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The conventional spin-orbit torque (SOT) and magnetoresistance effect observed in normal-metal
(NM)/ferromagnet (FM) bilayers originate from the interaction between magnetic moments and spin with
in-plane transverse polarization (σ̂y). In FM/NM/FM trilayer structures, the presence of an extra FM layer
breaks the symmetry, resulting in spin polarization other than σ̂y and the corresponding SOT. However, the
study on the unidirectional magnetoresistance (UMR) effect induced by the spin polarization with spin rotation
(SR) symmetry is still missing. In this work, we investigate the SOT and UMR effect in a Co/Cu/Co structure
with crossed anisotropy by utilizing the harmonic longitudinal voltage measurement. We demonstrate that, in
addition to the harmonic terms originating from the fieldlike SOT of the spin polarization with spin Hall and SR
symmetry, two different unidirectional harmonic signals are observed in the angular and field scan measurements.
Further, combining the SOT effective fields results from the harmonic Hall voltage measurement, we successfully
separate the contributions of the observed unidirectional harmonic signals, which include the dampinglike SOT
contribution through the giant magnetoresistance effect, and the UMR induced by the spin current with different
polarization directions through spin-dependent scattering mechanism.
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I. INTRODUCTION

The interaction between spin of itinerant electrons and
magnetic moments leads to the well-known spin torque effects
and magnetoresistance (MR) effects in magnetic heterostruc-
tures. In early spin-valve structures, the current polarized in
one ferromagnet (FM) layer passes through the spacer layer
and exerts torque on the other FM layer, named the spin
transfer torque (STT) effect [1–3]. The STT effect enables
current-induced magnetization switching, domain wall mo-
tion, or magnetization oscillation in FM layers, and therefore
has potential applications in magnetic random-access mem-
ory (MRAM), racetrack memory, and spin torque oscillators.
The spin-orbit torque (SOT) effect [4–8] provides another
way to manipulate magnetization by current based on several
different physical mechanisms, including the spin Hall effect
(SHE) in heavy metal [8–12], the Rashba-Edelstein effect
(REE) at normal-metal (NM)/FM interface [13–16], topolog-
ical surface states in topological insulators [17–19], and the
anomalous Hall effect in FM [20–22], etc. In comparison to
the STT effect, SOT exhibits several advantages in memory
and oscillator applications, and therefore has invoked another
upsurge in the study of spintronics.

The MR effect is another reflection of the interaction be-
tween spin and magnetic moment. In addition to the early
discovery of the giant MR (GMR) effect [23,24] in magnetic
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multilayers and the tunneling MR (TMR) [25] effect in mag-
netic tunnel junctions, the spin-Hall MR (SMR) [26–28] and
unidirectional MR (UMR) [29–31] have been discovered in
NM/FM bilayers in recent years. In the SMR scenario, the
spin current produced by the SHE in the NM layer can be
partially absorbed by the FM layer via the STT effect at the
NM/FM interface. The unabsorbed spin current is reflected at
the NM/FM interface and back converted to a charge current
via inverse SHE (ISHE), leading to a resistance discrepancy in
NM/FM bilayers between the parallel and perpendicular states
of spin polarization and magnetization, which is named SMR.
In addition, UMR reflects the resistance difference between
the parallel and antiparallel states of spin polarization and
magnetization. According to its different physical mechanism,
the UMR effect can be divided into bulk or interfacial spin-
dependent UMR and spin-flip UMR [31]. Among them, the
UMR caused by the spin current with spin Hall (SH) sym-
metry through the spin scattering mechanism was also named
unidirectional spin Hall magnetoresistance (USMR) [29]. The
UMR has a potential application in MRAM as a simple read-
out method because it permits detection of the magnetization
direction of a single FM layer without any additional FM
pinned layer.

Based on the symmetry consideration, as a charge cur-
rent is applied along the x direction in NM/FM bilayers, the
spin polarization in the out-of-plane spin current is limited
to the y direction (σ̂y). However, in FM1/NM/FM2 trilayer
structures, the presence of an extra ferromagnetic layer breaks
the symmetry as compared with the NM/FM bilayers, which
enables spin currents with polarization other than σ̂y and the
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FIG. 1. (a) Schematics of the Co/Cu/Co film stack and the spin
current in the structure. (b) In-plane hysteresis loops measured
by VSM for the structures with different Co2 thickness. (c) The
measured effective magnetic anisotropy H eff

K for the Co layers.
(d) Schematic of a Hall-bar structure and configuration for the HLV
measurement.

