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Geometry dependence on inverse spin Hall effect induced by spin pumping in Nig;Fe;9 /Pt films
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Geometric effects on the inverse spin Hall effect (ISHE) induced by the spin pumping driven by the
ferromagnetic resonance (FMR) have been investigated quantitatively. We measured the FMR spectra and
the electromotive force induced by the ISHE with changing the size and the thickness in Nig; Fe 9 /Pt films. The
intensity of generated charge currents due to the ISHE changes systematically with changing the film geometry,
which is consistent with the prediction of the ISHE. The experimental results show a clear difference between
Nig; Fe 9 and Pt thickness dependence of the ISHE induced by the spin pumping. With a constant Pt thickness,
the intensity of the generated charge current is kept proportional to that of the injected spin-current density, which
decreases with increased spin relaxation in the Nig,Fe 9 layer due to interfacial effect, inversely proportional to
its film thickness. On the other hand, reflecting the spin diffusion mechanism in the Pt layer, the charge current
decreases significantly with the decrease of the Pt thickness, while injected spin-current density is almost kept

constant.
DOI: 10.1103/PhysRevB.85.144408

I. INTRODUCTION

Generation and detection of spin currents in solid-state
systems have attracted much attention in the field of
spintronics.'~'> One method for generating and detecting spin
currents is the combination of the spin pumping'*~>? and the
inverse spin Hall effect (ISHE).?3?” The spin pumping enables
spin-current generation from magnetization precession mo-
tion at a ferromagnetic/paramagnetic interface; a precessing
magnetization in the ferromagnetic layer induces a pure
spin current in the attached paramagnetic layer. This spin
current is converted into a charge current via the ISHE in
the paramagnetic layer, which allows the electric detection of
a spin current. The combination of the spin pumping and the
ISHE allows direct quantitative measurements of spin currents
generated by the spin pumping.?8~+*

The amount of the Gilbert damping enhancement due to the
spin pumping, which allows us to know the spin-pumping rate,
strongly depends on the thickness of the ferromagnetic layer;
the additional damping due to the spin pumping is inversely
proportional to the thickness of the ferromagnetic layer.!3~1522
This enhancement of the damping prevents the efficient spin
pumping because a large damping constant limits the cone an-
gle of the magnetization precession. The thickness of the para-
magnetic layer is also a key parameter in the spin-pumping-
induced ISHE measurements. The intensity of charge currents
due to the ISHE depends on the thickness because a spin cur-
rent injected into the paramagnetic layer decays exponentially
due to spin relaxation in the paramagnetic layer. Therefore,
thickness dependences of the spin-pumping-induced ISHE
are essential for quantitative understanding of spin-pumping-
induced ISHE measurements. In this paper, we report sys-
tematic measurements of a spin current generated by the spin
pumping in the different thicknesses of Nig; Fe 9 /Pt films using
the ISHE. The experimental results show that the critical dif-
ference between the Nig;Feq layer and the Pt layer thickness
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dependences of the charge current generated by the ISHE. The
generated charge current is proportional to the injected spin
current by changing the thickness of the Nig;Fe 9 layer. By
changing the thickness of the Pt layer, in contrast, the charge
current increases even when the almost same intensity of spin
currents is injected into the Pt layer. These results are quantita-
tively well reproduced by using a model based on an equivalent
circuit and a phenomenological model of the spin pumping.

II. EXPERIMENTAL PROCEDURE

Figure 1(a) shows a schematic illustration of the sample
used in the present study. The samples are Nig;Feq/Pt films
comprising a paramagnetic Pt layer and a ferromagnetic
Nig;Fej9 layer. The Pt layer was sputtered on a thermally
oxidized Si substrate, and then the Nig Fe;9 layer was
evaporated in a high vacuum on the Pt layer. Two electrodes
are attached on the Pt layer [see Fig. 1(a)]. Here, the surface
of the Nig;Fe 9 layer is a rectangular shape, where the width
w and length / of the Nig;Fe 9 layer are defined as Fig. 1(a).

