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ABSTRACT

Ferrimagnetic insulators (FIMIs) are considered to be promising candidates in spin–orbit torque (SOT) devices due to their ability to
propagate a spin current by magnons without Ohmic losses owing to the absence of electronic scattering. Moreover, any electrical current
shunt is avoided in magnetic insulating materials. On the other hand, SOT-induced magnetization switching is generally measured through
the anomalous Hall effect (AHE) in FIMI/heavy metal (HM) systems. However, the origin of AHE in FIMI/HM remains elusive since
charges flow only in the HM. Here, we experimentally demonstrate that the AHE has the same origin as the spin Hall magnetoresistance
(SMR). To this end, we have studied two bilayer heterostructures, Tm3Fe5O12(TmIG)/W and TmIG/Pt, where we ensure opposite spin Hall
effect (SHE) signs for two heavy metals (W and Pt). The magnitudes of AHE and SMR are found to be larger for TmIG/W than TmIG/Pt.
We have also evidenced the identical polarity of AHE hysteresis in both systems revealing a square dependency on the spin Hall angle
whereas the current-induced magnetization switching polarity in TmIG/W is opposite to that of TmIG/Pt as expected for opposite spin Hall
angle signs. Our results establish that the AHE and the spin-Hall magnetoresistance in TmIG insulating ferromagnets and heavy metal
bilayers originate from the same mechanism.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0132895

Spin current defined as a flow of angular momentum with no net
charge1 makes spintronic devices very efficient as the Joule heating is,
thus, minimized.2 This becomes more suitable if the ferromagnet
(FM) is an insulator,2–4 because it avoids any electrical current shunt
through the FM material. For the spin–orbit torque (SOT) based mag-
netization switching operations,5–7 an electrical charge injected into
heavy metals (HMs) gets polarized owing to the spin Hall effect
(SHE)8 or/and the Rashba-Edelstein effect (REE)9,10 with the result
that spins accumulate at the interface. Followed by an angular
momentum transfer, the spin accumulation is able to excite and even
reverse a magnetic state or to move domain walls.11 The SOT-induced
magnetization switching in ferrimagnetic insulator (FIMI)/HM sys-
tems is generally measured through the change in the anomalous Hall
effect (AHE) resistance.12 Though the origin of AHE in FIMI/HM
remains elusive, the charge current flows only in HM and the ferri-
magnetic insulator (FIMI) does not allow any electrical conduction.
Therefore, AHE/SHE13 contributions and anomalous Hall magnetore-
sistance14 from the FIMI itself may then be neglected. Several origins

of the AHE-like signal in FIMI/HM bilayers (hereafter called spin-Hall
AHE or simply called AHE in this paper) have been discussed in the lit-
erature, which invoke proximity effect,15 interfacial spin–orbit assisted
electron scattering,16–18 and spin Hall magnetoresistance(SMR).12,19,20

The former appears to be due to the induced magnetization in the HM
as a result of an electronic distribution among orbitals, which depends
on the spin–orbit coupling (SOC), whereas the latter two effects involve
spin current-driven mechanisms. In the scheme of a spin-dependent
scattering mechanism of the bulk SHE current at the magnetic interface
as well as in the scheme of the SHE in the bulk of the HM, the effect is
coined as non-local AHE, and one can predict that its sign is deter-
mined by the sign of the spin-Hall angle (SHA).18 This is experimen-
tally demonstrated in Pt/(Co/Ni)N multi-layers (N is the number of
repetitions), where the polarity of the AHE hysteresis derives from the
sign of the SHA.17

