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Negative angular dependent magnetoresistance in a zirconium/nickel bilayer
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The electrical detection of spin and orbital angular momentum usually requires the utilization of a ferromag-
netic metal (FM). When an angular momentum is generated in a light metal (LM), for example, through the
orbital Hall effect, a bilayer system that consists of the LM/FM is commonly used to study the effect. In this
work, by studying the magnetoresistance in the zirconium/nickel bilayer, a typical LM/FM bilayer structure, we
observe a negative angular dependent magnetoresistance (ADMR) in the β scan direction. Through analysis, we
exclude the contributions from the bulk effects and their combinations, such as the spin Hall effect and orbital
Hall effect in zirconium, and the anomalous Hall effect in nickel. Instead, we attribute the negative ADMR to
the interfacial spin-orbit coupling, which is caused by the imbalanced spin transmission and reflection at the
interface. Our observation highlights the nontrivial contribution from the spin transport at the interface, which
has often been overlooked in the study of the bulk effects in LM/FM bilayers.
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I. INTRODUCTION

The pure spin current carries the maximal angular momen-
tum with the minimal charge carriers. It efficiently transfers
the angular momentum to a magnetic moment, perturbs, and
eventually switches its magnetization. An electrical way of
generating a pure spin current is through the spin Hall ef-
fect (SHE) [1]. In a material with strong spin-orbit coupling
(SOC), a charge current generates a transverse spin current
through the spin-orbit scattering. In recent years, beyond SHE,
the orbital Hall effect (OHE) [2], in which a charge current
generates a transverse orbital current that carries the orbital
angular momentum, has been predicted and attracts intensive
attention. Compared to the SHE, the OHE generally exists in
all conducting metals regardless of its SOC strength. More-
over, the strength of the OHE is predicted to be orders of
magnitude larger than the SHE for light metals (LMs), such
as zirconium [3]. These aspects make the OHE a promising
and more favorable electrical tool to generate the angular
momentum.

Direct experimental techniques, such as the magneto-
optical Kerr effect, which is sensitive to surface angular
momentum accumulation, provides direct observations for the
OHE in a single light 3d metal [4]. On the other hand, a wide
range of studies on the OHE are based on indirect experi-
mental techniques, such as harmonic [3], spin-orbit torque
ferromagnetic resonance [5], hysteresis loop shift [6], and
magnetoresistance (MR) [7] measurements. In the indirect
techniques, a bilayer system consists of a light metal, and a
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ferromagnetic metal (FM) is commonly used. But since the or-
bital current interacts with the magnetic moment through the
spin-orbit interaction, the separation between the contribution
from the orbital current and its spin counterpart remains an
outstanding challenge.

Besides the competing bulk effects, for spin current gen-
eration and conversion in a bilayer or multilayer system, the
interfacial spin transport also plays a vital role. Theoretical
studies have predicted giant spin splitting at a heavy metal
(HM)/FM interface [8] resembling the Rashba-Edelstein ef-
fect for an inversion symmetry-breaking system, which leads
to a positive spin Hall magnetoresistance (SMR)-like behavior
for the HM/FM bilayers [9]. On the other hand, as discussed
in Refs. [10,11], an in-plane electric field is able to gener-
ate a spin current that flows perpendicularly to a HM/FM
interface through the interfacial spin-orbit coupling (ISOC).
This effect becomes prominent when the number of spin car-
riers that reflect from one side or transmit through the other
side of the interface are different. The ISOC could induce a
negative magnetic-field angular dependent magnetoresistance
(ADMR) in the β scan direction compared to the positive
SMR. A schematic illustration of the β scan ADMR is shown
in Fig. 2(b), where the magnetoresistance is measured along
the x-axis, under a magnetic field that rotates in the yz plane.
Such ISOC-induced negative ADMR has been previously
reported for the tantalum (Ta)/permalloy (Py) bilayer [12],
where tantalum has a much larger resistivity compared with
the permalloy.

