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The spin Hall effect in ferromagnets is of great interest in the field of spintronics, and while the effect has
been quantified in many materials, the dependence of the spin Hall angle on the relative orientation of spin
polarization and the magnetization is less well studied. Of equal importance for the purpose of spin-charge
interconversion in ferromagnets is the spin relaxation length, which is predicted to be highly anisotropic with
respect to magnetization. Using a modified lateral spin valve geometry with a copper channel and permalloy
spin injector, we measure the dependence of the spin Hall angle and spin relaxation length on magnetization
orientation in permalloy and nickel, using two distinct device geometries. This allows us to disentangle the
contributions of the spin relaxation length and spin Hall angle to the measured spin-charge interconversion
voltage output. Our results indicate a large anisotropy in both the spin relaxation length and spin Hall angle
in both permalloy and nickel, in agreement with theoretical calculations. The quantities change in opposite
directions, with the spin relaxation length rising as the magnetization is moved parallel to the spin polarization
and the spin Hall angle falling, leading to a near total cancellation of the spin-charge interconversion output.
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I. INTRODUCTION

The spin Hall effect (SHE) allows for the conversion of
charge current into spin current and vice versa and is therefore
of fundamental importance in the field of spintronics [1]. In
typical spintronic devices, nonmagnetic heavy metals are used
where components with strong SHE are required, with ferro-
magnets (FMs) being reserved for memory elements such as
in magnetic random-access memory (MRAM) [2,3], and spin-
based logic [4-6]. However, FMs can display SHE [7-11],
with spin-charge interconversion (SCI) efficiencies compara-
ble to heavy metals [11], and with the potential advantage of
using their magnetization as an additional degree of freedom
for control for SCI[11,12].

The spin Hall conductivity is expected to be anisotropic
in FMs due to lowering of symmetry by the magnetization
[13,14]. This is sometimes referred to as the spin anomalous
Hall effect (SAHE), although we discuss the effect in terms
of anisotropy in the SHE [15,16]. Where the SAHE is men-
tioned we are referring to literature sources which use this
term [13,17]. A spin current in a FM is expected to produce
a charge current which depends on the relative orientation
of the spin with the magnetization, which defines the direc-
tion of spin polarization in a FM at equilibrium. It has been
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speculated that the SHE and AHE can be related to one
another by the FM polarization [18] but, in practice, the rela-
tionship between the SHE and AHE in a FM is quite complex
[13], and thus the SHE should be considered in terms of the
spin Hall conductivity [10,13,14].

The anisotropy of the SHE has been studied in several
different FMs, such as CoFeB [8,19], FePt [20], CoFe [21],
NiFe (permalloy, Py) [7,22-25], Co [26], CoTb [27], NiCu
[11,28,29], NiPd [11], and Fe [30] using a variety of mea-
surement techniques. Results are mixed with some studies
showing the SHE to be isotropic [11,26,28,29] and others
showing it to be anisotropic [8,19-24,27,30]-whether this is
due to experimental differences or material dependent is yet
to be established. Theoretical studies of Ni predict a large
difference in the SHE with magnetization [13,16,31], which
should be easily resolvable in our experiment. In Py, prior ex-
perimental work [22,23] has shown an appreciable anisotropy.
However prior works on this topic do not typically consider a
dynamic spin relaxation length (i) which is also expected to
vary greatly with magnetization orientation in both Py and Ni
[32], meaning the effects of A and the spin Hall angle (Osyg)
are entangled.

In this work, we study the SHE in Py and Ni, using lateral
spin valves (LSVs) in a nonlocal configuration to produce a
pure spin current. Note that we measure the inverse SHE, but
the direct SHE can be obtained by swapping the current and
voltage terminals, which follows Onsager reciprocity [33,34].
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FIG. 1. Device schematic. Two geometries were used in this
work to measure the SHE. (a) H-shaped device, consisting of two
Py elements (gray) along %, referred to as the injector (left) and
detector (right), with a third perpendicular element (absorber, center)
along $ made of either Py or Ni, all connected by the Cu channel
(orange). Two voltage measurements are indicated: in black is the
SHE configuration (corresponding to results in Fig. 3), and in green
the spin absorption configuration (corresponding to results in Fig. 2).
(b) L-shaped device, again showing a Py injector (along %), and a
Py or Ni absorber (along y) with an associated spin Hall voltage
(corresponding to results in Fig. 4).

