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Current direction dependent spin Hall magnetoresistance in epitaxial Pt/Co bilayers on MgO(110)
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We demonstrate that the spin Hall magnetoresistance (SMR) of epitaxial Pt/Co bilayers on MgO(110) single
crystal substrates is strongly anisotropic and depends on the applied current direction with respect to the two
primary in-plane crystal directions [001] and [11̄0], in the Pt layer. SMR results at different temperatures
qualitatively suggest the D’yakonov-Perel spin relaxation mechanism through the invariance of the spin diffusion
length λs f for a given current direction, while also suggesting an anisotropic Rashba-Edelstein effect from the
ratio of λ

[001]
s f to λ

[11̄0]
s f . Finally, deviation from the standard SMR model spurs the need for new theory that

properly characterizes and quantifies the anisotropies in such epitaxial systems.
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I. INTRODUCTION

Heavy metal/ferromagnetic (HM/FM) heterostructures
have been extensively studied in recent years [1] due to
the large spin-orbit coupling that allows for efficient charge
current to spin current conversion (characterized by the spin
Hall angle θSH) via the spin Hall effect (SHE) [2]. While
studies have primarily used polycrystalline or amorphous
systems, recent studies have shown significant contributions
to the spin-orbit torque of epitaxial Pt/Co [3] by the Rashba-
Edelstein (RE) effect [4–6], enhanced spin current generation
in epitaxial Ta/CoFeB due to the extrinsic contribution to
θSH [7], and highly efficient spin-orbit torque induced mag-
netization switching in epitaxial Au/Fe4N [8].

The Rashba effect arises due to the broken inversion
symmetry of an interface which creates an effective elec-
tric field at that interface which moving electrons feel as
an effective magnetic field [9], and has been observed in
metallic/ferromagnetic heterostructures [10,11], shown to in-
duce spin torque in a ferromagnetic metal layer [12], and has
even been predicted to be used as a method for electric field
control of magnetism [13].

Pt is normally dominated by the Elliott-Yafet (EY) spin
relaxation mechanism [14], in which momentum scattering
events (for example due to phonons or impurities) cause spin
to relax due to the coupling of spin and momentum [15,16], as
is commonly the case in metals [17–20]. However, it has been
shown that in the case of single crystal Pt where scattering
events are suppressed, the D’yakonov-Perel (DP) mecha-
nism [21] can instead be dominant [22]. The DP mechanism
is caused by spin precession around an effective magnetic
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field, such as the Rashba field caused by the RE effect, and
is distinct from the EY mechanism in that scattering events
instead suppress spin relaxation.

In this paper we experimentally demonstrate strongly
anisotropic spin Hall magnetoresistance (SMR) in epitaxial
Pt/Co heterostructures grown on MgO(110), the magnitude
and behavior of which greatly depends on the direction of
the applied charge current. Our fitting results qualitatively
suggest this is due to anisotropy in the spin diffusion length,
caused by a combination of an anisotropic Fermi surface
and a current-direction dependent RE effect. However, due
to deviations from the standard SMR model, the obtained
quantitative data must be considered carefully, spurring the
need for further research and understanding in such epitaxial
HM/FM systems.

