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Spintronics could potentially deliver low-power logic and mem-
ory devices, but, for many applications, spintronic devices are 
currently limited by their speed of operation1. Femtosecond 

lasers can be used to control magnetization in magnetic materials 
such as gadolinium–iron–cobalt (GdFeCo), on picosecond tim-
escales2–4. However, ultrafast optics are not compatible with the 
standard processes of integrated circuits and memories. Ultrafast 
electrical control of magnetization is, therefore, strongly preferred.

It is generally thought5,6 that coherent reversal of the magnetiza-
tion of a system has a timescale that is limited to half the natural pre-
cessional period of the system, termed the ferromagnetic resonance 
frequency (FMR). However, according to the Landau–Lifshitz–
Gilbert (LLG) equation that governs the magnetization dynamics, 
if a strong effective magnetic field is applied (by exploiting spin 
torques for example), the magnetization switching timescales can be 
reduced below the FMR half-period limit. Furthermore, the FMR 
frequencies of ferromagnetic materials are often assumed5,6 to be of 
the order of a few gigahertz, limiting the switching of magnetiza-
tion to around a nanosecond. However, most industrially relevant 
ferromagnetic systems are thin films with strong perpendicular 
magnetic anisotropy fields (Ha)—typically7 around 1 T and up to 
5 T. The half period of such a system is given by π/γHa, where γ is the 
gyromagnetic ratio8. Therefore, a system with a large Ha has a high 
FMR frequency and can reach half-periods of less than 20 ps.

Current-induced magnetization switching via spin transfer 
torque (STT) has been demonstrated experimentally9 using short 
current pulses down to 50 ps in in-plane magnetized samples. Such 
STT devices have a first magnetic layer to polarize the applied cur-
rent. The spin-polarized electrical current is then injected into 
a second softer magnetic layer. The current imparts a torque and 
switches the magnetization of the soft magnetic layer10. The two 
magnetic layers are typically separated by a thin insulating barrier 

to allow a readout of the magnetic state via the tunnelling magneto 
resistance effect. In practice, switching in STT devices is limited 
to nanosecond timescales11, because shorter current pulses would 
require increased current densities that would damage the tunnel 
barrier12. An alternative approach is to use spin–orbit torque13,14 
(SOT). SOT devices use materials or interfaces with high spin–
orbit coupling to generate torques in response to an applied cur-
rent15. Because of the geometry of SOT devices, where the current 
does not flow through the barrier, current-induced magnetization 
switching in these devices is faster than in STT devices. Switching 
in SOT devices has been demonstrated with current pulses as short 
as 200 ps (refs. 12,16).

Control of the magnetic order of materials via SOT using pico-
second electrical pulses could potentially be compatible with main-
stream electronics. Picosecond-ready commercial complementary 
metal–oxide–semiconductor (CMOS) transistors have, in fact, been 
available17 since 2007. However, switching SOT devices at timescales 
shorter than 200 ps is challenging due to the limitations of scientific 
instruments in terms of bandwidth and amplitude. Although photo-
conductive switches18 have been used to apply a sub-10-ps electrical 
pulse19 to switch the magnetization of a GdFeCo thin film, the switch-
ing mechanism for the reversal of ferrimagnetic order in GdFeCo is 
not applicable to most magnetic materials. In particular, the mag-
netic moment of GdFeCo is reversed when a current pulse is applied, 
independent of the current polarity, due to the effects of rapid Joule 
heating19,20. An approach to manipulate the magnetization based on 
the polarity of the current would be preferable for practical devices.

In this Article, we show that photoconductive switches can 
generate electrical pulses of 6 ps that can be injected into a hetero-
structure comprising a thin cobalt magnetic film. By manipulating 
the polarity of the injected current pulses relative to an in-plane 
magnetic field, we demonstrate complete reversal of the Co magnetic  
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moment via SOT. We measure the magnetization dynamics and 
fit macrospin simulations to confirm that the switching originates 
from SOT. We also show that Joule heating plays an important role 
at these ultrafast timescales. Our platform is compatible with a wide 
range of materials.

Device, set-up and quasi-static switching
We deposited a Ta(5 nm)/Pt(4 nm)/Co(1 nm)/Cu(1 nm)/Ta(4 nm)/
Pt(1 nm) stack (Fig. 1a) on both glass and GaAs substrates 
(Methods). The Co layer has perpendicular magnetic anisotropy 
(Fig. 1c). The bottom Pt and top Ta layers were chosen for their 
opposites spin Hall angle signs to enhance the torques on the Co 
layer21 (details about the sample are provided in the Methods). 
We fabricated the Hall structures shown in Fig. 1b and performed 
field-driven (Fig. 1c) and current-driven (Fig. 1d) magnetic hyster-
esis loops by monitoring the Hall resistance. For the current-driven 
case we used 100-µs-long current pulses while applying a uniform 
and constant in-plane symmetry-breaking magnetic field Hx. We 
found that the critical current density Jc for switching the mag-
netization is ~2 × 1011 A m−2 for a 160-mT field and is inversely 
proportional to the in-plane field, as expected from SOT-driven 
switching13,22,23 (Extended Data Fig. 1). The sample switches to −Mz 
(+Mz) when the in-plane magnetic field and the charge current 
are parallel (antiparallel), in agreement with a SOT rising from the 
combination of the spin Hall effect from both heavy metals24,25.

We used low-temperature GaAs (LT-GaAs) photoconductive 
switches to generate picosecond pulses of high intensity18 (shown in 
Fig. 2; sample fabrication and pulse generation details are provided 
in the Methods). The bias voltage ΔV allowed us to select the ampli-
tude and polarity of the current. To generate high-current pulses 
we excited the switches with an amplified 5-kHz-repetition-rate 
laser system with 30-fs laser pulses centred at 800 nm. The use of 
this laser system with our photoswitches resulted in 6-ps-duration 

(τp) high-intensity current pulses (shown in the graph in Fig. 2). We 
measured the pulse duration with a TeraSpike free-standing elec-
tric field detector (Methods). After excitation, the electrical pulses 
propagated (Fig. 2) on Au coplanar waveguides and were focused 
into the magnetic structure by an impedance-matched taper.

