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Abstract

Single-pulse all-optical switching (SP-AOS) offers an appealing route to ultrafast
magnetic information writing, yet the magnetic parameter that fundamentally
determines whether toggle switching occurs has remained unclear. Here we
incorporate a Ru spacer into Co/Gd heterostructures to tune the interlayer exchange
coupling strength J;q_co, through the combined contributions of direct Co-Gd
coupling and oscillatory RKKY interactions. The SP-AOS switching signal shows an
oscillation nature with the period of Ru thickness less than 1 nm in coincide with the
RKKY-defined oscillatory coercive field and saturation magnetization. SP-AOS
emerges above a critical antiferromagnetic (AFM) exchange coupling strength of
Jed—co = 0.69m]/m?2 and reaches 100% at Jg4_co = 1.14 m]/m?, where the stronger
AFM coupling also lowers the threshold fluence and broadens the operational energy
window. Atomistic spin-dynamics simulations further show that the strong Jg4_co
accelerates the demagnetization dynamics of both Co and Gd sublattices and
promotes the formation of the transient ferromagnetic state to enable SP-AOS,
whereas weak J;q_co suppresses this transient state and forces the system into a
slower, dissipative spin-orbit-driven pathway. These results demonstrate that the
key determinant of SP-AOS is not merely associated with the demagnetization times
of the two sublattices, but is directly linked to the strength of antiferromagnetic
exchange coupling. This study establishes the antiferromagnetic exchange coupling
strength as a practical and designable criterion for nanoscale materials engineering
of ultrafast photomagnetic switching.
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Introduction

SP-AOS has emerged as a key candidate mechanism for ultrafast magnetic writing?2
because it requires no external magnetic field while offering both ultrafast speed3#
and ultralow energy consumption>. Although all-optical switching has been observed
in a broad range of materials®-11, only a very limited number of systems have been
shown to support SP-AOS, and the material criterion governing its occurrence
remains unclear. To date, SP-AOS has been realized mainly in rare-earth-transition-
metal ferrimagnetic alloys or multilayers1215, MnzRuxGal¢, and the spin-valve
structure Pt/Co/Cu/Co/Ptl7. Excluding Pt/Co/Cu/Co/Pt, the former two classes,
despite their distinct compositions, share a common ultrafast dynamical basis: they
consist of two antiparallel magnetic sublattices that, under ultrafast laser heating,
develop a transient ferromagnetic-like state owing to their unequal demagnetization
rates, ultimately driving single-pulse all-optical switching!819, This indicates that the
essential requirement for SP-AOS is not laser-induced demagnetization itself20, but
whether sufficiently efficient angular momentum transfer can be established
between antiparallel sublattices on the ultrafast timescale to generate the transient
ferromagnetic-like state required for switching.

This question directly points to the angular momentum transfer mechanisms specific
to antiferromagnetic and ferrimagnetic systems. Unlike ferromagnets, where angular
momentum transfer is governed primarily by spin-lattice dissipation mediated by
spin-orbit coupling?122, antiferromagnetic and ferrimagnetic materials possess an
additional transfer channel mediated by direct exchange interaction between
antiparallel sublattices23-25. Because this channel is faster and less dissipative, it is
widely regarded as the core dynamical basis of SP-AOS. Previous studies have further
shown that the angular momentum transfer rate itself determines whether AOS can
occur: once this process is slowed, systems that originally exhibit single-pulse
switching are driven into a non-switching state2¢. Nevertheless, direct experimental
evidence identifying the key material parameter that governs this transfer rate
remains lacking. In particular, how the inter-sublattice antiferromagnetic exchange
strength controls angular momentum transfer efficiency, and thereby determines the
onset, energy threshold and deterministic character of SP-AQOS, remains a central
open question in the field.

