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Inverse spin Hall effect induced by spin pumping into semiconducting ZnO
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The inverse spin Hall effect (ISHE) of n-type semiconductor ZnO thin films with weak spin-orbit
coupling has been observed by utilizing the spin pumping method. In the ferromagnetic resonance
condition, the spin pumping driven by the dynamical exchange interaction of a permalloy film injects
a pure spin current into the adjacent ZnO layer. This spin current gives rise to a DC voltage through
the ISHE in the ZnO layer, and the DC voltage is proportional to the microwave excitation power.
The effect is sizeable even when the spin backflow is considered. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4863750]

Spintronics is an emerging technology, which has been
extensively investigated in recent decades.' Spintronics deals
with the intrinsic spin of individual electrons (or holes) and
the collective behaviors of spins manifested as the magnetic
moment in solid-state devices, which allows for the achieve-
ment of efficient magnetic memory chips and magnetic field
sensing devices.' Tn such devices, generation, manipulation,
and detection of the spin current are very important and
necessary.”® Lately, the spin Hall effect (SHE) in nonmag-
netic conductors has been recognized as playing a more active
role in generating pure spin currents; and reversely, the spin
currents can be detected by the inverse SHE (ISHE), fulfilling
the functionality of spintronics devices.® The spin Hall effect
refers to the phenomenon that the spin-up and spin-down
transport electrons accumulate transversely on opposite sides
of a nonmagnetic conductor due to the spin-orbit coupling
(SOC) that occurs without an external magnetic field.>?
Consequently, the SHE can provide a simple physical mecha-
nism to generate the transverse spin current by using the lon-
gitudinal charge current.>

The SHE was first directly observed in gallium arsenide
(GaAs) by utilizing the magneto-optical Kerr microscopy
detection technique.4 However, the use of this technique was
limited to direct band gap semiconductor.*> The probe of SHE
in indirect band gap semiconductors with weak SOC (such as
Si) was chanllenging.’ Hirsch proposed the concept of ISHE in
1999, in which the spin current is converted into a charge cur-
rent through the SOC to be detected by electric measure-
ments.” The ISHE offers a simple way to explore the SHE in
solids. Since then, many articles have been published on the
topic of ISHE in the paramagnetic metals Pt, Au, Pd, Ta,(Hg
and Si,> GaAs,?*?! Ge? semiconductors. The electric field
Eisur generated by the ISHE can be expressed as™!?~!418-20

Eisue = Disue  js X ©, (D
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where DisyE is a coefficient representing the ISHE efficiency
in a material, js and ¢ are the induced spin current and the
spin-polarization unit vector, respectively.

There are several ways to generate a spin current such
as the spin Seebeck effect” ™ and the spin pumping
effect.>® In a ferromagnetic (FM)/monmagnetic (NM)
bilayer system, spin pumping drives a pure spin current from
a ferromagnet into a normal metal via ferromagnetic reso-
nance (FMR). Then the spin current is converted into a
charge current through the ISHE, resulting in a detectable
DC voltage.”®

Group II-VI semiconductor material Zinc Oxide (ZnO)
has attracted a lot of attention lately for its prospects in opto-
electronics applications owing to its direct wide band gap
(Eg~3.3eV at 300K) and large exciton binding energy
(~60meV).?® ZnO has a small SOC (Ago=4-15meV)*’
implying a large spin coherence length. Being a conducting
transparent semiconductor, ZnO is also a promising candi-
date for combining optoelectronics and spintronics
applications.?®

In this work, the ZnO thin films were grown on c-plane
sapphire (Al,O3) substrates by pulsed laser deposition
(PLD). The deposition was carried out under an oxygen par-
tial pressure of 1 x 10> Torr at 300°C. A 248 nm KrF exci-
mer laser with a frequency of 2 Hz and energy density of 120
mJ/cm® was used for deposition. The permalloy (Py,
NiggFe,() layer was deposited onto the central part of the
ZnO layer surface by ion-beam sputtering with a shadow
mask. The base pressure was 1 x 10~® Torr and the working
pressure was 2 x 10~* Torr of Argon (Ar). Then, the two tan-
talum (Ta) electrodes were deposited onto the edges of the
ZnO layer by DC magnetron sputtering in 3 x 107> Torr of
Ar. See Fig. 1(a) illustrates the schematics of the sample ge-
ometry. The thicknesses of the ZnO, Py, and Ta are 120 nm,
10nm, and 10nm, respectively. The measurements of the
FMR responses and the ISHE of the samples were made by
employing the flip-chip technique onto a coplanar wave-
guide, which is connected to an Agilent 8510C vector

© 2014 AIP Publishing LLC
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network analyzer. The coplanar waveguide is made out of
1.27 mm thick RT/Duroid 6010 substrate and has a central
conductor 350 mm long, 0.6 mm wide, and 0.35 mm gaps to
the ground on both sides. The microwave field distribution
and the comparison to other FMR techniques can be found in
the literature.?

