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Abstract

We report a systematic study of single-pulse all-optical switching in Co/Gd bilayers, revealing
that magnetization reversal dynamics can be tuned over three orders of magnitude. By varying
the Gd thickness or inserting a Pt spacer layer between Co and Gd, we control the angular
momentum transferred from the rare-earth sublattice to the transition-metal sublattice. Our
results show that when Gd is abundant and strongly coupled to Co, angular momentum is
efficiently transferred during Gd demagnetization, leading to ultrafast Co reversal. Reducing
the Gd thickness or introducing Pt impedes this transfer, resulting in a slow domain growth
mediated reversal as observed in CoDy and CoHo alloys. So, replacing Gd with Dy or Ho rare-
earth elements slows down the switching due to a reduced angular momentum transfer towards
Co upon demagnetization as demonstrated in CoGdDy alloy. Our findings establish angular

momentum availability and transfer pathways as key parameters governing reversal dynamics.



The ability to control magnetization with ultrashort laser pulses has opened promising avenues
for next-generation data storage technologies, offering sub-picosecond operation and field-free
switching. A key breakthrough was the demonstration of all-optical helicity-independent
switching (AO-HIS) in GdFeCo alloys, where a single femtosecond laser pulse reverses
magnetization without any applied magnetic field, with switching times on the order of 1
picosecond! 2. Since then, AO-HIS has been observed in a variety of Gd-based ferrimagnetic

34,56 7.8.9.10. 11 "and in synthetic ferrimagnetic multilayers® '2. The only

alloys , in multilayers
Gd-free material known to exhibit ultrafast reversal is the ferrimagnet Mn2Ru,Ga alloy'®. In
Gd-based systems, ultrafast switching is understood to arise from angular momentum transfer
generated during the demagnetization of Gd, which acts on the transition metal sublattice when

it is partially demagnetized.

In the case of Gd-free rare-earth—transition-metal (RE-TM) systems, AO-HIS has been
theoretically predicted in TbFe alloys'#, but only partial switching has been observed
experimentally'®. These results demonstrate that a single laser pulse can reverse the
magnetization—i.e., drive it across zero—but the reversal remains incomplete. More recently,
full single-pulse all-optical switching has been observed in Co/Ho multilayers as well as in
CoHo and CoDy alloys'® 7. However, in these cases, deterministic AO-HIS occurs only within
a narrow compositional window, and the switching dynamics are extremely slow compared to
Gd-based systems. It was shown that magnetization reversal in these systems proceeds via
domain coalescence and domain wall reorganization, with characteristic timescales extending
up to microseconds. This slow reversal is believed to originate from the gradual evolution of
an unbalanced domain configuration, seeded by spin currents generated during the

demagnetization of the rare-earth sublattice.

These observations underscore the critical role of angular momentum availability and transfer
dynamics in determining the speed and efficiency of AO-HIS. Among rare-earth elements, Gd
stands out as an effective angular momentum reservoir, likely due to its relatively long
demagnetization time and weak spin—orbit coupling, which facilitate efficient angular
momentum transfer to the transition-metal sublattice. In contrast, rare-earth elements such as
Tb, Dy, and Ho exhibit strong spin—orbit coupling which significantly reduces angular
momentum transfer to Co during demagnetization, thereby limiting their ability to drive

ultrafast magnetization reversal'®".

It is worth noting that single-pulse all-optical switching has also been reported in rare-earth—
transition-metal (RE-TM) systems such as Co/Tb multilayers and other RE-TM trilayer
structures. This type of switching, fundamentally different from AO-HIS, is referred to as all-

optical precessional switching (AO-PS) and occurs on the ~100 picosecond timescale?® 2! 22,



AO-PS is understood to rely on a laser-induced reorientation of magnetic anisotropy—ifrom
out-of-plane to in-plane—causing the magnetization to precess around an in-plane axis. This

mechanism is thus distinct from the deterministic switching processes described above.