To directly test the role of antiferromagnetic exchange in SP-AOS, we constructed an
artificial ferrimagnetic heterostructure, Co/Ru(x)/Gd, in which the inter-sublattice
exchange interaction can be continuously tuned. By varying the Ru spacer thickness,
we engineer the competition between direct Co-Gd exchange and oscillatory RKKY
interaction?7-30, thereby continuously controlling the effective inter-sublattice
antiferromagnetic exchange coupling strength. Combining magneto-optical Kerr
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microscopy, vibrating sample magnetometry and X-ray magnetic circular dichroism
measurements, we show that antiferromagnetic exchange coupling strength is the
key quantitative parameter governing whether SP-AOS occurs, as well as its switching
ratio and energy threshold. Both the experimental and simulation results reveal that
sufficiently strong inter-sublattice antiferromagnetic exchange coupling is a
prerequisite for SP-AOS, where strong AFM coupling promotes rapid angular
momentum transfer between the sublattices and thus the SP-AOS, and weak AFM
coupling instead drives the system into a slower and more dissipative spin-orbit-
lattice channel, thereby suppressing single-pulse switching.

Results and Discussion
(1) Engineering tunable inter-sublattice exchange in Co/Ru(x)/Gd

We fabricated Glass/Ta (4 nm)/Pt (4 nm)/Co (1.5 nm)/Ru (x nm)/Gd (3 nm)/Pt (2
nm) multilayers by magnetron sputtering with systematically varied Ru thickness, as
illustrated in Fig. 1a. The Pt underlayer induces perpendicular magnetic anisotropy
(PMA) through strong interfacial spin-orbit coupling (SOC). When Co and Gd are in
direct contact, their moments align antiparallel through an indirect 3d-5d-4f
exchange pathway: Co 3d electrons couple antiferromagnetically to Gd 5d6s states,
while strong Hund’s coupling within Gd aligns the 5d6s and 4f moments parallel to
each other, resulting in a net antiferromagnetic Co-Gd interaction.

Inserting a Ru spacer substantially modifies this interaction. Ru 4d conduction
electrons mediate an oscillatory RKKY-type exchange between the Co and Gd layers.
On the Co side, 3d electrons polarize the Ru 4d states, whereas on the Gd side, the
delocalized 5d-6s electrons, aligned with the localized 4f moments, hybridize with
Ru. This establishes an indirect Co-3d < Ru-4d < Gd-5d < Gd-4f exchange pathway,
producing alternating ferromagnetic and antiferromagnetic coupling as a function of
Ru thickness, as schematically illustrated in Fig. 1b. Transmission electron
microscopy and X-ray diffraction measurements (Supplementary Section 1) further
reveal interfacial intermixing between Gd and Ru. As a result, the direct Co-Gd
exchange and the Ru-mediated indirect exchange can coexist, leading to either
enhancement or reduction of the net antiferromagnetic Co-Gd coupling depending
on their relative contributions.

To quantify this tunability, we performed density functional theory (DFT)
calculations of the Co-Gd exchange energy as a function of Ru thickness using the
Vienna ab initio simulation package (VASP)3132, The calculated exchange exhibits a
pronounced oscillation, including a sign reversal at several monolayers
(Supplementary Fig. S2), demonstrating that inserting Ru enables continuous control
of both the magnitude and sign of the interlayer coupling.
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Because ultrathin Gd has a Curie temperature below room temperature3334, its
magnetic moment in our samples is exchange-induced by the adjacent Co layer.
Therefore, stronger AFM coupling produces a larger antiparallel Gd moment,
increasing the coercive field and reducing the net saturation magnetization, whereas
weaker coupling has the opposite effect, as illustrated schematically in Fig. 1c.
Vibrating Sample Magnetometer (VSM) measurements provide direct experimental
validation of this scenario. As shown in Fig. 1d, the hysteresis loops of Co(1.5
nm)/Ru(x)/Gd(3 nm) (red) differ markedly from that of the reference Pt/Co(1.5
nm)/Pt sample (blue) and evolve systematically with Ru thickness. Both the
saturation magnetization and the coercive field exhibit clear oscillatory behavior as a
function of Ru thickness, unambiguously demonstrating that the Co-Gd interlayer
coupling is periodically modulated by the inserted Ru spacer. Notably, three samples
with Ru thicknesses of 0, 0.8, and 1.5 nm exhibit a significantly reduced saturation
magnetization and an enhanced coercive field compared to others, indicating a
relatively strong antiferromagnetic coupling between Co and Gd. These samples are
highlighted with a yellow background in Fig. 1d.

