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ABSTRACT: Spin—orbit torque phenomena enable efficient
manipulation of the magnetization in ferromagnet/heavy metal
bilayer systems for prospective magnetic memory and logic
applications. Kagome magnets are of particular interest for spin—
orbit torque due to the interplay of magnetic order and the
nontrivial band topology (e.g, flat bands and Dirac and Weyl
points). Here we demonstrate spin—orbit torque and quantify its
efficiency in a bilayer system of topological kagome ferromagnet
Fe;Sn, and platinum. We use two different techniques, one based
on the quasistatic magneto-optic Kerr effect (MOKE) and another
based on time-resolved MOKE, to quantify spin—orbit torque. Both
techniques give a consistent value of the effective spin Hall angle of
the Fe;Sn,/Pt system. Our work may lead to further advances in
spintronics based on topological kagome magnets.
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B INTRODUCTION

Magnetic materials with kagome crystal structure have
attracted great attention as they have been shown to host
many exotic phenomena. On one hand, these materials are of
interest as they exhibit frustrated ferromagnetic or antiferro-
magnetic order,' > spin liquid phases,”> and skyrmion
formation.””'" On the other hand, they are interesting due
to a topologically nontrivial electronic band structure with
Weyl nodes, Dirac cones, and flat bands."'™'* The underlying
Berry curvature of these topological features gives rise to
various emergent phenomena, such as large anomalous Hall
effect (AHE),”">™"” anomalous Nernst effect (ANE),"**° and
chiral anomaly.""*" Unlike the case of ordinary nonmagnetic
materials, the band structures of kagome magnets are not only
determined by the crystal structure but also strongly
dependent on the magnetic state.'"*>*’ Therefore, the
manipulation of a magnetic state would lead to control over
the band topology and allow for the development of
technology and fundamental science based on topological
states. An important next step is to show that magnetic
moments in topological kagome materials can be efficiently
manipulated electrically.

Spin—orbit interaction allows conversion between charge
current and spin current. It gives rise to the spin—orbit torque
(SOT) phenomena that have been extensively studied and
shown to be an efficient way to manipulate magnetization of
ferromagnets.24 When a ferromagnet (FM) is interfaced with a
heavy metal (HM), spin current generated by the spin Hall
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effect in the bulk of the HM or by the Rashba—Edelstein effect
at the interface can exert torques on magnetic moments, which
manipulate the magnetization dynamics,” drive domain walls
and skyrmions”**” and even switch the magnetization.”*™*
The SOT is expected to lead to logic and memory device
applications with high energy efficiency.””*"*> However, until
now, due to difficulties in the synthesis of thin films, there are
only two reports to our knowledge on SOT phenomena in
topological kagome materials (both Mn,Sn).”>**

In this letter, we report the observation of spin—orbit torque
in a bilayer system of one of the most interesting kagome
ferromagnets FeySn,”'”'>?*° and an archetypical heavy metal
Pt. This is enabled by the recent advance in the synthesis of
epitaxial FeySn, (0001)/Pt (111) bilayers on Al,O5(0001)
substrates by molecular beam epitaxy.”> The SOT efficiency is
quantified using two different techniques based on the
magneto-optic Kerr effect (MOKE) to measure the effective
spin Hall angle in Fe;Sn,/Pt bilayers. The values of the
effective spin Hall angle obtained from a quasistatic MOKE
experiment with a slow ac modulation agree with a time-
resolved MOKE experiment that monitors magnetization
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Figure 1. DL-SOT detected by current-modulated polar MOKE. (a) Schematic of experimental setup for using polar MOKE to detect the DL-
SOT. An ac current through the sample along the X direction generates DL-SOT, which rotates the magnetization by a small angle out-of-plane,
which is detected by MOKE using a lock-in amplifier. (b) Example of a line scan across the channel of the Fe;Sn,/Pt (5/5 nm) device, with the ac
current density j = 10" A/m?” applied to the channel. (c) Half difference of the current modulated MOKE voltages shown in (b) [V(+10 mT
) — V(=10 mT)]/2 measures the effective DL-SOT field, Hp;. (d) Half sum [V(+10 mT) + V(—10 mT)]/2 of the current modulated MOKE
voltages shown in (b) that corresponds to the out-of-plane Oersted field. (e) Linear dependence of effective DL-SOT field vs ac current density,

yielding a slope of poHp, /j = (6.4 + 0.2) mT per 10'2 A/m?

