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Ultrashort spin—orbit torque
generated by femtosecond laser
pulses
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To realize the very objective of spintronics, namely the development of ultra-high frequency and
energy-efficient electronic devices, an ultrafast and scalable approach to switch magnetic bits is
required. Magnetization switching with spin currents generated by the spin—orbit interaction at
ferromagnetic/non-magnetic interfaces is one of such scalable approaches, where the ultimate
switching speed is limited by the Larmor precession frequency. Understanding the magnetization
precession dynamics induced by spin-orbit torques (SOTs) is therefore of great importance. Here

we demonstrate generation of ultrashort SOT pulses that excite Larmor precession at an epitaxial
Fe/GaAs interface by converting femtosecond laser pulses into high-amplitude current pulses in an
electrically biased p-i-n photodiode. We control the polarity, amplitude, and duration of the current
pulses and, most importantly, also their propagation direction with respect to the crystal orientation.
The SOT origin of the excited Larmor precession was revealed by a detailed analysis of the precession
phase and amplitude at different experimental conditions.

The ever-increasing demand for a faster and low-energy-consumption electronics calls for a development of
electronic devices with high operational frequencies. Spintronics is among the most frequently considered solu-
tions, and currently represents a highly active and rapidly developing field placed at the intersection of relativistic
quantum physics, materials science, and nanoelectronics. Commercial spin-based devices such as hard disk drives
and magnetic random-access memories are intrinsically robust against charge perturbations and non-volatile.
These applications rely on two opposite magnetisation orientations representing logic “zero” and “one” and the
fastest speed of switching magnetization between the two orientations is limited by the Larmor precession. Mag-
netization reversal has been realized by transferring linear momentum into spin angular momentum through the
spin Hall effect (SHE) and the inverse spin galvanic effect (iSGE), and the underlying spin-orbit fields have been
studied extensively in ferromagnetic (FM)/non-magnetic (NM) systems. In these bilayer systems, a spin current
generated in the NM bulk or at the FM/NM interface is absorbed in the adjacent FM layer, and the corresponding
spin-orbit fields are, therefore, primarily interfacial effects' . Epitaxial interfaces are of particular interest, since
effective spin-orbit fields may depend on the current direction with respect to crystallographic orientation®=®.

In this work, we demonstrate the excitation of Larmor precession at an epitaxial iron-gallium arsenide (Fe/
GaAs) interface by ultrashort (sub-picosecond) spin-orbit torque (SOT) pulses. We use a magneto-photo-electric
device, where the Fe is epitaxially grown on a silicon-doped n-GaAs/intrinsic GaAs/carbon-doped p-GaAs
photodiode structure. The metal/semiconductor interface is forming a Schottky junction in series with the p-i-n
photodiode. Irradiation of the electrically biased Fe/n-i-p-GaAs heterostructure with femtosecond laser pulses
can generate ultrashort sub-ps current pulses with up to~100 mA large amplitudes that propagate along the
GaAs/Fe interface. The magnitude and polarity of the applied bias voltage allow to control the amplitude and
polarity as well as the duration of the current pulses. In addition, as it is particularly important for this study,
we can also control the lateral propagation direction of the current pulses with respect to both the GaAs crystal
orientation and the magnetic easy axes of the Fe film. We realize this by focusing the excitation laser pulse to a
specific position in our disk-shaped device. By carefully analyzing phase and amplitude of the induced Larmor
precession we identify conditions where its excitation is dominated by SOT pulses.
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Figure 1. Device structure and properties of the photogenerated current pulses. (a) Schematic illustration of
the GaAs p-i-n-diode structure with a thin ferromagnetic Fe film deposited directly on top of the diode. After
an impact of a femtosecond laser pulse, a cloud of electron-hole pairs is generated. The electrons (e”) and holes
(h*) are separated by a strong electric field E in the intrinsic layer (i) and accelerated towards the oppositely-
charged electrodes creating a short current pulse, whose direction is schematically shown by arrows. To measure
the dynamics of excited charge, spin and magnetization, a second time-delayed laser pulse can be used. (b)
Micrograph of the photodiode lateral structure. The studied Fe/GaAs diode (light grey) is isolated from the

rest of the sample by a trench (dark grey). The Fe film is electrically contacted by Au circular contact (yellow),
which bridges the trench. The Au contact to the bottom p-GaAs electrode is outside of the displayed image. The
bright spot in the image center is the focused laser spot. (¢) Transient reflectivity measured in a pump-probe
experiment for different applied bias voltages indicating the sub-picosecond photocurrent onset. The measured
photocurrent averaged over the period of the stroboscopic experiment is shown for each bias. (d) Numerical
simulation of the vertically propagating photocurrent pulse entering the #n-GaAs/Fe electrode for an external
bias of — 10 V. The initial current spike decays at a timescale comparable to the laser pulse duration of ~ 100 fs.
Inset: Comparison of the vertical current (Iy) and the lateral current (I;) captured at various distances (2, 8, and
16 pm) from the injection point illustrating the pulse dispersion during its propagation through the device; note
that logarithmic y-scale is used in the Inset.