In this context, we investigate how tailoring the rare-earth sublattice—through its composition
and interfacial coupling to the transition metal—modulates AO-HIS dynamics. We conduct a
systematic study of Co/Gd bilayers by varying the Gd thickness, as well as of Co/Pt/Gd
structures, where the insertion of a Pt spacer tunes the efficiency of angular momentum
transfer. Our results show that increasing the Gd thickness accelerates switching, while
introducing a Pt layer at the Co/Gd interface impedes angular momentum transfer, thereby
slowing the reversal process. We further extend our analysis to CoGdDy alloys with constant
Co content and demonstrate that increasing the Gd fraction relative to Dy leads to faster
switching, reinforcing Gd’s role as an efficient angular momentum source. These findings
provide a unified framework to understand AO-HIS across RE-TM systems, linking ultrafast
switching in Gd-rich compounds to slower, domain-mediated reversal in Dy- and Ho-based
alloys, and to partial switching in DyCo and TbCo systems. Overall, our results support the
view that the rare-earth element acts as an angular momentum reservoir capable of transferring
spin angular momentum to the transition-metal sublattice when it is sufficiently demagnetized.
Among these, Gd emerges as the most effective reservoir for enabling fast and deterministic
all-optical switching due to its low spin orbit coupling and so efficient transfer of angular

momentum to the transition-metal sublattice.

The samples studied in this work were grown by magnetron sputtering on Si/SiO2 (500 nm) or
glass substrates, following the deposition of a Ta/Pt seed bilayer. Three types of structures were
fabricated: Co(0.7)/Gd(tc4), Co(0.7)/Pt(tp)/Gd(3)/Pt(3) wedge multilayers, and GdxDyi—-yCoy
(10 nm) alloys, all capped with a Pt layer to prevent oxidation. The amorphous Ta buffer layer
serves two key purposes: it promotes good adhesion of the multilayers to the substrate and
helps stabilize the (111) crystallographic texture, particularly important for perpendicular to
film plane magnetization in the Pt/Co bilayer. During deposition, the substrate was
continuously rotated to ensure uniform film thickness, except during the deposition of the
Gd(tca) or Pt(zp;) layers, where rotation was halted to induce a controlled thickness gradient.
As demonstrated in a previous study??, this approach enables precise control of layer thickness

across the substrate.

As a first step, we investigated the Co(0.7)/Gd(tcd) system, specifically
Si/Si0(500)/Ta(3)/Pt(3.7)/Co(0.7)/Gd(tca)/Pt(3) multilayers, with Gd thicknesses ranging
from 0.15 to 3 nm. This range was selected based on?, which reported a transition from single-

pulse AO-HIS to a multidomain state around tG¢ =~ 0.25 nm. Polar MOKE measurements
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(Figure S1a) show square hysteresis loops for all thicknesses, confirming strong perpendicular
magnetic anisotropy (PMA) induced by the Pt/Co interface and the (111) crystallographic
texture. The coercivity evolves significantly with Gd thickness, reflecting changes in magnetic
properties such as reduced saturation magnetization due to antiparallel Co—Gd coupling,
modified anisotropy at the top Co/Gd/Pt interface, and altered exchange stiffness resulting from
CoGd alloy at the Co/Gd interface.

a b e F,-03nm
2000 ® Fy-3.0nm
e 1 A F,,-03nm
g = A F_,-30nm
- -
& ond = Ultrafast
Y— .g switching
e S
4 3 1000
8 3¢ 3
= E
g % 500
4th
0
0.15 0.2 0.3 0.35 0.5 1.2 3.0 0.5 1.0 1.5 2.0 25 3.0
tcq (NM) Fluence (mJ/cm?)

Figure 1 | AO-HIS state diagram of Co(0.7 nm)/Gd(tcy)/Pt structure . (a) All-optical helicity-
independent switching (AO-HIS): Images of the stabilized magnetic states observed after four single
laser pulses (fluence: 1.4 mJ/cm? pulse duration: 50 fs) for various Gd thicknesses in
Si/Si0(500)/Ta(3)/Pt(3.7)/Co(0.7)/Gd(tcqa)/Pt(3) wedge samples.(b) AO-HIS threshold fluence (Fu,) and
multidomain formation threshold (Fnq) as a function of pulse duration for two representative Gd

thicknesses: tca = 3 nm (violet) and tgq = 0.3 nm (red).

