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In the burgeoning field of spintronics, antiferromagnetic materials (AFMs) are
attracting significant attention for their potential to enable ultra-fast,
energy-efficient devices. Thin films of AFMs are particularly promising for
practical applications due to their compatibility with spin-orbit torque (SOT)
mechanisms. However, studying these thin films presents challenges,
primarily due to the weak signals they produce and the rapid dynamics driven
by SOT, that are too fast for conventional electric transport or microwave
techniques to capture. The time-resolved magneto-optical Kerr effect
(TR-MOKE) has been a successful tool for probing antiferromagnetic
dynamics in bulk materials, thanks to its sub-picosecond (sub-ps) time
resolution. Yet, its application to nanometer-scale thin films has been limited
by the difficulty of detecting weak signals in such small volumes. In this study,
the first successful observation of antiferromagnetic dynamics are presented
in nanometer-thick orthoferrite films using the pump-probe technique to
detect TR-MOKE signal. This paper report an exceptionally low damping
constant of 1.5 x 10~* and confirms the AFM magnonic nature of these
dynamics through angular-dependent measurements. Furthermore, it is
observed that electrical currents can potentially modulate these dynamics via
SOT. The findings lay the groundwork for developing tunable, energy-efficient
spintronic devices, paving the way for advancements in next-generation
spintronic applications.

1. Introduction

Antiferromagnetic materials (AFM) are her-
alded as the future of spintronics, with
their ultra-fast dynamics allowing for high-
speed spin-orbit torque (SOT) switching—
providing capabilities that could revolu-
tionize spin-based technologies from high-
density data storage for the next-generation
computing architectures.'?l However, re-
alizing the full potential of antiferromag-
netic materials in spintronic applications
has encountered substantial challenges. A
majority of research only focused on elec-
trical transport measurements by apply-
ing a current to these antiferromagnetic
systems.!”114] Despite the significant con-
tributions of these studies, they have also
sparked contentious debates regarding the
actual switching speed and its mechanisms
involved. The core issue is that traditional
electrical transport and microwave mea-
surement techniques cannot keep up with
the ultra-fast timescales of antiferromag-
netic dynamics, especially those induced by
SOT. This technological gap makes it nearly
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impossible to acquire a detailed, time-resolved understanding as
of how AFMs respond to current-induced SOT. Hence, there is
an urgent need for new experimental approaches that can cap-
ture these exceedingly fast processes to unravel the nuanced be-
haviors and mechanisms at play.

A powerful alternative for probing antiferromagnetic dy-
namics is the time-resolved magneto-optical Kerr effect (TR-
MOKE),I">"18] measured using the pump-probe technique. This
highly sensitive approach has a proven track record in cap-
turing fast magnetic dynamics. While Terahertz (THz) emis-
sion spectroscopy provides valuable information by probing THz
radiation,1%%"] TR-MOKE provides direct insights into the magneti-
zation dynamics in magnetic materials. For antiferromagnets, TR-
MOKE has predominantly been used to study bulk systems, re-
vealing phenomena such as inertia-driven spin switching and
efficient magnetic field-induced spin precession in AFMs.[28-30]
However, there is a critical gap in understanding antiferromag-
netic dynamics in nanometer-thick films, which is essential for
SOT applications because current must be applied at such scales
to minimize energy and heat dissipation, as well as to counteract
the decay of spin current.l”!!] The absence of investigations into
thin film antiferromagnetic dynamics is primarily due to the chal-
lenge of weak signal emissions, a technical hurdle that hindered
progress in this area.[’’] Therefore, there’s a compelling need to
extend the capabilities of TR-MOKE or other time-domain tech-
niques to nanoscale thin films to elucidate their dynamics and
harness their potential for spintronics applications.

In this work, we make a significant leap forward by success-
fully probing the SOT-induced antiferromagnetic dynamics in a
30 nm thin film of LaFeO, (LFO) using the pump-probe tech-
nique. LFO is an orthoferrite and an example of the newly pro-
posed class of magnetic materials called altermagnets®!l that are
predicted to have strong magneto-optical effects. Notably, we ob-
serve an exceptionally low damping constant of 1.5 x 107, Along-
side this, we employ angular-dependent measurements to ensure
that the observed signals and behaviors are ofa magnonic ori-
gin probed by quartic MOKE (QMOKE) signal. For the first time,
we demonstrate the manipulation of antiferromagnetic dynam-
ics using spin-orbit torque driven by electric current and capture
these fast-paced dynamics in real-time.

