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Unidirectional magnetoresistance (UMR) has garnered extensive attention for its rich physics and
potential applications. The prevailing belief is that indispensable ferromagnetic films serve as scatter-
ing sources of polarized electrons or that noncentrosymmetric systems cause spin band splitting, driving
most research toward ferromagnet/normal-metal bilayer films or nonmagnetic Rashba systems. However,
our observations reveal a significant UMR in bilayer films consisting solely of the oxidized light metal
Al/Cu. Remarkably, the UMR signal of 0.073% is approximately one order of magnitude larger than that
of most structures. Such a UMR is attributed to the dual functionality of copper oxide, which not only
generates polarized electrons—a recognized function—but also scatters these electrons in a weak mag-
netization manner. Our findings provide a fresh strategy to generate the UMR, facilitating its application
through the use of more readily available materials.

DOI: 10.1103/PhysRevApplied.21.044020

I. INTRODUCTION

Unidirectional magnetoresistance (UMR) has sparked a
surge of interest in probing spin states by two-terminal
planar devices that are simpler than the three-terminal
geometry of magnetic tunnel junctions [1–3] and preparing
rectification and logic devices [4–6] due to its unidirec-
tional nature. In common magnetoresistance effects like
anisotropic magnetoresistance [7] and spin Hall magne-
toresistance (SMR) [8,9], the resistance remains invariant
regardless of flipping upside down in the current density
J or magnetization M direction. Conversely, the sign of
UMR varies in response to the J or M direction flip-
ping, signifying a unidirectional or nonreciprocal feature
[1–3,10–23].

The emergence of UMR can originate from spin-
dependent scattering, magnon excitation [2,20,21], and the
spin-orbit torque (SOT) effect [3,11,17,19,24]. Thus gen-
erating a large spin current by strong spin-orbit coupling
(SOC) materials is considered as an essential factor. This
fact has led, in the past few years, to extensive efforts
having been made in heavy-metal/ferromagnet (HM/FM)
bilayer films [1–3,10–13,25,26]. Meanwhile, UMR is also
attributed to the modulation of Rashba-type spin band
splitting by an applied magnetic field [4,5,27–30]. As a
result, nonmagnetic noncentrosymmetric Rashba systems
with a large Rashba SOC have also been extensively
studied, examples of which include polar semiconductors
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[4,28] and interface/surface Rashba systems [30]. Within
the origin of UMR, the necessity for strong SOC limits the
kinds of suitable materials in two-terminal devices.

Recently, UMR has been observed in naturally oxidized
light-metal copper/ferromagnet (CuOx/FM) bilayer films,
even in the presence of negligible SOC. In addition to the
common thermoelectric effect [31–39], two different mech-
anisms have been proposed to elucidate this occurrence
[31,32]. Okano et al. demonstrate the spin-dependent scat-
tering leading to UMR, as depicted in Fig. 1(a), where the
spin current is generated by spin-vorticity coupling due
to a strong gradient of electrical mobility in CuOx [31].
Alternatively, Ding et al. attribute the UMR to orbital-
dependent electron scattering and orbital-spin conversion,
as illustrated in Fig. 1(b), called orbital UMR, where the
orbital current is driven by the orbital Rashba-Edelstein
effect [32]. In both proposed mechanisms, an essential
adjacent FM (either Co or FeNi) serves as the scattering
source or absorber of polarized electrons, while CuOx acts
solely as the generator of polarized current.

Similarly, CuOx with the same function has also
been extensively utilized in recent orbital torque stud-
ies [40–47]. However, magnetic measurements on nat-
urally oxidized 3-nm-thick copper, as well as anoma-
lous Hall resistance on naturally oxidized Al/Cu bilayer
films, have revealed that CuOx itself possesses a
weak magnetic moment [48,49]. This discovery has
prompted a fresh question in physics: Can CuOx effec-
tively serve a dual functionality—providing polarized
angular momentum while also scattering this angular
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FIG. 1. Illustration of spin-dependent UMR (a) and orbital-
dependent UMR (b). Black arrows and blue arrows with circles
represent the spin current generated by the bulk of CuOx and
the orbital current generated by the CuOx/FM interface, respec-
tively. The green arrows indicate the magnetic moment of the
FM. Finally, CFM denotes the SOC of the FM, transforming
orbital currents into spin currents.

momentum—thus potentially imitating the UMR effect?
The absence of experiment may hinder our advancement
in understanding and harnessing the UMR effect.

In this paper, we achieve the UMR effect by constructing
naturally oxidized light-metal Al/Cu bilayer films without
an adjacent designed FM such as FeNi or Co. We found
that the UMR ratio of 0.073% is one order of magnitude
larger than that of CuOx/FM bilayer films. The tempera-
ture dependence of UMR signals in oxidized Al/Cu bilayer
and contrasting Al/Cu/Co trilayer films indicates magnet-
ically correlated scattering and excludes the contribution
of structural inversion asymmetry with Rashba SOC. We
attribute the UMR to the dual functionality of copper
oxide. On the one hand, it yields polarized electrons, while,
on the other hand, it possesses a weak magnetic moment.
It results in interfacial scattering occurring between the
polarized electrons and the magnetic moment.

