spin

accumulation in a non-magnetic layer. (b) Spin accumulation dynamics in non-magnetic Au in Fe/Au bilayer detected by second harmonic probe. Reprinted
with permission from Melnikov et al.¥’ © 2011 American Physical Society. (c) Schematic illustration of interlayer transfer of spin angular momentum mediated
by fs-laser-induced spin-transport. (d) Increase in speed and magnitude of demagnetization in anti-parallel magnetization configuration case due to interlayer
transfer of angular momentum (bottom). Comparison with reference sample that prevented spin transport (top). Reprinted with permission from Malinowski
et al.>” © 2008 Nature Publishing Group. (e) Enhancement in Fe magnetization in Fe/Ru/Ni trilayer. Reprinted with permission from Rudolf et al.> © 2012

Nature Publishing Group.

in detecting high-frequency ferromagnetic resonances and
studying spin-transport.

Most previous studies focused on the ultrafast spin-current
generation from a FM layer. However, spin-current gen-
eration from ferrimagnets or antiferromagnets has not been
investigated intensively. Choi et al. studied spin-current
generation from RE-TM ferrimagnets such as GFC and
TbFeCo,'°V as schematically shown in Fig. 5(a). Ultrafast
demagnetization and the spin-dependent Seebeck effect were
considered as sources of spin. If we consider that the spin
is generated by the change in magnetization of the FMs
[Eq. (8)], then two polarities of spin exist in the generated
spin-current. In this case, the directions of the spin angular
momentum and magnetization are assumed to be the same
for simplicity, although they must be strictly opposite. One
polarity occurs when the spins are parallel to the magnetiza-
tion due to the demagnetization of the FM. Another is when
the spins are anti-parallel to the magnetization due to the
remagnetization of the FM. Typically, the former is larger
than the latter because the demagnetization speed is faster
than the remagnetization speed. Figure 5(b) shows the spin
accumulation in Cu generated using RE-TM ferrimagnets
for different RE elements and compositions. The positive

081009-5

(negative) peak is parallel to the TM (RE) magnetic moment.
It was discovered that the negative peak increased when Gd
was used and the Gd concentration was increased. The slower
negative contribution was explained due to the slower
demagnetization of Gd. This result implies that spin
accumulation was induced by the intra-atomic exchange
coupling between the conduction electron spins and localized
magnetic moments in Gd.

4. Single-shot AOS Using Spin-valves

The concept of single-shot AOS using a spin-valve is
shown in Fig. 6(a). In this study, we focused on the GFC/
Cu/FM structure, in which we assumed that the transfer of
angular momentum in the spin-valve contributes significantly
to the realization of single-shot AOS in FMs. Figure 6(b)
shows the MOKE hysteresis loop observed for a GFC(5)/
Cu(9.3)/[Co(0.6)/Pt(1)]4 (CoPt) spin-valve (units of thick-
ness: nm). In this experiment, the composition of GFC used
was Gdyz3(Feg7Co13)76.7. The lower and higher coercive
fields correspond to the magnetization reversal of the GFC
and CoPt layers, respectively. A clear hysteresis for the GFC
layer was observed because MOKE was sensitive to FeCo
magnetic moment,'%? although magnetization is mostly

©2021 The Physical Society of Japan
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Fig. 5. (Color online) (a) Schematic illustration of ultrafast spin-current
generation using ferrimagnet/nonmagnet structure. (b) Spin accumulation
dynamics in non-magnetic Cu layer observed using RE-TM ferrimagnet/Cu
bilayer. Open squares, circles, and triangles denote spin-accumulation signals
generated from 20-nm-thick RE-TM ferrimagnetic TbygFe,Co;s, GdpoFegs 5-
Cogs, and GdysFegssCog4 layers, respectively. Reprinted with permission
from Choi et al.'" © 2018 American Physical Society.

