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Current-induced spin polarization in magnets has recently attracted much attention because out-of-plane
spin polarization is allowed, as opposed to polycrystalline nonmagnetic heavy metals. We investigate the
Pt-impurity-doping dependence of current-induced out-of-plane spin polarization in Fe thin films with
the use of magnetocircular dichroism. Current-induced out-of-plane spin polarization is clearly observed
and attributed to anomalous spin-orbit torque, in which the spin-orbit torque induced by the spin Hall
effect in Fe acts on the magnetic moments of Fe at the surfaces, generating out-of-plane spin polarization.
Notably, current-induced out-of-plane spin polarization is significantly enhanced with increasing Pt con-
centration. Pt impurities with a large spin-orbit interaction induce the extrinsic spin Hall effect of Fe, and
consequently, the anomalous spin-orbit torques are enhanced. Our results provide a guiding principle for
strengthening current-induced spin polarization in magnets.
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I. INTRODUCTION

Current-induced spin polarization plays an important
role in spintronic devices, such as nonvolatile memory
devices, in which the magnetization direction is switched
by using spin torques arising from current-induced spin
polarization [1]. In particular, one of the key factors
for efficient control of magnetization is the direction of
current-induced spin polarization, which is generally gov-
erned by symmetry [2–4]. In the case of nonmagnetic poly-
crystalline samples, when a charge current flows along the
x direction, the direction of current-induced spin polariza-
tion at the top and bottom surfaces is along the y direction
[5,6]. This is because a mirror plane perpendicular to the y
direction forbids spin polarization along the x and z direc-
tions. In contrast, in ferromagnets, magnetization parallel
to the x direction breaks this mirror symmetry, permitting
out-of-plane (z-direction) spin polarization at the top and
bottom surfaces [2–4].

Current-induced out-of-plane spin polarization is impor-
tant for switching the direction of perpendicular magne-
tization without an external field [4,7–10]. One exam-
ple if current-induced out-of-plane spin polarization was
reported for magnetic thin films including Permalloy, Ni,
and Fe, which is explained by a mechanism termed anoma-
lous spin-orbit torque [3]. Anomalous spin-orbit torque
results from the spin torque arising from the spin Hall effect
in magnetic metals; as shown in Fig. 1(a), the spin Hall
effect in a magnetic metal generates a pure spin current
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flowing along the z direction, and then spins along the y
direction accumulate at the top and bottom surfaces. This
spin accumulation generates antidamping spin-orbit torque
on magnetic moments given by τ = τDLm × (m × ζ ) =
τDL m × heff, where τDL, m, ζ , and heff = m × ζ are the
coefficient of the antidamping torque, the unit vector of
magnetization, the unit vector of spin polarization, and the
effective magnetic field, respectively. Since the direction
of the effective magnetic field, heff, is perpendicular to the
sample plane, the antidamping spin-orbit torque tilts the
magnetic moments to the z direction. In other words, the
charge current induces out-of-plane spin polarization. We
note that the magnitude of current-induced out-of-plane
spin polarization is proportional to the x component of
magnetization (Mx), since Mx breaks the mirror symmetry
with respect to the x-z plane, permitting out-of-plane spin
polarization [3].

However, so far, no way to enhance the anomalous
spin-orbit torque has been well established, although it is
required for efficient current-induced perpendicular mag-
netization switching without an external magnetic field [4].
To overcome this issue, we focus on heavy-metal-impurity
doping. It is well known that the magnitude of the extrinsic
spin Hall effect can be enhanced by doping heavy-metal
impurities, such as Ir and Pt [11–16]. Hence, a system-
atic investigation of the dependence of current-induced
spin polarization on heavy-metal-impurity concentration
is expected to serve as a useful guideline for enhancing
current-induced out-of-plane spin polarization.

Here, we investigate the Pt-impurity doping depen-
dence on current-induced spin polarization in Fe thin
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FIG. 1. (a) Schematic of anoma-
lous spin-orbit torque. Charge cur-
rent (orange arrow) generates a pure
spin current (green arrow) flow-
ing along the z direction, inducing
spin accumulation at the top and
bottom surfaces. Accumulated spins
pointing in the y direction cause
spin-orbit torque (or, equivalently,
effective field denoted by red arrows)
on magnetic moments of Fe (pur-
ple arrow). (b) The x component of
magnetization as a function of mag-
netic field parallel to the x direction
measured by longitudinal MOKE.
(c) Out-of-plane magnetic field (Hz)
dependence of Kerr ellipticity with-
out applying charge current. Inset
represents the experimental setup for
this measurement. Black line is a
linear fit to data. (d) Schematic dia-
gram of the measurement system
for current-induced spin polariza-
tion. HWP, BS, and QWP denote
half-wave plate, beam splitter, and
quarter-wave plate, respectively. (e)
Light-polarization dependence of the
voltage signal from the photodetec-
tor measured by the lock-in ampli-
fier. Here, α is the angle of the λ/4
plate. Symbols ↔, �, and � repre-
sent linearly, right-handed circularly
polarized light, and left-handed cir-
cularly polarized light, respectively.