The ZnO has n-type conductivity caused by the presence
of oxygen vacancies or zinc interstitials.”® The resistivity,
the carrier concentration, and the mobility are 0.014 Q cm,
6.09 x 10" cm 3 ,and 72.9 cm?/V s, respectively. The struc-
tural analysis of ZnO was obtained by 0-260 X-ray diffraction
(XRD) measurements, which shows the wurtzite structure
with c-axis preferred orientations as shown in Fig. 1(b).

The FMR spectra of the ZnO/Py film in different in-
plane external magnetic field H values from 0.5 GHz to 3.5
GHz are displayed in Fig. 2(a). The FMR absorption
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FIG. 2. (a) The FMR spectra of ZnO/Py, and the inset is magnetic field H
dependence of FMR frequency for ZnO/Py. (b) Magnetic field H depend-
ence of DC voltage V measured for the ZnO/Py under 50 mW microwave
excitation.

frequency vs. H for the ZnO/Py film is shown in the inset of
Fig. 2(a). The experimental data can be fitted by the Kittle
formula®'"-'*

(f /7)* = Hemr (Hrwg + 47M), )

where y =2.8 GHz/kOe is the gyromagnetic ratio, Hgyg is
the resonance magnetic field, and My is the saturation mag-
netization. Fig. 2(b) exhibits the H dependence of DC volt-
age V measured for the ZnO/Py under 50 mW microwave
excitation at the in-plane field angle 0 =0 as defined in Fig.
1(a). The DC voltages all have maximum values in the FMR
condition. The results are consistent with Fig. 2(a), verifying
that the voltage is indeed due to the ISHE.>** In the FMR
condition, the precessing magnetization of Py is driven by
dynamic exchange interaction and injects a pure spin current
into the ZnO layer, and the electric field Ejsyg is generated
by the ISHE from the spin current density, js, with the
spin-polarization vector ¢ as described in Eq. (1). As a result,
the DC voltage Visyg = Wg-Eisyg can be measured, where
wg is the width of the ferromagnetic layer.'* In addition to
the ISHE, the anisotropic magnetoresistance (AMR) effect in
Py should be considered, too. The DC voltage is a superposi-
tion of the contributions from spin pumping (Visyg) and
AMR (Vamr), Which can be distinguished by their symme-
tries. It can be expressed as a function of the in-plane field
angle 0'1:3031

Vae(H,0) = Vayr[L(H)cos¢p + L' (H)sing]sin(20)sinf
+ VisueL(H)cos0, )

2
where L(H) = (H*HF?/[%

function, L'(H) = %

tion, AH is the linewidth of the resonance, and ¢ is the phase
difference between the coupled current and the magnetiza-
tion precession. The Vigyg only has a symmetric component,
but the Vopr has both symmetric and antisymmetric compo-
nents. For 6 =0° and 180°, the V o\r does not contribute to
the DC voltage. Fig. 3(a) shows magnetic field dependence
of the DC voltage of ZnO/Py under 50 mW microwave exci-
tation at 1.8 GHz for 0 =0° and 180°. A clear voltage signal
appears in the FMR condition, and the voltage signal
reverses when the H direction is reversed, which is consistent
with Eqgs. (1) and (3), supporting that the voltage is due to
ISHE induced by the spin pumping.®'*!17:18:20.22 The solid
lines show the fitting results using a Lorentz function,

is the symmetric Lorentzian

is an antisymmetric func-
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implying the voltage only arises from the ISHE. Our data
support that the voltage signal is attributed to the spin pump-
ing effect.'®'3031 Eig. 3(b) exhibits the in-plane angle 6 de-
pendence of the DC voltage V for ZnO/Py. The applied
microwave power is 36.6 mW, and the frequency is 1.6
GHz. Since we are measuring DC voltage, the microwave
magnetic field contributes to our angular dependence
measurements through the noise but not directly. The hollow
symbols are the experimental data, and the solid line is the
least square fitting line by Eq. (3). The best fit gives
VAMR =—0.52V and VISHE =0.62V.

The Visyg is estimated as the peak height of the reso-
nance shape in the V spectra in Fig. 2(b), and the microwave
power Py dependence of Vigyg for the ZnO/Py bilayer at
0=0° and 180° is shown in the inset of Fig. 4. The Vigyg is
proportional to the microwave power Py, satisfying the
phenomenological model of the DC spin pumping'*'®

0
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\ dy
WrOsy /ntanh (m) ( 2 )

dNO'N +d]:0'1: h

&P RATM g/ (ATM) 4R
8702 [(4nM )’ 2 +40?)

part of spin mixing conductance, 4, is the amplitude of the
microwave magnetic field, « is the Gilbert damping constant,
w is the microwave angular frequency, oy and oy are the
conductivities, and dy and df are the thicknesses of the ZnO
and Py layers, respectively.