II. EXPERIMENT

The Al/Cu bilayer and Al/Cu/Co trilayer films were
grown on Si substrates by a molecular beam epitaxy
(MBE) system with a base pressure of 10−10 mbar. In these
heterostructures, the thicknesses of both the Al and Cu
films were systematically varied in order to tune the depth
of the copper oxides and reduce the shunting in the cop-
per. Hall bar devices with a width of 10 µm and maximum
aspect ratio of ∼8 were patterned by photolithography and
liftoff. The devices were stored in air for 5 days to naturally
oxidize before the transport measurements (detailed sam-
ple fabrication and oxidation characterization are as shown
in Ref. [49]).

To measure the UMR, we used the technique of second-
harmonic longitudinal and transverse voltage at different
temperatures, where an in-plane alternating current with
frequency ω = 133 Hz was applied. The spin-torque ferro-
magnetic resonance (ST-FMR) measurements were carried

(d)

(b)

(c)

(a)

FIG. 2. (a) Schematic diagram of the R1ω
xx and R2ω

xx measure-
ment geometry. (b) Dependence of magnetic field H on the
magnitude of the first-harmonic longitudinal resistance �R1ω

xx =
R1ω

xx (H) − R1ω
xx (H=0) in Al(3 nm)/Cu(1.6 nm) heterostructures

recorded under different current densities. (c) The second-
harmonic longitudinal resistance R2ω

xx as a function of H . The
solid lines in (b) and (c) represent the fitting results using R1ω

xx =
bH n and R2ω

xx = cH + dH 3, respectively, where b, c, and d are
undetermined parameters. (d) Linear fit of the current-density
dependence on the magnitude of the second-harmonic resistance
[�R2ω

xx = |(R2ω
xx (H , j ) − R2ω

xx (−H , j ))|/2].

out by injecting a 30 dBm microwave current of 8–12 GHz,
at an angle of 45◦ with the magnetic field direction, into the
oxidized Al/Cu/Co trilayer films.

III. UMR CHARACTERIZATION

In the UMR measurement, an alternating current was
applied along the x axis of the Hall bar, while a scanning
magnetic field, reaching up to 90 kOe along the y axis, was
employed as shown in Fig. 2(a). The results of the first-
and second-harmonic longitudinal resistances are shown
in Figs. 2(b) and 2(c), respectively. The magnitude of the
first-harmonic longitudinal resistance �R1ω

xx remains unaf-
fected by the current density, whereas the second-harmonic
longitudinal resistance R2ω

xx exhibits a notable dependence
on the current density. Figure 2(d) shows the linear fitting
results for �R2ω

xx at an example magnetic field of 90 kOe
(red line). This behavior aligns with that of the known
UMR in ferromagnet/normal-metal (FM/NM) bilayer films
[3,11,12].

By subjecting R1ω
xx and R2ω

xx data to a fitting analysis
against the magnetic field H , we discerned that, in oxi-
dized Al/Cu, �R1ω

xx follows a power-law relation of the
form bH n, consistent with the classical magnetoresistance
described by Kohler’s rule [50]. In contrast, R2ω

xx exhibits
a dependence on cH + dH 3, a pattern that aligns with the
responsiveness of the magnetic moment to the applied H
[Appendix A, Fig. 5(a)]. This behavior stands in contrast to
what is typically observed in HM/FM bilayer films, where
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FIG. 3. (a)–(c) Geometries of the measurements and definitions of rotation planes. (d)–(f) The angular dependence of the second-
harmonic longitudinal R2ω

xx and transverse R2ω
xy resistance measured in the (d) ϕ, (e) γ , and (f) β rotation planes with a current density

of j = 3.75 × 107 A/cm2 at 300 K. (g)–(i) Plots showing ϕ scans of R2ω
xx at (g) 300 K, (h) 230 K, and (i) 100 K. (j) Plot of �R2ω

xx as
a function of the temperature measured at H = 90 kOe and j = 1.25 × 107 A/cm2. The inset displays the temperature dependence of
the resistivity ρxx and anomalous Hall resistance RAH for the Al(3 nm)/Cu(1.6 nm) bilayer films.

R2ω
xx manifests a dependence on H−p in a multidomain state

and remains independent of H in a single-domain state [2].
Furthermore, the angular dependence of UMR was stud-

ied by rotating the direction of the applied magnetic field
H in the xy plane (ϕ scan), the zx plane (γ scan), and the
zy plane (β scan). Schematic illustrations of the measure-
ment configurations for angular dependence are shown in
Figs. 3(a)–3(c) with H set to 90 kOe. As shown in Figs.
3(d)–3(f), R2ω

