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Nonreciprocal Spin Current Generation in Surface-Oxidized Copper Films
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We experimentally demonstrate the nonreciprocal generation of spin current (J;) in a surface-oxidized
copper film. The efficiency of conversion is at least 320 times larger than the inverse conversion. This
nonreciprocity is due to a novel type of J, generation, which relies on the transfer of angular momentum
from the velocity field of free electrons. A gradient in the electrical mobility in the film produces vorticity in
the in-plane drift velocity of the free electrons. The inverse process can hardly occur when J; is collinear

with the gradient in the electrical mobility.
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A spin current (J) is a flow of spin angular momentum
without an accompanying electric charge, and it has been
widely used to control various spintronics devices [1,2].
Because J, carries no electrical charge, there is no
accompanying Joule heating, which greatly reduces the
energy consumption in electronic devices. Moreover, J;
can exert a torque on magnetization more efficiently than
can the Oersted field. Thus, J; is essential for ultralow-
power-consumption spintronic devices. The spin-Hall [3,4]
and Rashba-Edelstein [5-7] effects (i.e., SHE and REE,
respectively) have been widely investigated for the mutual
conversion between charge current (/) and J,. The SHE is
based on bulk spin-orbit interactions (SOIls), while an
interfacial SOI plays an important role in the REE. We
note that the inverse effects to the SHE [8-12] and REE
[13—15]—that is, the conversion from J, to J.—have been
successfully demonstrated, and the efficiencies of the direct
and inverse conversions have been reported to differ only
by a small factor [11,16-19]. Mutual conversion has also
been demonstrated in some topological surfaces [20-24],
and the mutual conversion efficiencies differ by about an
order of magnitude in Bi,Se; systems [25,26]. Thus, the
realization of mutual conversion between J. and J;
suggests that the SOI-related phenomenon is always
reciprocal.

In the present work, we demonstrate the nonreciprocal
generation of a direct current (dc) J, by applying a dc J,. to
a surface-oxidized NiFe/Cu bilayer. The mutual conver-
sion efficiency differs by at least a factor of 320, which
suggests that J, is generated in this system by a different
mechanism than the SOI. Alternating current (ac) Jg
generation via SOI in surface-oxidized Cu has been
reported by An et al. [27]. However, the reciprocal SOI
cannot fully explain our nonreciprocal phenomena.
Namely, another charge-to-spin conversion mechanism is
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required in addition to the SOI in order to understand the
nonreciprocal conversion between J,. and J,. The nonre-
ciprocal J; generation can be attributed quantitatively to
the angular momentum of the charge current—i.e., to the
vorticity of the free-electron flow—which appears in a
surface-oxidized Cu film in which the electrical mobility
has a strong gradient with depth. Recently, similar J;
generations using the vorticity have been observed in liquid
Hg [28,29] and surface-acoustic-wave (SAW) injected Cu
film [30,31]. We have found that the amplitude of the J|
generated in a surface-oxidized Cu film is quantitatively
consistent with the value obtained analytically by account-
ing for the distribution of the electrical mobility in a
surface-oxidize Cu film. Conversely, when a J; is applied
parallel to the direction along which the electrical mobility
varies, there is no vorticity owing to an electron flow caused
by an external field. Consequently, the inverse conversion
cannot occur.

In the present work, we have examined the reciprocity
of J, generation for the four bilayers NiFe(5)/Pt(10),
Pt(10)/NiFe(5), NiFe(5)/Cu*(10), and Cu(10)/NiFe(5).
Here, Cu* denotes surface-oxidized Cu, and all film
thicknesses (given in parentheses above) are in nanometers.
From the transmission electron microscopy of NiFe/Cu*,
we confirmed that the oxidization was stopped approx-
imately at 6 nm from the surface [32]. Namely, 4-nm-thick
Cu remains nonoxidized in Cu*. All bilayers were patterned
in the shapes of Hall bars, each with a nominal length
[ =20 ym and width of w =8 um. We deposited a
coplanar waveguide (CPW) consisting of Ti(5)/Au(100)
on each of the bilayer samples, with an insulating SiO,(70)
layer deposited between the bilayer and the CPW for
electrical insulation. To oxidize the top surface of the Cu
film, we exposed the NiFe/Cu bilayer to air at room
temperature for 40 h before depositing the SiO,. In this
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FIG. 1. (a) The experimental setup for the J. = J; conversion
study. We measured the first- and second-harmonic components
of the longitudinal electrical resistance (R.¥ and R2?) using the
lock-in technique. (b) The experimental setup for the J, = J.
conversion experiment. By applying microwaves, we excited a
ferromagnetic resonance (FMR) in the NiFe layer. A dc J; is
subsequently injected into the adjacent Pt or Cu* via the SP effect.
If the Pt or Cu* possesses a large SOI, a voltage due to the inverse
SHE occurs in the y direction.

