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Spin-Orbit-Torque Switching of Ferrimagnets by Terahertz Electrical Pulses
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In conventional spintronic devices, ferromagnetic materials are used, which have a magnetization
dynamics timescale of around nanoseconds, setting a limit for the switching speed. Increasing the magne-
tization switching speed has been one of the major challenges for spintronic research. In this work we take
advantage of the ultrafast magnetic dynamics in ferrimagnetic materials instead of ferromagnets, and we
use femtosecond laser pulses and a plasmonic photoconductive switch to create THz electrical pulses for
ferrimagnetic switching by spin-orbit torque. By anomalous Hall and magneto-optic Kerr effect (MOKE)
measurement, we demonstrate the robust THz-electrical-pulse-driven magnetization switching of ferri-
magnetic Gd-Fe-Co. The time-resolved MOKE shows more than 50-GHz magnetic resonance frequency
of Gd-Fe-Co, indicating faster than 20-ps magnetic dynamics. X-ray magnetic circular dichroism demon-
strates the antiferromagnetically coupled Fe and Gd sublattices. Our work provides a promising route to
realize ultrafast operation speed for nonvolatile magnetic memory and logic applications.
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I. INTRODUCTION

Spintronics provides an efficient platform for realizing
nonvolatile memory and logic applications [1,2]. In these
systems, data are stored in the magnetization of magnetic
materials, and the magnetization can be switched elec-
trically in the writing process. Electrical manipulation of
the magnetization is both fundamentally interesting and
practically important for spintronic devices [3,4]. To date,
two crucial issues need to be addressed: (1) reducing the
energy consumption [5] and (2) increasing the switching
speed [6]. There have been several approaches to reduce
energy consumption, such as voltage-controlled magneti-
zation [7–9], giant spin-orbit torque (SOT) in topological
insulators [10–16], and so on. As for the switching speed,
up to now, most spintronic devices are still operated on
a timescale of several nanoseconds, which corresponds
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to the GHz magnetic resonance frequency of ferromag-
netic materials. Ferrimagnets have antiferromagnetically
(AFM) coupled spin sublattices; as a result, the AFM
exchange coupling-induced magnetic resonance frequency
is of the order of 100 GHz near the compensation point
[17], which can achieve ultrafast magnetization switching
speed [18–24].

There have been efforts for realizing ultrafast all-optical
switching of ferrimagnetic materials [25], with circularly
polarized femtosecond laser pulses resulting in a switch-
ing speed of the order of tens of picoseconds [26–29].
Similarly, laser-induced hot-electron pulses have been
exploited to induce ultrafast switching dynamics in fer-
rimagnetic materials [30–32]. However, these methods
mainly rely on heating effects and have a relatively low
energy efficiency compared to electrical methods. There-
fore, ultrafast electrical switching of ferrimagnets pro-
vides a promising route with a high energy efficiency.
A recent work has demonstrated 6-ps electrical-pulse-
induced magnetization switching in a ferromagnetic Co
film [33]; however, ultrafast ferrimagnetic switching with
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FIG. 1. (a) Schematic of the
plasmonic photoconductive
switch + magnetic strip device
and the measurement setup. Fem-
tosecond laser pulses are focused
on the gap of the voltage-biased
photoconductive switch to excite
picosecond electrical currents,
which then provide ultrafast SOT
on the ferrimagnetic Gd-Fe-Co.
(b) Scanning electron micro-
scope image of the patterned
plasmonic photoconductive
switch + magnetic strip device.
(c) Rxy–Hz curve shows the
strong perpendicular magnetic
anisotropy of Gd-Fe-Co.

much faster AFM-type magnetic dynamics is still waiting
to be discovered.

In this work, a plasmonic photoconductive switch is
employed to generate THz electrical pulses by femtosec-
ond (150–200 fs) laser pulses [34], which is used to
provide ultrafast SOT switching [35–39] in Ta/Gd-Fe-Co
heterostructures. The magnetization switching is detected
by both the anomalous Hall effect (AHE) and the magneto-
optic Kerr effect (MOKE), which demonstrate the robust
magnetization switching by the ultrafast SOT, with a peak
current density of 107 A/cm2. Furthermore, more than
50-GHz magnetic dynamics of Gd-Fe-Co is detected by
the time-resolved MOKE (TR MOKE), further confirm-
ing the ultrafast magnetic dynamics of ferrimagnets. The
AFM-coupled Fe and Gd sublattices are detected by x-ray
magnetic circular dichroism (XMCD).

II. EXPERIMENTAL DETAILS AND RESULTS

Figure 1(a) shows a schematic of the device struc-
ture and the measurement method, where a plasmonic
photoconductive switch is connected to a magnetic strip
of a Ta(5)/Gd-Fe-Co(6)/MgO(2)/Ta(2) (thickness in
nanometers) heterostructure. Gd24(FeCo)76 is prepared by

the cosputtering method of Gd and FeCo targets, with
CoFe-rich magnetization at room temperature. When the
femtosecond laser pulses are focused on the gap of the
photoconductive switch, the charge carriers are excited
in the conduction band of low-temperature-grown GaAs,
which are subsequently accelerated by the bias voltage
(10 V). Based upon simulations in the Sentaurus soft-
ware package, the induced photocurrent response time is
estimated to be around 1 ps [40]. The magnetization of
Gd-Fe-Co is detected by either the AHE or the MOKE,
where an in-plane magnetic field is applied to break the
inversion symmetry between ±M for the deterministic
SOT switching. Figure 1(b) shows a microscopic image of
the photoconductive switch + magnetic strip device, where
the width of the magnetic strip is 20 μm. The Rxy–Hz
curve in Fig. 1(c) demonstrates the strong perpendicular
magnetic anisotropy of Gd-Fe-Co.

