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We investigate the connections between current-induced spin-orbit torques and unidirectional magnetore-
sistance (UMR) by performing second harmonic longitudinal resistance measurements on Co/Pt bilayer with
magnetic-field poH up to 10 T and temperature 7 down to 2 K. The fieldlike torque &g, changes sign with varying
Co thickness #c,, which indicates that competing mechanisms, i.e., the spin Hall effect (SHE) and the inverse
spin galvanic effect (iISGE), are responsible for the generation of /g_. The sign of hp. coincides with the sign of
UMR induced by spin-dependent scattering. However, the dampinglike torque /py is proportional to the inverse
Co thickness, with no sign reversal for all measured temperatures and c,, indicating that sp originates solely
from the SHE. The generation of /p; via iSGE can be further excluded because of the observation of an H-linear
dependence of UMR, which, in turn, indicates the negligible exchange coupling between spin accumulation and

ferromagnetic metal.
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Since the discovery of current-induced magnetization
switching in ferromagnetic metal (FM, e.g., Co)/heavy metal
(HM, e.g., Pt) heterostructures, two main spin-orbit related
mechanisms have been proposed as the microscopic origin of
spin-orbit torques (SOTs) [1,2]. One is the spin Hall effect
(SHE) due to the spin-orbit interaction (SOI) in the bulk of
HM; the other is the inverse spin galvanic effect iISGE) due to
the SOI at the FM/HM interface (in literature, the iSGE-SOT's
have also been alternatively named as Rashba-SOTs) [3]. Both
effects are expected to generate fieldlike and dampinglike
SOTs, which are quantified by the corresponding fieldlike /gy,
and dampinglike ip; effective magnetic fields.

The dampinglike torque can counteract the Gilbert damp-
ing [4], i.e., the relaxation of the magnetization towards its
equilibrium position, and is the key parameter for various
spin-orbit related phenomena [5-8]. For SHE, a spin cur-
rent along the z direction with spin orientation along the y
direction traverses the FM/HM interface, and subsequently
gets absorbed by the FM [Fig. 1(a)]. Thus, hpp originates
from the spin transfer torque mechanism similar to that in
magnetic trilayer structures [9]. In contrast, for iSGE, hpy, is
expected to appear due to the combined effects of interfacial
current-induced spin accumulation and the exchange coupling
between the spin accumulation and FM [3,10-13], which is
schematically shown in Fig. 1(b). The minimal Hamiltonian
‘H describing the iSGE is [3]

2 k2
H=——4A(kx0) -2—Jxm-o0. N
2m*

Here, 7 is the reduced Planck constant, Kk is the wave vector,
m* is the effective mass, A is the Bychkov-Rashba SOI at the
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FM/HM interface, o is the Pauli spin matrix, m is the unit
magnetization, and J.x is the exchange interaction between
FM (in our case Co) and the electrons hosting the Bychkov-
Rashba SOI. It should be noted that to generate a sizeable hpy,
via iSGE, J.x > Ak should be satisfied [3,10]. The existence
of hpy due to the iISGE has been shown and quantified in
single crystalline ferromagnets with reduced symmetry, e.g.,
(Ga,Mn)As [10] and Fe/GaAs [13]. For bilayers, however,
the situation is more complicated. Although previous theories
based on Boltzmann equation and drift-diffusion analysis [14]
predict that iISGE results in hg;, > hpr, for SHE a larger hpp
is expected, and there is no simple way to disentangle which
effect dominates the contribution to SOTs [3].

