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Noncollinear spin state and unusual magnetoresistance in ferrimagnet Co-Gd
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Rare-earth transition-metal ferrimagnetic materials are promising candidates for next-generation spintronic
devices owing to their small magnetic moments and fast dynamics. However, only a few studies have been
conducted thus far on the transport properties of noncollinear ferrimagnetic spin textures. In this study, we
investigate the transverse and longitudinal resistances in a ferrimagnet/heavy-metal heterostructure composed of
Co-Gd and Pt. The transition-metal sublattice arrangement and magnetic field—temperature phase diagram are
obtained based on unconventional hysteresis loops observed near the compensation point. In the collinear regime,
the spin Hall magnetoresistance (SMR) and anisotropic magnetoresistance (AMR) exhibit normal oscillation
curves. In the noncollinear regime, the SMR and AMR signals are inverted for the existence of a 90° phase shift
between magnetization and magnetic fields. Owing to the conical spin textures in the spin-flop state, sharp peaks
emerge when the field is perpendicular to the film plane. The abnormal magnetoresistance in our results can
be used to analyze complex magnetic structures, which plays an important role in the all-electrical readout of

noncollinear spintronics devices.
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I. INTRODUCTION

Spintronic materials with noncollinear spin configurations,
such as antiferromagnets with triangular spin ordering [1-6]
and chiral magnets [7,8], have garnered significant attention
owing to their promising properties in the field of spin-
tronics. One particular noncollinear configuration can be
achieved via spin-flop transition when the external field ex-
ceeds a critical value, which is called the spin-flop field
(Hg) [9-13]. In antiferromagnets, magnetic fields of tens
of tesla are typically required to induce a spin-flop tran-
sition, which is difficult for practical applications [14,15].
The typical transition field of ferrimagnets is only several
tesla near their compensation point [13,16] at which the
sublattice moments compensate completely. Among various
ferrimagnetic materials, rare-earth—transition-metal (RE-TM)
alloys have become increasingly important in both funda-
mental research and high-speed low-power spintronic devices.
RE-TM ferrimagnets possess smaller magnetic moments and
faster magnetization dynamics compared with ferromagnets;
thus, they achieve excellent performance in current-induced
magnetization switching [17-20] and domain-wall motion
[21-25]. Most transport studies have been reported in ferri-
magnets with collinear spin configurations [26-30]. However,
there are only a few studies on the properties of noncollinear
RE-TM alloys [31,32]. Further exploration of materials with
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noncollinear spin states would pave the way for novel spin-
tronic devices. The transport properties, particularly near
the compensation point, differ the most from well-studied
collinear states [31,32]. Thus, it is crucial to investigate the
influence of the noncollinear magnetic structure on transport
properties.

Recently, spin Hall magnetoresistance (SMR) has been
investigated frequently in magnetic material/heavy-metal bi-
layers with collinear magnetic structures [26]. As reported,
the resistance of heavy metals is modulated by the interaction
between the spin current generated by the spin Hall effect
and the aligned magnetic moments. Typically, the SMR is
characterized by a sinusoidal curve with a change in the
angle between the magnetization of the magnetic layer and
the spin polarization direction. However, a negative SMR
would emerge in ferrimagnetic materials with canting phases,
which is believed to originate from the reorientation of the
sublattice moments near the compensation point [31,32]. For
more complicated spin textures, the sign reversal of SMR
can be exploited to map out the magnetic phase transition
from the helical state to the collinear phase via a conical
spiral state [7,8]. Furthermore, SMR is a useful approach to
detect the orientation of the Néel vector of antiferromagnetic
insulators without the need for sophisticated experimental
techniques, such as spin-polarized neutron scattering and
Lorentz transmission electron microscopy [33,34]. Similar to
SMR, anisotropic magnetoresistance (AMR) is also sensitive
to the orientation of moments, which is utilized for the elec-
trical detection of the Néel vector orientation [35]. Therefore,
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FIG. 1. (a) Distribution of antiparallel coupled Co and Gd sublattice moments in amorphous Co-Gd. (b) Schematic representation of the
averaged distribution of sperimagnetic Co-Gd. The Gd sublattice moments are spatially distributed at a solid angle, and the solid angle increases
with increasing magnetic field magnitude. (c) The sublattice moments are pinned to the cone surface as the magnetic field is larger than the
spin-flop field H i, forming a canted state. The canting angles 6, and 64 are equal to the cone angles of the Co and Gd submmoments.