To test the device, we first perform all-electrical SOT
switching of the Ta/Gd-Fe-Co heterostructure by using
relatively long electrical pulses. Figures 2(a) and 2(b) show
the current-driven SOT switching, where the magnetiza-
tion is detected by the AHE resistance. In this measurement
scheme, a 1-ms writing current pulse is applied to the
switch the magnetization firstly, which is followed one
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FIG. 2. Current-driven SOT switching of the Ta/Gd-Fe-Co heterostructure under (a) Hx = +50 Oe and (b) Hx =−50 Oe. (c) SOT-
driven magnetic domain switching measured by the MOKE microscope. (d) Switching current density Jc as a function of the pulse
width of the writing current.

second later by another 1-ms reading current pulse to
detect the AHE resistance. Under ±50-Oe in-plane mag-
netic field Hx, the current-induced switching polarity
changes, which is a typical SOT characteristic. The switch-
ing current density Jc is around 1.1 × 107 A/cm2 for the
1-ms writing pulse, which is similar to that of previ-
ous reports [22,41,42]. MOKE microscope is employed
to detect the magnetic domain directly, which also clearly
shows the robust SOT-driven magnetic domain switching,
as shown in Fig. 2(c). In order to figure out the current-
induced Joule heating effect on the SOT switching, we
change the writing pulse width from 0.5 s to 10 ns, as
shown in Fig. 2(d). Jc significantly increases for the writ-
ing pulse width from 0.5 s to 1 ms, and then slightly
changes from 1 ms to 10 ns, indicating Joule heating is
not a dominant effect with shorter writing pulses.

The magnetic precession period (tens of picoseconds)
of the Gd-Fe-Co samples is more than 2 orders of mag-
nitude shorter than the duration time of the writing pulses
in Fig. 2(d) [17]. It is therefore reasonable to expect that
the SOT switching of Gd-Fe-Co could be achieved in
devices subjected to significantly shorter writing pulses.
Previous time-resolved magnetization studies of Gd-Fe-Co
structures report full magnetization switching in structures
subjected to picosecond-length optical excitation [25–32].
However, these previous results are both rooted in thermal

effects; therefore, the demonstration of deterministic, ultra-
fast, and electrical switching of Gd-Fe-Co magnetization is
highly desirable from a technological perspective.

To test the temporal limitations of SOT switching in the
Ta/Gd-Fe-Co heterostructure, we perform experiments on
devices subjected to picosecond-duration electrical pulses.
These ultrashort electrical excitations are generated by
illuminating a dc biased photoconductive switch with the
femtosecond output of a mode-locked Ti:sapphire laser. A
typical device used for these experiments is depicted in
Fig. 1(b). Given the duration of the laser pulse (approxi-
mately 150 fs) and the known carrier lifetime within the
switch (approximately 300 fs), electrical pulses of the
order of 1-ps duration are predicted by simulations in the
Sentaurius software package. By tuning the applied laser
power (100 mW) and the bias voltage (10 V), average cur-
rents as high as 10 μA are observed in these devices, equat-
ing to a peak density of 107 A/cm2 for picosecond currents.
When testing the viability of ultrafast SOT switching in our
devices, we apply an in-plane magnetic field to the device
under test to break the inversion symmetry between ±M.
Experiments are performed by illuminating the switch for
approximately 1 minute, and then reading out the magne-
tization state through measurements of the AHE resistance
[Fig. 3(a)] and the Kerr rotation angle [Fig. 3(b)]. Signif-
icantly, we observe that the magnetization states of the
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FIG. 3. (a) Femtosecond laser pulses are applied at the gap of the plasmonic photoconductive switch to excite picosecond (THz)
electrical current pulses under bias voltage, and then provide an ultrafast SOT on the Ta/Gd-Fe-Co heterostructure, where the mag-
netization is detected by AHE resistance. When the bias voltage polarity is switched between +10 V and −10 V, the sign change of
the AHE resistance demonstrates the magnetization switching between up and down states, which indicates the SOT switching rather
than thermal-induced switching. (b) THz-electrical-pulse-driven magnetization switching detected by the MOKE method.

device are indeed switched when subject to this proce-
dure. We observe that the final magnetization state of our
devices is dependent upon the polarity of the bias voltage
across the switch, as shown in Figs. 3(a) and 3(b), indi-
cating that this magnetization switching primarily comes
from THz-electrical-current-induced SOT, rather than as a
consequence of thermal effects.

