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Abstract

Magnetization dynamics is coupled with spin currents by exchanging the spin-
angular momentum. This coupling allows to control magnetization by spin
currents; spin injection into a ferromagnet induces magnetization precession.
The inverse of this process, namely, spin current emission from precessing
magnetization, is spin pumping, which offers a route for generating spin currents
in a wide range of materials. This chapter describes experiments on the gener-
ation and detection of spin currents using the spin pumping and inverse spin-Hall
effect. The inverse spin-Hall effect, conversion of spin currents into an electric
voltage through spin-orbit interaction, induced by the spin pumping was first
discovered in a metallic film. The spin pumping in this film is quantitatively
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consistent with a model calculation based on the Landau-Lifshitz-Gilbert equa-
tion. This dynamical spin injection, the spin pumping, offers an easy and
versatile way for injecting spin currents into not only metals but also high-
resistivity materials. In a metal/semiconductor junction, the spin pumping is
demonstrated to be controlled electrically through the tuning of dynamical spin-
exchange coupling at the interface. This spin-injection method works without
applying a charge current, which makes it possible to generate spin currents from
magnetic insulators; the spin pumping appears even in a metal/insulator junction
due to finite spin-exchange interaction at the interface. The spin pumping from
an insulator enables nonlinear generation of spin currents: nonlinear spin
pumping. The combination of the spin pumping and inverse spin-Hall effect
provides an essential route for exploring spin physics in condensed matter.

List of Abbreviations

FMR  Ferromagnetic resonance
ISHE Inverse spin-Hall effect
LLG  Landau-Lifshitz-Gilbert

Introduction

A spin current interacts with magnetization by exchanging the spin-angular
momentum [1]. This interaction enables to control magnetization using a spin
current; spin injection into a ferromagnet transfers the spin-angular momentum of
the spin current to the magnetization, driving magnetization precession without
external rf magnetic fields. The inverse of this process is the spin pumping [2, 3];
when magnetization precession is maintained by an external rf magnetic field, a
spin current is emitted from the precessing magnetization in a ferromagnetic/
nonmagnetic (F/N) junction through dynamical spin-exchange interaction between
the magnetization in the F layer and the carrier spins in the N layer.

In a F/N junction, magnetization in the F layer and electron spins in the
N layer interact at the interface through the s-d interaction: Hyy = —JwuY ; < 1SiSis
where S; and s; are the localized spin of the F layer and the conduction
electron spin in the N layer at site i on the interface. Jyq is the exchange coupling
strength between S; and s;. Assuming that the magnetic moments in the F layer are
strongly coupled with each other so that all magnetic moments coherently precess
around the z direction, one can replace S; by the magnetization M with the relation
Si/S = M/M. Thus, the s-d interaction is expressed as Hyg = — Jex [ dxM;emy/(x),
where x axis is directed normal to the interface. Here, Jox = JsaS/(Ay, M) is the
dimensionless exchange coupling constant, M| is the saturation magnetization,
S is an effective block spin per unit cell, and vy, is the gyromagnetic ratio of
conduction electrons. my = 7y, sy is the induced magnetization of the N layer. sy
= s;/v, is the spin density in the N layer, where v, is the volume per electrons in the
N layer. M; = Ms(1)d(x — xo) = M(f)aed(x — xo) is the interface
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magnetization,  where M(x, 1) = p,(1)>,8(r — 1) = Ms(2)d;(x — x;) =
M(f)as,;8(x — x;) withM(z) = Ms(t) /as = p,(t)/a3. Here, M5 is the sheet mag-
netization and p, is the magnetic moment at cite. r;.degr = v,/ af is the effective
interaction range. The exchange coupling exerts a torque on my(x,t). Thus, one
may write the dynamics of the magnetization and the electron spin as [4]

oM @y« M
E:—Y(MXHCH)_Y(MI XJeme)+EMXE’ (1)

%ﬂ =y, (my x JoM) — 5'"TN + DyVsmy, 2)
t ™
where y and a are the gyromagnetic ratio and the Gilbert damping constant,
respectively. za and Dy are the spin relaxation time and diffusion constant in the
N layer, respectively. Here, the magnetization of conduction electrons in the N layer
my(x,f) is written as  my(x,7) = yyJexM(x,f) + dmy(x,f)  with the
nonequilibrium magnetization, or spin accumulation, émy in the N layer. yy is
the Pauli susceptibility. The second term in Eq. 1 and the first term in Eq. 2
represent the exchange torque at the interface. The spin relaxation and spin diffu-
sion in the N layer are described in the third and forth terms in Eq. 2. A solution of
Eq. 2 has the form

a1 dy v dnr)
1) = -== I'—M+Mx—M *IN 3
m( (1w 3t ), ®
where M = M /Mg and I' = hiy/ (SJ Sdr,s\faeff) Ay = /Dyl is the spin-diffusion
length. The z component of the spin accumulation is given by ém.(x) = —(1/g,)
(usNn(0)R)/ (1 +17) [1\7[ X (d/dt)l\A/IL, where g, is the electron g factor. yy =

uzNy (0), where Ny(0) is the density of states at the Fermi energy. Therefore, a spin

current with the spin-polarization direction along the z axis, j, = (—e/ug)DnyVémy,
is obtained as

2
) = g O v x B4 e, @

" 2e (14 17) di

or, using the spin-pumping conductance g!!, the direct-current component of the
spin current at the F/N interface (x = 0) can be expressed as [2]

o (°n 1 dM (1)
j=— —glt— IM(s dt. 5
=g |, e o < ) ®

The spin pumping allows to explore the physics of a spin current in a wide range of
materials, making it a key technique in spintronics as discussed below.
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Electric Detection of Spin Pumping in Metallic Film

