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Ultrafast switching in synthetic 
antiferromagnet with bilayer 
rare‑earth transition‑metal 
ferrimagnets
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In spintronics, it is important to be able to manipulate magnetization rapidly and reliably. Several 
methods can control magnetization, such as by applying current pulses or magnetic fields. An applied 
current can reverse magnetization with nanosecond speed through the spin torque effect. For faster 
switching, subpicosecond switching with femtoseconds laser pulse has been achieved in amorphous 
rare-earth transition-metal ferrimagnets. In this study, we employed atomistic simulations to 
investigate ultrafast switching in a synthetic antiferromagnet with bilayer amorphous FeGd 
ferrimagnets. Using a two-temperature model, we demonstrated ultrafast switching in this synthetic 
antiferromagnet without external magnetic fields. Furthermore, we showed that if we initially 
stabilize a skyrmion in this heterostructure, the ultrafast laser can switch the skyrmion state using 
the same mechanism. Furthermore, this bilayer design allows the control of each ferrimagnetic layer 
individually and opens the possibility for a magnetic tunnel junction.

The ability to control magnetization is a critical component of designing memory and logical devices. In thin 
films, magnetizations are commonly manipulated through current or external fields. In spintronic devices, 
currents are often used to induce spin-transfer torque and spin-orbit torque to reliably switch magnetizations 
without magnetic fields1–5. Besides electrical current, a laser pulse can also induce changes in magnetization. 
Subpicosecond demagnetization with femtosecond laser pulse was first observed in ferromagnetic nickel film6. 
Since then, ultrafast manipulation of magnetization has drawn considerable interest for its potential applica-
tions. In ferromagnets, a multistep procedure has been demonstrated to switch magnetization7–10. For example, 
in FePt nanoparticles, magnetizations are first thermally demagnetized, then re-magnetized through the laser-
induced inverse Faraday effect9. In antiferromagnets, optical switching of antiferromagnetic order is observed 
in multiferroic TbMnO3 at 18 K11. Furthermore, reliable all-optical switching of magnetization in easy-plane 
CrPt has been proposed by utilizing the inverse Faraday effect12. Nonetheless, one-shot all-optical subpicosecond 
switching has only been observed in ferrimagnets, such as rare-earth transition metal (RE-TM) ferrimagnets13–20 
and recently, Mn-based crystalline alloys21.

Amorphous RE-TM ferrimagnetic films are one of the more appealing materials for applications. They consist 
of two antiferromagnetically coupled RE-TM sublattices, which align in an antiparallel direction. There exists a 
compensation temperature (TComp ) where the magnetic moments of the two sublattices cancel each other and 
magnetization goes to zero22,23. RE-TM films contain several attractive properties, including perpendicular 
magnetic anisotropy (PMA)24,25 and high domain wall velocity26,27. Furthermore, they are deposited at room 
temperature28 and their composition can be tuned to adjust magnetization and coercivity23,28. Recent experiments 
also observed skyrmions in RE-TM thin films27,29–31. One of the most intriguing properties of RE-TM ferrimag-
net is the access to one-shot all-optical ultrafast switching13–20. In previous studies, it is revealed that angular 
momentum exchange between the two different sublattices is a key ingredient in all-optical switching15,32,33. 
The requirement of having two different sublattices makes ferrimagnets, such as RE-TM, one of the few PMA 
materials to have this capability.

In this study, we investigate laser-induced ultrafast switching in a synthetic antiferromagnet (SAF) formed 
from a bilayer RE-TM ferrimagnet . A schematic diagram of this heterostructure is shown in Fig. 1. In this het-
erostructure, two different compositions of 5 nm thick FeGd combine to form a 10 nm thick SAF, with one layer 
having T Comp above room temperature and the other having T Comp below room temperature. Such control of 
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T Comp in RE/TM films has been achieved experimentally by tuning composition of Fe and Gd23, where a higher 
T Comp was achieved by increasing rare-earth concentration. To elaborate, this SAF arises from the cancellation 
of magnetization between the top and bottom FeGd layer. The magnetization in each layer is designed to be 
opposite but equal in magnitude at room temperature. This is obtained by choosing the T Comp of the top layer to 
be 350 K and the T Comp of the top layer to be 250 K. This heterostructure presents several advantages. Compared 
to SAF with ferromagnet or multilayer RE/TM films, SAF with RE-TM allows more flexible tuning of each layer. 
The thickness34,35 and composition23 of each layer can be varied while the net magnetization stays zero, and 
PMA remains robust. In contrast, SAF with ferromagnet and multilayer RE-TM films are limited in thickness 
and composition to maintain PMA18,36. Furthermore, the use of thicker layers diminishes the relative strength 
of interface exchange on an individual layer. This opens the possibility of switching each layer individually. In 
this study, we explored laser-induced ultrafast switching in SAF with RE-TM by using a two-temperature model 
for laser irradiation37,38. We found deterministic spins switching in this heterostructure, like those observed 
in single-layer RE-TM films. More importantly, synchronized switching are found within the same sublattice 
in the FeGd bilayer. Furthermore, we stabilized skyrmions in this heterostructure as initial states and found 
switching remains robust with a laser pulse. These findings pave the way to employ SAF with a bilayer RE-TM 
for spintronics applications.