Results

Studied sample. In Fig. 1a we show a sketch of our GaAs p-i-n-diode grown on a semi-insulating GaAs
substrate. On top of the diode (on the n-doped layer) an ultrathin (2 nm =~ 14 monolayers) ferromagnetic Fe
film is deposited and protected by an aluminum-oxide layer (see Supplementary Fig. S.3 and Note 3 for details
on magnetic properties of the studied sample). The GaAs diode consists of a 670 nm thick p-doped layer (car-
bon-doped, n=2x10'"® cm™), a 1000 nm thick intrinsic layer, and three n-doped layers with a silicon dopant
concentration gradually increasing towards the diode surface: 150 nm thick layer with ng=1x10' cm, 15 nm
thick layer with ng; ranging from 1x 10" to 5x 10'® cm™, and 15 nm thick layer with ng=>5x10'® cm™. The p-i-
n/Fe stack was patterned into a disc with a diameter of 100 pum, as shown in the micrograph in Fig. 1b. Here, the
circularly shaped 100 nm thick Au-contact (yellow) is used to electrically connect the thin Fe film (light grey),
which is separated from the rest of the layer by a trench (dark grey). The built-in electric field E, which is present
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in the intrinsic layer of the diode, is superimposed by an additional field generated by an applied bias voltage
between the two Au contacts connecting both the p-doped GaAs and the Fe film on top. Note that the forward
(reverse) voltage is positive (negative) in our convention. As shown in Supplementary Fig. S.4a, without laser
irradiation the diode can withstand a large reverse bias voltage with negligible leakage current. Moreover, we also
can apply a relatively large forward voltage of up to + 8 V without incurring large dark currents of more than 200
A due to the formation of an additional rectifying Schottky barrier at the Fe/n-GaAs interface’. In summary,
the currents without laser irradiation are at least 3 orders of magnitude smaller than the amplitudes of the cur-
rent pulses excited by fs laser pulses over the entire bias voltage range applied in our experiments.

Temporal characteristics of the photocurrent pulse. In order to produce ultrashort electrical current
pulses of large amplitudes, the electrically biased p-i-n/Fe structure is illuminated by a focused femtosecond
laser beam. Absorption of the laser pulse in the pm-thick intrinsic layer creates electron-hole pairs which are
instantaneously separated by the large internal electric field and accelerated towards the opposite electrodes
creating an ultrashort current pulse, as schematically shown in Fig. la. Two stroboscopic time-resolved tech-
niques were applied to explore the temporal characteristics of the current pulses generated in our photodiode.
Pump-probe reflectivity measurements were used to identify the sub-picosecond onset of the current pulses.
Photocurrent correlation measurements were used to monitor the time characteristics of the decaying tail of the
pulses on the scale of tens of picoseconds. These two techniques, therefore, provide complementary information
about the electrical pulses. For more information see Methods section.

Figure 1c shows differential reflectivity data measured in the pump-probe experiment, i.e., evolution of the
sample reflectivity triggered by an impact of the pump laser pulse at time delay At=0. The pump and probe
laser spots with a diameter of = 1 um were overlapped in the center of the device. Differential reflectivity,
which is connected with the transient photo-generated charge carriers, has been previously used to estimate
the electrical pulse duration®. Here it provides information about the onset of the electrical pulse. To interpret
the measured differential reflectivity data, we first consider the case where the built-in electric field of the p-i-n
diode is almost compensated by an applied voltage bias causing zero averaged photocurrent. In this case, the
transient reflectivity varies on the fast-scale only by a small amount. With a non-zero averaged photocurrent
and a corresponding non-zero internal electric field, the onset of the transient reflectivity variation increases
with increasing magnitude of the applied bias and the sign of the variation switches when the polarity of the
photocurrent changes [see Fig. 1c]. Most importantly, the reflectivity changes within a sub-picosecond range.
We attribute the bias-dependent reflectivity variation to the Franz-Keldysh effect'®!!, as the photoexcited charge
carriers separate from each other very quickly and screen the internal electric field accordingly. The fast rising
and falling current until the screening has been established corresponds to an ultrafast initial current spike. Its
duration is, therefore, equal to the time span of the measured reflectivity variation.

The sub-picosecond time scale of the current spikes identified by the transient reflectivity measurements is
also confirmed by theoretical modeling, see Fig. 1d. The simulation shows that the photoexcited electrons and
holes in the intrinsic region of the diode are accelerated by the strong internal electric field towards the opposite
electrodes thus causing an immediate onset of the photocurrent (see Supplementary Note 6 for details). As the
two oppositely charged carrier clouds start to separate, the associated electric field pointing against the externally
applied bias arises at a sub-picosecond timescale causing the rapid sub-picosecond decay of the current. The
corresponding current spikes reach amplitudes of hundreds of mA. As apparent in Fig. 1d, following the initial
sub-ps current spike there is a further slower decay of the flowing current, which proceeds at a timescale of tens
of picoseconds. It results from a drainage of the remaining photo-charges and a restoration of the internal strong
electric field and it corresponds to the current pulse tail. In Fig. 1d we show the simulated current pulse flowing
vertically (i.e., perpendicularly to the sample plane) in the micrometer-wide laser-pulse-illuminated channel at
— 10 V. As shown in Fig. S.6a, the current pulse tail becomes longer for smaller biases and it is terminated when
all the photogenerated charge is drained away from the illuminated spot. A detailed description of the performed
numerical simulations can be found in Supplementary Notes 6 and 7.

The decay of the current pulse tails in the presence of the screening electric field was experimentally studied
by the photocurrent correlation measurements for various applied biases (see Supplementary Fig. S.5 and Note
5). For = 1 um laser spot size, decay times ranging from 20 ps at — 10 V applied bias to ~ 175 ps at zero applied
bias, where the photocarriers are accelerated only by the built-in field at the p-i-# junction, were measured [see
Supplementary Fig. S.5a and Fig. 4d]. For larger laser spots, the decay times become longer due to the presence of
electric screening in the wider photoexcited area [see Supplementary Fig. S.5b]. Comparing the Larmor frequen-
cies of the thin Fe layer, which are tens of GHz [see Fig. S.3b], with the temporal characteristics of the current
pulses generated by femtosecond laser pulses in our device, we conclude that the observed Larmor precession
is excited mainly during the 10-picosecond tail of the current pulse. Nevertheless, the sub-picosecond current
spike, with its high current amplitude, could become relevant for excitation of antiferromagnetically ordered
materials where the precession frequencies reach the THz scale'?'%.