To directly probe the Gd magnetic moment, we performed element-specific X-ray
Magnetic Circular Dichroism (XMCD) measurements at the Gd M, and Mz absorption
edges. Consistent with the VSM results, the XMCD intensity varies strongly with Ru
thickness (Supplementary Fig. S3). For the sample with x=0.2 nm, the XMCD signal is
nearly absent, indicating that the Gd layer remains essentially unpolarized at room
temperature. At this thickness, DFT predicts that the Co-Gd exchange is nearly
quenched, and the measured saturation magnetization is nearly identical to that of
the Pt/Co/Pt reference sample, further confirming that Gd carries little to no induced
moment when the exchange field from Co is negligible. This behavior directly reflects
the paramagnetic nature of ultrathin Gd in the absence of Co-mediated exchange
coupling.

In contrast, the directly contacted Co/Gd sample (x = 0 nm) exhibits clear XMCD
signals at both absorption edges, demonstrating that strong antiferromagnetic
exchange induces a substantial Gd moment antiparallel to Co. Even more strikingly,
when the Ru spacer thickness is tuned to x = 0.8 nm, the XMCD intensity exceeds that
of the direct-contact bilayer (x = 0 nm). This enhancement coincides with the
minimum Mg and maximum H, observed in Fig. 1d, indicating that the AFM coupling
reaches its strongest value at this Ru thickness.
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Figure 1 | Structure, interfacial exchange mechanisms, and Ru-dependent
magnetic properties of Pt/Co/Ru/Gd/Pt multilayers. (a) Schematic of the
multilayer architecture and experimental geometry used to probe SP-AOS in Glass/Ta
(5 nm)/Pt (4 nm)/Co (1.5 nm)/Ru(x)/Gd (3 nm)/Pt (2 nm) stacks. (b) Illustration of
the competing interfacial exchange pathways. The itinerant Gd 5d-6sp electrons
couple antiferromagnetically to Co 3d states, while aligning ferromagnetically with
the localized Gd 4f moments, producing an overall AFM Co-Gd interaction. Both
sublattices additionally couple to the Ru spacer via the oscillatory RKKY mechanism,
which alternates between FM and AFM character as a function of Ru thickness. (c),
Schematic representation of the induced Gd magnetic moment and coercive field
under different Co-Gd coupling regimes. Without coupling, the Gd layer exhibits
neither a net moment nor coercive field. Weak FM or AFM coupling yields a small
induced moment and modest coercive field, whereas strong AFM coupling produces
a large induced Gd moment accompanied by pronounced coercive field. (d), VSM
measurements of all samples. The numbers in the figure denote the Ru spacer
thickness in nanometers. The blue line represents the VSM result of the reference
sample, Pt/Co (1.5 nm)/Pt. The three samples highlighted with a yellow background
exhibit saturation magnetization that are significantly smaller than those of the
reference sample.
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Together, the XMCD, VSM and DFT results provide direct and mutually consistent
evidence that the induced Gd moment, and hence the effective Co-Gd exchange
coupling, oscillates strongly with Ru thickness. This tunable inter-sublattice
antiferromagnetic exchange establishes Co/Ru(x)/Gd as a model artificial
ferrimagnetic platform for investigating the role of exchange coupling in single-pulse
all-optical switching.

(2) Ru-thickness-dependent emergence of SP-AOS

To systematically investigate SP-AOS, we performed measurements on samples with
varying Ru spacer thickness. Two types of experiments were conducted: (i) energy-
dependent measurements excited by a single pulse with the pulse energy varied from
7.5 to 18 n] in order to determine the switching threshold and switched area, and (ii)
toggle-switching tests excited by five consecutive laser pulses with a fixed pulse
energy of 15.5 nJ. All measurements were performed using a wide-field MOKE
microscope, which allows direct visualization of the magnetization patterns before
and after laser illumination. The samples are initially magnetized as a dark magnetic
contrast. The switching ratio was obtained by quantifying the fraction of reversed
pixels within the illuminated area (see Supplementary Section 5 for details).