Spin currents generated by the spin pumping can be detected using the inverse spin-
Hall effect (ISHE), which converts a spin current into an electric field through spin-
orbit interaction as [5]

Eisue = (Osuepn)is X 0. (6)

Here, Osyg = osye/on is the spin-Hall angle, where osyg and oy are the spin-Hall
conductivity and electric conductivity, respectively. py is the electric resistivity.
The ISHE enables electric detection of spin currents even in the absence of spin
accumulation, making it a key technique for exploring spin currents. The ISHE
induced by the spin pumping was first discovered in a Nig;Fe o/Pt film [5]. The
following describes the details of the experimental procedure and results obtained
in a Nig;Fe;o/Pt film [6, 7].

The sample used for the measurements is a Nig;Feo/Pt film comprising a 10-nm-
thick ferromagnetic Nig,Fe;9 layer (a 0.4 x 1.2 mm rectangular shape) and a
10-nm-thick paramagnetic Pt layer (a 0.4 X 2.2 mm rectangular shape) (see
Fig. 1a). These layers were patterned using metal masks. The Pt layer was fabri-
cated by sputtering on a thermally oxidized Si substrate, and then the Nig,Fe o layer
was evaporated on the Pt layer in a high vacuum. Two electrodes are attached to
both ends of the Pt layer. For the measurement, the sample was placed near the
center of a TEy cavity at which the magnetic-field component of the microwave
mode is maximized, while the electric-field component is minimized. During the
measurement, a microwave mode with frequency f = 9.44 GHz existed in the
cavity, and the external magnetic field H was applied perpendicular to the direction
across the electrodes. All the measurements were performed at room temperature.

Figure 1b shows microwave absorption spectra dI(H)/dH measured for the
NigFe o/Pt film and a Nig,Fe;o film where the Pt layer is missing. Here,
I denotes the microwave absorption intensity. As shown in Fig. 1b, the spectral
width W (see the inset to Fig. 1b) for the Nig,Fe;q film is clearly enhanced by
attaching the Pt layer. This result shows that the magnetization-precession relaxa-
tion is enhanced by attaching the Pt layer, since the spectral width W is proportional
to the Gilbert damping constant a [8]. This spectral width enhancement demon-
strates the emission of a spin current from the precessing magnetization induced by
the spin pumping; since a spin current carries spin-angular momentum, this spin
current emission deprives the magnetization of the spin-angular momentum and
thus gives rise to additional magnetization-precession relaxation or enhances a. The
spectral width enhancement due to the spin pumping, AW = Wgy — W, is related
with the spin-pumping conductance g!' as [9, 10]

AW — SHp® 11

= A3 (7
2\/3xMgydy & )
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Fig. 1 (a) A schematic illustration of the spin pumping and the inverse spin-Hall effect in the
NigFe o/Pt film. M(¢) is the magnetization in the Nig,;Feq layer. Eisyg, J;, and o denote the
electromotive force due to the inverse spin-Hall effect, the spatial direction of a spin current, and
the spin-polarization vector of the spin current, respectively. (b) Field (H ) dependence of the FMR
signals dI(H )/dH for the Nig;Fe o/Pt film and the Nig;Fe;q film. Here, / denotes the microwave
absorption intensity. Hgyg is the resonance field. The inser shows the definition of the spectral
width W in the present study. (¢) Field dependence of the electric-potential difference V for the
Nig;Fe /Pt film under the 200 mW microwave excitation. The open circles are the experimental
data. The curve in red shows the fitting result using a Lorentz function for the V data. (d) The
spectral shape of the electromotive force due to the inverse spin-Hall effect (ISHE) and the
anomalous-Hall effect (AHE)

where W,y and Wy are the FMR spectral width for the Nig;Fe o/Pt film and the
Nig Fe 9 film, respectively. g and up are the g factor and the Bohr magneton,
respectively. Using the parameters g = 2.12, 4zM; = 0.745 T, dr = 10 nm, y =
1.86 x 10" T~ 's™", 0 =593 x 10'°s™!, Wy,y = 7.58 mT, and Wy = 5.34 mT, the
spin-pumping conductance at the Nig;Fe o/Pt interface is obtained as g/! = 2.31
x 10m~2.

The above experimental result shows that the ISHE induced by the spin pumping
can be explored in the Nig;Feo/Pt film. When H and f fulfill the FMR condition, a
spin current with a spin polarization ¢ parallel to the magnetization-precession axis
in the Nig Fe 9 layer is injected into the Pt layer by the spin pumping. This spin
current is converted into an electric voltage using the strong ISHE in the Pt layer
[11] as shown in Fig. 1a. The ISHE induced by the spin pumping can be detected by
measuring the electric voltage.

Figure 1c shows the electromotive force signal V measured for the Nig;Fe;o/Pt
film under the 200 mW microwave excitation. In the V spectrum, an electromotive
force signal appears around the resonance field Hgyr. This electromotive force is
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Fig. 2 (a) The electromotive force V spectra measured for the Nig;Fe o/Pt film at different
microwave excitation powers Pyw. (b) The microwave power Pyw dependence of the
electromotive force Vigyg for the Nig;Fe o/Pt film. Vigyg is estimated as the peak height of the
resonance shape in the V spectrum

attributed to the ISHE induced by the spin pumping. Notably, the spectral shape of
this electromotive force is well reproduced using a Lorentz function.