As illustrated schematically in Fig. 1a, after reaching the Fe/n-GaAs electrode the electron current pulse
flows in lateral direction. In the inset of Fig. 1d, we plot the vertical current pulse generated in the center of our
disc-shaped device together with the lateral current pulses captured at different distances from the disc center
to illustrate the evolution of the current pulse during its propagation through the device. To allow for a direct
comparison to the vertical current pulse, the lateral surface current densities obtained by the simulation [see
Fig. S.6¢] were integrated along the circumference of 27+ for each individual distance r from the device center.

Magnetization dynamics induced by spin-orbit torque pulses.  To study the magnetization dynam-
ics induced by spin-orbit torque pulses, we need to consider not only the temporal properties of the generated
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Figure 2. Magnetization precession induced by ultrashort SOT pulse. (a) Schematic illustration of the two
possible SOT contributions acting on magnetization (M) due to the photocurrent pulse (j): field-like (7z;) and
damping-like (7p;) torques. The two orthogonal torques lead to magnetization precessions (dashed ellipse) that
differ by 90° in the initial phase. (b) Sketch of the photodiode with three positions located in the device center
and + 30 pum away from the center along the [110] crystallographic direction, which were investigated by the
spatially-overlapped pump and probe laser spots. The net photocurrents in positions (i) and (iii) are opposite
due to the location of the annular Au contact. No net lateral photocurrent is generated in position (ii). The
experiment was performed with no external magnetic field applied when M was oriented along one of the easy
axes (EA), which are indicated by the dashed lines. (c) Magnetization precession measured in the three positions
indicated in (b) for applied bias of — 10 V; the curves are vertically shifted for clarity. The precessional signal

is correlated with the polarity and magnitude of the lateral current pulse. (d) Points: initial precessional phase
& as a function of the laser spots position x within the photodiode. The value § = 135° for x>0 indicates the
presence of damping-like SOT, as discussed in the text. Dashed line: fit by a step-like function smeared out by
the Gaussian laser beam profile with = 25 um diameter.

current pulse, but also its propagation direction. Due to our vertical photodiode design, the photocurrent pulses
can be generated locally at any position within the disk-shaped pillar structure by positioning the focused laser
spot inside the annular Au contact. As illustrated in Fig. 2b for 3 different spot positions, the net flux of the
laterally propagating current pulse is always directed towards the shortest distance to the annular Au contact
providing a unique and simple opportunity to control the orientation of the lateral current pulses in only one
single device.

As described in detail in Supplementary Note 6, the photocurrent pulse generated in the device initially flows
in the vertical direction and after reaching the top Fe/n-GaAs electrode it propagates laterally toward the annular
Au contact. To eliminate the effect of the Oersted magnetic field generated by the vertically propagating current
pulse, which was investigated in®, we performed experiments with pump and probe laser spots focused at the
same position. To achieve a precise spatial overlap of pump and probe beams, we used relatively wide laser spots
with a diameter of about 25 pm (see “Methods” section for more details). The radially symmetric distribution of
the Oersted field generated by the vertical current in the pump-illuminated area averages out to zero within the
spatially overlapped probing area and, therefore, a possible magnetization precession arises only from torques
generated by the lateral current.

The lateral current pulse can act on the iron magnetization again via the associated Oersted magnetic field,
which is a non-local effect. Therefore, the field generated by the electron current flowing in the top n-doped GaAs
layer is compensated to a large extent by the hole current flowing in the bottom p-doped GaAs layer as both
types of charge carriers move in the same direction coupled by the Coulomb interaction (see Supplementary
Note 6). On the other hand, the spin-orbit torque is a local effect originating from the Fe/n-GaAs interface and,
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therefore, it is generated only by the electron current. The part of the lateral charge current flowing through the
n-GaAs layer can also contribute to SOT via the spin Hall effect (SHE). However, this contribution is expected to
be negligible because of the very small spin Hall angle in n-GaAs of 6 x 10~ at low temperatures'® and because of
the very large conductivity difference of ~ 10° between the metallic Fe film and the n-GaAs, which makes most of
the lateral current flowing through the Fe film. The negligible role of SHE in our measurements was confirmed
in a test experiment in which spin-polarized photocurrent pulses were generated in GaAs via optical orientation
by circularly polarized pump laser pulses'®; see Supplementary Note 2. Despite the high degree of the photo-
electron spin polarization in GaAs of up to 50% which was oriented perpendicular to the iron magnetization,
no evidence of transfer of the spin polarization from the bulk GaAs to the iron magnetization was observed. A
plausible explanation is a reduction of efficiency of the spin injection through the metal/semiconductor interface
due to the presence of a Schottky barrier'”. Hence, we conclude that the much weaker contribution to the torque
on the iron magnetization due to the spin current generated by the SHE in n-GaAs is negligible. In summary,
a possible magnetization precession observed in the configuration with spatially overlapped pump and probe
laser spots can only be induced by an effective spin-orbit field generated at the Fe/n-GaAs interface by the lateral
photocurrent pulse. Other current pulse-unrelated effects that could in principle excite magnetization precession
can be excluded in our experiments, as discussed in detail in Supplementary Note 1.

