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Abstract

We report the observation of magnetoresistance originating from Rashba spin-orbit coupling
(SOC) in a metallic heterostructure: the Rashba-Edelstein (RE) magnetoresistance. We show that
the simultaneous action of the direct and inverse RE effects in a Bi/Ag/CoFeB trilayer couples
current-induced spin accumulation to the electric resistance. The electric resistance changes with
the magnetic-field angle, reminiscent of the spin Hall magnetoresistance, despite the fact that
bulk SOC is not responsible for the magnetoresistance. We further found that, even when the
magnetization is saturated, the resistance increases with increasing the magnetic-field strength,

which is attributed to the Hanle magnetoresistance in this system.

PACS numbers: 72.25.Ba, 75.70.Tj, 75.76.4j, 85.75.-d



The change of electrical resistance of ferromagnetic films and multilayers in a magnetic
field, magnetoresistance, has been studied for a long time, providing fundamental under-
standing of spin-dependent transport in solids [1]. Recently, magnetoresistance due to a
nonequilibrium proximity effect has been observed in a heavy metal /magnetic insulator bi-
layer, where no charge current flows in the magnetic layer [2]. This magnetoresistance is

commonly referred to as the spin Hall magnetoresistance (SMR) [2-7].

The physics behind the SMR is the spin-current reflection and the reciprocal spin-charge
conversion caused by the simultaneous action of the spin Hall effect (SHE) [8-15] and in-
verse spin Hall effect (ISHE) [16-18]. Such a situation can be realized even in the absence of
the bulk spin-orbit coupling. In this Letter, we demonstrate magnetoresistance induced by
interfacial spin-orbit coupling and spin-current reflection in a metallic heterostructure: the
Rashba-Edelstein magnetoresistance (REMR). As shown in Figs. 1(a) and 1(b), a charge
current carried by a two-dimensional electron gas with helical spin polarization is accompa-
nied by a nonzero spin accumulation with the spins along the in-plane direction transverse
to the applied charge current, which is known as the Rashba-Edelstein effect (REE) [19-25].
We show that the nonequilibrium spin accumulation created by the REE is coupled to the
electric resistance in a Bi/Ag/CoFeB trilayer. The spin accumulation generated from a 2D
charge current through the REE at the Bi/Ag interface diffuses as a 3D spin current j**F in
the Ag layer as shown in Fig. 1(c). This spin current is reflected at the Ag/CoFeB interface
and the reflected 3D spin current j?a% is then converted into a 2D charge current jiREE
through the inverse Rashba-Edelstein effect (IREE) [see Fig. 1(d)]. Thus, the simultane-

ous action of the REE and IREE gives rise to an additional charge current, or changes the

electric resistance of the trilayer, which is the REMR.

The magnetoresistance due to the spin-current reflection is associated with the spin-
current absorption into the ferromagnetic layer [2]. Thus, to test the possibility of the
existence of the REMR, we first quantify an anti-damping spin-orbit torque [26-30], which
is accompanied by the spin-current absorption, arising from the REE at the Bi/Ag interface.
To measure the anti-damping torque, we prepared a Bi/Ag/Pt/Co/Pt multilayer with per-
pendicular magnetic anisotropy shown in Fig. 2(a). The Bi/Ag/Pt/Co/Pt multilayer was
deposited on a Gd3GazO15 (GGG) (111) single crystalline substrate at room temperature
by RF magnetron sputtering with a base pressure of around 3 x 107¢ Pa. The stacking

order of the multilayer is Bi/Ag/Pt/Co/Pt/GGG, and thus the Co layer is protected from

2



oxidization. The multilayer was patterned into a Hall bar structure with the width of 500
pum. For the Bi/Ag/Pt/Co/Pt multilayer, we measured harmonic Hall voltages using two
lock-in amplifiers with an applied charge current frequency of 507.32 Hz [27]. The charge
current was applied along the z-axis [see Fig. 2(a)]. All the measurements were performed
at room temperature.