compensated. The open red and blue symbols are the minor
loops indicating the magnetization reversal of the GFC layer.
No shift in the minor loop indicates that there is no coupling
between the two layers owing to the thick Cu layer.
Subsequently, we define four magnetic configurations where
CoPt magnetization is pointing along the positive (+) and
negative (—) directions with parallel (P) and antiparallel (AP)
configurations between CoPt and FeCo in GFC. Figure 7(a)
shows the MOKE images obtained after the irradiation of
linearly polarized single 35fs laser pulses. It is noteworthy
that the MOKE images were obtained from the CoPt side,
whereas the fs laser pulses were irradiated from the GFC side.
The magnetization configuration was changed from P+ to
AP+, corresponding to the switching of only GFC, when a
low pulse energy E, was used [Fig. 7(a) top]. The region
around the center of the spot, where the magnetization
configuration was changed from P+ to P—, corresponds to the
switching of both GFC and CoPt when E, was increased
[Fig. 7(a) middle]. When a large E, was used, a multidomain
configuration was formed around the center of the spot
[Fig. 7(a) bottom] due to the large energy density. In the
following, two radii are discussed, where rgrc and rGrc;/copt
denote the radii of the switching area for the GFC layer and
both the GFC and CoPt layers, respectively. Furthermore,
rGrc/copt and rgec were plotted as a function of the irradiated
pulse energy, as shown in Fig. 7(b). The energy dependence
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Fig. 6. (Color online) (a) Schematic illustration of concept for spin-
transport mediated all-optical ~switching in GdFeCo/non-magnet/
ferromagnet trilayer. (b) Magneto-optical Kerr effect hysteresis loop
obtained for FeCo-rich GdFeCo/Cu/[Co/Pt]; trilayer. Adapted from
lihama et al.®” © 2018 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

of the switching area can be explained by the Gaussian
intensity distribution of the laser pulse as

Fini = 28 exp(=2r2 u). )
WG
where, Fy,; and wy are the threshold fluences for r; and the
e~? spot size, respectively. The fitted results are shown as
solid curves in Fig. 7(b). The evaluated Fy,; values for the
GFC and GFC/CoPt switching were 3.2 + 0.7 and 11.4 +
1.9 mJ /cm?, respectively.

Interestingly, the CoPt layer was switched by the
irradiation of linearly polarized single fs laser pulses. The
switching of CoPt was suppressed when a spin-scattering Pt
layer was inserted in the Cu spacer layer,®” indicating that the
CoPt switching was mediated by the spin-transport from the
GFC layer. Subsequently, it was discovered that the Gd
concentration significantly affected the realization of single-
shot AOS in the FM layer and reduced the threshold fluences.
The concept of AOS using a Gd-rich GFC is shown in
Fig. 8(a). In this experiment, the composition of Gd used was
33%, where a single GFC layer cannot exhibit single-shot
AO0S.” The MOKE hysteresis loop for the Gd-rich GFC/
Cu/CoPt spin-valve is shown in Fig. 8(b). The Gd-rich GFC
resulted in an inverted loop because GFC magnetization is
aligned with the Gd sublattice magnetization. The MOKE

©2021 The Physical Society of Japan
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Fig. 7. (Color online) (a) MOKE images after irradiation of single fs laser

pulses on GdFeCo/Cu/[Co/Pt] spin-valve, where the initial configuration
was P+. (b) Radii (rgrc, rGrc/copt) €valuated by image analysis plotted as a
function of the irradiated pulse energy E,. Solid curves show fitted results
based on Gaussian spatial intensity distribution of the laser pulse. e~ spot
size and threshold fluence evaluated by the fitting were 50 + 3 (54 + 3)um
and 32+0.7 (11.4+1.9)ml/em?> for rgpc (rGrc/cop)s  respectively.
Adapted from Iihama et al.®” © 2018 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