The spin-orbit field arises from a broken inversion symmetry both due to the epitaxial Fe/GaAs inter-
face and due to the missing inversion centre of the zinc-blende crystal structure of the GaAs bulk'®". The
respective contributions, the Bychkov-Rashba-like field Hg ~ (kxey — kyex) and the Dresselhaus-like field
Hp ~ (kyey — kyey), lie in the plane of the Fe/GaAs interface and they depend linearly on the lateral components
of the electron linear momentum /k%; see also Fig. 3b. Here, e, and e, are unit vectors pointing along [100] and
[010] crystallographic directions of our epitaxially grown Fe/GaAs structure, respectively. Hence, when a lateral
charge current is applied, Bychkov-Rashba- and Dresselhaus-like fields superimpose to an effective spin-orbit
field which scales linearly with the current magnitude and whose magnitude and orientation also depend on the
current direction; see Fig. 3a. Depending on whether the spin lifetime in iron is shorter or longer than the spin
precession time in the exchange field of iron, the Bychkov-Rashba- and Dresselhaus-like spin-orbit fields can
act both as field-like SOT (zpr) and damping-like SOT (zpr), respectively. Both timescales are of the order of
tens of femtoseconds, i.e., much shorter than the duration of our picosecond photocurrent pulses. We therefore
consider the onset of the SOT to be immediate with respect to the duration of our photocurrent pulses. The
field-like and damping-like SOTs act on the magnetization in two orthogonal directions tilting the magnetiza-
tion perpendicular and parallel to the sample plane, respectively, as depicted in Fig. 2a. Accordingly, current
pulse-induced magnetization precessions caused by the damping-like SOT only and by the field-like SOT only
would be mutually phase shifted by 90°.

The direction of the lateral current pulse flowing in our photodiode from the pump laser spot towards the
annular Au contact depends on the laser spot position, as depicted in Fig. 2b. When the laser spot is focused in
the center of the disc, the angular distribution of the lateral current flowing towards the ring-shaped contact is
equal in all directions. Therefore, within the spatially overlapped probe laser spot, the net lateral current equals
to zero and, consequently, no net spin-orbit torque is expected. In contrast, when the overlapped laser spots
are moved out of the device center, the lateral current distribution becomes asymmetric and the current density
is the largest in the direction of the spot-displacement since here the distance to the annular Au contact is the
shortest. The corresponding net current flow directions are indicated in Fig. 2b by blue arrows.

In Fig. 2c we show magneto-optical (MO) pump-probe traces measured at three different positions indi-
cated in Fig. 2b. The measured dynamic MO signal is due to polar MO Kerr effect which is proportional to the
perpendicular-to-plane magnetization component (see Supplementary Note 1 for details). While the precessional
amplitude is almost zero at the disc center, Larmor precession of magnetization is clearly apparent when the
spatially-overlapped pump and probe laser spots are displaced by + 30 um away from the disc center along the
[110] and [110] directions. Importantly, these precessions are mutually phase-shifted by 180°, as indicated by a
vertical dashed line in Fig. 2c. The presence (absence) of the magnetization precession and its opposite phases
are clearly correlated with the presence (absence) and opposite directions of the lateral current pulses at the 3
different positions. This observation confirms that the precession is triggered by the lateral current pulses and it
excludes any thermally-induced effects, such as temperature-induced magnetic anisotropy variations (see Sup-
plementary Note 1 for a detailed discussion).

The measured pump-probe traces were fitted by a damped harmonic function

_At
MO(At) = A cos(2nf At + 8)e ™ + Py, (1)

where A, f, §, and 7, are precessional amplitude, frequency, initial phase and damping time, respectively. P, is a
4th-order polynomial used to remove the signal background which is not related to the magnetization preces-
sion. In Fig. 2d we show the initial phase of the magnetization precession measured at different positions along
the [110] crystallographic direction. As already mentioned, the phase changes by 180° when crossing the device
center, i.e., when the current pulse propagation direction is inverted. The width of the transition region corre-
sponds to the used laser beam size, which is = 25 um in this particular experiment. Importantly, the experimen-
tally measured value of the initial phase § is = 135° (and 315°) for a given net-current direction. As we discuss in
Supplementary Note 1, the initial phase of the magnetization precession depends not only on the direction of the
corresponding torque, but also on the duration of the stimulus. In the measurements shown in Fig. 2, where the
current pulse duration [see Supplementary Fig. S.5b] is significantly longer than the Larmor precession period
of =~ 100 ps [see Supplementary Fig. S.3b], a phase of =~ 90° is expected for a precession excited by the current
pulse-induced Oersted field. This effect, therefore, can’t explain the observed phase of = 135°, in agreement with
the aforementioned strong suppression of the Oersted field effects in our experimental geometry. On the other
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Figure 3. Anisotropy of the SOT-induced precession amplitude with respect to the photocurrent direction.

