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ABSTRACT

All-optical switching (AOS) of the magnetization in synthetic ferrimagnetic Pt/Co/Gd stacks has received considerable interest due to its
high potential toward integration with spintronic devices, such as magnetic tunnel junctions (MTJs), to enable ultrafast memory
applications. Post-annealing is an essential process in the MTJ fabrication to obtain an optimized tunnel magnetoresistance ratio. However,
upon integrating AOS with an MTJ in prospect, the annealing effects on single-pulse AOS and domain wall (DW) dynamics in the Pt/Co/Gd
stacks have not been systematically investigated yet. In this study, we experimentally explore the annealing effect on AOS and field-induced
DW motion in Pt/Co/Gd stacks. The results show that the threshold fluence (F0) of AOS is reduced significantly as a function of annealing
temperature (Ta) ranging from 100 �C to 300 �C. Specifically, a 28% reduction of F0 can be observed upon annealing at 300 �C, which is a
critical Ta for MTJ fabrication. Finally, we also demonstrate a significant increase in the DW velocity in the creep regime upon annealing,
which is attributed to annealing-induced Co/Gd interface intermixing. Our findings show that the annealed Pt/Co/Gd system facilitates ultra-
fast and energy-efficient AOS, as well as enhanced DW velocity, which is highly suitable toward opto-spintronic memory applications.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0012269

The emerging potential of integrating all-optical switching (AOS)
of magnetization with spintronics devices for ultrafast and energy-
efficient memory applications has been recently recognized after the first
observation in ferrimagnetic GdFeCo alloys,1–3 such as employing it as
part of the free layer of magnetic tunnel junctions (MTJs).4,5 Recently, it
was demonstrated that efficient single-pulse AOS can also be realized in
Pt/Co/Gd synthetic ferrimagnetic multilayers with perpendicular mag-
netic anisotropy (PMA), in which a proximity induced atomically thin
ferromagnetic region in Gd couples antiferromagnetically to Co.6,7 The
AOS speed of both Pt/Co/Gd stacks and GdFeCo alloys is on the (sub-
)ps time scale, which is two orders of magnitude faster than conventional
switching mechanisms in MTJs that usually operate in the sub-ns
regime.8–10 However, compared to GdFeCo alloys, Pt/Co/Gd multilayers
show the flexibility in fabrication and interface engineering, as well as
efficient field-driven domain wall (DW) velocity11 and considerable
built-in interfacial Dzyaloshinskii–Moriya interaction (iDMI). These
interface-induced phenomena inherent to a multilayered system are
essential components for future ultrahigh density memory applica-
tions.12–15 Moreover, Co in direct contact with MgO will increase the

tunneling spin polarization (TSP), leading to a high tunnel magnetoresis-
tance (TMR). Consequently, integrating an all-optically switchable Pt/
Co/Gd stack with an MTJ has high potential for ultrafast and ultrahigh
density opto-spintronic device application.11,16–18

Typically, as to fabrication of MTJs with high TMR and ther-
mal stability, it is well known that thermal annealing around
300 �C after film deposition is an essential process.8,19 However,
with integrating Pt/Co/Gd with an MTJ in prospect, the effects of
annealing on AOS and DW dynamics has not been studied yet.
Although one might expect that annealing degrades the interface,
and thereby reduces interface related properties like efficient AOS
and DW motion as well, very recently, Beens et al.20 theoretically
predicted that Co/Gd interface intermixing strongly reduces the
AOS threshold fluence based on the extended microscopic three-
temperature model (M3TM).21 Clearly, a systematic study of
annealing effects is of utmost importance to further substantiate
the applicability of the integration.

In this work, we experimentally demonstrate that single-pulse
AOS is observed in Pt/Co/Gd stacks annealed up to 300 �C. Moreover,
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annealing leads to a significant reduction in the switching threshold
fluence. In addition, we show a strong increase in DW velocity in the
creep regime upon increasing annealing temperature (Ta), while the
iDMI constant reduces slightly.

The measurements are performed on Ta (4)/Pt (4)/Co (1)/Gd
(3)/Pt (2) stacks (thickness in nanometers), which are deposited on
the Si:B substrate at room temperature (RT) using dc magnetron
sputtering at a base pressure of 10�8 mbar. After deposition, the thin
film stacks are annealed for 0.5 h with Ta ranging from 0 �C to 400 �C.
Afterwards, the magnetization of the Pt/Co/Gd stacks are measured
using a VSM-SQUID at RT, as a function of out-of-plane and in-plane
applied magnetic fields.