SOT induced by spin polarization with spin rotation (SR)
symmetry [32]. The recent works have shown that the anoma-
lous SOT with SR symmetry in FM1/NM/FM2 trilayers can
be explained by the spin swapping effect [33] and the spin-
orbit precession (SOP) effect [34–36]. In the spin swapping
scenario, electrons flowing in the FM acquire a spin polar-
ization along m̂ (the unit vector of magnetization) and may
scatter towards the NM layer. Once in the NM, these elec-
trons experience spin swapping: upon scattering on spin-orbit
coupled impurities, they experience a spin-orbit field oriented
normal to the scattering plane [i.e., along ẑ × k̂] and about
which their spin processes. Upon this reorientation, a spin
current polarized along m̂ × (ẑ × k̂) (ẑ is the normal direc-
tion of the interface and k̂ is the wave vector of conducting
electrons along the opposite direction of the current) is pro-
duced. In the SOP scenario, as a charge current is applied
in the FM1 layers, owing to the strong exchange interaction,
the spins are polarized along the magnetization direction of
the FM1 layer. However, when the spins reach the FM1/NM
and/or NM/FM2 interfaces, they precess around the interfacial
Rashba spin-orbit field ĤR ∝ ẑ × k̂, thus producing a spin
current with polarization along the m̂ × (ẑ × k̂) direction. The
spin current with m̂ × (ẑ × k̂) polarization passes through the
NM layer and exerts torque on the FM2 layer (spin-detection
layer), resulting in a SOT with SR symmetry. As illustrated in
Fig. 1(a), if the FM1 layer is out-of-plane magnetized (m̂//ẑ),
a spin current with spin polarization along the x direction
(σ̂x) is injected into the FM2 layer [34–36]. Conversely, if
the FM1 layer is magnetized along the in-plane current di-
rection (m̂//x̂), a spin current with spin polarization along
the z direction (σ̂z) is injected into the FM2 layer [37]. This
effect has been demonstrated theoretically and experimentally
by several groups [32,34–38]. As discussed previously, the
UMR effect normally coexists with the SOT effect in mag-
netic heterostructures. However, up to now, the reported UMR
effect is associated with spin polarization induced by SHE
and/or REE in NM/FM bilayers, and the UMR induced by
spin polarization with SR symmetry is seldom studied.

In this work, we demonstrate the coexistence of SOT and
UMR induced by spin polarization with SR symmetry in a
Co/Cu/Co structure with crossed anisotropy. We measured
the angular and field dependence of the harmonic signals
in the structures by utilizing the second harmonic longitu-
dinal voltage (HLV) method. It is found that, in addition to
the ordinary USMR that is normally observed in NM/FM
bilayers, an extra unidirectional harmonic signal is observed
in the HLV measurement when sweeping the field along the
x and z directions. We further demonstrate that the unidirec-
tional harmonic signal consists of two major contributions,
i.e., the dampinglike SOT harmonic signal, and the UMR
originating from bulk and/or interface scattering to the spin
polarization with SR symmetry.

II. EXPERIMENTAL DETAILS

In this work, the film stack of substrate/Ta(1)/Pt(3)/
Co(1)/Cu(3)/Co(dCo)/Ta(3) was deposited on thermally oxi-
dized Si wafers by magnetron sputtering with a base pressure
prior to 2 × 10−7 Torr (the numbers in parentheses are the
layer thicknesses in nm, and dCo = 2, 3, 4, 5, 6 nm). The
bottom and upper Ta layers served as buffer and capping
layers, respectively. The 3-nm-thick Pt layer was used to
induce perpendicular magnetic anisotropy (PMA) in the bot-
tom Co layer. The 3-nm-thick Cu acted as a spacer layer
to prevent interlayer exchange coupling and transport the
spin current. For simplicity, the structures are denoted as
Co1/Cu/Co2 (dCo) in the following text, where Co1 represents
the bottom PMA Co layer and the Co2 represents the upper
in-plane Co layer. The hysteresis loops of the film stacks
were measured by vibrating sample magnetometry (VSM),
as shown in Fig. 1(b). We observed two completely dif-
ferent parts in the loops, which were from two Co layers
with different anisotropy. We obtained the effective magnetic
anisotropy field (H eff

K ) from the saturation field of the in-
plane m−H loops and out-of-plane anomalous Hall effect
(AHE) curves for the Co1 and Co2 layers (see Supplemental
Material S1 [39] for the details), respectively, as summarized
in Fig. 1(c). After deposition, the film stacks were patterned
into Hall bar devices (l × w = 200 μm × 10μm) by standard
photolithography and ion milling techniques, as shown in
Fig. 1(d).