We first examined the energy-threshold behavior of samples with different Ru spacer
thicknesses using a single-pulse excitation with various laser fluence, as summarized
in Fig. 2a. The response to laser excitation varies markedly with Ru thickness. At a
relatively low pulse energy of 7.5 nJ, clear magnetization reversal is observed only in
a subset of samples with stronger AFM coupling, and the switched area increases with
the coupling strength. In particular, the sample with x = 0.8 nm exhibits a well-
defined largest reversed region after single-pulse excitation, whereas samples with
weaker AFM coupling—such as those with x = 0.2 nm, 0.3 nm, or 1.6-1.8 nm—show
almost no detectable changes in magnetic contrast.

When the pulse energy is increased to 10 nJ, laser-induced magnetic modifications
become visible in all samples, yet the switched area still exhibits a pronounced
dependence on Ru thickness. Overall, as the Co-Gd exchange varies with Ru thickness,
the area affected by a single pulse shows a strong non-monotonic trend: samples with
stronger antiferromagnetic coupling display larger and more coherent reversed
regions, while those with weaker coupling exhibit only localized demagnetization or
fragmented domain patterns near the center of the laser spot. As the pulse energy is
further increased to 13-18 nJ, the same trend persists: weakly coupled samples tend
to develop irregular, thermally induced multidomain structures, whereas strongly
coupled samples continue to show more uniform AOS behavior.
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Figure 2 | MOKE images of AOS in Pt/Co/Ru/Gd/Pt multilayers. Each image has
a side length of 26 um. (a) AOS Switching excited by a single pulse with pulse
energies of 7.5, 10, 13, 15.5 and 18 n] (3.32~8 mJ/cm?), illustrating the strong Ru-
thickness dependence of the switched area and the AOS threshold. (b) Toggle-
switching behavior excited by five consecutive pulses at a pulse energy of 15.5 nJ
(6.88 m]/cm?), showing 100% toggle reversal only at Ru = 0.8 nm. The three
samples highlighted with a yellow background are identical to those marked in Fig.
1d. Notably, these samples exhibit substantially improved AOS performance
compared to the remaining samples.

Under a fixed pulse energy of 15.5 nJ, the magnetization reversal behavior excited by
five consecutive laser pulses shows a strong dependence on the Ru thickness, as
summarized in Fig. 2b. For the sample with x = 0.2 nm, where the Co-Gd exchange is
nearly quenched, the magnetic contrast shows a multidomain state after the 1stlaser
pulse excitation and stays almost the same for the rest four pulses’ exposure. This is
consistent with the nearly vanishing Gd XMCD signal and with the saturation
magnetization M, being nearly identical to that of the Pt/Co/Pt reference sample,
indicating that the Gd layer remains unpolarized at room temperature.

For the directly contacted Co/Gd structure (x = 0 nm), the 1st pulse induces
approximately 92% reversal within the illuminated region; however, the second
pulse fails to restore the initial uniform state and instead produces a multidomain
pattern. This behavior is consistent with earlier reports showing that SP-AOS is
suppressed once the Co thickness exceeds ~1.4 nm435, In our design, the Co layer
thickness was intentionally chosen as 1.5 nm, which explains the absence of
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reversible toggle switching in this sample despite its relatively high single-pulse
switching ratio.

At a Ru thickness of x = 0.8 nm, the SP-AOS response becomes most pronounced: the
1st pulse induces nearly complete magnetization reversal, and subsequent pulses
reliably toggle the magnetization between opposite states. As the Ru thickness
increases to 1.3 and 1.5 nm, the switching behavior weakens, and at x = 1.1 nm the
toggle response disappears entirely. Samples that exhibit ferromagnetic interlayer
coupling show no observable AOS under the same excitation conditions. These
observations indicate that the emergence of SP-AOS is governed not simply by Ru
thickness itself, but by the effective inter-sublattice antiferromagnetic exchange
strength tuned by Ru insertion.