Figure 1(a) shows the out-of-plane magnetic hysteresis loops of
the Pt/Co/Gd stacks annealed at Ta ranging from 0 �C to 400 �C. All
these samples result in PMA, as indicated by the 100% remanence and
the squareness of the hysteresis loops. Note that the coercive field
(l0Hc) increases from 12.5mT to 24mT as Ta increases, as shown in
Fig. 1(b). The enhanced l0Hc is consistent with previous studies on
Co/Gd multilayers.22 In addition, the saturation magnetization (Ms)
shows a significant reduction upon annealing, as shown in Fig. 1(b),
which is explained further on.

To investigate the annealing effects on PMA, we plot the anisot-
ropy field (l0Hk) and the effective anisotropy (Keff ) as a function of Ta
in Fig. 1(c), where l0Hk is determined from the hard-axis loops and is
calculated from 1

2l0MsHk.We observe that l0Hk andKeff show a grad-
ual reduction as Ta increases. Moreover, annealing at 400 �C results in
poor PMA. These results indicate that annealing leads to a significant
degradation of PMA in the Pt/Co/Gd stacks, which is consistent with
previous studies reporting that annealing deteriorates PMA in a Pt/Co
system.22,23

Next, to further verify the antiferromagnetic (AF) exchange inter-
action between the Co layer and the Gd layer of the annealed Pt/Co/
Gd stacks, the moment per unit area is measured as a function of tem-
perature from 350K to 5K by using VSM-SQUID. As shown in Fig. 2,

all the samples show AF coupling in the presence of a compensation
temperature (Tcomp), at which the magnetic moment of Co (mCo) and
the magnetic moment of Gd (mGd) compensate each other. Above
Tcomp, the net magnetic moment equals mCo �mGd . Indeed, Tcomp
shows an increasing trend from 120K to 200K upon higher Ta, as
shown in the inset of Fig. 2. The increased Tcomp is also in agreement
with previous studies on Co/Gd multilayers, which may be resulting
from annealing-induced interface-related phenomena that cause mod-
ification of the exchange interaction and spin disorder/reorientation at
the Co/Gd interface.22

Notably, a gradual reduction in Ms at RT is also observed in
Fig. 2, consistent with M(H) loops in Fig. 1(b). In the synthetic-
ferrimagnetic Pt/Co/Gd, although the Curie temperature for bulk Gd
is slightly lower than RT, it is elevated at the Co interface due to the
presence of antiferromagnetic (AF) coupling.6 Upon annealing, the
enhancement of interface intermixing and alloying may lead to modi-
fication of magnetic properties at the Co/Gd interface. To provide a
possible explanation of the reduction, the equivalent thickness of the
fully magnetized Gd layer (tMagn:Gd) at RT is estimated by using the
data in Fig. 2. The estimation, presented in supplementary material
Note I, shows that a larger tMagn:Gd is formed upon annealing, com-
pared to a thickness of 0.43 nm for the as-dep sample (in reasonable
agreement with our previous work6). The increased tMagn:Gd leads to a
decrease in the net Ms at RT. However, other interface related phe-
nomena, such as enhanced alloying, modified alloying composition,
and increase in interface roughness, are also crucial and nontrivial fac-
tors leading to the variation of magnetic properties, including Ms, in
the Pt/Co/Gd system. These joint mechanisms result in the annealing-
induced reduction ofMs observed in our experiment.

We then investigate the annealing effect on single-pulse AOS in
Pt/Co/Gd stacks. In the measurements, the samples are first saturated
by an external magnetic field. Afterwards, they are exposed to a num-
ber of consecutive laser pulses ranging from 1 to 5 pulses with a
single-pulse energy of 400 nJ. The laser pulse is linearly polarized, with
a pulse duration of �100 fs, a spot size of typically 100lm, and a

FIG. 1. Hysteresis loops with an out-of-plane magnetic field for the annealed Pt/Co/
Gd stacks. (b) Coercive field (black cubes) and saturation magnetization (red dots)
as a function of Ta. (c) Anisotropy field (black triangles) and effective anisotropy
(blue hexagons) as a function of Ta.

FIG. 2. VSM-SQUID measurements of the magnetic moment per unit area as a
function of Ta for the annealed Pt/Co/Gd stacks. Inset: compensation temperature
(Tcomp) as a function of Ta.
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wavelength of 700nm. The responses of magnetization after laser exci-
tation are measured by magneto-optical Kerr microscopy, where light
and dark regions correspond to the up and down magnetization
direction.

