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films within less than a picosecond,[1] the 
field of femtomagnetism has attracted 
thriving interest due to the potential 
advantages of ultrafast spin manipulation 
for current and future information tech-
nologies, such as data storage and spin-
tronics.[2–4] Femtosecond pulsed lasers 
offer a fascinating possibility to probe a 
magnetic system on a time scale corre-
sponding to the (equilibrium) exchange 
interaction, which is two or three orders 
of magnitude faster than magnetic pre-
cession. Ultrafast demagnetization, as 
one of the most key issues, has been the 
subject of intense research for more than 
20 years. Initially, ultrafast demagneti-
zation was explained by a phenomeno-
logical three-temperature model, which 
describes the transfer of heat between 
electrons, phonons, and spin baths.[1,5] 
Subsequently, different models based on 
the conservation of angular momentum 
have been proposed, either relying on 
the spin-flip scattering mediated by parti-
cles or quasiparticles,[6–16] or on the direct 
coupling between the photon field and 

the spin bath,[17,18] or considering the thermal demagnetiza-
tion mechanism.[19,20] In the last decade, a new model based 
on superdiffusive spin transport has been mentioned, which 
couples the fields of ultrafast spin dynamics and stationary 

Uncovering the physical mechanisms that govern ultrafast charge and spin 

dynamics is becoming indispensable both at the fundamental level and to 

develop future spin-based electronics. Recently it has been shown that fem-

tosecond pulsed-laser excitation of magnetic thin films produces intense and 

ultrafast spin-polarized hot electrons, thus attracting a lot of attention. While 

spin-polarized hot electrons are known to play a pivotal role in the ultrafast 

laser-induced demagnetization, their effect on magnetization switching 

remains an open issue. This study uncovers the effect of spin-polarized hot 

electrons generated by laser excitation on magnetization switching in a Co/

Pt based perpendicular magnetic anisotropy-based synthetic antiferromagnet 

(p-SAF) using the time-resolved magneto-optical Kerr effect. It has been 

found that, at low pump fluence, the equivalent magnetic field generated by 

the hot-electron spin current plays a dominant role in assisting the magneti-

zation switching of the lower layer in the antiferromagnetic configuration, 

while the strong thermal stability of the Ruderman Kittel Kasuya Yosida 

exchange interaction inhibits the further weakening of the switching field at 

high pump fluence. This study provides a viable way to control the magneti-

zation switching of the antiferromagnetically exchange-coupled systems for 

spintronic applications with ultrafast control of the information operation.

© 2023 The Authors. Advanced Electronic Materials published by 
Wiley-VCH GmbH. This is an open access article under the terms of the 
Creative Commons Attribution License, which permits use, distribution 
and reproduction in any medium, provided the original work is properly 
cited.
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1. Introduction

Since the discovery in 1996 by Beaurepaire et al. that a femto-
second laser pulse can quench the magnetization in nickel thin 
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spin transport.[21–24] It has been demonstrated that laser excited 
spin-polarized hot electrons can transport angular momentum 
to neighboring ferromagnetic (FM) layers, thus changing the 
orientation and magnitude of magnetization as well as leading 
to faster and larger demagnetization of the two antiparallel FM 
layers.[25–32] In more general cases, ferromagnets can even be 
demagnetized using only unpolarized hot electrons.[33–35]

The discovery of synthetic antiferromagnetic (SAF) materials 
is well suited to explore the possible magnetization switching 
and their mechanisms by the laser excited spin-polarized hot 
electrons in an antiferromagnetic coupled system.[36,37] The 
SAF structure typically consists of two ferromagnetic layers 
separated by a nonmagnetic (NM) spacer layer. According to 
Ruderman Kittel Kasuya Yosida (RKKY) theory,[38–40] the mag-
netization oscillation between the FM and antiferromagnetic 
(AF) alignment depends on the spin-dependent reflectivity of 
the conductive electrons at the FM/NM interface. The stray 
field can be effectively compensated by a SAF structure to 
improve the storage stability of the device. At the same time, 
since the net magnetic moment of the SAF structure is small or 
even zero, it is introduced into the spin valve as the free layer 
or the pinned layer, which can reduce the coupling between 
layers and reduce the influence of the demagnetizing field of 
the pinned layer on the free layer.[41] Different from a single 
ferromagnetic layer, a SAF structure can switch the magneti-
zation between parallel and antiparallel under the regulation 
of the external magnetic field. This unique structure serves 
as a promising approach for the designing of spin current-
controlled spintronic devices.[42,43] Ju et al. studied the photoin-
duced modulation of an exchange-biased ferromagnetic/anti-
ferromagnetic bilayer film (NiFe/NiO).[44,45] It is demonstrated 
that the coercivity extracted from the transient hysteresis loop 
is a stable parameter in describing the ultrafast photoinduced 
spin dynamics for both reversible and irreversible behaviors.[46]