images after irradiation with fs laser pulses are shown in
Fig. 8(c). In addition to both GFC/CoPt switching around
the center of the spot, only CoPt switching was observed
around the rim of the spot, unlike the feature exhibited in
FeCo-rich GFC/Cu/CoPt spin-valve as shown in Fig. 7.
Two different radii plotted as a function of £}, are shown in
Fig. 8(d). Using the Gaussian intensity distribution analysis
as mentioned above, the threshold fluence Fy, was evaluated.
The Fy, for CoPt and GFC/CoPt switching were obtained as
1.65+0.19 and 2.66 + 0.31 mJ/cm?, respectively. It was
discovered that the Fy, for CoPt switching decreases with
increasing Gd content. The result above is consistent with
the study of Choi et al.,, in which an increase in the Gd
concentration increased the spin-current that is parallel to the
magnetic moment of Gd.'°V

It was experimentally discovered that the spin-current
generated from Gd in GFC was fundamental for achieving
single-shot AOS in FMs. However, many questions remain
regarding FM switching. For example, what are the amounts
of spin-currents and heat required to switch the FM layer?
Can we estimate the threshold fluence for FM switching
theoretically? To answer these questions, we investigated
single-shot AOS systematically by changing the 7 of the
FM.”D We chose [Co,Ni;_,/Pt] multilayers as a model FM
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material that exhibits different 7 for different CoNi
compositions while maintaining a perpendicular easy axis.
The FM switching for various compositions was observed,
and it was observed that Fy, increased with the T of the FM
layer [solid symbols in Fig. 9(a)]. One can visualize that the
magnetization of FMs with low T¢ can be quenched by laser
pulses with less energy, thereby decreasing Fy, for the
switching. To explain the threshold energy for FM switching,
we developed an interface quenching criterion model. In this
model, we assume that FM switching occurs when the
transferred spin angular momentum from the GFC layer is
greater than the magnetic moment at the interface reduced by
the laser heating. First, the ultrafast demagnetization in the
multilayer stack was calculated using the M3TM. The time-
evolution of the electron and phonon temperatures can be
described using TTM as follows:'®

T, 0 a
C(T,) 7 = gep(Tp -T)+ a_Z (Ke a_Z Te) + P(z,1), (10)

p% = _gep(Tp =T, (11)
where, T, Tp, Ce, Cp, &ep, ke, and P(z,t) are the electron
temperature, phonon temperature, electronic specific heat,
phonon specific heat, electron—phonon coupling constant,
thermal conductivity of electrons, and energy supplied by the
laser pulse, respectively. C. and k. are temperature dependent
and given by, C. =y.T. and k. = koT./T,, respectively,
where y. is the electronic heat coefficient. P(z,7) can be
calculated using the light absorption profile in the metallic
Pt = AQ) - —2

multilayer as follows:
2
expl—== ).
\2no p( 20 2)

where, A(z) is the light absorption profile calculated using the
transfer matrix method. F}, and ¢ are the fluence and pulse
duration, respectively. The magnetization in the M3TM can
be calculated by using the following formula:’>

d T, T

D Rm =2 |1 = meoth TE€ ,

dt Tc T,
where m and R are the normalized magnetization
[= M(t)/M, where M; is saturation magnetization] and a

constant that characterizes the demagnetization rate. R is
expressed as

C

(12)

(13)

_ 8gepaszé Va
ksT3u/us

where V., Tp, kg, and up are the atomic volume, the Debye
temperature, the Boltzmann constant, and the Bohr magne-
ton, respectively. The calculated magnetization of the Cu/FM
interface at 1ps as a function of laser fluence is shown in
Fig. 9(b). The magnitude of the spin angular momentum
transferred from GFC was estimated from Choi et al.'’" Choi
et al. detected maximum spin accumulation in Cu ~ 100
A/m generated by the Gd sublattice using GdyFegs sCogs/
Cu samples with the laser fluence of 1 mJ/cm? [red circles in
Fig. 5(b)]. We used ~10mJ/cm? for the switching threshold,
therefore, spin-current in the unit of magnetization AM
generated by GFC was assumed to be proportional to the
fluence and roughly calculated to be ~1kA/m. Then, the
interface quenching criterion is obtained using the following

