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Spin-related unidirectional magnetoresistance (UMR) exhibits nonreciprocal transport to either charge current
or magnetization reversal, providing a potential application for direct electrical readout of in-plane magnetization
using simple two-terminal geometry. To achieve such a UMR, it is usually believed that an adjacent heavy metal
or other materials with strong spin-orbit coupling (SOC) as the spin polarizer is indispensable, leading to most
efforts on multilayer structures rather than single-layer ferromagnetic films. Here, we report the observation
of UMR in a single CoPt film by introducing a vertical composition gradient to break the structural inversion
symmetry. Moreover, unlike conventional heavy-metal/ferromagnetic-metal bilayer films, the UMR in the CoPt
film with a positive Co composition gradient is controllable as a function of current amplitude, which shows
the decrease, sign reversal, and then enhancement with the increment of current density. These results reveal
two competing UMR mechanisms with opposite signs in electrical current dependency, i.e., bulk Rashba effect
induced by composition gradients and anomalous Nernst effect driven by a vertical temperature gradient. Our
work provides a promising way to manipulate the UMR 1in a single ferromagnetic film with the combination of

charge-spin conversion and magnetothermal effect.

DOLI: 10.1103/PhysRevB.107.094410

I. INTRODUCTION

The inversion symmetry breaking in nanomagnetic sys-
tems plays an important role in the interplay of charge
transport and magnetization [1-9]. Among a wide variety of
phenomena related to inversion symmetry breaking, nonrecip-
rocal unidirectional magnetoresistance (UMR) has received a
great deal of research attention over the past few years due to
both fundamental and practical implications [10-17]. In con-
trast to twofold symmetric magnetoresistance (MR) effects,
such as anisotropic magnetoresistance (AMR) [18], spin Hall
magnetoresistance (SMR) [19-21], Rashba-Edelstein magne-
toresistance [22,23], and Hanle magnetoresistance [24-26],
spin-related UMR exhibits an asymmetric resistance response
to 180° magnetization reversal, which is of potential to iden-
tify the in-plane magnetization orientation without utilizing
complex giant magnetoresistance (GMR) or tunnel magne-
toresistance structures [27,28]. In fact, the UMR has been
demonstrated for the electrical reading of multilevel resistance
states which are used to realize magnetic multibit-per-cell
memory devices in a two-terminal spin valve stack [29]. So
far, the UMR was mainly reported in a bilayer composed
of strong spin-orbit coupled (SOC) material and magnet,
such as heavy-metal (HM)/ferromagnetic-metal (FM) bilay-
ers [10,30], topological insulator (TI)/FM heterostructures
[13,31], HM/TI [32], HM/ferromagnetic insulators [15], and
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TI/ferromagnetic semiconductors [33], where HMs and TIs
materials as the spin polarizer generate a spin current or
net nonequilibrium spin density via spin Hall (SHE) and/or
the Rashba-Edelstein effect (REE). These experiments all
involve multilayer structures, and the UMR arises mainly
from the modulation of the interface resistance through spin-
dependent scattering. Recent studies have shown that the
contribution of interfacial scattering to the UMR generally has
the same sign and prevails in the limit of thin FM, independent
of the magnitude of the magnetic field and current [12], which
hinders the modulation of the UMR sign in multifunctional
devices. From an application point of view, it is of great
interest to achieve a bulk UMR in FM film only, as this would
allow further simplification of the device structure and may
offer the possibility to manipulate the sign of UMR. However,
the research of UMR in a common FM film is very rare since
most frequently used FM films such as Fe, Co, Ni, FeCo, FePt,
and CoPt cannot generate a net spin current density or spin
current due to their centrosymmetric structure [34,35].