In this Letter, we discuss the origin of AHE and its relationship
to the SMR and to the current-induced magnetization switching in
insulating magnet-based systems using materials of two opposite SHA.
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In particular, among the different sources of AHE with insulators, our
work clearly demonstrates the prominent role of the SMR in the cur-
rent perpendicular to plane geometry over other possible mechanisms
as played the spin-polarization via spin–orbit scattering at the interface
for current flows in-plane in all-metallic systems.21 In the case of
FIMI/HM bilayers where the current flows only in HM, due to the
SHE, polarized electrons of spin r interact with the magnetization M
through the local exchange interactions giving subsequent SOT. This
phenomenon depends on the angle between M and r, and, owing to
the related change of the spin-accumulation, this results in a change in
the resistance of the HM known as spin Hall magnetoresistance
(SMR).12 To discuss the interfacial spin phenomena involved at the
interface between a magnetic insulator and a heavy metal, we present
the experimental results involving the signature of spin accumulation/
current at the interface, i.e., (i) anomalous Hall effect, (ii) angular or
magnetic field dependence of SMR and anisotropic magnetoresistance
(AMR), (iii) torque induced by the spin current, and (iv) magnetiza-
tion reversal induced by a spin current. It will then ends with our
main conclusion on the origin of the anomalous Hall effect.

For this purpose, we have prepared thulium iron garnet
Tm3Fe5O12 (TmIG), thin films of thickness 10 nm on a Gd3Ga5O12

(GGG) substrate by off-axis magnetron sputtering. TmIG thin films
were deposited at room temperature and then post-annealed at 650 �C

for 4 h in molecular O2 flow at atmospheric pressure. The heavy metal
layers, either tungsten (W) or platinum (Pt), were subsequently grown
(ex situ) on top of TmIG at room temperature by sputtering. For W,
the film is capped by a thin layer of Al(2 nm) to protect W from
atmospheric exposure. TmIG film surfaces were cleaned by O2 plasma
(�40 eV) before heavy metal deposition. Electronic transport mea-
surements were performed on Hall-bar devices made of three 5-lm
wide stripes (six contact geometry) patterned using optical lithography
and Ar-ion beam milling. AHE, SMR, and AMR measurements were
carried out using a constant dc current source. The second harmonic
Hall measurements were performed with an ac current source on sym-
metric Hall cross-bars (of the same cross section) to extract the
damping-like and field-like torques displayed below using lock-in
detection techniques. For the current-induced magnetization switch-
ing measurements, current pulses with a duration of 100 ls were
injected into the Hall bar. After each pulse, a small excitation of
100 lA current was applied to measure the Hall resistance.

We first characterize the TmIG samples by x-ray diffraction
(XRD). Diffraction patterns of TmIG/W are shown in Fig. 1(a). Laue
oscillations are visible around the peak (4 4 4) suggesting the smooth
growth of TmIG on GGG. The W films are grown polycrystalline
without favored orientation, as shown in the inset (grazing incident
XRD patterns). The film of lower thickness W (8nm) is expected to be

FIG. 1. (a) X-ray diffraction patterns of TmIG and W. x-2 h diffraction pattern corresponds to (4 4 4) reflection of TmIG and GGG. Inset: Grazing incident diffraction patterns
correspond to Si/W (20 nm), Si/W (8 nm), and GGG/TmIG (10 nm)/W (5 nm). Lines are the markers corresponding to standard diffraction lines of b-W and a-W. (b) Optical
image of Hall-bar along with the electrical circuit. V1 and V2 were used for the longitudinal resistance measurement while V2 and V3 used for the transverse resistance. (c)
Longitudinal resistivity as a function of temperature for TmIG/W and TmIG/Pt. (d) Anomalous Hall hysteresis measured in TmIG (10 nm)/W (5 nm) (left axis) and reference
sample, TmIG (10 nm)/Pt (6 nm) (right axis).
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dominant with the b-W phase. We further recorded the XRD pattern
on TmIG(10nm)/W(5nm), which also shows the dominant b-W.
Since TmIG is an insulator, the resistivity measurement of W provides
information about the phase of W. (a- or b-W phases have large resis-
tivity differences.22) The patterned device and measurement circuit for
the longitudinal and transverse resistivity are shown in Fig. 1(b). The
resistivity as a function of temperature is shown in Fig. 1(c). At room
temperature, it is found to be 91lX cm close to the expected value for
the dominating b-W phase.22 On the other hand, the Pt resistivity is
measured to be equal to 25lX cm for the same film thickness. Now
we come to the variation in the AHE resistance obtained by applying
an out-of-plane magnetic field as shown in Fig. 1(d). Note that the
magnitude of the AHE signal of TmIG/W is found to be about one
order of magnitude larger than the one of TmIG/Pt. We emphasize
that the polarity of the AHE hysteresis is equal in bothW and Pt cases,
despite the fact that Pt23 and W22 possess opposite spin Hall angles as
already observed previously.24 This clearly demonstrates that the mag-
netization hysteresis polarity has no specific dependence upon the sign
of the spin Hall angle. However, the large AHE amplitude observed
for the W layer used as a SHE source suggests the prominent role of
the large spin current conversion as expected from W and its large
spin-Hall angle.25,26