The symmetric shape of the electromotive force is a feature expected for the
spin-pumping-induced ISHE. Although an in-plane component of a microwave
electric field may induce a rectified electromotive force via the anomalous-Hall
effect (AHE) in cooperation with FMR [5, 12-14], the electromotive force due to
the ISHE and AHE can be distinguished in terms of their spectral shapes [15]. Since
the magnitude of the electromotive force due to the ISHE induced by the spin
pumping, Visyg(H), is proportional to the microwave absorption intensity,
Visue(H) is maximized at the FMR condition. In contrast, the sign of the
electromotive force due to the AHE (co e(t) x m(?)), Vaue(H), is reversed across
the ferromagnetic resonance field Hgyr, Where e(f) and m(#) are the microwave
electric field and the magnetization component perpendicular to e(?), respectively,
since the magnetization-precession phase shifts by z at the resonance [16]. There-
fore, the electromotive force due to the ISHE and AHE is of the Lorentz shape and
the dispersion shape, respectively, as shown in Fig. 1d.

The above experimental results are further buttressed by measuring microwave
power and magnetic-field-angle dependence of the electromotive force. The
V spectra for the Nig Fe o/Pt film at different microwave excitation powers Pyw
are shown in Fig. 2a. The electromotive force decreases with decreasing Py,
consistent with the prediction of the spin pumping. Figure 2b shows microwave
power Pyw dependence of the magnitude of the electromotive force Visyg, where
VisuE 1S estimated as the peak height of the resonance shape in the V spectra. The
Pyw dependence of Vigyg shows that the amount of spin current injected into the Pt
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Fig. 3 (a) A schematic illustration of the measurement setup for the out-of-plane magnetic-field-
angle dependence of the ISHE signal. 0y is the external-magnetic-field angle to the normal vector
of the film plane. (b) A schematic illustration of the inverse spin-Hall effect induced by the spin
pumping. 6, is the magnetization angle to the normal vector of the film plane. (¢) The out-of-plane
magnetic-field-angle 6;; dependence of the electromotive force V for the Nig;Fe /Pt film

layer is proportional to Pyryw. This is consistent with the prediction of a direct-current-
spin-pumping model [15]. Equation 5 shows that the dc component of a spin current
generated by the spin pumping is proportional to the projection of M(¢) x dM(¢)/dt
onto the magnetization-precession axis. This projection is proportional to the square
of the magnetization-precession amplitude. In this case, therefore, the induced spin
current or the electromotive force due to the ISHE is proportional to the square of the
magnetization-precession amplitude, i.e., the microwave power Pyy.

Figure 3c shows H dependence of V for the Nig;Feo/Pt film at different out-of-
plane magnetic-field-angle 8, where the external magnetic field H was applied at
an angle of 8, to the normal vector of the film plane, as shown in Fig. 3a. Notable
is that, with changing 64, the V signal disappears at 8y = 0 and changes its sign
when 6y > 0. This feature is consistent with the prediction of the spin pumping
and ISHE. The spin polarization ¢ of a dc spin current generated by the spin
pumping is directed along the magnetization-precession axis (see Fig. 3b). This
spin current is converted into an electromotive force by the ISHE as E;spg 00 J X o
the sign of the electromotive force is reversed by reversing the H direction.
When 6 = 0, the precession axis of the magnetization in the Nig,Fe o layer is
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directed along the normal axis of the film plane. In this situation, the spin-
polarization vector of a spin current ¢ is parallel to the flow direction of the spin
current J,, and thus Eq. 6 predicts Eisyg 00 J; X 0 = 0, being consistent with the
experimental result.

To quantitatively understand the out-of-plane magnetic-field-angle 6, depen-
dence of the V signal, in the following section, the spin current emission in thin film
systems is formulated based on the Landau-Lifshitz-Gilbert (LLG) equation com-
bined with the model of the spin pumping.

Model of Spin Pumping

The dynamics of magnetization M(#) in a ferromagnetic film under an effective
magnetic field H.g is described by the LLG equation

dM(1)
dt

dM(1)
dt

[04
= —yM(t) X Hegt +7M(Z) X

" ®)

Firstly, Eq. 8 is considered in an equilibrium condition, where the equilibrium
magnetization direction M is directed to the z axis (see Fig. 4a). Here, a soft

6= —90° 6y,= 90°
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Fig. 4 (a) A schematic illustration of the coordinate system used for describing a ferromagnetic
film. M and m(¢) are the static and the dynamic components of the magnetization M(¢). H is the
external magnetic field. 8y and 0,, are the external-magnetic-field angle and the magnetization
angle to the normal vector of the film plane, respectively. (b) The out-of-plane magnetic-field-
angle 6 dependence of the ISHE signal Vsyg measured for the Nig;Fe;o/Pt film. Visyg/Vinax is the
normalized spectral intensity extracted by a fitting procedure using Lorentz functions from the
measured electromotive-force spectra. The filled circles are the experimental data. The solid curve
is the theoretical curve calculated from Eq. 18. (¢) The 6, dependence of ),
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ferromagnetic thin film, e.g., Nig;Fe o, is assumed, and the magnetocrystalline
anisotropy is neglected. The external magnetic field H and the static demagnetizing
field Hyy induced by M are taken into account as the effective magnetic field Heg:

Heff =H+ HM7 (9)
where
0
H=H sin (QM — QH) .
cos (Oy — Oy)

0 (10)

Hy = —4nM cos@y | sinfy

cos Oy

0 and 0,, are the external-magnetic-field angle and the magnetization angle to the
normal axis of the film plane, respectively (see Fig. 4a). The static equilibrium
condition, namely M x H.g = 0, yields an expression, which relates 0y and 6,,, as

2H sin (O — Oy) + 4xM sin 260y = 0, 11

where H is the strength of the external magnetic field.