(a) Schematic illustration of the photodiode with positions of spatially-separated pump and probe laser

spots indicated by different colors. The larger and smaller dots indicate the pump and probe spot positions,
respectively (with a diameter of ~ 1 pm), which were always 9 um apart with the probe spot displaced either
along [110] or [110] crystallographic direction. The directions of the magnetization M (white arrow) and the
local total spin-orbit field Hy, (black arrows) are also indicated. (b) Directions of the Bychkov-Rashba (Hy,
black arrows) and Dresselhaus (H), red arrows) contributions to the total spin—orbit field Hy, for different
photocurrent directions (blue arrows) in the device. Combination of the two anisotropic contributions results in
different magnitudes of Hy, when probing along [110] and [110] in (a). (c) Magnetization precession measured
for applied bias of — 10 V at positions indicated in (a) by the corresponding colors; the curves are vertically
shifted for clarity. (d) Precessional amplitude A extracted by fitting the data in part (c) by Eq. (1) for A¢t>100 ps.
The colors of the data points correspond to that used in parts (a,c). The larger magnetization precession
amplitude observed for current pulses propagating along [110] direction is in agreement with the stronger Hy,
compared to the case of pulses propagating along [110] direction.

hand, the measured precession phase can be explained by a superposition of the field-like and damping-like
SOTs which would lead to precession phases of ~ 90° and ~ 180°, respectively.

To further investigate the importance of SOT relative to the Oersted-field torque for inducing the magnetiza-
tion precession, we performed additional MO pump-probe experiments in a configuration with pump and probe
laser spots being spatially separated. In this case, both SOT from the lateral current pulse and the Oersted-field
torque from the vertical current pulse are present. The net direction of the lateral current pulse propagation
within the probed area is determined by the position of the probe laser spot relative to the pump spot, which
is the origin of the laterally propagating current pulse. To achieve the required spatial separation between the
pump and probe laser spots within the device, we used rather small laser spot size of only = 1 um for this set of
experiments. The tightly focused pump laser pulse excitation produced much shorter current pulses than in the
previously described experiments with =~ 25 um wide laser spots, which is because of a reduced effect of charge-
screening in the case of smaller spots [cf. Supplementary Fig. S.5a,b]. We first investigated the dependence of the
induced Larmor precession on the current pulse propagation direction relative to the Fe/GaAs crystallographic
directions. The results of these experiments are summarized in Fig. 3. The sketch in Fig. 3a indicates the positions
of the spatially-separated pump and probe laser spots, which are depicted by large and small circles, respectively.
Each color represents a particular pump-probe experiment at the respective position on the disk-shaped device.
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The effective spin-orbit field Hgo, which is composed of the Bychkov-Rashba-like (Hg) and the Dresselhaus-
like (Hp) fields®, is schematically shown in Fig. 3b for different lateral photocurrent pulse directions. When the
current pulse propagates along the [110] crystallographic direction, which corresponds to the situation when
the probe laser spot is spatially displaced relative to the pump spot along this direction, Hg and Hp point alon
the same direction and, therefore, they sum up. On the contrary, for a current pulse propagating along the [TIO%
direction, i.e., when the probe laser spot is displaced accordingly, Hg and Hp subtract, which then leads to a
correspondingly smaller effective spin-orbit field Hsp, as indicated in Fig. 3a by a size of the black arrow.

The MO pump-probe traces measured in the places indicated in Fig. 3a are shown in Fig. 3¢ using the cor-
responding colors. The curves were fitted by Eq. (1) and the extracted precessional amplitude A is shown in
Fig. 3d, again using the same color-coding as in panels (a) and (c). Clearly, there is a considerable difference in the
precession amplitudes for photocurrent pulses propagating along the [110] and [110] crystallographic directions.
In part, this difference is due to a geometrical factor, since the magnetization, which is aligned along one of the
easy axes [as indicated in Fig. 3a], has different angles with H g generated by current pulses along [110] and [110]
and the corresponding torque is proportional to M x Hso. However, taking this geometrical factor into account,
the precession amplitude for current pulses propagating along the [110] direction is still about 40% larger than
that for pulses propagating along the[110] direction. This difference cannot be explained by the Oersted magnetic
field which is radially symmetric and, therefore, it has an equal amplitude for these two current propagation
directions. On the other hand, the difference in the precession amplitudes is in agreement with the difference
in the magnitudes of Hgo depicted in Fig. 3a, which is an additional independent experimental confirmation
that the ultrashort SOT pulses contribute significantly to the excitation of the magnetization precession in our
device. The measurements shown in Fig. 3 allowed us to estimate the magnitudes of the Bychkov-Rashba and
the Dresselhaus spin—orbit fields by relating them to the magnitude of the Oersted field, which can be calculated
from the Biot-Savart law. For a lateral current density of 10'* A/m* we obtained Hg ~ 0.2mT and Hp ~ 0.1mT.
For more details see the Supplementary Note 1.

To check the consistency of our analysis of the magnetization precession data and, in particular, the inter-
pretation of the initial precession phase, we performed an additional control experiment in a geometry where
the SOT magnitude is minimized. As shown in Fig. 3, this is the case when the current pulse propagates along
the[110] direction. In these conditions, the Oersted field torque generated by the vertical current pulse becomes
strongest relative to SOT generated by the lateral current pulse and, therefore, a precession phase closer to 90°
is expected (see Supplementary Note 1 for details). The experimental geometry is depicted in Fig. 4a. The probe
laser spot is displaced along the [110] direction relative to the current pulse-generating pump laser spot that is
placed in the center of the photodiode. The polarity of the photogenerated current pulse and, consequently, of
the Oersted field (Hy,) is determined by the polarity of the applied bias voltage. Moreover, the duration of the
current pulse can be controlled by the bias magnitude (see Supplementary Note 5), which enabled us to verify
experimentally its influence on the initial precession phase.

