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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 Fe3Si generates a sizable spin current with a spin direction that is noncollinear
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.
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Exploring the physics of spin transport in ferromagnetic
metals (FMs) has been a central challenge in magnetism
and spintronics. In a FM, an electric field E generates a
spin-polarized current flowing along the E direction
because majority and minority electrons with opposite
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 ×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 effect
(SAHE) [6]. In the SAHE, the spin direction σ of the spin
current can be changed by controlling m because of σkm.
This situation is contrary to the case of the spin Hall effect
(SHE) in nonmagnetic metals (NMs), where σ is geomet-
rically fixed; σ 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

assumed that the spin direction of spin currents in FMs is
aligned with m because of spin dephasing, that is, mis-
aligned spins rapidly precess in the exchange field and
incoherent spin precession destroys the net spin density
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 counter-
intuitive feature of intrinsically generated spin Hall currents
has motivated experimental studies on the role of the
magnetization in the conversion between charge and spin
currents in FMs [20,21].
Despite the theoretical prediction and experimental

efforts, the behavior of spin Hall currents in FMs remains
controversial [8,20–32]; evidence for the magnetization-
independent isotropic SHE is still lacking. Although mag-
netization angle dependence of the charge-spin conversion
has been investigated experimentally, some studies have
found that the charge-spin conversion is independent of the
magnetization orientation [20,25], while others have found
that the conversion depends on the magnetization [26,27]
(see SupplementalMaterial [33]). One of the primary factors
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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.
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to these contradicting reports is the coexistence of the SHE
and SAHE in these studies. For a comprehensive under-
standing 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 epitaxial
FM. The evidence is obtained by measuring current-
induced spin-orbit torques (SOTs) for a Co=Ti=Fe3Si
trilayer, which is designed to detect the SHE free from
the SAHE of the epitaxially grown Fe3Si 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 prop-
erty of the intrinsically generated spin current in the FM.
To clarify the intrinsic nature of spin Hall transport

in a FM, we study the SOTs generated by epitaxially
grown Fe3Si, where the impact of disorders on the intrinsic
SHE and spin transport is suppressed compared to
polycrystalline systems. The SiO2ð4 nmÞ=Coð5 nmÞ=Ti
ð3 nmÞ=Fe3Sið5 nmÞ=MgOð001Þ-substrate devicewas fab-
ricated by molecular beam epitaxy and magnetron sput-
tering, where the numbers in parentheses represent the
thickness [see Fig. 2(a)]. The 5-nm-thick Fe3Si 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 results clearly exhibit the symmetrical streak,
indicating good epitaxial growth of the Fe3Si layer. Here,
epitaxially grown Fe3Si 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 Supplemental Material [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 SiO2ð4 nmÞ=Fe3Sið5 nmÞ=MgOð001Þ-substrate film,
where H was applied along the hard axis of the Fe3Si layer
(Hk½110�). 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 SiO2ð4 nmÞ=
Coð5 nmÞ=Tið3 nmÞ layers were deposited by magnetron
sputtering at room temperature. In the Co=Ti=Fe3Sið001Þ
device, the Co layer is magnetically separated from the
Fe3Sið001Þ layer by the Ti spacer.
The SOTs for theCo=Ti=Fe3Sið001Þ devicewasmeasured

using the spin-torque ferromagnetic resonance (ST-FMR).
For the ST-FMR measurement, the Co=Ti=Fe3Sið001Þ film
was patterned into rectangular strips with a width of 10 μm
and a length of 70 μm by using the photolithography and
Ar-ion milling. A radio frequency (rf) current Irf with a
frequency offwas applied to the device along [010] direction
of the Fe3Si layer, and an in-plane external fieldH at an angle
of θH was swept from −300 to 300 mT [see Fig. 2(a)]. The
applied rf current generates a spin current by the SHE in the
Fe3Si 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 magnetization of the Co
layer. The SOTs, including the dampinglike and fieldlike
torques, as well as an Oersted field, induce magnetization
precession in the Co layer at the FMR field of the Co layer,
H ¼ HFMR;Co. The magnetization precession yields resis-
tance 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) voltageVdc;Co across thebar atH ¼ HFMR;Co (see
also Supplemental Material [33]). At the FMR field of the
Fe3Si layer, H ¼ HFMR;Fe3Si, the FMR of the Fe3Si layer is
driven by the SOTs and the Oersted field due to the current
flow in the Co=Ti layer. The magnetization precession in the
Fe3Si layer produces dc voltageVdc;Fe3Si through theAMRof
the Fe3Si layer. We measured Vdc ¼ Vdc;Co þ Vdc;Fe3Si using
a bias tee at room temperature.
The ST-FMR for the Co=Ti=Fe3Sið001Þ device allows us