Based on the LLG equation, the magnetization M(¢) precession around the z axis
can be formulated, where M(¢) = M + m(¢) as shown in Fig. 4a. M and m(z) are the
static and the dynamic components of the magnetization, respectively. The external
magnetic field H, the static demagnetizing field Hy; induced by M, the dynamic
demagnetization field H,,(?) induced by m(¢), and the external ac field h(z) are taken
into account as the effective magnetic field Heg:

Heff(l) = H+HM+Hm(I) +h(l), (12)
where
0
Hy, (1) = —4amy(t)sin@y | sinby |,
cos Oy
. 1
helwf ( 3)
h(r) = 0
0

iwt

A small precession of the magnetization m(t) = (m.e ,myei"”,O) around the
equilibrium direction M is assumed as a solution of Eqgs. 8 and 12. Here, v = 2
[, where fis 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 of Eq. 8. By ignoring the second-order contribution of the preces-
sion amplitude, m, and m,, we find the ferromagnetic resonance condition:



1490 K. Ando and E. Saitoh

2
(Q) = [HFMR COoS (91-1 - QM) - 477:MS cos ZGM]

! (14)
X [Hpmr c0s (O — Oy) — 4xM cos*Oyy)].

Here, Eq. 11 was used. The dynamic components of the magnetization m(¢) in the
FMR condition are obtained from Eqs. 8 and 12 using Egs. 11 and 14:

4zMhy [Zaw cos wt + (47[Mxy sin®@y + \/(4;1M5)2y2 sin*Oy + 4w2) sin wt}

my(t) =

)

8w/ (4nM, ) sin*6y + 4
(15)

4zMhy cos wt

my(t) = — (16)

47m\/ (47rMS)272 sin*0y + 4?

Using Egs. 5, 15, and 16, the spin current density j; generated by the spin
pumping is obtained as

gl 2 nPh (47:Mxy sin’0y + \/(477,’MS)2y2 sin*6y + 40)2)

5 8ra? ((47rMs)2y2 sin*Oy + 4> a7
Here, the spin-polarization vector ¢ of the spin current is directed along the
magnetization-precession axis, since the dc component of M(f) x dM(t)/dt is
directed along the z axis. The electromotive force due to the ISHE, Vigyg, is
obtained by combining Eqs. 6 and 17; Visyg is proportional to j sinf,, because of
Eq. 6, since the spin-polarization vector ¢ of a spin current is directed along the
z axis. Therefore, the ISHE signal Vigyg is expressed as

gllyzhzh sin 6y, (477,’MS’YSiIl29M + \/(47rMS)2y2 sin*@y + 4a)2>

Visug o (18)

8na? ((47rMS)2y2 sin*0y + 4w2>

As shown in Fig. 4b, the experimentally measured 85 dependence of Vigyg is well
reproduced using Eq. 18, showing the validity of this model calculation. Here, the
saturation magnetization 4zM = 0.745 T and the magnetization angle 8, shown in
Fig. 4c for the Nig;Fe o/Pt film are obtained from the magnetic-field-angle 6
dependence of the ferromagnetic resonance field Hgyg using Egs. 11 and 14.

The above calculation enables the estimation of the spin-Hall angle syp =
ospg/oy of the Pt layer. When the external magnetic field is applied along the film
plane, the spin current injected into the Pt layer decays along the y direction due to
spin relaxation as
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Fig. 5 (a) The Nig,Fe o-layer width w dependence of Vigyg. w is defined as shown in the inset.
The solid circles are the experimental data. The solid line shows the linear fit to the data. (b) The
NigiFe o-layer width / dependence of Vigyg. / is defined as shown in the inset. (¢) The Pt layer
thickness dy dependence of Visyg when the thickness of the NigiFe;q layer is dr = 10 nm. Here,
Visue = Visug/ Vfé\’H:EdF =10mm and V%}'E"F =10nm s the magnitude of the ISHE signal when dy = d
= 10 nm. (d) The df dependence of Visyg when dy = 10 nm

_ sinh[(dy —y)/M]
Js(.))) - Sillh(dN/}\,N) j?a

(19)
where

gl y2h?h <4JTMSY + 1/ (4aM,) >y + 4w2>
(20)

0
JS =
87ma? <(4JTMS)2YZ + 4w2>

is the spin current density j° at the interface (y = 0) obtained from Eq. 17 with 6, =
n/2. Here, dy and Ay are the thickness and the spin-diffusion length of the Pt layer,
respectively. The spin current j(y) described in Eq. 19 is converted into an
electromotive force Vigyg using the ISHE in the Pt layer: Visug = RpRy/(RF + Ry)
I. = wloy + (dr/dy)or| "' (j.). Here, Rr and Ry are the electrical resistance of the
Nig Fe 9 and Pt layer, respectively. I. = ldy{j.) is the charge current generated
by the ISHE. w and / are the width and length of the Nig,Fe o layer, respectively
(see the inset to Fig. 5a, b). o is the electrical conductivity of the Nig,Fe o layer.
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dr is the thickness of the NigFe g layer. The validity of the equivalent circuit model
is confirmed both from the film size and thickness dependence of the ISHE shown in
Fig. 5a—d; Vigyg is proportional to w and inversely linear to dr and dy. Using Eq. 19,

dy
we obtain the averaged charge current density defined as (j.) = (1/ dN)J J.(y)dy:
0