films. Current-induced out-of-plane spin polarization at
the top surface is detected with the use of magnetic cir-
cular dichroism (MCD), that is, the difference in absorp-
tion between left-handed circularly polarized light (LCP)
and right-handed circularly polarized light (RCP) [17–19].
With increasing Pt concentration, the magnitude of the
current-induced out-of-plane spin polarization increases.
This result indicates the Pt impurities with large spin-orbit
coupling enhance the anomalous spin-orbit torques; the
enhancement of the extrinsic spin Hall effect in Fe due
to Pt doping strengthens the magnitude of the spin-orbit

torque at the top surface, leading to the increase in the tilt
of the magnetic moments, and hence the current-induced
out-of-plane spin polarization increases.

II. EXPERIMENT

Fe1−xPtx thin films with a thickness of 30 nm are
deposited on a Si/SiO2 substrate by cosputtering Pt and
Fe targets at room temperature. In this process, we place a
patterned metal mask in front of the substrate to make films
with a rectangular shape of 1.5 mm in length and 500 µm
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in width. The Pt concentration (x) is estimated by using
an x-ray fluorescence analyzer (Hitachi, EA6000VX). The
in-plane magnetization is measured with the longitudinal
magneto-optical Kerr effect (MOKE). To measure current-
induced out-of-plane spin polarization, we employ MCD
measurements [17–19]. A schematic for the MCD mea-
surements for current-induced out-of-plane spin polariza-
tion is shown in Fig. 1(d). Laser light with a wavelength of
λ = 632.8 nm and power of P = 5 mW is focused at nor-
mal incidence onto the Fe1−xPtx thin films using a 50×
microscope objective lens. The spot size is approximately
4 µm, and the position of the spot is set around the center
of the films, unless otherwise noted. Since the thickness
of thin films (30 nm) is thicker than the penetration depth
of the laser light (approximately 14 nm), MCD captures
current-induced spin polarization at the top surface. Polar-
ization of the laser light varies by rotating the quarter-wave
plate [Fig. 1(d)]. The reflected laser light is detected by a
photodetector. We apply an ac current with a frequency
of f = 12.453 kHz to the sample (x direction) and record
the voltage signal (Vac) from the photodetector, the fre-
quency of which is the same as the ac current with the use
of a lock-in amplifier. Simultaneously, the dc component
of the voltage signal (Vdc) is also recorded with the use
of a voltage meter. The magnetic field is applied parallel
to the current direction (x direction). We also measure the
out-of-plane magnetic field dependence of MCD without
applying a current. In this case, we modulate laser light by
using an optical chopper with a frequency of 7.81 kHz. All
measurements are performed at room temperature.

III. RESULTS AND DISCUSSION

In Fig. 1(b), we show the magnetic field dependence of
the x component of magnetization (Mx) normalized by the
saturation magnetization (M sat.) for Fe0.87Pt0.13. Here, Mx
is measured without applying charge currents. Mx exhibits
a clear hysteresis loop, indicating that our Fe1−xPtx thin
films have an in-plane anisotropy. The observed in-plane
magnetic anisotropy is consistent with previous reports,
in which the origin is attributed to the shape magnetic
anisotropy [20–22].

Then, we show the results of MCD measurements. In
MCD, the light-polarization dependence of reflectivity is
expected to show sin2α dependence, where α is the angle
of the λ/4 plate, and its amplitude is proportional to the
magnitude of the z component of spin polarization [17–
19]. The light-polarization dependence of Vac measured at
a current density of j = 6.6 × 109 A/m2 and f = 12.453 kHz
for Fe0.87Pt0.13 is shown in Fig. 1(e). Here, magnetiza-
tion is aligned along the x direction. Vac clearly shows the
sin 2α dependence, as expected for MCD, indicating the
presence of the z component of spin polarization. More-
over, in the present experiment, Vac picks up the reflectivity
component modulated by the charge current applied to the

sample. Therefore, the observed sin 2α dependence of Vac
indicates the existence of the current-induced z component
of spin polarization.