In our previous works, the bulk spin-orbit torque (SOT)
with no need for an extra heavy-metal layer was realized
to switch the magnetization of CoPt alloy films via a ver-
tical composition gradient to break the inversion symmetry
[36,37]. The inversion asymmetry together with spin-orbit
coupling leads to charge-to-spin conversion through the bulk
Rashba effect; one may wonder if the CoPt composition gra-
dient films can serve as an excellent platform to investigate the
UMR in a single FM film. Here, three types of CoPt gradient
films were fabricated, namely, CoPt films with positive Co
composition gradient, CoPt films with negative Co compo-
sition gradient, and normal CoPt films without composition

©2023 American Physical Society
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FIG. 1. Angle-dependent longitudinal harmonic resistance of three types of CoPt films with different composition gradients. (a)—(c)
Geometric schematic of the measurement and definitions of rotation planes. External magnetic field H is set to 9 kOe. First-harmonic
resistance R!“ measured at J, = 7 x 10% A/cm? for CoPt films with positive (d), negative (g), and without (j) Co composition gradients.
A SMR-like behavior is observed in CoPt films with positive and negative Co composition gradients. Second-harmonic resistance R2®
measured at J, = 7 x 10° A/cm? for CoPt films with positive (e), negative (h), and without (k) Co composition gradients Positive and
negative Co composition gradients result in the opposite UMR. Second-harmonic resistance R2® measured at a high current density of
J. = 1.4 x 10" A/cm? for CoPt films with positive (f), negative (i), and without (1) Co composition gradients. In this case, all samples show
the same negative UMR. The green solid lines represent the fit to the raw data.

gradient, respectively, corresponding to the positive, negative,
and negligible spin Hall angle (6sy). Therefore, our samples
are allowed to adjust the direction of the spin polarization
of spin current and thus the sign of UMR by changing the
vertical component gradient. Experimental results show that
the positive (negative) Co composition gradient leads to a pos-
itive (negative) UMR at low current densities. As the current
increases, anomalous Nernst effect (ANE) driven by a vertical
temperature gradient is gradually dominated, resulting in all
CoPt films exhibiting the same negative UMR. As a result,
we can observe a controllable UMR in CoPt films with a
positive Co composition gradient due to the combination of
spin accumulation and magnetothermal effect.

II. PREPARATION OF SAMPLES
AND MEASUREMENT METHODS

Three types of CoPt alloys with different composition
gradients are prepared on thermally oxidized Si(001)/SiO;
substrates by magnetron sputtering, i.e., Pt(0.7)/Co(0.1)/
Pt(0.3)/Co0(0.3)/Pt(0.1)/Co(0.7) (noted as CoPt films with
positive Co composition gradient), Co(0.7)/Pt(0.1)/Co(0.3)/
Pt(0.3)Co(0.1)/Pt(0.7) (CoPt films with negative Co
composition gradient), and normal Pt(0.5)/Co(0.5)/Pt(0.5)/
Co(0.5)/Pt(0.5)/Co(0.5) (CoPt films without composition
gradient). The numbers in parentheses represent thickness in
nanometers. A 2-nm Ru buffer layer is used to improve the
crystal quality, and a 2-nm MgO capping layer was grown to
prevent CoPt oxidation in the atmosphere. The Ru, Co, and
Pt metal layers were deposited by dc magnetron sputtering
with 3-mTorr Ar, and the MgO layer was deposited by rf

sputtered with 6-mTorr Ar. All samples exhibit in-plane
magnetic anisotropy and a close saturation magnetization
of 1000emu/cm?® [38]. The above nominal Pt/Co stack
eventually forms a CoPt alloy single layer due to atomic
diffusion during sputter deposition, which has been confirmed
in our previous works by high-angle annular dark-field
images and elemental mapping [36,37]. To perform the
transport measurements, all samples were patterned into the
Hall bar devices with width of 5 um and voltage contacts
of 14 um by standard optical lithography and Ar-ion beam
etching. The harmonic voltage measurements as a function of
angle and temperature are performed in a Quantum Design
Physical Property Measurement System with a horizontal
rotator probe, in which an ac current of I = Iy sin(wt) of
amplitude Iy and frequency w/2m = 1317 Hz is provided by
Keithley 6221 and the first and second-harmonic voltages
are recorded simultaneously by lock-in amplifiers (Stanford
SR830).