. 2e /IN dN 0
)y=280 — | —tanh| — |/; 21
<IL> SHE ( h) dy an <27W)J“ 21

since the ISHE converts a spin current j(y) into a charge current j.(y) as j.(y)
= Osue(2e/h)j;(y). Using Eq. 21, the electromotive force due to the ISHE induced
by the spin pumping is given by

(22)

WQSHEﬂNtaHh(dN/ZlN) (26) 0
VisHE = —j

dyoy + dror B

Using Eq. 22 with the parameters gil =231 x10”m2,dy = 10 nm, 1y = 10 nm,
[17] @ = 0.0206, h = 0.16 mT, w = 1.2 mm, oy = 2.0 x 10° (Qm) ', 65 = 1.5 x
10° (@m)~ ", and Visyg = 37 1V, the spin-Hall angle of the Pt layer is estimated as

Magnetization-Precession Trajectory and Spin Pumping:
Universality of Spin Pumping

The spin current density generated by the spin pumping is not constant when
changing the out-of-plane magnetic-field angle, even for constant microwave
power; the spin current density is maximized when the external magnetic field is
applied oblique to the film plane. When the external magnetic field is applied
oblique to the film plane, the magnetization-precession trajectory, the trajectory
of the point of a magnetization vector is distorted due to a demagnetization field.
It is natural to expect that the spin pumping is related to the trajectory of magne-
tization precession, since the spin pumping creates a spin current from magnetiza-
tion precession. Let fs =j./ jf”ze”zo be normalized spin current density, where
j%#=01=0 is the spin current density when the magnetization precesses in a circular
orbit (the external magnetic field is applied perpendicular film plane: 8y = 0,, = 0).

From Eq. 17, j, is obtained as

2w <4777MS’Y sin®@y + \/ (47rMS)2y2 sin*0y + 4a)2)
Js =

(23)
(471Ms)2y2 sin*@y + 4?

Equation 23 shows that J strongly depends on the magnetization angle 6), and the
saturation magnetization 4zM; J; is maximized when
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4 | 20

oo
S Em 47My

(24)

is satisfied.

A magnetization-precession trajectory can be characterized in terms of the
ellipticity of a magnetization-precession trajectory A = Imyl/lm,l, where Im,| and
Im,| are the major and minor radiuses of the trajectory, respectively. Using Egs. 15
and 16, the ellipticity is obtained as

A= 20 . (25)

4zMy sin®Oy + \/(47rMS)2y2 sin*@y + 4w?

The relation between the spin current amplitude fs and the ellipticity, A, of a
magnetization-precession trajectory is obtained by combining Eqs. 23 and 25,
which is expressed as

. 4A

Js = m (26)

This simple expression indicates that the amplitude of a spin current is maximized
when the precession trajectory is distorted: A = 1/+/3.

A magnetization-precession trajectory is also characterized by the elliptical
area of a magnetization-precession trajectory, S = z|m,||m,|. The normalized
area of a magnetization-precession trajectory, S = S /Sg”zg‘”:o, is obtained using
Egs. 15 and 16 as

2w <4ﬂMsy sin®0y + \/(4ﬂMS)2y2 sin*0y + 4a)2)

S= : 27
(4nM)*y? sin*6y + 402 @7

Here, $%=%=0 is the area of the magnetization-precession trajectory when the
magnetization precesses in a circular orbit. This expression of S is exactly the same
as that of the normalized spin current densityfs in Eq. 23; the spin current densityfs
is determined by the elliptical area of a magnetization-precession trajectory S.
The validity of the above results can be confirmed by measuring the out-of-plane
magnetic-field-angle dependence of the spin pumping using the ISHE. Figure 6b
shows the magnetization-angle 6,, dependence of Vrsma = Visue/sin 0y, for the
Nig;Fe;o/Pt film and a Ni/Pt film. Here, note that Vigyg is proportional to the spin
current density j, generated by the spin pumping because of the relation Vigyg 00 j;
sin 8. The magnetization-angle 6,, shown in Fig. 6a is estimated from the external-
magnetic-field-angle @y dependence of the resonance field Hgyr using Egs. 11
and 14. The experimentally measured magnetization-angle 6, dependence of Visyg
is well reproduced using Eq. 23 both for Nig,Feo/Pt film and a Ni/Pt film, showing
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Fig. 6 (a) The 6y dependence of the magnetization angle 6,,. (b) The magnetization-angle 0,,
dependence of the spin-pumping efficiency Visug/ V‘f’s‘fg 0" for the Nig;Fe,o/Pt (black) and Ni/Pt
films (red), where Visue = Visue /sinfy. Vl'ggfg 0" is the ISHE signal measured when 6;; = 90°.
The solid curve shows the theoretical curve proportional to Eq. 23

that the optimum condition for spin current generation is determined by the
ellipticity of the magnetization-precession trajectory.

The relation between spin current density generated by the spin pumping and
magnetization-precession trajectory can further be simplified by defining the solid
angle of magnetization precession as Q2 = S/M?2. The spin current density described
in Eq. 17 is expressed as

_gohy

: 2
Js . (28)

For metallic interfaces, the spin-pumping conductance is proportional to n*>, where
n is the density of electrons per spin in the paramagnetic layer [18]; the spin current
density in a ferromagnetic metal/Pt interface obtained by the spin pumping is
determined by the solid angle @ : j; oo €. This universality has been confirmed
in ferromagnetic metal/Pt interfaces using the ISHE. Figure 7 shows the relation
between the spin current density j; generated by the spin pumping and the solid
angle €2 of the magnetization precession in NiFe;_,/Pt films, where j; was esti-
mated from the magnitude of the ISHE voltage. j; is proportional to £2 as shown in
Fig. 7 for all the samples, demonstrating the universality of the relation j, oo £2.

