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Recently, (101)-oriented RuO2 films have been intensively studied because of their ability to generate a
spin current with out-of-plane polarization, enabling field-free switching of perpendicular magnetization. This
unconventional spin current has typically been attributed to the altermagnetic spin splitting effect in RuO2.
In this study, we investigate the spin-charge interconversion in RuO2(101) films through the spin Seebeck
effect and spin-orbit torque induced magnetization switching measurements. By comparing the reciprocal
relations in RuO2(101) and the conventional heavy metal Pt, we find that the out-of-plane polarized spin current
generated in our RuO2(101) film is dominated by the anisotropic spin Hall effect. Our work not only enriches
the understanding of spin transport in RuO2 but also establishes a straightforward and effective approach for
distinguishing the altermagnetic spin splitting effect and spin Hall effect.

DOI: 10.1103/6jd2-lx9g

I. INTRODUCTION

Spin-charge interconversion holds a pivotal role in cur-
rent spintronics. One important application is controlling
the magnetization orientation with electric current, which is
essential for the development of magnetoresistive random-
access memory. The conventional spin Hall effect (SHE) in
polycrystalline heavy metals, however, is constrained by the
condition that the spin current and charge current propagation
directions and spin polarization are orthogonal to each other.
In this case, the perpendicularly propagating spin current will
be in plane polarized and cannot deterministically switch the
perpendicular magnetization. As a result, an external (effec-
tive) in-plane magnetic field is required to break the symmetry
[1,2]. Hence, novel spin current with intrinsic out-of-plane
spin polarization is being hotly pursued to overcome this lim-
itation. Altermagnets, recognized as a new form of magnetic
material, have garnered substantial attention recently [3–8].
They involve sublattices with opposite spins related by ro-
tation, rather than by translation or inversion. Altermagnets
have the benefits of both ferromagnets and antiferromagnets,
exhibiting spin band splitting while maintaining zero net mag-
netization [9], and offer a unique source for unconventional
spin current [3,10,11].

Ruthenium dioxide (RuO2) was proposed as a prototype
d-wave altermagnet with large spin splitting [12,13], although
its magnetic structure is still under debate. For instance, po-
larized neutron diffraction and x-ray scattering measurements
revealed its antiferromagnetic order [14,15], while muon
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spin rotation and spin-resolved photoemission spectroscopy
observations suggested nonmagnetic characteristics [16,17].
These conflicting experimental results may stem from the
fragile magnetism in RuO2, which might be sensitive to
Ru vacancy and strain [18,19]. In the transport experiments,
anisotropic spin-charge interconversion and its ability to gen-
erate an out-of-plane spin current with z polarization were
originally considered an indication of altermagnetism, which
is expected to generate the altermagnetic spin splitting ef-
fect (ASSE) [5,20,21]. More recent studies suggested that
the contribution from the ASSE is negligible [22], while the
anisotropic SHE due to the tetragonal structure can also ac-
count for the crystal axis dependent spin current in RuO2

[23–25]. Similar unconventional spin current generated due
to reduced crystal symmetries has been observed in many
systems [26,27]. Therefore, the origin of field-free perpendic-
ular magnetization switching in a RuO2-based system is still
elusive and needs careful investigation.

In this work, we study the spin-to-charge conversion in
RuO2(101) as a spin current detector via the spin Seebeck
effect measurement and the charge-to-spin conversion in
RuO2(101) as a spin current generator via the magnetization
switching experiment. By comparing the reciprocal relations
in the spin-charge interconversion of RuO2(101) and Pt, we
find the unconventional spin current with z polarization which
drives the field-free perpendicular magnetization switching is
dominated by the anisotropic SHE in RuO2.

We first elaborate the distinguishably different reciprocal
relations between the charge-to-spin and spin-to-charge con-
versions in the (inverse) ASSE and (inverse) SHE. In RuO2

with a rutile structure, if it exhibits altermagnetism, the Ru
atoms with opposite magnetization are located at the centers
of stretched oxygen octahedrons whose orientations differ
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FIG. 1. Comparison of the reciprocal relations between the
ASSE/IASSE and SHE/ISHE. (a) and (b) illustrate charge-to-spin
and spin-to-charge conversion via the ASSE and IASSE in an alter-
magnet with the Néel vector along the [001] direction, respectively.
Red and blue ellipses denote the Fermi contours at kz = 0 occupied
by spin-up and spin-down electrons, while red and blue arrows
denote the respective charge currents of the spin-polarized currents
from both Fermi contours. (c) and (d) illustrate spin-charge intercon-
version via the SHE and ISHE.