III. UMR MEASUREMENTS AND INTERPRETATION

As shown in Figs. 1(a)-1(c), the longitudinal first (R, ) and
second (R**) harmonic resistances are recorded simultane-
ously between the contacts by applying an ac current along
the current channel (x axis) of the Hall bar while rotating
a uniform magnetic field of 9 kOe within the xy, zx, and
zy planes. The direction of the magnetic field is defined by
the polar coordinates 6 and the azimuthal angle ¢. Here,
RY. represents the conventional resistances independent of
the current direction and magnitude, whereas R?® includes
those current-dependent nonlinear contributions to resistive,
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FIG. 2. UMR hysteresis curves R22—H'y as a function of current density. As the current density increases from 7 x 10%to 1.4 x 107 A/cm?,
the UMR of CoPt films with positive Co composition gradient changes from positive to negative (a), the UMR of CoPt films with negative
Co composition gradient remains negative and increases (b), and the UMR of CoPt films without composition gradient is initially absent and

gradually becomes negative (c).

that is the UMR we focus on here. Figures 1(d), 1(g), and
1(j) show the R¢, results for three types of CoPt films, where
a typical SMR-like behavior is observed in both CoPt films
with positive and negative Co composition gradients, i.e., a
sizable MR is present in all three planes and the MR in the
zy plane follows —sin? 6.y function. Note that 6, represents
the angle of magnetization in the zy plane, which is slightly
deviated from the direction of the external magnetic field due
to the in-plane magnetic anisotropy and can be estimated by
anomalous Hall resistance [38]. Notably, CoPt films without
composition gradient only exhibit the conventional AMR in
the xy and zx planes as shown in Fig. 1(j), following sin® Oy
and sin? 0., functions, respectively. Therefore, the SMR-like
behavior observed in Figs. 1(d) and 1(g) is related to the com-
position gradient inside the CoPt films and can be explained as
follows: when magnetization m of CoPt films is aligned with
the spin polarization o of spin current induced by the bulk
Rashba effect, the spin current is less absorbed and converted
back to a charge current by the inverse bulk Rashba effect,
leading to a decrease in the resistance. If m is not collinear
with o, the component of ¢ perpendicular to m will be
absorbed and thus increase the resistance.

Figures 1(e), 1(h), and 1(k) show the representative results
for R?® measured at a low current density of 7 x 10% A /cm?.
We can see that the R>® signal is reversed in positive and
negative Co gradient films and absent in the films with-
out component gradient. Here, we define a positive UMR

when M, is along the +y direction (i.e., ¢y, and 6, are
90°) resulting in a high-resistance state (Rif > 0). Thus,
the positive (negative) Co composition gradient results in
the positive (negative) UMR. The fitted results show that
Rﬁ;" ~ sin @xy Sin 6,y ~ OsyM,, in agreement with previous
reports on UMR in Pt/Co and Ta/Co films with opposite
Osu [10]. Therefore, we achieve the UMR in a single CoPt
film by introducing a vertical composition gradient and the
sign of UMR reverses as the composition gradient changes
from positive to negative. More interestingly, we find that all
types of CoPt films exhibit the same negative UMR when the
current density is increased to 1.4 x 10’ A/cm?, as shown in
Figs. 1(f), 1(i), and 1(1), suggesting that the UMR in CoPt
films with a positive Co composition gradient can be tuned by
current density [Figs. 1(e) and 1(f)], which is different from
the fixed-sign UMR in Pt/Co bilayer films [38].