We measured the current-induced harmonic voltage in the
system by the HLV technique. First, a large out-of-plane
field (H

′
z = ±15 kOe) was applied to the devices to initialize

the Co1 magnetized along the ±z direction. Then the de-
vices were rotated in the xy plane under a constant in-plane
magnetic field (Hext) in the range 100–1000 Oe, which was
large enough to align the magnetization coherently, but small
enough to keep the perpendicularly magnetized state in the
Co1 layer. Meanwhile, a sinusoidal ac current I = I0sin(ωt)
with a frequency (ω/2π ) of 133 Hz was applied to the devices.
The ac output voltage V (t ) was recorded by a high-accuracy
data acquisition card (NI-4461). The first and second HLV
signals, i.e., V ω and V 2ω, were simultaneously obtained by
fast Fourier transformation (FFT) of V (t ) at each angle.
The harmonic resistance was calculated by Rω = V ω

I0
and

R2ω = dR
dI I0 = 2V 2ω

I0
. In addition, the maximum current
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amplitude (I0) in the HLV measurements was much less than
the threshold current of the SOT-induced switching in the Co1

layer, thus its magnetization direction remains unchanged.
Taking into account all kinds of MR effects in the structure,
including the anisotropic MR (AMR) in the FM layers, the
SMR in the FM/NM, and the GMR effect in the Co/Cu/Co
structure (see Supplemental Material S2 [39] for the measured
GMR curve and its thickness dependence), the theoretical
angular dependence of the harmonic signal induced by SOT
from σ̂y and σ̂x can be expressed as (see Appendix A for the
theoretical derivation)

R2ω
σ̂y

(ϕ) = (Rx − Ry)(HSH,FL+Oe)

2Hext
(sin3ϕ + sinϕ)

∓ �RGMRHSH,DL

−H eff
K + Hext

cos ϕ, (1)

R2ω
σ̂x

(ϕ) = ± (Rx − Ry)HSR,FL

2Hext
(cos3ϕ − cosϕ)

+ �RGMRHSR,DL

−H eff
K +Hext

sinϕ. (2)

We noted that, for the SOT induced by σ̂y, the fieldlike (FL)
[dampinglike (DL)] harmonic term is independent (depen-
dent) on the magnetization direction of the Co1 layer, while
the opposite is true for the SOT induced by σ̂x. This difference
is easy to understand because the DL-SOT harmonic signal
induced by spin polarization with SR symmetry is the result
of the combined action of spin polarization and GMR effect.
The polarities of both depend on the magnetization direction
of the Co1 layer.

Next, we consider the UMR terms induced by spin po-
larization with different directions. In the spin-dependent
scattering mechanism scenario, UMR is proportional to the
dot product of the magnetization vector and the spin polar-
ization, and the amplitude of the current. For the specified
Co/Cu/Co structures with crossed anisotropy in this work,
taking into account the spin polarization with SH and SR
symmetries, the total R2ω

UMR can be written as (see Appendix B
for details)

R2ω
UMR ∝ (

θSH
Pt sinθ1 + ∣∣θSH

Ta

∣∣)I0sinϕ

− (
θSR

Co1 + θSR
Co2

)
I0cosθ1cosϕ, (3)

where θ1 is the polar angle of the Co1 layer and θSH and θSR

indicate the charge to spin conversion efficiencies with SH and
SR symmetries. For the in-plane rotation sweeping under a
small field, sinθ1 ≈ 0 and cosθ1 ≈ ±1, then we have

R2ω
UMR ∝ α sin ϕ ± β cos ϕ, (4)

where α and β are coefficients proportional to the current
amplitude. Therefore, the total harmonic resistance from HLV
measurement is the sum of Eqs. (1), (2), and (4).

III. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show the angular dependence of
the harmonic resistance obtained for the Co1(1)/Cu(3)/Co2(6)
sample with Hext = 400 Oe and I0 = 11.48 mA. The Rω term
includes the AMR from the Co2 layer and the possible SMR

FIG. 2. The results of the HLV measurement for the
Co(1)/Cu(3)/Co(6) structures. (a) The Rω(ϕ) and (b) the R2ω(ϕ)
with +z and −z states for the Co(1)/Cu(3)/Co(6) sample. (c) The
obtained (R2ω

+z ± R2ω
−z )/2 from (b). The theoretical fitting to the

(d) (R2ω
+z + R2ω

−z )/2 and (e) (R2ω
+z − R2ω

−z )/2 terms. (f) Coefficients of
the (sin3ϕ + sinϕ) and (cos3ϕ−cosϕ) terms as a function of 1/Hext .

originating from Co2/Ta bilayer [40,41]. It should be noted
that although the typical Co/Cu/Co structure possesses a large
GMR effect, the relative orientation of two Co layers keep
constant during the in-plane rotation, therefore the GMR ef-
fect is not included in the Rω−ϕ curves. The general angular
dependence of the Rω term can be expressed as

Rω(ϕ) = Ry + (Rx − Ry)cos2ϕ, (5)

where Rx(Ry) is the longitudinal resistance when the mag-
netization is saturated along the x(y) direction. Figure 2(b)
shows the angular dependence of R2ω with the Co1 layer
magnetized along the +z [R2ω

+z(ϕ)] and −z [R2ω
−z(ϕ)] direc-

tion. Apparently, the difference of R2ω between the +z and
−z states confirmed the effect of the bottom Co1 magnetiza-
tion. To analyze the signals, we calculated (R2ω

+z + R2ω
−z )/2 and

(R2ω
+z − R2ω

−z )/2 terms and plotted them in Fig. 2(c). We found
that the (R2ω

+z + R2ω
−z )/2 term consists of the (sin3ϕ + sinϕ)

term and the sin ϕ term, while the (R2ω
+z − R2ω

−z )/2 terms con-
sists of the (cos3ϕ−cosϕ) and cos ϕ terms, which correspond
to the four terms in Eqs. (1)–(3), as shown in Figs. 2(d) and
2(e). Compared with the equations, it can be found that the
(sin3ϕ + sinϕ) term is derived from the transverse effective
field (including the σ̂y-induced FL-SOT effective field and
the current-induced Oersted field), and the (cos3ϕ−cosϕ)
term is the pure contribution from the σ̂x-induced FL-SOT.
Figure 2(f) shows the linear fitting to the coefficient of the
(cos3ϕ−cosϕ) and (sin3ϕ + sinϕ) as a function of 1/Hext,
from which we obtained the σ̂x-induced FL-SOT effective
field (HSR,FL) and the ordinary transverse effective field [i.e.,
the sum of the σ̂y-induced FL-SOT effective field (HSH,FL)
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FIG. 3. The Co2 thickness dependence of the FL-SOT effective
fields per current density and FL-SOT efficiency. (a) The linear fitting
to the FL-SOT effective fields plotted with the inverse of the Co
thickness (d−1

Co ). (b) The calculated FL-SOT efficiency of σ̂x (ξSR,FL)
and σ̂y (ξSH,FL) for the samples with different dCo.

and the current-induced Oersted field (HOe)], respectively. We
obtained HSH,FL by subtracting HOe from the total transverse
field, in which HOe was estimated by a simple parallel resistor
model.

Finally, we carried out the same measurement for all the
samples, and obtained HSR,FL and HSH,FL per unit current
density, as plotted in Fig. 3(a), which follows the 1/dCo

law roughly. We calculated the FL-SOT efficiency of spin
polarization with SR symmetry (ξSR,FL) and SH symme-
try (ξSH,FL) by ξFL = (2e/h̄)(MSdCoHFL/ jC), and obtained
ξSR,FL = 0.017 and ξSH,FL = 0.041, as shown in Fig. 3(b).
These results are basically consistent with that obtained
from the harmonic Hall voltage (HHV) measurements (see
Supplemental Material S3 [39]).