SMR combined with AMR provides a convenient way to
study materials with rich magnetic phase diagrams.

In this study, systematic investigations on the temper-
ature/field dependence of the longitudinal and transverse
resistivities of the Co-Gd/Pt bilayer were conducted. Our ob-
servation of the unusual field dependence of the anomalous
Hall effect (AHE) reveals that as the compensation tempera-
ture approaches, the applied magnetic field required to induce
the spin-flop transition decreases. The sublattice moments
undergo a spin-flop transition near the magnetization com-
pensation point. In the collinear ferrimagnetic state (below
H ), the SMR and AMR clearly show the expected sinusoidal
dependence. However, a remarkably different angular depen-
dence of SMR and AMR was observed near the magnetization
compensation point. A 90° phase shift exists compared with
conventional magnetoresistance, and sharp peaks occur as
the field is perpendicular to the film plane. This behavior
is different from the reported relative systems [31,32]. In
fact, these abnormal magnetoresistance signals come from
the sperimagnetic nature of amorphous Co-Gd alloys [36].
According to the previous literature, the existence of sper-
imagnetism is extendedly verified in RE-TM ferrimagnets,
such as Er-Fe, DyFe, and Gd-FeCo [36-38]. We therefore
empirically propose the sperimagnetic structure in our Co-
Gd samples. The essence of this special magnetic structure
is illustrated in Fig. 1(a): Co and Gd moments are coupled
antiferromagnetically, with the Co sublattice moments aligned
in ferromagnetic order, whereas the Gd moments are spatially
dispersed due to the relatively weak interaction of the Gd 4 f
electron. The atomic moments of Gd are randomly dispersed
at a solid angle, forming a fanning state [Fig. 1(b)], of which
the net moment is antiparallel to the moment of Co. When
a magnetic field is applied along the direction of the Co
moment, the solid angle of the Gd moments increases. As
the applied field is larger than the spin-flop field of Co-Gd,
the magnetization structure in the canted phase is as sketched
in Fig. 1(c). This canted conical phase plays an essential role
that leads to the peak signals of SMR and AMR, which will be
discussed later. Based on the framework of the sperimagnetic
structure of Co-Gd, the evolution of the magnetic structure
as a function of temperature and external magnetic field can

be reflected by the SMR and AMR signals corresponding to
specific spin textures.

II. EXPERIMENTAL METHODS

A series of Ta (2 nm)/Pt (5 nm)/Co-Gd (¢)/Pt (5 nm)
[t = 5, 7nm] with different compositions were grown on ther-
mally oxidized Si substrates (300 nm of SiO,) through DC
magnetron sputtering under a base pressure lower than 2 x
1078 Torr. The 2-nm Ta was used as the buffer layer and the top
Pt layer was deposited as a capping layer to prevent oxidation.
The Co and Gd targets were cosputtered at different target
powers, and the atomic ratio can be estimated from the deposi-
tion rates and molar volumes of Co and Gd. The stoichiometry
of the Co-Gd film was also confirmed via the secondary ion
mass spectrometry. The films were subsequently patterned
into 100 x 500-xm? Hall bar devices via photolithography
followed by Ar ion milling. The AHE, AMR, and SMR were
measured using a Quantum Design physical properties mea-
surement system equipped with a rotator module.