by 90°. The different crystal fields lead to elliptical Fermi
contours of opposite spins with different orientations at
kz = 0 [Fig. 1(a)]. Subsequently, this results in the anisotropic
effective masses and conductivities for the up and down spins
[21]. As shown in Fig. 1(a), when a charge current is injected
along the RuO2[010] direction, the Fermi contours of both
spins shift along the [01̄0] direction, and a transverse spin
current along the [100] direction is generated with spin-up
polarization. In the inverse effect displayed in Fig. 1(b), when
a spin current with spin-up polarization is injected along the
[100] direction, the Fermi contour of spin-up electrons shifts
along the [100] direction, parallel to the momentum of the
injected electrons, while that of spin-down electrons shifts
in the opposite direction. This results in a transverse charge
current along the [010] direction. Namely, JC yields JS via
the ASSE, while JS yields JC with the same polarization via
its inverse effect, the IASSE.

For the SHE, a charge current JC yields a spin current JS

with a spin polarization σ, JS = h̄
2eθSHE JC × σ [Fig. 1(c)].

And the inverse spin Hall effect (ISHE) drives the JS with the
same polarization σ back into −JC (note that −JC denotes
the current propagating in the opposite direction from JC)
since its direction is determined by 2e

h̄ θSHE JS × σ [Fig. 1(d)].
Therefore, the distinct reciprocal relations between the spin-
charge interconversions in ASSE/IASSE and SHE/ISHE can
serve as a criterion to distinguish these two mechanisms. Al-
though we herein present the reciprocal relations between the
spin-charge interconversion in SHE and ISHE with conven-
tional y-polarized spin current, the analysis is also valid for
spin currents with other polarizations in the anisotropic SHE
and ISHE (schematic diagrams are shown in Appendix A). In
fact, the difference between ASSE/IASSE and SHE/ISHE is
rooted in the time reversal operation of the Onsager relation

FIG. 2. (a) X-ray diffraction (XRD) θ -2θ scan spectrum of a
50-nm RuO2(101) film deposited on an Al2O3 (11̄02) substrate.
Peaks from the substrate are marked with an asterisk (∗). (b) Φ-
scan spectra of the RuO2 film with 2θ fixed at the (002) peak
and the Al2O3 substrate with 2θ fixed at the (202̄2) peak. (c)
and (d) are the room-temperature out-of-plane (OOP) and in-
plane (IP) magnetic hysteresis loops measured with VSM for a
RuO2(12)/Co(0.6)/Pd(2)/Co(0.5)/Pd(2) sample, respectively.

between the spin-charge interconversions [28]. In altermag-
nets, the flipping of the Néel vector under time reversal
introduces an additional sign change, resulting in an oppo-
site reciprocal relation compared to the SHE and ISHE in
nonmagnets. A similar feature has also been observed in the
anomalous spin Hall effect in ferromagnetic systems, where
the time reversal operation reverses the magnetization direc-
tion of the ferromagnet [29].

II. EXPERIMENTAL DETAILS

The RuO2(101) film was epitaxially grown on an
Al2O3(11̄02) substrate using a magnetron sputtering system.
The substrate was preannealed at 600 °C for 30 min. After-
wards, the RuO2 film was deposited by reactively sputtering
a Ru target at the same temperature with a deposition rate
of 0.048 nm/s determined from the x-ray reflectivity mea-
surement. The gas used for sputtering consists of a 30:1
mixture of Ar and O2 at a pressure of 3 mTorr. Figure 2(a)
presents the x-ray diffraction result for a 50-nm RuO2 film,
with peaks corresponding to only the RuO2(101) plane and
the substrate. No additional peaks from other planes of
RuO2 or Ru are detected, suggesting the high quality of
the deposited film. Φ scans of the RuO2(002) plane and
the Al2O3(202̄2) plane as depicted in Fig. 2(b) confirm
the epitaxial relationship between RuO2 and the substrate
with RuO2[010]//Al2O3[112̄0], indicating a single-variant
film [30].