Picosecond current pulse switching and dynamics
Figure 3 presents polar magneto-optical Kerr effect (MOKE) 
micrographs of the initial configuration and final state after a 
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Fig. 1 | Sample and switching behaviour via field and current. a, Magnetic sample stack. Values in parentheses are in nm. b, Patterned Hall bar using the 
magnetic stack and gold contact pads. c,d, Using the electrical connections shown in the schematic in b, anomalous Hall resistance (RAHE = VH/I) was 
measured as a function of out-of-plane magnetic field (Hz) (c) and 100-µs current pulses under a 160-mT in-plane field (Hx) (d).
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Fig. 2 | Set-up for the generation of picosecond electrical pulses and 
magneto-optical detection. The optical pump excites the photoconductive 
switch to generate ~6-ps-duration electrical pulses, which are guided and 
focused by a coplanar waveguide into the magnetic stack, resulting in 
ultrafast SOTs. The sampled picosecond current pulse is shown at the back 
of the figure. The solid green line is a guide to the eye.
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single 6-ps electrical pulse, for various configurations. In each of 
the four quadrants of Fig. 3 we test combinations of current I and 
in-plane magnetic field Hx directions. Again, we observe that paral-
lel (antiparallel) current pulses and field result in −Mz (+Mz), just 
as expected by the symmetries of the SOTs in the prepared stack. 
Moreover, we observe that the final state is independent of the initial 
magnetic state of our stack. We injected up to 10 successive pulses 
of the same polarity and observed no difference in the final state. 
We successfully repeated the experiment (initial saturation + single 
shot) at the switching voltage n = 35 times. We can thus estimate 
a >91% switching probability with a 95% confidence interval (as 
per the ‘rule of three’, P > 1 − 3/n). As soon as the bias voltage ΔV 
is decreased below 40 V, no more reversal is observed. When the 
in-plane field is reduced below Hx ≈ 120 mT, no reversal is observed, 
probably requiring higher current densities, as also observed by 
Garello and colleagues12. In this work, we did not explore higher 
current densities to avoid the risk of degradation or permanent 
damage of the photoswitch. To test the device endurance, we sub-
jected the device to electrical pulses under switching conditions 
(ΔV ≈ 40 V) at a repetition rate of 5 kHz, for 5 h (>108 pulses). After 
the endurance testing, we noticed no degradation or change to the 
electrical and magnetic properties.

To measure the ultrafast magnetic response to the current pulses, 
we performed time-resolved MOKE measurements under various 
configurations of current polarity and magnetic fields. We were 
unable to obtain time-resolved switching dynamics because of 
technical limitations (Supplementary Information). We therefore 
performed low-intensity time-resolved studies with an 80-MHz 
oscillator laser with ~250-fs-duration pulses centred at 780 nm 
(Methods). With this system we obtained 3.7-ps-duration electri-
cal pulses (inset, Fig. 4a). In these experiments, we monitored the 
change in the out-of-plane component of the magnetization (ΔMz) 
via polar MOKE with a time-delayed (Δt) probe pulse. The typical 
magnetic response to the pulses is shown in Fig. 4a.

We first focus our attention on the dynamics under zero in-plane 
field (black symbols, Fig. 4a). The response of the Co magnetization 
to the current is instantaneous (see Methods for the time-delay Δt 
calibration). For both +Mz and −Mz, the out-of-plane magnetiza-
tion decreases abruptly and slowly recovers. The decrease of |Mz| 
is due to two mechanisms. First, the SOT pulls the magnetization 
towards the plane. Second, the picosecond charge current induces 
Joule heating, which leads to an ultrafast loss of magnetic order20, 
commonly known as ultrafast demagnetization20,26. The latter mech-
anism and the subsequent slow cooling by heat diffusion explain the 
slow recovery at long time delays (350 ps, black curve, Fig. 4a,b).

We now focus on the dynamics under in-plane magnetic fields 
(blue and red symbols, Fig. 4a). Unlike in the zero-field case (black 
symbols, Fig. 4a), the magnetic moment is not initially oriented 
along z. In the presence of an in-plane field pointing along x, the 

moment at negative time delays is tilted in the x–z plane to be paral-
lel with the effective field Heff(Δt < 0) (Fig. 4c). The in-plane field 
breaks the symmetry of the system and, together with the injected 
spin polarization σy, determines the sign for the observed coher-
ent precession. A parallel (antiparallel) in-plane field and current 
causes the moment to precess towards (away from) −z, causing ΔMz 
to decrease (increase) on a 10-ps timescale. This occurs regardless 
of the initial up (+Mz) or down (−Mz) state, as expected from SOT 
and in agreement with the result of our quasi-static SOT switching 
experiments from Fig. 4d.

The precessions in Fig. 4a are offset by the heating-induced 
demagnetization (reduction of |Mz|). In addition to reducing the 
magnetization, ultrafast Joule heating reduces the magnetic anisot-
ropy. We also depict this effect in Fig. 4e. As the temperature rises, 
the anisotropy field Ha(T) drops and, under a constant external 
field, the angle (and amplitude) of the effective field Heff(Δt > 4 ps) 
changes. The moment experiences a torque τHeff due to the change in 
angle of Heff. The torque τHeff is enhanced by the damping-like SOT 
τDL, which pulls the moment even further from Heff. The torque τHeff, 
which we call the thermal anisotropy torque, is commonly used in 
ultrafast pump–probe FMR experiments as a way to trigger oscil-
latory dynamics27,28. Surprisingly, the thermal anisotropy torque 
alone can lead to a complete switching of the magnetization of a 
ferromagnet, as was recently demonstrated using femtosecond opti-
cal pulses29. In our experiments, the thermal anisotropy torque can 
assist the SOT in the switching of the magnetization.