On the other hand, the unidirectional magnetoresistance
(UMR) has also been observed in FM/HM bilayers [15,16].
Being different from twofold magnetoresistance effects like
the anisotropic magnetoresistance (AMR) and the spin Hall
magnetoresistance [17], which are even under reversal of
either charge current or magnetization, the UMR is an odd
effect with onefold symmetry. Early experiments [15,16] and
theory [18] propose that interfacial spin-dependent scatter-
ing between the spin accumulation induced by SHE and
magnetization, in analogy to the current-in-plane giant mag-
netoresistance (GMR) effect, is the major origin of UMR,
and the magnitude of UMR is proportional to App [19].
Later studies show that, besides interfacial spin-dependent
scattering, bulk spin-dependent scattering [20] and electron-
magnon scattering [20,21] also contribute to UMR. However,
the studies of SOTs and UMR have been mostly performed
independently so far. A proper correlation between these two
important current-induced phenomena is yet to be established
[19].
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FIG. 1. Schematic of (a) SHE and (b) iSGE in real space. For
SHE in (a), the SOI in Pt splits the spin-up and spin-down electrons
carried by Jc. The spins along +y direction, corresponding to a
positive spin Hall angle, produce &g as well as hpp. For iSGE in
(b), a spin (orange arrow) at the interface with Bychkov-Rashba SOI
is exchange coupled to the Co magnetization m. With current Jc, an
additional spin accumulation Agy along the —y direction (red arrow),
corresponding to a positive A, is generated due to Bychkov-Rashba
SOI. Aoy produces hg acting on Co. The combined action of ex-
change coupling and Aoy results in a nonzero tilt of the spin along
the —z direction (blue dashed arrow). In this case, an out-of-plane
spin component i.e., hpp, is generated.

In this Letter, we report on second harmonic longitudinal
resistance Rf;" measurements [22] on Co/Pt samples for mag-
netic fields pwoH up to 10 T and temperature 7 down to 2
K; we simultaneously probe the SOTs and UMR. By varying
the Co thickness fc,, we find that hpp changes sign when
increasing tc,. This indicates that both SHE and iSGE con-
tribute to /g and that they add destructively. We find that App
is proportional to the inverse Co thickness, i.e., hpp, ~ feo ™!
without sign reversal in the examined T and f¢, range, sug-
gesting that hpy originates solely from the SHE. The sign of
the UMR induced by spin-dependent scattering coincides with
the sign of &g, showing cross matched results between UMR
and SOTs. Moreover, UMR scales linearly with the magnetic
field and does not saturate at higher magnetic fields, which
can only be explained by assuming that the exchange coupling
between the spin accumulation and FM is negligibly small,
and thus the generation of spp via iSGE can be neglected.

To quantify SOTs and UMR, magneto-transport measure-
ments are mainly carried out in two magnetic-field rotation
schemes as shown in Figs. 2(a) and 2(d), i.e., in-plane to
out-of-plane x — z rotation to quantify sp;, and in-plane x — y
rotation to quantify hp as well as UMR [23]. Figure 2(b)
presents out-of-plane magnetic-field angle 8y dependence of
Rﬁ;" for tc, = 1 nm, measured from uoH = 1to 10 Tand T =
200 K. The amplitude the signal decreases monotonically as
H increases. hpp can be quantified using [23]

_ ARamr hpL
2  Hgcos20 + Hcos (6 —0)

RX = sin20.  (2)

Here ARamr is the AMR of Co, 6 the out-of-plane angle for
the magnetization. For |Hg| < H, Eq. (2) can be simplified
to [23] R?? = Rpysin20 ~ —%}'Hﬂ sin20, and Rpy, is the
resistance induced by Apy, which is obtained by fitting the R>*
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FIG. 2. (a) Illustration of the setup for rotating H and thus m in
x — z plane to measure hp.. 6y (0) is the out-of-plane angle for H
(m). (b) Oy dependence of R2® measured at 7 = 200 K and different
magnetic fields for Co(1 nm)/Pt (4 nm). The points are experimental
data, and solid lines are fits using Eq. (2) and Rp_ is obtained. (c)
(oH)™" dependence of Rpy . The solid line is a linear fit; from the
slope hpy is determined. (d) [lustration of the setup to rotate H and
m in x —y plane to measure A, and UMR. ¢y (¢) is the in-plane
angle for H (m). (e) gy dependence of R?® measured at 7 = 200 K
and different magnetic fields for Co(1 nm)/Pt (4 nm). Open points are
experimental data, and solid lines are fits using Eq. (3) and Rgy /0. is
obtained. (f) (uoH)~" dependence of Rp;, /0¢- The solid line is a linear
fit; from the slope hg_ is determined.

traces. By plotting Rpr. as a function of the inverse magnetic
field (uoH)~!, a linear relation with slope kpy is obtained
[Fig. 2(c)]. ApL can be determined by Ap;, = —2kpr/ ARAMR,
where ARawmr is obtained from the 6y dependence of the first
harmonic resistance in the same rotation plane [23].