To uncover the effect of spin-polarized hot-electrons generated 
by laser excitation on magnetization switching in SAF, in this 
work, we have carried out a systematic study of a [Pt/Co]4/Ru/
[Co/Pt]4 based SAF structure by using the time-resolved magneto-
optical Kerr effect (TRMOKE). The optically induced changes in 
the magnetization of the sample were recorded by measuring the 
transient changes in the polar Kerr rotation. We have experimen-
tally observed that the evidence of spin-polarized hot electrons 
will assist the magnetization switching of the lower ferromag-
netic layer at low pump fluences. This phenomenon strongly 
depends on the relative orientation of magnetization between the 
layers. The different trends in the timeline of the magnetization 
state near the switching field and on the antiferromagnetic plat-
form are found to reflect its irreversible and reversible processes, 
respectively. Based on our experiments, the role of spin-polarized 
hot electrons is analyzed in detail, providing a clear physical pic-
ture of the underlying fundamental mechanism.

2. Results and Discussion

The layer structure of the composite film and the concept of 
how we generate a net spin current in ultrafast demagnetiza-
tion are shown schematically in Figure 1a. After excitation of 
the sample by a laser pulse, spin-polarized hot electrons are cre-
ated in both ferromagnetic layers and are transported between 

the two layers. Whether there is a net spin current depends on 
the relative orientation of the magnetization of the two ferro-
magnetic layers. For parallel (P) alignments, the spin currents 
between the two layers cancel, resulting in a net spin current of 
zero. In contrast, for antiparallel (AP) alignment, a net spin cur-
rent is induced. To experimentally explore the manipulation of 
magnetization switching by net spin-polarized hot electron cur-
rent, we have properly designed the sample structure in which 
the identical [Co-Pt]4 multilayers are antiferromagnetic coupled 
through a thin spacer. The use of two identical ferromagnetic 
layers is intended to produce the same number of spin-polarized 
hot electrons during laser excitation, thus simplifying interpreta-
tion of experimental results. The pure thermal effect due to laser 
energy deposition can be ruled out as shown in the supplemen-
tary information and we expect to be able to detect the effect of 
the only spin current on its magnetization switching.

Figure  1b shows the out-of-plane hysteresis loop of the 
sample measured by vibrating sample magnetometer (VSM). 
The upper and lower ferromagnetic layers are antiferromagneti-
cally coupled and show two different switching fields separated 
by a large antiferromagnetic plateau. With the same thickness 
of the two ferromagnetic layers, there should be no net mag-
netization in the AP state because the magnetization in oppo-
site directions is fully compensated. However, the steady-state 
MOKE signal was measured using only probe light in the 
TRMOKE system, and a different result was obtained, as shown 
in Figure 1c. The nonzero MOKE signal in the AP state is due to 
the different Kerr sensitivities of each ferromagnetic multilayer, 
where the upper Co-Pt multilayer contributes more to the total 
Kerr signal.[30,32] Note that the switching fields HP-AP and HAP-P 
at ≈2.2 kOe and 3.0 kOe correspond to the magnetization con-
figuration of the sample from parallel to antiparallel and from 
antiparallel to parallel, respectively. At the same time, they cor-
respond to the magnetization reversal of the upper and lower 
ferromagnetic layer. This allows us to distinguish the magneti-
zation switching of different ferromagnetic layers more clearly.
Figure 2a depicts the demagnetization curves under a pump 