Macrospin modelling
To understand the ultrafast dynamics, we use a simple LLG mac-
rospin model. The model includes SOTs and ultrafast Joule heat-
ing (for details see the Supplementary Information). The model 
assumes simplistic temperature dependence laws for the anisotropy 
and magnetization to calculate the thermal anisotropy torques. We 
fix Ms from vibrating sample magnetometry measurements. We 
set the damping and anisotropy at room temperature using opti-
cally excited time-resolved MOKE measurements27. We also had to 
include a number of electrical reflections of the current pulses from 
the end of the transmission lines, which affect the magnetization 
dynamics. The resulting best fits are shown in Fig. 4b. The best fits 
resulted in a damping-like and field-like spin Hall angles of 0.2 and 
0.05, respectively, consistent with literature values30. The fit repro-
duces most features observed in the data accurately, despite the sim-
plicity of the model.

We now describe the model predictions of the dynamics in 
response to current pulses in the presence of an in-plane field. 
The model predictions are shown in Fig. 4b–e: the magnetiza-
tion m is initially in its equilibrium position, along Heff(Δt < 0), 
as in Fig. 4c. As soon as the current pulse arrives, a damping-like 
SOT31 τDL ≈ m × m × σy brings the magnetization towards the y axis, 

Hx = –160 mT Hx = +160 mT

+I

Hz Hz Hz Hz

Initial state Initial Initial InitialFinal Final Final Final

–I

Fig. 3 | MoKE micrographs of single 6-ps electrical pulses switching the magnetization via Sot. The four quadrants show two before-pulse and two 
after-pulse images under different in-plane field and current directions. The inversion of the final state with current or in-plane field is a clear signature of 
SOT switching. Bias voltages used for switching were slightly above the critical threshold (ΔV ≈ 40 V). Light and dark grey indicate magnetization down 
and up, respectively.
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regardless of the injected spins σy (initial drop in ΔMz on blue and 
red curves in Fig. 4b), as depicted in Fig. 4d. At the same time, heat-
ing changes the effective field by decreasing Ha. As m is torqued 
away from its initial position, precession around the evolving effec-
tive field begins. Because of the drop in Ha, the precession plane 
around Heff is tilted even further, assisting the reversal (the so-called 
thermal anisotropy torque, shown in Fig. 4e). The two current 
polarities will lead to a 180° phase difference in the precessional 
dynamics, resulting in opposite ΔMz (red and blue trajectories, Fig. 
4b,c). It is interesting to note that a field-like SOT31 τFL ≈ m × σy can-
not reproduce the initial drop in ΔMz that leads to a kink close to 
Δt = 0 on the blue curve. A damping-like dominant torque agrees 
well with reports on similar structures30.

Even though the LLG model describes the overall dynamics, its 
predictions do not agree with certain features of the data. In par-
ticular, the model does not match the dynamics of the black trace 
at Hx = 0 between 3 and 25 ps. A possible explanation is inhomo-
geneous broadening. In the time-resolved MOKE measurements 
of damping and anisotropy (Supplementary Fig. 2), we observed 
an effective damping parameter larger than 0.2. Previous pump–
probe studies of the dynamics of perpendicularly magnetized films 
show that such large effective damping parameters are caused by 
inhomogeneous broadening28. In addition to inhomogeneities in 
anisotropy, it is possible that there are spatial inhomogeneities in 
the excitation, either due to the (spin) current distribution or hot 

spots. More experimental and theoretical work will be required to 
better understand these discrepancies.

Simulations performed at higher currents are presented in the 
Supplementary Information; these suggest that the thermal anisot-
ropy torque plays an important role in switching. Including the 
effect of thermal anisotropy torques in the LLG simulations reduces 
the energy required for switching by a factor of two. A switching 
(crossing Mz = 0) as fast as 16 ps is predicted, with a recovery of 80% 
of the magnetization reached after 50 ps. Finally, we highlight that, 
just as in ref. 29, our simulations can lead to switching, even without 
spin torques (setting the spin Hall angles to zero), due only to the 
thermal anisotropy torque (Supplementary Fig. 5).

Energy consumption and switching mechanism
We can set an upper limit to the energy dissipated at the load by esti-
mating the total initial energy stored in the photoswitch capacitor 
(Methods), which is the energy that drives both the terahertz cur-
rent pulse in the lines and the losses to terahertz radiation32–35. The 
estimated maximum energy consumption at the magnet (neglect-
ing all losses) is 50 pJ. This in turn corresponds to a maximum 
critical current density of Jc ≈ 6 × 1012 A m−2. Therefore, the energy 
requirements in this ultrafast SOT regime compare favourably with 
state-of-the-art nanosecond- and subnanosecond-switching SOT 
results16,36 and other types of memory36, even though we are using a 
non-optimized stack with relatively large micrometre dimensions.
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b, Macrospin simulation (lines) including ultrafast demagnetization and SOTs on top of the +Mz data (circles). All data are normalized by the saturation 
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Switching via a spin (orbit) torque on such a fast timescale brings 
up interesting questions about the mechanisms involved. According 
to our fits, the low-current dynamics are almost fully coherent. 
However, as we approach the switching currents, more complex 
mechanisms such as magnetic domain nucleation and magnetic 
domain wall propagation might play a role. We will discuss some of 
these mechanisms in the following paragraphs. In particular, we will 
distinguish stochastic nucleation due to thermal noise and deter-
ministic nucleation due to geometry, defects or spatial inhomoge-
neities in the sample properties.