dynamics on the picosecond time scale. We also find that the
damping-like (DL) SOT is considerably stronger (~20 times)
than the field-like (FL) SOT. These results promote the
development of spintronic devices based on topological
kagome magnets.

B RESULTS AND DISCUSSION

Quasistatic MOKE. Polar MOKE is sensitive to the
perpendicular component of magnetization, making it an
ideal technique to detect the out-of-plane magnetization
induced by the DL-SOT in samgles with in-plane magnetic
easy axes. Following Fan et al,”® we quantify the DL-SOT
efficiency using the experimental setup shown in Figure la. A
Fe;Sn,/Pt (5/5 nm) bilayer grown by molecular beam epitaxy
(Supporting Information, SI Section 1) is patterned into a 20
um wide channel (SI Section 2). An alternating current I, is
applied to the channel. When Fe;Sn, is magnetized along the
channel, the spin current generated in Pt induces DL-SOT on
the Fe;Sn, magnetization, making it rotate a small angle out-of-
plane. This can be viewed as an effective magnetic field Hpy ~
(m X 6) oriented out-of-plane, where m is the normalized
magnetization vector and 6 is the normalized spin polarization
vector. The out-of-plane component m, induced by DL-SOT is
detected by polar MOKE using a linearly polarized laser beam
at normal incidence. The laser light reflected from the sample
is passed through polarization optics to a balanced photo-
detector, which outputs a voltage proportional to the Kerr
rotation angle. Since the DL-SOT is proportional to the
current, the MOKE voltage is proportional to the applied
current I,, and can be measured with a lock-in amplifier.
Further details of the measurement are in SI Section 3. In
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addition, in SI Section 4, we show that the possible
contribution from quadratic MOKE,”” which is sensitive to
m,m,, is negligible for Fe;Sn,/Pt.

Figure 1b shows an example of the signal for a Fe;Sn,/Pt
(5/5nm) bilayer with ac current density of j = 10" A/m?
(rms) applied to the channel. The laser beam is scanned across
the channel and current-modulated MOKE voltages are
recorded at the positive saturation field V(+H,) and negative
saturation field V(—H,). From these line scans, the signals that
originate from the DL-SOT and the out-of-plane Oersted field
can be separated, as they have different symmetries. The Hy;
switches sign as the magnetization switches at the positive and

negative saturation fields, while the out-of-plane Oersted field

Hgg;ted is independent of the magnetization. Therefore, the

half difference of the MOKE voltages [V(+H,) — V(—H,)]/2
corresponds to Hp; (Figure 1c), while the half sum [V(+H,) +

V(=H,)]/2 corresponds to Hoa:*! (Figure 1d). As expected,

the DL-SOT contribution to the signal is uniform along the
line scan, while the out-of-plane Oersted component has
different polarities on the opposite edges of the channel. We

determine the magnitude of Hp through a calibration against

HO&H calculated from Ampere’s law.>® To account for the

finite size of the laser beam, the fitting of the DL-SOT line scan
(red curve, Figure 1c) includes a convolution with the laser
intensity profile that is modeled as a Gaussian with a radius of
0.5 pm. Fitting the out-of-plane Oersted field line scan (red
curve, Figure 1d) is done using a convolution of the Oersted