A physical picture to describe the negative ADMR induced
by the ISOC is shown in Figs. 1(a) and 1(b). When a charge
current (x-axis) flows in a bilayer, a spin current that tra-
verses across the interface (z-axis) is induced by the ISOC.
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FIG. 1. Schematic illustration of the ISOC-induced negative ADMR. A spin current (JS, yellow arrow) is generated and flows perpendicular
to the interface upon a charge current (JC, red arrow) injection. The JS maximizes when the magnetization (M, black arrow) is (a) parallel and
(b) perpendicular to the spin index on the y-axis. The reciprocal process of the ISOC then converts the interfacial spin current back to an
induced charge current (Induced JC, orange arrow) and results in a resistance change. (c) X-ray diffraction of the as-grown zirconium. Linear
fittings of the thickness-dependent sheet resistance of (d) Pt(t)/Ni(5), (e) Zr(t)/Ni(5), and (f) Zr(8)/Ni(t).

It maximizes when the FM magnetization (M) is parallel to
the spin index (M on the y-axis) and minimizes when they
are perpendicular (M on the z-axis). The spin current is then
converted back to an interfacial charge current through the
inverse ISOC and flows in a direction opposite to the applied
charge current. As a result, Rz (resistance R measured with M
along the z-axis) is smaller than Ry (R measured with M along
the y-axis) [12].

In this work, we study the MR for a bilayer system consist-
ing of a light element (zirconium) and a ferromagnetic metal
(nickel). In contrast to the positive SMR observed for Pt/Ni,
we observe a negative ADMR for the Zr/Ni bilayer. The
negative ADMR excludes the contribution from the bulk spin
Hall or orbital Hall current from zirconium, the anomalous
Hall effect from nickel, the interfacial Rashba-Edelstein effect
at the Zr/Ni interface, and the cross contribution from these
effects, since these effects result in a positive SMR-like mag-
netoresistance. By further excluding the contribution from the
geometric size effect (GSE), we attribute the negative ADMR
to the ISOC caused by the effective spin current generation
and conversion across the Zr/Ni interface. Our results indicate
that the ISOC could exist not only in a HM/FM bilayer, but
also in a LM/FM bilayer. Therefore, when studying the spin
current generation and conversion in a LM/FM system, not
only the contributions from the bulk layers, but also the inter-
facial spin-orbit scatterings, which has been often overlooked,
require careful examination.

II. RESULTS AND DISCUSSION

We fabricate a series of samples on glass substrates
using magnetron sputtering. These samples include the
room temperature-fabricated glass/Ni(t), glass/Pt(t)/Ni(5),

glass/Zr(t)/Ni(5), and glass/Zr(8)/Ni(t) films, where the
numbers in parentheses indicate thickness in nanometers, with
t representing a series of thicknesses between 1 nm and 50 nm.
To prevent the top nickel from oxidation, we fabricate a 2-nm-
thick Al2O3 capping layer for all samples. We first examine
the crystallization of the zirconium films on glass substrate.
As seen in Fig. 1(c), the as-grown zirconium already shows a
textured hcp crystalline structure, with the [0002] and [0004]
peaks observed within a 2θ range between 30◦ and 80◦. The
full width at half maximum (FWHM) of the [0002] peaks
for the zirconium films is 0.39◦. From the Scherrer equation
B(2θ ) = λ/(A cosθ ), where λ = 0.154 nm is the x-ray wave-
length, B is the FWHM, and 2θ is the angle between the x-ray
source and the sample plane, we estimate the grain sizes for
the zirconium films as 23.6 nm.

For all the thin-film samples studied in this work, we mea-
sure the resistance for each. For the bilayers of Zr(t)/Ni(5)
and Pt(t)/Ni(5), we estimate the resistivity of zirconium
and platinum, based on the parallel circuit model, t =

l
wRxx (t )ρNM − l

wRFM
ρNM. Here, t , l = 4.75 mm, and w = 0.1

mm are the thickness, length, and width, respectively, for the
nonmagnetic (NM) zirconium layer. Rxx(t ) is the resistance of
the bilayer. RFM is the resistance of the FM nickel layer. ρNM is
the resistivity of the NM layer. The slope of the linear fitting
of t vs. l/[wRxx(t )] reveals ρNM. Similarly, we could obtain
the resistivity of nickel from Zr(8)/Ni(t) samples. From the
fittings, as shown in Figs. 1(d)–1(f), the resistivity of zirco-
nium, platinum, and nickel are 99.6, 24.3, and 14.0 µ� cm,
respectively.