III. RESULTS AND DISCUSSION

A. Spin-flop transition of Co-Gd

The compensation of magnetization and spin flop of the
series of Co-Gd samples were characterized via the AHE
over a wide range of temperatures from 10 to 300 K. The
results for a representative Co73Gd,7 (5 nm) alloy are shown
in Fig. 2(a). The clear square hysteresis loops indicate a
strong perpendicular magnetic anisotropy of Co73Gd,; at all
temperatures. The hysteresis loops reverse polarity from anti-
clockwise (Co- dominate) to clockwise (Gd- dominate) with
decreasing temperature, and the magnetization compensated
temperature Tiomp could be identified to be 45 K, where the
AHE loop abruptly reverses its chirality. Above Tiomp, the
moments of the Co sublattice dominantly contribute to the net
magnetic moments, whereas the Gd sublattice has a dominant
contribution below Tiomp. In the temperature interval near
Teomp between 10 and 80 K, the spin-flop transition can be
observed via the bending of the AHE signals; the magnitude
of Hall resistance abruptly starts to decrease above a certain
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FIG. 2. (a) Unusual field dependence of the anomalous Hall effect at different temperatures, where black arrows correspond to the
coercivity field and red arrows indicate the spin-flop field. (b) Coercivity and spin-flop field plotted as a function of temperature extracted
from hysteresis loops of the sample. (c) Magnetic phase diagram of Co-Gd deduced from the canting angle of Co sublattice moments. The
canted angle is encoded in color. The 6, and 64 represent the canting angle of Co and Gd submoments, respectively. (d) Schematic diagrams
of the spin-flop transition in ferrimagnetic Co-Gd alloy. The orientations of Co and Gd sublattice moments change as a function of an external
magnetic field applied along the easy axis of magnetization. (e) The evolution of 6, with the magnetic field in different temperatures.

applied field (H) after saturation. This behavior is often
associated with the canted phase of ferrimagnets in which
the sublattice moments turn from the easy magnetization axis
to the perpendicular direction [16,39]. Figure 2(d) shows the
field-dependent characteristic of the full spin-flop process [9],
part of which can be deduced from the hysteresis loop ob-
tained from the AHE. When the applied field is larger than
the spin-flop field, the nondominant sublattice moment starts
to flop, and the dominant sublattice moment also slightly tilts
as a consequence of the intersublattice exchange interaction,
which is so strong that an applied field of 9 T is not enough to
align the moments in favor of the minimum Zeeman energy.
The canting angle increases as the applied field is increased
until a hypothetical high field of tens of tesla is reached
when the canting angle of the dominant sublattice moment
starts to decrease. When the applied field is larger than the
saturation field H, both sublattice moments will be aligned
parallel and along the direction of the applied field. In our Co-
Gd sample, the spin-flop process truncates before the middle

state of region II in Fig. 2(d). Of course, if we were able to
continually increase the applied field, we would observe that
the Hall resistance increases back to its maximal magnitude
under certain hypothetical high fields. For further analysis, the
spin-flop field H and the coercivity field H. were extracted
and plotted against temperature in Fig. 2(b). H has a min-
imum value near T¢omp, Which is consistent with the formula
Hg = XMy — Mge| [39], where Mty rg and A represent
the magnetization of the TM/RE sublattice and exchange in-
teraction constant, respectively. The nonzero H at 45 K in
our sample indicates an inhomogeneity of our Co-Gd sample,
which is the natural property of this kind of amorphous alloy
[40]. H. reaches a maximum near T.omp, Which originates
from the decrease in the total magnetic moment [28]. The
increase in H, at 45 K confirms again that this is indeed the
magnetization compensation point. To be conclusive, we can
conclude from the AHE hysteresis that at high temperature
(Co dominant), the decrease of R,, was small compared to low
temperature (Gd dominant), which indicates a smaller canted
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angle of the dominant sublattice moments as reported in the
previous literature [11].