work, we have examined the mutual conversions of the two
bilayer samples, i.e., J. = J; and J; = J.. Figure 1(a)
shows a schematic illustration of the experimental setup we
used to measure J, = J, conversion. To characterize the
magnetic and electrical properties of the bilayers, we
performed second-harmonic measurements of both the
longitudinal resistance R2? and the transverse resistance
R%ﬁ’ as functions of the in-plane magnetic field, while
applying an alternating current at the frequency w/2z =
137 Hz to the bilayer. We applied external magnetic fields
in the range from —300 to 4300 mT at an in-plane angle ¢
from the x axis. The quantity R2% contains resistance that
arises from spin accumulation at the interface of each
bilayer. The conversion efficiencies from J. to J; for Pt,
Cu*, and Cu, 65, , 05, ; , and 65", , , respectively, can
be evaluated from R2?, as we explain later. Figure 1(b)
shows the schematic experimental setup for measuring the
inverse conversion from J; to J.. We applied microwaves
of power 20 dBm in the frequency range from 4 to 12 GHz
to the CPW, and we applied an external magnetic field
along the x axis. When the external magnetic field matched
a ferromagnetic resonance (FMR) field of the NiFe, a FMR
was excited in the NiFe layers, and the consequent J,; was
injected into the adjacent nonmagnetic (NM) layer. If a
sufficiently large SOI exists in the NM layer, the injected J
is converted into J., which produces a Hall voltage across
the bilayers. In this experiment, we evaluated Hgf_é I
05, , and 65", from the Hall voltage. All measure-
ments were carried out at room temperature.

We measured the unidirectional spin-Hall magnetoresist-
ance (USMR) to evaluate 67'_, ; , 65", , and 65", . The
USMR is the magnetoresistance arising from the spin
accumulation generated via the SHE at the interface of a
bilayer consisting of a ferromagnetic and a nonmagnetic
metallic thin film [44—48]. The USMR exhibits a nonlinear
dependence of the electrical resistance on the current
amplitude, which leads to unique unidirectional properties.

Zhang et al. predicted theoretically that the nonlinear
magnetoresistance can be attributed to spin-dependent
interfacial scattering of electrons caused by the spin
accumulation at the interface between the ferromagnetic
and nonmagnetic films [46]. Owing to the USMR property
that the electrical resistance exhibits a first-order variation
with respect to the conversion efficiency 6, _,; [46],
we can evaluate 6; _,; from the slope of the USMR
as a function of the current. We also confirmed that a
similar value of 6, _,; could be obtained from ST-FMR
experiment [32].

Figures 2(a) and 2(b) show the values of R2? measured
for NiFe/Pt and NiFe/Cu*, respectively, while sweeping
poH, from =300 to +300 mT. In both cases, the absolute
value of R2? becomes constant when the magnetization
saturates in the y direction, although the sign of the
saturated value of R2? depends on the magnetization
direction. In the NiFe/Pt bilayer, rapid increases in |R2%
appear when |uoH,| is smaller than 30 mT, which we
attribute to the appearance of multidomain structure [44].

There are two possible reasons for this change in R2:
(1) the USMR and (2) the anomalous Nernst effect (ANE).
Spin accumulation at the FM-NM interface leads to a
change in R2? due to the USMR, for which the amplitude
depends linearly on the amount of J; produced in the NM
layer. When a dc J, is applied along the x axis of the
NiFe/Pt bilayer, a J is generated in the thickness direction
(i.e., along the z axis) with its spin polarized along the
y axis. In this case, the resistance of the NiFe/Pt varies
with the magnetization direction of the NiFe: parallel
or antiparallel to the injected spin. In consequence, a
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FIG. 2. R2? for (a) the NiFe/Pt and (b) NiFe/Cu* bilayers.