Next, we show the ADMR for these samples. Three
geometries—the α, β, and γ scan geometries—as shown in
Figs. 2(a)–2(c), are used to obtain the ADMR. For the ADMR
measurement, a charge current I = 0.1 mA is applied, and a

184422-2



NEGATIVE ANGULAR DEPENDENT … PHYSICAL REVIEW B 108, 184422 (2023)

FIG. 2. Schematic illustration of the magnetoresistance measurement. In all cases, the charge current I is applied along the x-axis, the
voltage V is measured in the same direction, while the magnetic field H is applied and scanned in the (a) xy plane (α scan), (b) zy plane (β
scan), and (c) zx plane (γ scan). The angles α, β, and γ refer to the angles between H and the x-, z-, and z-axes, respectively. Angular-dependent
magnetoresistance for (d) Zr(8)/Ni(5) and (e) Pt(8)/Ni(5), with the α scan, β scan, and γ scan marked in black, blue, and red, respectively.
Surface morphology obtained through atomic force microscope for the 10-μm × 10-μm area size (f) Zr(8)/Ni(5) and (g) Pt(8)/Ni(5). Cross-
sectional transmission electron microscopy images for (h) Zr(8)/Ni(5) and (i) Pt(8)/Ni(5).

voltage is measured along the x-axis, while the magnetic field
is applied and rotated in the xy plane (α scan), the zy plane
(β scan), and the zx plane (γ scan). The α, β, and γ refer
to the angle between the magnetic field and the x-, z-, and
z-axes, respectively. The MR ratio for the α, β, and γ scans is
defined as R(α, β, or γ = 0◦ ) − R(α, β, or γ = 90◦ )

R(H=0) . Thus, an “M”
(“W”) shape in the ADMR represents a negative (positive)
ADMR ratio. The magnetization of the 50-nm-thick nickel
thin film used in our study has a saturation magnetization (MS)
of 450 emu/cc. Throughout our measurements, to ensure the
saturation of the nickel moment, we apply a magnetic field of
1.5 T to obtain the ADMR.

The ADMRs for Zr(8)/Ni(5) and Pt(8)/Ni(5) are shown in
Figs. 2(d) and 2(e), respectively. In both cases, a 5-nm-thick
nickel layer is utilized. The different resistance R for Zr/Ni
and Pt/Ni is a result of the four times different resistivity of
zirconium and platinum. For both Zr/Ni and Pt/Ni, the α scan
ADMR is positive and the γ scan ADMR is negative, at about
3 × 10–3. They are the result of the anisotropic magnetore-
sistance (AMR) in nickel originating from the s-d scattering
[13]. For the β scan ADMR, Zr(8)/Ni(5) and Pt(8)/Ni(5)
show opposite behaviors, which can be represented as shapes
of “M” and “W”, respectively. For other thicknesses of zir-
conium and platinum, as shown in Figs. 3(a)–3(d), similar
contrasting β scan ADMR results are observed. The shape
of a “W”-like positive β scan ADMR ratio in Pt/FM has
been previously extensively studied and is attributed to the
SMR [14].

The negative β scan ADMR ratio observed in Zr/Ni is
in sharp contrast to the positive ADMR ratio induced by

the spin Hall effect in Pt/Ni, the orbital Rashba-Edelstein
effect (OREE) in CuO/Py [7], or the anomalous Hall effect
in the iron-based ferromagnet [15]. Thus, the results exclude
the contribution from the bulk spin current in zirconium, the
orbital Rashba effect at the Zr/Ni interface, or the anomalous
Hall effect (AHE) in nickel. A cross-contribution between
these effects could also be excluded from a rough mathematic

FIG. 3. NM layer thickness-dependent β scan angular dependent
magnetoresistance. (a) Negative “M” shape ADMR for Zr(t)/Ni(5)
and (c) positive “W” shape ADMR for Pt(t)/Ni(5). The summary
of the thickness-dependent MR ratio for (b) Zr(t)/Ni(5) and (d)
Pt(t)/Ni(5). Dashed lines indicate zero MR.
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FIG. 4. FM layer thickness-dependent β scan angular dependent magnetoresistance. (a) Negative “M” shape ADMR for Zr(8)/Ni(t) and
(c) “M” to “W” to “M” shape changing ADMR for Ni(t). The summary of the thickness-dependent MR ratio for (b) Zr(8)/Ni(t) and (d) Ni(t).
The dashed lines indicate zero MR. (e) The longitudinal (upper panel) and transverse (middle panel) resistivity, and the anomalous Hall angle
(lower panel) for Ni (t). (f) The ISOC contribution in Zr(8)/Ni(t) after removing the contribution from Ni(t). Inset: Nickel thickness-dependent
interfacial spin filtering conductivity σ

y
ISOC inspired by Ref. [12].

