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We report the observation of the isotropic spin Hall effect in a ferromagnet. We show that the
spin Hall effect in an epitaxially grown FesSi generates a sizable spin current with a spin direction
that is non-collinear with the magnetization. Furthermore, we find that the spin Hall current is
independent of the relative orientation between its spin direction and the magnetization; the spin
Hall effect is isotropic. This observation demonstrates that the intrinsically generated transverse
spin component is protected from dephasing, providing fundamental insights into the generation

and transport of spin currents in ferromagnets.

Exploring the physics of spin transport in ferromag-
netic metals (FMs) has been a central challenge in mag-
netism and spintronics. In a FM, an electric field E gen-
erates a spin-polarized current flowing along the E direc-
tion because majority and minority electrons with oppo-
site spin directions exhibit different conductivities due to
the exchange splitting [1]. In the presence of spin-orbit
coupling, E also generates an anomalous Hall current
flowing along the m x E direction, where m denotes the
unit vector of the magnetization [2-5]. Since charge flow
in FMs is spin polarized, the anomalous Hall current is
accompanied by a spin current with a spin direction along
m, as shown in Fig. 1(a) [6-13]. The generation of such a
spin current is referred to as the spin anomalous Hall ef-
fect (SAHE) [6]. In the SAHE, the spin direction o of the
spin current can be changed by controlling m because of
o || m. This situation is contrary to the case of the spin
Hall effect (SHE) in nonmagnetic metals (NMs), where
o is geometrically fixed; o is perpendicular to both E
and the flow direction of the spin current, as shown in
Fig. 1(b) [14-18].

As in the case of the SAHE, it has been commonly as-
sumed that the spin direction of spin currents in FMs
is aligned with m because of spin dephasing, that is,
misaligned spins rapidly precess in the exchange field
and incoherent spin precession destroys the net spin den-
sity transverse to m [19]. However, recent theories have
suggested that spin currents generated by the intrinsic
mechanism of the SHE can have spin direction transverse
to the magnetization, suggesting that the SHE with the
conventional fixed geometry can exist even in FMs (see
Fig. 1(c)). In FMs, the spin Hall current is predicted to
be the sum of a magnetization-independent isotropic spin
Hall current and a magnetization-dependent anisotropic
spin anomalous Hall current [8]. The prediction of this
counterintuitive feature of intrinsically generated spin
Hall currents has motivated experimental studies on
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FIG. 1. Schematic illustrations of the (a) spin anomalous Hall
effect, (b) spin Hall effect in a NM, and (c) spin Hall effect in
a FM.

the role of the magnetization in the conversion between
charge and spin currents in FMs [20, 21].

Despite the theoretical prediction and experimental ef-
forts, the behavior of spin Hall currents in FMs remains
controversial [8, 20-32]; evidence for the magnetization-
independent isotropic SHE is still lacking. Although
magnetization angle dependence of the charge-spin con-
version has been investigated experimentally, some stud-
ies have found that the charge-spin conversion is indepen-
dent of the magnetization orientation [20, 25], while oth-
ers have found that the conversion depends on the mag-
netization [26, 27] (see Supplementary Materials [33]).
One of the primary factors to these contradicting reports
is the coexistence of the SHE and SAHE in these stud-
ies. For a comprehensive understanding of the spin Hall
transport in FMs, quantifying the SHE free from the
SAHE remains a major experimental challenge.

In this Letter, we provide experimental evidence of the
magnetization-independent isotropic SHE in an epitax-
ial FM. The evidence is obtained by measuring current-
induced spin-orbit torques (SOTs) for a Co/Ti/FesSi tri-
layer, which is designed to detect the SHE free from the
SAHE of the epitaxially grown FesSi layer. We show that



the SHE in the Fe3Si layer is independent of the relative
orientation between the spin direction of the spin Hall
current and magnetization, demonstrating the unique
property of the intrinsically generated spin current in the
FM.