As shown in Figure 1a, clear and reproducible magnetization reversal after four single laser
pulses is observed for Gd thicknesses down to 0.3nm. This is consistent with previous findings
reported in?’, confirming that AO-HIS persists in Co/Gd bilayers even at very low Gd
thickness. The critical fluence required to induce magnetization reversal (Fw), as well as the
fluence threshold for the onset of multidomain formation (Fmd), follow the characteristic
triangular shape of AO-HIS state diagrams as a function of pulse duration®. Both F and Fid

decrease with increasing Gd thickness (Figures 1b and 2b),

The observed decrease in Fing with increasing Gd thickness may be linked to the effective Curie
temperature of the bilayer—if such a concept can be meaningfully defined in this context. A
lower ordering temperature would imply that a smaller laser fluence is sufficient to induce
demagnetization. While Fy, is also influenced by the effective Curie temperature, it could be
more directly governed by the spin current generated during Gd demagnetization. According
to the criteria outlined in**, Fu scales with the temporal rate of change of the Gd magnetization,

i.e., the spin current js=-dMgq/dt. Thus, increasing the Gd thickness enhances the total angular
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momentum transferred to the Co sublattice, thereby reducing the fluence required to achieve
switching. The energy absorbed by each layer has been quantitatively calculated for samples
with Gd thicknesses of 0.3 nm and 3 nm, as detailed in the Supplementary Information S2. The
small difference in optical absorption between these two cases is insufficient to account for the
significant changes observed in the AO-HIS state diagram (Figure 1b), further emphasizing the

dominant role of angular momentum transfer over purely thermal effects.

To gain deeper insight into the switching mechanism, we performed time-resolved magneto-
optical Kerr effect (TR-MOKE) measurements (Figure 2a). The reversal dynamics change
drastically with the thickness of Gd. For a 3 nm Gd layer, zero magnetization crossing occurs
at 1 ps and complete reversal is achieved within 8 ps. As the Gd thickness is reduced, the
reversal slows significantly: a demagnetization is observed initially, and the time required to
reach full reversal can exceed 1.6 ns—the maximum delay accessible with our setup.
Interestingly, all along the observation of the demagnetized state, magnetization fluctuations
could be observed, despite the average being made over several measurements. We cannot rule
out a physical reason for these fluctuations, which go beyond the scope of the demonstration
we wish to make here and would require further study. Figure 2b provides an estimate of the
reversal time as a function of Gd thickness, clearly demonstrating that thinner Gd layers lead

to slower switching.
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Figure 2 | Influence of Gd thickness on reversal dynamics and switching thresholds in Co(0.7
nm)/Gd(tcy)/Pt. (a) Time-resolved magneto-optical Kerr effect (TR-MOKE) measurements of
magnetization reversal dynamics in Si/SiO(500)/Ta(3)/Pt(3.7)/Co(0.7)/Gd(tcq)/Pt(3) wedge samples,
performed with a 50 fs laser pulse and an out-of-plane applied magnetic field of 60 mT. (b) Threshold
fluence for all-optical helicity-independent switching (Fu) and for multidomain formation (Fya) as a
function of Gd thickness, measured with 50 fs laser pulses. The color-coded regions indicate the

dynamic response: no switching observed within the measurement window (delay line too short),
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switching (crossing 5% switching) occurring after 10 ps, or within 10 ps. White dots correspond to the
fluences used for the TR-MOKE measurements reported in figure (a).

The observation of a long-lived demagnetized state, persisting over several nanoseconds, is
reminiscent of previous reports on Co/Ho multilayers'® and even microsecond-scale dynamics
observed in CoHo and CoDy single-layer alloys'’. Micromagnetic simulations have shown
that, when the magnetization remains perpendicular to the film plane, an ultrashort spin current
can induce an unbalanced Co magnetization distribution. This spin current is believed to
originate from the demagnetization of the rare-earth sublattice, which is antiparallel to the Co,
ultimately driving the system toward a reversed magnetic state. A similar mechanism may
explain the change in behavior observed in Co/Gd bilayers as the Gd thickness is reduced.
Thinner Gd layers generate less angular momentum or spin current during demagnetization,
leading to a transition from ultrafast (picosecond) to much slower (nanosecond or longer)
reversal. When the Gd layer is sufficiently thick, a large angular momentum transfer allows the
full reversal of the Co subnetwork in a fast and coherent manner. In contrast, when the Gd
angular momentum is limited, only a partial reversal is initially achieved, and full switching
requires slow domain nucleation, propagation, or domain wall reorganization. This process will

be strongly dependent on the micromagnetic properties of the magnetic thin film to reverse.