to extract the SHE from the mixture of the SHE and SAHE
of the Fe3Si 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 magnetic properties of
epitaxial Fe3Si, the magnetization of the Co layer mCo
and that of the Fe3Si layer mFe3Si are aligned parallel
at H ¼ HFMR;Co: mCokmFe3SikH [see Fig. 2(c)]. In this
situation, the spin polarization σðkmFe3SiÞ of spin currents
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FIG. 2. (a) A schematic illustration of the Co=Ti=Fe3Sið001Þ
device and spin injection into the Co layer induced by the
SAHE and SHE in the Fe3Si layer.HDL denotes the dampinglike
effective field. (b) The RHEED pattern from the surface
of the Fe3Si layer on the MgO(001) substrate. (c) The normal-
ized magnetization curves under in-plane magnetic fields
for SiO2ð4 nmÞ=Fe3Sið001Þð5 nmÞ=MgOð001Þ-substrate and
SiO2ð4 nmÞ=Coð5 nmÞ=Tið3 nmÞ=SiO2-substrate films mea-
sured with a vibrating sample magnetometer. The dotted lines
are �10 mT.
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generated by the SAHE in the Fe3Si layer is parallel to
mCo: σkmCo [see Fig. 2(a)]. Since the dampinglike torque
is produced by the component of incident spins transverse
to mCo, the SAHE in the Fe3Si layer does not exert a
dampinglike torque onmCo. In contrast, the SHE generates
the dampinglike torque [see Fig. 2(a)], enabling us to
investigate the SHE of the Fe3Si layer free from the SAHE
(see also Supplemental Material [33]).
Figure 3(a) shows the ST-FMR spectra for

the Co=Ti=Fe3Sið001Þ device measured at θH ¼ 45°. The
ST-FMR spectra are composed of two signals due to the
FMR of the Co and Fe3Si layers, as shown in Fig. 3(b):
Vdc ¼ Vdc;Co þ Vdc;Fe3Si. The saturation magnetization of
the Co (μ0Ms;Co ¼ 1.36 T) and Fe3Si (μ0Ms;Fe3Si ¼ 1.08 T)
layers indicates that the signals with the smaller and larger
resonance fields correspond to the FMR of the Co and
Fe3Si layers, respectively [45]. Each ST-FMR signal at
H ¼ HFMR;Co and H ¼ HFMR;Fe3Si consists of symmetric
and antisymmetric components as [46]

Vdc ¼ Vdc;Co þ Vdc;Fe3Si

¼
X

FM¼Co;Fe3Si

�
SFM

W2
FM

ðμ0H − μ0HFMR;FMÞ2 þW2
FM

þ AFM
WFMðμ0H − μ0HFMR;FMÞ

ðμ0H − μ0HFMR;FMÞ2 þW2
FM

�
; ð1Þ

where HFMR;FM is the resonance field of the FM layer and
WFM is the spectral width, where FM ¼ Co, Fe3Si. The
symmetric component SFM arises from an out-of-plane field
due to the dampinglike effective field, and the antisymmetric
component AFM arises from an in-plane field due to the
Oersted field and fieldlike effective field. We fitted the
measuredVdc signals using Eq. (1) as shown in Fig. 3(b) (see
the blue solid curve). From the fitting result, we find that the
FMR spin-torque generation efficiency ξFMR;Co is indepen-
dent of f, as shown in Fig. 3(c), which supports the validity
of the ST-FMR measurement [47] (for details, see
Supplemental Material [33]).
To investigate the SHE in the Fe3Si layer, we characterize

Vdc;Co at H ¼ HFMR;Co, where the magnetization of the Co
layer detects the SOTs generated by the SHE in the Fe3Si
layer. From the ST-FMR signal Vdc;Co, we determine the
dampinglike torque efficiency per applied electric field E,

ξEDL;Co ¼
2e
ℏ
μ0Ms;CodCoHDL

E
; ð2Þ

which corresponds to the effective spin Hall conduc-
tivity [48]. Here, the dampinglike effective field HDL acting
on the magnetization of the Co layer can be quantified from
the values of SCo, obtained by fitting the measured Vdc
signals, using [49,50]