For long pulses it is well known that thermal activation plays 
an important role in the nucleation of reversed magnetic domains, 
which, followed by domain wall motion, allows for full switch-
ing12. Thermal activation, and in particular the attempt frequency, 
is generally thought to be correlated to the FMR frequency37. In 
fact, the noise spectrum of a ferromagnet under a d.c. current 
has been experimentally found to peak at the FMR38,39. Therefore, 
when using current pulses wider than the FMR period (~40 ps, for 
Ha ≈ 1 T), some degree of stochasticity should be expected. It is thus 
surprising that many works assume thermal activation should be 
negligible in the sub-nanosecond regime12,16,40–42. Stochasticity in the 
context of subnanosecond SOT switching has only been reported 
very recently41,42. If we now consider our experiments with 6-ps 
pulses, well below the FMR period of our samples, stochasticity 
becomes more questionable. An important point to keep in mind 
is that, with picosecond pulses, the transient temperature rise (and 
thus thermal noise amplitude) in the film can be much larger than 
with nanosecond pulses. In fact, thermal noise terms are success-
fully included in models for optically induced picosecond switch-
ing dynamics2,43–45, but ultimately have a macroscopic deterministic 
role. Experimentally, a few-nanometre-sized nucleation points have 
been observed at the picosecond timescale43,44, but are explained as 
a magnon localization44 rather than classical domain nucleation (we 
note that domain-wall widths are typically ~5–10 nm in equilibrium 
and a domain should be larger than two walls). At those length 
scales, the dynamics resembles that of a temperature-dependent 
macrospin model45. In summary, the question of the role of ther-
mal fluctuations at ultrafast timescales is far from resolved, but we 
believe it is unlikely that stochastic nucleation of classical domains 
is taking place in our experiments.

If we then consider the switching to be purely deterministic, 
a few different scenarios are possible. We can first consider an 
edge-to-edge single domain wall sweeping scenario, assuming a 
deterministic nucleation at one sample edge. Recently, it was exper-
imentally shown46 that even in large (4-µm-long) devices, SOT 
reversal with 0.2-ns pulses could be driven by a single domain wall 
motion. Given our ultra-short pulses, this scenario would imply 
unphysical domain wall velocities47,48 of 105 m s−1, too large for the 
estimated current densities.

A second possible scenario would be one considering multiple 
domain nucleations at specific sample sites due to spatial inhomo-
geneities in the material properties. Based on our estimated peak 
current density (Jc ≈ 6 × 1012 A m−2), if we extrapolate the expected 
domain wall velocity based on the results of the fastest measured 
velocities in ferromagnets47, we obtain ~1,000 m s−1. A Gaussian-like 
current pulse of 6 ps would allow for less than ~6 nm of displace-
ment, which is comparable to the domain wall width48. Therefore, 
under this scenario, switching would be driven by nucleation. 
Nucleation would then need to cover at least 50% of the area to 
determine the final state. At longer timescales, these domains could 
merge, leading to a full switching41. We note that we did observe 
some domain formation in a different device, at currents close to the 
switching threshold, possibly correlated to the current distribution 
(Extended Data Fig. 2). To check for a signature of non-coherent 
switching at ultrafast timescales, we investigated the low-intensity 
time-resolved dynamics at various positions on the magnet with 

our ~1.5-µm-diameter probe and found negligible differences 
(Extended Data Fig. 3). This measured homogeneity could mean 
that the nucleated domains are too small and numerous, or just that 
spatial inhomogeneities in the dynamics are below the sensitivity at 
such low intensities.

A final alternative scenario would be to consider some form of 
heat-assisted magnetic recording (HAMR) due to Joule heating. 
In such a scenario, the anisotropy barrier and/or magnetic order 
would be completely reduced by heating to the Curie temperature 
Tc, and any tiny torque could then determine the switching direc-
tion. To test for this scenario, we performed experiments where the 
in-plane field was replaced by an out-of-plane field, just below the 
coercive field and favouring a reversal (Extended Data Fig. 4). No 
reversal was observed after injection of a single current pulse at the 
critical current, allowing us to rule out the HAMR scenario.

We thus believe that, depending on the homogeneity of the sam-
ple properties, the switching in our samples could be either nearly 
coherent or governed by multiple nucleation events that take place 
within the current pulse and cover at least 50% of the area. Tracking 
the dynamics during the reversal could help in distinguishing 
between these mechanisms.

Conclusions
We have demonstrated SOT-induced magnetization switching of 
a thin Co film using a single 6-ps electrical pulse generated with 
photoconductive switches. In our platform, the switching of the 
magnetization depends on the polarity of the pulses relative to 
the direction of an in-plane field—consistent with the symmetries 
expected from SOT. Our macrospin simulations agree well with 
our experimental observations and indicate that the SOT is mostly 
damping-like. We have also probed the generated magnetization 
torques with subpicosecond resolution and shown that the reversal 
process is energy-efficient. Future work will include tracking differ-
ent components of the magnetization via different magneto-optical 
effects to spatially reconstruct the time-dependent spin torque 
dynamics. We believe our approach will be useful for ultrafast elec-
trical studies of spin torque dynamics and the possible observation 
of elusive phenomena such as inertial dynamics in ferromagnetic 
materials49–51, as well as offer a route for probing resonant dynamics 
in antiferromagnetic materials52,53.

Methods
Samples. The LT-GaAs substrate was obtained by first depositing, in a molecular 
beam epitaxy chamber at high temperature (550 °C), a 300-nm-thick GaAl0.8As 
buffer followed by a 5-nm-thick GaAs layer on a semi-insulating GaAs (100) 
substrate. The LT-GaAs layer (1-µm thick) was then deposited at 260 °C with an 
As/Ga beam equivalent pressure ratio of 50.

The magnetic stacks were grown by d.c. magnetron sputtering in an AJA 
system. The Ta(5 nm)/Pt(4 nm) buffer layer ensured a well-defined (111) texture 
for the growth of Co(1 nm) and guaranteed an interface anisotropy that promoted 
perpendicular magnetic anisotropy (PMA) for Co(1 nm). The Cu(1 nm)/Ta(4 nm) 
bilayer, capped by Pt(1 nm) to prevent Ta oxidation, was added to preserve 
PMA and enhance the torques on the Co layer, because Pt and Ta have spin Hall 
angles with opposite sign. First trials with Pt/Co/Ta stacks resulted in non-square 
magnetic hysteresis curves with small remanence, indicating a possible large 
effective Dzyaloshinskii–Moriya interaction (DMI) as in ref. 54. To obtain two 
well-defined remanent states at zero field, we inserted the Cu layer to reduce the 
DMI at the top Co interface. Owing to the long spin-diffusion length of Cu, spin 
currents generated in the Ta are expected to contribute to the SOT55,56. The choice 
of the stack was also determined by the necessity of having a top metallic layer 
(Cu/Ta + Pt capping) to achieve good electrical contact with the transmission lines 
shown in Fig. 2. The Tc of the sample was estimated as ~800 K because of previous 
experience with extremely similar samples grown and characterized by the group 
over the years.