To clarify the intrinsic nature of spin Hall trans-
port in a FM, we study the SOTs generated by
epitaxially grown FesSi, where the impact of dis-
orders on the intrinsic SHE and spin transport is
suppressed compared to polycrystalline systems. The
Si02(4 nm)/Co(5 nm)/Ti(3 nm)/Fe3Si(5 nm)/MgO(001)-
substrate device was fabricated by molecular beam epi-
taxy and magnetron sputtering, where the numbers in
parentheses represent the thickness (see Fig. 2(a)). The
5-nm-thick FesSi layer with cubic symmetry was grown
on the MgO(001)-substrate by molecular beam epitaxy
at a growth temperature below 80°C. Figure 2(b) shows
the reflection high-energy electron diffraction (RHEED)
pattern for the surface of the Fe3Si layer. The result
clearly exhibit the symmetrical streak, indicating good
epitaxial growth of the FesSi layer. Here, epitaxially
grown FesSi films are known to exhibit soft magnetic
properties and small magnetic damping [39], which are
prerequisites for characterizing the SHE in the trilayer
structure (see also Supplementary Materials [33]). From
this perspective, we chose epitaxial Fe3Si as a source
of spin Hall currents over other epitaxial FMs such as
Fe and Co with hard magnetic properties [40-43], or Ni
with large magnetic damping [17]. In Fig. 2(c), we show
the magnetization curve under in-plane magnetic field H
for a SiO2(4 nm)/Fe3Si(5 nm)/MgO(001)-substrate film,
where H was applied along the hard axis of the FesSi
layer (H [|[110]). Figure 2(c) shows that the coercive
field of the Fe3Si layer is less than 5 mT, demonstrating
its soft magnetic property. On the Fe3Si layer, the
SiO5(4 nm)/Co(5 nm)/Ti(3 nm) layers were deposited
by magnetron sputtering at room temperature. In the
Co/Ti/Fe3Si(001) device, the Co layer is magnetically
separated from the Fe3Si(001) layer by the Ti spacer.

The SOTs for the Co/Ti/Fe3Si(001) device was
measured using the spin-torque ferromagnetic reso-
nance (ST-FMR). For the ST-FMR measurement, the
Co/Ti/Fe3Si(001) film was patterned into rectangular
strips with a width of 10 pum and a length of 70 pm by
using the photolithography and Ar-ion milling. A radio
frequency (RF) current Igp with a frequency of f was
applied to the device along [010] direction of the FesSi
layer, and an in-plane external field H at an angle of
was swept from —300 mT to 300 mT (see Fig. 2(a)). The
applied RF current generates a spin current by the SHE
in the FesgSi layer. The spin current is injected into the
Co layer through the Ti layer with sufficiently long spin
diffusion length [44], exerting SOTs on the magnetiza-
tion of the Co layer. The SOTs, including the damp-
inglike and fieldlike torques, as well as an Oersted field,
induce magnetization precession in the Co layer at the

(a) (b)

P B0
2 e
| A 4 (c)
> 1 Fes 1F T T
N N
o> 4 z 1 E
N ol i,
% = | i ~Fesi
AZ -1 i
g4 -60 -30 0 30 60
u,H (mT)

FIG. 2. (a) A schematic illustration of the Co/Ti/Fe3Si(001)
device and spin injection into the Co layer induced by the
SAHE and SHE in the FesSi layer. Hpr, denotes the damping-
like effective field. (b) The RHEED pattern from the surface
of the FesSi layer on the MgO(001)-substrate. (c) The nor-
malized magnetization curves under in-plane magnetic fields
for SiO2(4 nm)/FesSi(001)(5 nm)/MgO(001)-substrate and
Si0O2(4 nm)/Co(5 nm)/Ti(3 nm)/SiOz-substrate films mea-
sured with a vibrating sample magnetometer. The dotted
lines are £10 mT.

FMR field of the Co layer, H = Hpmr,co- The mag-
netization precession yields resistance oscillations of the
device due to the anisotropic magnetoresistance (AMR)
of the Co layer. The change in the resistance mixes with
the RF current to create a direct current (DC) voltage
Vbeo,co across the bar at H = Hpmr,co (see also Supple-
mentary Materials [33]). At the FMR field of the FesSi
layer, H = HpmR, Fessi; the FMR of the FesSi layer is
driven by the SOTs and the Oersted field due to the
current flow in the Co/Ti layer. The magnetization pre-
cession in the FesSi layer produces DC voltage Vpc re,si
through the AMR of the Fe3Si layer. ~ We measured
Vbc = Vbe,co + Vb, Fessi Using a bias tee at room tem-
perature.