To provide more details on the UMR tuned by current den-
sity, we measured the R2¥—H, hysteresis curves as a function
of current density for three types of CoPt films. As shown in
Fig. 2(a), the UMR of CoPt films with a positive Co com-
position gradient is positive at a low current density of J, =
7 x 10° A/cm?. As the current density increases, the UMR
decreases to zero at J, = 9.8 x 10% A/cm? and becomes neg-
ative at higher current density. Both the magnitude and the
sign of the UMR can be controlled as a function of current
density. Note that the critical current density of the UMR
reversal can be effectively tuned by changing the thickness of
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FIG. 3. Bulk Rashba unidirectional magnetoresistance. Illustration of bulk Rashba-induced UMR in the case of positive (a) and negative
(b) Co component gradients. (c) Schematics of current-induced SOT effective fields. Magnetization is restricted to rotation in the X plane
in the presence of an in-plane magnetic field H,, which gives rise to an out-of-plane component of dampinglike effective field Hp, . Enlarged
anomalous Hall resistance loops measured at /, = =3 mA and a fixed magnetic field H, = 100 Oe for CoPt films with positive (d) and negative
(f) Co component gradients. Insets show the whole loop. Summarized dampinglike effective field Hpp as a function of current densities for
CoPt films with positive (e) and negative (g) Co component gradients. Solid lines are a linear fit to the data.

the layer [38]. In contrast, the UMR always remains negative
and increases with increasing current density for CoPt films
with a negative Co composition gradient [Fig. 2(b)]. For CoPt
films without Co composition gradient, as shown in Fig. 2(c),
UMR is absent when J, < 7 x 10° A/cm? and gradually be-
comes negative with increasing current density, which is also
consistent with the results in Figs. 1(k) and 1(1).

The results suggest that there are two competing mech-
anisms with opposite signs in electrical current dependency
in CoPt films with a positive Co composition gradient. At
low current densities, the bulk Rashba effect induced by
composition gradients (positive and negative) is responsible
for the observed UMR. Nevertheless, an additional negative
contribution tends to dominate at high current densities, which
depends only on the magnetization direction.

Indeed, the bulk inversion asymmetry in materials along
the growth direction (z axis) leads to a Rashba-type SOC in
the form of Hr = (wr/%)(z x P) - ¢ for a conducting electron
with momentum P [39-41], where ar is Rashba parameter, 7
is the reduced Planck’s constant, z is a unit vector parallel
to the built-in electric field E, given by the bulk symmetry
broken, o is the electron’s spin, respectively. As a result of
this interaction, the electrons flowing along the x axis (P//x)
experience an effective magnetic field Hg ~ zxx along the
y axis, called the Rashba field, thereby producing a net spin
polarization in this direction. Here, for the CoPt films with
positive and negative Co composition gradients, the Rashba
fields are opposite due to the reverse E,, thus resulting in
the opposite spin polarization [38]. In other words, the two
samples have opposite Osy. In our previous work [37], we have
shown that E, is along the 4z (—z) direction for CoPt films

