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The precise manipulation and detection of magnetization in magnetic insulators are essential for the development of
next-generation spintronic devices. Here, using a heterostructure consisting of a heavy metal and a magnetic garnet thin
film, i.e., (111)-oriented Pt/Tm3Fe5O12 (TmIG), we reconstruct the three-dimensional magnetization reversal trajectory
using spin Hall magnetoresistance (SMR). It is found that the SMR signal of the heterostructure exhibits abrupt jumps when
the magnetic field is scanned along the out-of-plane direction, and this anomalous phenomenon persists at temperatures
below 100 K. By employing a three-dimensional Stoner–Wohlfarth model, we demonstrate that this behavior originates
from a discontinuous magnetization trajectory with a unique 3m symmetry, which is governed by the competition among
the cubic magnetocrystalline anisotropy, magnetoelastic anisotropy, and the Zeeman energy. These results provide a novel
strategy for detecting three-dimensional magnetization orientation in magnetic insulators and hold the potential to advance
the development of low-energy-consumption spintronic devices.

Keywords: spin Hall magnetoresistance, magnetic anisotropy, rare-earth iron garnet, Stoner–Wohlfarth model,
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1. Introduction

The electrical manipulation and detection of magnetic or-
der in heavy metal (HM)/magnetic insulator (MI) heterostruc-
tures are central to the advancement of low-power spintronic
devices.[1,2] In these systems, the interaction between in-
terfacial magnetization and spin currents gives rise to spin
Hall magnetoresistance (SMR), enabling the sensitive electri-
cal readout of the magnetization orientation in the adjacent
MI layer.[3–5] As a result, SMR has been widely employed
to investigate HM/MI systems,[6–11] with a particular focus
on HM/yttrium iron garnet (Y3Fe5O12, YIG)[12–14] and other
rare-earth iron garnets (REIG), formed by substituting Y with
rare-earth elements,[8,15–18] mainly due to their high Curie
temperature, low damping constant, and long spin transport
distance.[19–21]

Compared to YIG, Tm3Fe5O12 (TmIG) exhibits sig-
nificant magnetic anisotropy, especially magnetoelastic
anisotropy, which is considered to be the origin of ro-
bust perpendicular magnetic anisotropy (PMA) in TmIG
thin films.[22,23] However, the magnetocrystalline anisotropy
(MCA) in TmIG thin films has often been considered sec-
ondary to magnetoelastic anisotropy,[23,24] and has therefore

frequently been neglected due to its relatively small magni-
tude.

Recently, field-free spin–orbit torque (SOT) switching of
magnetization has been achieved by exploiting the intrinsic cu-
bic MCA in (111)-oriented TmIG films with PMA,[25,26] indi-
cating the non-negligible contribution of cubic MCA to the
magnetization switching process. This field-free SOT switch-
ing arises specifically in (111)-oriented thin films, where the
projection of MCA onto the (111) plane exhibits spontaneous
mirror-symmetry breaking.[25] This symmetry breaking acts
as an azimuth-dependent effective field that theoretically cou-
ples the perpendicular reversal with complex in-plane dynam-
ics. However, anomalous Hall effect (AHE) measurements can
only probe the out-of-plane component of the magnetization
and therefore cannot fully resolve the three-dimensional mag-
netization state.[5] Thus, reliable detection and reconstruction
of three-dimensional magnetization reversal, including both
out-of-plane and in-plane magnetization components in REIG
thin films, are still lacking. In contrast, SMR enables the re-
construction of three-dimensional magnetization trajectories
under a perpendicular magnetic field, thereby allowing direct
mapping of the magnetization switching path.

In this work, we investigate the magnetic field depen-
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dence of SMR in the Pt/(111)-TmIG heterostructure with
easy-plane magnetic anisotropy, which is beneficial for con-
tinuously tracking the in-plane magnetization during a rel-
atively slow reversal process. The SMR, which is sensi-
tive to the in-plane magnetization, is employed to detect the
three-dimensional magnetization reversal. Our transport mea-
surements reveal that the SMR curves exhibit hysteresis and
sharp jumps between high- and low-resistance states below
100 K, resembling the tunneling magnetoresistance (TMR) be-
havior in traditional magnetic tunnel junctions. By employ-
ing a three-dimensional Stoner–Wohlfarth (S–W) model, we
demonstrate that the out-of-plane mirror-symmetry breaking
associated with cubic MCA, together with field-induced in-
plane rotation-symmetry breaking, collectively drives spin re-
orientation, giving rise to the anomalous sharp jumps observed
in the SMR. These results clarify the role of cubic MCA in
magnetization reorientation within REIG heterostructures.