estimation that A2 + B2 + 2(A · B) = (A + B)2 � 0. Here, A
or B refers to the spin and charge conversion efficiency of the
SHE, AHE, or OREE. A2 and B2 refer to the charge and spin
conversions from the reciprocal effects. 2(A · B) is the cross-
contribution term. Thus, even if the cross term contributes a
negative ADMR, when considering A2 and B2 together, the
total contribution A2 + B2 + 2(A · B) to the MR is no smaller
than zero. We also exclude the contribution from interfacial
roughness to the reversed sign. We measure the 10-μm ×
10-μm area size surface morphology for Zr(8)/Ni(5) and
Pt(8)/Ni(5) through atomic force microscopy. The results are
shown in Figs. 2(f) and 2(g). The statistical analysis of the
height reveals the same root mean square (RMS) roughness of
0.188 nm for each sample. Moreover, from the cross-sectional
transmission electron microscopy (TEM) images for the two
samples, as shown in Figs. 2(h) and 2(i), comparable interfa-
cial quality is observed. Thus, the interfacial roughness could
not be the reason of a reversed sign in the β scan ADMR.

Therefore, the only known effects left that contribute to a
negative ADMR are the GSE in nickel originating from the
additional MR anisotropy induced by a limited thickness for
thin films [13] and the ISOC originating from the Zr/Ni inter-
face caused by an imbalanced spin transmission and reflection
from both sides of the interface [12]. Through symmetry anal-
ysis, cross-contributions from the SHE, OREE, and AHE with
the ISOC are also canceled out by their Onsager conjugates
[12].

To separate the contribution from the GSE and the ISOC,
we measure the MR for two series of samples: Zr(8)/Ni(t)
and Ni(t). Similar to the previous results of Zr(t)/Ni(5) and
Pt(t)/Ni(5), the α scan and γ scan ADMRs reveal the AMR
in nickel. As shown in Figs. 4(c) and 4(d), the β scan ADMR

ratio for nickel is negative and saturates for films thicker
than 20 nm. This is the GSE in nickel. We notice for thin
nickel film less than 10 nm, a positive contribution to the
MR exists, which decays with increasing thicknesses. This is
possibly caused by the anomalous Hall effect in nickel, which
contributes a positive anomalous Hall MR (AHMR) [15]. The
AHMR is maximum and overwhelms the GSE MR when the
thickness of nickel is comparable to its spin diffusion length.
As shown in Fig. 4(e), the anomalous Hall resistivity ρxy in
nickel is enhanced by about four times for thinner films, while
the AHE angle θAHE = ρxy/ρxx remains similar at about 1% to
1.5% for various thicknesses after considering the thickness-
dependent resistivity ρxx.

For Zr(8)/Ni(t), as shown in Figs. 4(a) and 4(b), a five
times larger negative ADMR is observed. Thus, the large
negative MR ratio in Zr/Ni cannot be explained by the MR
contribution from nickel alone. We attribute the additional
source of the negative ADMR in the Zr/Ni bilayer to the
ISOC. As mentioned earlier, the ISOC becomes prominent
when the number of spin carriers that reflect from one side or
transmit through the other side of the interface are different.
In other words, when the resistivity of the two layers differs
from each other, different numbers of electrons from different
layers scatter at the interface and produce an effective net
spin current that flows perpendicularly to the interface. The
resistivity for the zirconium films used in this work is on the
order of 100 µ� cm, while that for nickel is on the order of
14 µ� cm. Thus, a sizable net spin current is allowed to flow
across the Zr/Ni interface through the ISOC.