We further prepared RuO2(12)/Co(0.6)/Pd(2)/Co(0.5)/
Pd(2) multilayers for the transport measurements, where the
numbers in parentheses represent thicknesses in nanometers.
The layers on top of the RuO2 film were grown in situ after
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FIG. 3. (a) Schematic diagram of the thermally excited spin-to-charge conversion measurement for the RuO2/[Co/Pd]2 sample. α is the
angle between the voltage channel V and the RuO2[010] crystal axis. (b) Schematic diagram of the thermally excited spin-to-charge conversion
measurement for the Pt/Co sample. (c) The measured thermoelectric signal of the RuO2 sample at α = 0◦ with the magnetic field swept along
the z direction. (d) The dependence of the detected current difference �I of the RuO2 sample on the angle α, where the red line is the fitting
with a cos α function. (e) The measured thermoelectric signal of the Pt(6)/Co(6) reference sample with the magnetic field swept along the y
direction.

the sample was cooled down to room temperature, and all
samples in this work are capped by a 10-nm SiO2 layer.
Hysteresis loops of the sample measured at room temperature
with a vibrating sample magnetometer (VSM) under both
out-of-plane and in-plane magnetic fields are presented in
Figs. 2(c) and 2(d), respectively. These results confirm the per-
pendicular magnetic anisotropy (PMA) of Co/Pd multilayers.
Importantly, no obvious residual magnetization is observed in
the loops with the field swept along either the RuO2[010] or
[1̄01] direction, indicating negligible canting of the easy axis.
Further quantitative measurements and analysis also confirm
the absence of easy axis canting in Co/Pd multilayers (see
Appendix B).

III. RESULTS AND DISCUSSIONS

We first investigate the spin-to-charge conversion in RuO2

with thermal measurements. The multilayers were patterned
into Hall bars with 20-µm width and 320-µm length by pho-
tolithography and Ar+ milling. A 200-nm insulating SiO2

layer and a 52-µm-wide metallic thin-film heater composed
of Ti(15)/Ta(3) were further deposited to establish a vertical
temperature gradient across the sample [Fig. 3(a)]. With the
injection of an AC current through the heater with a Keith-
ley 6221 current source, the longitudinal spin Seebeck effect
drives a spin current from Co/Pd multilayers into the RuO2

layer, with the spin polarization aligned with the magneti-
zation of the Co/Pd multilayers (along the z direction). The
spin-to-charge conversion in RuO2(101) is subsequently de-
tected with a second harmonic signal V , utilizing a lock-in
amplifier for different α, the angle between the direction of a
voltage channel (x direction) and the [010] direction of a RuO2

film. To avoid the anomalous Nernst effect (ANE) arising
from the in-plane temperature gradient due to misalignment
between the heater and the stripe, we measure the signal
transverse to the heater’s length direction [21].

Figure 3(c) presents the thermoelectric current I measured
at α = 0◦ with the magnetic field swept along the z direction.
Since the magnetization of the Co/Pd multilayers is collinear
with the temperature gradient, the ANE contribution is min-
imized. The possible contribution of the inverse anomalous
spin Hall effect in perpendicular magnetized Co/Pd multilay-
ers can also be excluded because the induced charge current
should be along the [101] direction [31], which is the in-plane
projection direction of the Néel vector of RuO2(101). The
thermoelectric signal, following the magnetization of Co/Pd
multilayers, thus indicates that (101)-oriented RuO2 can con-
vert z-polarized spin current into charge current. We define
the amplitude of the spin-charge conversion �I as half of the
difference of saturation values of I in positive and negative
fields. In order to study the crystalline axis dependence, de-
vices with different orientations were prepared on the same
Al2O3 substrate. As shown in Fig. 3(d), �I at different α

can be well fitted by a cos α function. This angular depen-
dence could have two possible origins. On the one hand,
the spin Hall conductivities can be described by a three-
rank tensor with three independent components for the rutile
RuO2. The z-polarized out-of-plane spin current induced by
in-plane charge current is anisotropic, scaling with cos α for
the RuO2(101) [23]. On the other hand, the possible IASSE
in RuO2(101) converts the out-of-plane spin current, which
has projection only along the [100] direction, to a charge
current along [010] within the sample plane. The signals
measured along other in-plane directions also have the cos α
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FIG. 4. (a) Schematic of the electrical connection for the current-induced switching measurement of the RuO2/[Co/Pd]2 sample. (b) Rep-
resentative AHE curve of the RuO2-based sample with the magnetic field swept along the z direction. (c) Current-induced magnetization
switching loop of the RuO2-based sample measured with the positive current applied along the RuO2[010] direction under different Hx.
(d) Schematic of the electrical connection of the current-induced switching measurement for the Pt/Co sample. (e) Second harmonic Hall
resistance measured for the Pt/Co sample with the magnetic field swept along the y direction. (f) Current-induced in-plane magnetization
switching loop of the Pt/Co sample at zero field.