Figure 2(e) shows the in-plane magnetic-field angle ¢y
dependence of R** for the same device measured at different
magnetic fields and T = 200 K. For rotation in the x — y plane
R2® can be expressed as [23]

R% = Ry j0e(sin3¢ + sing) + Rymrsing
= RrL;0e8103¢ + (RFLj0c + Rumr )Sing
_ ARawmr hpL + hoe
4 H
where Rppo. (being a function of sin3¢ and sing) is the
resistance induced by Ag;, as well as in-plane Oersted field /o
hoe is generated by current jp, flowing in Pt and can be calcu-

lated by hoe = jpitpi/2, which is valid for fc, < 5 nm. Rypmr is
the magnitude of the UMR, the sing component Rymr+FL/0e

sin3¢ + Rymr+FL/0eSin®, (3)
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FIG. 3. (a) T dependence of hpp at jp, = 10" Am~2. The inset
shows the linear dependence of Ap. on #c, ! for each T. (b) T
dependence of hg at jp, = 10" Am~2. For some points in (a) and
(b), the error bars are smaller than the symbol size.

contains both RFL/Oe and RUMR’ i.e., RUMR+FL/Oe = RFL/Oe +
Rumr, and ¢ is the in-plane magnetization angle which sat-
isfies ¢ = gy because of the negligible in-plane uniaxial
magnetic anisotropy field Hy [23]. For lower H, the R
trace can be decomposed into a sin3¢ and a sing compo-
nent, whose magnitudes are, respectively, related to Rgr/0e
and Rumr+FL/0e- Similar to Rpr, Rpp /0. decreases as H in-
creases and shows a linear dependence on H ™! [Fig. 2(f)]; hgr,
can be obtained from hp;, = —4kgy j0c/ ARAMR + hoe, Where
krrjoe is the slope of the linear fit. Rymr can be obtained
by Rumr = RuMR+FL/0e — RFL/0c. Compared to Rer0e, Rumr
evolves quite differently with H: Rymr gradually decreases
with increasing H from 0.4 to 4 T and even reverses its sign at
10 T. We note that the observed H dependence of Ryyr differs
from previous reports [15] measured below 2 T, which will be
discussed in detail below.

As shown in Fig. 2(c), the linear fit of Rp, — H ~1 almost
goes through the origin with a negligible intercept. This in-
dicates that magnetothermoelectric effects (specifically, the
anisotropic magnetothermopower effect for the x — z plane
rotation, which has the same angular dependence as Rp;. and
gives rise to an H-independent R2¢ signal due to a potential
temperature gradient along the z direction) are absent for the
Co/Pt devices [23]. We also show that the anomalous Nernst
effect and the spin Seebeck effect can be excluded [23].

We repeat the same measurements as the ones shown in
Fig. 2 for different Co thickness and temperatures. The T
dependence of hpp is summarized in Fig. 3(a). Apy mono-
tonically decreases as T decreases for all the samples which
is due to a decrease of the bulk spin Hall angle of Pt [24]
as well as an increase of the saturation magnetization of Co,
and similar 7 and tgy trends have been reported previously
[25,26]. The inset shows that Apy. is a linear function of fc,~?,
indicating that hpp, originates dominantly from the bulk SHE
[Fig. 6(a) of Haney et al. [27]]. As shown in Fig. 3(b), hgr
shows a more complicated behavior and does not correlate
with hpp, [28]. For #c, = 1 nm, hg is negative and decreases
rapidly with decreasing T, being consistent with previous
studies [26,29-31]; in contrast, hpy, is positive for 7c, = 4 nm
and decreases slowly as 7' decreases. This is a sign reversal
of hg induced by #¢, [32]. For #c, = 2nm, kg, even changes
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FIG. 4. poH dependence of Rymr measured at different temper-
atures for tc, = I nm (a) and fc, = 4nm (b). The pink solid lines
are linear fits from which the spin-dependent RY,;, and the slope
kumr are obtained. Note that due to nonlinearity of data at 2 K, data
only between 1 and 5 T are fitted for both samples. The purple solid
line of (a) is fitted by Rymr = R%MR + b(uoH)~?, where b and p are
coefficients describing the power-law decay of Rymr. 7' dependence
of R¥\r and hgy, for tc, = 1nm (¢) and 7, = 4 nm (d).