The sinϕ (cos ϕ) harmonic term corresponds to a unidirec-
tional signal along the y(x) direction. To further investigate
their origins, we measured R2ω as a function of the external
magnetic field applied along the different directions, as shown
in Fig. 4. For the R2ω − Hx and R2ω − Hy curves, the samples
were initially magnetized along the ±z direction before mea-
surements. It is found that the polarity of R2ω − Hx [Fig. 4(a)
depends on the magnetization states of the Co1 layer, but
the polarity of R2ω − Hy [Fig. 4(b)] is independent of that.
Similar to the USMR curves observed in NM/FM bilayer,
two spikes were observed near the zero field in the R2ω − Hy

curves, which probably originated from the electron-magnon
scattering effect or the nonuniform magnetization of the Co
layer. The unidirectional harmonic signal is also observed
as the field is sweeping along the z direction [Fig. 4(c)]. In
this case, an auxiliary in-plane field along the x direction
(Hx = ±100 Oe) must be applied to align the magnetization
of the Co2 layer. The unidirectional harmonic signal has the
same magnitude as that obtained from the R2ω − Hx curve,
and it disappears when the in-plane field (Hin) turns to the
y direction with a cos ϕ dependence, as shown in Fig. 4(f)
(see Supplemental Material S4 [39] for the detailed R2ω − Hz

curves measured with different Hin direction). We will see
that, from the viewpoint of both mechanisms, the measured
unidirectional harmonic signal with the field along the x di-
rection is completely equivalent to that along the z direction
(with m̂Co2//ŷ).

Next, we discuss the origins of the observed unidirectional
harmonic signal. From Eqs. (1) and (2), it can be found that
the DL-SOT harmonic signals induced by the spin current

FIG. 4. Field and current dependence of the unidirectional har-
monic signal obtained by a field sweep measurement. (a)–(c) The
measured R2ω − H curves with the field applied along the x, y, and
z directions with I0 = 8mA for the Co(1)/Cu(3)/Co(6) sample. A
constant field is applied along the x direction (Hx = ±100 Oe) for
the measurement of the R2ω − Hz curves in (c). (d),(e) The linear
fitting to the current amplitude dependence of the unidirectional
harmonic signal. (f) The in-plane field azimuth angle dependence
of the unidirectional harmonic signal measured by field sweep along
the z direction (ϕ = 0 corresponds to the in-plane field applied along
the +x direction).

of σ̂y and σ̂x exhibit cos ϕ and sin ϕ angular dependence,
respectively. Besides, as we known, the magnetothermal sig-
nal induced by perpendicular temperature gradients (R2ω

xx,∇T )
[42–49] (see Supplemental Material S5 [39]) and the USMR
effect induced by σ̂y (R2ω

USMR) in the NM/FM bilayers also
show sin ϕ dependence. In the same way, similar to the USMR
mechanism, the accumulation of σ̂x in the in-plane Co2 layer
or at its interface will also contribute a UMR with cos ϕ

dependence [Eq. (3)]. We clarify that although the in-plane
temperature gradients caused by the lateral asymmetry may
exist in our sample, they cannot give rise to the harmonic sig-
nal with sin ϕ or cos ϕ dependence. In summary, the measured
unidirectional harmonic signal with the field sweeping along
the y direction (the sin ϕ term) includes three origins: the
DL-SOT harmonic signal induced by σ̂x(R2ω

DL(σ̂x )), the UMR
induced by σ̂y (USMR), and the harmonic magnetothermal
signal induced by ∇T (R2ω

xx,∇T ), while the measured unidirec-
tional harmonic signal with the field sweeping along the x
direction (the cos ϕ term) includes two origins: the DL-SOT
harmonic signal induced by σ̂y(R2ω

DL(σ̂y )) and the UMR induced
by the spin polarization with SR symmetry (SR-UMR). We
need to emphasize that the unidirectional harmonic signal
obtained from the R2ω − Hz (with m̂Co2//x̂) measurement is
equivalent to that from the R2ω − Hx curve (with m̂Co1//ẑ).
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FIG. 5. The Co2 layer thickness dependence of the USMR, SR-
UMR, and the ratios with the corresponding DL-SOT efficiencies. (a)
R2ω

y , R2ω
xx,∇T , R2ω

DL(σ̂x ), and R2ω
USMR as a function of dCo. (b) R2ω

x , R2ω
DL(σ̂y ),

and R2ω
SR−UMR as a function of dCo. (c) Comparison of the R2ω

USMR and
R2ω

SR−UMR as a function of dCo. (d) Comparison of R2ω
USMR/|ξ 2ω

SH,DL| and
R2ω

SR−UMR/|ξ 2ω
SR,DL| as a function of dCo.