2. Experimental details
The high-quality single-crystal TmIG thin film was grown

on the (111)-oriented GGG substrate by pulsed laser deposi-
tion (PLD) using a KrF excimer laser (λ = 248 nm) from a
stoichiometric TmIG target. The film was deposited at a sub-
strate temperature of 670 ◦C and a laser fluence of 2 J·cm−2.
To obtain in-plane magnetic anisotropy (IMA) TmIG films, an
oxygen pressure of 15 Pa was adopted, which is lower than

the optimal pressure for PMA.[27] After deposition, the film
was cooled down to room temperature at a rate of 10 ◦C/min
while maintaining the oxygen pressure. The surface mor-
phology was characterized using an atomic force microscope
(AFM) (Bruker, ICON). The magnetic properties and electri-
cal transport properties were measured using a physical prop-
erties measurement system (Quantum Design, PPMS Dyna-
cool). For the transport measurements, a 4-nm-thick Pt layer
was deposited on the TmIG film in an ultra-high-vacuum mag-
netron sputtering chamber, and the resulting Pt/TmIG het-
erostructure was then patterned into 10 µm×15 µm Hall bars
via photolithography. The current channel of the Hall bars was
aligned with the [112̄] direction of the thin film.

3. Results and discussion
The AFM image of the TmIG film reveals an atomi-

cally flat surface with a root-mean-square (RMS) roughness
of about 0.12 nm (Fig. 1(a)). The in-plane magnetic hysteresis
shows a square loop with a high remanence ratio, indicating
strong IMA in this sample from 10 K to 300 K (see supple-
mentary materials Section 1). Figure 1(b) shows the represen-
tative in-plane (IP) hysteresis loop measured at 80 K, which
exhibits a saturation magnetization (Ms) of 96 kA/m. Notably,
no magnetic compensation was observed across the entire tem-
perature range (see supplementary Fig. S1), consistent with
previous reports.[5,23,28]
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Fig. 1. Characterization of the TmIG film and SMR measurements of the Pt/TmIG heterostructure. (a) AFM image of the TmIG film. (b)
Magnetic hysteresis loop of the TmIG thin film measured under an IP magnetic field at 80 K. The paramagnetic contribution from the substrate
has been subtracted from the raw data. (c) Schematic of the Pt/TmIG Hall bar device and the electrical transport measurement setup. (d) OOP-
field-dependent transverse SMR signal (RT) measured at 80 K (triangles) together with the simulated curve (solid line). The blue and red arrows
indicate the descending and ascending field sweep directions, respectively. The ordinary and anomalous Hall contributions to RT have been
subtracted by symmetrizing the data with respect to the magnetic field.
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The measurement schematic is shown in Fig. 1(c), and
Fig. 1(d) illustrates the field dependence of the transverse
SMR RT measured at 80 K with a magnetic field applied along
the out-of-plane (OOP) direction. The applied current den-
sity is fixed at 2× 106 A·cm−2. The measured RT shows an
anomalous feature that deviates from conventional SMR be-
havior. Specifically, the curve exhibits a step-like hysteresis
loop characterized by sharp transitions between high- and low-
resistance states, which resemble the typical characteristics of
TMR.[29,30] However, the TMR mechanism can be excluded
since our device contains only a single ferromagnetic layer.
Furthermore, such step-like features appear in both the trans-
verse and longitudinal channels of the Hall bar. Therefore,
we attribute this feature to the abrupt in-plane magnetization
reorientation during the reversal process, because both trans-
verse and longitudinal SMR are sensitive to the in-plane com-
ponents of the magnetization.

To elucidate the anomalous field dependence of SMR, we
perform numerical simulations using the three-dimensional S–
W model[31] under the coherent rotation assumption. The total
energy is given by:[23,25]

Etotal = Kc1F1 (θM,ϕM)+Kc2F2 (θM,ϕM)+Ku1 cos2
θM

+Ku2 cos4
θM +

µ0

2
M2

s cos2
θM−µ0MsH cosδ , (1)

where θM and ϕM are the polar and azimuthal angles of the
magnetization with respect to the [111] and [112̄] axes, respec-
tively. The parameters Kc1,2 and Ku1,2 denote the first- and
second-order constants of the cubic MCA and uniaxial mag-
netoelastic anisotropy, respectively; Ms, H, and δ represent the
saturation magnetization, the magnitude of the external field,
and the angle between the magnetization and the external field,
respectively. It should be noted that a coordinate transforma-
tion was performed on the classical cubic MCA formula to
unify the angular definitions, yielding the transformed direc-
tion cosine polynomials Kc1F1 (θM,ϕM) and Kc2F2 (θM,ϕM)

(the detailed derivation is provided in supplementary materials
Section 2; supplementary Fig. S2 shows the energy landscape
of the cubic MCA before and after the coordinate transforma-
tion).