For the measurement, the Nig; Fe o /Pt film is placed near the
center of a TE(;; microwave cavity at which the magnetic-field
component h,, of the mode is maximized, while the electric-
field component e, is minimized. During the measurement, a
microwave mode with a frequency f = 9.44 GHz is excited
in the cavity, and an external static magnetic field H along
the film plane is applied perpendicular to the direction across
the electrodes. Because the magnetocrystalline anisotropy in
Nig; Fe,9 is negligibly small, the magnetization in the Nig;Fe 9
layer is uniformly aligned along the external magnetic-field
direction H. When H and f fulfill the ferromagnetic resonance
(FMR) condition,®

2
®
(;) = Hpvr(Hpwr + 47 M), (1)
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FIG. 1. (Color online) (a) A schematic illustration of the sample
system used in the present study. Here, H, h,,, dy, dF, [, and w
denote the external magnetic field, the microwave magnetic field, the
thickness of the Pt film and Nig Fe;9 film, and the length and the
width of the Nig; Fe,q/Pt bilayer films, respectively. (b) A schematic
illustration of the ISHE induced by the spin pumping in the present
system. Here, M(¢), js;, and j. denote the magnetization in the
ferromagnetic layer, the spatial direction of the spin current generated
by the spin pumping, and the charge current induced by the ISHE,
respectively. The white arrow in the Pt layer describes electron motion
bent by the spin-orbit interaction.

a spin current is injected into the Pt layer by the spin pumping.
Here, the dc component of the spin-current density at the
interface is theoretically proposed to be'3

2
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where, o (=27f), vy, Hpmr, 47Ms, h, gl¥, and M(r)
denote the angular frequency of magnetization precession,
the gyromagnetic ratio, the resonance magnetic field, the
saturation magnetization, the Dirac constant, the real part
of the effective spin mixing conductance that includes the
contribution of spin accumulation at the interface, and the
magnetization, respectively. [M(t) x dM(t)/dt], is the y
component of M(¢) x dM(t)/dt. The y axis is defined as
Fig. 1(a). This injected spin current j, is converted into a
charge current j, via the ISHE [see Fig. 1(b)] as?*~*

. 2e ).
Je = OisHE 3 Js X 0, (3
giving rise to an electric potential difference between the edges
of the Pt layer. Here, 61syg, e, and o denote the spin Hall angle,
the elementary charge, and the spin-polarization vector of the
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FIG. 2. (Color online) (a) External magnetic field H dependence
of the FMR signal measured for the Nig, Fe g (dr = 10 nm)/Pt (dy =
10 nm) bilayer film and single Nig, Fe 9 (dr = 10 nm) film, where the
[ and the w are 1.6 and 0.6 mm, respectively. Here, I and Hgyr denote
the microwave absorption intensity and the resonance magnetic field,
respectively. (b) H dependence of the electric voltage V between
the electrodes on the Pt films measured for the Nig,Fe9/Pt bilayer
film under the 200-mW microwave excitation. The shape of V is well
reproduced by Eq. (4). The electric voltage induced by the ISHE Visug
is estimated as the height of the simple Lorentz component in the V
spectrum. (¢) w dependence of Visyg under the 200-mW microwave
excitation, where [ is 1.2 mm. The gray dashed line shows V,%55-om™.
(d) I dependence of Visyg under the 200-mW microwave excitation,
where w is 0.6 mm. The gray dashed line shows a linear fit to the
data.

spin current, respectively. We measured the ISHE induced by
the spin pumping with changing the size and the thickness in
Nig;Fe o /Pt films. All the measurements were performed at
room temperature.

III. FILM-SIZE DEPENDENCE OF ISHE INDUCED
BY SPIN PUMPING

Figure 2(a) shows the FMR spectra measured for the
Nig;Fe9 (dp = 10 nm)/Pt (dy = 10 nm) bilayer film and
a Nig;Fej9 (dp = 10 nm) film with / = 1.6 mm and w =
0.6 mm [see Fig. 1(a)]. Here, I, dr, and dy denote the
microwave absorption intensity, the thickness of the Nig;Fe g
layer, and the thickness of the Pt layer, respectively. Figure 2(a)
shows that the half width at half maximum (HWHM) of
I(H), W (= wa/y), for the NigFe;q film is clearly enhanced

144408-2



GEOMETRY DEPENDENCE ON INVERSE SPIN HALL ...