field calculated from Ampere’s law, Hgé'f,tEd(y) = ey XY

2w y
with the same Gaussian laser beam, where w is the channel
width, y is the laser spot position, y € [0, w], and L, is the rms
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Figure 2. DL-SOT detected by time-resolved MOKE in the “standard geometry.” (a) Schematic of the experimental setup for using a change in the
relaxation rate of TR-MOKE oscillations to quantify DL-SOT. An external field H,, is applied at 8 = 35° from the normal in the XZ plane, a dc
current I, through the sample is applied along Y. (b) Example of the TR-MOKE signal for yoH,, = +440 mT, I;. = 0 mA, and its fitting with eq 2.
(c) TR-MOKE signal for I;, = —10 mA, 0 mA, +10 mA. A slight change in the relaxation rate 7" (the magnetization oscillations are damped faster
for +10 mA current than for —10 mA current) can be barely noticed by the eye without the fitting procedure shown in (b). (d) Dependence of the
TR-MOKE relaxation rate 7' vs dc current I, applied through the channel, for yoH,, = +440 mT (e) for yoH,, = —440 mT. The fitting functions

are quadratic polynomials al, > + b, + c.

ac current through the channel. This yields a calibration of
0.148 mT per mV and a value of y1,Hp; = 0.65 & 0.03 mT for j
= 10" A/m? in Figure lc. We assume that all of the current
flows through the Pt layer, as the resistivity of Fe;Sn, is much
greater than that of Pt, which produces a slight under-
estimation of the effective spin Hall angle (SI Section 2). Next,
we repeat the measurement of Hjy,; for different ac currents.
Figure le shows that the response is linear and allows us to
extract the value of uHp,/j = 6.4 + 0.2 mT per 10'* A/m?.
Assuming that the SOT is generated by the spin Hall effect,
we determine the effective spin Hall angle 6y using the

equation3&39
oo _ 1 O
j 2e Mty (1)

where M, is the saturation magnetization (M, = 610 + 20 kA/
m”'>?%) and tp, is the thickness of the ferromagnet Fe;Sn, (5
nm). The effective spin Hall angle in the Fe,Sn,/Pt bilayer is
found to be gy = 0.059 + 0.010. We call g the effective spin
Hall angle because gy is determined not only by the spin Hall
angle but also by the spin transparency of the Fe;Sn,/Pt
interface and a damping-like SOT generated at the interface
(e.g, a possible damping-like contribution from the Rashba—
Edelstein effect).

Time-Resolved MOKE. Damping Modulation due to DL-
SOT. We next investigate the effect of SOT on magnetization
dynamics using the time-resolved magneto-optical Kerr effect
(TR-MOKE). Excitation by a linearly polarized pump pulse
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(800 nm, 150 fs, 20 mW, ~4 um spot size) triggers the
precessional dynamics of the magnetization, which is detected
using the Kerr rotation of a linearly polarized probe pulse (400
nm, 150 fs, 0.5 mW, ~2 um spot size) as a function of the
pump—probe time delay. A dc current I, is applied to generate
SOT which modifies the magnetization dynamics. Details of
the experimental setup are in SI Section S.

Figure 2b shows a typical TR-MOKE time delay scan
measured on the Fe;Sn,/Pt (5/5nm) bilayer device. In the
first few hundred femtoseconds, heating by the pump pulse
decreases the magnitude of the magnetization M via ultrafast
demagnetization®’ and changes the magnetic anisotropy,
causing M to tilt away from the equilibrium direction. This
is followed by a recovery of the magnitude of M as the heat is
diffused,*" and the direction of M spirals back to the initial
equilibrium direction via damped precession governed by the
Landau—Lifshitz—Gilbert equation. The magnetization dy-
namics are evaluated by fitting the TR-MOKE data using

Ox(t) = A, exp(—t/7) sin(2zft + ¢)