with a positive (negative) composition gradient. With it, the
opposite UMR that appears at low current densities can be ex-
plained as illustrated in Figs. 3(a) and 3(b): When an in-plane
charge current I, is applied along the +x direction (electrons
flowing in the —x direction), CoPt films with a positive (nega-
tive) Co composition gradient produce a spin current with spin
polarization o //—y(+y). Assuming that the magnetization M
is saturated along the +y direction, spin-dependent electron
scattering occurring in CoPt films will result in two differ-
ent resistance states: Giant magnetoresistance (GMR) effect
[42-44], 1i.e., high (Iow) resistance state for positive (negative)
Co composition gradient. Besides, it is worth mentioning that
SOT-induced oscillations of magnetization cannot explain the
UMR behavior because SOT is minimum when magnetization
is aligned with the y axis (m//a), where |R*®| is maximum.
The spin polarization o of spin current (i.e., fsy) induced
by the bulk Rashba effect is opposite for positive and negative
Co gradients films, which is demonstrated by anomalous Hall
resistance R,,—H, curves with a constant in-plane magnetic
field H,. As shown in Fig. 3(c), the dampinglike effective
field Hpy, ~ o x m has an out-of-plane component when the
magnetization m is rotating in the zx plane, thus resulting
in a shift of the R,,—H, loop along the H, axis. Figures 3(d)
and 3(f) show the R,,—H loops measured at /, = £3 mA and
H, = 100 Oe for these two types of composition gradients,
where the H; value at Ry, = 0 represents the current-induced
Hpr. We can see that for the same I, and H,, the Hpy is
opposite for positive Co composition gradient and negative Co
composition gradient. We further summarize the dependence
of Hpy, as a function of applied current density in Figs. 3(e)
and 3(g), which show that the slope of Hp; /J, reverses once
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FIG. 4. Contribution of anomalous Nernst effect to unidirectional magnetoresistance. (a) Evaluated temperature of CoPt films with positive
Co component gradient as a function of current density. As colored by dark cyan, the temperature is about 308 K at J, = 7 x 10° A/cm? and
343 K at J, = 1.4 x 10’ A/ecm?. (b) Schematic of current-induced anomalous Nernst effect due to the vertical thermal gradient VT.. (c)
Measured transverse second-harmonic resistance Ri;” for three types of component gradients. (d) Hp, contribution (2cos® ¢— cos @) subtracted

from the raw data of R} in (c).

the composition gradient is reversed, in agreement with the
expectation of opposite spin polarization ¢ for two types of
composition gradients. The spin Hall angle sy is evaluated
as ~0.079 (—0.096) for the CoPt films with positive (nega-
tive) Co composition gradient through sy = -2eMtgHpy /i j,
[45], which is comparable to that of bulk Pt [46,47]. Here, e >
0 is the electron charge, M is the saturation magnetization,
tr is the ferromagnetic thickness, and j, is the charge-current
density.

As discussed in Figs. 1 and 2, the negative UMR mecha-
nism that dominates at high current densities is only related
to the magnetization direction and independent of the com-
position gradient (or bulk Rashba effect). Very recently, it
is reported that the normal metal adjacent to FM can in-
duce a nonlinear MR effect by spin AHE, the so-called spin
anomalous-Hall UMR [16]. However, we find that the UMR
is still observed in SiO, /CoPt/MgO structure without the Ru
layer [38]. Therefore, the spin anomalous-Hall UMR can-
not explain our results here. Next, we show that the ANE
associated with the vertical temperature gradient VT, is re-
sponsible for the observed negative UMR at high current
densities. By measuring R?, dependence of temperature and
current density, we evaluated the temperature of CoPt films
as a function of current density [38]. Here, we focus on the
results of CoPt films with a positive Co composition gradient.
As shown in Fig. 4(a), the temperature of CoPt films is about
308 K at J, = 7 x 10% A/cm? and increases rapidly to 343 K
at J, = 1.4 x 10’ A/cm? due to current-induced Joule heat-
ing. Considering the large difference in thermal conductivity
between the SiO, substrate (k = 1.4Wm~!'K~!) and air
(k = 0.024 Wm~' K~') [48], the heat dissipation is mainly
carried out through the substrate, resulting in a positive VT,

in CoPt films, as shown in Fig. 4(b). Analogous to the AHE,
a transversal spin-polarized charge-current flow in the top and
bottom in CoPt films leads to a longitudinal second-harmonic
resistance R2 as follows:

R2 o —VT,sing,,sind,,, (1)

which fits well the Rﬁ;" results in Figs. 1(f), 1(i), and 1(1). In
addition, we note that the vertical temperature gradient also
contributes to a spin Seebeck effect (SSE) and thus produces
a similar longitudinal UMR by inverse Rashba effect [49].
Unlike ANE, the SSE depends on the conversion from spin
currents to charge voltage through the inverse SHE and/or
REE. In other words, for two CoPt films with positive and
negative Co composition gradients, if SSE dominates, they
would have opposite signs due to the opposite Osy. However,
as shown in Fig. 2, the UMR always keeps the same (nega-
tive) sign at high current densities. For metallic conducting
systems, it has been shown that the SSE is less than ANE due
to the low ratio of spin currents to charge currents (fsy < 1)
[50-52]. Therefore, here SSE is expected to be smaller
than ANE.