Figures 2(b) and 2(c) show the first V,, and second V3, harmonic voltages for the Bi(5.0
nm)/Ag(3.0 nm)/Pt(3.0 nm)/Co(1.1 nm)/Pt(3.0 nm) multilayer measured when the exter-
nal magnetic field H, was applied along the z-axis, parallel to the charge current. The

2. The varia-

applied charge current density for the multilayer was j. = 5.0 x 10° A/cm
tion of V,, shown in Fig. 2(b) is due to the rotation of the magnetization with H,, which
can be approximated by a quadratic function around H, = 0. Importantly, we observed
nonzero second harmonic Hall voltage Vs, for the Bi/Ag/Pt/Co/Pt multilayer as shown
in Fig. 2(b), which demonstrates that a nonzero damping-like torque is generated in the
multilayer. Here, the damping-like Hp and field-like Hy effective magnetic fields can be

calculated using the following equation in which the contribution of the planar Hall effect

(PHE) is included [26-28]:

Hppy = (HJS(F) + 2€H£‘(D)) / (1 - 452) ) (1)

where Hy oy = =2 (0Vau/0H,) | (0PVo/OH2 ) ) and € = ARpy/ARan. Here, Hoyy is the
magnetic field applied along the z(y) direction. ARy and ARpy are the Hall resistances
due to the AHE and PHE, respectively. By fitting V,, with a quadratic function and V5, with
a linear function and using Eq. (1) with the measured value of £ = 0.14 for the multilayer,
we obtain the current-induced damping-like effective field pgHp = 0.06 mT and field-like
effective field pgHp = 0.02 mT. We have confirmed that the effective field is proportional
to the applied current density [see Fig. S1(h) in Supplementary Materials|, consistent with
previous reports [26, 29].

The observed damping-like torque generated in the Bi/Ag/Pt/Co/Pt multilayer origi-
nates from the REE at the Bi/Ag interface. We have confirmed that both the damping-like
and field-like spin-orbit torques in a symmetric Pt(3.5 nm)/Co(1.1 nm)/Pt(3.5 nm) film are
negligible due to the cancelation of the Rashba and spin Hall torques generated in the top
Pt/Co and bottom Co/Pt junctions [31-33]. Furthermore, as shown in Figs. 2(c) and 2(d),
we found that V5, is vanishingly small for a Ag(3.0 nm)/Pt(3.0 nm)/Co(1.1 nm)/Pt(3.0 nm)
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multilayer, in which the Bi layer is absent. This result shows that the damping-like torque
due to the SHE in the Ag layer is negligible in the Bi/Ag/Pt/Co/Pt multilayer because
of the small spin Hall angle 655 = 0.0068 [45]. The SHE in the Bi layer is also unlikely
to be the origin of the damping-like torque, since only less than 1% of the applied current
flows in the Bi layer because of its high resistivity. We can also rule out the damping-like
torque that could be generated by the SHE in a thin layer of AgBi alloy because the sign of
V4, observed for the Bi/Ag/Pt/Co/Pt multilayer is opposite to the prediction of the SHE of
AgBi alloy. Therefore, our experimental observation, the nonzero damping-like torque in the
Bi/Ag/Pt/Co/Pt multilayer and negligible damping-like torque in the Ag/Pt/Co/Pt mul-
tilayer, shows that the origin of the damping-like torque can be attributed to the diffusive
spin current generated by the REE at the Bi/Ag interface.

The damping-like spin-torque generation efficiency in the Bi/Ag/Pt/Co/Pt multilayer

2 is an order

obtained from the above measurement, poHp/j. = 1.2 x 1077 mT/Acm™
of magnitude smaller than that in heavy metal/ferromagnetic metal heterostructures [29],
for which the SMR has been observed [3]. This low efficiency is due to the spin-current
decay in the Pt layer; the 3D spin current created by the diffusion of the nonequilibrium
spin accumulation generated at the Bi/Ag interface decays quickly in the Pt layer, which
is roughly estimated as ji/“°/ji¥" ~ exp(—dpy/Apt) ~ 0.14, where jb /48P g the
spin current density at the Pt/Co(Ag/Pt) interface, dpy = 3 nm and Apy = 1.5 nm are the
thickness and spin diffusion length of the Pt layer. The spin memory loss at the interfaces
further suppresses the spin current density injected into the Co layer [33, 46]. For the Hall-
voltage measurements discussed above, the Co layer was sandwiched by the Pt layers to
induce perpendicular magnetic anisotropy (PMA). However, the PMA is not necessary for
the REMR. Thus, next we measure the magnetoresistance by fabricating a direct contact

between the Bi/Ag junction and ferromagnetic layer not to reduce the spin current density
arriving at the ferromagnetic layer.