Powell’s algorithm[32] was used to determine the energy-
minimizing equilibrium state (θM,ϕM) for each external field
H, and the transverse and longitudinal SMR curves were then
calculated using:[5,8,12,33]

RT = Rmax
T sin2

θ sin2ϕ, (2)

RL = Rmax
L sin2

θ sin2
ϕ, (3)

where θ and ϕ denote the polar and azimuthal angles of the
magnetization with respect to the film normal and the current
direction (θ = θM, ϕ = ϕM +ϕ j, with ϕ j denoting the mis-
alignment angle between the Hall bar channel and the [112̄]

direction), respectively. Rmax
T and Rmax

L represent the ampli-
tudes of the transverse and longitudinal SMR, respectively.

As shown in Fig. 1(d), the simulated RT curves at 80 K
(solid lines) exhibit excellent agreement with the experimen-
tal data. Notably, the simulations accurately reproduce the
step-like hysteretic features observed in RT. This result val-
idates the selected parameters: Kc1 = −1.25 kJ ·m−3, Kc2 =

0.48 kJ ·m−3, Ku1 = 0.60 kJ ·m−3, Ku2 = 0.30 kJ ·m−3 and
Ms = 96.00 kA ·m−1. The negative cubic MCA constant Kc1

is consistent with the fact that the 〈111〉 direction serves as
the easy magnetization axis in REIG systems.[34] The posi-
tive values of Ku1,2 indicate predominant in-plane compressive
strain[35] (as detailed in supplementary materials Section 2),
which is consistent with the observed IMA of our TmIG film.

Based on the simulated equilibrium angles (θM,ϕM), the
spatial trajectory of the magnetization is plotted in Fig. 2(a)
(see supplementary Fig. S3 for the field dependence of θM

and ϕM). This trajectory clearly reveals four in-plane mag-
netization reorientation events during the entire field sweep,
which correspond to the four jumps observed in the SMR sig-
nal. Meanwhile, the azimuthal orientations of the magnetiza-
tion are separated by discrete steps of 60◦ and 120◦, in good
agreement with the 3m rotational symmetry of the system. In
our model, the cubic MCA is the sole energy term that exhibits
this specific symmetry in the (111) plane. Therefore, this find-
ing strongly suggests that the cubic MCA is the physical origin
of the observed anomalous behavior in the SMR signal.

Figure 2(b) shows the simulated three-dimensional en-
ergy distribution of the cubic MCA. In the (111) plane, energy
maxima and minima are alternately arranged with intervals of
60◦, demonstrating a distinct 3m symmetry. Simultaneously,
the energy contours display an antisymmetric configuration
relative to the equatorial plane with θM = 90◦, where the po-
sitions of energy barriers and valleys in the upper and lower
hemispheres are distributed in antiphase. This staggered en-
ergy landscape imposes strict constraints on the reversal path
of the magnetization, preventing it from maintaining a con-
stant azimuthal angle when switching from one pole to the
other. This is because the low-energy path initially followed
by the magnetization is interrupted by a high-energy barrier
upon crossing the equatorial plane. Consequently, driven by
the minimization of the total energy, the magnetization must
undergo a ∆ϕM = 60◦ azimuthal reorientation upon crossing
the equatorial plane to align with an adjacent energy valley.
Thus, this specific reorientation process appears as a charac-
teristic sharp jump feature in the SMR measurement. The red
arrow in Fig. 2(b) schematically illustrates the trajectory of the
magnetization during the ascending field sweep. It can be seen
that the trajectory tends to follow the energy valleys of the cu-
bic MCA, where the energy is minimized, indicating that the
cubic anisotropy plays a dominant role in determining the in-
plane alignment of the magnetization.
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plane (θM = 90◦) is shaded in gray, with radial lines drawn at 60◦ intervals. The blue and red dashed arrows indicate the spin reorientation
directions. The alternating blue and red lines indicate the overlapping trajectory segments where the descending and ascending paths coincide.
(b) Three-dimensional plot of the cubic MCA energy landscape (Kc1 = −1.25 kJ ·m−3, Kc2 = 0.48 kJ ·m−3). The equatorial plane is shown in
gray, and the red arrows schematically illustrate the magnetization trajectory during the ascending field sweep. (c) Polar plot of the relative total
energy as a function of ϕM and θM during the magnetic field sweep. The polar angle θM is linearly mapped to the normalized radial coordinate
(r = θM/180◦), where the center and the perimeter represent θM = 0◦ and 180◦, respectively. For each θM, the total energy is calculated over all
ϕM values and mapped onto the color scale after normalization.
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function of the OOP magnetic field for different ϕ j . The simulation parameters were identical to those at 80 K. The SMR amplitudes were fixed
at −10.0 mΩ for comparison.