Before presenting the torque measurements, we review the SMR
and AMR as measured using the lock-in technique at the first har-
monic. We mainly present the results obtained from the W/TmIG
interface since the results for Pt/TmIG have been reported elsewhere.27

Both the SMR and AMR are determined by measuring the longitudi-
nal ðRxx ¼ ðV2 � V1Þ=IÞ and transverse ðRxy ¼ ðV2 � V3Þ=IÞ resis-
tances as a function of the in-plane magnetic field or angular
dependence. They are linked by the following equations:

Rxx ¼ R0;xx þ DRSMR cos2uþ DRAMR cos2u ; (1)

Rxy ¼ R0;xy þ DRAHE cos hþ
DRSMR

2
cos2h sin 2u; (2)

where R0;ij is a spurious offset signal in the case of Rxy and the ordi-
nary resistance in the case of Rxx . h and u are the normal and azi-
muthal angles, respectively. DRSMR and DRAHE represent the SMR and
AHE resistance amplitudes, respectively, which depend on several fac-
tors such as the spin mixing conductance (G"# : GR

"# and GI
"# are the

respective real and imaginary parts of the spin-mixing conductance,
respectively), spin Hall angle ðhSHÞ, HM layer thickness ðtWÞ, spin dif-
fusion length ðksÞ, and spin-resistance of HM ðrWs Þ. We have19,28

DRSMR

R
¼ h2SH

ks
tW

2GR
"#r

W
s tanh2

tW
2ks

� �

1þ 2GR
"#r

W
s coth

tW
ks

� � ;

DRAHE

R
¼ h2SH

ks
tW

2GI
"#r

W
s tanh2

tW
2ks

� �

1þ 2GI
"#r

W
s coth

tW
ks

� � :
(3)

FIG. 2. (a) Schematic of the TmIG/W device on GGG. (b) Transverse (Hall) resistance ðRxyÞ as a function of the in-plane external magnetic field ðl0HipÞ at two azimuthal

directions u to quantify the SMR and AHE contributions. (c) Normalized longitudinal magneto-resistance, DR
R0;xx
¼ ðR�R0;xx Þ

R0;xx
at different u to disentangle the SMR and AMR. The

value of R0;xx is 911 X. (d) Angle dependent DRxx
R0;xx

in the xy- and zx-plane rotations. (e) Transverse (Hall) resistance (Rxy ) as a function of the azimuthal angle (u). The line is a

fit according to Eq. (2).
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From Eq. (2), h ¼ 908 and u ¼ 908 gives our reference for the
resistance R free of SMR and AHE. Thus, by varying h, u, one can
quantify the two SMR/AHE contributions. Note that from Eq. (3), the
SMR is scaled as h2SH leading to the independency upon of the sign of
SHA [cf. Fig. 1(d)]. Now we focus on the variation in Rxy as a function
of the magnetic field amplitude shown in Fig. 2(b), which is acquired
at two different (u) angles where the transverse SMR is maximum
(u ¼ 458) and zero (u ¼ 908) according to Eq. (2).