+ A, exp(—t/v) + A, (2)
where 7 is the relaxation time and f is the precessional
frequency. In the presence of an electrical current, the
magnetization dynamics can be described using the Landau—
Lifshitz—Gilbert—Slonczewski (LLGS) equation, which in-
cludes the effect of spin—orbit torques:
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Figure 3. DL-SOT detected by time-resolved Kerr rotation in the “rotated geometry”. (a) Schematic of the experimental setup for using a change in
the frequency of TR-MOKE oscillations to quantify the DL-SOT. An external field H,, is applied at @ = 15° from the normal in the XZ plane, a dc
current I, through the sample is applied along X. (b) Example of TR-MOKE signal for y,H,, = +400 mT, I, = 0 mA, and its fitting with eq 2. (c)
TR-MOKE signal for I;, = —10 mA, 0 mA, +10 mA. A slight change in the precessional frequency f (the magnetization precesses faster for +10 mA
than for —10 mA dc current) can be barely noticed by the eye without the fitting procedure shown in (b). (d) Dependence of the TR-MOKE
frequency f vs dc current I, applied through the channel, for poH,, = +400 mT and (e) poH,, = —400 mT. The fitting functions are quadratic

polynomials.
d d = - - 2
d_T = —ypym X Heg + am X d—l:l — yuHym X 6 H, = H,cos(6 — 6) — Mcos”(6) (6)
— yu,Hpym X (m X &) ) H, = H,, cos(0 — 6) — My cos(20) )

where m is the unit vector of magnetization, & is the unit
vector of spin polarization, Hg is the effective magnetic field
that includes the external field and effective demagnetizing
field (SI Section 2), a is the Gilbert damping constant, and y is
the gyromagnetic ratio. The third term is the field-like spin—
orbit torque, which has the same functional form as the
precessional term (first term) and is quantified by the effective
FL-SOT field Hg;. The fourth term is the damping-like spin—
orbit torque, which has the same functional form as the
damping term (second term, with dm/dt ~ m X H.g) and is
quantified by the effective DL-SOT field Hp;. The Oersted
field generated by the electrical current is treated separately as
discussed in SI Sections 7 and 8. The following discussion
provides a simplified picture with a minimal set of equations,
while the detailed analysis of eq 3 is provided in SI Section 8.

Considering the case without electrical current, the preces-
sional frequency f and the relaxation time 7 are §iven by the
following equations for ferromagnetic resonance:"~

1 1
~ = —yua(H + H
T 9 yﬂo ( 1 2) (4)

_ T
= Vi (s)
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Here, H,, is the applied external magnetic field, My is the
effective demagnetizing field, 6 is the angle of the external
field, and @ is the angle of the magnetization in the equilibrium
state.

Applying an electrical current will generate SOT and
produce changes in the magnetization dynamics. In the
experimental setup shown in Figure 2a (“standard geometry”),
the DL-SOT modulates the relaxation time**** and the FL-
SOT modulates the frequency (we discuss DL-SOT here and
FL-SOT in SI Sections 7 and 8). For DL-SOT, this geometry
maximizes the modulation of the relaxation time. An external
magnetic field is applied at an angle 8y = 35° & 2° from the
film normal, with the in-plane component being perpendicular
to the device channel and, as a result, to the applied dc current.
The angle of the magnetization direction in an equilibrium
state @ is determined by the external magnetic field and
effective demagnetizing field. € can be calculated based on the
balance between the Zeeman energy and the effective
demagnetizing energy:

2H,, sin(6 — 6y) — M sin(20) = 0 (8)
The effective demagnetizing field M, was determined from the
anomalous Hall effect measurement (SI Section 2) and found
to be 340 + 10 mT. Figure 2b shows the obtained TR-MOKE
data and its fitting by eq 2 for the external field of +440 mT

https://doi.org/10.1021/acs.nanolett.1c02270
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from Ampere’s law.

applied at the angle of 35° in the absence of dc current. The because for transition metal magnets g lies in the range of 2.0—
measured frequency of the TR-MOKE oscillations f ~ 12.0 2.214047) HoMyyr = 340 = 10 mT, and M, = 610 + 20 kA/
GHz agrees with the frequency calculated from eq 5 using the m.”'?