fluence of 0.32 mJ cm−2 for the P and AP states, corresponding 
to the applied magnetic fields of 4.4 kOe and 0 kOe, respec-
tively. Comparing the demagnetization curves of the P and AP 
states, it can be found that there is faster demagnetization in 
the AP state. To obtain a more quantitative understanding of 
the femtosecond laser-induced demagnetization dynamics, a 
so-called three-temperature model is used to describe it.[1,30,47] 
This phenomenological model depicts how the energy of the 
laser is redistributed among the electrons, spins and lattice 
after it is absorbed by the electron system. Fitting experimental 
data with this model enables us to extract characteristic param-
eters such as the time zero and demagnetization time τM:
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where t0 is the time zero, Γ (t − t0) is the Gaussian laser pulse, 
∗ represents the convolution product, Θ (t − t0) is the step func-
tion, and δ (t − t0) is the Dirac delta function. The constant A1 
represents the amplitude of demagnetization obtained after 
equilibrium between electrons, spins, and lattice is restored, 
while A2 is proportional to the initial electron temperature rise. 
The constant A3 represents the magnitude of the state filling 
effects during pump-probe temporal overlap, which can be well 
described by a delta function. The function F(τ0, t − t0) describes 
the process of heat diffusion cooling in terms of the inverse 
square root, where τ0 ≫ τE,τM. The two critical parameters τM 
and τE are the ultrafast demagnetization time and the electron–
phonon relaxation time, respectively. The fitted solid curves 
are also plotted in Figure  2a. The demagnetization curves of 
the P state and AP state under different pump fluences were 
also measured, and the corresponding demagnetization time 
was extracted, as shown in Figure S1, Supporting Information. 
The demagnetization time does not change significantly with 
increasing pump fluence and remains at ≈76 and 35 ps in the 
P state and AP state, respectively. Hence, the demagnetization 
process in the AP state is 54% faster than that in the P state.

With the so-called three-temperature model, not only the 
demagnetization time can be obtained, but also the position of 
time zero can be determined. After that, we study the change 
in magnetization switching at different delay times under dif-
ferent pump fluences. Figure  2b displays “snapshots” of the 
transient hysteresis loops measured with a pump fluence of 
0.32 mJ cm−2 at probe delays of t = −0.001, 0.299, 1.332, 7.599, 
and 140.932 ps. The amplitude of the transient hysteresis loops 
corresponds to that of the demagnetization curve at different 
delay times. At such a weak pump fluence, the switching of 
the two ferromagnetic layers is not affected, consistent with 
the steady-state hysteresis loop. Furthermore, the switching 
magnetic field does not change on the time scale. With the 
pump fluence up to 0.96 mJ cm−2, the transient hysteresis loop 
changes (Figure  2c): The switch of one ferromagnetic layer 
is hardly affected, while the switch of the other layer is “sof-
tened,” and the corresponding coercivity decreases from 3.0 to 
2.5 kOe. This softening of magnetization switching seems to be 
common in pulsed laser measurements, generally because of 
the change in magnetic anisotropy caused by laser energy depo-
sition on the sample surface.[48–51] Counterintuitively, it is the 

Figure 1. a) Experimental setup and SAF sample schematics. The excitation of the pulsed laser results in the generation of hot electrons in both fer-
romagnetic layers. The net spin current depends on the relative orientation between the magnetization of the two ferromagnetic layers. Hysteresis 
loops measured by b) VSM and c) MOKE. The black and red lines represent the process of the magnetic field going from negative to positive and from 
positive to negative, respectively.
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lower rather than the upper ferromagnetic layer that is affected 
first. It is believed that the spin-polarized transport of hot elec-
trons introduced by an ultrafast laser causes a change in mag-
netic anisotropy and coercivity in the lower ferromagnetic layer, 
which will be explained in the following. As the pump fluence 
further increases, the transient hysteresis loops with different 
delay times measured at a pump fluence of 4.00 mJ cm−2 in 
Figure 2d are significantly different from the previous data. In 
addition to the observed further reduction in the coercivity of 
the lower ferromagnetic layer, the slope of the antiferromag-
netic plateau increases first and then decreases on the time 
scale.

First, we focus on the change in the time scale of the param-
eters extracted from the time-delayed transient hysteresis loops. 
There is no change in the magnitude of the switching mag-
netic field extracted from the time-delayed transient hysteresis 
loops under a pump fluence of 4.00 mJ cm−2 as a function of 
delay time, as shown in Figure 3a. This is because averaging 
over N pulse pairs washes out the coercivity characteristics in 
time, whereas a maximum reduction in coercivity can always 
be detected depending on the pump fluence.[48,51] However, the 
slope of the antiferromagnetic platform near zero magnetic field 
of the time-delayed transient hysteresis loops changes signifi-
cantly on the time scale at a high pump fluence of 4.00 mJ cm−2.  
The slope of the normalized curve is extracted and shown in 
Figure 3b along with the demagnetization curve in the P state 
at the same pump fluence. The maximum demagnetization 
occurs at ≈0.5 ps and then presents a slower recovery process. 