Results and disscussions
Figure 2 shows the results of ultrafast switching in SAF with FeGd after laser pulses. Initially, the spins of Fe 
sublattices are pointing down (- z-direction) and the spins of Gd sublattices are pointing up (+ z-direction). The 
spins are initialized by the application of a 0.01 T out-of-plane magnetic field, and no external fields are applied 
after initialization and during the application of laser pulses. This is a stable configuration in this heterostructure 
as the exchange couplings between the two FeGd layers align the spins within the same sublattice parallel and the 
spins in different sublattices antiparallel. Also, magnetic anisotropy in FeGd holds the magnetic moment in an 
out-of-plane direction without an external field. After the application of a 100-fs laser pulse with 30 J/m2 fluence, 
the magnetic moments in both sublattices reverse. As shown in Fig. 2b, spins in Gd sublattices reverse from the 
positive to the negative direction, and spins in Fe sublattices reverse from the negative to the positive direction. 
Furthermore, Gd spins in both layer 1 and layer 2 reverse simultaneously and the same switching is observed in 

Figure 1.   A schematic diagram of a synthetic antiferromagnet used in this study. Two 5 nm thick FeGd 
combines to form the synthetic antiferromagnet. In this study, layer 1 has T Comp at 350 K, above room 
temperature, and layer 2 has T Comp at 250 K, below room temperature. The z-direction in this study is defined as 
the out-of-plane direction.

Figure 2.   (a) Time evolution of magnetic moment per atom with application of a 100-fs laser pulse with 30 J/m2 
fluence every 100 ps. (b) Time evolution of total magnetic moment of Gd and Fe sublattice in each FeGd layer with 
application of a laser pulse every 100 ps.
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Fe spins of both layers. From Fig. 2a, the total moment deviates from zero after the excitation by a laser pulse. This 
is due to the different exchange couplings and relaxation time of Fe and Gd sublattices. As discussed by previous 
publications14–16, RE and TM sublattice have different relaxation times and lead to a transient state, where spins 
in RE and TM align in parallel after the first few picoseconds of a laser pulse. In this SAF, within picoseconds 
the initial spike in magnetic moment corresponds to the transient state, matching the previous study of single-
layer RE-TM films. After the initial spike, a large downward spike is observed. This is the consequence of the 
high temperature from the laser pulse. As a result, the magnetic moments are not synchronized in one direction 
and lead to a smaller total moment. Then, as the temperature cools down, the spins in Fe sublattice, which has 
stronger coupling, become more aligned, which leads to an increase in the total moment. As the temperature 
cools down further, the magnetic moment begins to decrease. This is explained by the gradual alignment of the 
Gd sublattice over this period, which points opposite to the Fe atoms, and the spins begin to relax back to one of 
the ferrimagnetic ground states. After 100 ps, the total magnetic moment approaches back to zero. From Fig. 2b, 
the moments of each sublattice are now pointing in opposite directions, corresponding to opposite spin directions 
from the initial configuration. Subsequence laser pulses, which were applied every 100 ps, show deterministic 
switching of spins in this heterostructure.

To validate the repeatability of this switching, we repeated the simulations with various laser fluence and 
laser pulse width. Figure 3 shows the switching rate of spins in SAF with FeGd with laser fluence from 25 J/m2 
to 60 J/ m 2 and laser pulse widths of 35 fs, 50 fs, 100 fs, and 150 fs. The simulations have repeated 128 times 
for each set of fluence and laser pulse width, and the switching rate is the percentage of switching observations 
out of 128 simulations. From Fig. 3, the switching rate is similar in all four laser pulse width (35 fs, 50 fs, 100 
fs, and 150 fs) for various fluences. On the other hand, varying laser fluence has a significant impact on the 
switching rate. With a laser fluence of 25 J/ m 2 , the switching rate is near zero. As the laser fluence increases to 
30 J/ m 2 , the switching rate increases to about 70 %. Between laser fluence of 35–45 J/ m 2 , the switching rate 
is above 90 %. Above 45 J/ m 2 , switching decreases with increases in laser fluence, reducing to about 60 % at a 
laser fluence of 60 J/ m 2 . While the mechanisms behind this dependence remain unknown, this phenomenon 
is likely related to the angular momentum exchange between the Fe and Gd sublattices. As discussed in other 
publications15,33,34, angular momentum exchange between the two different sublattices is a crucial component 
of all-optical switching in RE-TM films. From intuition, at low laser fluence ( < 25 J/ m2 ), there is not enough 
energy to initiate the exchange of angular momentum, resulting in a zero switching rate. For high laser fluence 
( > 45 J/ m2 ), an excess temperature may lead to excessive fluctuations in spins and reduces the effectiveness 
of angular momentum exchange between the two sublattices.While the temperature differences for different 
fluences certainly play a role in the switching rate, they also affect the angular momentum exchange between 
the two sublattices in the switching process. Further investigations are needed to reveal the underlying reasons, 
which are beyond the scope of this study.