xx follows sin ϕ and sin β functions in the ϕ

and β scans at a current density of j = 3.75 × 107 A/cm2

and a temperature of 300 K. However, R2ω
xx is zero in the γ

scan.
Such a symmetry of sin ϕ (sin β) is consistent with UMR

observed in HM/FM and CuOx/FM bilayer films, which is
commonly attributed to spin- and orbital-dependent scat-
tering, spin-flipping UMR (SF-UMR), thermal effects, and
SOT. The SF-UMR originates from the generation and
annihilation of magnons. Its characteristic feature is a
sharp increase in UMR with a small incremental rise at low
magnetic field [2]. On the other hand, the SOT effect stems
from the manipulation of the magnetic moment of FM by

an equivalent magnetic field generated by the spin current.
This effect is characterized by a decrease in UMR value
as the magnetic field increases. In oxidized Al/Cu bilayer
films, the SF-UMR and SOT effects are absent due to the
slow increase of UMR with the magnetic field across the
entire field range in Fig. 2(c). In the following, we discuss
whether spin- and orbital-dependent scattering and ther-
mal effects occur in oxidized Al/Cu bilayer films without
an artificially designed FM.

IV. THERMAL EFFECTS

Related thermoelectric effects, including the anoma-
lous (normal) Nernst effect [33,36–38] and spin Seebeck
effect [39], are analyzed, which exhibit similar angular
dependence as observed for R2ω. Typically, temperature
gradients are created due to the inhomogeneity of the resis-
tivity such as two heterojunctions with different resistiv-
ities. Assuming a sample with vertical thermal gradients,
the longitudinal and transverse magnetoresistances can be
expressed as follows: R2ω

xx = α∇TzIlM (H) sin β sin ϕ and
R2ω

xy = α∇TzIwM (H) sin γ cos ϕ. Here l and w denote the
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length and width of the Hall bar, respectively, and I , M and
α are the magnitudes of the charge current, magnetization,
and a constant, respectively. These equations explicitly
convey that the ratios of R2ω

xx and R2ω
xy are contingent upon

the proportions of the Hall bar’s length and width.
Experimental measurements of R2ω

xy , as shown in Figs.
3(d)–3(f), evince a symmetry of sin γ cos ϕ, aligning with
the theoretical formulation for the thermal effect. The
aspect ratio of the Hall bar (l/w = 80 µm/10 µm = 8)
surpasses the magnitude of the ratio

R2ω
xx (H = 90 kOe, j = 3.75 × 107 A/cm2, ϕ = 90◦)

R2ω
xy (H = 90 kOe, j = 3.75 × 107 A/cm2, ϕ = 0◦)

in Fig. 3(d), approximately 1.67. This suggests that the
UMR exhibits a sign opposite to that of thermal resis-
tance, a phenomenon similar to that reported in thin CoPt
films with a positive Co gradient [13], thin CoCr/Pt bilayer
films [2], and monocrystalline Fe/Pt bilayer films [16].
Consequently, although thermal effects exert an influence,
they are not the primary determinant; rather, other concur-
rent factors contribute significantly to the observed UMR
effect.

After taking into account the thermal effect and the
shunting effect (see Appendix B), we obtain a large ratio
RUMR

xx /RAlOx/CuOx+CuOx of 0.073% in oxidized Al(3 nm)/
Cu(1.6 nm) bilayer films, where

RUMR
xx = R2ω

xx (H = 90 kOe, j = 3.75 × 107 A/cm2, ϕ = 90◦)

− 8R2ω
xy (H = 90 kOe, j

= 3.75 × 107 A/cm2, ϕ = 0◦)

and RAlOx/CuOx+CuOx is the combined resistance of the
CuOx layer and the AlOx/CuOx interface in oxidized
Al(3 nm)/Cu(1.6 nm) bilayer films at zero magnetic field.
Notably, at a comparable current density as shown in
Table I, this ratio is one order of magnitude larger than
what has been reported previously for oxidized light-
metal/FM including CuOx/FeNi [31] and CuOx/Co [32],
HM/FM containing W/Co [10], Pt/Co [15], and Ta/Co
[24], HM/antiferromagnet of Pt/Fe2O3 [51] and Pt/FeRh
[52] bilayer films, and single FM films such as CoFeB
and FeNi [17]. It is found that the greater UMR effect in
topological insulator heterojunctions is limited to low tem-
peratures, which is unfavorable for applications [53,54].
Note that, in comparison to the observed UMR effect in
W/CoFeB bilayer films (0.36%) [18], the oxidized Al/Cu
heterostructure, devoid of heavy metals, presents a more
straightforward sample configuration relying on conven-
tional elemental constituents. This renders it better suited
for practical applications.

(a)

(c) (d)

(b)

2
2

FIG. 4. (a) Field dependence of R2ω
xx for Al(3 nm)/Cu(1.6 nm)/

Co(3 nm) trilayer films at different temperatures. The applied
H is parallel to the y axis and the current density is 1.74 ×
107 A/cm2. (b) Detail of R2ω

xx in the low-magnetic-field region in
panel (a). (c),(d) The UMR as a function of the thickness of the
Al (c) and Cu (d) layers at a temperature of 300 K and a magnetic
field of 90 kOe. The inset in panel (d) shows the Cu thickness
dependence of the ratio of the second to the first harmonic in the
ϕ scan at 300 K.