In the spin-dependent scattering SR-UMR scenario, besides
the accumulation of σ̂x in the in-plane Co2 layer or at its
interface, the spin current with σ̂z polarization induced by
the SR effect from the Co2 layer may accumulate at the bot-
tom Cu/Co1 interface, resulting in an extra UMR. No matter
which Co layer is reversed, the UMR from both interfaces
change its sign, therefore they are included in the R2ω − Hz

and R2ω − Hx curves. From the SOT viewpoint, we noted that
the unidirectional harmonic signal [the second term of Eq. (2)]
induced by DL-SOT from spin polarization with SR symmetry
depends on the polarity of the GMR curve and the azimuth
angle; as a result, the reversal of either Co1 or Co2 layer
results in the reversal of the unidirectional harmonic signal.
Therefore, the measured unidirectional harmonic signal from
Figs. 4(a) and 4(c) are completely equivalent.

Finally, we separate the different contributions of the mea-
sured unidirectional harmonic signals. To avoid the influence
of the observed spikes at low field, we focus on the constant
unidirectional harmonic signal observed at Hx(y) > 200 Oe.
Among the different origins of the them, the R2ω

xx,∇T term
can be obtained by using the relationship R2ω

xx,∇T = l
w

R2ω
H,∇T

(R2ω
H,∇T is the magnetothermal term measured from HHV,

l and w are the length and width of the Hall-bar device) [29].
In addition, we estimate the values of R2ω

DL(σ̂y ) and R2ω
DL(σ̂x )

according to Eqs. (1) and (2), respectively, by using the
DL-SOT effective field values obtained from HHV measure-
ment, the �RGMR and H eff

K values. Then, by subtracting the
R2ω

DL(σ̂x ) term and the R2ω
xx,∇T terms from the unidirectional

harmonic signal measured with the field applied along the y
direction (i.e., the sin ϕ term), we obtain the value of USMR,
as shown in Fig. 5(a). Similarly, the SR-UMR term is ob-
tained by subtracting the DL-SOT harmonic signal R2ω

DL(σ̂y )
from the unidirectional harmonic signal measured with the
field along the x or z directions (i.e., the cos ϕ term), as shown
in Fig. 5(b). We noted that the R2ω

USMR and R2ω
SR−UMR were of

the same order of magnitude and exhibited a similar variation

trend with increasing dCo [Fig. 5(c)]. The microscopic mech-
anism of SR-UMR is similar to that of σ̂y-induced USMR
in NM/FM bilayers. The spin accumulation in the FM layer
(or at the NM/FM interface) modulates the conductivity of
the FM layer (or interfacial spin transport) by spin-dependent
scattering, resulting in the spin polarization-related UMR ef-
fect. For the m̂Co1// + ẑ state, the SR-UMR is negative, which
corresponds to the low-resistance state when the Co2 layer is
magnetized along the +x direction, suggesting that the spin
polarization of SR symmetry is along the +x direction for
the m̂Co1// + ẑ state. This is in agreement with the positive
FL-SOT effective field of SR symmetry when the Co1 layer
is magnetized along +z direction. In addition, because both
the DL-SOT and the UMR are related to the magnitude of
spin current, we compared the ratio of USMR (SR-UMR) and
the corresponding DL-SOT efficiency as a function of dCo,
as shown in Fig. 5(d). We found that the spin polarization
with SH symmetry and SR symmetry gave rise to a different
R2ω

UMR/|ξDL|. We argue that this difference resulted for the
following two reasons: (1) the measured SOT from spin po-
larization with SR symmetry only includes the torque exerting
on the Co2 layer, while the SR-UMR includes the contribution
from both interfaces; (2) even only comparing the effect of σ̂x

and σ̂y, spin accumulation is induced at a different interface:
σ̂x originates from the bottom Co1 layer and/or its interface,
and accumulates at the Cu/Co2 interface, while σ̂y mostly
originates from the SHE in the bulk Ta layer and the Rashba
effect at Cu/Co2 interfaces. Different interface properties will
result in a different ratio of USMR (SR-UMR) and SOT
efficiency.