(3). Antiferromagnetic exchange strength quantitatively governs SP-AOS

We summarize the coercive field, saturation magnetization, and the Kerr signal after
one laser pulse for all samples in Fig. 3a-c. Notably, all three quantities exhibit
remarkably similar trends as functions of Ru thickness. Figures 3a and 3b show clear
oscillatory behavior in both coercive field and saturation magnetization, with a period
below 1 nm, consistent with the characteristic thickness dependence of RKKY-
mediated interlayer exchange coupling36-38. Importantly, the Kerr signal after a single
laser pulse in Fig. 3c follows the same oscillatory trend. Samples with larger coercivity
and lower saturation magnetization, both signatures of stronger antiferromagnetic
Co-Gd coupling, exhibit a much stronger SP-AOS response. This close correspondence
establishes that the Ru-thickness-dependent AOS behavior is directly linked to the
oscillatory evolution of the Co-Gd exchange interaction.

Here, the Ru thickness itself is merely a structural tuning parameter; its essential role
is to modify the AFM exchange interaction between the Co and Gd layers. To uncover
the universal trend underlying the observed AOS behavior, we go beyond the specific
sample structural description and analyze the data in terms of the underlying physical
control parameter—the Co-Gd AFM exchange coupling strength.

Because thin-film Gd has a Curie temperature far below room temperature, it does
not exhibit spontaneous magnetization at ambient conditions; its effective magnetic
moment arises entirely from exchange coupling with the Co layer3?. At room
temperature, the Gd layer can thus be regarded as a paramagnetic subsystem
characterized by a magnetic susceptibility ygq , while the interaction term
Jad—coMco(T) acts as an effective exchange field Hey exerted by Co. Within a mean-
field description, the induced Gd moment can be written as4041;

Mga(T) = xga(T)Hex % xca(T)Jga-coMco(T),
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indicating that the induced Gd moment at room temperature provides a quantitative
indicator of the effective Co-Gd AFM exchange strength.
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Figure 3 | Ru-thickness-dependent magnetic properties and SP-AOS
performance. (a, b) Coercive field H, and Saturation magnetization M, extracted
from VSM measurements. The dashed line indicates the H. and M; of the reference
sample. (c) Ru-thickness dependence of the Kerr signal after one laser pulse. (d)
Induced Gd magnetic moment M4 for samples with different Ru spacer thicknesses.
The samples are reordered according to the magnitude of M4, which quantitatively
reflects the Co-Gd AFM exchange strength; thus, the horizontal axis does not follow
the monotonic Ru-thickness sequence. (e) SP-AOS switching ratio and energy
window (shown as blue bars) as a function of Jcd-co.

To quantify the exchange-induced Gd moment, we fabricated a Pt/Co/Pt reference
sample with an identical Co thickness but without Ru or Gd. The magnetic moment of
this reference represents the intrinsic contribution from the Co layer. By subtracting
this intrinsic Co moment from the total magnetization of each Ru-Gd-containing
multilayer, we extract the exchange-induced Gd moment, which provides a
quantitative indicator of the effective interlayer Co-Gd coupling strength and allows
us to extract Jgq_co- When the samples are reordered according to the magnitude of
the induced Gd moment—that is, by their effective AFM coupling strength—the
corresponding trend is presented in Fig. 3d. Accordingly, in Fig. 3d the samples are
arranged by the magnitude of the extracted Gd moment rather than by increasing Ru
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thickness, which is why the Ru-thickness axis appears out of sequence. As discussed
above, the sign and magnitude of the extracted Gd moment reflect the nature and
strength of the effective Co-Gd exchange coupling. In our sign convention, a positive
extracted Gd moment corresponds to effective FM coupling between Co and Gd,
whereas a negative value corresponds to effective AFM coupling; a larger negative
magnitude indicates stronger AFM exchange. Based on the extracted Gd moments, we
therefore classify the samples into three distinct regimes: ferromagnetic coupling,
weak antiferromagnetic coupling, and strong antiferromagnetic coupling as shown in
Fig. 3d.

Using the extracted Gd moment, we converted the effective Co-Gd interlayer coupling
into Jgq_co, and further replotted the SP-AOS switching ratio and the single-pulse
switching threshold as functions of Jg4_co, @as shown in Fig. 3e. This representation
reveals a clear trend: the occurrence and performance of SP-AOS are not determined
directly by Ru thickness itself, but are instead governed by the antiferromagnetic
exchange strength between the Co and Gd sublattices.