V. TEMPERATURE-DEPENDENT INTERFACIAL
SCATTERING

Spin- and orbital-dependent scattering modulated the
interface resistance between the FM and NM due to the
accumulation of polarized electrons, which depends on
their polarization orientation relative to magnetization.
In this scenario, the accumulation of polarized electrons
and magnetic moments are identified as crucial factors.
Given that the magnetic moment of CuOx in oxidized
Al/Cu bilayer films exhibits significant temperature depen-
dence [Fig. 5(b) in Appendix A], it suggests that the
UMR effect in oxidized Al/Cu bilayer films will be an
interfacial phenomenon with a pronounced temperature
sensitivity.

To validate this analysis, UMR measurements were
conducted at different temperatures for an oxidized
Al(3 nm)/Cu(1.6 nm) sample, employing a magnetic field
of 90 kOe and a current density of j = 1.25 × 107 A/cm2.
As depicted in Figs. 3(g)–3(i), reducing the temperature
from 300 to 200 K results in a 36-fold decrease in R2ω

xx .
Further lowering the temperature to 100 K leads to a com-
plete suppression of R2ω

xx . Figure 3(j) portrays the variation
of �R2ω

xx with temperature. The pivotal point around 200
K aligns with the onset of the anomalous Hall effect, the
resistivity kink (as shown in the inset), and the zero-field
cooling to field cooled bifurcation point in Fig. 5(b). This
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TABLE I. Comparison of the UMR magnitude for various material systems (RT = room temperature).

Sample J Resistance UMR
structures (A/cm2) Conditions (	) ratio (%) Reference

AlOx/(CuOx+Cu) 3.75 × 107 90 kOe, 300 K 1695 0.073 This work
CuOx/FeNi 2.5 × 106 0.5 kOe, RT · · · 0.00007 [31]
CuOx/Co 4.0 × 107 5 kOe, RT 120 0.0031 [32]
W/Co 1.0 × 107 17 kOe, RT 570 0.0025 [24]
Pt/Co 1.0 × 107 10 kOe, RT 176 0.0007 [15]
Ta/Co 1.0 × 107 10 kOe, RT 574 0.004 [24]
W/CoFeB 1.67 × 107 0.6 kOe, RT · · · 0.36 [18]
CoFeB 1.0 × 107 0.1 kOe, RT 2167 0.00368 [17]
FeNi 1.0 × 107 0.1 kOe, RT 639 0.00391 [17]
Fe2O3/Pt 1.0 × 1010 50 kOe, RT 110 0.026 [51]
FeRh/Pt 1.4 × 107 120 kOe, 10 K 200 0.009 [52]
GaMnAs/BiSb 1.5 × 106 0.2 kOe, 30 K 6750 1.1 [53]
CBST/BST 5.0 × 103 0.7 kOe, 4 K 14 000 0.41 [54]

underscores the direct correlation between the emergence
of UMR and the magnetic characteristics of CuOx.

To establish that the pronounced temperature sensitivity
of the UMR is independent of changes in polarized elec-
trons, we conducted a comprehensive measurement of its
temperature dependence by combining the UMR and SOT
effects. We grew a similar Al(3 nm)/Cu(1.6 nm)/Co(3 nm)
heterostructure using MBE and allowed it to oxidize nat-
urally in air. Subsequently, we measured its UMR effect
at various temperatures. The data present two discernible
features, as depicted in Fig. 4(a).

Above 50 Oe, R2ω
xx is dominated by a constant term that

is independent of H at 100 and 230 K, while increasing to
near saturation as the magnetic field increases to 90 kOe at
300 K. The increasing R2ω

xx in high magnetic field originates
from the oxidized Al(3 nm)/Cu(1.6 nm) interface in oxi-
dized Al(3 nm)/Cu(1.6 nm)/Co(3 nm) trilayer films, which
is consistent with the results of Al(3 nm)/Cu(1.6 nm)
bilayer films. The observed �R2ω

xx (21.53 m	) in oxidized
Al(3 nm)/Cu(1.6 nm)/Co(3 nm) trilayer films is one-sixth
of that in oxidized Al(3 nm)/Cu(1.6 nm) bilayer films
(130.83 m	) at j = 1.74 × 107 A/cm2 and H = 90 kOe.
This significant reduction is attributed to the synergy of
the primary shunting effect in the Co layers and the non-
negligible contribution from the CuOx/Co structure (see
Appendix B).

Below 50 Oe, on the other hand, R2ω
xx experiences

abrupt increments, reaching a plateau, in conjunction with
the saturation of the magnetic moment of the Co layers
[Appendix A, Fig. 5(c)] at all temperatures, as shown in
Fig. 4(b). This conforms to previously reported unidirec-
tional orbital magnetoresistance in oxidized Cu/Co bilayer
films [32], where �R2ω

xx /jR1ω
Co ≈ 1.25 × 10−17 A−1 m2.