Theoretically, if the system maintains perfect in-plane 3m
rotational symmetry, the magnetization would be confined to
switching between two adjacent inter-hemispheric energy val-
leys during the field sweep. Consequently, the magnetoresis-
tance curves would exhibit only two jumps near zero field (see
supplementary Fig. S4). However, when the magnetic field
applied in the experiment contains a small in-plane compo-
nent (in our measurements, the external field was tilted by 2◦

with respect to the [111] direction), it breaks this ideal 3m rota-
tional symmetry and lifts the degeneracy of the energy valleys,
resulting in secondary switching in the SMR curves.

To reproduce this physical picture in our simulations, we
introduced a 2◦ tilt of the external magnetic field relative to
the [111] axis and a 2◦ azimuthal deviation from the [112̄]
axis. We calculated the normalized total energy distribution
as a function of the azimuthal angle (ϕM) at each field step.
As illustrated in Fig. 2(c), this polar plot intuitively visual-

izes the evolution of the total energy of TmIG at different az-
imuthal angles throughout the magnetic field sweep. From the
polar plot, six blue and red energy branches arising from the
cubic MCA are clearly distinguishable, corresponding to the
〈111〉 easy axes and 〈001〉 hard axes, respectively. However,
it can be clearly observed that the magnetic field component
along the x axis (i.e. [112̄]) breaks the rotational symmetry,
yielding energy valleys and barriers at ϕM = 0◦ and 180◦ that
are significantly different from those in other directions. Dur-
ing the ascending field sweep, the trajectory of the magneti-
zation orientation (θM,ϕM) in the polar energy landscape pro-
ceeds slowly from the periphery (θM = 180◦) toward the center
(θM = 0◦) because the magnetization tends to remain in-plane
due to the strong magnetoelastic and shape anisotropy. Driven
by energy minimization, the magnetization initially tracks the
energy valley along the ϕM = 180◦ direction. However, as the
magnetization crosses the equatorial plane into the opposite
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hemisphere, the energy landscape is inverted, leading to an
abrupt ∆ϕM = 60◦ jump that switches the magnetization into
the adjacent energy valley at ϕM = 120◦. Subsequently, driven
by the IP projection of the external field, the magnetization
rotates slightly but remains confined within the energy valley
at ϕM = 120◦ because the finite field projection is not strong
enough to overcome the energy barrier at ϕM = 60◦. As the ex-
ternal field is further increased, the IP projection of the mag-
netic field further breaks the 3m rotational symmetry within
the (111) plane, while the OOP projection pulls the magne-
tization into a canted state. Eventually, the IP component of
the external field induces a secondary spin reorientation of
∆ϕM ≈ 120◦ into the energy valley at ϕM = 0◦, while θM still
changes slowly because the strong easy-plane anisotropy pre-
vents the magnetization from aligning with the OOP direction.
This evolution mechanism provides a robust explanation for

the sharp-jump signature observed in the field dependence of
the SMR.

Moreover, the magnitude of the SMR is determined by the
relative angle between the magnetization M and the nonequi-
librium spin accumulation σ (which is always perpendicular
to the current density j). For the same magnetization rever-
sal, different SMR responses can be obtained by varying the
current direction. Thus, we calculated the SMR curves for
different current angles ϕ j. Notably, as shown in Fig. 3, the
curves for the configuration in which the current is not parallel
to the [112̄] axis (ϕ j = 0◦) show the typical bell-shaped profile.
This smooth resistance variation signifies a coherent rotation
of the magnetization from the in-plane to the out-of-plane di-
rection as the Zeeman energy gradually overcomes the strong
easy-plane anisotropy. (The result for a current not parallel to
the [112̄] direction is shown insupplementary Fig. S5.)
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the simulations. (d) The critical fields for spin reorientation (H1,2) and the saturation field (Hsat) as functions of temperature. The inset shows an
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To further validate the above physical picture, we per-
formed transport measurements over the temperature range
from 3 K to 100 K. As shown in Figs. 4(a) and 4(b), both
the transverse and longitudinal SMR exhibit hysteretic resis-
tance jumps with opposite jumping directions, and the crit-
ical field for the jumps gradually increases as the tempera-
ture decreases. The corresponding simulation results are plot-
ted as solid lines in Fig. 4. Notably, the simulations accu-
rately reproduce the temperature-dependent evolution of both
the transverse and longitudinal SMR signals, confirming the
validity of our model. As illustrated in Fig. 4(c), the cubic