II. FABRICATION AND CHARACTERIZATION

Pt(tN nm)/Co(tF nm)/AlOx(2 nm) heterostructures were
deposited on single crystal MgO(110)-oriented substrates us-
ing RF magnetron sputtering. In order to create good epitaxy,
Pt was sputtered at 200◦C. The sample was allowed to cool
to room temperature in the vacuum chamber before sputtering
the Co and AlOx layers in order to limit diffusion between
the Pt and Co layers, and to keep the interface flat. The Co
grows epitaxially on the fcc Pt in the hcp phase, as indicated
by RHEED and in-plane XRD phi scan measurements seen in
Figs. 1(b) and 1(c), respectively. RHEED shows a clear streak
pattern even after 20 nm deposition of both Pt and Co layers,
while the phi scan shows the expected twofold symmetry for
both the (002) and (220) peaks of Pt and the (0001) and (112̄0)
peaks of Co, with no other extraneous peaks, confirming an
epitaxial crystal structure for both layers.
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FIG. 1. (a) Hall bar geometry and definition of axes and angles.
For all Hall bar orientations, x̂ is the applied current direction, ẑ is
the out-of-plane direction, θ is the angle from the z axis, and φ is the
angle from the x axis. (b) RHEED pattern of Pt(20)/Co(20) sample
showing clear streak pattern. (c) In-plane XRD φ scan for Pt and
Co layers showing clear twofold symmetry for both (002) and (220)
peaks of Pt and (0001) and (112̄0) peaks of Co, confirming epitaxial
crystal structure. The bottom phi scan shows the MgO substrate (002)
and (220) peaks.

Co grows with its c axis growing in-plane along the Pt
[001] direction, which is the reason for the strong uniaxial in-
plane magnetic anisotropy seen during SMR measurements.
Finally, 2 nm of AlOx was deposited as a capping layer in
order to prevent oxidation of the Co layer for all samples.

Hall bars were patterned using photolithography and Ar-
ion milling with repeated parallel Hall bars (aligned either
to the [001] or [11̄0] directions) across the entire film that
have lengths of 25 μm and widths of 10 μm. A diagram of
the Hall bar structure used with the definition of axes and
angles used in this work can be seen in Fig. 1(a). Both flat
reference samples and Pt thickness-gradient wedge samples
were grown. Flat reference samples were used to calibrate the
wedge sample data points to the proper thicknesses.

In this work, x̂ is defined by the applied current direction
(which depends on the Hall bar orientation relative to the
crystal structure of the sample), ẑ is defined by the out-of-
plane direction, θ is the angle from the z axis, and φ is the
angle from the x axis. Thus, it is important to note that the x
and y axes are rotated depending on the orientation of the Hall
bar.

X-ray reflectivity (XRR) and atomic force microscopy
(AFM) were used in order to measure the roughnesses of the
interfaces and surfaces, respectively, of various samples. The
graphs and fits for single layer Pt(3), thin Pt(3)/Co(1) bilayer,
and thick Pt(10)/Co(6) bilayer can be seen in Fig. 2(a), and
the extracted roughness values in Table I. Note all samples
also include an AlOx cap layer of 2 nm.

FIG. 2. (a) X-ray reflectivity measurements and fits for
MgO(110)//Pt(3) (top), MgO(110)//Pt(3)/Co(1) (middle), and
MgO(110)//Pt(10)/Co(6) (bottom). Results of fit can be found in
Table I. (b) AFM micrographs of MgO(110) bare substrate (top) and
MgO(110)//Pt(3)/Co(3)/AlOx (bottom) with corresponding line
scans in both [001] and [11̄0] directions. White arrows describe line
scan direction shown on the right.

Both the single layer Pt(3) and thin Pt(3)/Co(1) show
near-perfect fitting, and the extracted roughness values are
very low, less than 0.1 nm in the case of single layer Pt, and
0.1–0.2 nm for the thin bilayer case. The thicker bilayer case
yielded slightly rougher values, 0.3–0.4 nm, although it can
be seen the fitting is not quite as good, especially above a 2θ

of ∼8◦. One reason for this could be a change in density from
the substrate side to the cap side of the layers due to epitaxy,
and more room for lattice relaxation than the thin bilayer case,
making fitting slightly more difficult.

TABLE I. Roughness values of substrate/Pt and Pt/Co interfaces
extracted from XRR fits seen in Fig. 2(a). Note: All samples are
capped with 2 nm of AlOx .