The spin mixing conductance g/! is the essential pa-
rameter to the spin pumping experiment. It refers to the

where ]? d gl! is the real
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FIG. 4. FMR linewidth as a function of microwave frequency for ZnO/Py.

The inset shows microwave power Pyw dependence of Vigyg for the
ZnO/Py bilayer at 0 =0° and 180°.
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perimental data, and the solid line is a
fitting line.

efficiency of generating a spin current across the inter-

face and is related to the Gilbert damping coefficient «
32

as

— _ 8B 11 5

AnMdr T ©)
The damping coefficient can be evaluated from the linewidth
(AH) of the FMR measurements from the linear dependence
of AH on the microwave frequency>>

20
AHpyr = AHo + Tf- (6)

Our experimental results on ZnO/Py films are shown in
Fig. 4. From the linear fitting, the damping coefficient
x=0.02 and g/'!=5.4x 10"cm ™2 can be obtained by
Eq. (5). This « value is reasonable for spin pumping experi-
ments utilizing Py. The g!' value is comparable to the
reported value for Si, but larger than that for GaAs.>°
Although we have measured the ISHE in ZnO/Py
bilayers, the origin of Vigyg still should be explored care-
fully. The ISHE originates from SOC, and the magnitude of
intrinsic SOC is proportional to the atomic number raised
to the power of four (Z*). Considering the weak spin-orbit
interaction in ZnO semiconductors, we further discuss this
clear ISHE signal below. Recently, Jiao and Bauer analyzed
the ISHE in FM/NM bilayers and emphasized the spin
backflow phenomenon theoretically. The spin current
resulting from the spin accumulation near the interface not
only flows into the NM but also into the FM as well.*® The
spin backflow converts into a charge current due to the
SOC and generates an electric field in FM, too. Therefore,
the electric field of the FM/NM bilayers can be expressed

33
as

B 2¢/h

" oydy + ordr

7 (0008, 2 ganh
2)'sd

+ j;v(O)egH,afdtanhd—ﬁv] , @)
22y
where j7,(0) and j5,(0) are the spin currents at the interface
of the NM and FM sides, G?H and 0§H are the spin Hall
angles, and ils\; and /lfd are the spin diffusion lengths of NM
and FM, respectively. In Eq. (7), the first term comes from
the ISHE in NM, and the second term is due to the anoma-
lous Hall effect (AHE) in FM. Tsukahara et al.** and Miao
et al.® showed that the ISHE of Py was non-negligible
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experimentally and estimated the spin Hall angle 0gy of Py
to be 0.005-0.01. In Ref. 34, Tsukahara considered that since
AMR, AHE, and ISHE are from the same origin, SOC, then
the ISHE in Py should not be neglected. They grew Py on
two kinds of insulated substrates, SiO, and YIG (Yttrium
Iron Garnet), and discovered the Visyg of Py/YIG was far
weaker than Py/SiO,. Their results demonstrated that the
local spin damping at the Py/SiO, interface can induce a spin
density gradient, which allowed diffusive flow of spin cur-
rent in the Py layer near the interface, and resulted in the
ISHE. Because the magnetization damping of YIG is weak,
the Vigyg observed in Py/YIG is very small. Nevertheless,
for our samples, ZnO is a semiconductor and not an insula-
tor. The spin current should partially flow into ZnO and par-
tially backflow into Py, converting both into Vigyg because
of SOC. Therefore, the measured Vigyg is contributed from
both ZnO and Py simultaneously.

According to Eq. (7), the Vigyg’s of ZnO and Py are
proportional to j; (0) OI;Hizitanh%’X,, and j3,(0)0%,, A tanh z‘i—f,vd
Although we do not have the spin Hall angle and spin diffu-
sion length of ZnO, we can refer to the data of Si due to the
fact that ZnO and Si are both semiconductors with very small
spin-orbit interaction. The gz and 4 of Si are 0.0001 and
200-300 nm, respectively.*> The sy and 2 of Py are 0.005
and 3.3-5.5nm, respectively.’®?’  We assume that
jﬁs(O)tanh% is equal to j; (0)tanh ;j—d and then the Vispg

ratio of ZnO to Py is 05,2, : 0%, AL, which is about 5:4.
Therefore, the Vigyg of ZnO contribution in the total meas-
ured DC voltage is estimated to be over 50%.

In this work, the ISHE in ZnO semiconductors has been
observed by spin pumping. The DC voltage signals changed
with the excitation microwave frequencies, power levels,
and the in-plane angle 0 of the external magnetic field H. All
the results indicate that the voltage signals are due to the
ISHE induced by spin pumping and confirm that the ISHE
can be observed even in weak spin-orbit coupling materials
like ZnO.
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National Science Council of Taiwan, Republic of China are
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