The magnetic properties of the Co/Gd bilayer—such as saturation magnetization (Ms), Curie
temperature (7c), and magnetic anisotropy—vary significantly with Gd thickness, as the Co
layer is directly coupled to Gd. This makes it difficult to isolate the specific role of each
parameter on the magnetization reversal process and its dynamics. To address this, we propose
two distinct approaches to independently tune the amount of angular momentum or spin current

generated by Gd demagnetization and transferred to Co to induce its reversal.

The first approach involves keeping the Gd thickness fixed at 3 nm and inserting a Pt spacer
layer between Co and Gd to reduce the angular momentum transfer across the interface. The
second approach is to use GdDyCo alloys in which the Curie temperature is maintained
constant by fixing the total rare-earth concentration, while the spin angular momentum

transferred to the Co sublattice is varied by adjusting the relative concentrations of Gd and Dy.

Gd has a bulk Curie temperature of 293 K?°, and therefore, in isolation, it is expected to be
paramagnetic at room temperature. However, in a Co/Gd bilayer, the interfacial Gd becomes
magnetically ordered through exchange coupling with the adjacent Co layer. This induced
magnetization decreases progressively with distance from the interface, vanishing toward the

bulk of the Gd layer. Introducing an insertion layer between Co and Gd allows a controlled



decoupling of this exchange interaction, thereby reducing the net magnetization of the Gd layer
as the insertion thickness increases. Direct measurement of the Gd magnetic moment is
challenging with standard techniques such as SQUID magnetometry; element specific, X-ray
magnetic circular dichroism is required for reliable quantification. Nevertheless, AO-HIS can
serve as an indirect probe: the loss of switching can be interpreted as a signature that the Gd
moment has dropped below the threshold necessary to trigger magnetization reversal in Co. To
explore this, we previously studied all-optical switching in Si/Si0,/Ta/Pt/Co/x/Gd/Pt
multilayers, where x = Pt, Cu, Ta, or Tb®. These materials were selected for their specific
interfacial properties: Ta to simply decouple Co and Tb, Pt as a non-magnetic material known
to polarize at FM interfaces, Cu for its long hot-electron mean free path, and Tb as a rare-earth

with strong spin—orbit coupling.

We found that AO-HIS is preserved for insertion layers up to 0.8 nm of Tb, 1 nm of Cu, and
1.7 nm of Pt. This indicates that in all these cases, Gd remains magnetically coupled to Co and
its moment remains antiparallel to Co's. In contrast, the use of Ta as an insertion layer resulted
in the complete loss of AO-HIS, regardless of thickness. Among the materials tested, Pt was
found to be the most suitable for preserving optical switching while allowing controlled tuning

of angular momentum transfer, which is why it was chosen in the present study.
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Figure 3 | AO-HIS state diagram in Co/Pt(tp)/Gd structures using a Pt wedge sample. (a) Magnetic
states stabilized after four single laser pulses at a fixed fluence of 1.4 mJ/cm? and pulse duration of 50
fs for different Pt thicknesses on Si/SiO:(500)/Ta(3)/Pt(3.7)/Co(0.7)/Pt(t nm)/Gd(3)/Pt(3) wedge
sample. (b) Fluence versus pulse duration state diagrams for Pt spacer thicknesses of 0.5 nm (violet)

and 1.47 nm (red), illustrating the characteristic AO-HIS switching window in Co/Pt/Gd structures.