Sample structure Substrate/Pt (nm) Pt/Co (nm)

MgO(110)//Pt(3) 0.07
MgO(110)//Pt(3)/Co(1) 0.10 0.23
MgO(110)//Pt(10)/Co(6) 0.39 0.27
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FIG. 3. (a) Quadratic fits of sheet conductivity as a function of Pt thickness measured on Pt-wedge samples for various Co thicknesses.
Legend represents points in (a), (b), and (d). (b) Calculated average resistivities of Pt and Co obtained from fits in (a) for [001] and [11̄0]
directions (relative to Pt for Co). (c) Example of raw Hy and Hz field scans for both [001] and [11̄0] current directions, showing opposite
behavior due to magnetocrystalline anisotropy in the Co layer. (d) Pt resistivity as a function of temperature for the 2 nm Co [001] and [11̄0]
samples.

Qualitatively, the slope of the XRR signal is proportional
to the roughness, and it can be seen the raw data has a lesser
slope than the fit, indicating the calculated roughness values
are slightly too high, and are likely more in line with the single
layer and thin bilayer cases.

AFM was performed on a bare MgO(110) substrate and an
MgO(110)//Pt(3)/Co(3)/AlOx bilayer sample. Micrographs
and line scans can be seen in Fig. 2(b). Line scans were
performed along the two primary in-plane directions, the
[001] and [11̄0] directions, to confirm there is no significant
discrepancy in the roughness that could be the source of the
anisotropy.

Over the entire scan range, the bare MgO(110) substrate
was measured to have a mean height Ra of 1.6 Å and a root
mean square deviation rms of 2.1 Å. Along the [001] line scan,
a Ra of 1.3 Å was found, and along the [11̄0] line scan, a
Ra of 1.1 Å was found. These results are consistent with the
specifications of the substrate supplier.

For the Pt(3)/Co(3) bilayer case, the surface was found to
be even less rough. Over the entire scan range, a Ra of 0.9 Å
and a rms of 1.1 Å were measured. Along the [001] line scan,
a Ra of 0.8 Å was found, and along the [11̄0] line scan, a Ra of
0.7 Å was found.

These XRR and AFM results confirm that the bilayers are
deposited very evenly with a very low roughness, and there

is no significant difference in roughness between the two in-
plane directions that could be a source of anisotropy.

For the fitting of the Pt thickness-dependent data, it is
important to know the resistivities of both the Pt and Co layers
individually, both as fitting parameters and to calculate the
current shunting coefficient. Inverse sheet resistance (sheet
conductance) normalized by Hall bar length L and width
W ( 1

R0
xx

∗ L
W ) for the bilayer system at zero applied field

as a function of Pt thickness can be seen in Fig. 3(a). A
quadratic fit (according to the Fuchs-Sondheimer model, see
the Supplemental Material of Ref. [23] for details) is used to
calculate the Pt and Co resistivities. Although the Pt resistivity
is thickness dependent, the average resistivity value for the
measured thickness range is used, as it makes fitting easier
and has a negligible impact on fitted values.

The calculated average Pt resistivities can be seen in
Fig 3(b). In the [001] direction, the Pt resistivity was found to
be ρPt[001]

xx = 21.1 ± 2.4 μ� cm, while the [11̄0] direction was
found to have a resistivity of ρPt[11̄0]

xx = 15.8 ± 1.3 μ� cm.
As expected, there is no Co thickness dependence for the Pt
resistivity.

Co resistivity is calculated by extrapolating to zero Pt
thickness at the intercept, with the [001] direction (relative to
Pt) having a slightly higher resistivity than the [11̄0] direction.
This is likely in part due to anisotropic magnetoresistance
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FIG. 4. (a) Field angle (θ ) scans in the XZ plane for Pt(3)/Co(tF ) samples showing percent change in resistance due to AMR. Inset shows
�RAMR

xx extracted from angle scans. (b) Angle scans in the Y Z plane for Pt(3)/Co(tF ) samples showing percent change in resistance due to
SMR. Inset shows �RSMR

xx extracted from angle scans. (c) Representative θX Z , θY Z , and φXY scans for Pt(3)/Co(3) sample aligned in the [11̄0]
direction.

