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Single-Shot Magnetization Reversal in Ferromagnetic Spin Valves via Heat Control
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We study laser-induced ultrafast magnetization reversal in a ferromagnetic spin valve by comparing the
effects of direct laser excitation and ultrashort hot-electron pulses. A wedged Cu layer is deposited atop the
spin valve to tune energy transmission to the magnetic stack for both optical and hot-electron excitation. We
demonstrate single-shot magnetization reversal of the free layer using hot-electron pulses. Moreover, such
reversal is achieved even with picosecond laser pulses. The influence of laser fluence, Cu thickness (¢¢,),
and pulse duration is investigated in detail. Our results indicate that the key factor enabling magnetization
reversal is full demagnetization of the free layer, driven by a rapid rise in its electronic temperature—
achieved via either direct laser or hot-electron excitation. This work advances the understanding of ultrafast
magnetization reversal via nonlocal heat and spin transport under strongly out-of-equilibrium conditions.
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Introduction—Ultrafast stimuli, such as a femtosecond
laser pulse, have been shown to bring magnetic materials
into an out-of-equilibrium state, resulting in ultrafast
demagnetization [1]. Moreover, certain ferrimagnet sys-
tems, such as gadolinium (Gd) transition-metal (TM) based
alloys and multilayers, as well as MnRuGa, undergo an
ultrafast magnetization reversal upon single femtosecond
laser pulse excitation [2-7]. In Gd-TM systems, ultrafast
magnetization reversal is mediated by angular momentum
transfer between the two antiferromagnetically exchange-
coupled Gd and TM sublattices.

In 2018, lihama et al. demonstrated the magnetization
reversal of a ferromagnetic layer (FM) in a GdFeCo/Cu/FM
spin-valve structure [8]. An angular momentum transfer
from the ferrimagnetic alloy (GdFeCo) to the FM layer,
mediated by a spin current through the Cu spacer layer, was
shown to be responsible for the FM layer reversal. From
these measurements, the reversal process was shown to be
compatible with a spin current originating from the
demagnetization of Gd [8,9].

In 2023, Igarashi et al. demonstrated subpicosecond
magnetization reversal in Gd-free [Co/Pt]/Cu/[Co/Pt] spin
valves using a single laser pulse, structures typically used for
spin-transfer torque switching [10-13]. The switching
mechanism differs from that of Gd-based systems.
Indeed, as described in Refs. [13,14], the injection of
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opposite-sign spin current into the free layer must be taken
into account in order to explain the spin-valve magnetization
switching from parallel to antiparallel alignment. Although
the microscopic mechanism remains unclear, two scenarios
based on spin-current-mediated switching have been pro-
posed: (i) spin current generated by demagnetization of the
free layer, and (ii) that from the reference layer [13]. In case
(i), ultrafast demagnetization in the free layer generates a
spin current that travels through the Cu spacer, reflects and
flips at the reference interface, and returns to switch the free
layer. While this reflection model qualitatively reproduces
the experimental results [15], further refinement is
needed.

One fundamental question, both for applications and for
understanding the physical mechanism behind these
results, is whether light is necessary or if other heat-
inducing stimuli can produce similar results. Indeed, an
ultrashort hot-electron pulse, generated by shining light on
a nonmagnetic metallic layer, has been shown to efficiently
carry heat and induce ultrafast demagnetization of an
adjacent FM layer [16-18], as well as induce full mag-
netization reversal in ferrimagnetic GdFeCo [19,20].

In this Letter, we investigate magnetization reversal
using both a femtosecond light pulse and a hot-electron
pulse in [Co/Pt];/Co/Cu(10)/[Co/Pt],/Cu(tc,)/ capping
heterostructures. The effects of light and hot electrons can
be tuned by varying the Cu thickness (¢, ), the nature of the
capping, and the side of the sample illuminated by the
laser pulse.

© 2025 American Physical Society
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FIG. 1. (a) Sample structure and geometry. MOKE images were
taken using a 628 nm light-emitting diode. (b) MOKE hysteresis
loops for different 7¢,. (c),(d) MOKE images before and after
laser irradiation for fc, = 2 nm (F = 9.3 mJ/cm?) and 100 nm
(F = 64 mJ/cm?), respectively.