This value closely aligns with the obtained value of 1.81 ×
10−17 A−1 m2 in our bilayer films. The persistence of the
UMR effect below 50 Oe, even as temperatures decrease to

100 K, suggests that the generation of polarized electrons
remains intact.

Furthermore, we conducted quantitative measurement
of the efficiency of generating polarized electrons by using
the ST-FMR technique (Appendix C). Figure 7(f) shows
an enhancement in efficiency below 200 K, signifying
an increase in polarized electrons as the temperature is
reduced from 200 to 100 K. The increasing efficiency
is consistent with that in oxidized Cu/Ni81Fe19 bilayer
films [55]. These results provide compelling evidence that
polarized electrons are not the underlying cause of the
disappearance of UMR below 200 K in oxidized Al/Cu
bilayer films. Conversely, it can result from the occurrence
of the new mechanisms due to antiferromagnetic order of
CuOx, which may necessitate further investigation. Alter-
natively, we also noted that, at 220 K, fluctuation of the
magnetization does not lead to a significant enhancement
of the UMR because of the relatively small spin Hall angle
at this temperature.

Conventionally, the temperature-dependent UMR can
also originate from cooperative interaction between
Rashba spin-orbit interaction due to broken inversion sym-
metry and further breaking time inversion symmetry via
applying a magnetic field H [4–6,27–30]. In our samples,
Rashba SOC can be negligible by previous investigations
on SOT in Al2O3/Cu/FM trilayer and CuOx/FM bilayer
films. Instead, there are two possible ways to generate a
polarized current. One is orbital current originating from
the orbital Rashba-Edelstein effect at the oxidized Al/Cu
interface, and the other is spin current resulting from the
copper oxide’s own mobility gradient [31,32,42]. Addi-
tionally, this interaction can induce the UMR effect only on
the longitudinal side, while the resistance on the transverse
side was also observed in our experiments. More impor-
tantly, in the theoretical analysis, the magnitude of UMR
depends on the Rashba field λ, the position of the Fermi

044020-5



LIJUAN ZHAO et al. PHYS. REV. APPLIED 21, 044020 (2024)

(a) (b) (c)

FIG. 5. (a) The m vs H curve of the oxidized Al(2 nm)/Cu(4 nm) bilayer films in an in-plane H configuration on Si substrate.
(b) Temperature dependence of the zero-field cooling and field cooled magnetic moment mtot in an in-plane configuration. (c) The
hysteresis loop of the oxidized Al(3 nm)/Cu(1.6 nm)/Co(3 nm) trilayer films.

energy μ, and the relaxation time of the electrons τ in the
system [4,5,28,30]. We found that only a drastic change in
μ (moving from the first to the third region as the temper-
ature decreases) may cause the UMR to disappear [4,28].
According to the above experimental results, the polarized
electrons remain increasing below 200 K, suggesting that
μ is still in the first or second region. These facts indicate
that Rashba spin-orbit interaction is not responsible for the
origin of UMR in oxidized Al/Cu bilayer films.

The role of the interface was investigated by measuring
the dependence of the UMR on the thickness of the Al and
Cu layers. Figure 4(c) shows �R2ω

xx as a function of the Al
thickness measured at 300 K in oxidized Al(tAl nm)/Cu(4
nm) bilayer films, where the thickness of the copper layer
is kept at 4 nm to ensure that there is sufficiently thick
copper to be oxidized when the aluminum layer is set at
1 nm. The curves exhibit an initial sharp increase below
3 nm followed by a gradual decrease to zero as the Al
layer thickens. It was established in previous experiments
that Cu undergoes oxidation when the Al layer thickness is
below 8 nm [49]. Thus, the initial increase in UMR aligns
with the rise in conductance in CuOx.

Conversely, the signal attenuation in thicker Al sam-
ples is attributed to the reduction of CuOx. The consistent,
monotonic drop in the signal as the thickness of Cu films
increases indicates that conduction is predominantly gov-
erned by the low resistivity of Cu in Fig. 4(d), with almost
no proportion of the current experiencing scattering at
the AlOx/CuOx interfacial region. These findings lead to
the conclusion that the interface contribution is the dom-
inant factor in determining the UMR effect. According
to the above results, the scattering of the accumulated
polarized electrons with the magnetic moment of CuOx
at the AlOx/CuOx interfacial region is responsible for the
UMR effect, which was further confirmed by spin Hall
magnetoresistance measurements (Appendix D).

VI. CONCLUSIONS

In summary, we experimentally observe a large UMR in
naturally oxidized light-metal Al/Cu bilayer films even in

the absence of an artificial ferromagnetic layer. Through
the temperature and thickness dependence in oxidized
Al/Cu bilayer and contrasting Al/Cu/Co trilayer films,
the UMR mechanism of the interfacial scattering occur-
ring between the magnetic moment of CuOx and polar-
ized electrons at the AlOx/CuOx interfacial region was
determined. Our results demonstrate that the interfacial
magnetic moment may play a crucial role even in the
weak magnetization system to generate UMR. It will fur-
ther motivate the development of UMR, using interface
engineering.