(AMR) in the Co. Because the Co layer has very strong mag-
netocrystalline anisotropy, the magnetization lies along [001]
at zero field regardless of Hall bar orientation. Along with
AMR, from measurements on MgO(110)//Co(2, 3 nm) epi-
taxial single layers, there also appears to be a crystallographic
orientation dependence on the resistivity as well, similar to the
Pt. The Co resistivity is also found to be thickness dependent,
and follows the form ρCo ∝ 1

tF
. Since the Co layer is flat, the

individual values for each thickness are used in the analysis.
Finally, it is worth noting that although there is large error

in the calculation of the Co resistivity at 1 nm, this does
not affect the fitting much, as it is only used in the current
shunting coefficient, and even a factor of 2 difference in the Co
resistivity value has negligible effects on the fitted parameters.

Since SMR measurements were also performed at 10 and
150 K on the 2 nm Co samples, Pt resistivity as a func-
tion of temperature was also measured, and can be seen in
Fig. 3(d). As expected for a metal, the resistivity decreases
as the temperature decreases, at approximately the same rate
for both directions. From this, it can also be seen that the
anisotropy in resistivity increases as temperature decreases,
with the averaged ρ

[001]
Pt being 38% larger than ρ

[11̄0]
Pt at 300 K,

63% larger at 150 K, and 140% larger at 10 K.
In this paper, �RSMR

xx is defined as the difference between
longitudinal resistance when the magnetization is saturated in
the ŷ direction and when saturated in ẑ, or in other words,
�RSMR

xx = Rxx(Hy) − Rxx(Hz ) although other magnetoresis-
tance (MR) effects may be present [23]. In Fig. 3(c), example

field scans can be seen for Hall bars oriented in the [001] and
[11̄0] directions, and it can be seen there is a clear difference
in the behavior between the two. For [001] oriented Hall bars,
there is only a small change in Rxx (Hz), while there is a large
change in Rxx (Hy). For [11̄0] oriented Hall bars, this behavior
is opposite.

This behavior can be explained by understanding the mech-
anism of SMR. In the SMR effect, a portion of the spin
current generated in the Pt layer from the spin Hall effect
gets reflected back into the Pt at the Pt-Co interface. This
reflected spin current generates extra charge current through
the inverse spin Hall effect, leading to a measurable decrease
in resistance. Spin absorption into the Co layer is maximized
when M is perpendicular to the spin polarization σ , which is
in the ŷ direction, and minimized when M is parallel to σ [24].
In other words, lower resistance is expected when M is in
the ŷ direction, and higher resistance when M is in the x̂ or
ẑ direction (excluding other MR effects). Thus, the difference
in behavior Fig. 3(c) can be understood from the fact that the
magnetic easy axis is along the Pt [001] direction (the Co c
axis), which is x̂ for [001] and ŷ for [11̄0].

III. FIELD ANGULAR DEPENDENCE

In order to measure the inherent anisotropic magnetore-
sistance (AMR) in the Co layer to compare to the SMR,
angular dependent measurements were performed on for
MgO(110)//Pt(3)/Co(1, 2, 3). AMR has a different angular
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FIG. 5. (a) Pt thickness-dependent SMR for the [11̄0] (open points) and [001] (solid points) directions for tF = 1, 2, 3 nm at 300 K. Solid
(dashed) lines are fitted curves using Eq. (1). (b) Pt thickness-dependent SMR for the [11̄0] (open points) and [001] (solid points) directions
2 nm Co at T = 10, 150, and 300 K. Solid (dashed) lines are fitted curves using Eq. (1). (c) λ

[001]
s f /λ

[11̄0]
s f and θ

[001]
SH /θ

[11̄0]
SH ratios as a function of Co

thickness using fit values obtained in (a). (d) λ
[001]
s f /λ

[11̄0]
s f and θ

[001]
SH /θ

[11̄0]
SH ratios as a function of temperature for 2 nm Co using fit values obtained

in (b).

dependence than SMR allowing the two to be separated;
AMR depends on the angle between applied current I and
magnetization M, while SMR depends on the angle between
spin polarization σ and magnetization M.

