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Electrical measurement of the spin Hall effect isotropy in ferromagnets with strong
spin-orbit interactions
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The spin-dependent transport properties of paramagnetic metals are roughly invariant under rotation. By
contrast, in ferromagnetic materials, the magnetization breaks the rotational symmetry, and, thus, the spin
Hall effect is expected to become anisotropic. Here, using a specific design of lateral spin valves, we measure
electrically the spin Hall effect anisotropy in ferromagnetic NiCu and NiPd. We show that the magnetization
vector does not lead to a sizable anisotropy of the spin charge interconversion and spin transport parameters in
materials with a spin-orbit coupling comparable to the exchange interaction.
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Spintronics is primarily based on the exchange interac-
tion between the spins of conduction electrons and the local
magnetization in ferromagnets (FMs). This interaction is fun-
damental in effects such as the giant magnetoresistance [1]
and the spin transfer torque [2]. More recently, the use of spin
orbit (SO) interactions to manipulate spins in nonmagnetic
materials has triggered the birth of spinorbitronics, a new
subfield of research and technology aimed at developing new
spintronics devices based on SO effects, such as the SOT-
MRAM [3] or the magnetoelectric spin-orbit devices [4].

The main SO effect used in spinorbitronics is the spin
Hall effect (SHE) [5] that allows the conversion of a spin
current into a charge current. So far, the study of the SHE
has been mostly focused on nonferromagnetic systems, such
as semiconductors [6] and heavy metals [5].

Recent experiments and theoretical calculations have, how-
ever, shown that beyond their usual role for spin current
injection [7,8] and detection [1,8—10] through exchange cou-
pling, FMs possess an interesting potential for spin-charge
interconversion [11-15]. The presence of the magnetization
in these materials raises a fundamental question as it breaks
the rotational symmetry [16]. The SHE in FMs is, therefore,
expected to be anisotropic, i.e., it should depend on the rel-
ative orientation between the magnetization and the applied
charge current [17].

The rare observations of this anisotropy have been per-
formed in 3d elements below the Curie temperature but
show different results for similar materials with a moderate
anisotropy in Py [18], a large one in CoFe [19], and an
isotropic behavior in Co [20]. This could result from dif-
ferences in-between material properties, but also from the
fact that a precise measurement of this anisotropy remains
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challenging. The main techniques used to measure the SHE in
heavy metals are spin pumping [21], local [22], and nonlocal
(NL) [23] transport in nanostructures, spin Hall magnetore-
sistance [24], spin Seebeck effect [25], and spin-orbit (ST)
torque techniques, such as ST-ferromagnetic resonance [9]
or second harmonic [26]. Observing the SHE anisotropy in
FMs using these methods is, however, not straightforward
as it requires controlling independently the magnetization of
two different FMs in direct contact [20,27-31]. Techniques
involving a charge current flowing into the FM-SHE material
are made complicated by contamination from spurious effects,
such as the planar Hall effect [32] and the anomalous Hall
effect [33], whereas the methods based on nonlocal magnon
transport that allowed for the observation of an anisotropic
SHE in FMs [18,19] involve the direct contact between the
magnetic insulator and the studied FM material, which could
render complex the interpretation of these results [34].

Here, we propose a new design of lateral spin valves,
which provides a way to measure the anisotropy of the SHE
in FMs. We use it to measure this anisotropy in NiCu and
NiPd, which have been found to exhibit spin Hall angles (i.e.,
the charge to the spin conversion rate) similar to those of the
best heavy metals [27,35,36]. The low Curie temperature of
these materials allows performing the measurements either
in the paramagnetic or ferromagnetic phase. In both cases,
the measured inverse spin Hall effect signal is found to be
independent from the magnetization direction, the observed
variations being smaller than our measurement precision of
10%. These results demonstrate that in these materials the
breaking of symmetry due to the ferromagnetic order does not
lead to a significant anisotropy of the SHE.