2. Results

2.1. Characterization of the LFO Thin Films

LFO is an antiferromagnet with a relatively high Néel tempera-
ture (Ty) at 760 K.[32] Previously, researchers have utilized bulk
LFO to explore antiferromagnetic dynamics, which informed our
selection of this material. Our goal is to advance beyond previ-
ous studies by growing high-quality nanometer-thin LFO films to
explore spin-orbit torque-driven antiferromagnetic dynamics. To
achieve the required material quality in the study, we employed
off-axis sputtering techniques to epitaxially grow the LFO film of
30 nm on SrTiO; (110) substrate (for a detailed description, see
Methods). Figure 1a displays the X-ray diffraction pattern of the
epitaxial heterostructure, which shows a remarkable crystalline
quality as evidenced by the pronounced Laue oscillations. Con-
ventionally, the Néel vector of a bulk LFO is along the a-axis of
its orthorhombic lattice. However, for thin film LFO where c-
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axis is aligned to in-plane [001] orientation of SrTiO,, crystallo-
graphic strain induced by the epitaxy would modify the uniaxial
anisotropy of the LFO thin film to re-orientate the Néel order to-
ward the c-axis/®}] as depicted in Figure 1b. This modified AFM
anisotropy induced the Néel order tilting was revealed by the X-
ray magnetic linear dichroism (XMLD) spectroscopy. Figure 1c
illustrates the experimental geometry of the XMLD, in which the
X-ray absorption spectra (XAS) were acquired using a linearly po-
larized X-ray. The polarization, indicated by the electric field vec-
tor (E), was aligned at various incidence angles () relative to the
film normal. Note that, the sample rotation for the §-dependent
XAS was specifically configured within the a-c plane of the LFO
film. This orientation was chosen to effectively resolve the tilt-
ing of the Néel order (see Methods for details). Figure 1d shows
the #-dependent XAS taken at the Fe L,/L; edge, both featuring
a double peak characteristic. As a result, while increasing the X-
ray incidence angle, the intensity of low- (high)-energy state de-
creased (increased) at both L,/L; edge and nearly got saturated at
0 = 60°, as highlighted in the inset of Figure 1d. The fine struc-
ture evolution on each L,/L; edge suggests the Néel order of the
investigated LFO film is deviating from the principal axes of the
orthorhombic lattice, coinciding with the result in the previous
study!*3].

2.2. TR-MOKE Measurements in LFO Thin Films

To probe the ultrafast antiferromagnetic dynamics, we utilize the
TR-MOKE in pump-probe scheme, as shown in Figure 2a (See
Methods for more details). In our experimental setup, the ini-
tiation of antiferromagnetic dynamics is first achieved through
thermal excitation by a linearly polarized pump pulse (400 nm,
1 mW) with normal incidence of light (See Section S4, Support-
ing Information)!* This triggers a damped oscillation of the Néel
vector along its equilibrium position. In the vanish of external
field as well as spin orbit torque, the Néel vector processes with
the antiferromagnetic resonance (AFMR) frequency along its lo-
cal easy axis

f= % \Y, HA(HA+2HE) (1)