sign from negative to positive around 250 K and decreases
further with decreasing 7. This has also been observed in a
Pt(4 nm)/CoFe(0.6 nm) bilayer [29]. The sign reversal of hpy,
with 7c, and T indicates that competing effects contribute to
hr: one due to the bulk SHE generating A3HE and another due
to the interfacial Bychkov-Rashba SOI [33] generating AiSCE.
Based on these experimental facts, we deduce that hE-EE and
hiSCE add destructively, as schematically shown in Fig. 1.
The above results indicate that hpp, hardly originates from
iSGE via the Bychkov-Rashba SOI. If iSGE would domi-
nantly contribute to /p , one would also expect a sign reversal
of hpy, but this is not observed in the experiments. Here we
exclude the generation of hpp, via iSGE by analyzing the H
dependence of UMR. Figure 4(a) shows the H dependence of
Ruwmr for ¢, = 1 nm, which is extracted by fitting the traces
in Fig. 2(e). At T = 200K, Rymr decays following a power
law as uoH increases from 0 to 1 T, and this decay vanishes
at lower temperatures. According to previous studies [20,21],
this is due to the presence of electron-magnon scattering,
which can be significantly suppressed at lower 7 where the
density of magnons is reduced. Interestingly, for uoH > 17,
Rumr shows a linear dependence on H and does not saturate
even for magnetic field up to 10 7, which is observed for all
samples [Figs. 4(a) and 4(b)]. Note that the magnetization
is fully saturated by H as evidenced by AHE measurements
[23]. We also show that the ordinary Nernst effect [34] can
be excluded when considering the H-linear Rymr [23]. At a
temperature of 2 K, however, Rymr becomes nonlinear for
woH > 5T. We also tried to measure Ryyr on reference de-
vices fabricated from pure Co and Co/Cu bilayers. However,
no characteristic Rymr signals occurred using the same cur-
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FIG. 5. (a) T dependence of kymr summarized for all samples;
the calculated slope k., agrees with the experiment. (b) Theoretical
calculations of uoH dependence of Ryyr normalized by Ryyr at
T =2K and uoH = 10T, RUMR/RIZJQEO T The calculation without
Jex shows that the slope increases as T decreases (open symbols),
which well reproduces the experimental results. In contrast, when
taking Jex (Jex = 100meV > Ak) into account, Rymg becomes al-
most independent of H (solid symbols), being inconsistent with
experimental results.
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rent excitation and magnetic field as for Co/Pt, indicating that
Rumr indeed originates from the SOI at the Co/Pt interface
[23]. As shown by the solid lines in Figs. 4(a) and 4(b), the
H-linear Ry is fitted by Rymr = R%MR + kumr oH , where
RY\r is the zero-field intercept which is independent of H,
and kywmr is the slope; their dependences on 7" and #¢, will be
discussed below.

As suggested by previous experiments [15,16] and the-
ory [18], the H-independent RYy, can be ascribed to the
combined effects of both interface and bulk spin-dependent
scattering, similar to the effects occurring in GMR devices
[35,36]. Figures 4(c) and 4(d) summarize the T dependence of
R\ for fco = 1 nm and 4 nm, respectively. RY) is negative
for tc, = 1 nm, but changes sign for fc, = 4nm. The #c,-
driven sign reversal of R),. coincides with the sign reversal
of hpy as shown in Fig. 3(b), which suggests that the net
interfacial spin accumulation, originating from both SHE and
iSGE and quantified by &g, determines the sign of RYyp.
Since both SHE and iSGE contribute to R, we refrain from
calling it unidirectional spin Hall magnetoresistance as origi-
nally proposed [15], but rather call it UMR. Besides the sign
reversal, the variation of R%MR with temperature for these two
samples also differs: for fc, = 1 nm, RY,;, decreases rapidly
as T decreases; this trend is consistent with the 7 dependence
of hpy, as shown in Fig. 4(c). In contrast, for 7c, = 4 nm,
shown in Fig. 4(d), Rz and hg, show opposite T trends.
These results indicate that, for thinner ¢/c, of 1 nm, the in-
terfacial spin-dependent scattering, which is determined by
the net interfacial spin accumulation (%g;,), dominates R%MR.
For thicker tc,, the main contribution to R%MR is bulk spin-
dependent scattering, which leads to an enhanced Ry as T
decreases due to an enhanced spin asymmetry [36].