Here, R2? denote the 2w components of the longitudinal
resistance. The vertical arrows in panels (a) and (b) represent
the scale of USMR combined with ANE; see text for details. The

J. dependence of Ri"’ for (c) Pt and (d) Cu bilayers, as

*(USMR)
measured at ¢ = (z/2). Here, Ri::(USMR) = R — Rii?( ang)- The

slope of the J,. dependence of Ri;;’(USMR) gives 952 _s, in (c) and
05y, and 052, in (@),
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second-harmonic component of the resistance appears. The
ANE also leads to a change in the second-harmonic
resistance (Ri;’( ANE)) [44,49]. If the electrical conductivity

is widely distributed through the bilayer, a gradient of the
Joule heating (VT) appears along the z axis, and a
consequent voltage drop due to the ANE is produced in
the direction perpendicular to both the magnetization M

and VT; consequently, Rij‘c’( ANE) also has a sin ¢ depend-
20

ence, which is the same as that of R”(USMR)
drop due to the ANE can be evaluated separately by
measuring the second-harmonic component of the trans-
verse resistance (R,%;’) [42,49]. Taking account of the
influence of the ANE on the second-harmonic component
of the resistance, we obtain the following values of

. The voltage

Riusvr) when ¢ =m/2: Ritiysur) = 4R for
NiFe/Pt and Ri‘;}USMR) = 0.81R2¢ for NiFe/Cu*.

To determine the magnitudes of ¢5'_,; and 65, ; from

these values of Rﬁ;’<USMR), we measured the J,. dependence
of R*>”

“vuswr)- The plots in Fig. 2(c) show R smr) for the

NiFe/Pt and Pt/NiFe bilayers, as a function of J,.. The spin
accumulation at the interface depends linearly on J,,
because the J, produced via SHE is proportional to
J.. In consequence, Rij‘c’(USMR) increases linearly with J,.
Figure 2(d) shows the J,. dependence of Ri;’<USMR) for the
NiFe/Cu* and Cu/NiFe bilayers. The value of Ri;’(USMm
for NiFe/Cu* increases linearly with J., while for Cu/NiFe

Riﬁ’(USMR) is negligibly small. The result clearly indicates

that the Cu* can generate J.
We evaluated the magnitudes of ¢5'_,, 65, , and

Cu 2w : o :
;" from the R Yusmr)- The conversion efficiencies can

be evaluated from the slopes of Figs. 2(c) and 2(d) [32]. In
this way, we finally obtain 67", ; ~0.064, 65, ~ 0.032,
and 65", ~0.0035. Note that 67", and 65", are the
same order of magnitude. The relative amplitude of the
conversion efficiency for Cu* is similar to that found in
the previous study by An et al., although they measured the
spin-torque FMR (ST-FMR) at a frequency of a few GHz to
obtain the ac rather than the dc J; generation [27].

Next, we show experimental evidence that it is hard for
the Cu* film to produce J,. from J,. The inverse conversion
from the dc J, generated by the spin-pumping (SP) effect
[50-53] to the dc J,. can be evaluated using the inverse SHE
in the same NiFe/Cu* bilayer. Spin accumulates at the
interface of the bilayer due to the excitation of a FMR in the
NiFe film and J; is subsequently injected into the adjacent
Cu film. A dc voltage due to the inverse SHE is observed
if the SOI of the Cu* film is sufficiently large. In this
measurement, a dc J; with spin polarization along the x
axis was converted into J,., producing a Hall voltage V,
along the y axis. The polarity of the voltage drop due to the
inverse SHE is expected to be identical between Pt and Cu*,
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FIG. 3. Dependence of V, on pugH, for (a) NiFe/Pt,

(b) NiFe/Cu*, and (c) Cu/NiFe, as measured by applying
microwaves. Clear Lorentz spectra are obtained at each frequency
in (a), while (b),(c) show negligibly small Lorentz spectra. The ¢
dependence of the Lorentzian component of V in (d) NiFe/Pt,
(e) NiFe/Cu*, and (f) Cu/NiFe bilayers at a frequency of 6 GHz.

because the conversion efficiencies from J,. to J; measured
using the USMR are positive for both Pt and Cu*. Note that
in order to exclude scatter due to variations among the
samples, we used identical samples to measure the USMR
and the inverse SHE.