The ST-FMR for the Co/Ti/Fe3Si(001) device allows
us to extract the SHE from the mixture of the SHE and
SAHE of the FesSi layer. In the Fe3Si layer, both SHE
and SAHE generate spin currents. However, only the
SHE can exert SOTs on the magnetization of the Co
layer. The reason for this is that, owing to the soft mag-
netic properties of epitaxial FesSi, the magnetization of
the Co layer mc, and that of the FesSi layer mpe,s; are
aligned parallel at H = HpMRr,Co: Mco || Mpe,si || H
(see Fig. 2(c)). In this situation, the spin polarization
o (|| mpe,si) of spin currents generated by the SAHE
in the FesSi layer is parallel to mc,: o || mco (see
Fig. 2(a)). Since the dampinglike torque is produced
by the component of incident spins transverse to mc,
the SAHE in the Fe3Si layer does not exert a damping-
like torque on mc,. In contrast, the SHE generates the
dampinglike torque (see Fig. 2(a)), enabling us to inves-
tigate the SHE of the FegSi layer free from the SAHE



(see also Supplementary Materials [33]).

Figure 3(a) shows the ST-FMR spectra for the
Co/Ti/Fe3Si(001) device measured at 0y = 45°. The
ST-FMR spectra are composed of two signals due to the
FMR of the Co and FesSi layers, as shown in Fig. 3(b):
Vbc = Vbe,co +Vbe,Fegsi- The saturation magnetization

J

2
Wenm

of the Co (uoMs.co = 1.36 T) and FesSi (uoM; peysi =
1.08 T) layers indicates that the signals with the smaller
and larger resonance fields correspond to the FMR of the
Co and FesSi layers, respectively [45]. Each ST-FMR
signal at H = Hrmg,co and H = HpMR, Feysi consists of
symmetric and antisymmetric components as [46]

Vbc = Vbe,cot+ VD, Fessi = E
FM=Co,Fe3Si

where Hpyr, M is the resonance field of the FM layer and
Wegw is the spectral width, where FM = Co, Fe3Si. The
symmetric component Sgy; arises from an out-of-plane
field due to the dampinglike effective field, and the anti-
symmetric component Apy; arises from an in-plane field
due to the Oersted field and fieldlike effective field. We
fitted the measured Vp¢ signals using Eq. (1) as shown
in Fig. 3(b) (see the blue solid curve). From the fit-
ting result, we find that the FMR spin-torque genera-
tion efficiency {rmr,co is independent of f, as shown in
Fig. 3(c), which supports the validity of the ST-FMR
measurement [47] (for details, see Supplementary Mate-
rials [33]).

To investigate the SHE in the FesSi layer, we charac-
terize Vpa,co at H = HpMmR,co, Where the magnetization
of the Co layer detects the SOTs generated by the SHE
in the Fe3Si layer. From the ST-FMR signal Vpc co, we
determine the dampinglike torque efficiency per applied
electric field F,

2e ﬂOMs,CodCoHDL
fgL,Co = n B (2)

which, corresponds to the effective spin Hall conductivity
[48]. Here, the dampinglike effective field Hpy, acting on
the magnetization of the Co layer can be quantified from
the values of S¢,, obtained by fitting the measured Vpc
signals, using [49, 50]
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where Igy is the RF current flowing in the ST-FMR de-
vice and AR is the resistance change of the ST-FMR de-
vice due to the AMR in the Co layer. The contribution
from the FesSi layer to AR was carefully subtracted by
measuring the AMR of a SiO2(4 nm)/Fe3Si(5 nm)/MgO-
substrate reference device. We determined Igp by mea-
suring the resistance change of the device due to the
Joule heating induced by currents [49]. Figure 3(d)
shows the relation between the RF power P and RF cur-
rent Igxr determined by comparing the resistance change
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FIG. 3. (a) H dependence of Vpc for the Co/Ti/Fe3Si(001)
device at 0y = 45°. The RF frequency was varied from f
= 10 to 15 GHz. (b) Vbc at f = 13 GHz. The spectrum
consists of the FMR of the Co layer and that of the FesSi
layer, as indicated by the black arrows. The blue solid curve
is the total fitting result using Eq. (1). The green(pink) curve
is the symmetric(antisymmetric) component of Vpc,co. (c) f
dependence of &érmr,co- (d) Irr as a function of the square
root of P. The solid circles are the experimental data, and
the solid line is the linear fit to the data.

due to the DC and RF current applications. Using the
estimated RF current and measured device resistance,
we obtain fgL,CO = 400 Q 'em™! for the damping-
like torque acting on the magnetization of the Co layer.
From Ac,, we also obtain the fieldlike torque efficiency
as §1§L)Co = 386 Q 'em™! (see Supplementary Materi-
als [33]).