IV. CONCLUSIONS

In summary, we demonstrated that besides the harmonic
signal induced by spin polarization with SH symmetry, the
SOT and UMR from spin polarization with SR symme-
try coexist in the Co/Cu/Co heterostructures with crossed
anisotropy. Among them, the FL-SOT and UMR harmonic
signal induced by spin polarization with SR symmetry is
dependent on the magnetization state of the PMA Co layer;
while the DL-SOT harmonic signal is independent of that
due to the combined effect of the SR property and GMR
curve. By combining the SOT effective fields from harmonic
Hall voltage measurement, we successfully obtained the pure
USMR induced by spin polarization with SH symmetry, and
the SR-UMR induced by spin polarization with SR symmetry.
The discovery of this SR-UMR provides another solid evi-
dence for the existence of spin polarization with SR symmetry
in FM/NM/FM structures and is of importance for its possible
application in spintronic devices.
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APPENDIX A: THEORETICAL DERIVATION OF THE
HARMONIC LONGITUDINAL VOLTAGE SIGNAL

INDUCED BY DIEFFERENT SPIN POLARIZATION

For the FM1/NM/FM2 trilayer structure, the ordinary spin
current with spin polarization along the y direction (σ̂y) may
exert spin torques on the FM2 layer, resulting in harmonic
longitudinal voltage signals. In addition, if the FM1 layer
is out-of-plane magnetized (m̂//ẑ), a spin current with spin
polarization along the x direction σ̂x will be induced by
the spin-orbit precession (SOP) effect at the FM1/NM and/or
NM/FM2 interfaces, which cause an external harmonic lon-
gitudinal voltage (HLV) signal. In this part, we deduct the
theoretical formulas for the harmonic longitudinal resistance
induced by σ̂x and σ̂y spin polarization based on a macrospin
model.

When a charge current flows along +x̂ direction, the
current-induced effective field �Hx,y,z (including the SOT
effective fields and current-induced Oersted field) can change

the direction of the equilibrium magnetization
⇀

M(θ, ϕ) with a
modulation amplitude of (�θ,�ϕ). Considering a FM layer
with effective perpendicular magnetic anisotropy field of H eff

K ,
(�θ,�ϕ) can be expressed as [50,51]

�θ = cosθ (�Hxcosϕ + �Hysinϕ) − sinθ�Hz

H eff
K cos2θ + Hextcos(θH − θ )

, (A1)

�ϕ = −�HxsinϕH + �HycosϕH

HextsinθH
, (A2)

where θH,ϕH represents the polar and azimuthal angles of the
external magnetic field. According to the SHE and SOP the-
ory, the corresponding SOT effective fields can be expressed

as (a)
⇀

HSH,DL ∝ m̂IN × (ẑ × ĴC); (b)
⇀

HSH,FL ∝ ẑ × ĴC;

(c)
⇀

HSR,DL ∝ m̂IN × [m̂ × (ẑ × ĴC)]; (d)
⇀

HSR,FL ∝
m̂ × (ẑ × ĴC). m̂IN represents the unit vector magnetization of
the Co2 layer, and m̂ represents the unit vector magnetization

of the bottom Co1 layer. It is obvious that
⇀

HSR,DL and
⇀

HSR,FL

are related to the magnetization direction of the Co1 layer.
Suppose the Co1 layer is magnetized along the +ẑ direction:
the effective field of SOT with SH symmetry (HSH,DL,
HSH,FL) and spin rotation symmetry (HSR,DL, HSR,FL) can be
written as

�
⇀

H σ̂y = (�Hx,�Hy,�Hz )

= (0, HSH,FL + HOe, HSH,DL cos ϕ), (A3)

�
⇀

H σ̂x = (�Hx,�Hy,�Hz ) = (±HSR,FL, 0,∓HSR,DLsinϕ).

(A4)

Considering that the Co2 layer has negligible in-plane
anisotropy, as the magnetization rotates in the xy plane un-
der an external field, we have θH = θ = 90◦, ϕH = ϕ, then

�θ and �ϕ (subscript means generated by σ̂y or σ̂x) can be
written as

�θσ̂y = −HSH,DL cos ϕ

−H eff
K + Hext

,�θσ̂x = ±HSR,DLsinϕ

−H eff
K + Hext

, (A5)

�ϕσ̂y = HSH,FLcosϕ

Hext
,�ϕσ̂x = ∓HSR,FLsinϕ

Hext
. (A6)

Then we consider the HLV measurements. When a si-
nusoidal current (I = I0sinωt) is applied, the magnetization
oscillates synchronously with the current polarity. Taking into
account the resistance change resulting from the current-
induced effective fields, a nonlinear resistance term should be
introduced, i.e.,

R = R0 + R(I ) = R0 + dR

dI
I. (A7)

When a sinusoidal current (I = I0sinωt) is applied,
we have

V (t ) = R(t )I (t ) =
(

R0 + dR

dI
I0sinωt

)
I0sinωt

= V 0 + V ωsinωt + V 2ωcos2ωt, (A8)

where

V ω = RωI0,V 2ω = −1

2
R2ωI0; (A9)

Rω (R2ω) represents the first (second) harmonic longitudinal
resistance.