The pump-probe traces measured for bias voltages ranging from + 7.5 V to — 15 V are shown in Fig. 4b. As
indicated by the vertical dashed line, the magnetization precession changes phase by 180° when the bias polarity
is reversed. This is expected, since an inversion of the current pulse propagation direction leads to an inversion
of Hy, and the corresponding torque causes the opposite initial magnetization tilt. The initial precession phase &
extracted by fitting the curves with Eq. (1) is shown in Fig. 4c as a function of the applied bias voltage. In contrast
to the conditions of Fig. 2, where the dominant contribution to torque was attributed to SOT, a phase of = 90°
is now observed for a small reverse bias voltage. This is fully consistent with the Hy,~induced magnetization
precession reported previously for a laser pulse-illuminated Schottky diode®**?! and also with the phase theo-
retically predicted for an Oersted field pulse with a duration comparable to or longer than the precession period
(see Supplementary Fig. S.1). This is indeed the case for small bias magnitudes in our diode, as is evident from
Fig. 4d which shows the current pulse duration measured by the photocurrent correlation technique as a function
of the applied bias voltage (see Supplementary Note 5). For larger bias magnitudes the precession phase shifts
towards higher values for both bias polarities. This gradual phase shift, which is caused by the decreasing current
pulse duration [see Fig. 4d], is in a quantitative agreement with the theoretically calculated phase dependence
on pulse duration shown in Supplementary Fig. S.1.

Discussion

We have demonstrated generation of ultrashort spin—orbit torque pulses at an epitaxial ferromagnetic metal-sem-
iconductor interface by converting femtosecond laser pulses into laterally-oriented high-amplitude current pulses
in an electrically biased iron-gallium-arsenide (p-i-n) photodiode. Each ultrafast current pulse, consisting of
a sub-picosecond peak and a~ 10-picosecond tail, excites the precession of iron magnetization directly at the
iron-photodiode interface without any dispersion-related pulse broadening. Polarity and lateral flow direction
of the current pulses were controlled by the lateral position of a focused laser spot and by the bias voltage on
the photodiode. The spin-orbit origin of the torque exciting Larmor precession of the iron magnetization was
revealed by a detailed analysis of the precession phase and amplitude at different experimental conditions.

The experimentally observed Larmor precession of the ferromagnetic film with a frequency of ~ 10 GHz was
excited by the ~ 10-picosecond tail of the photogenerated current pulse. However, the much faster sub-picosecond
current peak onset of the pulse with up to ~ 100 mA amplitude could be relevant for excitation of antiferromag-
netic (AFM) thin films, where the exchange enhanced precession frequencies are in the THz regime'*. Recent
studies have demonstrated manipulation of the AFM Néel vector by passing an electric current through metallic
collinear antiferromagnets with locally broken inversion symmetry, such as CuMnAs? or Mn,Au”. In particular,
pulses with current densities of ~ 10'°-10"" A/m?* were sufficient to switch the Néel vector of the AFM domains by
180° due to domain wall motions®*?*. With our device structure, similar or even larger current pulse amplitudes
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Figure 4. Magnetization precession generated by Oersted field pulses. (a) Schematic illustration of the Oersted
magnetic field Hy, (black circle) induced in the iron film by the vertically propagating current pulse, which

is flowing in the pump-illuminated column, with a diameter of = 1 um, in the photodiode center (larger red
circle). Switching the bias polarity reverses the photocurrent and, consequently, the corresponding field Hp,
acting on magnetization M within the probe laser spot (smaller red circle), which is displaced by 9 pm away
from the pump laser spot along the [110] crystallographic direction. (b) Magnetization precession induced

by H,, measured for several biases without external magnetic field applied; the curves are vertically shifted

for clarity. The phase of oscillations depends on the bias polarity, as indicated by the dashed line. (c) Bias
dependence of the precessional phase § extracted by fitting the data in part (b) by Eq. (1) for A¢>100 ps. (d)
Bias dependence of the duration of the vertically propagating photocurrent pulse measured by the photocurrent
correlation technique. For larger bias magnitudes the photocurrent pulses become considerably shorter than the
magnetization precession period, which is the cause of the gradual phase shift of the precession signal observed
in (c).

could be generated within sub-ps time, providing a new experimental technique for investigation of ultrafast
excitation and switching of magnetic order in metallic AFM thin films®.

Moreover, as we demonstrate in Supplementary Note 2, thanks to the optical selection rules in the zinc-blende
GaAs heterostructure, our new experimental technique is also able to exploit spin—orbit coupling to convert
photon angular momentum to electron spin and, consequently, to generate ultrafast spin-polarized current
pulses'®?”?8, Direct spin transfer from ultrashort optically generated spin current pulse to the AFM layer might
be another way of generation of high frequency AFM excitations.