We studied the structure Si/Si02(500)/Ta(3)/Pt(3.7)/Co(0.7)/Pt(tpt)/Gd(3)/Pt(3), with the Pt

spacer thickness varied from 0.5 nm to 1.5 nm. Polar hysteresis loops are presented in Figure



SIb and exhibit well-defined square shapes for all Pt thicknesses, confirming robust
perpendicular magnetic anisotropy (PMA) promoted by the Pt/Co/Pt interfaces and the (111)
crystallographic texture of the Pt/Co stack. The variation in coercivity is less pronounced than
in the Co/Gd bilayer series. In first approximation, since alloying between Co and Gd is
suppressed by the Pt insertion layer, both the saturation magnetization (M;) and the exchange
stiffness of Co can be considered constant. Only slight variations in anisotropy are expected
due to the modulation of Pt thickness. Therefore, any observed changes in the magnetization
reversal dynamics are less likely to arise from intrinsic magnetic property variations (such as
Tc), as was the case for direct Co/Gd coupling. As shown in Figure 3a, a robust and
reproducible reversal is obtained for all Pt thicknesses using four consecutive pulses with a
fluence of 1.4 mJ/cm? and pulse duration of 50 fs. The fluence—pulse duration state diagrams
retain their characteristic triangular shape, and both the threshold fluence (Fu) and the
multidomain formation threshold (Fmgd) remain mostly independent of the Pt thickness (Figure
3b) in comparison to the Gd thickness influence (Figure 1b). To further elucidate the reversal
dynamics, time-resolved magneto-optical Kerr effect (TR-MOKE) measurements were

performed and are shown in Figure 4.
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Figure 4| Influence of Pt spacer thickness on reversal dynamics in Co/Pt(tPt)/Gd structure. (a) Time-
resolved magneto-optical Kerr effect (TR-MOKE) measurements of magnetization reversal dynamics
in Si/Si0O:(500)/Ta(3)/Pt(3.7)/Co(0.7)/Pt(t)/Gd(3)/Pt(3) wedge samples, for fluences corresponding to
the reversal regime observed in static measurements. The measurements were performed with 50 fs
laser pulses and an out-of-plane applied magnetic field of 60 mT. (b) Zoom-in on the ultrafast dynamics

shown in (a), highlighting the initial demagnetization and reversal onset.



Once again, varying the Pt insertion layer thickness leads to a clear modification of the
magnetization dynamics. For a Pt spacer thickness of 0.5 nm, the reversal process proceeds in
three distinct stages: an initial ultrafast demagnetization, followed by a slower reversal driven
by angular momentum transfer from the demagnetizing Gd layer, and finally, after
approximately 5 ps, relaxation into the reversed magnetic state. As the Pt thickness increases,
the overall reversal process becomes progressively slower. The initial demagnetization still
occurs, but the subsequent recovery slope diminishes with increasing Pt thickness, delaying the
final relaxation into the reversed state. This behavior is consistent with the trends observed in
the Co/Gd series and can be attributed to a reduced amount of magnetically coupled Gd. The
weakened Co—Gd exchange coupling, along with increased spin scattering in thicker Pt spacers,
limits the amount of angular momentum transferred to the Co layer. In the case of the thickest
Pt layers, the initial demagnetization remains visible, but the second stage of reversal is barely

detectable, and full magnetization switching may take longer than 1 ns to complete.

The second approach to controlling angular momentum transfer involves substituting Dy with
Gd in CoDyGd alloys. In CoDy, magnetization reversal is known to be slow!’, as Dy releases
significantly less angular momentum during demagnetization compared to Gd. To investigate
this effect, we studied a series of Gd,Dy22..Covs alloys with varying Gd content (x = 6, 10, 13,
16, and 18), while keeping the Co concentration constant. The multilayer stack was composed
of Glass/Ta(5nm)/Pt(3nm)/Gd,Dy22-«Co7s(10nm)/Pt(5Snm) where the Gd.Dy2,..Co7s alloy was
in contact with two Pt layers to prevent precessional switching??. For all the compositions used,
a toggle switching behavior was observed?*. All measurements were conducted at the same

laser fluence to isolate the influence of rare-earth composition on the reversal dynamics.