ACKNOWLEDGMENTS

This work was supported by the National Natural Sci-
ence Foundation of China (Grant No. 12074157), Gansu
Key Research and Development Program under Grant No.
23YFGA0008, the 111 project (Grant No. B20063), and
the Fundamental Research Funds for the Central Universi-
ties (Grant No. lzujbky-2022-kb06).

APPENDIX A: MAGNETIC MEASUREMENTS

The magnetic properties of the oxidized Al(2 nm)/
Cu(4 nm) bilayer films were measured by a superconduct-
ing quantum interference device (SQUID). As shown in
Fig. 5(a), it is magnetically very weak, displaying no dis-
cernible saturated magnetic moment even at 70 kOe and
300 K. Additionally, the magnetic moment demonstrates
an upswing with decreasing temperature, as evidenced by
zero-field cooling (ZFC) and field cooled (FC) measure-
ments performed at 1 kOe, as shown in Fig. 5(b), which
is similar to the observation in small CuO nanoparticles
[56]. For the oxidized Al(2 nm)/Cu(4 nm) bilayer films,
the ZFC-FC curves manifest a bifurcation at approximately
220 K, signifying the emergence of long-range magnetic
order.

Given that the weak ferromagnetic response originated
from the CuOx layer, it is judicious to normalize the mag-
netization with respect to the surface area of the substrate
(5 × 4.5 mm2) instead of the volume of the CuOx film.
The weak ferromagnetism in oxidized Al(2 nm)/Cu(4 nm)
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bilayer films resembles recent findings on 3-nm-thick
naturally oxidized Cu thin films in Si/SiO2 substrate
[48]. Furthermore, we found that the ZFC-FC bifurca-
tion point coincides with the Néel temperature of the
CuO nanoscale particles, indicative of antiferromagnetic
couplings at lower temperatures [56].

In addition, the hysteresis loop was characterized in
Al(3 nm)/Cu(1.6 nm)/Co(3 nm) trilayer films as shown in
Fig. 5(c). It was observed that the magnetic moment of the
Co layer reached saturation at a magnetic field strength of
50 Oe. This indicates that the UMR at low field originates
from the Cu/Co interface.

APPENDIX B: SHUNTING EFFECT IN OXIDIZED
Al/Cu AND Al/Cu/Co HETEROSTRUCTURES

We conducted a systematic analysis of the resistance
in oxidized Al(tAl nm)/Cu(4 nm) bilayer films, as illus-
trated in Fig. 6(a). For Al thicknesses below 4 nm, we
observe no significant change in resistance under identi-
cal test conditions, as depicted in Fig. 6(b). This suggests
nearly complete oxidation of Al, and the corresponding
equivalent circuit is presented in Fig. 6(c). As the Al layer
thickness exceeds 8 nm, net Al starts to emerge, lead-
ing to a transition in the equivalent circuit from Fig. 6(c)
to Fig. 6(d). Notably, the equivalent circuit for oxidized
Al(3 nm)/Cu(tCu nm) bilayer films aligns with Fig. 6(c).

We initially assume that the film’s resistance comprises
two independent resistors in parallel. The first resistor rep-
resents the combined resistance of the CuOx layer and

the AlOx/CuOx interface, demonstrating UMR. The sec-
ond resistor corresponds to the resistance of the Cu layers,
which remains independent of the current. Consequently,
we use the expanded model of the Fuchs-Sondheimer the-
ory to estimate the resistivity of each layer [57]. This
model, previously applied to a Bi/Ag/CoFeB system [58],
describes the reciprocal of electrical resistance as follows:

1
Rxx

= 1
RAlOx/CuOx

+ 1
RCuOx

+ 1
RCu

= 1
RAlOx/CuOx

+ 1
RCuOx

+ w(tCu − h)

ρ∞
Cul

[
1 + 3

8(tCu − h)
(1 − p)l∞Cu

] . (B1)

Here RAlOx/CuOx , RCuOx , and RCu are the resistances of the
AlOx/CuOx interface, CuOx layer, and Cu layer, respec-
tively; ρ∞

Cu and l∞Cu are the resistivity and the mean free
path for an infinitely thick Cu film, respectively; ρ is the
scattering parameter at the interfaces; h is the parameter
for the surface roughness amplitude; and w/l is set to 1/8.
The equation is well fitted to the data in Fig. 6(e). The
fitted results ρ∞

Cu = 3.8 µ	 cm and l∞Cu = 39 nm, closely
match the reported values of 1.75 µ	 cm and 39 nm, where
p = 0.3 and h = 1.0 nm. The sum of the fitted resistances
of the AlOx/CuOx interface and the CuOx layer is 1695 	.
In this parallel circuit, the normalized UMR is written as

(a)

(c) (d)

(e)

(b)

FIG. 6. (a) Schematics of the oxidized Al/Cu bilayer films. (b) The corresponding resistance of the Al(tAl nm)/Cu(4 nm) bilayer
films as a function of tAl. (c),(d) The equivalent circuits for the oxidized Al/Cu bilayer films. (e) The reciprocal of sheet resistance
(1/Rxx) of the Al(3 nm)/Cu(tCu nm) bilayer films as a function of tCu at 300 K.
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follows [58]:

RUMR

Rxx
= Rxx

RUMR

[1/(1/RAlOx/CuOx + 1/RCuOx )]2 = 0.073%.