In the coordinates explained in Fig. 1(a), x̂ is defined as
the direction of applied I , meaning σ will be in ŷ due to the
spin Hall effect (SHE). Thus, by performing an angle scan
in the XZ plane, �AMR = [Rxx(Hx ) − Rxx(Hz )]/R0

xx can be
extracted, while an angle scan in the Y Z plane, �SMR =
[Rxx(Hy) − Rxx(Hz )]/R0

xx is extracted. This measurement is
performed at 5 T to fully saturate magnetization in the di-
rection of the applied field, and in the case of the Y Z scan,
should be equivalent to the values extracted using field scans
as shown in Fig. 5(a) at tN = 3 nm.

Figure 4(a) shows the results of the XZ angle scans, while
its inset shows the extracted �AMR values. For all thick-
nesses, [11̄0] shows a larger AMR signal than for [001], while
the overall trend for both directions is decreasing AMR with
increasing Co thickness. It has been shown previously that the
AMR depends on the direction of applied current in epitaxial
Fe films, and that the trend of increasing or decreasing AMR
with thickness also depends on current direction [25].

Figure 4(b) shows the results of the Y Z angle scans, with
the inset showing the extracted �SMR values, along with
the values from the field scans done in the Pt thickness de-
pendence section. As expected, the values all match between
the angle and field scans. The [001] direction shows a larger

SMR signal for all Co thickness than the [11̄0] direction, and
the overall trend for both is an increasing SMR signal with
increasing Co thickness.

If we compare the magnitudes of the MR signals, we
can see that the AMR signal is much smaller than the SMR
signal for both directions and all thicknesses; at most it is
50% of the SMR signal for 1 and 2 nm [11̄0] Co, while it
is much smaller for [001], less than 10% the magnitude for
2 nm [001] Co. Next, surprisingly, not only is the overall
trend with Co thickness opposite for AMR and SMR measure-
ments, but also the current direction with the larger signal is
opposite.

It has also recently been suggested that the crystalline
structure of the FM layer can influence the MR in the Y Z
plane, in other words influencing the SMR signal. Isogami
et al. [26] showed that in the indium tungsten oxide (IWO)
bilayers IWO/Co and IWO/CoFe, MR in the Y Z plane of
around 0.2% was seen that was not due to SMR. This MR
only appeared when the Co and CoFe layers formed grains
with a preferred crystal orientation, but disappeared when the
FM layer was disordered. MR in the YZ plane was investi-
gated on single layer MgO(110)//Co(2, 3 nm) samples, but
only signals between 0.01%–0.1% were observed (depending
on current direction), meaning this cannot explain the large
anisotropy seen in this work.

One final point to take into account is the relation of
resistance when magnetization is perpendicular to the plane
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(ẑ, Rp), when magnetization is parallel to applied current (x̂,
R‖), and when magnetization is transverse to applied current
(ŷ, R⊥). The relative resistances depend on how the various
MR contributions interact and combine. In most cases, R‖
is greater than or equal to Rp and R⊥, due to the main
contributions of the AMR and SMR effects, along with other
contributions such as the geometrical size effect (GSE) or
interfacial effects [27]. In this work, however, the relation
was found to be Rp > R‖ > R⊥. This unusual relation arises
due to a combination of the standard negative SMR signal
and the nonstandard negative AMR signal. This relation was
previously observed in epitaxial Co/Pt grown on MgO(111),
and was attributed to a negative GSE that leads to Rp being
greater than Rip (in-plane resistance) [28].