Spin Current

For the sake of simplicity, we refer to both as the SHE. This
method of spin injection and detection provides for a clear and
unambiguous analysis of the results [7]. This geometry allows
us to clearly separate the spin injecting and detecting FMs,
reducing the chances of spurious effects from spin injection
and eliminating the chance of exchange interaction between
the FMs. We employ a geometry which allows us to measure
the anisotropy of Asyg with magnetization by independently
controlling the magnetization of the spin injecting and detect-
ing FMs, while simultaneously accounting for the anisotropy
of A in the FM. In this way, we observe a large anisotropy of
both Osyg and Ag, depending on the relative orientation of the
spin polarization of the FM magnetization. Crucially, with the
spin polarized perpendicular (parallel) to the magnetization,
we see a minimum (maximum) in A¢ and a maximum (mini-
mum) in Osyg, with the product of the two, and therefore the
measured voltage due to SHE, being approximately constant.

II. DEVICE

We study Py and Ni, prototypical FM examples, which
both form a high-quality transparent interface with the Cu
we use for our spin channel. Our measurements indicate
that the interface resistance between the two materials is in
fact limited by the Sharvin resistance, which forms a key
part of our analysis [35,36]. Py is used as the spin injecting
material in all devices, since Ni cannot be used to inject or
detect spin current in LSVs, with it having zero current spin
polarization [37,38].

Our FMs are deposited by electron-beam deposition onto
a clean Si/SiO, substrate using standard lithographic tech-
niques. All FM elements are 30 nm thick and 140 nm wide,
with lengths of ~2 um. The spin injector and detector have
different switching fields due to engineered shape anisotropies
(the addition of a nucleation pad far from the Cu/Py junction
favors magnetic domain-wall formation, lowering the switch-
ing field). After depositing the FM elements, the lithography
defining the Cu channel, either H-shaped, Fig. 1(a), or L-
shaped, Fig. 1(b), was performed. Before Cu deposition, the
interfaces of the FMs were cleaned using Ar-ion milling to

TABLE I. Key material properties extracted from reference mea-
surements and simulations at 10 K.

Material Al (nm) 0 (2 nm) o
Py 2.6+£0.2 313£5 0.33+0.02
Cu 1350 + 50 19+2 0

ensure a transparent and Ohmic interface, and a Cu channel
(140 nm wide and 90 nm thick) was deposited by thermal
evaporation in ultrahigh vacuum. All lateral dimensions were
confirmed by scanning electron microscopy (SEM), and thick-
nesses were confirmed by x-ray diffraction (XRD). The SHE
element of the devices (henceforth referred to as the absorber),
indicated with the black voltage probe in Figs. 1(a) and 1(b)
is either Py or Ni, with both materials studied in the same
geometries.

First, we characterized our material properties, including
bulk resistivities p, which were obtained using four-point
electrical measurements combined with device dimensions
from SEM imaging. We calculated the interface resistances
between Cu/Py and Cu/Ni [39], although this was found
to be smaller than our experimental resolution and, in fact,
the intrinsic Sharvin resistance is likely the dominant inter-
face term (see Note S3 of the Supplemental Material [40]).
The saturation magnetic fields for Py and Ni were found
via anisotropic magnetoresistance (AMR) measurements (see
Note S4 [40]). We also measured, using a separate reference
device with a conventional LSV geometry, the spin relaxation
length for a spin current polarization oriented parallel to the
magnetization (A!) in Py, as well as the spin polarization of
Py (apy), which are shown in Table I (see Notes S1 and S2 for
details [40]). These were extracted using three-dimensional
(3D) FEM simulations with GETDP [41] and GMSH [42], of
LSVs with different channel lengths, together with data from
an LSV with an absorbing Py element [43,44]. This is partic-
ularly important because Py will be used to inject spin in both
the H-shaped and L-shaped devices, with the injector always
oriented parallel to the magnetic field, so we can use the values
derived from the reference device in the Py elements aligned
with the magnetic field.