First, the switching ratio of SP-AOS increases markedly with increasing
antiferromagnetic exchange strength. In the ferromagnetic and weak-
antiferromagnetic regimes, the switching ratio remains low, at around 50%,
indicating that laser excitation drives the system mainly into a multidomain
demagnetized state rather than a well-defined final magnetic state. As Jgq_co
increases to approximately 0.69 mJ]/m?2, the switching ratio rises sharply, indicating
that the system crosses the critical exchange strength required for SP-AOS. When
Jgd—co further increases to about 1.14 mJ/m?2, the switching ratio reaches 100%.

Second, strengthening the antiferromagnetic exchange does not raise the switching
threshold of SP-AQS; instead, it lowers the required laser energy significantly.
Experimentally, the sample with the strongest Co-Gd antiferromagnetic exchange
exhibits the lowest SP-AOS threshold, with a threshold fluence of 1.8 mJ/cm?2. This
result indicates that strong antiferromagnetic coupling facilitates more efficient
angular momentum transfer between the two antiparallel sublattices, thereby
enabling switching at substantially lower optical excitation energy.

Furthermore, strong antiferromagnetic exchange also significantly broadens the
operational energy window for SP-AOS. When the exchange strength is about 0.69
m]/m2, SP-AOS is sustained only within a narrow pulse-energy range of 10-13 n].
When the exchange strength is further increased to 1.14 m]/m?, this range broadens
substantially to 6-18.75 n], as indicated by the blue bars in Fig. 3e. This means that
strong antiferromagnetic exchange not only makes SP-AOS easier to trigger, but also
markedly improves its tolerance to laser-energy fluctuations, thereby enhancing the
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experimental robustness of single-pulse all-optical switching and its potential for
device applications.

Taken together, Fig. 3e shows that the antiferromagnetic exchange strength between
the Co and Gd sublattices is the key quantitative parameter determining whether SP-
AOS occurs, whether the switching is deterministic, as well as the switching threshold
and the width of the operational window. These results demonstrate that a
sufficiently strong inter-sublattice AFM exchange is required for SP-AOS.

(4) Strong exchange enables rapid angular-momentum transfer and transient
ferromagnetic-state formation

To further elucidate how the Co-Gd AFM exchange strength governs ultrafast spin
dynamics and the conditions required for SP-AOS, we performed atomistic spin-
model simulations following the methodology of Ostler et al.#2. By applying the same
laser excitation to systems with different AFM coupling strengths, we directly
compared the demagnetization behavior and transient magnetic-state evolution
across strongly and weakly coupled samples on femtosecond timescales, thereby
quantifying how the coupling strength influences the magnetization-reversal process.

The simulation results reveal that the AFM exchange strength has a decisive impact
on the spin dynamics of the Co-Gd system. As shown in Fig. 4a, at 100% AFM coupling,
the Co magnetization rapidly decreases after laser excitation and crosses zero at ~4
ps, producing a transient ferromagnetic state and enabling SP-AOS. When the AFM
coupling is reduced to 60%, the Co demagnetization becomes slower, and the
transient ferromagnetic state emerges only after ~5 ps (Fig. 4b). Further decreasing
the coupling to 20% results in even slower demagnetization with insufficient
amplitude; under these conditions, the Co magnetization never reaches zero and no
transient ferromagnetic state forms, rendering SP-AOS impossible (Fig. 4c). The
dependence of the demagnetization dynamics on AFM coupling is summarized in Fig.
4d and 4e, which clearly demonstrate that the demagnetization rate of both Co and
interfacial Gd is positively correlated with the Co-Gd exchange strength.

These observations can be understood in terms of two competing channels for
angular-momentum  transfer. In  conventional ferromagnets, ultrafast
demagnetization proceeds primarily through a spin-orbit-mediated pathway: spin
angular momentum is first transferred to the orbital sector and subsequently
dissipated into the lattice. Extensive TR-XMCD?! and femtosecond X-ray diffraction?2
studies on 3d ferromagnets have shown that this pathway is highly dissipative and
typically accompanied by pronounced precessional dynamics. In contrast,
antiferromagnetically coupled antiferro/ferri-magnets possess an additional,
fundamentally different channel in which angular momentum can be redistributed
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Figure 4 | Atomistic spin-dynamics simulations revealing the role of interlayer
AFM exchange in SP-AOS. (a-c) Ultrafast spin dynamics in Co/Ru/Gd multilayers
with 100%, 60%, and 20% AFM coupling. Strong coupling enables rapid Co-Gd
angular-momentum transfer and cooperative reversal, while weak coupling
suppresses it. (d, e) Demagnetization times of interfacial Gd and Co decrease
monotonically with increasing AFM coupling strength. (f) Atomistic spin model
including Co, Ru, interfacial Gd, and bulk Gd layers. (g, h) Spin-dynamics trajectories
for strong and weak AFM coupling, illustrating transient-ferromagnetic reversal
versus precession demagnetization.