IV. Pt THICKNESS AND TEMPERATURE DEPENDENCE

SMR as a function of Pt layer thickness (tN ) has been
measured at 300 K for MgO(110)//Pt(tN )/Co(1, 2, 3) bilayer
systems in order to extract spin Hall angle (θSH) and spin
diffusion length (λs f ) through fitting using the following
equation [23]:

�RSMR
xx

R0
xx

= −θ2
SH

λs f

tN

tanh (τ )

1 + η

[
1 − 1

cosh (2τ )

]
, (1)

where η = (ρNtF )/(ρFtN ) is the current shunting coefficient
and τ = tN

2λs f
. In this form of the drift-diffusion model of

SMR for a HM/FM bilayer, a transparent Pt/Co interface is
assumed, and longitudinal spin absorption into the Co layer
is neglected [29]. This fitting gives a lower bound on the
spin Hall angle [23]. The results of this fitting can be seen
in Fig. 5(a).

Good fitting is obtained for Hall bar devices aligned along
both primary directions, although the signal for each direction
is strikingly different. When current is applied along the [11̄0]
direction, the SMR signal reaches a maximum around 1 nm
thick Pt, while for the [001] direction the signal does not
reach a maximum until around 2 nm of Pt. Above 2 nm of Pt,
the [001] direction shows a signal more than 2× larger than
[11̄0]. The fitting at very low thicknesses, especially for the
[001] direction, deviates from the raw data, however. The Y Z
MR in this thinner region is likely affected by bulk-interface
charge-spin entanglement [3]. However, the data that are well
fit at thicker regions should be dominated by bulk effects,
which approximately determine the spin diffusion length. A
summary of extracted parameters can be seen in Table II.

As expected, the spin diffusion length is roughly inde-
pendent of the Co layer thickness, while the spin Hall angle
increases with increasing Co thickness. Although one might
expect the spin Hall angle to decrease as the FM layer thick-
ness increases due to extra current shunting into the FM layer,
it has been shown that for Pt/Co layers, the spin Hall angle
increases at least up to at 7 nm Co. The extracted spin Hall
angles are also consistent with this previous report [23].

While there may be a small enhancement of the spin Hall
angle for Hall bars aligned along the [001] direction, the
primary reason for the large discrepancy between the two
current directions. According to the fitting results, the spin
diffusion length for the [001] direction is ∼0.6–0.75 nm, and
is extremely short in the [11̄0] direction at ∼0.20–0.26 nm.

TABLE II. Extracted θSH and λs f values from fits of data shown
in Figs. 5(a) and 5(b) using Eq. (1).

tF , orientation θSH λs f (nm)

1 nm, [11̄0] 0.20 ± 0.003 0.26 ± 0.01
2 nm, [11̄0] 0.29 ± 0.004 0.23 ± 0.01
3 nm, [11̄0] 0.27 ± 0.01 0.20 ± 0.02
1 nm, [001] 0.21 ± 0.003 0.75 ± 0.04
2 nm, [001] 0.26 ± 0.004 0.61 ± 0.03
3 nm, [001] 0.33 ± 0.005 0.62 ± 0.03

Temp., orientation θSH λs f (nm)

10 K, [11̄0] 0.26 ± 0.009 0.23 ± 0.02
150 K, [11̄0] 0.32 ± 0.005 0.18 ± 0.01
300 K, [11̄0] 0.31 ± 0.006 0.19 ± 0.01
10 K, [001] 0.29 ± 0.004 0.65 ± 0.03
150 K, [001] 0.28 ± 0.005 0.58 ± 0.03
300 K, [001] 0.26 ± 0.004 0.61 ± 0.03

This is much shorter than the values λs f that have been
reported, which generally range from 1–11 nm [30–35], but
has been reported to be as small as 0.5 nm [36].

Since λs f normally depends on the resistivity, it can be
useful to calculate the λs f ρPt product. For the [11̄0] direction,

FIG. 6. Comparison of fitting using the standard SMR model and
the modified REMR model for Co (2 nm) samples for (a) the [001]
and (b) the [11̄0] current directions. Note that λs f and θSH are fitting
parameters for the SMR model, but are constants for the REMR
model.