The obtained value of £§L7CO is dominated by the
SHE in the FesSi layer. In the Co/Ti/Fe3Si(001) de-
vice, the SHE in the Ti layer and interfacial effects from
the Co/Ti and Ti/FesSi interfaces can also contribute
to §§L7CO. We assume that the contribution from the

SHE in the Ti layer to £f;, ¢, is negligible because the



spin Hall conductivity of Ti is vanishingly small com-
pared to the measured value of &by o, [44]. We also
assume that the orbital torque plays a minor role due
to the fact that it is primarily pronounced in devices
with thick Ti and FM layers and that Co is relatively
insensitive to orbital injection [51, 52]. This assump-
tion is supported by the fact that the measured value
of fgL)CO is larger than the orbital torque efficiency of
a Ni(8 nm)/Ti(3 nm) film, where the orbital response is
pronounced due to the strong spin-orbit correlation in
Ni [51]. To estimate the contribution from the Ti/FesSi
interface to €]§L’CO, we measured the ST-FMR for
a SiO3(4 nm)/Ti(3 nm)/Fe3Si(5 nm)(001)/MgO(001)-
substrate reference device. In this device, the FesSi layer
is a detection layer of the SOTs. For the Ti/Fe3Si(001)
device, we obtain £§L7F8351 = —30.6 Q 'em™!, which is
more than an order of magnitude smaller than §€L7CO
for the Co/Ti/Fe3Si(001) device. This result suggests
that the Ti/Fe3Si interface plays a minor role in gener-
ating the SOTs. We have also estimated ggL,Fegsi for the
Co/Ti/Fe3Si(001) device from the ST-FMR signal of the
Fe3Si layer. Here, the FMR of the FesSi layer is not only
driven by the Oersted field, but also by the SOT's that can
be generated by the Co/Ti interface, the Ti/Fe3Si inter-
face, and the bulk of the Co layer. From the measured
value of Vo pe,si (see Fig. 3(b)), we obtain &fy p.,q; =
—37.3 O 'em™!, which is more than an order of mag-
nitude smaller than &f; o, for the Co/Ti/FesSi(001)
device. The small difference in fgL)FeSSi between the
Ti/Fe3Si(001) and Co/Ti/Fe3Si(001) devices suggests
that the dampinglike torque originating from the Co/Ti
interface and the Co layer are negligible. Since the mag-
nitude and sign of the SHE in Co depend on the current
orientation with respect to the crystallographic axes [8],
the SHE in polycrystalline Co is nontrivial. Our result
suggests that the sign of the SHE in the sputtered Co
layer is negative. This result is consistent with a re-
cent experimental study [53]. Here, the small damp-
inglike torque acting on the Fe3Si magnetization in the
Co/Ti/Fe3Si(001) film shows that the FMR of the Fe3Si
layer is primarily driven by the Oersted field, which is
consistent with the fact that Vpc peysi is dominated by
the antisymmetric component (see Fig. 3(b)).

Since the dampinglike torque arises from the com-
ponent of injected spins transverse to the magnetiza-
tion, the observation of the dampinglike torque on mc,
demonstrates that the SHE in the FesSi layer generates
a substantial spin Hall current whose spin direction is
non-collinear with mpe,s; because mpe,s; || mco,. The
transport of spins misaligned with the magnetization is
counterintuitive because transverse spins are expected to
precess and quickly dephase in a FM due to the strong
exchange field. In fact, when electrons with spins trans-
verse to the magnetization are injected into a FM, the net
transverse spin density rapidly vanishes [19, 54-57]. In
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FIG. 4. 0 dependence of (a) Sco and (b) Aco at f = 13 GHz
for the Co/Ti/Fe3Si(001) device. The solid circles are the
experimental data, and the solid curve is the fitting result
using a function proportional to sin20gcosfg.

this situation, the transmitted state is a superposition of
majority and minority eigenstates with the same energy
at different wavevectors due to the exchange splitting.
Because of the different wavevectors, the phase difference
between the majority and minority eigenstates varies in
space, resulting in the oscillation of spins about the mag-
netization. The spin precession is incoherent among the
injected electrons, leading to dephasing. In contrast, spin
currents generated by the intrinsic mechanism of the SHE
in a FM are predicted to be protected from dephasing de-
spite the exchange splitting [8, 19]. In the intrinsic SHE,
an applied electric field couples eigenstates with different
energies at the same wavevector. Since the perturbed
state has only a single wavevector, the spin direction
does not exhibit spatial oscillations, and thus a trans-
verse component of the spin direction can exist in the
FM.