The sample was fabricated using a three-step ultraviolet-lithography technique 
where the SiO2 layer, magnetic load and transmission lines were patterned at each 
step. The SiO2 layer allowed good insulation of the transmission lines from the 
substrate so as to suppress leakage currents. A single recipe was used to perform 
lithography and liftoff for all three steps. An AC 450 (Alliance Concept) sputtering 
system was used to deposit 100 nm of SiO2 in the presence of 20-s.c.c.m. Ar and O2 
flow at a base pressure of 6.1 × 10−3 mbar. Electron-beam evaporation was used to 
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deposit Ti(20 nm)/Au(300 nm) for the transmission lines. The coplanar waveguide 
has a centre-line to side-line distance of 60 µm. The waveguides have a 60-µm-wide 
centre-line, which tapers to a 5.5-µm-spaced 4-µm-wide centre-line, as depicted 
in Fig. 2. The magnetic load is a 20-µm × 4-µm strip partially covered by the 
Au transmission lines, so current only flows through the magnetic stack in the 
uncovered 5 × 4-µm2 opening.

The Hall bars were patterned using a similar lithography process, as published 
elsewhere57.

Generation of picosecond-duration electrical pulses. To generate the picosecond 
pulses (schematic shown in Fig. 2), we contacted the left side of the transmission 
lines with a CPW 40 GHz GGB probe tip. We also contacted the right side with 
another CPW 40 GHz GBB tip and added a 50-Ω resistor to close the circuit. 
We applied a constant voltage bias (ΔV) through the left tip between −50 V and 
+50 V via a Keithley 2400 voltage source, while reading the average current. If no 
laser irradiation was incident, we could measure a dark (that is, leakage) current 
due to the finite switch resistance (>10 MΩ). We then irradiated the photoswitch 
with either 1.5 mW (0.3 µJ per pulse) from our 5-kHz amplified laser or 30 mW 
(0.37 nJ per pulse) from the 80-MHz oscillator system. The pump was focused by 
a 15-cm lens to a radius of ~150 µm (FWHM). When the switch was irradiated, 
a photocurrent was generated, which we optimized by finely tuning the pump 
mirror. We note that photoswitch excitation with the high voltages and high 
pulse energies used for the switching experiments can result in longer electrical 
pulse durations (6 ps for switching experiments versus 3.7 ps for time-resolved 
experiments)35.

MOKE micrographs. The images were obtained with a home-made MOKE 
microscope. We used a 633-nm light source in the Köhler configuration, a 
long-working-distance ×50 objective and a 6-f.p.s. monochrome charge-coupled 
device. Because of the highly reflective Au transmission lines next to the magnetic 
section, the arrangement is very susceptible to pixel overflowing, which means the 
exposure time has to be kept short, which results in an important degradation of 
magneto-optical signal. As a solution we used 8× binning, without loss of spatial 
resolution, to speed up the camera to 15 f.p.s. and averaged 60 images to reduce 
noise and boost back the signal-to-noise ratio. Finally, mechanical drift and 
vibrations degrade the quality of the images, in particular when live background 
subtraction is used to the enhance the magneto-optical contrast.

Measurement of time-resolved dynamics. All the presented 
small-current-induced dynamics were measured with an 80-MHz oscillator laser 
system focused through a ×50 objective into a ~1-µm-sized spot. The experiments 
were performed with no out-of-plane field, because at small excitations the sample 
naturally relaxed back between pulses, as is typical with low-excitation optical 
pump–probe experiments. We determined the zero delay time (that is, the arrival 
of the electrical pulse) by monitoring the time-domain thermoreflectance response 
(Extended Data Fig. 5).

Measurement of the picosecond-pulse electric field. A pump beam was focused 
on the photoconductive switch to generate the pulse. The pump beam was chopped 
by an optical chopper at ~300 Hz. We placed the TeraSpike probe on top of the 
transmission lines. A probe beam was focused at the tip of the TeraSpike probe, 
exciting the free-standing photoconductive switch. A Stanford Research Systems 
865A lock-in amplifier was used to directly measure the change in current induced 
by the transient electric field at the tip of the probe. This change in current is only 
present when both the electric field and probe beams coincide in time. Therefore, 
changing the delay between optical pump and probes allowed us to sample the 
transient electric field associated with the picosecond current pulses. The resulting 
trace is a convolution of the real electric field and the response of the TeraSpike. 
We note that we do not measure the electric pulse at the sample position.

Estimation of switch capacitance and energy dissipation. The capacitance of an 
interdigitated electrode (IDE) capacitor CIDE is roughly CIDE ¼ N � 1ð Þϵrϵ0A=d

I
 

where N is the number of electrodes, ϵr is the effective relative permittivity due to 
the LT-GaAs substrate and air (measured as 15), ϵ0

I
 is the permittivity of vacuum, 

A is the surface area of the electrode and d is the centre-to-centre distance between 
electrodes. We found a capacitance of ~10−14 F for our photoconductive switch. 
As a second verification, it is also well known that the RC time constant due to 
the capacitance of the photoswitch limits the pulse duration of the generated 
pulses18, which means we can also set an upper bound for the capacitance 
given by RC < 3.7 ps (which is our smallest measured pulse duration). Here, the 
characteristic impedance (Z0) of the line plays the role of the resistor. The CPW 
line impedance was designed58 to be Z0 = 70 Ω, which means the capacitance is 
at most ~5.3 × 10−14 F, consistent with our initial estimation. We considered this 
upper-bound value as the capacitance of our switch to calculate the upper-bound 
energy dissipation in our experiments.

