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Angular dependence of inverse spin—Hall effect induced by spin pumping investigated
in a Nig;Fe;o/ Pt thin film

K. Ando* and Y. Kajiwara
Department of Applied Physics and Physico-Informatics, Keio University, Yokohama 223-8522, Japan

S. Takahashi and S. Maekawa
Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
and CREST, Japan Science and Technology Agency, Kawaguchi, Saitama 332-0012, Japan

K. Takemoto and M. Takatsu
Fujitsu Laboratories Ltd., Morinosato-Wakamiya, Atsugi, Kanagawa, 243-0197, Japan

E. Saitoh
Department of Applied Physics and Physico-Informatics, Keio University, Yokohama 223-8522, Japan
and PRESTO, Japan Science and Technology Agency, Kawaguchi, Saitama 332-0012, Japan
(Received 3 March 2008; published 8 July 2008)

The polar-angular dependence of the magnetization in electromotive force induced by the spin pumping has
been investigated for a Nig;Fe /Pt film to examine the model of the inverse spin-Hall effect (ISHE). In the
experiment, the magnetization-direction dependence of the electromotive force is estimated directly by the
simultaneous measurement of the ferromagnetic resonance field and the electromotive force signal. The ex-
perimental results are well reproduced by a calculation based on the Landau-Lifshitz-Gilbert equation com-

bined with the ISHE model.

DOI: 10.1103/PhysRevB.78.014413

I. INTRODUCTION

There has been rapidly growing interest in the field of
spintronics, which involves the study of active control and
manipulation of the spin degree of freedom in solid-state
systems.!? In the research on spintronics, methods for gen-
erating and detecting spin currents, a flow of electron spins
in a solid are to be established. In this stream, intense theo-
retical and experimental interests have been focused on the
spin-Hall effect (SHE),>*>* which converts a charge current
into a spin current in a solid via the spin-orbit interaction.
Theoretically, there are two different models suggested for
SHE; one is due to the spin-dependent impurity scattering:
the side jump or the skew scattering, which is the extrinsic
SHE,**1622 and the other is due to the band Berry’s phase,
which is the intrinsic SHE.>*> The first observations of
SHE are achieved in an n-doped bulk semiconductor'' and in
two-dimensional (2D) hole gas.'?

The inverse process of SHE has the same symmetry as
that of the relativistic transformation of the magnetic mo-
ment into electric polarization as follows: Consider a magnet
with the magnetic moment M moving at a constant velocity
v with respect to an observer. This motion of the magnet
indicates the existence of a “spin current.” In the observer’s
coordinate system, the Lorentz transformation converts a
part of this magnetic moment into an electric dipole moment

1
P,:—/=(6VXM), (l)
V1 - (v/e)? 0

where ¢ and ¢, are the light velocity and the electric con-
stant, respectively. This means that electric polarization per-
pendicular to the directions of the magnetic moment and the
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velocity is induced. In this way, electromagnetism and rela-
tivity predict that a spin current generates an electric field.
According to Eq. (1), however, this electric field is too weak
in a vacuum to be detected in reality. In a solid, existence of
a pure spin current can be modeled as that two electrons with
opposite spins tend to move in opposite directions along the
spin-current spatial direction J;, as shown in Fig. 1. o de-
notes the spin-current spin polarization. The spin-orbit inter-
action bends these two electrons in the same direction, and
induces a charge current or electromotive force transverse to
J; and o, which is the inverse spin-Hall effect (ISHE). In
this effect, J,, J., and o are at right angles to each other (see
Fig. 1).

ISHE was recently observed using a spin-pumping
method operated by a ferromagnetic resonance (FMR)'42¢
and by a nonlocal method.'>!>?3 ISHE enables the electric
detection of spin currents, even in the absence of spin accu-
mulation, and thus plays a crucial role in combining spin-

FIG. 1. A schematic illustration of the inverse spin-Hall effect.
J. J;, and o denote a charge current, the spatial direction of a spin
current, and the spin-polarization vector of a spin current,
respectively.
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FIG. 2. (a) A schematic illustration of the Nig,Fe /Pt system
used in the present study. H and 6y are the external magnetic field
vector and the external magnetic field angle to the normal vector of
the film plane, respectively. (b) A schematic illustration of the spin
pumping and the inverse spin-Hall effect in the present system. M
is the magnetization in the Nig Fe 9 layer. J., J,, and o denote the
charge current, the spatial direction of a spin current, and the spin-
polarization vector of a spin current, respectively. 6, is the magne-
tization angle to the normal vector of the film plane.

tronics with conventional electronics. In particular, the spin-
pumping method requires only a simple ferromagnet/
paramagnet bilayer film, making it a key technique for
generating spin currents in a wide range of sample systems.