To investigate the spin Hall transport with a spin di-
rection o that is non-collinear with mpe,si, we change
the relative orientation between o and mpe,s; by rotat-
ing mpe,gsi (see Fig. 2(a)). In Fig. 4, we show 0y depen-
dence of S¢, and Ac, for the Co/Ti/Fe3Si(001) device.
Here, the in-plane angle of mye,s; is Ore,si = 0 because
Mre.s; is aligned along H at the FMR field. Figure 4
shows Scg, o sin20p cosfy and Ac, o< sin 20y cos .
In the following, we focus on Sc,, which is proportional
to an out-of-plane effective field h, due to the damping-
like torque, dominated by the SHE in the Fe3Si layer as
discussed above.

We consider a situation where the SHE generates a
spin Hall current Q¥ flowing in the z direction with a spin
direction o along the y direction by an application of E
along the x direction. The injection of ¥ into a FM layer
exerts an out-of-plane effective field, which is expressed
as h, = Hpp|mxo| = Hpy, cos gy = Hpy, cos Oy, where
m is assumed to be aligned with the external magnetic
field, and fp\; is the magnetization angle. The damp-



inglike effective field Hpi, is proportional to Q¥ injected
into the FM layer, and thus h, o QYcosfy. Since S
is proportional to h,, we obtain S o< QY sin20g cosfp,
where the sin20y component arises from the AMR in
the FM detecting layer (for details, see Supplementary
Materials [33]).

The 6y dependence of S, shown in Fig. 4(a) pro-
vides evidence that the SHE in the Fe3Si layer is
isotropic. In the relation Sc, o QY sin260y cosfp for
the Co/Ti/Fe3Si(001) device, the 6y dependence of QY
is nontrivial. The reason for this is that, in the FesSi
layer, the change in 6y changes the relative angle be-
tween the spin direction o of the spin Hall current and
Mpe,si, such as transverse spin transport (a 1 mFCsSi)
at 0 = 0 and longitudinal spin transport (o || mpe,si)
at 0 = 90°. If the spin Hall current Q¥ depends on
the relative angle between o and mpe,gs;, i.e., the SHE
in the FesSi layer is anisotropic, S¢, is not proportional
to sin 20y cos @y because QY changes with 6. Never-
theless, we find Sce o sin 20 cos 07, indicating that QY
due to the SHE in the Fe3Si layer is independent of 6.
This result shows that the spin Hall current generated
in the Fe3Si layer is independent of the magnetization
orientation, providing experimental evidence that the in-
trinsic spin Hall current is free from spin dephasing and
SHE is isotropic with respect to the magnetization. This
result is also supported by Ace o sin 26 cos 0y shown in
Fig. 4(b), which is consistent with the isotropic SHE (for
details, see Supplementary Materials [33]). The observa-
tion of the isotropic SHE in Fe3Si is consistent with recent
first-principles calculations on cubic FMs [8]. Here, the
sin 20y cos fy dependence of Sc, and Ag, also indicates
the absence of unconventional spin currents, such as @7,
due to the additional symmetry breaking by the magne-
tization in the Co/Ti/Fe3Si(001) device [21, 30, 58].

In summary, we have demonstrated the isotropic SHE
in the epitaxial ferromagnet by measuring the SOTs for
the Co/Ti/Fe3Si(001) device. From the ST-FMR, we
found that the SHE in the FesSi layer generates spin
Hall currents with a spin direction o non-collinear with
the magnetization mpe,s;. Furthermore, we found that
the spin Hall current in the FesgSi layer is unchanged
by the change in the direction of mpe,s;. This result
demonstrates that the intrinsically generated transverse
spins are free from dephasing and that the SHE in the
ferromagnet is isotropic. The isotropic SHE highlights
the fundamental difference between intrinsically gener-
ated and externally injected spin currents, which deepen
our understanding of the spin transport in FMs.
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