For the measured bias voltage at the switching threshold voltage of ΔV = 40 V, 
the energy stored is 12CmaxΔV2 � 50 pJ

I
. In a worst-case scenario, if we assume 

a full discharge of the switch, no radiative losses, no transmission losses and 
perfect absorption at the magnet, then all of the energy stored in the switch 

capacitor would be dissipated at the load. For our magnetic load dimensions, this 
corresponds to an energy density of ~150 MJ m−3. Because the energy dissipation 
for a Gaussian current pulse is E ¼

R
JðtÞ2ρdt ¼ 0:75J2ρτp

I
, where ρ (=81 μΩ cm) 

is the measured resistivity of the magnet, we estimate the maximum peak current 
density for switching with τp = 6 ps pulses to be Jc ≈ 6 × 1012 A m−2.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.

Code availability
The code that reproduced the fits within this paper is available from the 
corresponding author upon reasonable request.

Received: 29 November 2019; Accepted: 15 September 2020;  
Published online: 26 October 2020

References
 1. Liu, Y. & Yu, G. MRAM gets closer to the core. Nat. Electron. 2,  

555–556 (2019).
 2. Radu, I. et al. Transient ferromagnetic-like state mediating ultrafast reversal 

of antiferromagnetically coupled spins. Nature 472, 205–208 (2011).
 3. Stupakiewicz, A., Szerenos, K., Afanasiev, D., Kirilyuk, A. & Kimel, A. V. 

Ultrafast nonthermal photo-magnetic recording in a transparent medium. 
Nature 542, 71–74 (2017).

 4. Kirilyuk, A., Kimel, A. V. & Rasing, T. Ultrafast optical manipulation of 
magnetic order. Rev. Mod. Phys. 82, 2731–2784 (2010).

 5. Olejník, K. et al. Terahertz electrical writing speed in an antiferromagnetic 
memory. Sci. Adv. 4, eaar3566 (2018).

 6. Manchon, A. et al. Current-induced spin–orbit torques in ferromagnetic and 
antiferromagnetic systems. Rev. Mod. Phys. 91, 035004 (2019).

 7. Dieny, B. & Chshiev, M. Perpendicular magnetic anisotropy at transition 
metal/oxide interfaces and applications. Rev. Mod. Phys. 89, 025008 (2017).

 8. Kent, A. D., Özyilmaz, B. & Del Barco, E. Spin–transfer-induced precessional 
magnetization reversal. Appl. Phys. Lett. 84, 3897–3899 (2004).

 9. Lee, O. J., Ralph, D. C. & Buhrman, R. A. Spin–torque-driven ballistic 
precessional switching with 50-ps impulses. Appl. Phys. Lett. 99,  
10–13 (2011).

 10. Stiles, M. & Zangwill, A. Anatomy of spin–transfer torque. Phys. Rev. B 66, 
014407 (2002).

 11. Sato, H. et al. 14-ns write speed 128-Mb density embedded STT-MRAM with 
endurance > 1010 and 10 yrs retention @ 85 °C using novel low damage MTJ 
integration process. In 2018 IEEE International Electron Devices Meeting 
(IEDM) 27.2.1–27.2.4 (IEEE, 2018).

 12. Garello, K. et al. Ultrafast magnetization switching by spin–orbit torques. 
Appl. Phys. Lett. 105, 212402 (2014).

 13. Miron, I. M. et al. Perpendicular switching of a single ferromagnetic layer 
induced by in-plane current injection. Nature 476, 189–193 (2011).

 14. Liu, L. et al. Spin–torque switching with the giant spin Hall effect of 
tantalum. Science 336, 555–558 (2012).

 15. Sinova, J., Valenzuela, S. O., Wunderlich, J., Back, C. H. & Jungwirth, T. Spin 
Hall effects. Rev. Mod. Phys. 87, 1213–1260 (2015).

 16. Garello, K. et al. SOT-MRAM 300MM integration for low power and ultrafast 
embedded memories. In 2018 IEEE Symposium on VLSI Circuits 54, 81–82 
(IEEE, 2018).

 17. Mistry, K. et al. A 45-nm logic technology with high-k+ metal gate 
transistors, strained silicon, 9-Cu interconnect layers, 193-nm dry patterning 
and 100% Pb-free packaging. In 2007 IEEE International Electron Devices 
Meeting 247–250 (IEEE, 2007).

 18. Auston, D. H., Johnson, A. M., Smith, P. R. & Bean, J. C. Picosecond 
optoelectronic detection, sampling and correlation measurements in 
amorphous semiconductors. Appl. Phys. Lett. 37, 371–373 (1980).

 19. Yang, Y. et al. Ultrafast magnetization reversal by picosecond electrical pulses. 
Sci. Adv. 3, e1603117 (2017).

 20. Wilson, R. B. et al. Electric current induced ultrafast demagnetization.  
Phys. Rev. B 96, 045105 (2017).

 21. Woo, S. et al. Enhanced spin–orbit torques in Pt/Co/Ta heterostructures. 
Appl. Phys. Lett. 105, 212404 (2014).

 22. Cubukcu, M. et al. Spin–orbit torque magnetization switching of a 
three-terminal perpendicular magnetic tunnel junction. Appl. Phys. Lett. 104, 
042406 (2014).

 23. Lo Conte, R. et al. Spin–orbit torque-driven magnetization switching and 
thermal effects studied inTa\CoFeB\MgO nanowires. Appl. Phys. Lett. 105, 
122404 (2014).

 24. Liu, L., Lee, O., Gudmundsen, T., Ralph, D. & Buhrman, R. A. 
Current-induced switching of perpendicularly magnetized magnetic  
layers using spin–torque from the spin Hall effect. Phys. Rev. Lett. 109, 
096602 (2012).

NAtuRE ELECtRoNiCS | VOL 3 | NOVEMBER 2020 | 680–686 | www.nature.com/natureelectronics 685

http://www.nature.com/natureelectronics


Articles Nature electroNics

 25. Baumgartner, M. et al. Spatially and time-resolved magnetization dynamics 
driven by spin–orbit torques. Nat. Nanotechnol. 12, 980–986 (2017).

 26. Beaurepaire, E., Merle, J.-C., Daunois, A. & Bigot, J.-Y. Ultrafast spin 
dynamics in ferromagnetic nickel. Phys. Rev. Lett. 76, 4250–4253 (1996).