The experimental method for detecting ISHE induced by
the spin pumping in a ferromagnetic/paramagnetic metal bi-
layer film is as follows:'* In the FMR condition, the steady
magnetization precession in a ferromagnetic layer is main-
tained by balancing the absorption of the applied microwave
and the dissipation of the spin angular momentum of the
magnetization. This dissipation is partly due to the transfer of
angular momentum from the local spins to conduction elec-
trons, which polarizes the conduction-electron spins. When a
paramagnetic metal is connected to the ferromagnetic metal,
this spin polarization propagates into the metal as a spin
current, which is the spin pumping operated by FMR.?’-3
The injected spin current in the paramagnetic metal is con-
verted into a charge current by ISHE in the paramagnetic
metal. The charge current generated by ISHE causes a charge
accumulation at the edges of the paramagnetic-metal layer,
or a difference of electric potential between the edges [see
Fig. 2(b)]. By measuring the electric potential difference, we
can detect ISHE. The direction of the charge current induced
by ISHE is expressed in a form (see Fig. 1) as'*

J I {Js X o). (2)

To experimentally verify this ISHE model, both the polar-
angular and the in-plane angular dependence of the external
magnetic field in the ISHE signal should be measured, since
o is controllable in terms of the external magnetic field
angle. The in-plane field-angle dependence of the ISHE sig-
nal has already been reported,'**? which is consistent with
Eq. (2). However, up to now, the polar-angular dependence
has not been measured in the spin-pumping-induced ISHE.
In this paper, we report on the polar-angular dependence of
magnetization in the spin-pumping-induced ISHE using a
Nig,Fe o/ Pt bilayer film.
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II. EXPERIMENTAL PROCEDURE

Figure 2(a) shows a schematic illustration of the sample
used in the present study. The sample is a Nig;Fe o/ Pt bilayer
film comprising a 15-nm-thick ferromagnetic Nig;Feq layer
and a 10-nm-thick paramagnetic Pt layer. The Pt layer was
fabricated by sputtering on a thermally oxidized Si substrate
and then the NigFeo layer was evaporated in a high
vacuum. Two electrodes are attached to both ends of the Pt
layer.

For the measurement, the sample system is placed near
the center of a TE(;, cavity at which the magnetic-field com-
ponent of the microwave mode is maximized, while the
electric-field component is minimized. During the measure-
ment, a microwave mode with a frequency f=9.441 GHz
exists in the cavity, and the external magnetic field H is
applied at an angle of 6 to the normal vector of the film
plane, as illustrated in Fig. 2(a). When H and f fulfill the
FMR condition, a pure spin current with a spin-polarization
o parallel to the magnetization in the Nig;Fe g layer is reso-
nantly injected into the Pt layer by the spin pumping'* [see
Fig. 2(b)]. 6,, denotes the angle between the magnetization
in the Nig;Feq layer and the normal vector of the film plane.
We measured the FMR signal and the electric-potential dif-
ference V between the electrodes attached to the Pt layer
with changing 6. All the measurements were performed at
room temperature. Notable is the fact that in this experimen-
tal setup, 6, is readily estimated at each 6y value from the
values of the FMR fields. Therefore, by simultaneous mea-
surements of the FMR and ISHE signals, the 6,, dependence
of the ISHE signal can be investigated.

III. RESULTS AND DISCUSSION

Figures 3(a) and 3(b) show the FMR spectra dI(H)/dH,
and the dc electromotive force signals V for the Nig;Fey/Pt
film under the 200 mW microwave excitation. Here, I de-
notes the microwave absorption intensity and Hpyg is the
resonance field [see Fig. 4(a)]. In the V spectra, unconven-
tional signals appear around Hpyg. As described in the pre-
vious literature, these signals are due mainly to the ISHE
induced by the spin pumping.'*?% This electromotive force
signals are well reproduced using Lorentz functions; an ex-
ample of the fitting result for the electromotive force data
observed at 65=-90° is shown in Fig. 3(c). This Lorentzian
resonance shape indicates that the electromotive force is
dominated by ISHE, not by the galvanomagnetic effects.!*?¢
The magnitude of the observed electromotive force is found
to be proportional to the microwave power, demonstrating
that the heating effect due to the microwave application is
negligible in the present system.

With changing 6y, the ISHE signal V changes its sign
across 6y=0 as shown in Fig. 3(b). This is consistent with
the prediction of ISHE and the spin pumping; the spin pump-
ing generates a spin current with the spin-polarization-vector
o along the magnetization direction. When the magnetic
field direction is reversed, Eq. (2) predicts that the J, or the
electromotive force changes its sign.