We measured the longitudinal electric resistance R of Bi(5 nm)/Ag(ta,)/CoFeB(2.5
nm) trilayers with different Ag-layer thickness ta,. The stacking order of the device is
Bi/Ag/CoFeB/GGG, and thus the CoFeB layer is protected from oxidization. Figure 3(a)
shows the resistance of a Bi(5 nm)/CoFeB(2.5 nm) bilayer, i.e. ta, = 0, during rotation
of the applied magnetic field ygH = 10 T in the zy, zy and zz planes [see Fig. 3(b)]. At
oH = 10 T, the magnetization M of the CoFeB layer is saturated and follows the direction
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of H. The rotation angles (a, f, and ) are defined in Fig. 3(b). As shown in Fig. 3(a),
we observed a sizable magnetoresistance in all three orthogonal planes. The observed
field-angle-dependent magnetoresistance (ADMR) is consistent with the prediction of the
anisotropic magnetoresistance (AMR) of the CoFeB layer. Because the electrical resistance
of the Bi layer is much larger than that of the CoFeB layer, the applied charge current

flows mostly in the CoFeB layer. The AMR phenomenology of polycrystalline ferromagnetic
2

x?

metals predicts p = p; + ApamZ, where p is the electric resistivity along the x direction.
m, is the  component of m = M/M;, where poM; is the saturation magnetization. Apy
(= p) — p1) is the magnitude of the resistivity change as a function of the magnetization
orientation, where p and p, are the resistivities for magnetizations aligned along and per-
pendicular to the applied charge current, respectively. This predicts the resistance change
as AR(a) ~ cos?a and AR(y) ~ sin?y [see Fig. 3(a)]. In contrast, although the AMR
predicts AR(3) = 0, we found AR(3) ~ sin? 3, which can be attributed to the geometrical

size effect of the AMR [47].

The symmetry of the ADMR changes clearly by inserting a Ag layer between the Bi and
CoFeB layers. For a Bi(5 nm)/Ag(2 nm)/CoFeB(2.5 nm) trilayer, we observed AR(J) ~
—sin? 3 as shown in Fig. 3(c); AR(3) changes the sign by inserting the Ag layer [see Figs. 3(a)
and 3(c)]. This is evidence of the REMR in the Bi/Ag/CoFeB trilayer. Since the symmetry
of the REE, i.e. the spin-polarization of the 3D diffusive spin current is perpendicular to
both the applied charge current and the flow direction of the spin current, is the same as
that of the SHE, the field-angle dependence of the REMR is the same as that of SMR.
Since the SMR resistivity can be formulated as p = py — Apsmg [2], the SMR and REMR
predict AR(S) ~ —sin? 3; the sign of AR(S) due to the REMR is opposite to that due to
the AMR. Here py is a constant resistivity offset, m, is the y component of m, and Apg
is the magnitude of the resistivity change due to the SMR or REMR. Therefore, the sign
reversal of the ADMR due to the Ag-layer insertion is consistent with the prediction of the
REMR in the Bi/Ag/CoFeB trilayer. The observed magnetoresistance cannot be attributed
to the SMR due to the SHE in the Ag layer or the magnetoresistance due to the magnetic
proximity effect at the Ag/CoFeB interface, since the sign reversal of AR(f) is absent in
a Ag(2 nm)/CoFeB(2.5 nm) bilayer as shown in Fig. 3(d). In the Ag/CoFeB bilayer, the
applied charge current flows mostly in the Ag layer due to the high electrical conductivity of
the Ag layer. However, the SMR due to the SHE in the Ag layer is negligible because of the
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small spin Hall angle of Ag; the magnitude of the SMR is proportional to the square of the
spin Hall angle [2]. Thus, the magnetoresistance in the Ag/CoFeB bilayer is attributed to
the geometrical size effect of the AMR in the CoFeB layer, as with the Bi/CoFeB bilayer. In
contrast, in the Bi/Ag/CoFeB trilayer, the ADMR is dominated by the REMR, whose sign
of AR(f3) is opposite to that of the magnetoresistance in the CoFeB layer. This is the origin
of the reversed AR(f) induced by inserting the Ag layer between the Bi and CoFeB layers.
The a-scan data shown in Fig. 3(c) is consistent with a previous result for a NiggFeyo/Ag/Bi