In Fig. 2(b), we observe that the transverse SMR ðRSMRÞ and
AHE ðRAHEÞ are simultaneously present. The ðRSMRÞ magnitude is
estimated to be �2 � 15¼ 30 mX (for the Hall crossbar of 5 lm
width). Note that this value for W is significantly larger than the SMR
observed on TmIG/Pt (6.5 mX)12 with a ratio scaling with the corre-
sponding spin Hall angle ratio. The occurrence of RSMR and RAHE

stem concomitantly from the action of the respective SHE and inverse
SHE (ISHE) in W following a spin-dependent reflection depending on
the spin current absorption at the TmIG/HM interface. That way,
RSMR (RAHE) is related to the real (imaginary) part of the interface
spin-mixing conductance19,29,30 [cf. Eq. (3)]. Furthermore, to identify
the AMR contributions, the longitudinal resistance (Rxx) vs the in-
plane magnetic field ðl0HipÞ is shown in Fig. 2(c) for different angles
u. The absence of any resistance changes at u¼ 0� definitely rules out

the contributions from AMR in our sample. We also measured the
angular dependence of Rxx within two different rotation planes, either
xy or xz, as shown in Fig. 2(d). The resistance change within the xy
rotation plane is fully consistent with the SMR observed in Fig. 2(c)
giving the expected cos2u dependence. As previously shown in Fig.
2(c), the negligible change in resistance within the zx rotation plane
seems to indicate the quasi-absence of any AMR-like signal, which
may originate from proximity effects at the W interface.31 It also indi-
cates that the SMR is significantly larger in TmIG/W than in TmIG/
Pt12 owing to the large spin-Hall angle of W together with its larger
resistivity. We also measured Rxy as a function of u and verified that it
follows Eq. (2) as shown in Fig. 2(e): the RSMR is found to be’ 28mX
in agreement with the value obtained from the Rxx geometry [cf. Figs.
2(c) and 2(d)] owing to the form factor between the two types of mea-
surements, which is DRxx/DRxy ’ 4:5.

We now focus on the spin–orbit torque (SOT) properties in the
TmIG/W bilayer using a second harmonic Hall analysis. The sche-
matic in Fig. 2(a) depicts the vector components of SOTs acting on the
magnetization of TmIG resulting from the absorption of the transverse
components of the spin current at the TmIG/SHE material interface.
The second harmonic Hall resistance measured at 0.12T, within the
in-plane magnetic field geometry, is displayed in Fig. 3(a). The injected

FIG. 3. (a) and (d) Second harmonic Hall resistance as a function of u for TmIG/W(TmIG/Pt). Lines are fit to Eqs. (4)–(6). Note the factor of 10 between the cosu variation
and the cos 2u sinu variation. Inset (a): Damping-like second harmonic Hall resistance as a function of the ac-bias. (b) and (e) Damping-like (DL) and (c) and (f) field-like
(FL) second harmonic resistances as a function of l0Hip to evaluate the DL and FL fields, respectively, for TmIG/W(TmIG/Pt). Lines are fit to Eqs. (5) and (6). During the sec-
ond harmonic Hall resistance measurements, the current density in the W (Pt) was fixed to 1� 1011 (2� 1011) A/m2.
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current was 3mA corresponding to current density Jc ¼ 1� 1011 A/m2

to record the signal at different in-plane magnetic fields. We can deter-
mine the DL and FL spin–orbit fields using the following
relationships:25,32,33

R2x ¼ RDL
2x þ RFL

2x; (4)

RDL
2x ¼

RAHE

2
HDL

jHip � Hkj
þ RANE=SSE þ RONEHip

� �
cosu; (5)

RFL
2x ¼

RPHE

2
HFL

jHipj
cos 2u sin 2u: (6)

Here, l0HDL and l0HFL are the current induced damping-like and
field-like spin–orbit fields, respectively. These magnetic fields are
responsible for the magnetization switching process.34,35 l0Hip is the
in-plane external magnetic field. l0Hk is the anisotropy field and is
estimated to be 52mT. RSSE is the resistance due to anomalous Nernst
(ANE) or spin Seebeck effect (SSE) due to the thermal gradients pro-
duced by the Joule heating. RONE is the resistance due to the ordinary

Nernst effect (ONE) scaled with the applied field. R2x is the second
harmonic resistance as a function of the azimuthal angle ðuÞ shown in
Fig. 3(a), which consist of both DL and FL contributions expressed in
Eq. (4). The two terms are separately fitted along with the full fitting
Eqs. (5) and (6). The values of RDL