III. SPIN-ABSORPTION ANISOTROPY

The aim of this section is to quantify the spin relaxation
anisotropy by measuring the spin-absorption anisotropy. To do
this we employ an LSV configuration in the H-shaped device
both with [Fig. 1(a), green circuit] and without an absorber.
This is distinct from the analysis we do to extract Al in Py
(Table I) as shown in Note S2 [40], because now the absorber
is no longer magnetized in a direction parallel or antiparallel
to the injector and detector, except at very high field. The
absorber will still absorb spin, reducing the spin accumulation
at the detector, but this absorption now depends on the applied
magnetic field, which rotates the absorber magnetization from
being perpendicular to the injector and detector at zero field to
being parallel at high field. The absorption has been shown to
be much more efficient in the perpendicular orientation [32]
because the spins entering the absorber precess and dephase
in the exchange field of the absorber. This results in a smaller
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FIG. 2. Spin absorption anisotropy measurements using the H-shaped device, with a channel width of 130 nm and an injector-detector
distance of 500 nm. (a) A reference LSV measurement, made in a device identical to that in Fig. 1(a) but without the central FM absorber.
The relative orientations of the FM injector and detector magnetizations are indicated, corresponding to two measured nonlocal resistances,
+RyL, for parallel and antiparallel magnetizations. (b), (c) LSV measurements with an absorbing (b) Py and (c) Ni element placed between
the injector and detector. The signal at high field is indicated as RI”\IL (spins polarized parallel to the absorber magnetization), and at zero field
as R, (spins polarized perpendicular to the absorber magnetization). The black dashed line represents a fit from a 3D FEM simulation.

signal at low field, where absorption is more efficient and little
spin reaches the detector.

The results, showing the nonlocal resistance Rny, = Vi /L,
where Vyp, and I, are the measured nonlocal voltages and
applied charge currents [green circuit, Fig. 1(a)], are plotted
in Figs. 2(b) and 2(c). They demonstrate strong spin current
absorption in both Py and Ni compared with the reference de-
vice [Fig. 2(a)]. At zero applied magnetic field (perpendicular
configuration), Py absorbs 84 + 1% and Ni absorbs 92 + 1%
of the spin current. In the parallel configuration, the absorption
decreases to 78 £ 1% for Py and 89 =+ 1% for Ni.

In the 3D FEM model, this is simulated by a changing
value of the spin relaxation length, with A being much shorter
for spins oriented perpendicular to the magnetization. This
value is denoted Aj, where we expect Alsl > /\SL. k! in Ni is
extracted from the H-shaped device. Given that we know the
value of A! in Py as well as apy, we can use these in the 3D

FEM simulation for the Py injector and detector and vary Al
in Ni until we match the high-field experimental Ry, signal in
Fig. 2(c).

To find the value of A> we employ the same approach but
now focusing on Ryp at low field. We can keep the same
value of A! for the injector and detector as we found from
the reference device. Indeed, at high field we can also use
these values for the absorber, which gives a good fit to the
data at high field [Fig. 2(b)], although it deviates slightly in
the H-shaped reference device [no absorber, Fig. 2(a)]. To
fit the signal at low field, we vary )»si until we match the
experimental Ry . For the fitting curves shown in Figs. 2(b)
and 2(c), for Py and Ni, respectively, intermediate values are
fitted simply by interpolating between Al and A, following
the known shape of the magnetization derived from AMR data
(see Note S4 [40]).

The values for A! and A} extracted in this way are sum-
marized in Table II, noting that the same value of k! is used
in the reference device and the H-shaped device for Py. The
absorption clearly depends on the magnetization of the FM,
although this effect is much stronger in Py [Fig. 2(b)], it is
also visible in Ni [Fig. 2(c)].

Although the difference between RlllIL and Ry, is rather
small in both cases, the values for A! and 1] extracted from
our simulations differ much more. This is due to the presence
of the Sharvin resistance at the Cu/FM interfaces, which
is relevant for both A! and A}, although much more so in
the latter case. The Sharvin resistance provides a maximum
conductance value of the interface. For a spin potential in the
Cu channel, this acts as a resistance in series with the spin
resistance of the Py injector and detector, and at short spin
relaxation length in the FM absorber (below 5 nm) the Sharvin
resistance contributes appreciably to the absorption. For anal-
ysis in this work, we use the value of 1.2 x 10'° fQ~! m~2
for all interfaces, based on ab initio studies of Cu/3d — FM
interfaces [35,36], although a range of values can be found in
the literature [32,35,36,45]. This has a significant effect on
the absolute values for both values of A; and Osyg that we
calculate. More detailed discussion can be found in Note S2
[40]. In this experiment, we observe a very small difference
in values for A! between Py and Ni (Table II). Theoretical
predictions expect a much larger value of A! in Ni due to its
weaker exchange splitting (as high as 20 nm), as well as a
somewhat larger value of A! in Py (5.5 nm) [32], although
these predictions are all for monocrystalline materials, and in
our case we have polycrystalline materials, which along with
various experimental inevitabilities can be expected to lower
s compared with the theoretical ideal. For both materials, Aj‘
is expected to be very small (<1 nm), due to rapid precession
and dephasing of the spin current over a length scale on the
order of a few interatomic distances [32,46]. Indeed we do
observe a reduction of 1 compared with A! in both materials,
although given the very small values involved for Al it is dif-
ficult to assign an accurate value experimentally, particularly
given the dependence on the interface resistance which cannot
be precisely determined (Note S2 [40]).