dependence [20]. The expected results for anisotropic ISHE
and IASSE follow the same angular dependence, making it
difficult to distinguish between them. Thus, more evidence
is needed to identify the underlying mechanism, which will
be discussed in the following. We also performed the same
study of the thermal currents in perpendicularly magnetized
Co/Pd multilayers without the RuO2 layer (see Appendix C).
The signal from the ANE due to the residual in-plane tem-
perature gradient is significantly smaller and varies randomly
with α, further corroborating the data presented in Figs. 3(c)
and 3(d) are dominated by the spin-to-charge conversion
in RuO2.

The thermoelectric signal of Pt(6)/Co(6) under a verti-
cal temperature gradient is measured with the same setup
[Fig. 3(b)], and the result is presented in Fig. 3(e) as a ref-
erence. Note that the Co film in this control sample has an
in-plane easy axis along the y direction induced by the film de-
position under finite Hy. Since there is only the conventional
ISHE in Pt, the electrical measurement along the x direction is
sensitive to the y-polarized spin current only. Thus, the signal
was obtained by sweeping the in-plane magnetic field along
the y direction. Under this geometry, the measured signal orig-
inates from the combination of the ISHE in Pt and the ANE
in Co. A previous study showed that these two contributions
exhibit the same sign [32]. Therefore, the ISHE in Pt from y
polarization and the spin-to-charge conversion in RuO2(101)
at α = 0◦ from z polarization have the same sign [Figs. 3(c)
and 3(e)].

From the thermoelectric measurements, we confirmed that
an out-of-plane polarized spin current can be converted into
a charge current along the [010] direction in RuO2(101).
We thus expect that by injecting a current along the [010]

direction, an out-of-plane spin current with a σz component
will be generated. This collinear spin current can enable
field-free perpendicular magnetization switching. We thus
prepared the Hall bar device of RuO2/[Co/Pd]2 multilay-
ers with dimensions of 8 × 56 µm2 to study the spin-orbit
torque induced magnetization switching. The anomalous Hall
effect (AHE) in RuO2/[Co/Pd]2 was obtained with the cur-
rent applied along the [010] direction and the Hall voltage
detected simultaneously using the delta mode of Keithley
6221 current source and Keithley 2182A nanovoltmeter, as
illustrated in Fig. 4(a). A representative AHE loop mea-
sured under Hz exhibits a square loop [Fig. 4(b)]. This
indicates a perpendicular easy axis, which is consistent with
the VSM measurements. Subsequently, we performed the
current-induced perpendicular magnetization switching with
a 50-µs current pulse applied along the [010] direction. The
sample exhibits a robust switching behavior, with the switch-
ing polarity remaining unchanged as Hx is varied from −44
to 44 mT [Fig. 4(c)]. This switching behavior is consis-
tent with the results of previous works [33,34], indicating
the presence of strong σz. The positive current Jx drives
the magnetization to the direction aligned by a negative
magnetic field −Hz. In contrast, deterministic switching oc-
curs only under a finite Hx when the current is applied
along the [1̄01] direction, as presented in Appendix D, in
line with perpendicular magnetization switching induced by
only σy.

In the Pt/Co control sample, a charge current along the x
direction can generate an out-of-plane propagating spin cur-
rent with σy via the conventional SHE in Pt. This transverse
spin current can deterministically switch the in-plane magne-
tization [35]. We measure the y component of magnetization