In Figure 5, a clear trend emerges: samples with higher Gd content exhibit significantly faster
magnetization reversal compared to those with lower Gd content. In Gd-rich alloys, the
transition from demagnetization to full reversal occurs within a few picoseconds, whereas in
Dy-rich compositions, it is considerably slower—exceeding 500 ps. This variation cannot be
attributed to changes in Curie temperature, as the Co concentration is fixed across the series,
and increasing the Gd content slightly raises 7c. Taken together with the results from Co/Gd
and Co/Pt/Gd systems, these findings confirm the central role of Gd as an efficient angular
momentum reservoir. Increasing the Gd fraction enhances the amount of angular momentum
transferred to the Co sublattice during laser-induced demagnetization, thereby enabling faster

and more efficient all-optical magnetization switching.
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Figure 5 | Influence of Gd content on reversal dynamics in CoDyGd alloys. Time-resolved
magneto-optical Kerr effect (TR-MOKE) measurements of magnetization reversal in Gd.Dy2>-
xCozs alloys with varying Gd content (x = 6, 10, 13, 16, and 18), performed at constant laser
fluence. Increasing Gd concentration results in significantly faster reversal dynamics. All

samples are taken from Ref-*.

These findings provide clear guidance for designing rare-earth—transition-metal (RE-TM)
systems optimized for ultrafast and energy-efficient all-optical magnetic switching, particularly
by favoring Gd-rich compositions. When the magnetization remains perpendicular to the film
and the system passes through a fully demagnetized state, a spin current is generated by the
laser-induced demagnetization of the RE sublattice. If the RE magnetization is antiparallel to
the Co subnetwork, this spin current induces an unbalanced magnetization distribution in the
Co, which subsequently evolves into a reversed magnetic state. This process typically occurs
on the microsecond timescale and involves the transfer of a small portion of the RE’s spin
angular momentum to the Co sublattice, while the majority is dissipated into the lattice due to
the strong spin—orbit coupling of the RE element. A similar behavior is observed in Co/Gd
bilayers with very thin Gd layers, where the limited angular momentum transfer to Co results

in slower, domain-mediated switching.

Taken together, our results establish a comprehensive framework for understanding and
controlling all-optical switching across a wide class of RE-TM systems. By systematically
tuning rare-earth composition and interfacial coupling, we have demonstrated how the
efficiency and speed of magnetization reversal are governed by angular momentum availability
and transfer dynamics. This unified picture links ultrafast switching in Gd-rich systems to

slower, domain-driven processes in Dy- and Ho-based alloys, and highlights the critical role of
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interface engineering in tailoring spin current generation. These insights pave the way for the

rational design of RE—-TM materials for next-generation opto-spintronic devices.
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Experimental details of the static and dynamic optical measurements.

Optical switching and time-resolved magneto-optical Kerr effect (TR-MOKE) experiments
were performed using a Ti:sapphire femtosecond laser source coupled with a regenerative
amplifier. For single-shot optical switching, the experiments were conducted without any
applied magnetic field, and the magnetic state was observed several seconds after the laser
pulse. In the case of TR-MOKE measurements, a magnetic field was applied perpendicular to
the film plane during the experiment to reset the magnetic state between pulses. A delay line

of up to 1.6 ns was used to control the temporal delay of the 400 nm probe pulse relative to the

800 nm pump pulse.
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Figure S1 |Polar MOKE measurements. a) Hysteresis loops of the
Si/Si0(500)/Ta(3)/Pt(3.7)/Co(0.7)/Gd(tca)/Pt(3) wedge sample show perpendicular magnetic
anisotropy (PMA) in all the thickness, however, the magnetic properties may change as with thicker
Gd. b) Hysteresis loops of the Si/SiO:(500)/Ta(3)/Pt(3.7)/Co(0.7)/Pt(tp,)/Gd(3)/Pt(3) wedge sample

show almost constant of the magnetic properties as a function of Pt thickness.
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Figure S2 | Energy absorption profile of Si/SiO(500)/Ta(3)/Pt(3.7)/Co(0.7)/Gd(tcs)/Pt(3)
samples with wedge of Gd thickness. a) Calculated optical absorption as a function of penetration
depth b) Total absorption energy inside the magnetic layers as function of Gd thickness c) The fluences
extracted from Figure 2b were normalized by the absorbed energy in the magnetic Co/Gd layers,
revealing that the fluence required for switching remains nearly constant across different Gd

thicknesses.
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