We further investigate the potential of using ultrafast switching in other magnetic states in RE-TM ferrimag-
nets. Figure 4 shows the ultrafast switching of a 20 nm skyrmion in SAF with FeGd. This skyrmion was initially 
stabilized through the interfacial Dzyaloshinskii-Moriya interaction39,40 under 0.01 T. Details of this skyrmion 
calculation were discussed in previous publications41. As seen in Fig. 4b, initially, the spins of Fe and Gd sublat-
tices form a skyrmion. In Fe sublattice, the spins in the core of a skyrmion are pointing in the positive direction 
and the spins outside are pointing in the negative direction. The spins in Gd sublattice align antiparallel to the 
spins in Fe sublattice. After applying a 100 fs laser pulse with 30 J/m2 fluence, the spins in the heterostructures 
reverse from the initial configuration. As the spins relax, they relax back to a skyrmion configuration with spins 
opposite to the initial configuration, as illustrated in Fig. 4b. From Fig. 4a, subsequence laser pulses show the spin 
reversal process is repeatable. This reversal of spin texture likely arises from the angular momentum exchange 
between the two different sublattices, which leads to maintaining spin texture in a subpicosecond timescale. 
This result demonstrates another unique feature of all-optical switching in RE-TM ferrimagnet. Furthermore, 
this bilayer design opens up the possibility to incorporate into a magnetic tunnel junction. One can introduce 

Figure 3.   Switching rate of magnetization in synthetic antiferromagnet with bilayer FeGd as a function of laser 
fluence. Simulations at each fluence is repeated 128 times and the switching rate is the percentage of switching 
occurred out of 128 simulations. Error bars correspond to one standard deviation from avenging. 35 fs (green), 
50 fs (blue), 100 fs (red) , and 150 fs (purple) shows similar switching rate.
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exchange bias by adding an antiferromagnetic layer on top of the top FeGd layer. By doing so, the exchange bias 
effect from the antiferromagnetic layer can enhance or reduce the barrier of switching in the top FeGd layer, 
which results in parallel or anti-parallel spins in each sublattice between the top and bottom FeGd layer. Of 
course, such heterostructure will need to be tested and optimized experimentally.

Conclusions
We have performed atomistic simulations to study all-optical ultrafast switching in a 10-nm thick synthetic anti-
ferromagnet with bilayer amorphous rare-earth transition-metal ferrimagnet. Through this study, we confirmed 
deterministic spin switching in the synthetic antiferromagnet by a femtosecond laser pulse. Furthermore, we 
demonstrated the reversal of magnetization in a skyrmion using a laser pulse. These results indicate promise 
in the applications of synthetic antiferromagnet with ferrimagnetic heterostructures in future energy-efficient 
high-density spintronic devices.

Methods
We built an atomistic model of Fe and Gd atoms on the FCC lattice with in-plane periodic boundary conditions. 
The Fe and Gd atoms are randomly distributed in the FCC lattice. For a 10 nm thick SAF, this model contains 
32 x 32 x 32 sites, with half the sites (32 x 32 x 16) belonging to each layer of 5 nm thick RE-TM in the SAF. A 
semi-classical two-temperature model is employed to calculate the temporal evolution of electron and lattice 
temperature under the application of femtosecond laser irradiation37,38. Figure 5 shows the temperature profile 
of a 100 fs laser pulse with 30 J/m2 fluence. Within 0.1 ps, the electronic temperature reaches a peak of over 
1300 K, and the lattice temperature reaches just below 600 K. Both temperatures are above the measured Curie 
temperature of 540 K42. The atomistic spins are coupled to the electron temperature in the two-temperature 
model37,38. A stochastic Landau-Lifshitz-Gilbert (LLG) equation is used to model the magnetization dynamics43. 
Table 1 summarizes the parameters used for modeling magnetization dynamics, which were obtained from 
Ostler et al. and Radu et al.14,42. The anisotropy (Ku ) is along the z-direction. The Dzyaloshinskii-Moriya inter-
action (DMI) follows an exponential decay, with the DMI decays from the bottom interface41. The strength of 
the interfacial DMI is 1.2 mJ/m2 . Initially, we applied an out-of-plane magnetic field to align the spins in both 
sublattices in the out-of-plane direction, with the Gd sublattice pointing parallel to the + z direction. To create 
the initial state with skyrmion, a 0.01 T magnetic field is applied41. After initialization, the magnetic field is set 
to zero throughout the calculation.

Figure 4.   Ultrafast switching of a skyrmion in a synthetic antiferromagnet with bilayer FeGd. (a) Time 
evolution of magnetic moment after application of a 100-fs laser pulse with 30 J/m2 fluence. (b) Schematic 
representation of spins in Fe and Gd sublattice before and after switching by laser pulse. Inserted figures 
indicate the top-view of the color mapping of out-of-plane reduced magnetic moments (mz ) in both Fe and Gd 
sublattices, before and after switching by laser pulse. Red colors represent down magnetic moments, blue colors 
represents up magnetic moments, and white colors represent in-plane magnetic moments. Both layer of FeGd 
are shown here, where the top half of each schematic correponds to the top FeGd layer and the bottom half 
corresponds to the bottom FeGd layer.
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Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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