For quantitative evaluation of current-induced out-of-
plane spin polarization, we introduce the Kerr elliptic-
ity (ηK ) by normalizing Vac as follows: ηK = �R/(4R) =
(Vac,LCP− Vac,RCP)/(4Vdc), where R, �R, Vac,LCP, and
Vac,RCP are the reflectivity, the difference between

(a)

(b)

(c)

FIG. 2. (a) Kerr ellipticity (ηK ) as a function of magnetic field
along the x direction in Fe0.87Pt0.13. (b) Position dependence of
�ηK . Here, �ηK is defined as �ηK = [ηK (+M ) − ηK (−M )]/2,
where ηK (+M ) and ηK (−M ) are the Kerr ellipticity for M
parallel and antiparallel to the x direction, respectively. Light
blue shading represents the sample area. (c) Position depen-
dence of H -independent offset signal of Kerr ellipticity (ηK ,offset),
which is defined as ηK ,offset= [ηK (+M ) + ηK (−M )]/2. Error bars
correspond to standard deviation.
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reflectivity for LCP and RCP, and Vac for LCP and RCP,
respectively. In Fig. 2(a), we show the in-plane magnetic
field dependence of ηK measured with j = 4.0 × 109 A/m2.
ηK exhibits a clear hysteresis loop, similar to the hystere-
sis loop of the in-plane magnetization shown in Fig. 1(b),
which indicates that current-induced out-of-plane spin
polarization is proportional to in-plane magnetization. This
is consistent with the expected behavior of current-induced
out-of-plane spin polarization arising from anomalous
spin-orbit torque [3], as mentioned in Sec. I. As can be
seen from Fig. 2(a), ηK also contains the H -independent
offset signal, which results from the z component of
the Oersted field [3]. Hence, to extract the contribu-
tion from the current-induced spin polarization, we define
�ηK as �ηK = [ηK (+M ) − ηK (−M )]/2, where ηK (+M )
and ηK (−M ) are the Kerr ellipticity for M parallel and
antiparallel to the x direction, respectively.

Then, we investigate the laser-position dependence of
current-induced spin polarization. In Fig. 2(b), we show
the dependence of �ηK on the position of the laser spot.
�ηK is almost constant and maximum around the center
of the sample. This is consistent with the anomalous spin-
orbit torque mechanism; in the case of current-induced
out-of-plane spin polarization arising from anomalous
spin-orbit torque, out-of-plane spin polarization appears
over the whole area of the sample surface [3]. In addi-
tion, to verify that the H -independent offset signal of Kerr
ellipticity (ηK ,offset) results from the z component of the
Oersted field, we investigate the dependence of ηK ,offset
on the laser-spot position. Here, we define ηK ,offset as
ηK ,offset= [ηK (+M ) + ηK (−M )]/2. Because the z compo-
nent of the Oersted field shows sign reversal around the
center of the film, ηK ,offset is also expected to exhibit a sign
change around the center of the film. In fact, ηK ,offset shows

a sign change around the center of the film [Fig. 2(c)] as
expected, which indicates that the Oersted field originates
the H -independent offset signal of Kerr ellipticity.

We also investigate the current-density dependence of
the observed current-induced spin polarization. Figure 3(a)
shows the magnetic field dependence of ηK with var-
ious current densities in Fe0.87Pt0.13 around the center.
With increasing current density, the height of the hystere-
sis loop becomes higher, which is also confirmed from
the current-density dependence of �ηK [Fig. 3(b)]. The
linear dependence at low current densities is again consis-
tent with anomalous spin-orbit torque. Here, the deviation
from the linear relationship in the high-current region
(>4 × 109 A/m2) might result from the Joule heating
effect. Furthermore, we investigate the current-density
dependence of the H -independent offset signal of Kerr
ellipticity (ηK ,offset). Since ηK ,offset results from the Oer-
sted field, ηK ,offset is also expected to be proportional to
the current density. In fact, as shown in Fig. 3(c), ηK ,offset
is proportional to the current density, as expected, which
further supports that ηK ,offset arises from the Oersted field.