214415-6



CURRENT DIRECTION DEPENDENT SPIN HALL … PHYSICAL REVIEW B 101, 214415 (2020)

this product comes out to be (0.53 ± 0.04) × 10−16 � m2,
while for the [001] direction the product is (1.34 ± 0.2) ×
10−16 � m2. This is around one order of magnitude smaller
than previously reported values by Sagasta et al. [14] of (6.1 ±
0.2) × 10−16 � m2 and Nguyen et al. [30] of (7.7 ± 0.8) ×
10−16 � m2, although it is important to note that the work by
Nguyen et al. assumed the EY mechanism, which cannot be
the mechanism in this work for a number of reasons. In the EY
mechanism λs f ∝ ρ−1

Pt , but in this work λ
[11̄0]
s f < λ

[001]
s f and

ρ
[11̄0]
Pt < ρ

[001]
Pt . Normally the EY mechanism is expected in

metals because of their short mean free path, but these results
are inconsistent with the EY mechanism. Here we note that
because of this inconsistency, the values obtained and shown
in Table II may not be quantitatively correct. However, the
spin diffusion length must be anisotropic in order to explain
the difference in shape and peak position seen in Figs. 5(a)
and 5(c).

This inconsistency with the EY mechanism is further seen
by performing SMR measurements at varying temperatures.
As seen in Fig. 5(b) for a 2 nm Co sample, when the temper-
ature was lowered to 150 K and further to 10 K, there was
no shift in the peak position for either current direction. In
the EY mechanism, when the resistivity is lowered at lower
temperatures, the spin diffusion length should increase, which
causes a shift in the SMR peak position. As shown in Fig. 3(d),
there is indeed a significant decrease in resistivity for both
directions, but no peak shift is seen at any temperature. This
has previously been used as an argument for the dominance
of the DP mechanism [37], although this must be considered
very carefully.

The origin of the SMR effect, and thus the basis of the
diffusion model, is assumed to arise from the spin Hall
effect [38,39], which is a bulk effect. The DP mechanism,
on the other hand, is an interfacial effect. Although it may
qualitatively explain no peak shift, simply replacing the spin
diffusion length from the bulk due to the EY mechanism
with the spin diffusion length due to the interfacial spin-
orbit coupling may not be quantitatively correct in the fitting
equation. The spin diffusion length can be calculated for a DP

dominated system (τs ≈ τs,DP) as [37,40]

λs f = √
Dτs =

√
D〈

�2
k

〉
τp

=
√

v2
F〈

�2
k

〉 , (2)

where the spin relaxation time for the DP mechanism τs

is 1
τs

= τp〈�2
k〉, with 〈�2

k〉 being the spin precession vector
proportional to the Rashba parameter αBR, the momentum
scattering time τp = D

v2
F

, D is the diffusion constant, and vF =√
2EF
m is the Fermi velocity [41]. λs f is independent of both

tN and T , and only depends on the Fermi velocity (which
should be roughly independent of T for a metal, as metals
have a Fermi energy much larger than the thermal energy
kBT ) and the Rashba parameter. The Fermi surface of Pt
is known to be anisotropic, with the Fermi velocity in the
[110] direction being about twice as large as in the [001]
direction [42], but this alone cannot explain the λ

[001]
s f /λ

[11̄0]
s f ratio

of 3 as seen in Figs. 5(c) and 5(d). As such, this result implies
there is anisotropy in the spin precession vector, and therefore
anisotropy in the Rashba parameter.

Although there is large anisotropy in the spin diffusion
length, the spin Hall angle obtained from the fitting is approx-
imately isotropic. It is difficult to say whether or not this is
to be expected. In general, the spin Hall effect is expected to
be isotropic for cubic systems from first principles [43], and
epitaxial MgO(100)//Fe/Pt was recently reported to have an
isotropic spin Hall angle [44]. On the other hand, the RE effect
can give rise to Rashba-Edelstein magnetoresistance (REMR),
which was found in Bi/Ag/CoFeB trilayers to have the same
angular dependence as SMR [10]. However, the MR in this
report that is due to the REMR is more than one order of
magnitude smaller than the SMR in the current work.