Sample stack and experimental methods—All samples
were grown by sputtering. The basic stack structure
is  Ta(5)/Pt(4)/[Co(0.82)/Pt(1)]5/Co(0.82)/ Cu(10)/
[Co(0.49)/Pt(1)],/Cu(tc,)/Ta(5) deposited on a glass
substrate (thicknesses are in nm). All samples have the
same spin-valve structure with a 10-nm-thick Cu spacer
between the two [Co/Pt] multilayers. We define the bottom
(i.e., closer to the substrate) and top (i.e., farther from the
substrate) [Co/Pt] multilayers as the reference and free
layers, respectively. The reference layer has a higher Curie
temperature than the free layer. A Cu layer was deposited
on top of the spin valve to tune the optical absorption, as
demonstrated in previous studies [16,17]. The thickness of
this Cu layer, f¢,, was varied from 2 to 100 nm using a
wedge deposition method [21], corresponding to three
sample groups: 2 nm, 10-30 nm, and 33-100 nm.
Figure 1(a) shows a schematic illustration of the sample
stack and typical experimental geometry. A linearly polar-
ized laser pulse was used for our experiments. The laser
pulse was generated from a Ti:Sapphire femtosecond laser
source with a wavelength of 800 nm and a repetition
frequency of 5 kHz. The pulse duration was varied from
50 fs to 10 ps. A light-emitting diode source with a center
wavelength of 628 nm was used to capture magneto-optical
Kerr effect (MOKE) images of the samples [8]. We pumped
from the capping layer or the substrate side and always
probed from the substrate side to measure the magnetic

response, for all Cu thicknesses. Figure 1(b) shows hys-
teresis loops obtained via static MOKE measurements with
an external magnetic field applied perpendicular to the film.
We confirmed a perpendicular easy axis in both layers and
four magnetic configurations. In this Letter, we focus on the
P and AP states indicated in Fig. 1(b). The coercive field of
both the free and the reference layers remained the same
regardless of f¢,.

Conducting a single-shot experiment by shining a laser
pulse on the capping layer—First, we investigate single-
shot switching by shining a laser pulse on the capping layer,
as illustrated in Fig. 1(a). Figure 1(c) shows MOKE images
taken before and after laser excitation starting from P (red)
and AP (blue) states for 7c, = 2 nm. For such a thin Cu
layer, the laser pulse directly reaches the spin valve, leading
to direct laser-induced demagnetization. In this case, a clear
magnetization reversal from P to AP state (P-to-AP switch-
ing) is observed as reported in previous works [13,14].
Figure 1(d) shows the results of the single-shot experiment
for -, = 100 nm, wherein the laser pulse cannot reach the
spin valve. Nevertheless, P-to-AP switching is still
observed, indicating that hot electrons generated from
the capping layer and flowing into the free layer are
sufficient to trigger P-to-AP switching in the ferromagnetic
spin valves. In contrast, AP-to-P switching was not
observed in the studied samples. As previous studies have
shown that reducing the thickness of the Cu spacer
improves AP-to-P switching [13,14], we henceforth focus
solely on P-to-AP switching.

Figure 2(a) summarizes threshold fluences Fy, for P-to-
AP switching (Fp) and for multidomain states (Fyp). The
value of Fy, is determined for each state by fitting the
domain area as a function of various laser pulse energies, as
described in the Supplemental Material of Ref. [14]. Both
Fp and Fyp are observed to increase with 7¢,. The change
in slope of Fp defines three different regimes (1, 2, and 3),
as indicated in Fig. 2(a). The existence of these regimes can
be associated to differences in energy absorption, which is
calculated using a transfer matrix method and refractive
indices for each material collected from Refs. [22,23].
Optical energy absorption in the free layer, shown in
Fig. 2(b), decreases significantly with increasing ¢, and
reaches less than 0.1% at tc, = 60 nm. From both experi-
ments and calculations, we identify three distinct regions.
In region 1 (¢#c, < 30 nm), both direct optical excitation
and hot-electron-induced excitation contribute to magneti-
zation switching. In region 1, the optical absorption in the
free layer remains significant but decreases rapidly with
increasing Cu thickness, resulting in a steep slope. In region
2 (3070 nm), hot-electron excitation dominates, although
some optical contribution may remain. The relatively
shallow slope in this region is attributed to the long mean
free path of hot electrons in Cu, which enables efficient
transmission through the Cu layer, as reported previously
[16,24]. In addition, the smaller change of the absorption in
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FIG. 2. Summary of the single-shot switching experiments in
Ta(5)/Pt(4)/[Co(0.82)/Pt(1)];/Co(0.82)/Cu(10)/[Co(0.49)/
Pt(1)],/Cu(tcy)/Ta(5). (a) Evolution of the threshold fluence for
P-to-AP switching (Fp) and multidomain state (Fyp) as a
function of f¢,. (b) Calculation of laser energy absorption in
the free and capping layers as a function of #c,.