Spin Injection into Semiconductor by Spin Pumping

Spin injection into solids is crucial for exploring physics and technology of spin
currents. However, electrical spin injection through an ohmic contact from ferro-
magnetic metals into high-resistivity materials, such as semiconductors and organic
materials, is not easy compared with electrical spin injection into nonmagnetic
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metals. One reason is that virtually all of the applied potential drops over the high-
resistivity nonmagnetic part and is wasted for spin injection. The dynamical spin-
injection mechanism does not rely on an applied bias and does not suffer from the
conductivity mismatch, because the smallness of the mixing conductance for a
ferromagnet-semiconductor interface is compensated by the small spin current that
is necessary to saturate the spin accumulation [19]. In fact, the spin pumping allows
spin current injection into GaAs from Nig,Fe 9 through an ohmic contact at room
temperature [20].

Spin injection into GaAs using the spin pumping was demonstrated in a
Nig Fe o/Zn-doped GaAs (a Nig;Fe o/p-GaAs film) with a doping concentration
of No = 1.4 x 10" cm . Current-voltage characteristic shown in Fig. 8a indicates
the formation of an ohmic contact at the Nig,Feo/p-GaAs interface. The ratio of the
electrical conductivity for the p-GaAs layer oy to that for the Nig;Fe,q layer og, on/
or = 9.7 x 10~? shows that the impedance-mismatch problem is critical in this
system. In the NigFeo/p-GaAs junction, if the dynamical exchange interaction
between the magnetization in the Nig;Fe ¢ layer and carrier spins in the p-GaAs
layer drives the spin pumping, this injected spin current induces an electromotive
force through the ISHE in the GaAs layer in the FMR condition.

Figure 8b, ¢ show microwave absorption and electromotive force signals mea-
sured for the Nig;Fe o/p-GaAs film. As shown in Fig. 8c, an electromotive force
signal appears around the resonance field Hgyvr. Here, V(0) is defined as the

. . ~0  ~0+180°
asymmetric component of V with respect to H, V(0) = (V -V )/2, to
eliminate heating effects arising from the microwave absorption from the

V spectra. 7 and V"™ are the electromotive force V measured when the external
magnetic field is applied at an out-of-plane angle of § and € + 180° to the film plane,
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Fig. 8 (a) Bias voltage V;, dependence of current density J through the Nig,Fe;o/p-GaAs junction.
(b) Field (H) dependence of the FMR signal d/(H )/dH measured for the Nig;Fe o/p-GaAs film
when the external magnetic field H is applied along the film plane (6 = 90°) (c) Field dependence
of the electromotive force V(6 = 90°) measured for the Nig;Fe;o/p-GaAs film under the 200 mW
microwave excitation. Here, V(0) = <‘79 e )/ 2, where 7 and V'™ are the
electromotive force V measured when H is applied at an angle of € and 6 +180° to the film
plane, respectively. The open circles are the experimental data. The solid curve shows the fitting

result using a Lorentz function

respectively. Importantly, the electromotive force signal is well reproduced using a
Lorentz function, a feature expected for the spin-pumping-induced ISHE. Thus the
observed electric voltage is the direct evidence of spin injection into the GaAs layer
from the Nig Fe o layer through the ohmic interface.

Microwave power and magnetic-field-angle dependence of the electromotive
force provides further evidence that the observed electric voltage is attributed to the
spin injection into the GaAs layer by the spin pumping. Figure 9a shows V(8 = 90°)
at different microwave excitation powers Pyw. The electric voltage decreases with
decreasing Pyw, consistent with the prediction of the spin pumping. In fact, the
magnitude of the electric voltage, Visyg, is proportional to Pynw as shown in
Fig. 9b, showing that the electric voltage is attributed to the direct-current compo-
nent of the spin pumping. The out-of-plane magnetic-field-angle dependence of the
electromotive force shown in Fig. 10a, b provides further evidence of the dynamical
spin injection into the GaAs layer.

The spin pumping driven by the dynamical spin-exchange coupling can be
controlled electrically. Figure 11a shows the band structure of a Nig;Fe 9 /p-GaAs
interface with the bias voltage V;,. Here, the doping concentration of the p-GaAs
layer is No = 4.1 x 10" cm ™, resulting the formation of a Schottky barrier at the
interface. When V;, < 0, the depletion region and potential barrier increase,
reducing spin exchange at the interface. In contrast, when V;, > 0, the depletion
region and potential barrier decrease, giving rise to strong exchange interaction.
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Fig. 9 (a) Field dependence of V(6 = 90°) measured for the Nig,Fe o/p-GaAs at different
microwave excitation powers. (b) Microwave power Py dependence of Vigyg(d = 90°). The
solid circles are the experimental data. The solid lines show the linear fit to the data
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Fig. 10 (a) The magnetic-field-angle @ dependence of V(6) for the Nig,Feo/p-GaAs film. (b) The
magnetic-field-angle @ dependence of Visyg(6)/Visue(@ = 90°). The solid circles are the experi-
mental data. The solid curve is the theoretical curve

The ISHE induced by the spin pumping in the Schottky Nig;Fe o/p-GaAs system
was measured with applying V;, across the interface.