 27. Koopmans, B., Ruigrok, J., Longa, F. & de Jonge, W. Unifying ultrafast 
magnetization dynamics. Phys. Rev. Lett. 95, 267207 (2005).

 28. Lattery, D. M. et al. Quantitative analysis and optimization of magnetization 
precession initiated by ultrafast optical pulses. Appl. Phys. Lett. 113,  
162405 (2018).

 29. Davies, C. S. et al. Anomalously damped heat-assisted route for precessional 
magnetization reversal in an iron garnet. Phys. Rev. Lett. 122, 27202 (2019).

 30. Woo, S., Mann, M., Tan, A. J., Caretta, L. & Beach, G. S. D. Enhanced 
spin–orbit torques in Pt/Co/Ta heterostructures. Appl. Phys. Lett. 105,  
212404 (2014).

 31. Garello, K. et al. Symmetry and magnitude of spin–orbit torques in 
ferromagnetic heterostructures. Nat. Nanotechnol. 8, 587–593 (2013).

 32. Hoffmann, M. C. & Fülöp, J. A. Intense ultrashort terahertz pulses: generation 
and applications. J. Phys. D 44, 083001 (2011).

 33. Bonvalet, A. & Joffre, M. in Femtosecond Laser Pulses (ed. Rullière, C.) 
309–333 (Springer, 2005).

 34. Gregory, I. S. et al. Optimization of photomixers and antennas for 
continuous-wave terahertz emission. IEEE J. Quantum Electron. 41,  
717–728 (2005).

 35. Burford, N. M. & El-Shenawee, M. O. Review of terahertz photoconductive 
antenna technology. Opt. Eng. 56, 010901 (2017).

 36. Wong, H.-S. P. et al. Stanford Memory Trends (Stanford University, accessed 
11 November 2019); https://nano.stanford.edu/stanford-memory-trends

 37. Brown, W. F. Thermal fluctuations of a single-domain particle. Phys. Rev. 130, 
1677–1686 (1963).

 38. Petit, S. et al. Spin–torque influence on the high-frequency magnetization 
fluctuations in magnetic tunnel junctions. Phys. Rev. Lett. 98, 077203 (2007).

 39. Guan, Y. et al. Thermal-magnetic noise measurement of spin–torque effects 
on ferromagnetic resonance in MgO-based magnetic tunnel junctions.  
Appl. Phys. Lett. 95, 082506 (2009).

 40. Cubukcu, M. et al. Ultra-fast perpendicular spin–orbit torque MRAM.  
IEEE Trans. Magn. 54, 9300204 (2018).

 41. Decker, M. M. et al. Time resolved measurements of the switching trajectory 
of Pt/Co elements induced by spin–orbit torques. Phys. Rev. Lett. 118,  
257201 (2017).

 42. Grimaldi, E. et al. Single-shot dynamics of spin–orbit torque and spin–
transfer torque switching in three-terminal magnetic tunnel junctions.  
Nat. Nanotechnol. 15, 111–117 (2020).

 43. Graves, C. E. et al. Nanoscale spin reversal by non-local angular momentum 
transfer following ultrafast laser excitation in ferrimagnetic GdFeCo.  
Nat. Mater. 12, 293–298 (2013).

 44. Iacocca, E. et al. Spin–current-mediated rapid magnon localisation and 
coalescence after ultrafast optical pumping of ferrimagnetic alloys.  
Nat. Commun. 10, 1756 (2019).

 45. Atxitia, U., Nieves, P. & Chubykalo-Fesenko, O. Landau–Lifshitz–Bloch 
equation for ferrimagnetic materials. Phys. Rev. B 86, 104414 (2012).

 46. Cai, K. et al. Ultrafast and energy-efficient spin–orbit torque switching in 
compensated ferrimagnets. Nat. Electron. 3, 37–42 (2020).

 47. Miron, I. M. et al. Fast current-induced domain-wall motion controlled by 
the Rashba effect. Nat. Mater. 10, 419–423 (2011).

 48. Thiaville, A., Rohart, S., Jué, É., Cros, V. & Fert, A. Dynamics of 
Dzyaloshinskii domain walls in ultrathin magnetic films. Europhys. Lett. 100, 
57002 (2012).

 49. Kikuchi, T. & Tatara, G. Spin dynamics with inertia in metallic ferromagnets. 
Phys. Rev. B 92, 184410 (2015).

 50. Wegrowe, J.-E. & Ciornei, M.-C. Magnetization dynamics, gyromagnetic 
relation and inertial effects. Am. J. Phys. 80, 607–611 (2012).

 51. Neeraj, K. et al. Inertial spin dynamics in ferromagnets. Nat. Phys. https://doi.
org/10.1038/s41567-020-01040-y (2020).

 52. Němec, P., Fiebig, M., Kampfrath, T. & Kimel, A. V. Antiferromagnetic 
opto-spintronics. Nat. Phys. 14, 229–241 (2018).

 53. Baltz, V. et al. Antiferromagnetic spintronics. Rev. Mod. Phys. 90, 15005 (2018).
 54. Woo, S. et al. Observation of room-temperature magnetic skyrmions and 

their current-driven dynamics in ultrathin metallic ferromagnets. Nat. Mater. 
15, 501–506 (2016).

 55. Nan, T. et al. Comparison of spin-orbit torques and spin pumping across 
NiFe/Pt and NiFe/Cu/Pt interfaces. Phys. Rev. B 91, 214416 (2015).

 56. Ostwal, V., Penumatcha, A., Hung, Y. M., Kent, A. D. & Appenzeller, J. 
Spin-orbit torque based magnetization switching in Pt/Cu/[Co/Ni]5 multilayer 
structures. J. Appl. Phys. 122, 213905 (2017).

 57. Pham, T. H. et al. Thermal contribution to the spin–orbit torque in 
metallic–ferrimagnetic systems. Phys. Rev. Appl. 9, 064032 (2018).