Figure 3(a) shows the typical AOS measurements performed on
samples annealed at 300 �C (see supplementary material Note II for
additional measurements at different Ta values). For samples annealed
below 400 �C, a homogeneous domain with an opposite magnetization
direction is written for every odd number of laser pulses, whereas no
net magnetization reversal is observed for every even number of
pulses. This behavior is consistent with the thermal single-pulse AOS
mechanism discussed in previous studies,7,17 in which the laser-
induced switching is driven by transferring the angular momentum
mediated by exchange scattering between the Gd and Co sublattices.7

In contrast, upon annealing at 400 �C, only a multidomain state
is created after any arbitrary number of pulses [as shown in Fig. 3(b)].
These results indicate that the critical Ta for AOS in Pt/Co/Gd stacks
must be in the range of 300 �C–400 �C. Such a high Ta tolerance up to
at least 300 �C is promising for fabricating integrated opto-spintronic
MTJ devices since a post-annealing process at 300 �C is generally
required to improve TMR and thermal stability of the MTJ.8,19

To investigate the annealing dependence on the AOS energy effi-
ciency, we systematically investigate the threshold fluence as a function

of Ta in the Pt/Co/Gd stacks. In the measurements, the samples are
exposed to single laser pulses with different laser energies. Afterwards,
the pulse energy dependence of the AOS written domain size is mea-
sured by Kerr microscopy (see supplementary material Note III) and
plotted in Fig. 3(c). In the case of annealing below 400 �C, the thresh-
old laser energy (P0) of AOS in the measurements decreases gradually
upon annealing. Specifically, compared to P0 ¼ 270 nJ for the as-dep
sample, it reduces to 150 nJ upon annealing at 300 �C. The threshold
fluence for AOS (F0) can be extracted by assuming a Gaussian shape
of the laser pulse [inset of Fig. 3(c)]. A significant annealing depen-
dence of F0 is observed, decreasing for higher Ta. Note that in the case
of annealing at 400 �C, although no homogenous AOS domain is cre-
ated for all pulse energies, the threshold fluence for the multidomain
state still decreases, as shown by the open dots in Fig. 3(c).

We also observe that a minimum F0 for a homogenous AOS of
1.09 mJ/cm2 is achieved upon annealing at 300 �C, 28% lower than F0
found for the as-dep sample. Moreover, F0 for annealed Pt/Co/Gd
stacks is significantly lower than that for GdFeCo alloys.1 This adds to
the earlier discussed advantage of Pt/Co/Gd stacks of being more suit-
able for integrating with spintronics as it allows for interface engineer-
ing to be used.

The above results are consistent with recent theoretical work by
Beens et al.20 using the extended microscopic three-temperature
model (M3TM),21 where it was demonstrated that Co/Gd interface
intermixing leads to a significant reduction of F0 in synthetic ferrimag-
netic multilayers. This effect can be traced down to a combination of
more efficient exchange scattering and reduction of the thin film’s
Curie temperature. In the present work, annealing leads to additional
Co/Gd intermixing, which results in a decrease in F0 with higher Ta.

After having discussed effects on AOS, we change our attention
to annealing effects on DW dynamics and DMI in Pt/Co/Gd stacks.
Previous studies6,24 reported that Pt/Co/Gd stacks exhibit efficient
field-driven DW motion and a considerable DMI value, which are
highly promising for integrating AOS with DW devices25–27 or sky-
rmion electronics.12,28 Figure 4(a) shows a typical measurement of
field-induced DW motion. The velocity is extracted from the average
expansion of a bubble domain under an out-of-plane magnetic field
pulse (l0Hz) with the pulse duration ranging from 10ls to 1000ls.
The breaking of radial symmetry in the measurement originates from
the presence of an effective iDMI field. In Fig. 4(b), the DW velocity as
a function of l0Hz for all Ta is plotted on a logarithmic scale according
to the universal creep law,29

v ¼ vðHdepÞ exp �
UC

kBT

�
Hdep

Hz

�l

� 1

 !" #
; (1)

where Uc is the scaling energy constant, kB is the Boltzmann constant,
T is the temperature, Hdep is the depinning field at 0K, and l ¼ 1/4 is
the critical exponent for a 2D system (see supplementary material
Note IV). Remarkably, a significant enhancement of DW velocity in
the creep regime is observed upon increasing Ta. Note that the DW
velocity in the creep regime is mainly determined by the pinning of
DW motion, which originates from structural defects in the ultrathin
film system. To further explain the enhancement of DW velocity, the
pinning potential (P),