Very recently, some reports claimed that the TM and
RE sublattices both contribute to the transport properties of
RE-TM [30,36]. However, most studies have assumed that
the anomalous Hall signal is mainly dominated by TM be-
cause, far below the Fermi level, 4f electrons of RE are
not directly involved in spin-transport processes [17,18,41].
Therefore, the hysteresis loops obtained via the AHE reflect
the field-dependent characteristic of the orientation of the Co
sublattice. According to Ry, = Ray cos fc,, the magnitude of
the transverse resistance can be used to calculate the polar
angle of the Co sublattice, ¢, using the following formula:

Rnoncollinear
—) , ()

fco = cos 1< R})ccgllinear
where R;;?“C"Hi“ea‘ and R;‘,‘;”i“e*“ represent the anomalous Hall
resistance in noncollinear and canted states, respectively. We
define 6¢,, the canting angle, as the order parameter that
parametrizes the magnetic structure of the normal and canted
phases, as demonstrated in Figs. 1(b) and 1(c). The canting
angle (6c,) reflects the averaged polar angle over all atomic
moments of the Co sublattice, and we will discuss this later.
So, the range of 0¢, should vary from 0° to 180°. Figure 2(c)
illustrates the magnetic field—temperature phase diagram for
Co73Gdy; when a magnetic field is applied along the easy
magnetization axis. Figure 2(e) is extracted from Fig. 2(c),
which shows the evolution of the canting angle with the mag-
netic field at different temperatures. According to the relative
orientation of the M ¢, and external magnetic field, two normal
phase regions and one canted phase region exist, denoted by
regions I and II, respectively. Above Tionp in region I, the
blue color indicates that the M, is oriented along the field
direction. The red color indicates that in region I, where the
Gd sublattice dominates, M, is antiparallel to the magnetic
field. In region II, where the temperature is in the neigh-
borhood of Tiomp, both Co and Gd submoments flop toward
the nearly perpendicular direction with respect to the applied
magnetic field. The uniformly dispersed Gd moments in the
solid angle will be transformed into a cone structure where the
moments are uniformly pinned in the surface of the cone with
a finite dispersion but only to the neighborhood of the cone
surface [Fig. 1(c)]. For each Co atomic moment, the polar
angle (canted angle) is constant, whereas the azimuthal angle
has no preferred direction. Because of the strong exchange
coupling between the Co and Gd sublattices, the Co moments
also form a cone structure similar to the Gd moments [as
depicted in Figs. 1(b) and 1(c)]. In the vicinity of the compen-
sation temperature, the spin-flop field reached its minimum,
so that the Co and Gd sublattice moments both dramatically
flopped, which led to a fully canted phase, where the canted
angle was nearly 90° in the temperature interval from 30 to
50 K under an applied magnetic field of 9 T. However, 6¢,
was approximately 20° at 80 K and 9 T. This is because the
spin-flop field is much larger than that near the compensation
temperature, and the moments are not fully canted under an
applied field of 9 T at 80 K. Such a fruitful phase diagram
near Teomp infers the rich physics of compensated RE-TM
ferrimagnets, which provides a promising platform for the

study of unusual spin-related transport phenomena and novel
magnetic structures.

B. Abnormal magnetoresistance behavior
in the spin-flopped phase

Subsequently, we use SMR and AMR as examples to
demonstrate the influence of the noncollinear spin structure on
the spin-dependent transport properties. Angular-dependent
magnetoresistance (ADMR) at three orthogonal planes by
rotating an applied magnetic field with a fixed magnitude was
measured, where «, 8, and y are the rotation angles between
H and x (the current direction) and the y- and z axes, respec-
tively, as shown in Fig. 3(a). The SMR and AMR signals in
B and y sweep at temperatures ranging from 10 to 300 K and
under a rotating applied magnetic field of 9 T, as shown in
Figs. 3(b) and 3(c). The magnetoresistance ratio is defined as
MR = 100% % (R — Ruin)/Rmin, Where R is the longitudinal
resistance at different angles with respect to the coordinate
axes, and Ry, denotes the minimum resistance during rota-
tion. The results obtained exhibited a period of 180° for all
sweeps. From 300 to 120 K, SMR and AMR show coszﬂ and
sin’y angular dependence, respectively, with the amplitude
of SMR much larger than that of AMR. The magnetic field is
sufficiently large to saturate the magnetization M of the Co-
Gd layer at 300 K, which leads to a well-behaved sinusoidal
dependence function. At 120 K, the angular dependence devi-
ates from the sinusoidal function, which is due to the strong
perpendicular anisotropy at low temperature. All of the above
observations are typical properties of magnetoresistance in
metallic bilayers, as reported in the previous literature [29,42].