To experimentally prove the presence of ANE, we investi-
gated the angular dependence of transversal second-harmonic
R)%;” during the magnetic field rotation in the xy plane, which
can be described by

H,
R)%s) = <RAHE% + I()OlVTZ)COS ()

H,
+ 2Rpy(2c0s’ ¢ — cos m%, )

where Rpyg, o, and Hpy, represent planar Hall resistance, ANE
coefficient, and fieldlike effective field (including Oersted
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field), respectively. In Eq. (2), Rﬁ;" contains the contributions
from Hpp, VT,, and Hp.. However, we note that the con-
tributions of Hpp and Hgp are inversely proportional to the
magnetic field while VT, is independent of the magnetic field;
thus, the contributions of Hpy, and Hy, tend to disappear when
the magnetic field is large enough to force the magnetization
to align strictly along the magnetic field direction, i.e., the Rf("
is approximately equal to

R)ZC;” ~ LyaVT, cos ¢. 3)

Figure 4(c) shows the Rf;” results measured at magnetic
fields of 1 kOe, 4 kOe, and 9 kOe for three types of CoPt sam-
ples at J, = 1.4 x 10’ A/cm?. For positive and negative Co
composition gradients, as shown in the top and middle panels
of Fig. 4(c), R%;" changes slightly when the magnetic field is
increased from 1 kOe to 9 kOe, suggesting that the signal of
R)%)‘" is mainly due to the contribution of ANE in these large
magnetic fields. We further separated the Hgp contribution
(2cos® @ — cos @) by subtracting the cos ¢ fitting curves [the
solid lines in Fig. 4(c)] from the raw data of Rﬁ;" As shown
in the top and middle panels of Fig. 4(d), the Hgy, contribution
has a very small magnitude concerning the raw data of Rf("
and approaches fast to zero at magnetic field H = 9kOQe.
Therefore, these results unambiguously demonstrate the ex-
istence of an ANE in CoPt films at high current densities. For
CoPt without composition gradient, Rf;" is almost no change
with increasing the applied magnetic field due to negligible
contributions from Hpp, and Hgp, [bottom panels in Figs. 4(c)
and 4(d)]. By Eq. (3), we further estimate the temperature
gradient VT, ~ 0.5 x 10*, 1.1 x 10*, and 0.8 x 10* K/m at
J, =14 %10’ A/cm2 for CoPt films with positive, negative,
and without composition gradients, respectively. Here we as-
sume that the same ANE coefficient o is 3 x 107 V/KT,

which represents the average value of the Pt-based ferromag-
netic systems [53,54].

IV. CONCLUSION

In summary, we experimentally investigate the UMR in
CoPt alloy films by introducing a vertical component gradient
to break the inversion symmetry. Owing to the bulk Rashba
effect, a positive (negative) UMR is observed in CoPt films
with a positive (negative) Co composition gradient under low
current density. As the current increases, the ANE driven by
the vertical temperature gradient begins to dominate, giving
rise to a negative UMR in all films. As a result, the UMR
magnitude shows a continuous process of decrease, sign re-
versal, and then enhancement in CoPt films with a positive
Co composition gradient, which indicates that the UMR is
controllable in an electric manner. This work also suggests
that composition gradient is a potent way to introduce bulk
Rashba SOC in a single ferromagnetic film, which will display
more unexpected magnetic properties derived from the strong
correlation between spin and momentum.
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