104435-4



FIELD-FREE PERPENDICULAR MAGNETIZATION … PHYSICAL REVIEW B 113, 104435 (2026)

using an AC second harmonic technique [36], as illustrated
in Fig. 4(d). After Hy is applied or a current pulse is injected
along the x direction, we apply a sinusoidal reading current
with an amplitude of 1 mA and a frequency of 187 Hz along
the y direction. The spin-orbit torque induced by the alternat-
ing reading current leads to alternating z and x components of
the magnetization and subsequent Hall resistance oscillation
of the same frequency. The combination of the alternating Hall
resistance and reading current along the y direction at the same
frequency yields a second harmonic voltage signal along the x
direction. As shown in Fig. 4(e), the second harmonic Hall re-
sistance R2ω

xy exhibits a square hysteresis loop as Hy is swept,
confirming the effectiveness of the method in detecting in-
plane magnetization. The current-induced switching displays
a counterclockwise switching polarity, as shown in Fig. 4(f),
with the positive current Jx driving the magnetization to the
direction defined by a negative magnetic field −Hy. Note that
the Oersted field generated by the current pulse within the Pt
layer can be estimated using the formula HOe = IPt/2w, where
IPt is the current and w is the width of the channel. It is about
1.35 mT, which is insufficient to switch the Co magnetization,
whose coercivity is ∼2.80 mT even with a DC current with
an amplitude of 50 mA applied (see Appendix E). We thus
conclude that the switching is mainly driven by the spin-orbit
torque from the SHE in Pt.

Last and importantly, we compare the reciprocal relations
between the spin-to-charge conversion in thermal measure-
ments and the charge-to-spin conversion in the magnetization
switching for (101)-oriented RuO2 and Pt. These results reveal
information about the spin-charge interconversion in RuO2

about σz and in Pt about σy. The sign of the spin-to-charge
conversion is positive for the RuO2 sample along the [010]
direction under a positive Hz, and the same sign is observed
for the Pt sample under a positive Hy [Figs. 3(c) and 3(e)].
In both cases, Co is used as the spin current source. Mean-
while, the spin current induced by a positive current drives the
magnetization switching in the direction aligned by a nega-
tive field in both systems [Figs. 4(c) and 4(f)]. These results
confirm that the spin-charge interconversion in RuO2(101)
follows the same reciprocal relation as in the SHE-dominated
Pt system, indicating that the anisotropic SHE, rather than
the ASSE, is the dominant mechanism responsible for the ob-
served field-free perpendicular magnetization switching in our
RuO2(101)-based system. We note that the altermagnetism
in RuO2 is still under strong debate, with evidence sup-
porting the antiferromagnetic [14,15] or paramagnetic state
[16,17]. Potentially, these discrepancies may be explained by
the sample-dependent strain or stoichiometry [18,19]. The
discussion of whether RuO2 is an altermagnet, however, is
beyond the scope of our work. Here, we mainly focus on the
method to distinguish the transport behavior from different
spin current mechanisms. Our method is universal and can be
applied to other altermagnetic materials.

IV. SUMMARY

In summary, we performed a comparative study of the
spin-charge interconversions in RuO2(101) and the heavy
metal Pt with both the spin Seebeck effect and spin-orbit
torque magnetization switching measurements. This approach

enables one to distinguish between the (inverse) altermagnetic
spin splitting effect and (inverse) spin Hall effect based on
their distinct reciprocal relations. We found that the reciprocal
relations are identical in both systems, indicating that the
unconventional out-of-plane propagating z-polarized spin cur-
rent, which drives the field-free perpendicular magnetization
switching, is due to the anisotropic spin Hall effect in our
RuO2(101). Our work is also instructive for the investigation
of spin transport features in other altermagnet candidates.
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APPENDIX A: SCHEMATIC ILLUSTRATION OF THE
ANISOTROPIC SPIN HALL EFFECT AND ITS INVERSE

EFFECT

As shown in Figs. 5(a) and 5(b), the spin-charge intercon-
version about the z polarization via the anisotropic SHE and
anisotropic ISHE follows the same reciprocal relation with
conventional SHE and ISHE.

APPENDIX B: AHE LOOP SHIFT MEASUREMENT OF
RuO2/[Co/Pd]2 UNDER AN IN-PLANE MAGNETIC FIELD

To determine whether the easy axis is canted, we use a
widely adopted method to measure the loop shift of an out-of-
plane hysteresis loop when an extra in-plane magnetic field is
applied [37,38]. When the magnetic easy axis is tilted relative
to the film normal direction, the AHE hysteresis loop with the
sweeping of an out-of-plane magnetic field Hz exhibits a shift
upon the application of an in-plane magnetic field H IP. The
shift field �Hz depends on the direction and amplitude of H IP