As the temperature decreased to the interval of 10 to 80
K where the spin-flop transition occurred, the shape of the
SMR and AMR changed remarkably, and there were three
notable features in this temperature range. First, when the
applied field is perpendicular to the film plane, a sharp peak
(valley) signal of SMR (AMR) starts to emerge. Second, if we
ignore sharp peaks and discontinuities, both SMR and AMR
signals are shifted 90°, which is the signature of the negative
SMR (AMR), indicating that the moments are in the spin-
flopped phase (regime II). Typically, canted magnetic states
are believed to be responsible for this phenomenon [31,32].
Third, there are several bumps, as shown by the black arrows
in Figs. 3(b) and 3(c), which we believe result from the mixed
transverse resistance signal of AHE that reverses abruptly at
a certain angle while rotating the applied field. The third one
is trivial and of negligible physical meaning, so we only focus
on the abnormal peaks (valley) and the phase-shifted angular
dependence. In the following discussion, we will give an em-
pirical SMR model to describe the SMR in the noncollinear
ferrimagnetic system, accompanied by the magnetic structure
of sperimagnetism and the spin-flop transition, according to
which we will provide an explanation of the peak (valley)
signal in SMR(AMR) and depict the whole pattern of the
angular dependence of SMR(AMR) in the spin-flopped phase.

It is noted that the abnormal magnetoresistance sig-
nal can be reproduced in another sample [Ta(2)/Pt(5)/
Co73Gd;y7(7)/AlO, ] with different Co-Gd layer thicknesses (7
nm) and capping layers (Al). The compensation temperature
changes because of the different layer thicknesses of Co-Gd,
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FIG. 3. (a) Schematic of angular-dependent measurement geometry in three mutual orthogonal planes with angles «, 8, and y. (b) Spin
Hall magnetoresistance data with H = 9T over a wide range of temperatures for 8 sweeps (the temperatures are denoted in the graph).
(c) Anisotropic magnetoresistance signals in the y sweep ranging from 10 to 300 K under an applied magnetic field of 9 T.

but similar SMR and AMR peaks also emerge near T¢omp. We
believe that the capping layer Al is irrelevant to the abnormal
SMR/AMR signals, and the critical structure is the bilayers of
Pt and Co-Gd.

According to SMR theory [43], the transverse spin current
is either reflected or absorbed at the interface depending on
whether the magnetization direction m is parallel or perpen-
dicular to the spin polarization unit vector s, which gives
rise to the modulated longitudinal resistivity of the bilayer.
Therefore, we can parametrize the angular dependence of the
magnetoresistance by

@)

Here, py is the resistivity for m perpendicular to the film,
and the direction y is equivalent to the spin polarization unit
vector s if the current is injected along x. The magnetization
unit vector m used in Eq. (2) model is defined in the sense
of macrospin model as m = M /M = p/u, such that Eq. (2)
is suitable for saturated collinear ferromagnets. However, for
more complex noncollinear magnets, such as the Co-Gd alloy,
which has a sperimagnetic structure and a spin-flopped state
in the vicinity of the compensation temperature, the use of
Eq. (2) is questionable. We assert that the SMR is determined
by each atomic moment in the Co and Gd sublattices, so the

p=po+ Api(m-y).

measured SMR then reads [31]

p=po+ Y Apillmy-y)),
A

3

where (...) denotes the average over all atomic moments of
sublattice type A (Co or Gd), and Ap; , is the corresponding
SMR resistivity modulation for each sublattice. For magnets
with collinear magnetization configurations in which all sub-
lattice moments are aligned parallel or antiparallel to each
other, Eq. (3) is equivalent to Eq. (2) with Ap; =", Ap ;.
In contrast, for magnets with canted spin texture, the SMR
responds to the external magnetic field in a nontrivial way
depending on the relative orientations of the different sublat-
tice moments. This is indeed the very essence of the observed
unusual angular dependence and MR peaks of the SMR and
AMR in our experiments.