Figures 3(a)-3(c) show the dependence of V, on poH,.
We obtained spectra with amplitudes of only a few micro-
volts for (b) NiFe/Cu* and (c) Cu/NiFe, a much smaller
magnitude than for (a) NiFe/Pt. Note that the spectrum of
V, includes both Lorentzian and anti-Lorentzian compo-
nents, which are generally due to the inverse SHE and the
magnetogalvanic effects, respectively. For NiFe/Pt, the
Lorentzian peaks appeared clearly at each frequency.
Figures 3(d)-3(f) show the ¢ dependences of the
Lorentzian components of the V, spectra measured at
6 GHz, where the rectification signal is minimized [32],
for the NiFe/Pt, NiFe/Cu* and Cu/NiFe bilayers, respec-
tively. The inverse SHE voltage is known to be proportional
to cos’ ¢ [54]. Indeed, as indicated by the broken line in
Fig. 3(d), the amplitude of the Lorentzian component in the
V, spectrum does exhibit a cos? ¢ variation. Conversely, for
NiFe/Cu* and Cu/NiFe, the amplitude of the Lorentzian
component is negligibly small, and a frequency-dependent
anti-Lorentzian component appears in the V, spectra.

The relationship between 6, _,; and the converted
inverse SHE voltage V, is given by

dNM 2e .
Vy = wpb,_, Ay tanh <2 /le) (ﬁ) M ()

where w is the width and p is the electric resistivity of the
bilayer, Axy is the spin diffusion length and dyy is the
thickness of the NM layers, 7 is Planck’s constant, e is

217701-3



PHYSICAL REVIEW LETTERS 122, 217701 (2019)

the electron charge, and j¥M is the spin current density
at the interfaces of each bilayer with NM = Pt, Cu* and Cu.
The amplitude of j, at the NiFe/Pt interface can be
evaluated from V, for NiFe/Pt, because it is known that
the charge-to-spin conversion via SOI in Pt is reciprocal,
ie, 0, =05, [11].Itis noted that the amplitude of

J 1s proportional to a real part of mixing conductance gil,

which can be evaluated from a FMR linewidth [55,56].
From the FMR experiments [32], gil for NiFe/Pt,
NiFe/Cu*, and Cu/NiFe interfaces were evaluated as
2.02+028x 10 m2, 0.26+0.07 x 10" m2, and
0.21 £ 0.06 x 10" m~2, respectively. We can, therefore,
estimate j$* and j$" from the ;%' Finally, from V, for
NiFe/Cu* and Cu/NiFe, 65, ; and 65", can be evalu-
ated at 0.0040 and 0.0039, respectively. Circles and squares
in Fig. 4(a) are 0; _,; and 0, _,; values, respectively,
evaluated for Cu* and Cu. As shown in Fig. 4(a), 65", is

much larger than 65", , although 65, and 67", are
similar to the spin Hall angle reported for Cu film [56]. The
result suggests that there is another nonreciprocal charge-
to-spin conversion mechanism in addition to the SOI of Cu
film. The nonreciprocity of the additional charge-to-spin

conversion in Cu* defined by

9Cu* _ 9Cu
L = A s
nonreciprocity = —=-- 2o (2)
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FIG. 4. (a) Direct and inverse charge-to-spin conversion effi-
ciencies evaluated for NiFe/Cu* and Cu/NiFe. Schematic
illustrations of the conversion from J. to J; in (b) Pt and
(c) Cu*, and the inverse conversion from J, to J, in (d) Pt
and (e) Cu*. The drift velocity of electrons is denoted as v. The
circular arrows in (c) represent the vorticity of electric current,
®(z) =V x v(z), produced in the surface-oxidized Cu film,
which is caused by the gradient of the electrical mobility along
the z axis. The dark shading in (c) and (e) represents the spatially
varying oxidization of the Cu. The black sphere in (b) and
(d) represents a scattering center, which produces spin-dependent
scattering due to the SOL In (e), J, to J,. conversion does not
occur because of the absence of vorticity.