The measurements are based on the injection of a charge
current from the injecting CoFe electrode towards one branch
of the copper channel [cf. Fig. 1(b)]. This creates a pure spin
current flowing towards the detecting electrode [Fig. 1(a)].
The device can be studied using two different measurement
configurations. The NL spin signal configuration consists in
detecting the voltage drop in between the detecting electrode
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FIG. 1. (a) Device geometry with the FM parts in gray and
the Cu in orange. The black arrows in the FM parts represent the
magnetization directions. The dark blue and green arrows within the
channel represent the spin current flow direction and its polarization,
respectively. The LSV has been represented with the FMs on top
for the sake of clarity, but in the actual device they lie below the
Cu channel to ensure well-defined micromagnetic configurations
within the electrodes and in the absorber. (b) Colored SEM image
of a reference LSV without the absorber, in the NL measurement
configuration. (c) Colored SEM image of a LSV with the absorber,
in the NL measurement configuration. (d) Colored SEM image of a
LSV in the inverse SHE (ISHE) measurement configuration. (¢) NL
signal at 12 K for a reference LSV, and (f) with a 100-nm-wide NiCu
absorber.

and the channel. By reversing the magnetization of the in-
jecting electrode using an external magnetic field along the
easy magnetization axis, it is possible to change the polariza-
tion direction of the spin current. This leads to two different
nonlocal voltages, high (1) and low (2) at the detecting elec-
trode [Fig. 1(e)]. By comparing this signal with that of a
device with absorber [Figs. 1(c) and 1(f)], it allows mea-
suring the spin current flowing towards the absorber [37]. It
is then possible to use the ISHE measurement configuration
[Fig. 1(d)] in which the spin current is partly absorbed by the
SHE absorber. The polarization of the absorbed spin current
is along X, whereas, the absorbed spin current direction flows
along the Z axis. It, thus, generates in the ferromagnetic SHE
absorber an electric field along ¥ and, consequently, an ISHE
signal at the extremities of the absorber.

When applying small fields along X, the magnetization of
the ferromagnetic SHE absorber rotates, whereas the magneti-
zation of the electrodes remain along X . It is, thus, possible to
control the angle in between the polarization direction of the

absorbed spin current and the magnetization of the absorber
[38]. Then, if one applies large enough magnetic fields along
X, the magnetization of the injecting electrode reverses. The
polarization of the injected spin current is then reversed. This
causes a sign change in the ISHE signal/spin signal, allowing
to measure the ISHE /spin signal amplitude.

The main advantage of this detection scheme with respect
to methods based on LSVs [11,39] is the possibility to control
independently the magnetization direction of the electrodes
and of the absorber, moreover, using very small fields, in order
to avoid field-induced contributions, such as the Hall or Hanle
effects [40,41].

We used CoFe injecting and detecting electrodes, and Cu
for the copper channel in order to take advantage of its long
spin-diffusion length and small interface resistance with CoFe
[8,42]. A control sample has also been realized using a plat-
inum absorber [38] as Pt is a well-known material [43]. Then,
the measurements of the SHE anisotropy were performed in
devices with absorbers made of NiCu and NiPd, two low T,
FMs with strong SO interactions.

The devices were fabricated by conventional lithography
techniques [37]. The magnetoresistance measurements have
been performed using lock-in techniques (I = 400 pA, f =
123 Hz). The nonlocal signal measured in a reference lateral
spin valve (LSV) without an absorber [Fig. 1(b)] is larger
[Fig. 1(e)] than the one detected in a device with a NiCu
absorber [Figs. 1(d) and 1(f)] with a signal amplitude going
from 15 to 3.3 mS2. This NL signal difference allows mea-
suring the spin conductance of the absorbing SHE wire and,
thus, evaluating the amount of spin current absorbed by the
ferromagnetic ISHE material [38].