film [23].

To further verify the role of the Rashba effect at the Bi/Ag interface in the magne-
toresistance, we examined Ag-layer thickness ¢, dependence of the magnetoresistance.
Figure 3(e) shows AR/R as a function of ta,, where AR = R(f = 0) — R(8 = 90°).
This result is consistent with the prediction of the REMR in presence of the shunting
current. In the trilayers with ¢y, ~ 0, most of the applied charge current flows in the
CoFeB layer and AR is dominated by the change of the resistance Rcpp of the CoFeB layer
ARcrp = Rerp(8 = 0) — Repp(8 = 90°). However, by increasing ta,, the Bi/Ag interface
layer is formed, and therefore the REMR arising from the 2D charge current at the Bi/Ag
interface emerges, changing the sign of the magnetoresistance of the trilayer as shown in
Fig. 3(e). In the limit of a thick Ag layer, the magnetoresistance of the trilayer disappears,
since most of the applied charge current flows in the Ag layer, which shows no magnetore-
sistance. Here, AR/R is independent of the Bi layer thickness [see the red solid square in
Fig. 3(e)], which supports the interpretation that the Bi/Ag interface is responsible for the

observed magnetoresistance.

We develop a simple model that describes the t5, dependence of AR/R. For simplicity,
we neglect the spin relaxation in the Ag layer due to the long spin diffusion length of Ag,
compared with ¢5,. Under this assumption, the ratio of the additional 2D charge current due
to the IREE to the applied 2D charge current flowing in the Bi/Ag layer is independent of ¢ 5.
This allows us to approximate the REMR as the magnetoresistance induced in the Bi/Ag
interface layer with the resistivity Ri, and thickness t;,;. Here, we define the resistance
change of the Bi/Ag interface layer due to the REMR as ARy = Rine (5 = 0) — Rin(S =
90°). Thus, with these assumptions, the Bi/Ag/CoFeB trilayer can be modeled as four
independent resistors in parallel: the Bi, Ag, CoFeB, and Bi/Ag interface layers. By taking
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into account the shunting and short-circuit effects [33, 48, 49], we obtain

AR 1 Rag ? ( Rcrp/Bi ) ? < Rint ) ?
R R A‘Rin + AR ;
R R (RAg + RMRL) ¢ crBy/Bi |(2)

Rcr/Bi + Ring Rcr/Bi + Ring
where Ry, is the tp,-dependent resistance of the Ag layer. Rcpp/si = R(tag = 0) is the

tag-independent parallel resistance of Rcpp and Rg;, where Rp; is the resistance of the Bi
layer. ARcpp/si = Rerp/si(8 = 0) — Reppysi(8 = 90°). Ryry is the parallel resistance of
Reppyi and Riy. As shown in Fig. 3(e), the experimentally measured t5, dependence of
AR/R is reproduced using Eq. (2) by assuming the value of Ry, /(ARiy/Rint) as shown in
Fig. 3(f). Figure 3(f) shows that Rin/(ARint/Rint) decays quickly by increasing ta, with the
decay constant of 0.55 nm, since in the thin Ag film range, the Bi/Ag interface is not fully
continuous because of imperfect coverage of the surface of the CoFeB layer. By increasing
tag, Rint/(ARint/Rint) becomes constant when the continuous Bi/Ag interface is formed.