The fact that Rymr does not saturate at high magnetic
fields, and scales with H but not the magnetization, indicates
that, besides spin-dependent and electron-magnon scattering,
there is a third mechanism contributing to Rymr. The T de-
pendence of the slope kymr is displayed in Fig. 5(a), which
shows that kyymr is independent of #c, while kymr increases

as T decreases. We note that a similar H-linear Ryyr has
been reported in nonmagnetic materials with strong SOI,
such as Rashba-type polar semiconductors BiTeBr [37], Ge
(111) [38] and topological insulator Bi,Se; [39]. There the
origin of Rymr has been ascribed to the interplay between
magnetic field and the current-induced in-plane spin accu-
mulation. To compare the magnitude of UMR for different
material systems, we introduce Rymr = o juuoH, where a(=
kumr/j) quantifies the H-linear Rymr induced by j and H.
The estimated « in Co/Pt is about 1077 T=! A~! m?. This value
is several orders smaller than those in nonmagnetic materials
[23], possibly due to a weaker SOI.

Since we observe a sizeable HhiSSE, we propose that the
H-linear Rymr in Co/Pt results from the same mechanism
as in nonmagnetic materials. On the other hand, A3HE does
not contribute to the H-linear Ryyr for two reasons: (i) for
the SHE, the momentum and spin are not mutually locked;
(i) if both A3FE and hiSCF would contribute to the H-linear
part, one would also expect that kymr changes sign like
hpr when changing f¢, (or, for tc, = 2nm, a sign reversal
by changing T'). This, however, is not observed in the ex-
periments. To describe the H-linear Rymr, we include the

Zeeman interaction in Eq. (1), i.e., H = %—i— Mk x o) -
Z — (Jexm + guguoH) - o, with g being the g factor and
up the Bohr magneton. Since Rymr is expected to be pro-
portional to the second order conductivity o® [21], we
calculate 0(® based on nonlinear Boltzmann transport us-

ing a single-band constant relaxation time 7 approximation

[37],6® = — e;f %vx%. Here e is the electron charge,
vy is the electron group velocity along the current direction,
and f is the Fermi distribution function [23]. Figure 5(b)
presents the calculated H dependence of Rymr using m* =
mg (my is the free electron mass), A = 0.2eV A, g=2.The
calculation with Jox = 0 shows qualitative agreement with
the experiments, i.e., Rymr scales linearly with H and the
slope increases as 7 decreases. In contrast, for a sizeable
Jex (€.g., Jx = 100meV and Jex >> Lk, which satisfies the
condition to generate hp; via iSGE), the calculated Rymg
varies weakly with H, being inconsistent with the experimen-
tal results. Thus, these results indicate that Jox is negligibly
small in Co/Pt. Another alternative way to exclude Jo is
using an elegant model, which was developed by Guillet et al.
[38], to interpret the UMR in Ge. Assuming that A5 <«
H, Rymr can be written as Ryyr = Ahi;sLGEH singy, here A
quantifies the magnitude of Rymr. This model well describes
dependence of Rymr on ¢y and H in Ge. By applying it to
Co/Pt and taking the exchange field as a pseudomagnetic field
(Jex/g1B), the H-linear Rymr in Co/Pt can be obtained as
Rumr = AhSCE (Jex /s + 1oH )singy. Based on this equa-
tion, one can explain an H-linear Ryygr on the condition that
Jex/8p K oH, i.e., for negligible J.x only. This indicates
that the Rashba layer is not exactly located at the interface,
but is “far” from the interface. Besides the location of the
Rashba layer, future experimental and theoretical work are
needed to unveil the following: (i) What are the electronic
orbits (s, p, or d) contributing to the Rashba spin-orbit in-
teraction? (ii) How large is the exchange interaction between
Co and “Rashba electrons”? Thus, answering these questions
in a proper way will definitely help us to gain a deeper
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understanding of the mechanisms of SOTs in the Co/Pt system
and in general.

In summary, we have performed second harmonic longi-
tudinal resistance measurements on Co/Pt samples simultane-
ously probing SOTs and UMR. By varying fc,, we find that
her, changes sign upon increasing fc, while hpp, ~ tc,~'. This
suggests that hpp originates from both iSGE and SHE but
hpL stems only from SHE. The generation of App via iSGE
is excluded since the exchange interaction between the local

magnetization and the Bychkov-Rashba electrons is negligi-
ble, which is experimentally confirmed by the observation
of an H-linear dependence of Rymg. Our results clarify the
origins of SOTs in metallic bilayer systems and resolve the
long-time controversial views.
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