The change in the extracted slope on the time axis shows a 
different trend from the demagnetization curve. It reached its 
maximum at 0.132  ps, followed by a rapid recovery process, 
and fully recovered to ≈0 at 140  ps. This phenomenon is not 
contrary to previous reports that the switching field does not 
change on the timeline because the antiferromagnetic plateau 
region always returns to the original state before the next pulse 
of pump laser arrives. The difference between the demagnetiza-
tion curve and the extraction slope on the time axis is due to the 
distinct relaxation process. The former reflects the change in 
spin temperature, and the latter reflects the change in the ani-
sotropy of the magnetic moment. When the pump light hits the 
sample, the electrons absorb energy and become hot electrons. 
The thermalization of the electrons affects the anisotropy of the 
carrying magnetic moment, which is reflected in the uniform 
rotation of the magnetic moment away from the interface. The 
fast and slow recovery processes correspond to the electron-
spin coupling and the overall thermal effect, respectively.

In order to vividly reveal the different trends of the magni-
tude of the switching magnetic field and the slope of the anti-
ferromagnetic platform on the time scale, we interpret them as 
schematics shown in Figure 3c and Figure 3d for the situation 
of the first and all subsequent pump pulses, respectively. Since 
we use a pulsed Ti:sapphire regenerative amplifier with a rep-
etition rate of 1  kHz to achieve the measurement, a separate 
pump-probe pair hits the sample every millisecond. The time 
interval between the two pump pulses is long enough to con-
sider the heat diffusion or heat accumulation effect to be over 

Figure 2. a) TRMOKE measured in the parallel and antiparallel states with a pump fluence of 0.32 mJ cm−2. The solid lines are fits to the experimental 
data. Time-delayed transient hysteresis loops measured at pump fluences of b) 0.32 mJ cm−2, c) 0.96 mJ cm−2, and d) 4.00 mJ cm−2.
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before the arrival of the next pump pulse. Figure 3c shows the 
effect of the first pump pulse on the magnetization state of 
the transient hysteresis loop. Suppose that the magnetization 
states A and B are located near the coercivity of the lower fer-
romagnetic layer and the antiferromagnetic platform, respec-
tively, and the pump fluence is large. No coercivity change was 
observed after the initial excitation (Figure  3c, left). However, 
the reduction of the coercivity of the lower ferromagnetic layer 
and the tilt of the antiferromagnetic platform will change the 
magnetization states of A and B after the time interval ∆t. After 
a sufficiently long time interval of 2∆t, the reduction of coer-
civity is sufficient to allow switching from magnetization state 
A to C on the transient hysteresis loop. Magnetization state B 
is still located on the tilted antiferromagnetic platform. Both 
the coercivity and the antiferromagnetic platform will recover 
before the second pump pulse arrives (Figure  3d, left). How-
ever, this recovery is not accompanied by a reorientation of the 
magnetization to the initial direction, since the switching is an 
irreversible process in a slowly changing quasistatic magnetic 
field.[51] Eventually, the second and any subsequent pump pulse 
will encounter a new magnetization state C, and no coercivity 
dynamic change can be observed. An averaging procedure over 
N pulse pairs will wash out the coercivity characteristics in 
time, whereas a maximum reduction in coercivity can always 
be detected depending on the pump fluence. Unlike magnet-
ized state A, magnetized state B located on an antiferromag-
netic platform always returns to the same position so that the 
corresponding slope change caused by the heat effect can be 
observed on the timeline.

In the following, the effect of the increasing pump flu-
ence on the magnetization switching is discussed. The 
magnetization configuration corresponding to the tran-
sient hysteresis loop at different pump fluences is shown in 
Figure S4, Supporting Information. The behavior of the pump 
fluence on magnetization switching, obtained by plotting 

HAP-P, HP-AP, and HAP-P − HP-AP as a function of pump fluence, 
is depicted in Figure 4a. In the red region, HAP-P decreases 
with the increase of pump fluence until it is consistent with 
HP-AP, which shows almost no change. Considering the sig-
nificant effect of spin-polarized hot electrons to the magneti-
zation switch of SAF sample, we propose a model to explain 
the observed different switching of magnetization in the upper 
and lower ferromagnetic layers after laser excitation, as shown 
by the schematic diagram in Figure 4. Figure 4b shows the ini-
tial response of the sample to laser excitation in the AP state. 
The laser pulse excites conduction electrons throughout the 
whole stack, leading to a top-to-bottom spin current Idown and 
a bottom-to-top spin current Iup. When these spin-polarized 
hot electrons reach the adjacent magnetic layer, as shown in 
Figure  4c, their transverse angular momentum is absorbed 
almost instantaneously by the local magnetization.[52,53] The 
net spin current Inet = Idown + Iup exerts an equivalent magnetic 
field Heff on the magnetic layer and assists in the reversal of 
the magnetization of the lower layer driven by an applied mag-
netic field Happl, leading to the decrease of HAP-P. That is, the 
decrease in HAP-P is equal to the magnitude of the equivalent 
magnetic field Heff generated by the hot-electron spin current. 
The increase in pump fluence will enhance the transmission of 
spin-polarized hot electrons between the two layers, resulting 
in a larger equivalent magnetic field, so that the reversing 
magnetic field corresponding to the magnetization of lower 
layer continues to decrease. While the magnetization of the 
upper layer cannot be changed due to the fixed direction of 
the external magnetic field. Conversely in the P state, the net 
spin current Inet = Idown + Iup is zero for the assumption of local 
charge neutrality (Figure  4d). Without the effective magnetic 
field generated by the net spin current, the magnetization of 
the upper layer switches to the opposite orientation under the 
action of RKKY exchange interaction as the external magnetic 
field decreases (Figure  4e). However, when HAP-P is reduced 