the free layer also leads to the relatively gentle slope. In
region 3 (tc, > 70 nm), indirect excitation contributes
dominantly to the switching. The slope increases again
and becomes comparable to that in region 1. This behavior
is somewhat unexpected, as it deviates from our absorption
calculations [Fig. 2(b)] and the anticipated long mean free
path of hot electrons in Cu. One possible explanation is that
increasing fc, leads to increased interfacial roughness
between the capping layer and the Cu layer, which in turn
enhances electron scattering at the interface. As a result,
fewer hot electrons reach the free layer, requiring higher
laser fluence to achieve switching.

We also investigate how the capping layer affects P-to-
AP switching by testing different capping materials: Ta, Pt,
and no capping. The lowest Fp is observed at approx-
imately 7., =7 to 10 nm, which represents the optimal
compromise between laser absorption depth and hot-
electron scattering within the capping layer itself [17].
For further details on capping layer dependence, see
End Matter.
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FIG. 3. (a) MOKE images after laser pulses with various
durations in the structure with 7o, = 100 nm. (b) Threshold
fluence F, and Fyp vs pulse duration.

In the following, we investigate the effect of pulse
duration 7, on P-to-AP switching threshold fluence,
which can provide valuable insight into all-optical
switching [21,25]. In a previous study, on a similar
[Co/Pt]/Cu(10)/[Co/Pt] spin valve, P-to-AP switching
was observed up to 7,y = 1 ps, while a multidomain
state in the free layer was observed instead for longer pulses
[13]. The Cu layer on top of GdFeCo has been demon-
strated to act as a heat sink, preventing long-term heat
accumulation in GdFeCo and thus extending the pulse
duration over which all-optical switching can be observed
[26]. From this, we expect P-to-AP switching to occur for
extended pulse durations in our samples as well. Figure 3(a)
shows MOKE images for various pulse durations taken
after shining a laser pulse from the capping layer
in Ta(5)/Pt(4)/[Co(0.82)/Pt(1)]5/Co0(0.82)/Cu(10)/
[Co(0.49)/Pt(1)],/Cu(100)/Ta(5). P-to-AP switching
can be observed with pulses up to 7, =8 ps due to
the Cu heat sink. Furthermore, a multidomain state in the
free layer appears in the center of the beam for longer pulse
durations, such as 7, 8, and 10 ps. This confirms that the Cu
heat sink extends the switching window, in line with prior
GdFeCo/Cu results [26]. Note that this provides the
potential of achieving the switching induced by a heat
pulse using a picosecond laser or even electrical pulse [27].
Figure 3(b) summarizes Fp and Fyp, the latter for both free
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(a) Schematic illustration of the experimental geometry. (b), (d) MOKE images and line profiles after a laser pulse for fy;,0 = 0

and 1 nm. (c) Schematic illustration of sample structure and the laser geometry. () F, and Fyyp as a function of 0. (f) Image for

tmgo = 1 nm irradiated from the capping layer (F = 137 mJ/ cm?).

and reference layer. Both Fp and Fyp increase with pulse
duration, as previously reported in Ref. [13] in samples that
did not include a heat sink. As the pulse duration increases,
the peak in electronic temperature decreases, while the
phonon temperature remains unchanged [21]. A higher
laser fluence is required to induce sufficient demagnetiza-
tion within a short timescale. Consequently, the threshold
fluence increases as the pulse duration becomes longer.
These results suggest that the rise in electronic temperature,
which enables substantial demagnetization of the free layer,
plays a crucial role in the P-to-AP switching of ferromag-
netic spin valves.

