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Deterministic spin-orbit torque switching
of epitaxial ferrimagnetic insulator with
perpendicular magnetic anisotropy
fabricated by on-axis magnetron
sputtering
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Current-induced switching of magnetization states in ferromagnet/spin-orbit material
heterostructures has attracted significant attention, driven by the increasing need for low power
consumption and amore efficientmechanism formagnetization switching. However, current shunting
for the used metallic ferromagnets remains challenging in achieving low switching current densities.
Thulium iron garnet, Tm3Fe5O12 (TmIG), is promising for such devices as it exhibits strong
perpendicular magnetic anisotropy (PMA) and fast magnetization dynamics. However, there still
remains a technological challenge in the growth of TmIG films using industry-compatible magnetron
sputtering in a simple on-axis geometry for spintronic device applications. Here, we demonstrated the
spin-orbit torque (SOT) magnetization switching of TmIG thin film grown by on-axis radio-frequency
magnetron sputtering. Robust and deterministic SOT magnetization switching is achieved using
TmIG/Pt heterostructures at a current density as low as 0:7× 1011 A=m2. Anomalous Hall and second
harmonic Hall measurements were performed to quantify effective spin-orbit fields. The effective field
inducing damping-like torque is estimated to be 21±1 Oe per 107A/cm2, higher than previous reports.
These findings show a growth method for ferrimagnetic insulators with strong PMA in industry-
compatible on-axis sputtering methods and its utilization for achieving energy-efficient SOT non-
volatile memory applications.

In recent years, current-induced magnetization switching via spin-orbit
torque (SOT) has attracted a lot of attention to realize non-volatile, energy-
efficient, and faster magnetic random-access memory (MRAM) and
domain-wall magnetic racetrack memory1–3. A fascinating SOT material
system is a combination of a perpendicularly magnetized ferrimagnetic

insulator, thulium iron garnet (Tm3Fe5O13, TmIG), and a large spin Hall
conductivity metal, platinum (Pt)4,5. The strong perpendicular magnetic
anisotropy (PMA) in epitaxially grown TmIG thin films stems from the
strain in the film6 due to the lattice mismatch with the gadolinium gallium
garnet (Ga3Gd5O12, GGG) substrate. TmIGhas a negatively largemagneto-
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elastic constant (λ111 =−5.2 × 10−6) and moderate lattice constant mis-
match with GGG substrate (0.49%)6,7. The sizable Dzyaloshinskii-Moriya
Interaction (DMI) is also beneficial for the spin-orbitronic device
applications8–11.

Although TmIG is an insulator, its magnetization can be electrically
detected by fabricating a heterostructure with non-magnetic metals like
Pt12–18. The interfacial proximity-induced effects have been gathering
interest due to their application potential for SOT memory devices19–22.
After the first demonstration of the SOT-switching in TmIG23, TmIG/Pt
systems were intensively pursued to address the necessity of spin-based
memory and logic devices24–31, as well as recent studies using orbital
torque effects32,33. The intrinsic nature of the observed field-free mag-
netization switching in TmIG/Pt is of particular interest, as Ke et al.
observed three-fold symmetry in the critical current density28, whilst
Husain et al. observed four-fold symmetry29. Three-fold symmetry is
attributed to the intrinsic nature of the TmIG crystal, whilst the source of
the four-fold symmetry is still unclear. Therefore, a better understanding
of the growthmethods of TmIG, their symmetry, and the physics behind
the spin-orbit torque current-induced magnetization switching is
important for energy-efficient spintronic devices.

Industry-compatible fabrication technologies for new materials are
essential for connecting fundamental science with practical device appli-
cations. TmIG emerged inmodern spintronics in 2012, where the thin films
were grown using pulse laser deposition (PLD)6 and subsequently SOT
magnetization switching has also been demonstrated in 20175,23. Since then,
most of the experimental work has been reported using PLD growth tech-
niques and some reports using the sputtering deposition technique using a
unique off-axis geometry4–13,16,18,23–33. Off-axis sputtering benefits to reduce
the plasma damage on the film and fabricating SOT devices with a non-
magnetic metallic film. The geometries of off-axis and on-axis sputtering
(Fig. 1a, b), play a critical role in this process. In off-axis sputtering, the
substrates are positioned outside the flux’s axis, whereas in on-axis sput-
tering, the substrates are placed around the flux’s axis34,35. A benefit of on-
axis sputtering compared with off-axis sputtering is increased productivity,
where the size of the film is not limited by the geometry of the deposition
system but only by the size of the target, and hence is preferred mostly by
industry. Another major difference between on-axis sputtering and other
techniques (off-axis sputtering and laser ablation) is exposure to anion

irradiation during deposition. However, using the on-axis sputtering tech-
nique, the SOT switching of the TmIG/Pt has not been examined yet34,35.