The shunting effect in oxidized Al(3 nm)/Cu(1.6 nm)/
Co(3 nm) trilayer films was also analyzed. The resis-
tance of the oxidized Al(3 nm)/Cu(1.6 nm)/Co(3 nm)
trilayer films is measured to be 380 	 at room tem-
perature, while the resistance of the naturally oxidized
Al(3 nm)/Cu(1.6 nm) sample is 1297 	 under the same
Hall bar aspect-ratio condition. Applying the parallel resis-
tance model, the longitudinal resistance of the Co layer
and the CuOx/Co interface is estimated to be approxi-
mately 537.65 	. The corresponding current through the
oxidized Al/Cu bilayer films decreases by a factor of 3.41,
leading to a 3.41-fold reduction in �R2ω

xx . Considering
positive �R2ω

xx in the CuOx/Co structure (including the
CuOx/Co interface and the Co layer), the calculated �R2ω

xx
is 77.95 m	 in Al(3 nm)/Cu(1.6 nm)/Co(3 nm) trilayer
films and 112.85 m	 in Al(3 nm)/Cu(1.6 nm) bilayer films
at j = 1.46 × 107 A/cm2 and H = 90 kOe [Fig. 1(d)].
Obviously, �R2ω

xx in the trilayer films is slightly (1.4 times)
smaller than in the bilayer films. This difference may arise
from the overestimation of the resistance of the Cu layer in
the trilayer films due to the better crystal quality of the Cu
on Co.

APPENDIX C: ST-FMR MEASUREMENTS

The temperature dependence of the efficiency of the
generating polarized angular momentum at the oxidized
Al/Cu interface was assessed by using the spin torque fer-
romagnetic resonance technique at different temperatures
[59–61]. As shown in Fig. 7(a)–7(c), the ST-FMR spec-
tra show typical resonance peaks in the frequency range of
8–12 GHz. It can be well fitted by the following equation
[62,63]:

V = VS
�H 2

�H 2 + (H − H0)2 + VA
�H(H − H0)

�H 2 + (H − H0)2 .

(C1)

Here H0 (�H ) is the resonance field (resonance linewidth);
and VS and VA are the symmetric and antisymmetric
Lorentzian coefficients, which mainly arise from damping-
like torque and field-like torque.

As expected from the aforementioned equation, the res-
onance peak shapes follow the sum of symmetric and
antisymmetric Lorentzian curves, an example of which for
10 GHz is shown in Fig. 7(d). By fitting the ST-FMR spec-
tra at different temperatures, VS and VA as functions of
temperature were obtained. It is found in Fig. 7(e) that VS is
almost constant. However, the absolute value of VA mono-
tonically decreases with temperature from 300 to 100 K,

(a) (d)

(b) (e)

(c) (f)

FIG. 7. (a)–(c) The ST-FMR spectrum of the Al(3 nm)/
Cu(1.6 nm)/Co(3 nm) sample at (a) 300 K, (b) 240 K, and (c)
100 K. (d) Fitted result by (B1) for raw data. Circles are measured
data; green, black, and blue lines are, respectively, symmetric
and antisymmetric components and the sum of the raw data.
(e) Summaries of symmetric VS (open triangles) and antisym-
metric VA (filled triangles) as functions of temperature at 10 GHz
microwave frequency. (f) The charge-spin conversion efficiency
ξ as a function of temperature.

which may stem from the competition between Oersted
field and field-like effective field in the sample.

Furthermore, the quantitative charge-spin conversion
efficiency ξ can be determined by the following equation:

ξ = VS

VA

eμ0MstCodCuOx

�

(
1 + Ms

H0

)1/2

, (C2)

where tCo and dCuOx are the thicknesses of Co and CuOx,
respectively, and Ms is the effective saturation magneti-
zation. Figure 7(f) reports ξ as a function of tempera-
ture T. Upon increasing temperature, ξ decreases from
0.0077 at 100 K to a minimum 0.00042 at 220 K, and
then increases to 0.0036 at about 300 K. Below 200 K,
the observed ξ(T) remarkably increases with decreasing
temperature, suggesting that the generation of polarized
angular momentum is on the rise at lower temperatures.
Additionally, we note that the spin Hall angle of 0.0036 for
the oxidized Al/Cu/Co heterostructure at room temperature
is lower compared to the reported value of 0.01 in CuOx/
Co(2.5 nm) bilayer films. This discrepancy might be
attributed to the improved crystal quality of Co in our
sample.
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(a)

(c)

(d)

(e)
(b)

R
M

RM
RM
RM

RM RM

RM
RM

RM
RM

R
M

FIG. 8. (a) Magnetic-field-dependent magnetoresistance RM =
[ρxx(H) − ρxx(H=0)]/ρxx(H=0) measured with the magnetic
field applied in a plane parallel (x) and perpendicular (y) to the
direction of the current and out of the plane perpendicular (z)
to the direction of the current. (b) The RM difference between
the different directions. (c)–(e) Angle-dependent �ρxx/ρxx =
[ρxx(ϕ, γ , β) − ρxx(ϕ, γ , β=0)]/ρxx(ϕ, γ , β=0) in the three rota-
tion planes for the Al(3 nm)/Cu(1.6 nm) bilayer films. The
magnetic field was set as 70 kOe and the applied charge current
in the x direction of a Hall bar structure is 1 mA.