In the device presented in Fig. 2(a), we performed both
nonlocal measurements [cf. Fig. 1(c)] and ISHE measure-
ments [Fig. 1(d)] with an ISHE signal amplitude of 120 p<.
Contrary to what can be obtained using classical LSVs with
FM materials [11], the signals can here be measured at low
fields, allowing the control of angle ¢ in between the absorber
magnetization and the spin current polarization [cf. Fig. 2(b)].
At low fields, the magnetization of the absorber is along Y
and, thus, transverse to the spin current polarization, which is
along X. At high fields, the magnetization of the absorber is
along X and, thus, collinear to the spin current polarization.

Let us first focus on the nonlocal measurements. Using
the measurement configuration of Fig. 1(c), clear nonlocal
signals can be obtained for devices with NiCu absorbing wire,
both in the ferromagnetic and in the paramagnetic phase [cf.
Fig. 2(c)].

Adding the absorbing NiCu wire to the LSV leads to a
strong decrease in the nonlocal signal [cf. Figs. 1(e) vs 1(f)].
The presence of the absorbing wire between the injecting and
detecting CoFe electrodes indeed leads to a partial absorption
of the spin current flowing into the channel. The absorbed
spin current is denoted ;I as it flows in the Z direction and
has a spin polarization along X . Its expression is given by the
relation [10],

J: = Gegr(m)p*, ey

with 71 as the magnetization direction of the absorber and p*
as the spin accumulation along the x direction at the interface
between the Cu channel and the absorber. G is treated as an
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FIG. 2. (a) Colored SEM image of a LSV with a NiCu absorber. The central part of the device is additionally covered with a Cu thin film
to avoid spurious magnetoresistive contributions to the signal [38]. (b) Relative orientation between the spin current polarization o and the
magnetization of the absorber at low (¢ = 0) and high (¢ = 7 /2) fields. (c) NL signal at room temperature (red) and at 12 K (blue) using
a 100-nm-wide NiCu absorber. (d) Two-probe magnetoresistance of the 100-nm-wide NiCu absorber measured at 12 K (blue) and at room
temperature (red) for a magnetic field transverse to its easy magnetization axis. (f) ISHE measurement in a NiCu absorber, made simultaneously
to the NL measurement shown in (c), and (e) scheme of the corresponding magnetic configurations.

effective parameter taking into account the spin conductance
G, = 1/pl with p and I as the resistivity and spin-diffusion
length of the absorbing material [44] (for m = X) or the spin
mixing conductance G4, (m = J or 2) [44,45] as well as the
interface resistance Rjy.

We extracted from the NL signals Gegr and, thus, ;T at the
NiCu/Cu interface using finite element method simulations
[8] (see Ref. [38] for computation details and extracted param-
eters). As seen in Fig. 2(c), the nonlocal signal at 12 K and,
thus, the absorbed spin current is found to be relatively in-
dependent on the relative angle between the spin polarization
and the absorber magnetization [38]. This absence of modu-
lation, which contrasts with the results obtained in Ref. [44]
using Py, Co, and CoFe as ferromagnetic absorbers, is pos-
sibly due to the relatively high interface resistance (7 fQ m?)
between Cu and NiCu [38] when compared to the minimal
Sharvin interfacial resistance at the copper 3d-FM interface
(0.8 f2m?) [44]. The modulation being smaller than the ex-
perimental error bar, the values of the spin conductance and
of the effective spin mixing conductance can be considered to
be equal.

Now that the absorbed spin current is known, let us focus
on the ISHE. We first measured the dependence of the mag-
netization direction of the NiCu SHE absorber as a function
of the field applied along X by performing two probe magne-
toresistance measurements of the NiCu wire [Fig. 2(d)]. The
magnon magnetoresistance contribution [46,47] dominates
the signal in both the paramagnetic and the ferromagnetic
phases. In the ferromagnetic phase, the magnetoresistance
also displays at low fields a deviation from the linear behavior,
corresponding to the expected anisotropic magnetoresistance.