Methods

Magneto-optical pump-probe experiment. This technique was used to obtain information about the
magnetization (spin) and charge dynamics that is excited in the photodiode directly by laser pulses or by the cor-
responding photocurrent pulses. Pump-probe experiment is a stroboscopic optical method where the dynamics
triggered by a strong (pump) laser pulse is sampled by a time-delayed weaker (probe) laser pulse*. We employed
a reflection optical geometry and measured the magneto-optical (MO) signal, which corresponds to a probe
polarization rotation, and the differential reflectivity dR/R, which corresponds to a transient change of the probe
intensity. Both these signals were measured simultaneously as a function of time delay between the pump and
probe pulses using the optical bridge, where they correspond to "difference” and "sum" signals, respectively (see
Appendix B in* for details). The measured MO signals did not depend on the polarization of pump pulses; the
data depicted in Figs. 2, 3 and 4 were measured for linear polarization. As a light source, we used femtosec-
ond Ti:sapphire laser (Mai Tai, Spectra Physics) producing ~ 100 fs laser pulses at a repetition rate of 80 MHz.
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Typically, we employed a geometry with a collinearly propagating pump and probe pulses and a microscopic
objective, which was focusing laser beams to a spot size of ~ 1 um; see Fig. 1b in®. In the experiment, the laser
repetition frequency was decreased to 8 MHz by a pulse picker, the laser central wavelength was tuned to 798 nm
and spectral filters (NF808-34 in the pump beam and FBH810-10 in the probe beam) were used to generate a
quasi-nondegenerate pump and probe pulses with central wavelengths of 794 nm and 804 nm, respectively?.
We used pump laser power of 230 uW, which corresponds to a fluence of = 1 mJ/cm?, and probe laser power was
set to 10-20% of the pump power. The data presented in Fig. 2, where a very good spatial overlap of the pump
and probe pulses was necessary to suppress the influence of the Oersted field generated by a vertical photocur-
rent on the detected magnetization dynamics, were measured using an experimental setup with non-collinearly
propagating pump and probe pulses where laser beams were focused by a single converging lens to a spot size of
~ 25 um; see Fig. 1a in?. Here, the laser repetition rate of 80 MHz and the same wavelength of pump and probe
pulses of 800 nm were used. The pump power of 60 mW, which corresponds to a fluence of = 0.1 mJ/cm?, and
probe power of 10% of the pump power were used. The samples were mounted in an optical cryostat and the
experiments were performed at a base temperature of 15 K. No external magnetic field was applied during the
MO measurements.

Photocurrent correlation method. For the characterization of ultrashort electrical current pulses gener-
ated in our photodiode by femtosecond laser pulses, we used the photocurrent correlation measurement®'. This
technique is sensitive to the nonlinear component of the photodiode response, i.e., to the mutual interaction
between two consecutive photo-generated current pulses®~**. The nonlinear response of our photodiode to the
optical stimulus, which is necessary for this correlation technique to work®, is clearly apparent from the VI
characteristics shown in Supplementary Fig. S.4b. Similarly like in the case of pump-probe method, we used two
mutually time-delayed laser pulses which, however, now have the same intensity. Here, the measured quantity
is a time-averaged photocurrent generated in the diode, which was measured by a sensitive ampere-meter as a
function of the time delay between the two identical laser pulses. After the impact of the first laser pulse, the
photo-generated electron-hole pairs are separated in a strong electric field present in the intrinsic part of the
PIN diode and accelerated in the vertical direction towards the opposite electrodes, thus creating a short current
pulse [see Fig. 1a]. The presence of the photo-carriers created by the first laser pulse influences both the material
properties (e.g., via saturation of absorption) and the diode properties (e.g., by screening of the electric field)
until the photo-carriers are removed from the diode by the electric field. The absorption of the second laser pulse
is decreased because of the saturation and the electric field, which is weakened by the screening effect, makes the
electrical transport slower, which means that more photo-carriers can recombine before reaching the electrodes.
Both these effects decrease the total charge which can be transported out of the diode per one pair of laser pulses
and, therefore, the average photocurrent measured in the correlation experiment is also decreased. As the influ-
ence of the first pulse on the second pulse increases with decreasing time delay between the pulses, the largest
decrease of the average photocurrent is expected around the zero time delay.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author on
reasonable request.

Received: 5 August 2022; Accepted: 18 November 2022
Published online: 13 December 2022

References
1. Bernevig, B. A. & Vafek, O. Piezo-magnetoelectric effects in p-doped semiconductors. Phys. Rev. B 72, 033203 (2005).
2. Manchon, A. & Zhang, S. Theory of spin torque due to spin-orbit coupling. Phys. Rev. B 79, 094422 (2009).
3. Chernyshov, A. et al. Evidence for reversible control of magnetization in a ferromagnetic material by means of spin-orbit magnetic
field. Nat. Phys. 5, 656-659 (2009).
4. Miron, I. M. et al. Perpendicular switching of a single ferromagnetic layer induced by in-plane current injection. Nature 476,
189-193 (2011).
. Liu, L. et al. Spin-Torque Switching with the Giant Spin Hall Effect of Tantalum. Science 336(6081), 555-558 (2012).
6. Gmitra, M., Matos-Abiague, A., Draxl, C. & Fabian, J. Magnetic control of spin-orbit fields: A first-principles study of Fe/GaAs
junctions. Phys. Rev. Lett. 111, 036603 (2013).
7. Chen, L., Matsukura, F & Ohno, H. Direct-current voltages in (Ga, Mn)As structures induced by ferromagnetic resonance. Nat.
Commun. 4, 2055 (2013).
8. Chen, L. et al. Robust spin-orbit torque and spin-galvanic effect at the Fe/GaAs (001) interface at room temperature. Nat. Commun.
7, 13802 (2016).
9. Acremann, Y. et al. Ultrafast generation of magnetic fields in a Schottky diode. Nature 414, 51 (2001).
10. Van Hoof, C., Deneffe, K., De Boeck, J., Arent, D. J. & Borghs, G. Franz-Keldysh oscillations originating from a well-controlled
electric field in the GaAs depletion region. Appl. Phys. Lett. 54, 608 (1989).
11. Airaksinen, V. M. & Lipsanen, H. K. Photoreflectance study of photovoltage effects in GaAs diode structures. Appl. Phys. Lett. 60,
2110 (1992).
12. Jungwirth, T., Marti, X., Wadley, P. & Wunderlich, J. Antiferromagnetic spintronics. Nat. Nanotech. 11, 231 (2016).
13. Baltz, V. et al. Antiferromagnetic spintronics. Rev. Mod. Phys. 90, 015005 (2018).
14. Némec, P, Fiebig, M., Kampfrath, T. & Kimel, A. V. Antiferromagnetic opto-spintronics. Nat. Phys. 14, 229 (2018).
15. Khamari, S. K., Porwal, S. & Sharma, T. K. Temperature dependent spin Hall conductivity in n-GaAs epitaxial layers measured by
inverse spin Hall effect. J. Appl. Phys. 124, 065702 (2018).
16. Dyakonov, M. I. & Perel, V. I. in Optical Orientation, edited by Meyer, F. & Zakharchenya, B. P. (North-Holland, 1984), pp. 11-71.
17. Ando, K. et al. Electrically tunable spin injector free from the impedance mismatch problem. Nat. Mater. 10, 655-659 (2011).
18. Gambardella, P. & Miron, I. M. Current-induced spin-orbit torques. Phil. Trans. R. Soc. A 369, 3175-3197 (2011).
19. Silsbee, R. H. Spin-orbit induced coupling of charge current and spin polarization. J. Phys.: Condens. Matter 16, R179-R207 (2004).