Conducting a single-shot experiment by shining a laser
pulse on the reference layer—In order to compare the effect
of direct and indirect excitation on P-to-AP switching
in the same sample, the sample is irradiated with a laser
pulse from the reference layer as illustrated in Fig. 4(a).
Figure 4(b) shows MOKE images obtained after laser
excitation for samples with 7c, = 100 nm. Surprisingly,
no P-to-AP switching is observed despite having observed
P-to-AP switching in the same sample with a laser
excitation from the capping side. It should be noted that
the blue ring in Fig. 4(b) (left) does not correspond to
switching, as indicated by the line profile shown in the right
side. As shown in End Matter, P-to-AP switching could be
observed in 7, up to 20 nm.

To further investigate the switching mechanism, we
inserted an insulating MgO layer between the free layer
and 100-nm-thick Cu, as shown in Fig. 4(c). MgO
suppresses electron transport, blocking both spin and heat

currents [28-30]. Figure 4(d) shows MOKE images after
laser irradiation for the sample with MgO. Conversely, the
same sample with an inserted MgO layer shows P-to-AP
switching as indicated by the line profile shown on the right
side of Fig. 4(d). Figure 4(e) summarizes Fy, as a function
of MgO thickness 7y,0, Where it can be observed that Fy,
does not depend on fy;,0. Note that we observe only P-to-
AP switching with the laser fluence between Fp and Fyp
for the sample with MgO layer.

To understand this behavior, we perform two-temper-
ature model calculations [18,31]. The results show that the
electronic temperature of the free layer is higher with MgO
than without, while that of the reference layer remains
unchanged. This suggests electron accumulation in the free
layer due to the MgO barrier, leading to heat retention and
increased temperature, as illustrated in Fig. 4(c). This
efficient rise in electronic temperature may facilitate the
ultrafast demagnetization of the free layer, which in turn
enhances the P-to-AP switching process. The details of the
calculation are described in End Matter.

We also investigate the effect of MgO when irradiating
from the capping side. Figure 4(f) shows MOKE images for
fvgo = 1 nm. No P-to-AP switching is seen, even at high
fluence (F > 100 mJ/ cm?), though a multidomain state of
the free layer appears. This suggests that 1-nm MgO
strongly blocks electron transport. The multidomain may
arise from heat transport via phonons in MgO, resulting in
long-term heating of the free layer [18,32].

Discussion—We demonstrate that controlling the elec-
tronic temperature in the free layer plays a crucial role in
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enabling P-to-AP switching. Our results show that switch-
ing can be triggered not only by direct optical excitation but
also by indirect excitation via hot electrons.

Regarding the mechanism, we consider that P-to-AP
switching is driven by spin-current injection into the free
layer, consistent with previous reports [13,15]. However,
the microscopic origin of this spin current remains unre-
solved. As noted in the introduction, two scenarios are
possible: (i) spin current reflected from the interface
following ultrafast demagnetization of the free layer, and
(ii) spin current emitted from the reference layer during its
remagnetization.

In this Letter, we focused on identifying the conditions
needed for switching. We find that full demagnetization of
the free layer—whether induced by direct or indirect
excitation—is sufficient to trigger P-to-AP reversal.
Notably, our results show that ultrafast demagnetization,
essential for generating spin currents in both scenarios
[13,15], can be induced by thermal stimuli such as a hot-
electron pulse. This indicates that light is not essential; heat
alone suffices to drive the required spin dynamics. Also,
since both scenarios require the presence of both the free and
reference layers, we do not expect to observe P-to-AP
switching in samples lacking the reference layer, as reported
in a previous study using direct optical excitation [13].

Time-resolved measurements of hot-electron-induced
magnetization dynamics could not be performed due to
experimental challenges, such as isolating the magneto-
optical signal from the free layer. However, prior studies on
[Co/Pt] multilayers have shown that hot-electron-induced
demagnetization occurs on ultrafast timescales similar to
those of direct optical excitation [16,17]. Based on these
findings, we expect that hot-electron-induced P-to-AP
switching in our system occurs on comparable ultrafast
timescales, as reported in our earlier work [13].

Distinguishing between the two spin-current generation
mechanisms remains experimentally challenging and is
beyond the scope of this work.