P ¼ UC

kBT

� �
Hl

dep; (2)

FIG. 3. (a) and (b) AOS toggle switching measurements performed on annealed Pt/
Co/Gd stacks annealing at 300 �C and 400 �C, respectively. (c) AOS domain size
as a function of laser pulse energy for the annealed Pt/Co/Gd stacks. Inset: AOS
threshold fluence (F0) as a function of annealing temperature (Ta) for Pt/Co/Gd
stacks.
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as a function of Ta is plotted in Fig. 4(c), which is correlated with the
linear slope in Fig. 4(b). The reduction of P upon annealing indicates a
progressive decrease in DW pinning, thus causing the enhancement of
the DW velocity in the creep regime.

Finally, to investigate the variation of iDMI in Pt/Co/Gd stacks
upon annealing, the DMI effective field (l0HDMI) is measured by
asymmetric bubble-domain expansion under l0Hz as a function of in-
plane magnetic field (l0Hx). Figures 5(a) and 5(b) show the typical
differential Kerr images under an in-plane field of 6340mT. Notably,
the asymmetry of DW expansion along the x axis in the measurements
is due to the interplay between the internal l0HDMI and the external
l0Hx , from which l0HDMI can be estimated using l0Hx correspond-
ing to the slowest DW speed (see supplementary material Note V).
Figure 5(c) shows l0HDMI as a function of Ta in Pt/Co/Gd stacks,
where a slight decrease is observed upon annealing. Specifically,
l0HDMI for the as-dep sample is around 300mT, whereas in the case
of Ta ¼ 300 �C, l0HDMI reduces to 250mT. The DMI constant (D) is
then deduced from l0HDMI ¼ D=Ms

ffiffiffiffiffiffiffiffiffiffiffiffiffi
A=Keff

p
, where A is the

exchange stiffness constant of 16 pJ/m taken from the literature and
assumed to be constant for all samples.24 Note that a DMI constant of
1.1 mJ/m2 is observed for the as-dep Pt/Co/Gd stack, which is in rea-
sonable agreement with the previous report.24 In addition, although D
shows a decreasing trend with l0HDMI when increasing Ta [shown in
Fig. 5(c)], a considerable D value of 0.75 mJ/m2 is still observed for
300 �C annealing. Like the trends in AOS and DW velocities, the
results on iDMI could be explained by the modification of the
magnetic properties induced by intermixing, alloying, and other

related mechanisms at the Pt/Co and Co/Gd interfaces, which
leads to subtle changes in the exchange interaction between the
atoms near interfaces.

In conclusion, we have experimentally demonstrated enhancing
AOS and DW velocity through annealing in synthetic ferrimagnetic
Pt/Co/Gd stacks. Notably, toggle switching behavior is observed upon
annealing up to 300 �C, which is essential for the integration with MTJ
devices due to the required post-annealing process. Moreover, the
AOS threshold fluence reduces significantly upon annealing, which
indicates an enhancement of AOS energy efficiency for data writing.
In addition, a significant enhancement of DW velocity upon annealing
is also observed, which is in accordance with a reduction of the DW
pinning potential at the Co/Gd interface. Finally, a considerable DMI
value is observed for samples annealed up to 300 �C. Therefore, our
results demonstrate that the synthetic ferrimagnetic Pt/Co/Gd stack is
an ideal candidate for integrating AOS in spintronic devices, such as
MTJs or magnetic DW devices, which may pave the way toward ultra-
fast and energy efficient opto-spintronics memory application.

See the supplementary material for a detailed analysis of the
SQUID-VSM measurement, additional single-pulse and pulse-energy-
dependent AOS measurements, as well as DW velocity measurements
as a function of magnetic field pulses, and the determination of the
DMI effective field for annealed Pt/Co/Gd stacks.
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for Integrated Nanophotonics,” which was financed by the
Netherlands Organisation for Scientific Research (NWO). We

FIG. 4. (a) Typical differential Kerr image for the DW velocity measurement for
annealed Pt/Co/Gd stack. (b) DW velocity as a function of out-of-plane magnetic
field pulse. (c) Pinning potential (P) as a function of annealing temperature (Ta) for
Pt/Co/Gd stacks.

FIG. 5. (a) and (b) Typical differential Kerr images for the iDMI measurement for
the annealed Pt/Co/Gd stacks. (c) Effective DMI field (black cubes) and DMI con-
stant (red dots) of the annealed Pt/Co/Gd stacks as a function of Ta.
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