(a) (b)

|

Paramagnetic Metal

Ferromagnetic
Metal
I AC)

. Ic RN
Js

FIG. 3. (Color online) (a) A schematic illustration of the spin-
current transport for the z direction in the ferromagnetic/paramagnetic
metal bilayer system, which describes the injected spin-current j;(z)
decay along the z direction. Here, j® denotes the spin-current density
at the interface. (b) An equivalent circuit for the ISHE from the spin
pumping in the Nig,Fe 9 /Pt bilayer film. The injected spin currents
are converted into the charge currents /. due to the ISHE. Here, Ry
and Ry are the resistance of the Nig;Fe;q layer and the resistance of
the Pt layer, respectively.

by attaching the Pt layer, where « is the Gilbert damping
constant. This result demonstrates the emission of a spin
current due to the spin pumping; because a spin current
carries spin angular momentum, the spin-current emission
deprives the magnetization of the spin angular momentum,
giving rise to additional magnetization precession damping, or
enhances W.

Figure 2(b) shows the electromotive force V for the
Nig;Fej9 (dp = 10 nm)/Pt (dy = 10 nm) bilayer film under
the 200-mW microwave excitation. In the V spectrum, a clear
electromotive force peak signal appears around Hpymgr. The
magnitude of the electromotive force due to the ISHE, Visyg,
can be extracted from the V spectrum using the following
function:?’

F2
VD = Visie (H — Hpwr)* + 12
—2I'(H — H,
+ VaHE ( ) )

(H — Hpwr)? + %’

where the first Visye(H) and second Vayg(H) terms cor-
respond to the ISHE and anomalous Hall effect (AHE)
components, respectively.

In Fig. 2(c), we show the w dependence of Visyg
measured under the 200-mW microwave excitation. Visyg
shows no variation by changing w. In contrast, Visgg in-
creases linearly with / as shown in Fig. 2(d). These results
are consistent with an equivalent circuit model for the
Nig Fejo/Pt film shown in Fig. 3(b); in this model, the
ISHE voltage is described as Visyg = Ry Rpl./(Ry + Rp) =
dn{j)l/(dn/pn +dF/pF), Wwhere Ry, Rp, py, pF, and (j.)
are the resistance of the Pt layer, the resistance of the
NigFeg layer, the resistivity of the Pt layer, the resistivity
of the Nig;Feq layer, and the spatial average of the charge
current density generated by the ISHE, respectively. Here, we
neglected the interface resistance between the Nig;Fe 9 and Pt
layers.
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FIG. 4. (Color online) (a) H dependence of Vigyg in different dy
films under the 200-mW microwave excitation, where dr is 10 nm for
all the samples. / and w are 1.6 mm and 0.6 mm, respectively. (b) dy
dependence of Vigyg at the resonance condition under the 200-mW
microwave excitation.

IV. FILM-THICKNESS DEPENDENCE OF ISHE
INDUCED BY SPIN PUMPING

Figures 4(a) and 4(b) show the Pt layer thickness dy
dependence of Visyg measured for the Nig; Fe9 /Pt films under
the 200-mW microwave excitation, where dr is 10 nm for all
the samples. / and w are 1.6 and 0.6 mm, respectively. Visgg
shows a monotonic decrease with increasing dy , which is also
explained by the equivalent circuit model as follows. In the
Nig; Fejo/Pt bilayer film, a spin current j° injected into the Pt
layer decays along the z direction [see Fig. 3(a)] due to spin
relaxation as

sinh (42=2)

sinh (%)
where j;(z) and A denote the spin-current density in the Pt layer
and the spin-diffusion length in Pt, respectively. j strongly
depends on dy, especially when dy is smaller than A. In
this film, however, a backflow spin current can be neglected
because the Gilbert damping constant o for the Nig; Fe o /Pt
film shows no variation by changing dy [see the inset to
Fig. 5(b)]. By using Egs. (3) and (5), we obtain the charge
current I, generated by the ISHE in the Pt layer as

I, = Oisurw | =— )atanh| — ) j° 6)
= w an .
¢ s h 2\ Is

In Fig. 5(a), we show the dy dependence of I. es-
timated from the Vigyg values shown in Fig. 4(b) using
the equivalent circuit model shown in Fig. 3(b): Visgg =
RNRpl./(Ry + RpF). The experimentally measured /. values

Js(2) = 2, Q)
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FIG. 5. (Color online) (a) dy dependence of /. measured for the
Nig; Fe 9 /Pt bilayer films under the 200-mW microwave excitation.
The gray dashed curve shows a fitting to Eq. (6), assuming j?
as constant. (b) dy dependence of j estimated from the FMR
measurement. The gray dashed curve shows j® expected from
Egs. (7)—(9). The inset shows dy dependence of a.g estimated from
the FMR spectra measured for the Nig;Fe;q/Pt bilayer films, where
ot 1 the Gilbert damping constant for the Nig, Feq /Pt bilayer films.

are well reproduced using Eq. (6) as shown in Fig. 5(a) with
the parameters OISHEAjf =29x 1071 J/mand A = 7.7 £+
0.7 nm, which is comparable to the values obtained by the other
methods,?>*® while some other groups have reported different
values (&3 nm) for the spin-diffusion length in Pt.!'*> The
difference between these values and ours could be explained
by the difference in the quality of the thin films.