In the spin-flopped phase, the atomic moments of Co and
Gd are randomly distributed on the surface of the cones,
which forms the conical state, and the cone angles are equal
to the canting angles of Co and Gd. [Fig. 1(c)]. In the fully
canted phase (30-50 K), the canted angle for both Co and
Gd sublattice moments is nearly 90°, so that the magnetic
structure is now approximately equivalent to the magnets with
the in-plane magnetization component forming a multidomain
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FIG. 4. Schematics of spin configurations as an applied field rotates in the y-z plane, especially in three regimes: (a) 6y = 0°, (b) 65 ~ 0°,
and (c) 6y much larger than 0° [in the spin-flopped phase]. (d), (¢) Longitudinal resistance variation with respect to different directions of
external magnetic fields [z axis (top) and y axis (bottom)] at 300 (red circles) and 45 K (blue dots).

state because the Co moments and Gd moments are uniformly
distributed in two cones with solid angles of near 27. Under
such assumption and using Eq. (4), we model the magnetore-
sistance of Pt/CoGd in the fully canted phase by

p=po+ Y [Apsur.r{(m - y)) + Apavi.s ((ma - x)%)],
x

“

where A psmr . (Apamr, ;) denotes the SMR(AMR) amplitude
for Co or Gd sublattice moments. For both Co and Gd, the
SMR amplitude has negative signs, but the AMR amplitude
has opposite signs: Gd has a negative AMR [44], while Co
has a positive AMR [36,45].

Figures 4(a)-4(c) show schematics of the spin config-
uration in three regimes: 8y = 0°, 6y ~ 0°, and 6y much
larger than 0° in the spin-flopped phase. 6y represents the
polar angle of the applied magnetic field. Figure 4(a) shows
the situation when the applied field is strictly perpendicular
(6g = 0°) and large enough (9 T) to induce the spin-flop tran-
sition, where the in-plane component of Co(Gd) moments are
distributed randomly in any direction; therefore, ((m;\,)z) =

(m*)?) = (sin®6,)/2. As the perpendicular applied field is

slightly tilted into the y direction, the randomly distributed
in-plane moments are immediately aligned by the induced
in-plane field components, which is illustrated in Fig. 4(b).
We assert that the response of the atomic moments of Co
and Gd is the same as the reorientation process in which the
in-plane components of the multidomain moments are aligned
by the in-plane H field. This is the underlying mechanism of

the observed peaks of SMR/AMR signals in which ((m})?)

(or ((m)’} )?)) increases to sin’6,, immediately, while the coun-

terpart one decreases to O at the same time. As the applied
field in the yz plane continually rotates, the field component in
the z direction gradually decreases, and the component in the
y direction gradually increases. Therefore, the spin-flopping
state now prefers the direction perpendicular to the y direction,
and accompanied by perpendicular anisotropy, the moments
of Co and Gd are rotated in the z direction, as sketched in
Fig. 4(c).

Additionally, to demonstrate how the spin-flopped mo-
ments affect the magnetoresistance, we performed field-
dependent longitudinal resistance measurements by sweeping
the external magnetic field in the z- and y axes at 300 and
45 K, respectively, as shown in Figs. 4(d) and 4(e). At 300 K,
when the magnetic field is applied out of the plane, the mo-

014402-6



NONCOLLINEAR SPIN STATE AND UNUSUAL ...