where y is the gyromagnetic ratio, fis the AFMR frequency, H is
the exchange field, H, is the effective field of easy-axis anisotropy.
To capture the ultrafast dynamics, we use the Kerr rotation ef-
fect on a subsequent linearly polarized probe pulse (800 nm,
15 uW) where we define @ as the angle between the polarization
of probe pulse (P) and the in-plane projection of the Néel vector
(n;p). The key metric is the change in Kerr rotation as a func-
tion of the time delay between the pump and probe pulses (See
Methods for details). This approach affords us a high temporal
resolution, providing valuable insight into the rapid dynamical
behaviors of antiferromagnetic materials compared to conven-
tional methods. Ferromagnetic materials primarily exhibit first-
order linear MOKE responses, where the signal is directly propor-
tional to the out-of-plane component of the magnetization (m,).
In contrast, for antiferromagnets, the linear MOKE vanishes due
to zero net magnetic moment. This leads to the detectability of
a secondary effect known as quadratic MOKE (QMOKE), which
can be effectively probed with its magnitude n proportional to
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Figure 1. Crystal and spin structure of LaFeOj. a) X-ray Diffractometry (XRD, 4 = 1.5405 A, Cu-K @) scan of the 30 nm thick LaFeO, layer grown on a
SrTiO; (110) substrate, showcasing the crystal orientation of LaFeOj3. b) Spin structure of LaFeOj5 thin film grown on SrTiO; (110) substrate. Red arrows
indicate the magnetic moments associated with Fe>* ions_In bulk LaFeO;, the easy axis aligns with the a-axis of the cell. However, a notable tilting of
the Néel vector towards out of plane when LaFeO; is grown on the SrTiO3 (110) substrate. c) Schematic of X-ray magnetic linear dichroism (XMLD).
The x-rays incident on the sample at an angle 0 relative to the sample surface, varies as the sample rotates about a vertical axis. d) X-ray Absorption
Spectroscopy (XAS) of LaFeO; with varying 6. The angular dependence of the XAS spectrum at the L2 and L3 edges of Fe indicates that the easy axis is

tilted toward the out-of-plane direction.

cos(2¢). Here, ¢ = ¢,, — @, where ¢, and ¢, are the in-plane
projection direction of probe polarization (P) and Néel vector
(n;,), respectively. Therefore, the QMOKE signal is expected to
exhibit an oscillation Az xsin(2¢)An,,(#).l'*** Figure 2b shows
TR-MOKE data with ¢ = 45° where clear damped oscillations are
observed. The pump-driven AFM dynamics are evaluated by fit-
ting the TR-MOKE data Ay with the phenomenological form!*]

An () = A, exp (—t/7)sin (2zft + @) + A, exp (—t/v) (2)

where the first term shows the oscillation of the Néel vector
with the amplitude of A, 1 = ya(H, + Hy), and a is the Gilbert
damping constant (See Section S3 (Supporting Information)
for more details of derivation). The second term is the back-
ground signal in the slow thermal relaxation process!**! From
the fitting, H, = 80 Oe and f=47.1 Ghz are obtained, and we
use H; = 1.8 x 10° Oe.’”*8] Notably, Gilbert damping constant
a =1.5 x 107, which is comparable to the best magnetic insu-
lators such as Y;Fe;O,, (YIG)3?) (See Section S3 (Supporting In-
formation) for the details of fitting). The excellent quality of our
ultra-low damping LFO thin film allows us to observe such a weak
MOKE signal using the reflection instead of the transmission
setup, which is commonly used for bulk AFM system. Figure 2c
illustrates angular dependent time-resolved measurements with
varying ¢. Figure 2d shows the extracted oscillation amplitude A,
using Equation (2). The sin (2¢) dependency of A, confirms that
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the observed TR-MOKE signal observed is predominantly due to
QMOKE.[14l

2.3. SOT Manipulation in LFO Thin Films

The major advantage of a thin film platform lies in its ability to fa-
cilitate the exploration of SOT induced dynamics. Following the
observation of a strong QMOKE signal in the LFO thin film, we
deposited a 5 nm layer of Pt on top of the LFO. Subsequently,
we conducted pump-probe measurements while applying an DC
electric current to induce SOT in the LFO layer. As illustrated in
Figure 3a,b, TR-MOKE scans were performed with the current
oriented parallel and perpendicular to the y-axis (c-axis) of the
LFO, respectively. Notably, when the current was parallel to the
y-axis, increasing the current density did not alter the TR-MOKE
signal. This observation effectively rules out any thermal-induced
drift in our device, especially considering that the maximum ap-
plied current density was a relatively modest 1.2 x 10 A m~2.
On the other hand, with the current along to the x-axis, we de-
tected a noticeable vertical shift in the TR-MOKE scan. This shift
suggests that the antiferromagnetic (AFM) dynamics in the LFO
thin film are being altered by the SOT induced by the applied
current.