The spin Hall angle 6isyg for the Pt layer can also be
obtained from the experimental result shown in Fig. 5(a) with
the equivalent circuit model using a phenomenological model
of the spin pumping. In this model, the spin-current density ;j°
generated by the spin pumping is described as®-33:33

0 _ iy h2 A Moy + V(A M) y? + 40?]
~= Sﬂaesz[(4ﬂ M)?y? + 4w?] ’

(N

Here, g;ﬁ is related to the Gilbert damping constant o for
the Nig; Fejo/Pt film as'*?!-32

8B 1
_orB 8
4 M, dy ot ®)

where oy and A denote the intrinsic Gilbert damping constant
for the plain Nig; Fe 9 film, which can be related to W, and the
additional Gilbert damping constant due to the spin pumping.
Here, «y is estimated as 1.09 x 1072 from an FMR spectrum
measured for a Nig;Feyo film. g, up, Wr/y, and W are the g

Oeff = Qg + At = g +
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FIG. 6. (Color online) (a) H dependence of Visyg in different dp
films under the 200-mW microwave excitation, where dy is 10 nm for
all the samples. / and w are 1.6 mm and 0.6 mm, respectively. (b) dr
dependence of Visyg at the resonance condition under the 200-mW
microwave excitation.

factor, the Bohr magneton, the FMR spectral width (HWHM)
for the Nig; Fe 9 /Pt film, and the FMR spectral width (HWHM)
for the Nig; Fe g film, respectively. The inset to Fig. 5(b) shows
the dy dependence of ocsr estimated from Wp/y. The dy
dependence of j¥ estimated from the FMR spectral width using
Egs. (7) and (8) are shown in Fig. 5(b). The gray dashed curve
in the same figure shows j°, which is calculated from Egs. (7)
and (8), and the relation'>*’

1
1 + (2/e/3tanh(dy /1))~

with the parameters4nr M; = 0.72T,y = 1.86 x ot T-1g 1
g =113%x10° m2, ¢=0.1, and A=7.7 nm. ¢~
(Zpie? /he)* = (Zptsine)*, where Zpy, ¢, and o are the atomic
number of Pt, the speed of light, and the fine-structure constant,
respectively,*s which makes g/ element dependent. Here, g1
is the real part of the mixing conductance, which is independent
of dy and the atomic number. When dy is sufficiently thick,
g™ defined in Eq. (9) is 3.74 times larger than gl in the
case of Pt. Therefore, gN obtained here corresponds to
ggff(dN — 00) = 3.02 x 10" m~2, which agrees reasonably
with the previous experimental results.'>?2393242 47 My,
and g™ for the Nig;Fe /Pt films were obtained from the
FMR spectra. The calculated behavior of ;O is consistent with
the experimental results. In contrast to the case of I, shown
in the Fig. 5(a), js0 estimated from the FMR spectra is already
saturated around 10 nm, where the value of the saturated ;°
is estimated as 3.0 nJ/m?. Using Oisuprj = 2.9 x 107! J/m
and A = 7.7 nm obtained from the best fit of /., we obtain

N
8ett = gTi

€))
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FIG. 7. (Color online) (a) dr dependence of /. measured for the
Nig; Fe 9 /Pt bilayer films under the 200-mW microwave excitation.
The gray dashed curve shows I, expected from Egs. (6)—(8). (b)
dr dependence of j° measured for the Nig Fejo/Pt bilayer films.
The gray dashed curve shows j® expected from Egs. (7)~(9). The
inset shows dr dependence of a.s estimated from the FMR spectra
measured for the Nig,Fe o /Pt bilayer films. The gray dashed curve
shows o expected from Eqgs. (8) and (9). The saturation value of oegr
agrees well with o, which is obtained from an FMR spectrum of the
plain Nig; Fe,9 film, as expected from Eq. (8). Here, a.f is expressed
as eff = g + Aca.