experimental values of M, H,,, and 6. In the presence of dc Frequency Modulation due to DL-SOT. Next, we discuss
current, the damping-like SOT ~ m X (m X &) acts partially the DL-SOT induced change in the frequency of the
collinearly with the damping term in the LLGS equation (eq 3) magnetization precession, that was recently demonstrated by
to increase or decrease the effective damping depending on the Ishibashi et al.** for W/CoFeB bilayers. The experimental
polarity of o. This modulation of the damping or relaxation setup is shown in Figure 3a (“rotated geometry”), which has a
rate (77') is determined by eqs 1, 3, and 4 and is given by 90° rotation of the device compared to the standard geometry

(Figure 2a). In this geometry, the damping-like SOT term ~ m

de! _rh Osy X (m X 6) is orthogonal to the damping term in the LLGS

dI, T e Mt b w sin 6 ) equation so it will have a negligible effect on the effective

‘ FMEHM damping (SI Section 8). Instead, the effective DL-SOT field ~
where ty, is the thickness of the heavy metal Pt film (5 nm) (m X 0') lies in the XZ p%ane causing a change in the
and w is the width of the channel (10 um). Therefore, the equilibrium angle 6. Modulation of 6, in turn, leads to the

modulation of the precessional frequency. This dependence is

efficiency of DL-SOT can be determined from the modulation e
given by (SI Section 8):

of 7! by the electrical current.

Experimentally, we observe that the magnetization dynamics
measured by TR-MOKE exhibits a change in the relaxation ”Oy H2 Hl 0H2 thH
rate due to the DL-SOT. Figure 2c shows representative time dI, H o H, 0 2ep Mty twH,
delay scans measured for dc currents of +10 mA (red curve), 0 (10)

mA (black curve), and —10 mA (blue curve) for a positive field
HoH,, = +440 mT. The oscillations show a slightly stronger
damping for the positive current (red curve) than for the
negative current (blue curve) due to the presence of DL-SOT.
This trend is consistent with a positive sign of the effective spin
Hall angle. Figure 2d shows the dependence of the relaxation
rate on the dc current ranging from —10 to +10 mA for the
positive field poH,, = +440 mT. To check that the linear
modulation of the relaxation rate is consistent with the DL-
SOT, we reverse the external magnetic field. Figure 2e shows

Consequently, the efficiency of DL-SOT can be determined
from the modulation of f by the electrical current.

Measuring the TR-MOKE signal in the presence of dc
current, we observe a change in the frequency f due to the DL-
SOT. Figure 3b shows a typical TR-MOKE time delay scan
and its fitting by eq 2 for an external field of +400 mT applied
at the angle of 15° + 2° and zero dc current. The measured
frequency of the TR-MOKE oscillations f ~ 6.6 GHz agrees
with the frequency calculated from eq S using the experimental

values of M,y H.,, and 6. Figure 3c compares time delay scans

the current dependence of the relaxation rate for y,H,, = —440 for dc currents of +10 mA (red curve), 0 mA (black curve),
mT. The reversal of the magnetic field changes the sign of the and —10 mA (blue curve) and shows that the precession

. _ -1 P

Enear slopedb ;i(li(; /dlye f s i),(p}?a;d for DL—S?}T. This is frequency increases for positive current and decreases for
pecause under field reversal which a'so reverses the magnet- negative current. The detailed dependence of frequency on the
1zatlog, the. damping and DL-SOT terms transform with dc current from —10 to +10 mA (Figure 3d) for ytH,, = +400
opposite parity: m X (m X Heg) — —m X (m X H,g), m X (m mT confirms the frequency enhancement with current. To