While our findings clarify the overall switching mecha-
nism, one point remains open: P-to-AP switching occurs even
without an MgO layer when the laser is incident from the
capping-layer side. Given the thermal gradient in this con-
figuration, one possible explanation is that the free layer is
more efficiently heated from the top, leading to a higher
electron temperature than with excitation from the substrate
side. Further investigation is needed to fully clarify this effect.

Conclusion—We demonstrate single-shot switching in
Co/Pt spin valves without requiring direct laser excitation.
Introducing a Cu heat sink layer extends the pulse duration
window for observing P-to-AP switching.

Our experiments reveal that controlling the electronic
temperature—via either direct optical or indirect hot-
electron excitation—is crucial to the switching mechanism.
These findings provide new insight into ultrafast magneti-
zation reversal driven by nonlocal spin transport under

strongly nonequilibrium conditions, and suggest that
switching can be realized using more practical sources,
such as picosecond laser or even electrical pulses [27].
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End Matter

Appendix A: Influence of the capping layer on
switching—To investigate how the capping layer affects
P-to-AP switching in ferromagnetic spin valves, we
prepare samples with different cappings: Ta, Pt, and no
capping. tc, was fixed to 100 nm. The capping layer
thickness 7.,, was varied from 5 to 30 nm for Ta. For
Pt, 1., was varied linearly from 3.5 to 10.5 nm and
from 10 to 30 nm using a wedge deposition technique
[21]. Figure 5(a) summarizes Fy, for various cappings.
No switching could be observed in the absence of a
capping, which indicates that naked Cu generates hot
electrons less efficiently compared with Ta- and Pt-
capped Cu. Fp shows a similar trend regardless of
materials: the lowest Fp is observed for 7., at
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FIG. 5. Single-shot experiment in Ta(5)/Pt(4)/[C0(0.82)/
Pt(1)];/Co0(0.82)/Cu(10)/[Co(0.49)/Pt(1)],/Cu(100)/
Cap(t.y,). The sample is irradiated with a laser pulse from the
capping layer as shown in Fig. 1(a). (a) Evolution of the threshold
fluences as a function of capping layer thickness. (b) Calculated
laser energy absorption in the capping layer as a function of the
capping layer thickness.

approximately between 7 and 10 nm, which has been
demonstrated to be the best compromise between laser
absorption depth and hot-electron scattering in the
capping layer itself [17]. Figure 5(b) shows the energy
absorption as a function of 7., for the Pt and Ta
cappings. In the calculation, Pt absorbs the energy of the
laser pulse to a greater extent than Ta, with a factor of
more than 1.5, but nevertheless, the value of Fp is
almost the same between Pt and Ta. Conversely, Fyp
shows different behavior for Pt and Ta: it increases with
tp, While it decreases with tp,.

It should be noted that while the calculation considers
pure Ta, the actual Ta capping is oxidized, which may
contribute to discrepancies between the experimental and
calculated results.

Appendix B: Cu thickness dependence of switching
with irradiation from substrate side—Although P-to-AP
switching was clearly observed in the same sample with
the laser irradiation from capping side, the 100-nm-thick
Cu sample exhibits no P-to-AP switching in case of
excitation from substrate side as mentioned above.
To investigate the influence of the irradiation from
substrate side on the switching in detail, Cu
thickness was varied as shown in Fig. 4(a). Figure 6
shows evolution of threshold fluences plotted as a
function of Cu thickness. P-to-AP switching is observed
for tc, =2 nm. Conversely, no P-to-AP switching is
observed for t-, =25 nm. Fp increases with 7o, while
Fup, for both free and reference layer, appears to stay
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FIG. 6. Single-shot experiment in Ta(5)/Pt(4)/[C0(0.82)/
Pt(1)]5/Co(0.82)/Cu(10)/[C0(0.49)/Pt(1)],/Cu(tcy)/Ta(5).
The sample is irradiated with a laser pulse from the reference
layer as shown in Fig. 4(a). Evolution of the threshold fluences as
a function of Cu thickness.
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constant. P-to-AP switching could be observed for fc, TABLE 1. Thermophysical parameters used in the calculation
up to 20 nm. taken from Refs. [33-35].