The relation between V and 6, can be discussed by moni-
toring the 6y dependence of V and the FMR field Hpyg [see
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FIG. 3. (a) Field (H) dependence of the FMR signal dI/dH for
a Nig Feo/Pt film. Here, / denotes the microwave absorption inten-
sity. Hgyr is the resonance field. From the FMR spectral width at
05=90°, the Gilbert damping constant « is estimated to be 0.017.
(b) Field dependence of the electric-potential difference V between
the electrodes on the Pt layer. (c) A fitting result using a Lorentz
function for the V data measured when 6,=-90°.

Fig. 4(a)]. The 6,, value is calculated from the Hpyy data and
the saturation magnetization M, of the Nig,Fe o layer, using
the Landau-Lifshitz-Gilbert (LLG) equation.

The dynamics of the magnetization M(z) in the Nig,Fe;q
layer under an effective magnetic field H.s is described by
the LLG equation,

dM(1)
dt

= — M) X Hyg + aM(7) X d“;t(t) 0B

Here, v, a, and M are the gyromagnetic ratio, the Gilbert
damping constant, and the unit vector parallel to the magne-
tization direction, respectively. First, we consider Eq. (3) in
an equilibrium condition, where the equilibrium magnetiza-
tion direction M is directed to the z axis [see Fig. 4(b)]. The
external magnetic field H and the static demagnetizing field
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H,,; induced by M are taken into account as the effective
magnetic field Hg,

H.;=H+Hy, (4)
where
0
H=H| sin(6,, - 6) |,

cos(6y, — 0y)

0
Hy,=-47M,| sin 6y, cos 6y, |. (5)
cos’ Oy

The static equilibrium condition, namely M X H =0 yields
an expression, which relates 8y and 6, as

<4WMS)sin(0M — By) =sin 6y, cos Gy, (6)
where H is the strength of the external magnetic field.

We then consider the magnetization M(z) precession
around the z axis, where M(r)=M+m(7) as shown in Fig.
4(b). M and m(¢) are the static and the dynamic components
of the magnetization, respectively. We take into account the
external magnetic field H, the static demagnetizing field Hy,;
induced by M, the dynamic demagnetization field H,, in-
duced by m(z), and the external ac field h(z) as the effective
magnetic field Hg,

H.;=H+Hy + Hp, +h(5), (7)
where
0
H,=-4mm| sin® 6 ,
sin By, cos 6y,

hge
h(r)=[ 0 |. (8)

0
A small  precession of the magnetization m(7)
=(m.e',mye',0) around the equilibrium direction M is as-

sumed as a solution of Egs. (3) and (7). Here w=27f, where
f is the microwave frequency. The resonance condition is
readily obtained by neglecting the external ac field and the
damping term, and by finding the eigenvalue of w in Eq. (3).
By ignoring the second-order contribution of the precession
amplitude, m, and m,, we find the resonance condition,

) 2
(_> = [HFMR COS(GM - 0H) - 47TM_3 COS 20M:|
Y

X [Hppr cos(0y — 6y) —47M cos® 6,,].  (9)

Here we used Eq. (6). Using Eq. (9) and the experimental
Hpyr data at 65=0 and 90°, the M, value was estimated. At
0,=0 and 90°, the magnetization is aligned along the exter-
nal magnetic field at Hgyp, since at 85=0 and 90°, Hgyg i
greater than the magnetization saturation field** H, (H,
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FIG. 4. (a) A schematic illustration of the definition of the resonance field Hgyg in the present study. H denotes the external magnetic
field. (b) A schematic illustration of the coordinate system used for describing the sample configuration. M and m(z) are the static and the
dynamic components of the magnetization M(z). H is the external magnetic field. 6y and 6, are the external-magnetic-field angle and the
magnetization angle to the normal vector of the film plane, respectively. (c) The field-angle dependence of Hpyg. The filled circles represent
the experimental data. The solid line is the numerical solution of Egs. (6) and (9), using parameters 47M,=0.745 T and w/y=0.319 T. (d)
The field-angle 6y dependence of the magnetization angle 6, estimated using Eq. (6).