By tuning the Co-Gd AFM exchange strength, our simulations reveal how the balance
between these two channels evolves. When the coupling is strong, the exchange-
mediated inter-sublattice transfer dominates, allowing angular momentum to be
rapidly exchanged between Gd and Co. This enables the Co moments to reverse within
~4 ps and stabilizes the transient ferromagnetic state required for SP-AOS. When the
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AFM coupling is weak, however, the exchange-mediated channel becomes inefficient,
forcing the system to rely on the slower and more dissipative SOC-mediated pathway,
which cannot support the formation of a transient ferromagnetic state. The
monotonic decrease in the demagnetization times of Co and Gd with increasing
coupling strength (Fig. 4d, e) quantitatively links the demagnetization rate to the
underlying AFM exchange interaction.

More broadly, AFM-coupled systems intrinsically host two angular-momentum-
transfer pathways: (1) a direct, exchange-mediated channel between antiparallel
sublattices—unique to AFM order; and (2) a SOC-driven spin — orbital — lattice
channel, analogous to that in ferromagnets. The relative dominance of these two
pathways is determined entirely by the Co-Gd exchange strength. Strong AFM
coupling favors fast, low-dissipation angular-momentum redistribution between
sublattices, whereas weak coupling shifts the system toward a ferromagnet-like
regime dominated by precessional and dissipative dynamics. Consequently,
enhancing AFM exchange not only accelerates ultrafast demagnetization but also
reduces the energy required for magnetic reversal by circumventing the highly
dissipative spin-orbit-lattice transfer process—providing a clear microscopic basis
for the high efficiency and low threshold of SP-AOS.

By systematically tuning the AFM exchange coupling between Co and Gd, this work
addresses a longstanding central question in the study of SP-AOS: why do many
materials that possess antiferromagnetic coupling and distinct sublattice
demagnetization times still fail to exhibit SP-AOS? We find that having two
demagnetization timescales, while necessary, is not sufficient to trigger single-pulse
magnetization reversal; the decisive parameter is the strength of the AFM exchange
between the sublattices. The continuously tunable coupling enabled by varying the
Ru spacer thickness allows us to experimentally establish a one-to-one
correspondence between the SP-AOS switching ratio, the energy threshold, and the
AFM exchange strength, thereby identifying AFM coupling as the key control
parameter for SP-AOS.

In conclusion, this work establishes antiferromagnetic-exchange engineering as a
materials design principle for achieving SP-AOS. By continuously tuning the
interlayer exchange interaction in a synthetic ferrimagnetic Co/Ru/Gd
heterostructure, we demonstrate a direct and quantitative correlation between
exchange strength and switching performance, including the switching ratio,
threshold fluence and operational energy window. SP-AOS emerges only after the
inter-sublattice AFM exchange coupling strength exceeds a critical value; and the
strong AFM coupling rises the switching ratio, decreases threshold fluence and
expands the operational pulse-energy window.
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Beyond identifying a decisive physical parameter, our results reveal how exchange
engineering reshapes ultrafast spin dynamics at the materials level. Strong
antiferromagnetic coupling promotes rapid and low-dissipation angular-momentum
transfer between antiparallel sublattices, enabling formation of the transient
ferromagnetic-like state required for SP-AOS. By contrast, weak coupling drives the
system into a slower and more dissipative spin-orbit-lattice pathway that
suppresses single-pulse reversal. This framework should extend beyond the specific
Co/Ru/Gd system studied here. The same ultrafast switching pathway could in
principle be applied to other heterostructures, where inter-sublattice exchange can
be independently engineered through spacer selection, thickness control or interface
design. Antiferromagnetic-exchange engineering therefore provides a general and
practical strategy for designing ultrafast, energy-efficient photomagnetic and
spintronic materials.