By using the parallel circuit model, 
RZr/Ni
MR = RZr/Ni

RNi

RNi

MR,
where 
RNi

MR is the MR ratio in nickel, RZr/Ni is the resistance
for the bilayer, and RNi is the resistance for nickel, we estimate
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RZr/Ni
MR , the MR contributed from nickel to the bilayer. By

subtracting 
RZr/Ni
MR from the β scan ADMR in Zr(8)/Ni(t)

samples, we obtain the negative ADMR contribution from the
ISOC, as shown by the red dots in Fig. 4(f). We fit the ISOC
MR 
ρxx

ρxx
vs. nickel thickness tF using the ISOC model [12],


ρxx

ρxx
= − ρF ρ2

N lN
sf

ρFtN + ρNtF
(σ y

ISOC)2

[
coth

(
tN
lN
sf

)

+ ρF lF
sf

ρN lN
sf

coth

(
tF
lF
sf

)
− 1

G̃ + tanh
( tN

lN
sf

)
]
. (1)

Here, ρN = 139 μ� cm is the resistivity, lN
sf = 4.5 nm [5]

is the spin diffusion length, and tN = 8 nm is the thickness
for Zr. ρF = 15 μ� cm is the resistivity and lF

sf = 3.3 nm
[16] is the spin diffusion length for nickel. G̃ = 2G↑↓lN

sf ρN is a
dimensionless mixing conductance and G↑↓ is the spin mixing
conductance at the Zr/Ni interface. σ

y
ISOC is the interfacial

spin filtering conductivity [12]. By assuming a thickness-
dependent σ

y
ISOC similar to Ref. [12], as shown in the inset

of Fig. 4(f), which considers the thickness-dependent in-
terfacial spin-orbit scattering strength, and by assuming an
interface G↑↓ of 1015 �–1 m–2, the fitted σ

y
ISOC is about 3.4 ×

105 �–1 m–1. This value falls in the wide range of the spin
Hall conductivity reported for platinum [17]. This is a rough
estimation of the ISOC strength at the Zr/Ni interface. When
the referenced value lN

sf , lF
sf , or G↑↓ is reduced (increased),

σ
y
ISOC will be enhanced (reduced). Among the three referenced

parameters, the change of lN
sf affects σ

y
ISOC most.

From a symmetry point of view, the interfacial nickel,
which has a weakened long-range exchange coupling, is
different from the bulk nickel and could contribute to the
ISOC. We also reverse the order of zirconium and nickel
layers and fabricate glass/Al2O3(2)/Ni(50)/Zr(8)/Al2O3(2)
multilayers to check the influence of interface roughness
on the ISOC. For simplicity, we name the reversed sam-
ple Ni(50)/Zr(8). Compared to Zr(8)/Ni(50), the RMS
roughness for Ni(50)/Zr(8) is reduced from 0.456 nm to
0.130 nm. It is accompanied by a reduction in the β

scan ADMR ratio from −3.99 × 10–3 to −1.87 × 10–3. For
comparison, the RMS roughness and β scan ADMR ra-
tio for the glass/Ni(50)/Al2O3(2) sample is 0.233 nm and

−1.14 × 10–3, respectively. In either order of Zr(8)/Ni(50)
or Ni(50)/Zr(8), the β scan ADMR ratio is larger than that
of pure Ni(50), confirming the interfacial contribution. The
results also suggest that a rougher interface could promote
the ISOC strength. It is noticeable that the ISOC is previ-
ously used to describe the interfacial scattering for a heavy
metal/FM bilayer. On the other hand, the negligible spin-
orbit scattering in zirconium cannot contribute to the ISOC.
Whether the orbital angular moment in zirconium plays a
vital role at the interface scattering process remains an open
question and awaits theoretical insights.

III. CONCLUSION

In summary, by utilizing the magnetoresistance measure-
ment of the Zr/Ni bilayers, we observe a negative SMR-like
behavior. We attribute the negative ADMR to the ISOC in the
Zr/Ni bilayers. As mentioned earlier, there are reports [3,5] on
the orbital torque generation in Zr/FM bilayers based on the
opposite sign of the SHE and the OHE in zirconium. While
the torque measurements are sensitive to the sign, the MR
measurement, which is proportional to the square of the spin
(orbital) Hall angle, shall reveal a positive SMR-like behavior
regardless of the sign, if the SHE (OHE) plays a role. In
our work, the negative ADMR observed in the Zr/Ni bilayer
excludes the contribution from the bulk effects and their On-
sager conjugates. In contrast, it highlights the important role
of the interface spin-orbit scatterings in a bilayer or multi-
layer system. Thus, when separating various contributions in
an LM/FM system, especially for two layers with different
resistivity, the interfacial contribution cannot be neglected.
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