While deterministic switching is observed in our ultra-
fast measurements, the measured Hall and Kerr signals

provided in Figs. 3(a) and 3(b) do not fully return to their
initial state upon magnetization reversal, and appear to
drift slightly over many switching cycles. The failure to
recover the Hall resistivity and Kerr rotation observed at
full magnetization is likely an indicator of only partial
SOT switching in these devices, resulting in a multido-
main final state. That the Hall resistance and Kerr rotation
of the final state drift following several switching cycles
stems from an asymmetry in the current generated in our

(a) (b)

FIG. 4. (a) Normalized dynamic TR-MOKE signals for the Ta/Gd-Fe-Co heterostructure. (b) Magnetic resonance frequency as a
function of the magnetic field.
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FIG. 5. Probing magnetic states of Fe and Gd by using element-specific XMCD. (a) Scheme of spin-dependent absorption excited by
circularly polarized x-rays. μ(+) represents right-handed circularly polarized x rays, triggering excitation for spin down. Ferrimagnetic
coupling between Fe and Gd with net magnetization (b) downward and (c) upward treated by SOT. (d) XAS signals at Fe L3 and L2
edges acquired from the magnetic states corresponding to (b),(c) along with the XMCD gained by the difference between these two
XAS signals. (e) XAS signals at Gd M 5 and M 4 edges acquired from the magnetic states corresponding to (b),(c) along with the
XMCD gained by the difference between these two XAS signals. The x-ray absorption spectra in (d),(e) are all acquired with fixed
x-ray helicity μ(+).

photoconductive switch upon the reversal of the external
bias.

We show that THz electrical pulses can efficiently
switch the ferrimagnetic Gd-Fe-Co, while another impor-
tant question is how fast is the magnetization switching
speed? In order to answer this question, we perform TR-
MOKE measurements [43–45] to pick up the magnetic
dynamics of the ferrimagnetic Gd-Fe-Co: an optical pump
laser pulse is applied to excite the magnetic dynamics of
a Gd-Fe-Co blanket film by the ultrafast demagnetization
and recovery process, and the probe laser is followed to
detect the spin state of Gd-Fe-Co with a time delay. By
changing the delay time between pump and probe laser
pulses, we can get the time-resolved magnetic dynamics
of Gd-Fe-Co, i.e., TR MOKE. Figure 4(a) shows a typi-
cal TR-MOKE curve of the Ta/Gd-Fe-Co heterostructure
under H = 15 kOe. To extract precession frequency f, the
dynamic Kerr signals are fitted by using the following
expression [46]:

θk = c0 + c1 exp(t/t0) + c2 sin(2π ft + ϕ) exp(−t/τ),
(1)

where c0 is the background signal. The second term is an
exponential decaying signal representing the slow recovery
process, where c1 is the amplitude and t0 is the characteris-
tic relaxation time. c2, f, ϕ, and τ in the third term represent
the magnetization precession parameters of amplitude, fre-
quency, initial phase, and decay time, respectively. The
fitted frequencies under different H are shown in Fig. 4(b),
which is consistent with our expectations. From the fitting,
we can get a magnetic resonance frequency of Gd-Fe-Co
of as large as 52.4 GHz, which corresponds to a faster than
20-ps timescale of magnetic dynamics.

In order to monitor the AFM-coupled sublattice switch-
ing, we perform element-specific x-ray absorption spec-
troscopy (XAS) [47,48] [schematically shown in Figs.
5(a)–5(c)], which covers the Fe L3 and L2 absorption edges
[Fig. 5(d)] and the Gd M 5 and M 4 edges [Fig. 5(e)] with a
fixed x-ray helicity μ(+) and varying SOT current polari-
ties (±2.0 × 107 A/cm2). The appearance of XMCD for Fe
and Gd acquired by their XAS difference triggered by 1-
ms current pulses ±I suggests the current (SOT)-induced
spontaneous magnetization switching of Fe and Gd sublat-
tices. The current-driven XMCD signals clearly show the
AFM-coupled SOT switching for Fe and Gd sublattices in
the ferrimagnetic Gd-Fe-Co in terms of the opposite sign
of Fe and Gd XMCD. A sum-rule calculation is performed
to quantitatively verify the atomic moments of Fe and Gd,
which are 2.1μB and 2.36μB, respectively. The results are
very close to the reported values for Fe and Gd [49,50],
suggesting the complete switching of the two sublattices.

III. CONCLUSION

In summary, by combing a plasmonic photoconduc-
tive switch with a Ta/Gd-Fe-Co heterostructure, THz
electrical pulses are applied to provide ultrafast SOT,
where both AHE and MOKE measurements demon-
strate the robust ultrafast SOT-induced magnetization
switching. The TR-MOKE measurement demonstrates a
more than 50-GHz magnetic resonance frequency, indi-
cating the ultrafast magnetic dynamics of ferrimagnetic
Gd-Fe-Co. XMCD signals detect the AFM-coupled sub-
lattice (Fe and Gd) switching of ferrimagnetic Gd-Fe-Co.
These results demonstrate the THz-electrical-pulse-driven
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magnetization switching of ferrimagnets, with great poten-
tial for future ultrafast spintronic applications.
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