SCo ¼
IrfΔR
2

ffiffiffi
2

p μ0HDL

×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ0HFMR;Coðμ0HFMR;Co þ μ0Meff;CoÞ

p

WCoð2μ0HFMR;Co þ μ0Meff;CoÞ
; ð3Þ

where Irf is the rf current flowing in the ST-FMR device and
ΔR is the resistance change of the ST-FMR device due to the
AMR in the Co layer. The contribution from the Fe3Si layer
to ΔR was carefully subtracted by measuring the AMR of a
SiO2ð4 nmÞ=Fe3Sið5 nmÞ=MgO-substrate reference device.
We determined Irf by measuring 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 current Irf determined by comparing the resistance
change due to the dc and rf current applications. Using the
estimated rf current and measured device resistance, we
obtain ξEDL;Co ¼ 400 Ω−1 cm−1 for the dampinglike torque
acting on the magnetization of the Co layer. From ACo, we
also obtain the fieldlike torque efficiency as ξEFL;Co ¼
386 Ω−1 cm−1 (see Supplemental Material [33]).
The obtained value of ξEDL;Co is dominated by the SHE in

the Fe3Si layer. In the Co=Ti=Fe3Sið001Þ device, the SHE
in the Ti layer and interfacial effects from the Co=Ti and
Ti=Fe3Si interfaces can also contribute to ξEDL;Co. We
assume that the contribution from the SHE in the Ti layer
to ξEDL;Co is negligible because the spin Hall conductivity of
Ti is vanishingly small compared to the measured value of

0 5 10 15
0

5

10 12 14
0

5

P mW( )

0 100 200 300
µ
0
H (mT)

30

0

30
V

d
c
(µ
V
)

0 150

µ
0
H - µ

0
H

FMR,Co
(mT)

20

0

20

V
d
c
(µ
V
)

f (GHz)
ξ F

M
R
,C

o
(%

)
I rf
(m

A
)

Co Fe
3
Si

10 GHz

13 GHz

15 GHz

exp

fitting

sym

antisym
exp
linear

(a)

(b)
(c)

(d)

FIG. 3. (a) H dependence of Vdc for the Co=Ti=Fe3Sið001Þ
device at θH ¼ 45°. The rf frequency was varied from f ¼ 10 to
15 GHz. (b) Vdc at f ¼ 13 GHz. The spectrum consists of the
FMR of the Co layer and that of the Fe3Si 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(antisym-
metric) component of Vdc;Co. (c) f dependence of ξFMR;Co. (d) Irf
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.
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ξEDL;Co [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
assumption is supported by the fact that the measured
value of ξEDL;Co is larger than the orbital torque efficiency of
a Nið8 nmÞ=Tið3 nmÞ film, where the orbital response
is pronounced due to the strong spin-orbit correlation in
Ni [51]. To estimate the contribution from the Ti=Fe3Si
interface to ξEDL;Co, we measured the ST-FMR for
a SiO2ð4 nmÞ=Tið3 nmÞ=Fe3Sið5 nmÞð001Þ=MgOð001Þ-
substrate reference device. In this device, the Fe3Si layer
is a detection layer of the SOTs. For the Ti=Fe3Sið001Þ
device, we obtain ξEDL;Fe3Si ¼ −30.6 Ω−1 cm−1, which is
more than an order of magnitude smaller than ξEDL;Co for the
Co=Ti=Fe3Sið001Þ device. This result suggests that the
Ti=Fe3Si interface plays a minor role in generating
the SOTs. We have also estimated ξEDL;Fe3Si for the
Co=Ti=Fe3Sið001Þ device from the ST-FMR signal of
the Fe3Si layer. Here, the FMR of the Fe3Si layer is not
only driven by the Oersted field, but also by the SOTs
that can be generated by the Co=Ti interface, the
Ti=Fe3Si interface, and the bulk of the Co layer. From
the measured value of Vdc;Fe3Si [see Fig. 3(b)], we obtain
ξEDL;Fe3Si ¼ −37.3 Ω−1 cm−1, which is more than an order
of magnitude smaller than ξEDL;Co for the Co=Ti=Fe3Sið001Þ
device. The small difference in ξEDL;Fe3Si between the
Ti=Fe3Sið001Þ and Co=Ti=Fe3Sið001Þ devices suggests
that the dampinglike torque originating from the Co=Ti
interface and the Co layer are negligible. Since the
magnitude 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 recent
experimental study [53]. Here, the small dampinglike
torque acting on the Fe3Si magnetization in the
Co=Ti=Fe3Sið001Þ film shows that the FMR of the
Fe3Si layer is primarily driven by the Oersted field, which
is consistent with the fact that Vdc;Fe3Si is dominated by the
antisymmetric component [see Fig. 3(b)].
Since the dampinglike torque arises from the component

of injected spins transverse to the magnetization, the
observation of the dampinglike torque on mCo demon-
strates that the SHE in the Fe3Si layer generates a
substantial spin Hall current whose spin direction is non-
collinear withmFe3Si becausemFe3SikmCo. 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 transverse to the
magnetization are injected into a FM, the net transverse
spin density rapidly vanishes [19,54–57]. In this situation,