Then, we demonstrate the dependence of current-
induced spin polarization on Pt-impurity concentration (x).
In Figs. 4(a)–4(d), we show the magnetic field dependence
of ηK at various Pt concentrations. Fe (x = 0) shows no
hysteresis loop [Fig. 4(a)], which indicates that the magni-
tude of current-induced spin polarization is below the noise
level of our system. In addition, as shown in Fig. 2(b),
�ηK for the Fe film is almost zero over the whole area
of the sample. We note that anomalous spin-orbit torque
is observed in Fe in a previous report [3]. However, the
reported value of anomalous spin-orbit torque in Fe is
lower than the detection limit of our setup. With increas-
ing Pt concentration, x, the height of the hysteresis loop of
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FIG. 3. (a) Kerr ellipticity (ηK ) as a
function of magnetic field along the x
direction in Fe0.87Pt0.13 at various cur-
rent densities. Error bars correspond to
standard deviation. (b) Current-density
dependence of �ηK in Fe0.87Pt0.13.
Dashed black line is a guide to the eye.
(c) Current-density dependence of the
H -independent offset signal of Kerr
ellipticity (ηK ,offset), which is defined
as ηK ,offset= [ηK (+M ) + ηK (−M )]/2.
Dashed black line is a guide to the eye.
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FIG. 4. (a)–(d) Kerr ellipticity (ηK ) as a function of mag-
netic field along the x direction at various Pt concentrations (x)
measured with a current density of j = 8.0 × 109 A/m2. (e) Pt-
concentration dependence of �ηK at a current density of j =
8.0 × 109 A/m2. Thick green curve is a guide to the eye. Error
bars correspond to standard deviation.

ηK becomes larger, indicating the enhancement of current-
induced out-of-plane spin polarization [Figs. 4(b)–4(d)].
The enhancement of current-induced out-of-plane spin
polarization by Pt-impurity doping is also confirmed by the
x dependence of �ηK [Fig. 4(e)]; �ηK gradually increases
with increasing x. The enhancement of current-induced
out-of-plane spin polarization by Pt-impurity doping is
well explained by anomalous spin-orbit torque and the
extrinsic spin Hall effect; generally, heavy-metal-impurity
doping enhances the extrinsic spin Hall effect because scat-
terers with strong spin-orbit coupling, which is a source
of the extrinsic spin Hall effect, increase [11–16]. Hence,
the observed enhancement of current-induced out-of-plane
spin polarization by Pt-impurity doping indicates that the
extrinsic spin Hall effect in Fe is reinforced by Pt-impurity
doping, which leads to the enhancement of anomalous
spin-orbit torque, and thus, current-induced out-of-plane
spin polarization. We note that the reason why the H -
independent offset of ηK in Figs. 4(a)–4(d) is random is
that the position of the laser is not exactly located at the

center; the laser position slightly shifts to the right side
in some devices and slightly shifts to the left side in the
others, which leads to the random offset of ηK , since the
H -independent offset depends on the position, as shown
in Fig. 2(c). We also note that a possible change in the
penetration depth due to Pt doping is irrelevant for the
observed enhancement of the Kerr ellipticity. Since the
penetration depth in Fe is 14 nm, the Kerr ellipticity sig-
nal from the bottom surface, which cancels out the Kerr
ellipticity signal from the top surface, is less than 1.5% of
that from the top surface. Hence, even if this cancellation is
reduced by the decrease in penetration depth due to Pt dop-
ing, the enhancement of Kerr ellipticity is 1.5% at most,
which is much smaller than the experimentally observed
enhancement (approximately 380% at least).

Finally, we quantitatively evaluate the magnitude of
anomalous spin-orbit torque in the Pt-doped Fe film. To
this end, we measure the out-of-plane magnetic field (Hz)
dependence of Kerr ellipticity (ηK ) without applying a
current [see the inset of Fig. 1(c) for the experimental
setup]. As shown in Fig. 1(c), ηK is proportional to Hz,
as expected, and ηK = (0.097 ± 0.025) mrad at 10 mT.
From this out-of-plane magnetic field dependence of ηK ,
the effective magnetic field (Beff) due to anomalous spin-
orbit torque in Fe0.87Pt0.13 is estimated to be approxi-
mately Beff = (12.3 ± 3.1)µT at 4 × 109 A/m2. In addition,
the anomalous spin-orbit torque conductivity (σ ASOT),
an intrinsic quantity of anomalous spin-orbit torque, is
given by σASOT = (2eMstBeff)/�E, where e, Ms, t, E, and
� are the elementary charge, saturation magnetization,
film thickness, electric field, and reduced Planck con-
stant, respectively [3]. We obtain σASOT = (3.1 ± 0.78) ×
103 �−1 cm−1 for Fe0.87Pt0.13. This value is 3.1 times
larger than that of the σASOT for Fe reported in Ref. [3].

IV. CONCLUSION

We investigate the dependence of current-induced out-
of-plane spin polarization on Pt-impurity concentration by
means of MCD. The current-induced out-of-plane spin
polarization increases with increasing Pt-impurity concen-
tration; this is attributed to the enhancement of the extrinsic
spin Hall effect in Fe and the consequent enhancement
of anomalous spin-orbit torques. Our findings deepen our
understanding of the underlying mechanisms in current-
induced out-of-plane spin polarization, as well as pro-
viding a guiding principle for enhancing current-induced
out-of-plane spin polarization in magnets.
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