PHYSICAL REVIEW MATERIALS 6, 014402 (2022)

ments of Co-Gd always remain out of the plane. The small
change in the longitudinal resistance originates mainly from
spin-dependent scattering. In contrast, at the compensation
temperature of 45 K, the longitudinal resistance remains un-
changed at the beginning and then decreases abruptly as the
applied field is larger than the spin-flopped field at 45 K.
This behavior can reflect the reorientation process of the
magnetization as the applied field increases. It is evident that
the net magnetization abruptly rotates from the perpendic-
ular direction to the in-plane direction as the applied field
in the z direction is beyond the spin-flop field. As shown
in Fig. 4(e), when H is applied along the y axis at 300 K,
the moments are rotated from the z to y directions, and the
amplitude of the SMR is measured. However, at 45 K, the
moments tend to stay in the z direction, and only a negligi-
ble 90° shifted SMR signal can be observed, which means
that most of the atomic moments are flopped to the per-
pendicular direction if a large field is applied along the y
direction.

Figure 5(a) depicts the ADMR as a function of the angle o
in the in-plane rotation from 10 to 300 K. The ADMR curve
follows cos’a  dependence with different amplitudes over a
wide temperature range. At high temperatures, both AMR and
SMR change synchronously, and the amplitude of the ADMR
is approximately equal to the sum of the AMR and SMR.
However, our results differ from those of a previous study on
Pt/a-Fe, 03 in which the « scans always exhibit a negative
SMR with a large magnitude owing to the spin-flop transition
[46—48]. This can be explained by the different anisotropies
of the two systems. Our sample has strong perpendicular
magnetic anisotropy. Thus, the moments rotate hardly with
the in-plane magnetic field at a low temperature, resulting
in very small and positive magnetoresistance. We extracted
the amplitude of the angular-dependent magnetoresistance at
various temperatures and plotted them in Fig. 5(b). As the
temperature decreases, the three MR ratios all exhibit a non-
monotonic temperature dependence and reveal a minimum
near Teomp. This temperature tendency of SMR is consistent
with the results reported for GdIG [32]. The AMR and SMR
both have inverted signals near the compensation tempera-
ture, which arises from the canted textures in the temperature
range. Notably, if the compensation temperature of the sample
is within an appropriate range, we intend to observe the origi-
nal sinusoidal relation recovers for both SMR and AMR when
the temperature is much lower than Tiomp. With decreasing
temperature, a significant positive correlation exists between
the peak amplitude and the spin-flop magnetoresistance ratio
of the scanning field along the z axis, as shown in Fig. 5(c).
This provides direct evidence that the peaks of SMR are
closely related to the spin flop transition and conical spin
configurations.

IV. CONCLUSION

In summary, we systematically investigated the tempera-
ture dependence of AHE, SMR, and AMR in a ferrimagnetic
Co-Gd/Pt heterostructure. We observed abnormal AHE hys-
teresis near the compensation temperature owing to the
field-induced spin-flop transition. Our results clearly demon-
strate that normal and canted spin structures can be obtained
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FIG. 5. (a) Angular-dependent magnetoresistance for the x-y
plane rotation at various temperatures. (b) Temperature dependence
of magnetoresistance magnitude for o« (black), B (red), and y
(blue) scans. (c) Similar temperature tendency of sharp peak ampli-
tude and spin-flop magnetoresistance ratio.

easily by varying the applied field and temperature. We also
demonstrated the influence of the sperimagnetic spin con-
figuration on spin-dependent transport properties, including
inverted ADMR signals and sharp peaks. The negative SMR
and AMR were attributed to the canted spin structure, and
the sharp peak in the ADMR curves was a consequence
of the cone spin texture in the fully canted spin state.
Our detailed magnetoresistance study provides a possible
route for the readout method for noncollinear spintronic de-
vices. Moreover, the spin arrangements in the noncollinear
phase vary, not just two states (up and down), which also
provides promising platforms for memristive behavior and
switching.
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