FIG. 5. (a) and (b) illustrate spin-charge interconversion about
the z polarization via the anisotropic SHE and anisotropic ISHE.
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FIG. 6. Estimation of the magnetic easy axis direction of the
RuO2 sample. (a) Schematic diagram of the AHE measurement with
an extra H IP exerted at β when Hz is swept, where β is the angle
between the in-plane field and the RuO2[010] direction. (b) The AHE
loop shift when HIP = 61.2 mT is applied at β = −60◦. (c) �Hz as a
function of HIP at different β. The straight lines are the linear fitting.
(d) Dependence of �Hz/HIP on β and the corresponding fitting with
Eq. (B1).

with respect to the easy axis [37]:

�Hz/HIP = − cos(ϕani − β ) tan θani. (B1)

Here, �Hz = (Hup-down
z + Hdown-up

z )/2 is defined as the
average value of coercive fields of both the descending
(Hup-down

z ) and ascending (Hdown-up
z ) branches, ϕani and θani

respectively denote the azimuthal and polar angles of the easy
axis, and β is the angle between H IP and the [010] direction.

The experimental setup for the AHE measurement is
shown in Fig. 6(a). A sinusoidal current of 0.1 mA is ap-
plied along the RuO2[010] direction, and the Hall voltage is
measured with a lock-in amplifier at the same frequency. Hz

is swept with an in-plane field H IP at an angle β during the
measurement. Figure 6(b) presents an example of the loop
shift under an H IP of 61.2 mT at β = −60◦. �Hz for various
in-plane field magnitudes can be linearly fitted at each β value,
as shown in Fig. 6(c). Subsequently, the slope obtained at
different β values is fitted with Eq. (B1) to extract θani and
ϕani [Fig. 6(d)]. The results of four repeated measurements
are summarized in Table I. All the results exhibit negligible
θani, while the values of ϕani vary significantly. These findings
suggest that the fitted θani may be primarily attributed to sys-
tematic errors, and the easy axis in our PMA sample is along
the normal direction.

TABLE I. The fitting results of multiple loop shift measurements.

1 2 3 4 Statistics

θani(◦) 0.73 0.22 0.08 0.42 0.36 ± 0.28
ϕani(◦) 58.79 76.47 29.62 41.84 51.68 ± 20.40
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FIG. 7. The dependence of the detected thermoelectric signal �I
of the Al2O3(substrate)/[Co/Pd]2 sample on α.
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different Hx.

FIG. 9. Second harmonic Hall resistance measured for the Pt/Co
sample with the magnetic field swept along the y direction with and
without a constant current exerted.
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APPENDIX C: THERMOELECTRIC SIGNAL OF THE
Al2O3(SUBSTRATE)/Co(0.6)/Pd(2)/Co(0.5)/Pd(2)

REFERENCE SAMPLE

As shown in Fig. 7, the measured thermoelectric sig-
nals of the [Co/Pd]2 sample show a random distribution
as a function of α, indicating that the current comes
from the ANE induced by a small, nonuniform in-plane
temperature gradient. Therefore, the parasitic ANE signal
cannot account for the cos α dependence of the signal
observed in the RuO2/[Co/Pd]2 samples described in the
main text.

APPENDIX D: CURRENT-INDUCED SWITCHING OF THE
RuO2-BASED SAMPLE WITH CURRENT APPLIED ALONG

THE [1̄01] DIRECTION UNDER DIFFERENT Hx

When the current is applied along the RuO2[1̄01] direc-
tion, no field-free perpendicular magnetization switching is

observed. Moreover, the switching polarity reverses when Hx

changes signs, as shown in Fig. 8. This behavior is consistent
with σy-induced switching [2], indicating the absence of the
perpendicular collinear spin current.

APPENDIX E: COERCIVITY OF THE Pt/Co SAMPLE
WITH AND WITHOUT A CONSTANT CURRENT APPLIED

Local heating induced by current pulses can potentially
lower coercivity and magnetization, making magnetization
switch more easily. We thus performed the second harmonic
Hall measurement with and without a constant current along
the easy axis (y direction). We find that both the coercivity and
the Hall resistance change little even with a 50-mA current
exerted, as shown in Fig. 9, which is larger than the switching
current along the x direction in the Fig. 4(f). Thus, we con-
clude that the 50-mA pulse current with a 50-µs duration has
a negligible effect on the magnetization and coercivity.
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