©2021 The Physical Society of Japan
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(Color online) (a) Schematic illustration of spin-valve structure with Gd-rich GdFeCo. Spin-current generated by Gd sublattice transferred its angular

momentum to ferromagnetic layer. (b) MOKE hysteresis loop for spin-valve with Gd-rich GdFeCo. (c) MOKE images after irradiation of fs laser pulses.
(d) Radii plotted as a function of irradiated pulse energy for spin-valve with Gd-rich GdFeCo. Evaluated threshold fluence was 2.66 + 0.31 (1.65 + 0.19)
mJ/cm? for both GFC/CoPt (CoPt) switching. Adapted from Remy et al.”” © 2020 Authors.

relation: Mgm. = AM, where m. is the interface magnetiza-
tion criterion. The interface magnetization criterion . is
shown as horizontal lines in the inset of Fig. 9(b). The
criterion differs for different FM materials because M, for
different FM materials are different. The calculated threshold
fluence as a function of the T of the FM materials is shown
as open symbols in Fig. 9(a). The trend of the experimental
results is well explained by this interface quenching criterion
model, although the estimation of the transferred spin-angular
momentum is very rough. To explain the spin-current-
mediated FM switching more precisely, improved models are
required.

Recently, the theory of ultrafast magnetization dynamics in
a metallic heterostructure that considers the non-local spin-
transport of s electrons owing to the s—d exchange coupling

081009-8

has been developed,'®® as schematically shown in Fig. 10(a).
The demagnetization associated with the s—d exchange
coupling was initially discussed theoretically in Refs. 104
and 105. In this model, the s- and d-electron spins are
considered within the spin chemical potential ys and as a
localized magnetization my. The equations of motion for g

and my are as follows:!%%
dys dmg s
Bs _ g2 _#s 14
dt Psd dt 7 ( )
% = L myq — Hs 1 — mgq coth —2mdkBTC — K
dt 1 ¢ 2kpTc ¢ 2kp T, ’

(15)
where py and rs‘dl which are respectively expressed as pyg =
D7!' = Jw/2, and 7 = (n/R)JEDD kgTc, where D is
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Fig. 9. (Color online) (a) Comparison of experimentally evaluated

threshold fluence for FM switching and calculated fluence based on
interface quenching criterion model. (b) Normalized magnetization of FM
layer calculated using M3TM plotted as a function of fluence for different
Curie temperatures. In interface quenching criterion model, magnetization
was switched when magnetization at the Cu/FM interface was sufficiently
quenched due to laser heating. Criterion for switching is shown in the inset.
Adapted from Igarashi et al.”? © 2020 American Chemical Society.

defined as D =2D;D,/(Dy + D). Dy and Jy are the
density of states at the Fermi level for up (down) spins and
the s—d exchange coupling constant, respectively. s can be
used to characterize the spin-transport. For example, Eq. (14)
can be directly combined with the spin diffusion equation
[Eq. (7)] if the diffusive transport of spin is considered. The
enhancement of the speed and magnitude of demagnetization
in the anti-parallel magnetization configuration in the spin-
valve reported by Malinowski et al. [Fig. 4(d)] was well
reproduced in this s—d model calculation, as shown in
Fig. 10(b). The s—d exchange coupling-based calculation will
be valuable for modeling single-shot AOS in the spin-valve.
The GFC and CoPt can be coupled dynamically through
intra-atomic exchange, such as coupling between localized 4f
electrons and conduction electron spin in Gd as schematically
shown in Fig. 10(c). This s—d (s—f) model-based calculation
considering intra-atomic exchange coupling combined with
TTM, light absorption profile, and spin-transport can be a
model that precisely describes the single-shot AOS in a
metallic spin-valve structure.