MCA constants (Kc1,2) adopted in the simulations exhibit a
gradual increase with decreasing temperature. This behav-
ior is fully consistent with the single-ion model.[36] Accord-
ing to this model, the magnetic anisotropy energy in REIG
arises from the combined effects of the crystal and exchange
fields on the energy levels of the individual magnetic ions. The
Tm3+ ions possess unquenched orbital angular momentum,
which leads to significant splitting of their energy levels in
the crystal field. As thermal fluctuations decrease at low tem-
peratures, the Tm3+ ions predominantly occupy their ground
states, which are highly anisotropic due to crystal-field inter-
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actions. This population effect directly results in a rapid en-
hancement of the cubic MCA constants. The pronounced in-
crease in the uniaxial anisotropy constants Ku1,2 with decreas-
ing temperature is primarily attributed to magnetoelastic cou-
pling induced by thermal stress. Magnetoelastic anisotropy is
essentially a change in the MCA induced by stress. Thus, it
shares the same temperature dependence as the MCA on the
one hand, while increasing with increasing stress on the other
hand. Since the TmIG film and the GGG substrate possess
different thermal expansion coefficients,[23] the thermal stress
increases with decreasing temperature. These effects collec-
tively lead to a substantial increase in the easy-plane magne-
toelastic anisotropy energy and a corresponding increase in the
saturation field.

As shown in Fig. 4(d), both the saturation field and the
critical fields of spin reorientation increase with decreasing
temperature. The correlated evolution of these fields signifies
that the topology of the cubic MCA energy landscape remains
invariant across the entire temperature range. This implies that
the geometric symmetry of the energy valleys and barriers is
preserved despite the enhanced anisotropy, resulting in a pro-
portional scaling of the external fields required for reorienta-
tion and saturation.

It is also worth noting that our model elucidates the crys-
tallographic selectivity of this reorientation mechanism: it
stems from the broken symmetry of the cubic MCA inherent
to (111)-oriented films. Consequently, this mechanism is ab-
sent in films epitaxially grown on (110) or (100) substrates,[37]

which lack the required energy landscape topology. Finally,
we suggest that the analytical framework established herein
extends beyond (111)-oriented cubic systems[38,39] and is ap-
plicable to rhombohedral or hexagonal systems possessing
analogous energy landscapes.[40]

4. Conclusion

In summary, we report an anomalous sharp-jump fea-
ture in SMR emerging in (111)-oriented Pt/TmIG heterostruc-
tures. By using a three-dimensional Stoner–Wohlfarth model,
we successfully determine the complex spin reorientation pro-
cesses underlying these anomalous SMR signals. Our anal-
ysis elucidates how the unique energy landscape of cubic
MCA governs the magnetization reversal pathways. Fur-
thermore, we reveal a multiple spin reorientation mechanism
driven by the spontaneous mirror-symmetry breaking of cubic
MCA, combined with the extrinsic in-plane rotational symme-
try breaking induced by the external field. These findings not
only demonstrate the significant potential of MCA for manip-
ulating spin states in rare-earth iron garnet systems but also
pave the way for the development of novel spin logic and mul-
tistate memory devices based on MCA engineering.

Acknowledgments
Project supported by the National Natural Science

Foundation of China (Grant No. 12374108), the Guang-
dong Provincial Quantum Science Strategic Initiative (Grant
No. GDZX2401002), and the GJYC program of Guangzhou
(Grant No. 2024D01J0087). S.D. acknowledges support from
the START-UP GRANT from Nanyang Technological Univer-
sity.

References
[1] Chumak A V, Vasyuchka V I, Serga A A and Hillebrands B 2015 Nat.

Phys. 11 453
[2] Shao Q M, Li P, Liu L Q, Yang H, Fukami S, Razavi A, Wu H, Wang

K, Freimuth F, Mokrousov Y, Stiles M D, Emori S, Hoffmann A, Ak-
erman J, Roy K, Wang J P, Yang S H, Garello K and Zhang W 2021
IEEE Trans. Magn. 57 1

[3] Chen Y T, Takahashi S, Nakayama H, Althammer M, Goennenwein S
T B, Saitoh E and Bauer G E W 2013 Phys. Rev. B 87 144411

[4] Nakayama H, Althammer M, Chen Y T, Uchida K, Kajiwara Y, Kikuchi
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