2x and RFL
2x resistances are then used

to calculate the two SOT fields l0HDL and l0HFL þ l0HOe employing
Eqs. (5) and (6) as a separate fitting as shown in Figs. 3(b) and 3(c),
respectively. l0HDL and l0HFLþOe are found to equal �4:76 1:6 and
1:146 0:4mT, respectively. The Ørsted field generated due to the
applied current may be estimated from Ampère’s law
ðl0HOe ¼ Jc � tW=2Þ. Using these values, we can estimate both DL

and FL spin torque efficiencies,36 hDLðFLþOeÞSH ¼ 2e
�h
HDLðFLþOeÞ

Jc
MstTmIG

with resulting values equaling �0:146 0:04 and 0:036 0:01, respec-
tively. Here, Ms ¼ 95 kA/m and tTmIG ¼ 10 nm are, respectively, mag-
netization and thickness of the TmIG layer. Similarly, we also measure
the SOT efficiency in TmIG/Pt [see Figs. 3(d)–3(f)], and the magnitude
of DL efficiency is found to be 0.05 6 0.02, which is attributed to the
larger spin Hall angle of W compared to Pt. The RANE=SSE and RONE are

FIG. 4. (a) and (c) Magnetization switching at opposite magnetic fields. The switching polarity is counterclockwise (CCW) in þl0Hx while CW with �l0Hx . The initial state is
set to be mz > 0 using the out-of-plane magnetic field of þ0.35 T. (b) and (d) Current induced switching in the reference sample, TmIG/Pt. The current induced switching
polarity is CCW in �l0Hx while CW with þl0Hx , which is contrary to (a) and (c). The AHE signal also differs by more than one order of magnitude.
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found to be 4:66 0:2mX (�4:76 0:1mX) and 0:86 0:2m X/T
(1:86 0:8mX/T), respectively, for TmIG/W(TmIG/Pt). The thermal
effects are removed and plotted on the right scale in Figs. 3(b) and 3(e).
This indicates the significant contribution comes from the SSE with an
opposite sign for W and Pt, which is expected in magnetic insulator/
metal bilayer systems since the magnetic insulators are good thermally
conducting materials.37

We now present the SOT (current pulsed) induced magnetiza-
tion switching in the presence of a small in-plane magnetic field
l0Hx ¼ 64mT, which is applied parallel to the current. The results
are shown in Fig. 4. The dc is injected in the range of 0–68mA (0 to
62:66� 1011 A/m2). Since the hysteresis loop of the magnetization
reversal induced by current pulses depends on the sign of the spin Hall
angle, these measurements probe the sign of hSH. We clearly observe
an inversion in the hysteresis loop when comparing W [Figs. 4(a) and
4(c)] and Pt [Figs. 4(b) and 4(d)]. The switching polarity is counter-
clockwise (CCW) for l0Hx > 0 while clockwise (CW) for l0Hx < 0
for W, whereas it is CW for l0Hx > 0 and CCW for l0Hx < 0 for Pt.
It then demonstrates, as expected, that W and Pt have opposite spin
Hall angle. We can also notice that, as explained by our evaluation of
the torque in second harmonic measurement, the current density
required to reverse the magnetization is reduced by a factor of nearly 2
in the case of the W layer. The amplitude of the AHE indicates that
the magnetization is fully reversed in the Hall bar.

In summary, by analyzing the first and second harmonic longitu-
dinal and transverse resistance in magnetic insulator/heavy metal sys-
tems with opposite spin Hall angle, we determined the origin of the
anomalous Hall effect. The spin-polarized current absorbed through
angular momentum transfer resulted in a resistivity change of the
heavy metal known as the spin-Hall magneto-resistance, which is
found to be responsible for the AHE-like signal. The observed AHE
signal is independent of the sign of the spin Hall angle and follows its
magnitude squared. Thus, our finding provides an understanding of
the origin of the AHE in magnetic insulators in agreement with the
theory of the spin-Hall magneto-resistance.19
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