IV. SPIN HALL EFFECT ANISOTROPY

In the same H-shaped device used for measuring absorp-
tion anisotropy, we can also measure the SHE [Fig. 1(a), black
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TABLE II. Spin relaxation lengths, spin Hall angles (in units of /i/e), resistivities, and A products at 10 K.

0 (2 nm) Al (nm) AL (nm) 0l (%) O3 (%) ALl (nm) O+ 1+ (nm)
Py 31345 26+0.2 09+0.2 1.1+0.2 42+0.5 0.029 £ 0.007 0.038 £0.013
Ni 115+2 3.1£0.2 20402 23403 35+£04 0.071 £0.014 0.070 £0.015

circuit]. In this configuration, the injector magnetization, and
therefore the spin polarization, is fixed along X. Similarly, the
direction of the spin current J; flows almost entirely along
Z, from the Cu channel into the FM absorber. The spin Hall
current is therefore generated along y, corresponding to the
measured voltage. The magnitude of the effect, 2ARysyg, cor-
responding to the difference in the signal, Risyg = Visue/Le,
where Visgg is the voltage due to the SHE, for the injector
magnetized along +X and —% is shown in Fig. 3 at high field
and zero field.

To perform the measurement, the injector and absorber
are first magnetized along £X% and =9, respectively, by the
application of a magnetic field along y. Then the field is swept
along %, from 0 to 500 mT, while measuring the voltage.
This process is repeated for positive and negative field sweeps,
saturating the injector and detector before each sweep. In
practice, and in agreement with theory, the initial orientation
of the absorber (439 or —y) does not affect the result, since
any anisotropy with this symmetry depends on the direction
but not the sign of the absorber magnetization [16]. Risyg
therefore does not depend on whether the absorber is initially
magnetized along 4§ or —$, but only on sin? 8, where § is the
angle between the spin polarization and the magnetization.

Ideally, if both A and Osyg were isotropic with respect
to magnetization, the SHE measurement should produce
a square hysteresis loop, with switching corresponding to
the switching of the injector. This is because the injector
switching changes the sign of the spin polarization, therefore
changing the sign of Vispyg, and thus Rysyg. In the realistic
case, we would expect to see an increase in the signal at high
field as the value of A increases (see Fig. 2), as well as the
contribution from any change in Osyg with respect to zero
field. In the case of Ni, this is indeed the case; except for
jumps at low field, the signal matches what we would expect
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FIG. 3. SHE anisotropy measurement in (a) Py and (b) Ni, using
the H-shaped device. The inset shows a false-color SEM image of the
device used, indicating the applied field By, applied charge current J,
and the measured voltage. The orange and blue curves correspond to
the two initial magnetization states of the injector, with the top-right
insets showing enlarged views at zero field. 2ARisyg at zero field and
high field is annotated.

in a system where OsygAs is approximately constant over the
range of field measured.

In contrast, the data from the Py measurement are clearly
quite different. There are several possible interpretations here,
with artifacts possible from the planar Hall effect and anoma-
lous Hall effect (AHE). However, these contributions would
also affect Ni. Therefore, the most likely cause is the detection
of spin accumulation at the interface of the FM absorber and
Cu, which is measurable in Py but not in Ni. The etching
of the absorber to give a clean interface with the Cu induces
asymmetric domain trapping centers on both sides of the Cu
channel. The magnetic texture is therefore not the same at
these two sides, leading to a measurement of a nonlocal signal
unrelated to spin-charge interconversion effects [11,47]. A
spin accumulation measurement in Py is significantly larger
than the SHE—when measuring the spin accumulation di-
rectly in the same device, we find a signal with the same
symmetry as the background, but much larger (see Note S5
[40]). Detecting even a small part of this signal would be
comparable to the SHE, which matches what we see here.