v

Scientific Reports |

(2022) 12:21550 | https://doi.org/10.1038/s41598-022-24808-z nature portfolio



www.nature.com/scientificreports/

20. Buess, M., Knowles, T. P. J., Ramsperger, U., Pescia, D. & Back, C. H. Phase-resolved pulsed precessional motion at a Schottky
barrier. Phys. Rev. B 69, 174422 (2004).

21. Yuan, H. et al. Photoinduced spin precession in Fe/GaAs(001) heterostructure with low power excitation. Appl. Phys. Express 6,
073008 (2013).

22. Wadley, P. et al. Electrical switching of an antiferromagnet. Science 351, 587-590 (2016).

23. Bodnar, S. Y. et al. Writing and reading antiferromagnetic Mn,Au by Néel spin-orbit torques and large anisotropic magnetoresist-
ance. Nat. Commun. 9, 348 (2018).

24. Godinho, J. et al. Electrically induced and detected Néel vector reversal in a collinear antiferromagnet. Nat. Commun. 9, 4686
(2018).

25. Janda, T. et al. Magneto-Seebeck microscopy of domain switching in collinear antiferromagnet CuMnAs. Phys. Rev. Mater. 4,
094413 (2020).

26. Siddiqui, S. A. et al. Metallic antiferromagnets. J. Appl. Phys. 128, 040904 (2020).

27. Ohno, Y. et al. Electrical spin injection in a ferromagnetic semiconductor heterostructure. Nature 402, 790-792 (1999).

28. Fiederling, R. et al. Injection and detection of a spin-polarized current in a light-emitting diode. Nature 402, 787-790 (1999).

29. Surynek, M., Nadvornik, L., Schmoranzerova, E. & Némec, P. Quasi-nondegenerate pump-probe magnetooptical experiment in
GaAs/AlGaAs heterostructure based on spectral filtration. New. J. Phys. 22, 093065 (2020).

30. Surynek, M. et al. Investigation of magnetic anisotropy and heat dissipation in thin films of compensated antiferromagnet CuMnAs
by pump-probe experiment. J. Appl. Phys. 127, 233904 (2020).

31. Carruthers, T. E. & Weller, J. F. Picosecond optical mixing in fast photodetectors. Appl. Phys. Lett. 48, 460 (1986).

32. Jacobsen, R. H., Birkelund, K., Holst, T., Uhd Jepsen, P. & Keiding, S. R. Interpretation of photocurrent correlation measurements
used for ultrafast photoconductive switch characterization. J. Appl. Phys. 79, 2649 (1996).

33. Wang, Z. et al. Spin dynamics triggered by subterahertz magnetic field pulses. J. Appl. Phys. 103, 123905 (2008).

Acknowledgements

This work was supported in part by the European Union’s Horizon 2020 research and innovation program
under the Marie Sklodowska-Curie Grant Agreement No. 861300 “Cold Opto-Magnetism for Random Access
Devices” and by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) within Project-
ID 314695032 - SFB 1277 “Emergente relativistische Effekte in der Kondensierten Materie” and Project-ID
452301518 “Investigation of quench switching of antiferromagnets with high spatial and temporal resolution”.
We also acknowledge support by the EU FET Open RIA Grant No. 766566, by the Czech Science Foundation
Grant No. 19-28375X, by the INTER-COST Grant No. LTC20026, by the CzechNanoLab project LM2018110
funded by MEYS CR, and by the COST Action CA17123 MAGNETOFON.

Author contributions

T.J., T.O., PN,, E.S., and ].W. designed the experiment and interpreted the data. T.]., T.O., PN., and ].W. wrote the
manuscript. T.]J. and J.W. performed all optical and magneto-optical experiments. R.C., V.H., and V.N. grew the
samples and Z.S. performed the nano-lithography. T.O. carried out the theoretical modelling.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-24808-z.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

ov License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:21550 | https://doi.org/10.1038/s41598-022-24808-z nature portfolio


https://doi.org/10.1038/s41598-022-24808-z
https://doi.org/10.1038/s41598-022-24808-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Ultrashort spin–orbit torque generated by femtosecond laser pulses
	Results
	Studied sample. 
	Temporal characteristics of the photocurrent pulse. 
	Magnetization dynamics induced by spin–orbit torque pulses. 

	Discussion
	Methods
	Magneto-optical pump-probe experiment. 
	Photocurrent correlation method. 

	References
	Acknowledgements