In this study, we show a high-quality crystalline TmIG fabricated by
on-axis radio frequency (RF)-magnetron sputtering and demonstrate
robust SOT magnetization switching at room temperature. We optimized
the growth atmosphere, such as the O2 flow rate, during the deposition of
TmIG. Utilizing such TmIG films and their heterostructures with Pt, we
performed deterministic SOT magnetization switching at room tempera-
ture. To investigate the SOT switching dynamics, the pulse current-induced
SOT switching measurements were performed, and the anti-damping-like
torque efficiency was quantified by measuring the harmonic Hall signals.
We have observed a very reproducible deterministic SOT magnetization
switching inPt/TmIGdeviceswith current density as lowas 0:7 × 1011 A/m2

under an external magnetic field of 5 mT.

Results and Discussion
TmIG films were grown on a GGG substrate using the on-axis RF mag-
netron sputtering technique at room temperature (Fig. 1b). Argon gas was
introducedat aflowrateof 23 sccmafter theoptimization (see Supplemental
Material S1). Post-annealing of the TmIG film was performed in an O2

atmosphere at 800° C for 180min to gain their crystallinity and magnetic
properties. Pt film was deposited by dc-sputtering. Hall cross devices of
TmIG/Pt heterostructures were fabricated by lithography and Ar+ ion
milling.

The crystal structure was examined by XRD patterns of 22 nm-thick
TmIG film as shown in Fig. 1c. A Clear peak at 51.6° stemming from a
strained TmIG (444) plane was observed in addition to the sharp peak from
the GGG (444) plane. The peak of the TmIG (444) plane was the same as
that observed in previous reports6,23,34. From these patterns, the out-of-plane
lattice constant a(111) was 1.2275 nm.

To examine the crystal quality of a representative sample, a series of
characterization was performed using an atomic force microscope (AFM)
and a scanning transmission electron microscope (STEM). A flat surface
with root-mean-square (RMS) roughness of 0.14 nmwasobserved (Fig. 1d).
This excellent crystallinity of the TmIG film was also observed by a cross-
sectional high-angle annular dark-field (HAADF) STEMimagewith atomic
resolution and zone axis [110] (Fig. 1e). The STEMimage disclosed that our
TmIG film has the same crystal structure and orientation as the GGG (111)

Fig. 1 | Growth of TmIG film and structural characterization. a, b Schematic
diagram of off-axis (a) and on-axis sputtering (b). c XRD pattern of TmIG films
fabricated by on-axis sputtering. d Surface morphology of a TmIG film observed by

using atomic force microscope. e High-resolution scanning transmission electron
microscopy of the interface between GGG substrate and TmIG film. f, g Scanning
transmission electron microscope image and energy dispersive spectra of TmIG.
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substrate. A sharp interfacewithout atomic interdiffusionwas confirmed by
elemental mapping (Fig. 1e,f).

The magnetic properties were examined using the Magneto-optical
Kerr effect (MOKE) and the superconducting quantum interference device
(SQUID). MOKE signal under an out-of-plane field shows clear hysteresis
expected fromaPMAferromagnet. FromSQUIDmagnetometry, the signal
measured in an out-of-planemagnetic field shows clear hysteresis, while the
in-plane field scan shows the hard axis properties, indicating that the easy
axis was normal to the film surface (Fig. 2a, b). The MS is measured to be
100 kA/m,which is also in linewithprevious reports34,36. Figure 2c shows the
magnetic field-dependent spin wave difference measured by Brillouin light
scattering (BLS) using a 24 nm-thick TmIG film. Based on the clear Stokes
peaks, themagnetic anisotropywas evaluated.Themagneticfielddependent
spin wave frequency curve is expressed by37:

f ¼ γ

2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H H þMeff

� �q
; ð1Þ

where γ is gyromagnetic ratio, Meff ¼ μ0MS � 2Ku=MS is the effective
magnetization. From the fitting,Meff and Ku was evaluated as 64.3 mT and
9.5 kJ/m3, respectively, which are in linewith previous studies34,38. The signal
of the anti-Stokes peaks was three orders smaller in amplitude than the
Stokes peaks and unclear in our BLS measurement. Although non-zero
Dzyaloshinskii-Moriya interaction (DMI) has been detected from TmIG16,
it was not quantified in our experiment because of the unclear signal of

anti-Stokes peaks.DMI energy density is defined as the frequency difference
between Stokes and anti-Stokes peaks in the BLS experiment. Hence, it is
important that both Stokes and anti-Stokes peaks are well defined to extract
DMI energy37. The characterization of DMI in the on-axis sputtered TmIG
films will be investigated in future experiments.

Hall cross devices (Fig. 2d) were fabricated on TmIG/Pt hetero-
structures, with thicknesses of 6 nm and 3 nm, respectively. First, the
anomalousHall effect (AHE)was examinedbyapplying a charge current (in
the x-direction) and measuring the transverse voltage (in the y-direction)
while sweeping the z-directional externalmagnetic field. TheAHE in Fig. 2e
shows a clear rectangular hysteresis with a coercivity of 7 mT, showing
perpendicular magnetic anisotropy of TmIG at room temperature. The
AHE observed in our sample was identified to originate from spin Hall
magnetoresistance (more details in Supplemental Material S2). The bias
current dependence of AHEwas measured to estimate RAHE to be 5.52 mΩ
from the linear fitting (Fig. 2f).

Current-induced spin-orbit torque magnetization switching
Considering the application potential of the TmIG/Pt system for various
spin-orbitronic devices, current-induced magnetization switching is very
important, which was measured with a pulse current, as shown in Fig. 3a.
We observed the reproducible deterministic SOT switching of the TmIG/Pt
device at room temperature (Fig. 3b). In the presence of an external field in
x-direction and a charge current, themagnetization is switched from the−z
direction to the+z direction. The switching direction is opposite when we

Fig. 2 | Magnetic characterization of TmIG film and TmIG/Pt heterostructures.
a Results of magneto-optic Kerr effect (MOKE) measured under an out-of-plane
magnetic field. The light and dark violet colors represent the positive and negative
sweeps, respectively. b Results of magnetometry measured at 300 K for in-plane and
out-of-plane. c The magnetic field dependence of spin wave frequency measured by
Brillouin light scattering. The solid symbols and the line represent the experimental
result and the fitting line by Eq. (1), respectively. d Optical image of TmIG/Pt Hall

cross devices patterned with photolithography. The inset shows a magnified view of
the Hall cross structure. eAnomalous Hall effect measured at room temperature for
a TmIG/Pt heterostructure with a bias current of 1 mA after the subtraction of the
ordinary Hall effect component. f Bias dependence of the anomalous Hall signals
where VAHE ¼ ðVxy þMsatð Þ � Vxy �Msatð ÞÞ=2. Vxy þMsatð Þ is the transverse voltage at
saturation in the positive field and Vxy �Msatð Þ in the negative field. The solid symbols
and the line represent the experimental results and linear fitting, respectively.
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reverse the external field direction, which agrees with SOT-driven magne-
tization switching. The critical current density (Jsw)was in the range of 0.7 to
1.5 × 1011A/m2. The asymmetry of the switching curve is sometimes
observed in the SOT switching experiment. A possible reason is the
x-component of the applied magnetic field, which has been discussed in
ref. 39. The in-plane field as low as 5 mT was enough for breaking the
rotational symmetry and observation of SOT switching. Robust and
deterministic switching by pulse current was observed by applying con-
secutive pulse currents. Themagnitude of the pulse current was in the range
of +5.0mA to +5.5 mA for the positive polarity and from -5.5mA to
-5.0 mA for the negative polarity, as shown in Fig. 3c. The polarity of the
50 μs-width-pulse current switches the anomalous Hall voltage, which was
measured by applying a 0.5 mA for sensing (Fig. 3d).