 58. Gupta, K. C., Ramesh, G., Bahl, I. & Bhartia, P. Microstrip Lines and Slotlines 
2nd edn (Artech House, 1996).

Acknowledgements
We thank E. Vatoux, T. Ferté and both L. Badie and G. Lengaigne for the electromagnet 
construction, vibrating sample magnetometry measurements and sample preparation, 
respectively. We especially thank Y. Yang and C.-H. Lambert for their help in the 
first SOT switching trials, years ago. This work was supported by the Impact Project 
LUE-N4S, part of the French PIA project ‘Lorraine Université d’Excellence’, reference 
ANR-15IDEX-04-LUE, and the ‘FEDER-FSE Lorraine et Massif Vosges 2014–2020’, 
a European Union Programme. This work was also partly supported by the French 
RENATECH network. R.L.C. and J.B. acknowledge support from the National 
Science Foundation (NSF) through Cooperative Agreement Award EEC-1160504 
for Solicitation NSF 11-537 (TANMS). A.P. and J.B. also acknowledge support from 
the NSF Center for Energy Efficient Electronics (E3S). Work by X.S. and R.B.W. was 
supported by the US Army Research Laboratory and the US Army Research Office 
under contract/grant no. W911NF-18-1-0364. J.B. also acknowledges support by 
ASCENT (one of the SRC/DARPA supported centres within the JUMP initiative). 
Preliminary experiments in this work were supported by the US Department of Energy, 
Office of Science, Office of Basic Energy Sciences, Materials Sciences and Engineering 
Division under contract no. DE-AC02-05-CH11231 within the Nonequilibrium 
Magnetic Materials Program (MSMAG).

Author contributions
J.G. designed the experiments with input from R.B.W., J.B., S.P.-W. and J.H. A.L. grew the 
LT-GaAs substrates. M.H. optimized and grew the samples by sputtering. K.J. fabricated 
the devices. K.J., J.H. and J.G. performed the ultrafast SOT experiments and characterized 
the picosecond pulses. E.M. and A.Y.A.C. performed the anomalous Hall measurements 
and 100-µs SOT switching experiments under the supervision of J.C.R.-S. and S.P.-W. 
R.B.W. built the numerical model and performed the simulations together with J.G. X.S. 
and R.B.W. performed optical time-resolved experiments to determine the damping and 
anisotropy of the samples. J.G. analysed the experimental data with help from K.J., R.B.W., 
R.L.C., J.H. and S.-P.W. J.G. wrote the manuscript with input from all authors.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/s41928-020-00488-3.

Supplementary information is available for this paper at https://doi.org/10.1038/
s41928-020-00488-3.

Correspondence and requests for materials should be addressed to J.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2020

NAtuRE ELECtRoNiCS | VOL 3 | NOVEMBER 2020 | 680–686 | www.nature.com/natureelectronics686

https://nano.stanford.edu/stanford-memory-trends
https://doi.org/10.1038/s41567-020-01040-y
https://doi.org/10.1038/s41567-020-01040-y
https://doi.org/10.1038/s41928-020-00488-3
https://doi.org/10.1038/s41928-020-00488-3
https://doi.org/10.1038/s41928-020-00488-3
http://www.nature.com/reprints
http://www.nature.com/natureelectronics


ArticlesNature electroNics ArticlesNature electroNics

Extended Data Fig. 1 | Dependence of quasi-static critical current density on in-plane field. The critical current density for SOT switching with 100 µs 
pulses is inversely proportional to the in-plane Hx field, as reported previously ref. 23.
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Extended Data Fig. 2 | the switched area as a function the current density normalized by the critical current density. JC, critical current density. The 
reversal process is first happening where the current density is the highest, at mid-height, right in between the tips of the rounded gold electrodes. To fully 
switch the device a little more current density than JC is needed. We note that these experiments were performed on a different sample with a coplanar 
stripline design. Moreover, the magnetic section had a ~5 μm width, slightly wider than the main sample of the article (4 μm). In fact, in the main sample, 
these partial reversals were not clearly evidenced. We believe this could be due to the narrower section, or also due to the gold contacts being flatter, 
possibly resulting in a more homogeneous current distribution. We also note that in the experiments of Supplementary Fig. 2 the current pulse duration is 
unknown (not measured). We estimate it in between 3-10 ps, from experience with similar devices.
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Extended Data Fig. 3 | Spatial dependence of 3.7 ps-wide Sot induced magnetization dynamics. The time-resolved MOKE dynamics are shown as a 
function of the vertical position within the magnetic region, along the red dashed line. The colour of the traces corresponds to the positions indicated by 
the corresponding coloured circles in the sample picture. Inset shows the peak of the dynamics (at 11 ps) as a function of the y position (across the sample 
width). The signal drops as we get close to the edges because the probe no longer fully overlaps the magnet (the probe width is about 1.5 µm (FWHM), 
and the sample width is 4 µm. The dynamics are extremely similar across the surface of the sample. Experiments along the length of the magnet (x 
direction) also showed no major differences.
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Extended Data Fig. 4 | Coercivity as a function of the number of single 6 ps pulses spaced every 200 µs. In order to check for a heat-assisted magnetic 
recording-like scenario, we injected single pulses at the switching threshold current, under no in-plane field, and monitored the variation of the coercive 
field (the applied out-of-plane field leading to ~50% reversal or more) with the number of applied current pulses. In a heat-assisted magnetic recording 
scenario, a single current pulse should be enough to lower the coercivity significantly. However, we did not observe any switching when injecting a single 
pulse and applying an out-of-plane field as large as 93% of the switching field. In fact, we only observe a small decrease of ~30% in the coercivity when 
increasing the number of pulses by a factor of 105. We conclude that the dissipation by a single electrical pulse does not lead to a heat-assisted recording 
scenario.
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Extended Data Fig. 5 | Calibration of picosecond current arrival time. Time-domain thermoreflectance (black circles) and polar MOKE response (red 
line). The Time-domain thermoreflectance allows us to set time-zero in our experiment. The electrons immediately respond to the heat pulse (negative 
peak at time-zero). The magnetic dynamics (red) equally start at the arrival of the pulse with no noticeable delay. Further work is needed to fully interpret 
the thermoreflectance response.
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