Materials and Methods
1. Sample preparation

Multilayer stacks with the structure Glass/Ta (5 nm)/Pt (4 nm)/Co (1.5 nm)/Ru (x
nm)/Gd (3 nm)/Pt (2 nm) were fabricated by DC magnetron sputtering at room
temperature. Commercial Corning glass substrates (thickness = 0.13 mm) were used
to enable optical transmission for magneto-optical Kerr effect (MOKE) imaging in a
back-illumination geometry. A 5 nm Ta buffer layer was first deposited to improve
surface flatness and promote the (111) texture of the subsequent Pt layer. The 4 nm
Pt underlayer, with its strong spin-orbit coupling, enhances perpendicular magnetic
anisotropy (PMA) at the Pt/Co interface. A 2 nm Pt capping layer was also added to
prevent oxidation of the Gd layer while ensuring adequate XMCD signal strength.
During deposition, the base pressure was better than 5 x 1078 Torr, and the Ar
working pressure was approximately 2 x 107® Torr. All sputtering powers were
optimized to achieve accurate thickness control. The Ru spacer thickness was
systematically varied between 0 and 1.8 nm. The deposition rates were calibrated as
follows: Ta - 0.33 A/s, Pt - 0.13 A/s, Co - 0.08 A/s, Ru - 0.17 A/s, and Gd - 0.24 A/s.
All films were grown without substrate heating to minimize interdiffusion at the
Ru/Gd interface.

2. Single-pulse all-optical switching experiments

A schematic of the optical setup is shown in Fig. S5. The excitation source was a
Ti:sapphire femtosecond laser (central wavelength 800 nm, pulse duration 35 fs). The
laser fluence was continuously adjusted by a pair of polarizers with a rotatable half-
wave plate in between. The beam was then focused onto the sample surface by a 10
cm focal-length lens, yielding a spot diameter of approximately 24 um. The laser was
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normally incident on the film plane. The use of transparent glass substrates allowed
transmission MOKE imaging, enabling visualization of the magnetization reversal
process in real time. The transmitted probe light was collected by a second lens,
passed through an analyzing polarizer, and recorded by a CMOS camera. For uniform
illumination, an LED light source was collimated and coupled into the optical path
through an additional polarizer. A pair of permanent magnets provided an external
bias field to initialize the magnetic state prior to laser excitation.

3. Atomistic Spin Model

The atomistic spin model, combined with the two-temperature model 44, is employed
within the Vampire package to simulate ultrafast laser-induced magnetization
dynamics in a Pt/Co/Ru(x)/Gd synthetic antiferromagnetic multilayer. The system's
energetics are governed by a spin Hamiltonian of the form:

H = _Z]ijsi'sj_zkusiz —Z#isisz
i

i<j i

Here, §;; are unit vectors representing the spin directions, J;; is the exchange energy
between atoms i, j, k,, is the uniaxial anisotropy on the Co and Gd sites, and B? is the
externally applied magnetic field. The simulated structure consists of a 0.5 nm thick
Co layer, a 0.16 nm Gd interface layer, and a 0.84 nm Gd bulk layer. The
antiferromagnetic coupling strength between the Co and Gd layers is controlled by
the variable thickness x of the Ru spacer layer. The interlayer RKKY interaction
strength Jco-cd is set as -1.09-21J /Link, the Jco-co is 5.9x10-21]/Link and the Jcd-cd is
1.26x10-21] /Link. The magnetic moment of Co and Gd are setas 1.61 uB and 7.63 uB.
The perpendicular magnetic anisotropy of Co layer is set as 3.73 x10-23], and for the
Gd layer is 8.03x10-23]. The laser pulse duration is 35 fs with power as 45 45. The
damping parameters are set to 0.1 for the Co layer and 0.05 for the Gd layer. The
system is initially equilibrated at 300 K for 1 ps before the laser pulse is applied.

Supplementary material

Supplementary material is available from the Nature Nanotechnology or from the
author.
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