Figure 3. a) HAP-P, HP-AP, and HAP-P − HP-AP extracted from time-delayed transient hysteresis loops under a pump fluence of 4.00 mJ cm−2 as a function 
of delay time. b) The demagnetization curve in the P state and the slope of the antiferromagnetic plateau extracted by the transient hysteresis loop as 
a function of time at a pump fluence of 4.00 mJ cm−2. c) Schematic of the magnetization state change induced by the first pump pulse. d) Schematic 
of the magnetization state change induced by the second and all following pump pulses.
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to the same size as HP-AP, the RKKY exchange interaction still 
exists, which inhibits the further assisted switching of the mag-
netization of the lower layer by the spin-polarized hot electrons 
in the AP state. It is noted that to quantitatively distinguish 
Idown and Iup contributions certainly worth further investigation.

3. Conclusion

In summary, by probing the transient hysteresis loops of syn-
thetic antiferromagnetic structures on ultrafast time scales, 
we are able to elucidate the effect of spin-polarized hot elec-
trons on the switching of the magnetization, as well as the 
influence of heat effects on the magnetization of the sample 
on time scales. Spin-polarized hot-electron transport leads to 
asymmetric changes in the switching of the upper and lower 
ferromagnetic layers at low pump fluence, which results from 
the net spin current only when the magnetization directions of 
the two are in antiparallel. It is because of the strong thermal 
stability of RKKY exchange interaction that the further assisted 
reversal of the magnetization of the lower layer in AP state by 

spin-polarized hot electrons is inhibited. Our discovery pro-
vides fundamental insight into the effect of spin-polarized hot 
electrons on magnetization switching and is relevant for iden-
tifying the role of the interface in ultrafast spin dynamics. We 
demonstrated that it is possible to regulate the magnetization 
of the individual ferromagnetic layer in an antiferromagneti-
cally coupled system in a controlled way by injecting photoex-
cited spin-polarized hot electrons.

4. Experimental Section

Sample Preparation and Vibrating Sample Magnetometer Measurement: 
Samples were grown by high-vacuum magnetron sputtering onto Si 
substrates with a native oxide at a base pressure of less than 1 × 107 Pa. 
The stack of SAF consists of Ta (4)/Pt (4)/[Pt (0.6)/Co (0.6)]4/Ru (0.8)/
[Co (0.6)/Pt (0.6)]4/Ta (4) (thicknesses in nanometers). The static 
magnetic properties were measured by a VSM at room temperature.

Time-Resolved Magneto-Optical Kerr Effect Measurements: The 
magnetization dynamics were acquired by the TR-MOKE technique 
using a pulsed Ti:sapphire regenerative amplifier with a central 
wavelength of 800 nm, a pulse duration of ≈50 fs, and a repetition rate 
of 1 kHz. The dynamic behaviors were excited by an intense pump pulse 
laser (800  nm), and the transient MOKE signals were detected by a 
weak probe beam (400 nm) with a time delay. The pump beam normally 
incidents on the sample with a spot size of 400  µm in diameter, and 
the incident angle of the probe beam was ≈4° away from the normal 
direction of the film plane with a spot size of 250 µm in diameter. The 
magnetic field was applied normally to the sample surface. In this 
geometry, the Kerr rotation was sensitive only to the variation in the out-
of-plane magnetization component.
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from the author.
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Figure 4. a) HAP-P, HP-AP, and HAP-P − HP-AP as a function of pump fluence. 
Schematic diagrams of spin-momentum transfer in b) AP and d) P states 
after laser excitation. c) Change of the orientation of the magnetization 
due to net spin current of excited electrons and the applied magnetic field 
(from AP to P). e) Change of the orientation of the magnetization due to 
the applied magnetic field (from P to AP).
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