These spin accumulation contributions are symmetric at
high magnetic field, allowing us to easily disentangle them
from the antisymmetric SHE signal. At low field the spin ac-
cumulation does not contribute, meaning we directly measure
just the SHE (see Note S5 [40]). The value of 2ARysyg is ob-
tained by fitting a flat line to the Risyg values at high positive
and negative field after saturation of the absorber and subtract-
ing the values. Similarly, at low field, 2AR;syg is obtained by
fitting a line to the low-field values of Risyg, thus determining
the zero-field nonlocal resistance. Regardless of the behavior
at intermediate fields, complicated by the presence of spin
accumulation in the case of Py, the values at low and high
fields are sufficient to measure the anisotropy of Ospyg. In
this H-shaped device we measure 2ARsyg at zero field and
high field of 104 £ 1 pu€2 and 120 = 1 us2, respectively for Py
[Fig. 3(a)], and 129 £ 9 and 118 £ 1 uf2 for Ni [Fig. 3(b)].

In this device geometry, the FM elements can be placed
very close together, allowing for a large signal to be mea-
sured (Fig. 3). However, this proximity can lead to unwanted
artifacts due to an appreciable fraction of the charge current
reaching the absorber, although any artifacts from the AHE
or magnetoresistance would be symmetric with magnetization
and thus easily removed. In addition, the current is injected
through the tip of the injector, and, although the magnetization
is, in principle, still oriented along % at the tip, there is the
potential for some noncollinear component, especially at low
fields—although such effects are not seen in the reference
device, Fig. 2(a).

To overcome these potential issues, we carry out the same
measurement using a different geometry, the L-shaped de-
vice shown in Fig. 1(b). In this case, the FMs cannot be
brought so close together, meaning a lower signal, but it does
allow for current injection through the body of the injector
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FIG. 4. SHE anisotropy measurement in (a) Py and (b) Ni using
the L-shaped device. The inset shows a false-color SEM image of the
devices used, indicating the applied field By, applied charge current
Je, and the measured voltage. The orange and blue curves correspond
to the two initial magnetization states of the injector, with the top-
right insets showing enlarged views at zero field. 2ARsyg at zero
field and high field is annotated.

rather than the tip, as well as reduced charge current at the
absorber, both of which lead to reduced potential spurious
effects. Although this second geometry gives a cleaner signal,
it is clearly not perfect in the case of Py, where a spin-
accumulation signal is again seen [Fig. 4(a)]. For Ni, we get a
square signal [Fig. 4(b)], as expected in the case of isotropic
SHE in this configuration. Despite their different shapes, the
two geometries share the same fundamental principle, with
a perpendicularly oriented injector-absorber pair and a Cu
channel allowing for nonlocal spin injection. In this L-shaped
device we measure 2ARsyg at zero field and high field of
21.0 £0.2 and 24.9 £+ 0.1 u€2, respectively for Py [Fig. 4(a)],
and 36.5 + 0.2 and 40.4 £ 0.1 uS2 for Ni [Fig. 4(b)].

We calculated the value of 6syg for Py [Fig. 5(c)] and Ni
[Fig. 5(d)] in both device geometries [Figs. 1(a) and 1(b)].
The two return very similar results for Osyg. This calculation
is again performed via a 3D FEM simulation of each device,
using the known value of A at each field as an input parameter,
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FIG. 5. Magnetic field dependence of A, in (a) Py and (b) Ni and
Osug in (c) Py and (d) Ni. The values of A, are obtained by fitting the
data in Figs. 2(b) and 2(c) (H-shaped device), while Osyg is extracted
from fitting the data in Figs. 3(a) and 3(b) (H-shaped device) and
Figs. 4(a) and 4(b) (L-shaped device), in both cases using A as an
input.

TABLE III. Comparison of experimental and theoretical spin
Hall conductivity values for Ni.

Reference oge [21(Q7Tem™) o [21(Q 7 em™)
H-shaped 3800 £ 400 2000 £ 400
L-shaped 3000 £ 400 2000 + 300
Amin et al. [16] 1688 960

Salemi et al. [13] 1575 824

and treating fsyg as a fitting parameter. The value of Osyg is
iterated until the simulated Risyg at both low and high field
matches the experimental measurements, with values at inter-
mediate fields interpolated between these two values, given
the known shape of the magnetization pulling extracted from
AMR measurements of the FM absorber (Note S4 [40]). The
values of Osyg shown in Table II are from the L-shaped device.