This allows measuring the saturation field of the NiCu wire
(B, = 0.2 T) along the X axis (¢ = 7 /2).

We then measured the ISHE signal using the configuration
of Fig. 1(d) at both 12 and 300 K. The Curie temperature of
NigoCuyg has been found to be around 220 K for this compo-
sition [27]. Using the nonlocal and ISHE measurements, we
extracted an effective spin Hall angle (2.3%), consistent with
the one of Ref. [27] measured using spin pumping, which con-
firms the validity of our measurement method [38]. The ISHE
signal, shown in Fig. 2(f), is a square loop in both the para-
magnetic and the ferromagnetic phases. The observed square
loops reflect the change in sign of the absorbed spin current
polarization when reversing the injector magnetization. The
symmetry and shape of the signal correspond to what can be
expected from the ISHE symmetries and from the switching
fields measured in the nonlocal configuration. The parallel and
transverse ISHE signals can then be obtained as ARjgyp =
R® — RF and AR); = R* — R”, R! being the electric poten-
tial drop in the magnetic state i reported in Fig. 2(e). The
key finding is that at 12 K, the ISHE signal is constant in
the [—0.2; 0.2 T] field range where the magnetization of
the absorber rotates from the X to the Y direction so that
ARy = ARl . This means that the ISHE is independent
of the direction of the absorber magnetization. This isotropy
of the ISHE in the ferromagnetic phase is also illustrated by
the fact that very similar loops in shape are observed in the
paramagnetic phase where one does not expect any anisotropy
and in control devices using Pt as absorber [38].

We also performed similar measurements using a 15-nm-
thick NijgPdgs ferromagnetic absorber in which the origin
of the ISHE is extrinsic [35] whereas it is intrinsic in NiCu
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FIG. 3. (a) Nonlocal and (b) ISHE signals measured during the
same magnetic-field sweep at 150 K with a 15-nm thick NiPd
absorber.

[27]. This alloy is ferromagnetic below 230 K. It has an
out-of-plane magnetization at low temperature [38] but in
plane above 150 K [cf. Fig. 3(c)]. In order to avoid the
strain-induced magnetic inhomogeneity associated with an
out-of-plane magnetization in this material [48], we measured
the ISHE and nonlocal signal at 150 K when NiPd is still
magnetic and its magnetization is in plane. Similar to the case
of NiCu, the ISHE signal is found to be isotropic with respect
to the magnetization direction.

The ISHE, thus, appears to be isotropic both for NiCu and
NiPd in their ferromagnetic phase. This result is very surpris-
ing as there is a symmetry breaking induced by the appearance
of the magnetization at the paramagnetic/ferromagnetic tran-
sition. Theoretical studies have indeed predicted a sizable
modulation of the interconversion when rotating the magne-
tization [17,49], which would be expected to be especially
large [13] for materials, such as NiCu and NiPd with large
anomalous Hall angles (2% and 4%, respectively) compared
to their SHE angles (2.3% and 1% [38]).

Let us now look at the links between this isotropy of the
signal and the spin transport parameters. The absorbed spin
current J,. is converted into a charge current Jg according to
J. = 0Js. Importantly, 6 is not the sole figure of merit of
the ISHE. The conversion indeed occurs only over a lim-
ited material thickness, roughly equal to the spin-relaxation
length, after which the spin current, which is not conserved,
vanishes. The produced signal is, thus, actually proportional
to the product of the spin Hall angle by the spin-relaxation
length. If the incoming spins are collinear to the magneti-
zation, this product is 6/, where 0} is the spin Hall angle
in the collinear situation. If the incoming spins are trans-
verse to the magnetization, this product becomes 6, times
Ay with A, as the transverse spin-relaxation length. A, rep-
resents the ballistic relaxation by phase averaging of the
spin current with a polarization transverse to the magneti-
zation. The isotropy of the ISHE signal suggests that in our
experiments,

eHleNeJ_)\.J_. (2)

In principle, it is possible to measure separately Iy and A
as they affect the spin absorption [44]. /i has been measured
in NiCu [27] and is equal to 2.4 nm at room temperature.
The measurement of A is more complex. The presence of
a large interface resistance prevents here the observation of
the spin absorption anisotropy in our devices. It also has the
effect of keeping the amount of spin current contributing to
the ISHE constant. Extracting A, would require the thickness-
dependence measurement [31] with all the spurious effects
linked film thickness reduction [50].