is as large as 320 which cannot be explained by conven-
tional charge-to-spin conversion theories based on SOL

In this Letter, we have demonstrated dc J; generation in
surface-oxidized Cu by utilizing the USMR. An et al. have
proposed that the J; generation is attributable to the bulk
SHE, because the Rashba coefficient obtained from their
experiment is much larger than the highest values reported
for metals [27]. Indeed, recent experimental results
show that the SOI for Cu* is as large as that of Au and
only about 4 times smaller than that for Pt [57]. However,
the experimental results shown in Fig. 4(a) suggest that the
J, generated in the Cu* is not in accordance with the
reciprocal SHE but requires a nonreciprocal mechanism.
Moreover, we observed a nontrivial dependence of the
USMR in NiFe/Cu* on an air exposure time which also
supported that a novel mechanism of the nonreciprocal J
generation existed in Cu* [32].

One possible mechanism for the nonreciprocity of the J
generation is spin-vorticity coupling (SVC), which enables
the conversion of a macroscopic angular momentum due
to mechanical rotation into a microscopic spin angular
momentum [29,30]. In particular, the mechanical rotation
of a solid or fluid can be a source of spin accumulation.
Indeed, J, generation via SVC has been demonstrated
using turbulence in liquid Hg [28] and using a Rayleigh-
type surface acoustic wave in a Cu film [31]. In these
systems, a vorticity field caused by a lattice motion acts on
electron spins as an effective magnetic field [29,30], and
leads to the J,. to J, conversion along the gradient of the
vorticity via SVC. Similarly, the vorticity gradient is
induced in the Cu*, where a large gradient of the electrical
mobility exists in the thickness direction. This is because
the nonuniform mobility induces the spatially nonuniform
distribution of the drift velocity of the conduction electrons
as shown in Fig. 4(c). Thus, J.. is converted into J along
the vorticity gradient via SVC. On the contrary, when J| is
injected into the oxidized Cu parallel to the gradient of the
electrical conductance, the vorticity gradient is not gen-
erated because J, is not accompanied by net drift velocity
as shown in Fig. 4(e). Consequently, J; cannot be converted
into J,.

We can estimate the magnitude of the J, generated by
angular-momentum transfer from the vorticity of the
electron flow. Our model consists of two different materials
with mobilities uc, and pc,.o [32]. The transition region,
where the electron mobility gradually varies over the length
2L, is taken to be due to atomic interdiffusion between
Cu and O atoms. We simply assume that the electrical
mobility changes smoothly along the thickness direction as

#(z) # [(Hcu — Hewo)/2)[1 — tanh (z/L)]. Then, 65, —
05", is given by

* l2
o5, — 65, ~0.051 o (3)
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where [ is the electron mean free path in Cu, and we assume
that Cu-O(z >4 nm+ 2L) can be treated as an ideal
insulator [32]. From the scanning transmission electron
microscopy image of the cross section of the Cu* film, we
identified 2L to be less than 6 nm [32]. Using L = 3 nm
and [ = 4.6 nm, evaluated from the relative electron
conductivity of 10-nm-thick Cu*, we obtained 65, —

H?{“:} 7, 2 0.12, which is 4 times larger than the experiment.
The overestimation is attributed to the fact that an electron
mean free path at the transition region of oxide which plays
an important role in J; generation is shorter than the value
evaluated from the averaged conductivity of Cu*.

In summary, we have demonstrated the nonreciprocal
spin current generation as large as 320 in surface-oxidized
Cu by using the USMR and SP. In the USMR experiment,
surface-oxidized Cu generated finite J as large as that of
Pt, while in the SP experiment, no spin to charge con-
version was observed. One possible mechanism for the
nonreciprocity is SVC, which originates in the vorticity
gradient of electron flow in surface-oxidized Cu. From the
viewpoint of applications, J; generation via angular-
momentum transfer from the vorticity of electron flow in
an electrical-mobility-modulated film increases the free-
dom of material design for spintronics devices, because
neither ferromagnets nor large SOI materials are necessary
for a J, generation.
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