V. REMR MODEL FITTING

An expanded SMR model that includes the REMR has
been recently developed, which incorporates e(λIEE ẑ × E )
spin accumulation contributions from the RE effect into the
SMR theory. This hybrid MR is calculated using the following
equation [45]:

�Rxx

R0
≈ − λs f /ρN

tN/ρN + tF /ρF
Re

[
2ρNλs f G↑↓

1 + 2ρNλs f G↑↓ coth (tN/λs f )

]{[
θSH tanh

(
tN

2λs f

)
+

(
λIEE

2λs f

)]2

− 2

(
λIEE

2λs f

)[
θSH tanh

(
tN

2λs f

)
+

(
λIEE

2λs f

)] 〈sinh[(tN − d2)/λs f ]〉
sinh(tN/λs f )

+
(

λIEE

2λs f

)2 〈sinh2[(tN − d2)/λs f ]〉
sinh2 (tN/λs f )

}
. (3)

Here λIEE is the inverse Edelstein length, a unit with
dimensions of length that corresponds to the electron’s spin-
momentum locking distance [46,47], d2 is the thickness of
the RE region, G↑↓ is the spin-mixing conductance at the
HM/FM interface, and 〈· · ·〉 is the average with respect to d2

weighted by exp(−d2/dR), where dr is the effective thickness
of the RE region (see the Supplemental Material of Ref. [45]
for more details).

In this model, the EY spin relaxation mechanism and
the intrinsic/side-jump contributions are assumed to domi-
nate the bulk of the epitaxial Pt, so λs f and θSH are first

precalculated based on the Pt resistivity and the λs f ρPt and
λs f θSH products. The λs f ρPt product has been suggested to
be ∼0.6 × 10−15 � m2 by theory [48] and experiment [14],
so this value is used with the calculated ρPt values to calculate
λ

[001]
s f = 2.7 nm and λ

[11̄0]
s f = 3.7 nm. The λs f θSH product is set

to 0.2 nm [32,49], resulting in θ
[001]
SH = 0.07 and θ

[11̄0]
SH = 0.05.

The real part of G↑↓ is assumed to be 1015 �−1 m−2 [50].
Using these values, the data for the tF = 2 nm samples

were fit using this model to yield the red curves seen in Fig. 6,
with dR and λIEE as fitting parameters. For the [11̄0] direction
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[Fig. 6(b)], the fit seems reasonable and gives similar values
to the work in Ref. [45]. However, the fit is very poor for the
[001] direction using the values calculated assuming the bulk
EY contribution. In order to create a good fit, λ

[001]
s f must be

decreased to 0.71 nm and θ
[001]
SH must be increased to 0.26, as

shown by the green curve in Fig. 6(a) (labeled REMR Fit 2).
However, if we take these parameters to be the “true”

values, and calculate λ
[11̄0]
s f and θ

[11̄0]
SH assuming a constant

λs f ρPt and λs f θSH from the EY mechanism, we obtain the
result shown by the green curve in Fig. 6(b), which can
be seen to be a poor fit. From this, we can conclude that
the assumption of the bulk EY contribution due to the Pt
resistivity is not valid for this system.

VI. CONCLUSION

It has been demonstrated that epitaxial Pt/Co bilayers
on MgO(110) show strongly anisotropic spin Hall magne-
toresistance, with [001]-oriented devices having an SMR

magnitude magnitude over 2× greater than [11̄0] devices at Pt
thicknesses above 2 nm. SMR results at various temperatures
and the directly proportional relationship between λs f and
ρPt for the two directions implies that the DP spin relaxation
mechanism is dominant. From the definition of λs f in a DP
dominated system, it is suggested that anisotropy in both the
Fermi surface and RE effect give rise to this anisotropic λs f .
While there is still work to be done in developing new theory
that can accurately model epitaxial systems such as this one,
this work helps pave the way for a deeper understanding of
anisotropic spin transport in epitaxial HM/FM systems.
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