An estimation of A can be obtained by assuming that it
is inversely proportional to the exchange interaction [51] and,
thus, to the Curie temperature [52]. By taking as a reference
material Py, which has a 7, of 800 K [53] with Alj_y ~ 1 nm
[44,51], A in NiCu can be estimated to be Alj_icu ~ 5nm. The
transverse relaxation length due to ballistic effects in NiCu
is, therefore, larger than its spin-diffusion length. This means
that the transverse spin current relaxes mainly over the spin-
diffusion length through diffusive processes and that A" =
I so that 8, = 6 according to our experimental result of
Eq. (2). The case of NiPd is more difficult to analyze since we
do not have values for its spin-diffusion length. However, we
may expect the same isotropic behavior of the interconversion
observed in NiCu as will be discussed later on.

The isotropy of the spin current relaxation lengths in fer-
romagnetic NiCu contrasts with the observation of a large
spin-relaxation anisotropy in high-7, ferromagnets, such as
NiFe, Co, and CoFe [44]. The possibility for a spin cur-
rent to exist in the bulk of a ferromagnetic material in the
presence of a sizable SO interaction with respect to the
exchange interaction, might be due to the presence of non-
collinear spin eigenstates at avoided crossings between bands
of opposite spin [17]. Such a relation between the SO and
the exchange interaction appears to be realized in NiCu
and NiPd. Indeed, the large measured spin and anomalous
Hall angles point toward a large SO interaction, whereas the
low T, indicates a low exchange interaction. This situation
contrasts strongly with the one explored in Ref. [44] and
would explain the observed spin-relaxation isotropy in both
NiCu and NiPd. Previous publications [17,18] analyzed the
anisotropy of the SHE in ferromagnetic materials in terms of
the superposition of an isotropic SHE to which is added the
so-called spin anomalous effect, which originates from the
polarization of the charge current produced by the anomalous
Hall effect. Our results indicates here that, despite the large
anomalous Hall angles in NiCu and NiPd, this effect does
not contribute to the interconversion. Furthermore, this hap-
pens for materials in which the interconversion is expected
to be driven by the intrinsic (NiCu) [36] and the extrin-
sic effect (NiPd) [35], and despite the previous observation
of a link between the extrinsic anomalous and spin Hall
effects [11].

To conclude, we proposed a device allowing the
measurement of the anisotropy of the spin-charge in-
terconversion in ferromagnetic materials. Although the
paramagnetic/ferromagnetic transition is associated with
symmetry breaking, the ISHE signal in NiCu and NiPd
remains surprisingly independent of the magnetization direc-
tion in the ferromagnetic phase. In terms of spin transport
properties, this implies that the product of the SHA by the
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spin-relaxation length is the same in the collinear and trans-
verse configuration. In the studied low 7. materials, this can
be understood by the long transverse relaxation length which
causes the spin current to relax during scattering on SO
impurities and, therefore, to be equal to the spin-diffusion
length.

A thorough understanding of the relation between the SO
and the exchange interactions on the spin-charge interconver-
sion anisotropy will require a more systematic investigation
using our new geometry of the lateral spin valve, and the
observation of the isotropy of the spin-relaxation length and
spin Hall angles in NigyCuyo and Ni;¢Pdsg4 as a starting point.
This can be achieved by changing the relative strength of the

SO and exchange interaction by modifying the composition of
these two alloys.

The data associated to the figures can be found at the
following link in Ref. [66]
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