To gain insight into how SOT affects AFM dynamics, we
developed an analytical model (See Section S3 Supporting Infor-
mation for more details). This model, as depicted in Figure 4a,b,
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Figure 2. TR-MOKE measurement. a) Schematic of the TR-MOKE setup. The pump-probe measurement of the MOKE signal uses two linear-polarized
lasers at 400 nm (pump) and 800 nm (probe), with the detection conducted via a balanced photodetector. Here, ¢ represents the relative angle between
the in-plane projections of the probe polarization and the Néel vector. b) Oscillations of the MOKE signal for the polarization rotation measured at
@ = 45°. The damping constant can be extracted by fitting the damped oscillations curves. c) Evolution of the MOKE signal with varied ¢. d) Angular
dependence of MOKE magnitude A; extracted by Equation (1). The sin2¢ dependence as shown in the red curve confirms that the quadratic MOKE is
the dominant contributor to the MOKE signal, serving as a probe for the in-plane projections of the Néel vector.

elucidates the shift in the equilibrium position triggered by a
field-like (FL) and a damping-like (DL) SOT when the currents
flow parallel and perpendicular to the y-axis, respectively. These
shifts result from the solution of torque-balance equations.
Intriguingly, FL-SOT exerts a minimal effect on the AFM spin,
regardless of current direction. However, DL-SOT has a more
pronounced influence. Specifically, when the current aligns with
the y-axis, DL-SOT induces rotation of the Néel vector within the
yz-plane by an angle Af, without altering the in-plane (xy-plane)
projection of the Néel vector. However, when the current runs
perpendicular to the y-axis, DL-SOT causes the Néel vector to
rotate in the xy’-plane by an angle Ag’, where the y'-axis is the
Néel vector’s direction. This rotation prompts a corresponding
shift in the in-plane projection of the Néel vector by Agp =
Ag'[cosh,, where 6, = «(y, n,) signifies the tilted angle between
y and Néel vector n,. Now we move to investigate how DL-SOT
affects time-resolved scans. Figure 4c,d display simulations of
the oscillating Ag,,, which correspond to the QMOKE signal.
The ultrafast demagnetization performs as displacing the Néel
vector from its equilibrium and then employing the Landau-
Lifshitz-Gilbert (LLG) equation, augmented with the SOT term,
for dynamic simulation. As a result, currents along the y-axis
do not alter the oscillation pattern, while currents perpendicular
to the x-axis introduce a vertical shift, both consistent with the
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experimental observations. The different behaviors observed
in TR-MOKE in response to varying current directions stem
from the fact that QMOKE is more sensitive to changes of the
in-plane projection of the Néel vector. Thus, DL-SOT applied per-
pendicularly to the y-axis results in more significant alterations.
Moreover, our model effectively demonstrates that the DL-SOT is
the predominant factor influencing AFM dynamics, in contrast
to the negligible role of FL-SOT, in time domain. Additionally,
the influence of SOT on the AFMR frequency is minor, as the
effective SOT field is too small compared to the anisotropy fields.
However, we acknowledge that the model predicts a change in
oscillation amplitude with varying current densities as shown
in Figure 4(d), which was not observed experimentally. This
discrepancy may result from limitations in experimental preci-
sion due to the inherently weak signal in the nanometer-thin
film. Despite this, the vertical shift unique to DL-SOT strongly
supports its role in driving the observed dynamics.

3. Discussion

The development and control of antiferromagnetic materials at
the nanoscale represents one of the most promising yet chal-
lenging frontiers in spintronics. Our work serves as a pioneering
study in this evolving domain, unlocking new possibilities for
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Figure 3. Current induced dynamics for the LaFeO;/Pt bilayers. a) When the current is applied along y-axis, there is no change of QMOKE signal.

b) When the current is applied along %-axis, a vertical shift is observed.

ultrafast and energy-efficient applications. We have demon-
strated for the first time the ability to observe and manipu-
late ultrafast antiferromagnetic dynamics using TR-MOKE in
nanometer-thick thin films. Overcoming the limitations posed by
weak signals in nanometer-thin films helps us reveal important
insights into antiferromagnetic dynamics. Our measurements
show a remarkably low damping constant of our LFO thin film,
and more importantly, suggest that SOT can influence these
rapid antiferromagnetic dynamics. Our successful use of SOT
to control these dynamics paves the way for the development
of next-generation spintronic devices that promise unparalleled
speed and energy efficiency. The application of TR-MOKE al-
lows us to go beyond the constraints of conventional electrical
transport measurements, offering a more nuanced and high-
resolution view of antiferromagnetic behaviors. This capability
is particularly invaluable for capturing phenomena that are too
fast for traditional methods, serving as a new diagnostic tool
for researchers in the field, thereby opening new avenues in
ultrafast spintronics.