5. Perspectives

Numerous studies have reported that the magnetization of
metallic thin films can be switched by the irradiation of a
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Fig. 10. (Color online) (a) Schematic illustration of s—d exchange

coupling. Localized magnetic moment of d-electrons coupled to conductive
s electrons that travels across metallic multilayer films. (b) Demagnetization
dynamics for structures similar to those in Malinowski et al.?” based on the
s—d coupling model. Reprinted with permission from Been et al.'%® © 2020
American Physical Society. (c) Schematic illustration of dynamical exchange
coupling through spin transport in spin-valve. Vertical axis indicates the
electron energy and horizontal axis corresponds to the coordinate along
sample thickness direction. Intra-atomic exchange coupling such as s—d and
s—f exchange coupling enables coupling of conduction electron spin and
localized magnetic moment.

single linearly polarized laser pulse without the use of an
external magnetic field. Table I shows a list of single-shot
AOS in metallic thin films observed using various thin-film
metallic magnets and experimental techniques. It has been
demonstrated that various types of magnetic materials can
exhibit single-shot AOS, including FMs, although GFC was
initially investigated intensively. Recently, single-shot AOS
in Mn-based ferrimagnet Mn,RuGa was demonstrated.** The
switching was attributed to the inequivalent Mn sublattices.
This result indicates that single-shot AOS was not limited to
RE-based ferrimagnet. The mechanism of single-shot AOS in
Mn,RuGa is similar to that of GFC, although switching was
realized only when the initial temperature was below the
magnetization compensation temperature of Mn,RuGa.*>
Single-shot AOS is of purely thermal origin; therefore,
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Table I. Reports for single shot AOS of metallic thin films. Thicknesses in parentheses of the stack structure column are shown in nm.
Materials Stack structure Experiment/Remarks Reference
. . . Time- and element-resolved experiment using X-ray 30)
GdFeCo Ferri. SiN(100)/GdFeCo(30)/SiN(60) magnetic circular dichroism (XMCD) Radu et al.
. . Switching of both out-of-plane and in-plane 31
SING)/GdFeCo20)/SiNG) anisotropy GdFeCo films detected by XMCD Ostler et al.
Glass sub./AlTi(10)/SiN(5)/GdFeCo(20)/SiN(60) Time-resolved experiment Vahaplar et al.>¥
Glass sub./AITi(10)/SiN(5)/GdFeCo(20)/SiN(60) -25¢T parameters (pulse duration, chirp, bandwidth) g, .\ o\ o 109
dependence
Glass sub./AITi(10)/SiN(5)/GdFeCo(20)/SiN(60) Wavelength dependence Khorsand et al.”®
SiN(100)/GdFeCo(30)/SiN(60) Time-, element-, z.md space-resolved experiment with Graves et al3?
nanoscale resolution
Glass sub./AITi/SiN/GdFeCo/SiN(60) Thickness dependence Yoshikawa et al.!'
Glass sub./AITi(10)/SiN(5)/GdFeCo(20)/SiN(60) Composition dependence Yoshikawa et al.''l
GdFeCo(20) Detection using anomalous Hall effect Hadri et al.>
MgO/GdFeCo(20)/Ta(5) Detection using tunnel magnetoresistance Chen et al.''?
Ta(2.5)/GdFeCo(14)/Ta(3.6)/Ta,0s(2.8) Pulse duration and temperature dependence Gorchon et al.>>
GdFeCo(5)/Cu(80)/Pt(5) Switching induced by hot electron pulse Xu et al.!?
GdFeCo(6)/Au(113)/Pt(6) Switching induced by electronic heat current pulse ~ Wilson et al.®
GdFeCo(20) Switching md.uced t?y electrical pulses generated by Yang et al.1%)
photoconductive switches
GdFeCo(10)/SiN(80)/GdFeCo(10) Selective switching by rotating polarization axis Ignatyeva et al.'?”
GdCo Ferri. Ta(3)/Pt(3)/GdCo(10)/Pt(3) Switching of micropatterned dot arrays Ghazaly et al.!'®
ThFeCo Ferri. SiN/TbFeCo/SiN ;:(;22: optical field enhancement due to plasmonic Liu et al®)
Gd/Co synthetic Ferri. Ta(4)/Pt(4)/Co/Gd(3)/Pt(2) Co thickness dependence Lalieu et al.*®
Tb/Co synthetic Ferri. CoFeB,/Ta/[Tb/Cols Switching of structure for magnetic wnnel junction o gy o 4149