APPENDIX D: SPIN HALL
MAGNETORESISTANCE IN OXIDIZED Al/Cu

BILAYER FILMS

In addition to UMR, spin Hall magnetoresistance is
another method for detecting interactions between polar-
ized currents (spin or orbital currents) and weak magnetic
moments. The absorption of polarized currents by the
magnetic layer is contingent upon the magnetization (M )
direction. Unabsorbed polarized currents are then reflected
and converted into in-plane charge currents, resulting in an
SMR [RM (m=z) �= RM (m=y)]. The longitudinal magne-
toresistance (RM ) of the Al(3 nm)/Cu(1.6 nm) sample was
measured at 300 K, as depicted in Fig. 8(a), with field ori-
entations along the x, y, and z axes defined as Hx, Hy , and
Hz, respectively.

A noticeable difference was observed between RM (Hy)

and RM (Hz) [i.e., �RM = RM (Hz) − RM (Hy)] as illus-
trated in Fig. 8(b), with �RM < 0, indicating the presence
of negative SMR. This is similar to the reported neg-
ative SMR in Ta/NiFe bilayer films [64]. This finding
was substantiated by angle-dependent �ρxx/ρxx measure-
ments, as shown in Figs. 8(c)–8(e). Notably, �ρxx/ρxx
exhibits a second-order cosine symmetric RM in the y0z
plane perpendicular to the current direction, as depicted in
Fig. 8(e).

APPENDIX E: MAGNETIC ORIGIN

To exclude the possibility that the weak ferromagnetic
behavior in oxidized Al/Cu bilayer films originates from

(a) (b)

(c) (d)

R
M

FIG. 9. (a) The m vs H curve of the oxidized Al/Cu bilayer and
Al single films in an in-plane H configuration on Si substrate.
(b) Magnetic field H dependence of the first-harmonic longitu-
dinal magnetoresistance. (c),(d) The second-harmonic transverse
resistance R2ω

xy (c) and longitudinal resistance R2ω
xx (d) as functions

of H .

contaminants or defects in other layers, we conducted sep-
arate measurements, including m vs H , R vs H , R2ω

xy , and
R2ω

xx , for Cu films with different degrees of oxidation and
single Al films. It can be observed that, with an increase in
Al thickness from 1 to 13 nm, accompanied by the transi-
tion of Cu from an oxidized state to an unoxidized state,
the m vs H curves show a transition from weak ferro-
magnetism to diamagnetism, as illustrated in Fig. 9(a). To
further eliminate the influence of the silicon substrate and
the Al layer, we grew 8 nm of Al on the silicon surface.
This copper-free sample also exhibits diamagnetism in the
m vs H curve.

Both results indicate that the weak ferromagnetic sig-
nal arises from Cu oxidation. In the magnetoresistance test
[Fig. 9(b)], when Al is at 8 and 13 nm, RM conforms to H 2,
indicating the dominant factor of the Lorentz force. Figures
9(c) and 9(d) show R2ω

xy and R2ω
xx with varying Al thickness.

For the Al(13 nm)/Cu(4 nm) and Al(8 nm) samples, no
significant R2ω

xy and R2ω
xx signals were observed. However,

when the Al thickness is reduced to 1 and 3 nm, both R2ω
xy

and R2ω
xx exhibit a notable increase with the magnetic field.

These results suggest that the emergence of magnetism is
attributed to the oxidation of copper.

APPENDIX F: UMR IN OXIDIZED Ta/Cu BILAYER
FILMS

To confirm that the observed UMR in the samples
indeed originates from the oxidation of Cu, we initially
grew a 4-nm-thick Cu film on a Si(111) substrate using
molecular beam epitaxy. Subsequently, ex situ magnetron
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2

1
∆

(a) (b)

FIG. 10. (a) Magnetic field H dependence of the magnitude
of the first-harmonic longitudinal resistance �R1ω

xx in oxidized
Ta(tTa nm)/Cu(4 nm) heterostructures recorded at I = 4 mA.
(b) The ratio of the second-harmonic to the first-harmonic resis-
tance �R2ω

xx /R1ω
xx as a function of H .

sputtering was employed to grow 1-, 1.5-, and 2-nm-thick
Ta films on the surface of Cu. For transport measurements,
these were fashioned into Hall bars with an aspect ratio of
8. Experimental results similar to those in oxidized Al/Cu
films were observed, as shown in Figs. 10(a) and 10(b).
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