4. Experimental Section

Sample Preparation: High quality epitaxial LaFeO; films were grown
on SrTiO; substrate with an off-axis sputtering system with a base pres-
sure lower than 1x 1078 Torr at 650 °C. Substrates were undergone sol-
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vent (Acetone and IPA) cleaning with light sonication. As shown in Figure
S1 (Supporting Information), atomic force microscopy shows both films
being atomically smooth with roughness below 0.3 nm. The magnetic hys-
teresis loops of a LaFeO3 (30 nm) only shows a very small magnetization
due to canting of the Néel vector by the Dzyaloshinskii-Moriya Interaction
(DM1).

TR-MOKE Setup: Femtosecond pulses (FWHM = 200 fs, 800 nm;
pulse energy, 1)) were generated by Spitfire (Spectra Physics) with a repe-
tition rate of TKHz. The pulse was then separated into the pump pulse and
the probe pulse by a beam splitter. The pump pulse goes through a Beta
Barium Borate (BBO) crystal and was converted from the 800 nm light
to 400 nm and shine on the sample surface obliquely to excite the LFO
with fluence, 6 mj cm~2. A mechanical chopper (37Hz) was applied to the
pump arm to increase the signal quality. The probe light goes through a
delay line and shines on the sample surface normally. The reflected light
was separated into the P and S waves by a Wollaston Prism and collected
by a Balanced Photodiode. The collected signal was then demodulated by
a Lock-in Amplifier (Stanford Research 380). By changing the time delay
between the arrival times of the pump pulse and probe pulse, the spin
dynamic information was thus extracted.

It should be noted that the 45° measurement in Figure 2(b) and the
angular dependence measurements in Figure 2(c) were performed sepa-
rately. The angular dependence measurements in Figure 2(c) were con-
ducted continuously from 0° to 180° in 30° intervals, while the 45° mea-
surement in Figure 2(b) was an independent measurement which in-
volved recalibrating the optical path that can cause slight shifts in the ex-
tracted amplitude A,. Thus, Figure 2(d) only summarizes the fitting of A,
extracted from Figure 2(c) to ensure consistency. However, the intrinsic
parameters, such as fand % remain unaffected across measurements and
were confirmed by the fitting in both (Figure 2b,c).
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Figure 4. SOT induced AFM dynamics. a and b) Field-like (FL-) and damping-like (DL-) SOT induced rotation of Néel vector for current I // §-axis and //
%-axis. Inset illustrates the rotations in different planes. The FL-SOT results in negligible changes of Néel vector. In contrast, with DL-SOT, a considerable
rotation of A@ is observed in the yz-plane when I // $-axis. Similarly, when current aligns with % -axis, the Néel vector undergoes a rotation in the y'x-
plane, leading to an in-plane (xy-plane) rotation of Ag’. c) Simulated TR-MOKE oscillation with DL-SOT generated for I // §-axis. No significant change
is observed for different current densities in this configuration. d) Simulated TR-MOKE oscillation when DL-SOT generated by I // % -axis where there is
a notable vertical shift of the curves is observed. It is attributed to the QMOKE is more sensitive to the in-plane rotation of the Néel vector induced by

SOT.

XMLD Setup: The X-ray absorption spectrum (XAS) measurements
were performed at the beamline 11A of National Synchrotron Radiation
Research Center (NSRRC), Taiwan. The X-ray incidence was linearly polar-
ized and shined on the LFO sample with an incidence angle () to the film
normal direction, where the 8 = 0° was defined as the normal incidence il-
lustrated in Figure 1c. All the XAS taken with various 6 were all analyzed by
aligning the pre-edge intensity to be zero and then normalized the spectra
by the post-edge intensity to make all the XAS superimposed for the fine
structure comparison. The sample was kept at 300 K during the measure-
ment and the chamber pressure was kept around 5 x 1072 torr.
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