Figure 11b shows the spin-pumping conductance g/!, or the spin-pumping
efficiency, for the Nig,Feo/p-GaAs junction estimated from the magnitude of the
electromotive force due to the ISHE with the assumption that electric-field effects
on spin diffusion are negligibly small, because the applied field is sufficiently small
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Fig. 11 (a) Schematic
illustrations of the band
structure of the Nig;Feo/p-
GaAs junction for the bias
voltage Vi, < 0, V;, = 0, and
Vin > 0. ¢s is the Schottky
barrier height. Ef is the Fermi
level. (b) Bias voltage V;,
dependence of the spin-
pumping conductance g
estimated from the measured
voltage Visug(@ = 90°) for the
Nig,Fe o/p-GaAs junction at
Pyrw = 200 mW. gli was
estimated from the height of +
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in this system. The spin-pumping efficiency decreases with decreasing V;, when V;,
< 0. When V;, > 0, in contrast, the efficiency increases with the bias voltage V.
These results are consistent with the above prediction: the dynamical exchange
interaction is enhanced by reducing the barrier width and height. The saturation
magnetization 4zM, is independent of V;,, showing that heating effects are negli-
gibly small in this measurement because heating decreases 4zM. Current-induced
effects, such as the ordinary Hall effect, are also irrelevant; the electric voltage is
independent of V;,, when Pyw = 0 and the observed change of Vigyg(6 = 90°) when
Pyw =200 mW is not linear to the bias current J, confirming that the spin-pumping
efficiency is controlled electrically by applying a bias voltage.

Spin Pumping from Insulator

The above experiments demonstrate the generation of spin currents from ferromag-
netic metal using the spin pumping. The origin of the spin pumping is the
spin exchange at the ferromagnetic metal/paramagnetic material interfaces. This
coupling was found to be finite in a ferrimagnetic insulator Y3;FesO,/paramagnetic
metal Pt interface; the spin pumping appears even in an insulator/metal junction [4].
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Fig. 12 (a) Field (H)
dependence of dI(H)/dH
measured for the Pt/La:YIG
film at Pyrw = 2 mW, where
I denotes the microwave
absorption intensity. (b) Field
(H) dependence of

V measured for the Y;Fes0,/
Pt film at Pypw = 2 mW.
Here, the sign of the
electromotive force is
reversed by reversing the
external-magnetic-field
direction (see the black and
red curves)
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Y3Fes0;, is a ferrimagnetic insulator whose charge gap is 2.7 eV. Owing to this
huge gap, Y5FesO,, exhibits very high resistivity (~10'> Qcm at room temperature,
greater than that of air). A single-crystal Ys;FesO;, (111) was grown on a
Gd3Gas0O;, (111) single-crystal substrate by liquid phase epitaxy. The thickness
of the Y;FesO,; layer is 2.1 ym. Then, a 10-nm-thick Pt layer was sputtered on the
Y;FesO,, layer. The sample has a rectangular shape with the width 1 mm and the
length 4 mm. Two electrodes were attached to the edges of the Pt layer.

Figure 12a, b are the microwave absorption dI/dH and electromotive force
V signals for the Y3FesO.,/Pt film at Pyrw = 1 mW, respectively, both measured
with microwaves applied and with the external magnetic field perpendicular to the
direction across the electrodes. In the dI/dH spectrum, many resonance signals
appear. These resonance signals are attributed to the spin wave resonance in the
Y;FesO,, layer. Here, the resonance fields are much greater than the in-plane
magnetization saturation field (H. = 20 Oe) of this Y3Fes;O;, film. Notably, at
the spin wave resonance fields, electromotive force signals also appear as shown in
Fig. 12b, indicating that the electromotive force is induced in the Pt layer concom-
itant with spin wave resonance in the Y3;FesOq, layer. As shown in Fig. 12b, the
electromotive force changes its sign when the magnetic-field direction is reversed, a
feature expected for the spin pumping and ISHE. Furthermore, this voltage signal
was found to disappear in a Y;FesO;,/Cu system, where the Pt layer is replaced by a
Cu layer, indicating the important role of spin-orbit interaction, or ISHE, in the
voltage generation, since the spin-orbit interaction in Cu is very weak compared
with that in Pt. The voltage signal also disappears when an insulating SiO, layer is
inserted into the Y3FesO(,/Pt interface and when the Y3;FesO;, layer is missing.
These last two results indicate that the direct contact between the Y;FesO;, layer
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Fig. 13 (a) Field (H) dependence of the microwave absorption signal dI(H)/dH. (b)
H dependence of the electric-potential difference V for the Pt/Y;Fe,GaO,, (Pt/YIG) film (blue
curve) and the Cu/Y3Fe,GaO,, (Cu/YIG) film (black curve) under the 200 mW microwave
excitation. (¢) The in-plane magnetic-field-angle ¢, dependence of V for the Pt/Y;Fe,GaO,,
film. (d) The in-plane magnetic-field-angle ¢ dependence of the ISHE signal measured for the
Pt/Y;Fe,GaO,, film. Vigye/Vimax is the normalized spectral intensity. The filled circles are the
experimental data. The solid curve shows cos ¢y

and the Pt layer is necessary for the observed voltage generation; electromagnetic
artifacts are irrelevant.