X 6) — +m X (m X 6). The obtained data in Figure 2d,e are check that the linear modulation of the frequency is consistent

fitted using quadratic polynomials aldcz + bl + c. The with the DL-SOT, we reverse the external magnetic field to
parabolic term aIdC2 accounts for Joule heating which is HoH,, = —400 mT (Figure 2e) and observe that the reversal of
independent of the current polarity. This term shows increased the magnetic field does not change the sign of the linear slope
damping at elevated temperatures, similar to behavior observed b = df/dl,.. This is understood because, under a field reversal,
in W/CoFeB.* Using the obtained experimental value of b, the precessional and DL-SOT terms transform with the same
the effective spin Hall angle is calculated to be &gy = 0.065 + parity: m X Hyg > + m X Hyy m X (m X 6) —> + m X (m X
0.014 (SI Section 8). The other values used for the calculation 6). The frequency modulation data in Figure 3d,e are fitted
are y = 185 + 18 GHz/T (we assume a g factor of 2.1, using quadratic polynomials al,” + bl + c¢. The parabolic
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term al;”> shows that Joule heating produces a frequency
reduction, similar to W/CoFeB.* Using the obtained value of
b, the effective spin Hall angle is calculated to be 85 = 0.066 +
0.014 (SI Section 8). This agrees with the values measured by
TR-MOKE damping modulation (fg; = 0.06S + 0.014) and
quasistatic MOKE (fsy; = 0.059 =+ 0.010). By obtaining
consistent values from three independent measurements, we
have systematically quantified the efficiency of DL-SOT.
Field-like SOT. Finally, we show that the field-like SOT is
substantially weaker than the damping-like SOT in this study.
We estimate the FL-SOT and in-plane Oersted field through
two methods: (1) monitoring the in-plane hysteresis loop shift
in the presence of an electrical current*® and (2) frequency
modulation of TR-MOKE in the standard geometry (discussed
in SI Section 7). In the first method, we utilize longitudinal
magnetic circular dichroism (MCD) with an oblique angle of
incidence in a plane (XZ) perpendicular to the dc current (Y)
(Figure 4a) (see SI Section 6 for experimental details). We
chose longitudinal MCD over longitudinal MOKE because we
found that it has a better signal-to-noise ratio in our
experimental setup. As shown in Figure 4b, in the presence
of a dc current, the Fe;Sn, hysteresis loop is shifted due to the
combination of the in-plane Oersted field and effective FL-
SOT field (collinear with ). We estimate the FL-SOT
contribution by calculating the in-plane Oersted field using

Ampere’s law Hgfmed =I,,/2w and subtracting it from the
measured shift AH,. As shown in Figure 4c, the measured
hysteresis loop shift can be almost fully accounted by the
calculated in-plane Oersted field. The effective FL-SOT field
normalized by current density is calculated to be poHp /j =
—0.34 + 0.25 mT per 10'2 A/m?, which is ~20 times smaller
than the value measured for the DL-SOT. This is consistent
with previous studies on the conventional FM/HM bilayer that
found the FL-SOT to be small for films with the thickness of a
magnetic layer larger than ~1—2 nm.****~>' This also agrees
with the value of yoHp /j = —0.4 + 0.7 mT per 10'* A/m*
obtained using TR-MOKE (SI Section 7).

B CONCLUSION

In summary, we observed spin—orbit torque in epitaxial
bilayers of the kagome ferromagnet Fe;Sn, and Pt. Using
quasistatic polar MOKE, we determined the efficiency of DL-
SOT by spatially mapping the induced changes in the out-of-
plane magnetization while applying an electric current. In the
TR-MOKE study, we measured the efficiency of DL-SOT in
two different geometries where the SOT produces changes in
either the damping or the precessional frequency. Analysis of
these independent measurements generates consistent results
for the effective spin Hall angle gy (~6%). In addition, we
showed that the FL-SOT is much smaller than the DL-SOT in
our study. These results establish spin—orbit torque in epitaxial
kagome ferromagnet Fe;Sn,/Pt bilayers and facilitate the
development of spintronics based on topological kagome
magnets.
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