The magnetoresistance mediated by the diffusive spin current generated at the Bi/Ag
interface is further evidenced by measuring the electric resistance by changing the strength
of the external magnetic field poH. As shown in Fig. 4, the resistance of the Bi/Ag/CoFeB
trilayer increases with poH when H is applied along the = or z direction in spite of the fact
that the magnetization of the CoFeB layer is saturated. When H is applied along the x or
z axis, the spin polarization direction o of the spin accumulation created by the REE is
perpendicular to H, since o is directed along the y axis. When H and o are not collinear, the
Hanle effect leads to a spin precession and dephasing of the spin accumulation. Thus, in the
trilayer, both the spin accumulation and the additional charge current due to the IREE are
partially suppressed by the Hanle spin precession, increasing the resistance with poH [50].
Figure 4 further demonstrates that the poH-dependent magnetoresistance is absent when
H is applied parallel to o, i.e. along the y axis, consistent with the prediction of the Hanle
magnetoresistance (HMR).

In summary, we observed a damping-like torque due to the absorption of a diffusive
spin current created by the Rashba spin splitting at a Bi/Ag interface. The diffusive spin
current couples the spin accumulation at the interface and magnetization in an adjacent
ferromagnetic metal, resulting the magnetoresistance through the simultaneous action of the
REE and IREE in a Bi/Ag/CoFeB trilayer. The electric resistance of the trilayer has been
found to depend on the strength of the external magnetic field, even when the magnetization

of the CoFeB layer is saturated, demonstrating that the resistance is affected by the Hanle
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spin precession in the Ag layer.
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FIG. 1. (a) The spin-split dispersion of a Rashba 2DEG system. (b) Fermi Contours under an
external electric field E,. A shift Ak of the Fermi circles gives rise to a spin accumulation. (c¢) A
schematic illustration of the REE in the Bi/Ag/CoFeB trilayer. The REE generates a spin current
JREE from a charge current j.. The spin current is reflected at the Ag/CoFeB interface, generating
a back flow spin current jP2%. (d) A schematic illustration of the IREE, which converts j?* into
an additional charge current jIRFE,

FIG. 2. (a) A schematic illustration of the Bi/Ag/Pt/Co/Pt multilayer. The arrow in blue rep-
resents the applied charge current j.. (b) The first harmonic voltage V,, as a function of the
magnetic field poH, applied along the = axis for the Bi/Ag/Pt/Co/Pt multilayer. (c¢) puoH, de-
pendence of the second harmonic voltage Vs, for the Bi/Ag/Pt/Co/Pt (the solid red circles) and
Ag/Pt/Co/Pt (the open circles) multilayers. The solid lines are the linear fit to the data. (d) The
second harmonic voltage Va,, as a function of the magnetic field ;9H, applied along the y axis for

the Bi/Ag/Pt/Co/Pt (the solid red circles) and Ag/Pt/Co/Pt (the open circles) multilayers.

FIG. 3. The longitudinal resistance R for (a) the Bi/CoFeB bilayer and (c) the Bi/Ag/CoFeB
trilayer as a function of the rotation of the magnetic field ugH = 10 T. The magnetic field angle
a, B, and v are defined in (b). (d) The 8 dependence of R for the Ag/CoFeB bilayer. The solid
curve is a function proportional to sin? 3. (e) The Ag-layer thickness tag dependence of AR/R
for the Bi/Ag/CoFeB trilayer. The solid circles are the experimental data and the solid curve
is the result of the calculation. The values of AR/R for the Bi(¢p;)/Ag/CoFeB trilayer are also
shown, where tg; is the thickness of the Bi layer. (f) The solid circles are ta, dependence of
Rint/(ARint / Rint) extracted from the ta, dependence of AR/R using Eq. (2). The solid curve is
Rint/(ARint /Rint) = Aexp(—tag/B) + C, where A = 88 M(2, B = 0.55 nm, and C' = 0.22 MQ.

FIG. 4. The change of the longitudinal resistance AR(H,,.) = R(H,,.) — Ry plotted as a

function of the magnetic field oriented along the x axis (blue), y axis (black), and z axis (red) for

the Bi/Ag/CoFeB trilayer. Ry is the resistance measured at pgH, = 10 T.
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Figure 1: Nakayama et al.
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