Mn;RuGa Ferri. Mn,RuGa film on MgO single crystal sub.
Mn,Rug3Ga(32), Mn,Ru75Ga(18) on MgO sub.

Ta(5)/GdFeCo(20)/Co(0.4)/Pt/Co(0.6)/P0.7)/

Co/Pt Ferro. Co(0.6)/Pt(3)

Pt/Co/Pt Ferro. Pi(1.5)/Co(0.7)/Pt(1.5)

Co/Pt Ferro. GdFeCo(5)/Cu/[Co(0.6)/Pt(1)],
Co/Pt Ferro. GdFeCo(5)/Cu/[Co(0.4)/Pt(1)],

CoNi/Pt Ferro. GdFeCo(5)/Cu/[CoNi(1)/Pt(1)],

device
Inequivalent sublattices of two Mn atoms
Temperature and pulse duration dependence

Banerjee et al.*¥
Davies et al.*>

CoPt switching due to coupling with GdFeCo Gorchon et al.®®

Vomir et al.”
Iihama et al.®”
Remy et al.”?
Igarashi et al.”"

Switching due to stabilization of magnetic domains
Spin current mediated switching

CoPt switching without GdFeCo switching

Pulse duration and composition dependence

magnetization switching can be induced by ultrashort
electrical pulses and has garnered significant attention for
future ultrafast spintronics devices. Magnetization switching
triggered by electrical pulses has been reported in several
studies. It was demonstrated that the magnetization switching
of GFC can be induced by hot electron pulses generated by
the irradiation of optical pulses, propagating over a distance
beyond the penetration depth of the light.'>?> In addition, the
magnetization switching of GFC with ultrashort electrical
pulses generated by photoconductive switches was demon-
strated.!0®

Although many reports regarding single-shot AOS pertain
to ferrimagnets, single-shot AOS even in FMs can be realized
by using the spin-valve structure described herein. The use
of ultrafast spin-transport in the spin-valve can potentially
achieve single-shot AOS in various types of magnetic
materials, including FMs. Moreover, the use of multiple
magnetic layers without coupling between the layers enables
multi-level magnetization switching, which will be promising
for future three-dimensional magnetic recording. Recently,
plasmonic layer-selective single-shot AOS was demonstrated
using two GFC layers separated by a transparent layer.'?”
The two GFCs can be switched selectively by rotating the
polarization axis of linearly polarized laser pulses owing to
plasmonic effects in the heterostructure.

To increase the density of the recording area and to reduce
the energy required for the magnetization switching, local
enhancement of optical fields arising from plasmonic

081009-10

effects*>!%®) must be designed for future all-optical magnetic
recording.

6. Conclusion

The use of ultrashort laser pulses enables the study of
ultrafast electron/spin dynamics in metals. The highly non-
equilibrium electron/spin states driven by single fs optical
pulses resulted in magnetization switching in metallic thin
films, termed as single-shot AOS. Single-shot AOS was
primarily investigated intensively in the GFC ferrimagnet.
Recently, single-shot AOS in FMs was demonstrated using
spin-transport in spin-valves. The physical mechanism of
single-shot AOS in GFC, ultrafast spin-transport in a metallic
structure, and recent single-shot AOS of FMs were described
herein. The ultrafast optical manipulation of spin-transport
and switching of nanomagnets in metallic heterostructures
have potential to realize future ultrafast and energy-efficient
photo-spintronics storage/memory devices.
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