=745 mT at ;=0 and H,=1.5 mT at 6,=90°), a situation
which is expected for soft-ferromangetic films such as
Nig,Fe 9. Therefore, we obtain the resonance condition

w\2
(_> =(HFMR_477MS)2’ (10)
Y
at 0y=0 and
w\2
(;) = (Hpmg +47M ) Hpyg, (11)

at 65=90°. Substituting the measured Hgyr values at 6;=0
and 90° shown in Fig. 4(c) into these equations, we obtain
M,;=59.3 mT and w/y=0.319 T. Substituting the measured
Hpymr Values, shown in Fig. 4(c) and M, into Eq. (6), we

- b .
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FIG. 5. The field-angle 6y dependence of the ISHE signal Vigyg.
Visug 1s estimated as the height of the resonance shape in V. The
filled circles are the experimental data. The solid line is the theo-
retical curve calculated from Eq. (15).

finally obtain the 6y dependence of #,;,, which is shown in
Fig. 4(d).

In Fig. 5 we show the field-angle (6y) dependence of the
ISHE signal Vigyg (filled circles), estimated as the height of
the resonance shape in the V spectra (see the inset to Fig. 5).
Notable is the drastic change in Vigyp across 6y=0. This
feature is well reproduced by a calculation of Vg based on
the above model. We assume the isotropic emission of a spin
current induced by the spin pumping and the ISHE model, in
which spin currents are converted into charge currents whose
direction is perpendicular to the spatial direction, and the
spin-polarization direction of the spin current, say J.I(J,
X ). In the phenomenological model of the spin pumping,
the spin polarization of the spin current generated by the
isotropic-spin pumping is proportional to m(z) X dm(z)/dr. In
our sample system, therefore, the dc electromotive force
Visuge induced by ISHE and the spin pumping is proportional
to the time average of the projection of m(¢) X dm(z)/dr to
the z’ axis [see Fig. 4(b), (m(r) X dm(z)/dt). because of the
relation J, I (J, X &)]. Making use of M(z)=M+m(z) in Eq.

60 T T T

@ exp.
—fitting

40t

20

VISHE (nV)
o

_60 n 1 n 1 n 1 n
-180 -90 0 90 180

6,, (deg)

FIG. 6. The 6); dependence of the ISHE signal Visyg, where 6,
represents the magnetization angle to the normal vector of the film
plane. The solid line shows a fitting result, using a function propor-
tional to sin 6y,.
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(3) leads to the equation for the dynamic component m(z) of
the magnetization, in which the external magnetic field, the
static demagnetizing field, the dynamic demagnetizing field,
and the external ac field are taken into account in H.g as

PHYSICAL REVIEW B 78, 014413 (2008)

described in Eq. (7). Substituting Eq. (7) into the equation
for m(z) and ignoring the second-order contribution of the
precession amplitude, we obtain the dynamic component of
the magnetization m(z) as

h,(i@(aly) + [H cos(6y — ) — cos 26,,]) el
41 cos(0y, — 0y)[2H cos(8y,— 0y) — (cos 26y, +cos” 0,)] /5 & . aw
(H-Hpyg) +i——————
cos(6y, — 6y)
—iwh,, e
m,(1) = - — (13)
47 cos( 6y, — 05)[2H cos(6y, — 6) — (cos 26y, + cos® 6,,)] (H = Hoge) + i aw
—Hpmr) 1
cos(6y, — 0y)
|
where calculated from Eq. (6). Obviously, measured Vg is almost
proportional to sin 6,,, demonstrating again that Eq. (2) is
o= wly and H= . (14) relevant to ISHE in the present system.
4mM 4mM

Since Vigyp > (Rem(r) X (d/df)Rem(?)), =—w Im(m;my/)z
—w cos By Im(m;m,), using Eqs. (12) and (13), a formula for
the 6y dependence of the dc ISHE signal in our setup is
obtained as

4arM yh?,

V, o
ISHE (4 7Ta)2

cos Oy[Hpnr c0S(6y — 05) — cos 26,,]
[2Hpr €080y, — 6y) — cos 268y, — cos® 6y, .

(15)

We compared the experimental result with Eq. (15) and
found that the experimentally measured field-angle depen-
dence of Vigyg is well reproduced by Eq. (15) as shown in
Fig. 5 (solid line). This demonstrates the validity of the ISHE
model described in Eq. (2). To show this interpretation ex-
plicitly in Fig. 6, Vigyg is replotted as a function of ), that is

IV. SUMMARY

In summary, the polar-angular dependence of the magne-
tization in the inverse spin-Hall effect induced by the spin
pumping was investigated. The polar-angular dependence of
the magnetization in the electromotive force measured for
the Nig,Fe /Pt film is consistent with a calculation based on
the model of the inverse spin-Hall effect in which the gener-
ated charge current is proportional to J, X o, where J, and o
denote the spatial direction of the spin current and the spin-
polarization vector of the spin current, respectively.
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