Considering the AMR, GMR, and SMR effect in the struc-
ture with cross anisotropy, the longitudinal resistance R can
be written by

R = Rz + (Rx − Rz )(sinθcosϕ)2 + (Ry − Rz )(sinθsinϕ)2

+�RGMR cos(θ1 − θ ), (A10)

where �RGMR represents the resistance difference between
parallel and orthogonal configuration of the two Co layers,
and θ represents the polar angle of the Co2 layer. θ1 represents
the polar angle of the Co1 layer, which is nearly 0 or 180◦
in the case of weak in-plane field applied, corresponding to
the Co1 layer magnetized along the +z and −z directions,
respectively.

As the magnetization rotates in the xy plane under a weak
in-plane field (θ ≈ 90◦), by performing Taylor expansion to
(A10), the expression of R can be written as

R = Rxcos2ϕ + Rysin2ϕ − (Rx − Ry)sin2ϕ�ϕ ∓ �RGMR�θ.

(A11)

The last two terms in Eq. (A11) represent the resistance
oscillation induced by current-induced effective field, which
corresponds to the second harmonic resistance, i.e.,

R2ω = (Rx − Ry)sin2ϕ�ϕ ∓ �RGMR�θ. (A12)

Substituting Eq. (A5) and Eq. (A6) into Eq. (A12), we
obtained the angular dependence of the second harmonic
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longitudinal resistance R2ω
σ̂x

(ϕ) and R2ω
σ̂y

(ϕ) induced by σ̂x and
σ̂y, respectively, expressed as

R2ω
σ̂x

(ϕ) = ± (Rx − Ry)HSR,FL(cos3ϕ − cosϕ)

2Hext

+ �RGMRHSR,DL

−H eff
K + Hext

sin ϕ, (A13)

R2ω
σ̂y

(ϕ) = (Rx − Ry)HSH,FL+Oe(sin 3ϕ + sinϕ)

2Hext

∓ �RGMRHSH,DL

−H eff
K + Hext

cos ϕ. (A14)

APPENDIX B: THEORETICAL AUGULAR DEPENDENCE
OF THE UMR SIGNAL INDUCED BY DIFFERENT SPIN

PORLARIZATION

For the Co1/Cu/Co2 structure with two FM layers, ac-
cording to the coordinate definition, the unit vector of the
magnetization of two Co layers can be written as

m̂Co1 = (sin θ1 cos ϕ, sin θ1 sin ϕ, cos θ1), (B1)

m̂Co2 = (cos ϕ, sin ϕ, 0). (B2)

The spin polarization with SR symmetry produced from
the Co1 (σ SR

Co1)and the Co2 (σ SR
Co2) layers can be expressed as

σ SR
Co1 ∝ m̂Co1 × (ẑ × k̂) = (−cosθ1, 0, sinθ1cosϕ), (B3)

σ SR
Co2 ∝ m̂Co2 × (ẑ × k̂) = (0, 0,−cosϕ), (B4)

where ẑ represent the normal direction of the interface and
k̂ is the wave vector of conducting electrons along the op-
posite direction of the current. In spin-dependent scattering
mechanism scenario, UMR is proportional to the dot product
of magnetization vector and spin polarization. Therefore, the
UMR induced by spin polarization with SR symmetry is

R2ω
SR−UMR ∝ −(

θSR
Co1 + θSR

Co2

)
I0cosθ1cosϕ. (B5)

Including the USMR terms induced by the spin current
from the adjacent Ta and Pt layers, we obtain the total UMR
expression,

R2ω
UMR ∝ (

θSH
Pt sinθ1 + ∣∣θSH

Ta

∣∣)I0sinϕ

− (
θSR

Co1 + θSR
Co2

)
I0cosθ1cosϕ, (B6)

where θ1 is the polar angle of the Co1 layer and θSH and θSR

indicate the effective charge to spin conversion efficiencies of
SH and SR symmetries.
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