Ta Cu MgO [Co/Pt] Pt Glass

Appendix C: Thermal calculations—In order to

elucidate the effect of MgO insertion on heating, we 7 (I m~ K—Z)z 1 543 98 .- 720 749 -

performed the thermal calculations based on a two- Cpn(10° Tm™>K™!) 223 263 335 298 345 2

temperature model using the following equations [18]: k(W m™ K™) 58 300 - 20 a5
x,(W m™ K 5 5 4 1 52

a7, gep(PW m™3 K‘l) 1000 75 e 264 1100
Ce(Te)? = gep(Tp - Te) + vz(Kevae) + Q(Z7 t)? <C1)
aT,
CPW - geP(Te B TP) + vz(KPVZTP)’ (€2) constant. The parameters used for thermal calculations

are listed in Table I.
where T, and T, are the electronic and phononic Figures 7(a) and 7(c) show the spatial profile of
temperatures, respectively. C.,, and k., represent  electronic and phononic temperatures at the delay time
electronic and phononic specific heats and thermal  of 0.1 and 1.5 ps. Black and blue lines represent the
conductivities, respectively. ge, is the coupling constant  calculation in the sample without and with the MgO layer,
between electrons and phonons. Q represents the heat  respectively. Since MgO blocks electron transport, the
source associated with the laser pulse excitation from the upper Cu and Ta layers are more heated in the sample
substrate side. Here, the electronic specific heat is given ~ Without the MgO layer. Furthermore, it was found that the
by C,=yT. where y represents the Sommerfeld electronic and phononic temperatures in the free layer are

Free Ref. layer

layer Cu| PtTa (b)
7]

o
N

o T | S ) 1000 L T L
X 3. Tet=0.1ps : l * el 3 | I —— Tein free layer
~ 10°F Tet=0.1ps (MgO) 3 2 800k —— Tein free layer (MgO) ||
< H— T.t=15ps ] <
g [|— T.t=1.5ps (MgO) ] e I
3 =}
£ 10k i £ 600
[0] E [0] L
£ £
2 ! g 400F
Q El E Q I
S Mgo| § 200-
B [ ks} L
s / o
L 1 N 1 " . 1 L
100 50 100 150 Q3 0 1 2
Depth, z (nm) Time, t (ps)
(c) (d)
= u T T ~ 300 T . T r
é 3 Tpt=0.1ps 5 —— Ty in free layer
10§ T, t=0.1 ps (MgO) 3 = —— Ty in free layer (MgO) |1
< Hl— T,t=15 <
N N pt=1.5ps .
£ [|— T, t=1.5ps (MgO) £ 200-
T 10% ©
[0} F ] [
o F o
£ f £
L < 1001 .
Q2 10 E E Q
c E E [}
o] 3 5]
c c
S o]
i 0 1 i 1
10 50 100 150 07 0 1 2
Depth, z (nm) Time, t (ps)

FIG. 7. Thermal calculations based on a two-temperature model in Ta(5)/Pt(4)/[Co(0.82)/Pt(1)];/Co(0.82)/Cu(10)/
[Co(0.49)/Pt(1)],/MgO(t\eo = 0, 1)/Cu(100)/Ta(5). Spatial (a) electronic and (c) phononic temperature change in samples with
Ivgo = 0 (black), 1 (blue), respectively. Dashed and solid lines represent the change in the temperature at the time of 0.1 and 1.5 ps.
Time evolution of (b) electronic and (d) phononic temperature change in the free layer in the sample with and without MgO layer.
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higher in the sample with MgO. The time evolutions of T,
and T, in the free layer are shown in Figs. 7(b) and 7(d),
respectively. The temperature difference between two
samples is gradually extended. Note that the electronic
and phononic temperatures in other layers are almost the

same, even in the reference layer. Therefore, the thermal
calculations reveal that the MgO insertion affects the
electronic and phononic temperatures in the spin valves,
implying that control of heating in the free layer is one of
the key factors in P-to-AP switching.

116702-9



	Single-Shot Magnetization Reversal in Ferromagnetic Spin Valves via Heat Control
	Introduction
	Sample stack and experimental methods
	Conducting a single-shot experiment by shining a laser pulse on the capping layer
	Conducting a single-shot experiment by shining a laser pulse on the reference layer
	Discussion
	Conclusion
	Acknowledgments
	Data availability
	References
	Appendix A: Influence of the capping layer on switching
	Appendix B: Cu thickness dependence of switching with irradiation from substrate side
	Appendix C: Thermal calculations