We observe a large anisotropy in fsyg in both materials, al-
though it is much larger in Py than in Ni. Interestingly, despite
this very large anisotropy, the value of Risyg changes only
slightly as a function of magnetization direction. This is due
to the compensation of fsyg and Ag, where Risgyg X Ospps.
In these materials, we appear to get an almost complete
cancellation between the two quantities (i.e., R{'SHE ~ Risyp)
with A being reduced greatly for spins perpendicular to the
magnetization, as expected, but this being compensated by a
much larger value of fsyr. Equivalently, we can say that the
product, Ospgis, which is often used to express the overall
efficiency of the SHE in a system is approximately constant
for all values of magnetization, i.e., 00 Al & Oyl for both
Py and Ni. The same result has been observed in the literature
for NiCu and NiPd [11].

Comparing this to literature measurements, we see quite
different results, with an experiment using magnon transport
in Py observing ARsyg changing by a factor of 2 between
the parallel and perpendicular spin states [23]. For Ni no such
experiments are available to compare with our results, how-
ever as a pure element it is comparatively better theoretically
characterized than Py. In Ref. [16], the anisotropy of the SHE
is decomposed into a magnetization independent SHE along
with an SAHE, which arises when the spin polarization is
aligned with the magnetization, which is equivalent to con-
sidering an anisotropy of the SHE with the symmetry of the
SAHE as we do here. A similar calculation is carried out in
Ref. [13], with the corresponding values from both theoretical
works along with our experiment summarized in Table III.

Our spin Hall conductivities (osyg = Osye/p), in both ge-
ometries are much larger than expected, by approximately a
factor of 2 compared with the theory—although notably the
ratio between them is comparable to the expected value. There
are a number of possible explanations for this. Our values for
As are short in both cases. For the ogyg value extraction in
Ni, we are using a A in the Py injector of 2.6 nm, which is
around half the theoretically expected value. A larger value
of A in the injector would correspond to a lower osyg in Ni,
due to increased spin injection. Indeed, if we were to use the
theoretical value of A in the Py from Ref. [13] of 5.5 nm,
without changing the value of the Sharvin resistance we would
halve our obtained osyg in Ni. As well as this we have treated
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both interfaces (Cu/Py and Cu/Ni) as being identical, but
this may not be the case. Furthermore, our model ignores
additional interface effects, such as spin memory loss, which
would have an effect on the result but are difficult to determine
accurately in a specific device [48]. Most importantly, we have
seen that the precise value of the interface resistance is critical,
but difficult to determine. We have used a single value from
literature in our analysis, but given its large effect on Ay and
by extension the osyg, this is a key source of uncertainty.

V. CONCLUSION

In conclusion, we have independently characterized the A
and Osyg of Py and Ni as a function of the relative orien-
tation of the fixed spin current polarization and the rotating
magnetization. We perform these experiments in devices with
transparent and Ohmic interfaces, and spin relaxation lengths,
resistivities, and polarization of all materials measured in situ.

We use two different device geometries, one based on pre-
vious experimental work (the H-shaped device) [11], which
has the advantage of allowing for a larger signal due to close
proximity of the injecting and absorbing element, as well as
allowing the in situ measurement of the magnetization depen-
dent absorption of the spin current. We repeat the spin-charge
interconversion measurement in a novel geometrical config-
uration (L-shaped device), which allows us to remove any
possible artifacts due to noncollinear magnetization at the tips
of the FMs, achieving very similar results. We furthermore see
a high degree of reproducibility across multiple samples using
both geometries.

All the results are analyzed using 3D FEM simulations,
allowing us to account for the precise geometries used and

giving us an accurate description of the behavior of A and
Osue in Ni and Py, which are very similar between the two
geometries used. We measure a large anisotropy in A4 for both
materials [Figs. 5(a) and 5(b)], although it is more anisotropic
in Py. Similarly, we see a large anisotropy in Osyg [Figs. 5(c)
and 5(d)], which changes in the opposite direction to As,
meaning that Rysyg remains relatively constant, highlighting
the importance of measuring both quantities independently.
Finally, we compare our values of the spin Hall conductivity
in Ni to those from two theoretical works. The ratio of Us”HE to
ogyp is similar, although our absolute values are almost twice
that of the calculated ones in Ni (Table III).
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