Estimation of spin-orbit torque fields by second harmonic Hall
measurements
The second harmonicmeasurement of theHall voltage is a powerful tool for
evaluating the SOT acting on perpendicularly magnetized magnetic films.
We carried out a series of second-harmonic Hall measurements to extract
the effective spinHall angle inourdevice.The in-planefield scanwas carried
out to evaluate the damping-like torque generated by the spin Hall effect in
Pt and acting onTmIG. The second harmonic signalV2ω is expressed as the
following23:

Vϕ¼90�
2ω ¼ VAHE;SMR

H � 2VSMR
H cos θ sin 2ϕ

� �
d cos θ
dH

HFL

sin θH�θð Þ
þ 2VSMR

H sin2θ cos 2ϕ HDL
H sin θH

ð2Þ

whereH, θH and ϕ are themagnitude, and the zenith and azimuth angles of
the externalmagnetic field, respectively. θ is the zenith angle of themagnetic
moment of TmIG (see Fig. 4a). VSMR

H and VAHE;SMR
H are the measured

voltages stemming from spin Hall magnetoresistance (SMR) and the SMR-
induced anomalous Hall effect, respectively.HFL andHDL are the field-like
and the damping-like torque induced by spin-orbital torque. Since
VSMR

H ≫VAHE;SMR
H (see Supplemental Material S2), the second term is

dominant to the total signal, Eq. (2) will be further reduced to

Vϕ¼90�
2ω ¼ 2VSMR

H sin2θ
HDL

H sin θH
ð3Þ

Thefirst harmonic in-plane field scan for 0.5, 1.0, and 1.5mA is shown
in Fig. 4b. To estimate the damping-like SOT, V2ω versus a function of
ð2VSMR

H sin2θÞ=ðH sin θHÞwas plotted as shown inFig. 4c. FollowingEq. (3),
the linear fittingwas performed, and the slope yielded an effective damping-
like field,HDL. Then, the current density JC dependence ofHDL was plotted
as shown in Fig. 4d. The effective spin Hall angle θDLSHE was evaluated based
on the equation23,29,40:

θDLSHE ¼ 2e
ℏ

� �
HDL

JC

� �
MStFM ; ð4Þ

where e is an elementary charge, ħ is the reduced Planck constant,MS is the
saturationmagnetization, and tFM is the thickness of TmIG. The θDLSHE of the
TmIG/Pt sample was 0.030.

To examine the effects of growth conditions and energetic anion
irradiation on TmIG film, the θDLSHE and Jsw in the TmIG/Pt system
fabricated by differentmethods in the literature are compared in Table 1.
Although some variation can be seen, no remarkable differences are
found compared to those reported in the previous research using laser
ablation and off-axis sputtering techniques. Some variations in θDLSH and
Jsw compared to the literature can be attributed to the thickness of TmIG,

Fig. 3 | Current-induced spin-orbit torque magnetization switching in TmIG/Pt
Hall devices. a Schematic diagram of switchingmeasurements performed on TmIG/
Pt heterostructures.A current pulse is applied toPt along the x-axis,which generates a
spin current through SHE along the z-axis, with spins oriented in the y-direction. An
external magnetic field is also applied in the current direction to assist in magneti-
zation switching. b Current-induced magnetization switching loops for TmIG/Pt

heterostructures under external fields of+ 5 and −5 mT. c, d Spin-orbit torque
magnetization switching. The magnitude of consecutive applications of the 50 μs-
width-pulse currents was from −5.5 to −5.0 mA in the negative polarity and from
5.0 mA to 5.5 mA in the positive polarity. The switching experimentswere performed
under an in-plane field of -5 mT (c). The Hall voltage was measured and plotted by
applying 0.5 mA, 100ms after each pulse current application (d).
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the quality of Pt film, and the interface between TmIG and Pt, as no
significant difference in the magnetic properties of on-axis sputtered
TmIG films could be observed.

The critical current density depends on the efficiency of the SOT and
the volume of the magnet. In the TmIG/Pt system, all the charge current
flows in the Pt. Part of the charge current is converted into a spin current at a
conversion rate, modulated by the effective spin Hall angle. The spins

accumulate at the interface of TmIG/Pt and exert torque on the magnetic
moment of TmIG23. The magnetization is detected via the anomalous Hall
effect due to the spinHall magnetoresistance at room temperature, and due
to the exchange coupling between d-orbitals of the Fe3+ ions in TmIG and
the Pt41 at the interface of TmIG and Pt. Thus, the quality of this interface is
crucial to the performance of the SOT. The thickness of themagnetic film is
important because it determines the volume of themagnet or the number of

Fig. 4 | Second harmonic Hall measurements in TmIG/Pt Hall devices.
a Schematic diagram indicating the angular parameters used for the analysis of the
second harmonic signal. b In-plane field dependence of first harmonic Hall voltage

with different current biases. c Linear fitting of the second harmonic Hall signals
based on Eq. (3). d Current density dependence of the damping-like torque mea-
sured by the second harmonic Hall voltages.