the transmitted state is a superposition of majority and
minority eigenstates with the same energy at different wave
vectors due to the exchange splitting. Because of the
different wave vectors, the phase difference between the
majority and minority eigenstates varies in space, resulting
in the oscillation of spins about the magnetization. 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 despite the
exchange splitting [8,19]. In the intrinsic SHE, an applied
electric field couples eigenstates with different energies at
the same wave vector. Since the perturbed state has only a
single wave vector, the spin direction does not exhibit
spatial oscillations, and thus a transverse component of the
spin direction can exist in the FM.
To investigate the spin Hall transport with a spin

direction σ that is noncollinear with mFe3Si, we change
the relative orientation between σ and mFe3Si by rotating
mFe3Si [see Fig. 2(a)]. In Fig. 4, we show θH dependence of
SCo and ACo for the Co=Ti=Fe3Sið001Þ device. Here, the
in-plane angle of mFe3Si is θFe3Si ¼ θH because mFe3Si is
aligned along H at the FMR field. Figure 4 shows SCo ∝
sin 2θH cos θH and ACo ∝ sin 2θH cos θH. In the following,
we focus on SCo, which is proportional to an out-of-plane
effective field hz due to the dampinglike torque, dominated
by the SHE in the Fe3Si layer as discussed above.
We consider a situation where the SHE generates a spin

Hall current Qy
z flowing in the ẑ direction with a spin

direction σ along the ŷ direction by an application of E
along the x̂ direction. The injection of Qy

z into a FM layer
exerts an out-of-plane effective field, which is expressed as
hz ¼ HDLjm × σj ¼ HDL cos θFM ¼ HDL cos θH, where m
is assumed to be aligned with the external magnetic
field, and θFM is the magnetization angle. The dampinglike
effective field HDL is proportional to Qy

z injected into the
FM layer, and thus hz ∝ Qy

z cos θH. Since S is proportional
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for the Co=Ti=Fe3Sið001Þ device. The solid circles are the
experimental data, and the solid curve is the fitting result using
a function proportional to sin 2θH cos θH .
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to hz, we obtain S ∝ Qy
z sin 2θH cos θH, where the sin 2θH

component arises from the AMR in the FM detecting layer
(for details, see Supplemental Material [33]).
The θH dependence of SCo shown in Fig. 4(a) provides

evidence that the SHE in the Fe3Si layer is isotropic. In the
relation SCo ∝ Qy

z sin 2θH cos θH for the Co=Ti=Fe3Sið001Þ
device, the θH dependence of Qy

z is nontrivial. The reason
for this is that, in the Fe3Si layer, the change in θH changes
the relative angle between the spin direction σ of the spin
Hall current and mFe3Si, such as transverse spin transport
(σ⊥mFe3Si) at θH ¼ 0 and longitudinal spin transport
(σkmFe3Si) at θH ¼ 90°. If the spin Hall currentQy

z depends
on the relative angle between σ andmFe3Si, i.e., the SHE in
the Fe3Si layer is anisotropic, SCo cannot be proportional to
sin 2θH cos θH because Qy

z changes with θH. Nevertheless,
we find SCo ∝ sin 2θH cos θH, indicating that Q

y
z due to the

SHE in the Fe3Si layer is independent of θH. This result
shows that the spin Hall current generated in the Fe3Si layer
is independent of the magnetization orientation, providing
experimental evidence that the intrinsic spin Hall current is
free from spin dephasing and SHE is isotropic with
respect to the magnetization. This result is also supported
by ACo ∝ sin 2θH cos θH shown in Fig. 4(b), which is
consistent with the isotropic SHE (for details, see
Supplemental Material [33]). The observation of the
isotropic SHE in Fe3Si is consistent with recent first-
principles calculations on cubic FMs [8]. Here, the
sin 2θH cos θH dependence of SCo and ACo also indicates
the absence of unconventional spin currents, such as Qx

z ,
due to the additional symmetry breaking by the magneti-
zation in the Co=Ti=Fe3Sið001Þ device [21,30,58].
In summary, we have demonstrated the isotropic SHE in

the epitaxial ferromagnet by measuring the SOTs for the
Co=Ti=Fe3Sið001Þ device. From the ST-FMR, we found
that the SHE in the Fe3Si layer generates spin Hall currents
with a spin direction σ non-collinear with the magnetization
mFe3Si. Furthermore, we found that the spin Hall current in
the Fe3Si layer is unchanged by the change in the direction
of mFe3Si. 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 generated and externally injected spin currents,
which deepen our understanding of the spin transport
in FMs.
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