The spin pumping in the Y3FesO,/Pt film can be attributed to the small but finite
spin-exchange interaction between a conduction electron in the Pt layer and a
localized moment in the Y3FesO;, layer or to the spin-pumping conductance at
the interface. The spin pumping at an insulator/metal interface exists not only in a
single-crystal insulator/Pt interface but also in a polycrystal insulator/Pt interface.

A polycrystal 100-nm-thick Y3;Fe GaO, film was grown on a Gd;GasOq, (111)
single-crystal substrate by metal organic decomposition. Then, a 10-nm-thick Pt
layer was sputtered on the Y3;Fe,GaO,, layer. Immediately before the sputtering,
the surface of the Y;Fe,GaO;, film was cleaned by Ar-ion bombardment in a
vacuum.

Figure 13a, b shows the microwave absorption signal dI(H )/dH and the electric-
potential difference V measured for the Y;Fe,GaO,,/Pt film when ¢y = 0, where
¢r = 0 is the in-plane magnetic-field angle defined as in the inset to Fig. 13. In the
V spectrum, an electromotive force signal appears around the resonance field. This
electromotive force is disappeared in a Cu/Y3;Fe,GaO;, film, providing the evi-
dence that the electromotive force is attributed to the ISHE induced by the spin
pumping. In fact, the electromotive force varies systematically by changing the
in-plane magnetic-field angle as shown in Fig. 13c, which is consistent with the
prediction of the spin-pumping-induced ISHE; Visyg disappears at ¢ = 90° and
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changes its sign at 90° < ¢ < 180°. Notably, as shown in Fig. 13d, this variation is
well reproduced using cos ¢, being consistent with Eq. 6; since the spin polariza-
tion ¢ of the dc component of a spin current generated by the spin pumping is
directed along the magnetization-precession axis, or the external-magnetic-field
direction, Eq. 6 predicts Visyg oo | jg X o/, 0o cos ¢py. Here, | j; X o/, denotes the
x component of j; X o.

Nonlinear Spin Pumping

The very small magnetic damping of Y;Fe;0,, offers a way for exploring nonlinear
effects of the spin pumping. Figure 14a shows electromotive force V spectra at
various microwave excitation power Py for a Pt/La-substituted Y;FesO;, (Pt/La:
YIG) bilayer film. Here, the single-crystal La:YIG (111) film with a thickness of
2 ym was grown on a Gd;Gas0O1, (111) substrate by liquid phase epitaxy, where La
was substituted to match the lattice constant between the film and the substrate.
Figure 14a shows that electromotive force appears around the ferromagnetic
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Fig. 14 (a) Field (H) dependence of the electromotive force V measured for the Pt/La:YIG film at
various microwave excitation power Pyw. (b) Field (H ) dependence of V measured for the Pt/La:
YIG film at Pypw = 200 mW. Here, the sign of the electromotive force is reversed by reversing the
external-magnetic-field direction (see the black and red curves). (¢) A contour plot of the
electromotive force V as a function of the external magnetic field H and the microwave power Pyw
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Fig. 15 (a) The spin wave dispersion for the Pt/La:YIG film when the parametric excitation
condition. 0 represents the angle between H and k. (b) Microwave power Pypw dependence of the
field-integrated intensities, Vj,, for the V spectra

resonance field Hgyr ~ 250 mT, which is induced by the spin pumping from the
La:YIG layer to the Pt layer (see also Fig. 14b).

The most notable feature of the V spectra is found when exploring the high-
power response of these signals around H = 120 mT. Figure 14a shows that an
electromotive force signal appears also far below Hgyr When Pypw > 70 mW. This
electromotive force changes its sign by reversing the magnetic-field direction (see
Fig. 14b), indicating that the electromotive force is attributed to the ISHE induced
by spin current injection into the Pt layer.

The electromotive force observed here is induced by the spin pumping driven by
parametrically excited spin waves. Spin waves with the wavevector k # 0 can be
excited through a magnon-magnon interaction; when the microwave magnetic field
with frequency w,, = 2xf is applied perpendicular to the static magnetic field H, as
shown in Fig. 15a, a pair of modes k and — k which satisfy the resonance condition
Wi = w_g = w,/2 are excited parametrically via a uniform virtual state (k = 0) using
the three-magnon interaction, which gives subsidiary absorption shown in Fig. 14a
[21-24]. The number of generated magnons grows exponentially, when the pumping
field exceeds a certain threshold, i.e., when a pair of modes are fed sufficient energy
to overcome the dissipation. In the P dependence of the field-integrated intensities for
the V spectra shown in Fig. 15b, Vy,, a clear threshold is observed around Pyw =
70 mW, demonstrating nonlinear generation of spin currents. The contour plot of the
electromotive force V as a function of the external magnetic field H and the micro-
wave power Pyw in Fig. 14c also supports the above scenario; the contour plot of
shows a butterfly structure as expected for the parametric excitation of spin waves
[22], indicating that the three-magnon interaction is responsible for the nonlinear spin
pumping. Since nonlinear phenomena in condensed matter have played crucial roles
in the development of active elements in electronics, these results will be essential for
developing nonlinear spintronic devices, such as a spin current amplifier.
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Summary

The spin pumping offers a route for generating spin currents in nonmagnetic
materials. Because the spin-pumping method requires only magnetization preces-
sion in a ferromagnetic/nonmagnetic junction for the spin injection, it can be
combined with a wide range of ferromagnetic resonance excitation elements, for
example, spin torque oscillators, enabling integration of this method into spintronic
devices. Thus, this new spin-injection approach will pave the way toward the
creation of room-temperature spintronic devices in a large selection of materials,
promising important advances in the field of spintronics.
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