Table 1 | List of spin-orbit torque efficiency measured in Pt/TmIG systems

Heterostructure (thickness in nm) θDLSHE (%) Jsw (×1011A/m2) μoHx(mT) Growth Method Ref.

Pt(3)/TmIG(6)/GGG 3.0 0.7~1.5 5 Magnetron sputtering 2f-HE This study

Pt(5)/TmIG(8)/GGG 1.5~2 1.7 50 PLD 2f-HE 23

Pt(4)/TmIG(9.6)/GGG 3 0.6 3.5 PLD 2f-HE 40

Pt(3.2)/TmIG(9)/GGG 8 0.25 0.5 Off-axis sputtering 2f-HE 36

CuOx(3)/Pt(1)/TmIG(6.5)/GGG 1 1.7 2.5 PLD χ, β-scan 32

2f-HE: second harmonic measurement of the Hall effect at a low magnetic field.
β-scan: angle dependence of the spin Hall magnetoresistance measurement.
χ: shift in the hysterisis loop with a bias current under a quadrapole magnetic field.
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spins to beflipped at the same current density seen from the formula of JSW
4:

JSW ¼ 2etFMD

ℏθDLSHΔ
; ð5Þ

where tFM is theFMthickness,D is theDMIenergy, andΔ is thedomainwall
width. The thickness of the Pt is also important because it influences the
magnitude of the spins accumulated at the interface of TmIG and Pt via the
current density and the spin-diffusion process along the thickness direction.

The effective spin Hall angle θDLSHE of 3.0% and Jsw of 0.7 to
1.5×1011A/m2 are comparable to those reported in the previous research
using laser ablation and off-axis sputtering techniques. Therefore, no
significant detrimental effects could be observed from the energetic
irradiation due to the on-axis sputtering technique used for TmIG
growth.

Summary
In this study, we demonstrated the SOT magnetization switching of
TmIG thin film grown by on-axis radio-frequency magnetron sputter-
ing. We systematically investigated the effect of growth conditions on
the structural and magnetic properties of TmIG films, where excellent
crystallinity and perpendicular magnetic anisotropy were achieved. In
the Pt/TmIG heterostructure Hall bar devices, deterministic SOT
magnetization switching was observed at room temperature, with
competitive spin Hall conductivity and critical current densities. Second
harmonic Hall measurements were performed to quantify effective
damping-like torque, which is as high as previous reports. Our results
show the potential of on-axismagnetron sputtering for the fabrication of
ferrimagnetic insulators with perpendicular magnetic anisotropy for
spintronic memory applications.

Methods
Sample fabrication
TmIG film was fabricated on GGG substrate by using radio frequency (RF)
magnetron sputtering with on-axis geometry34,35. The base pressure of the
chamber was lower than 10-5Pa. The flow rate of Ar gas was set to 23 sccm,
and the pressure during deposition was 3.0 Pa. No substrate heating was
used. Post-growth thermal annealing was carried out at 800°C in O2

atmosphere. Pt filmwas sputtered using RFmagnetron sputtering, andHall
cross devices were fabricated by photolithography followed by Ar+ ion
milling.

Characterization of structural and magnetic properties
The crystal structure of the TmIG film was evaluated by using X-ray
diffraction (XRD). Magnetometry was performed using a super-
conducting quantum interference device (MPMS3, Quantum Design).
Parts of the sample were picked by using the same FIB system, and
scanning transmission electron microscopy and elemental mapping of
the energy dispersion spectra were observed by using JEOL JEM-
ARM200CF.

Electrical measurements
AHE, SOTswitching, and2ndHarmonicmeasurementswereperformed in a
system with a magnetic field up to 0.7 Tesla. Harmonic Hall measurements
were performed with a Lock-in SR830 to measure the first and second
harmonic voltages with fixed frequency ω = 213.34 Hz. All the transport
measurements were carried out at room temperature.

Data availability
The data that support the findings of this study are available upon rea-
sonable request.
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