the spin Hall angle for the Pt layer as 6isgg = 0.013 +
0.001, which is consistent with the previous experimental
results,?®*132 while some other groups have reported several
times larger spin Hall angle than ours.''*? This difference
could be explained by the difference in the thin-film quality.
We measured also the ISHE induced by the spin pumping
with changing dp. Figures 6(a) and 6(b) show the dp
dependence of Visyg for the Nig;Feq/Pt bilayer film under
the 200-mW microwave excitation, where dy is 10 nm for all
the samples. Visyg shows monotonic decrease with increasing
dr when dF is greater than 10 nm. This is due to the reduction
of Rr = prl/(wdF) with increasing dr, because 1/ Visyg =
1/(Rpl.) 4+ 1/(Ryl.). This result also supports that Visgg is
attributed to the ISHE voltage induced by the spin pumping.
In Fig. 7(a), we show the dr dependence of I. generated
from the ISHE in the Pt films estimated from the ISHE
voltage and our equivalent circuit model. The experimental
result is well reproduced by Eqs. (6)—(9) with the parameters
ArM; =072 T, y = 1.86 x 10! T-!s7!, g™ = 1.13 x
10 m=2,¢ = 0.1, » = 7.7 nm, and O = 0.013 as shown in
Fig. 7(a), demonstrating again the validity of the equivalent
circuit model. In Fig. 7(b), we show the dp dependence
of jf estimated from Egs. (7) and (8). In contrast to the
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FIG. 8. (Color online) jf dependence of I. measured for the
Nig; Fe 9 /Pt bilayer films under the 200-mW microwave excitation.
The gray dashed line shows linear fit to the experimental data with
different dr, where dy = 10 nm. /. with different d is proportional
to j_? . In contrast, the values of /. with different dy deviate from this
proportional relation despite of the constant spin-current density.

dy dependence of jO shown in Fig. 5(b), jO increases with
increasing dr. This is attributed to the decrease of o as
described in Egs. (7) and (8). The gray dashed curve in
Fig. 7(b) shows the spin-current density at the interface
estimated by using the combination of Egs. (7)—(9) and the
above-mentioned parameters. When j® shows the half of the
saturation value, dr is 16.4 nm for Nig Fejq/Pt junction.
This value will be a guideline for designing a high-efficiency
spin-current generator and detector using the ISHE induced by
the spin pumping and the spin relaxation modulation induced
by the spin injection.’”'! The inset to Fig. 7(b) shows the df
dependence of a.sr. Here, the behavior of . is also explained
by Egs. (8) and (9).

Figure 8 shows jO dependence of 7., where j0 is estimated
from the FMR spectrausing Eqgs. (7) and (8), and /.. is estimated
from the ISHE data using the equivalent circuit model. The
gray dashed line shows the linear fit to the experimental data
for the Nig; Fe g (dr)/Pt (dy = 10 nm) films. The experimental
results for the Nig;Fe9 (dr)/Pt (dy = 10 nm) films indicate
that . is proportional to ]j’ In contrast, for the Nig;Fe 9 (dr =
10 nm)/Pt (dy) films, 1. changes even when the same intensity
of jO is injected into the Pt layer. These experimental results
show good consistency with Eq. (6). The critical difference
between dy and dr dependences are attributed to the spin-
current decay due to the spin relaxation in the paramagnetic
layer as described in Eq. (5).

V. SUMMARY

In summary, we have investigated the geometry dependence
on the ISHE induced by the spin pumping in Nig;Fe;q/Pt
bilayer films. The experimental results show clear difference
between NigiFejg9 and Pt thickness dependence due to the
different mechanism. Reflecting the spin relaxation mecha-
nism in the Nig, Fej9 layer due to the interfacial effect, the
intensity of the generated charge current with a constant
thickness of the Pt layer is kept proportional to that of the
injected spin-current density, which decreases with increased
spin relaxation in Nig; Fe;g layer. On the other hand, reflecting
the spin-diffusion mechanism in the Pt layer, the intensity of
the generated charge current with a constant thickness of the
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Nig; Fe g layer decreases significantly with the decrease of the
Pt thickness, while the intensity of the injected spin-current
density is almost kept constant. Because the spin pumping and
ISHE enable spin-current injection and detection in various
systems, these results will provide a guideline for designing a
high-efficiency spin-current generator and detector.
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