


Room-temperature spin-to-charge conversion
in sputtered bismuth selenide thin films via
spin pumping from yttrium iron garnet

Cite as: Appl. Phys. Lett. 114, 102401 (2019); doi: 10.1063/1.5054806

Submitted: 3 September 2018 . Accepted: 7 February 2019 .

Published Online: 12 March 2019

Mahendra DC,1 Tao Liu,2 Jun-Yang Chen,3 Thomas Peterson,1 Protyush Sahu,1 Hongshi Li,4 Zhengyang Zhao,3

MingzhongWu,2 and Jian-Ping Wang1,3,4,a)

AFFILIATIONS

1School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455, USA
2Department of Physics, Colorado State University, Fort Collins, Colorado 80523, USA
3Department of Electrical and Computer Engineering, University of Minnesota, Minneapolis, Minnesota 55455, USA
4Department of Chemical Engineering and Materials Science, University of Minnesota, Minneapolis, Minnesota 55455, USA

a)Author to whom correspondence should be addressed: jpwang@umn.edu.

ABSTRACT

We investigated spin-to-charge current conversion in sputtered Y3Fe5O12 (YIG)/granular bismuth selenide (GBS) bi-layers at room tem-
perature. The spin current is pumped to the GBS layer by the precession of magnetization at ferromagnetic resonance in the YIG layer.
The spin-mixing conductance is determined to be as large as (13.646 1.32) � 1018 m�2, which is larger than that of YIG/Pt and compara-
ble or better than that of YIG/crystalline bismuth selenide indicating that GBS is a good spin-sink. The figure of merit of spin-to-charge
conversion, the inverse Edelstein effect length (kIEE), is estimated to be as large as (0.1160.03) nm. kIEE shows GBS film thickness depen-
dence, and its value is three times as large as in crystalline bismuth selenide. The kIEE value larger than that of crystalline bismuth sele-
nide and other topological insulators indicates that the spin-to-charge conversion is due to the spin-momentum locking. As the
thickness of GBS increases, kIEE decreases, which means the figure-of-merit of spin-to-charge conversion is influenced by grain size.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5054806

Spin-orbit coupling is an efficient mechanism for the gen-
eration and detection of spin current in spintronic devices.1,2

The detection of spin current is possible through the inverse
spin Hall effect (ISHE),3–8 the inverse Edelstein effect (IEE),9–19

and the inverse Rashba-Edelstein effect (IREE);20–23 these effects
have been realized in heavy metals, in topological insulators
(TIs), and at certain interfaces such as Ag/Bi,20 Ag/Sb,21 and
lanthanum aluminate (LAO)/strontium titanate (STO),22 respec-
tively. Spin-to-charge conversion can be used in logic devices
such as the magneto-electric spin-orbit (MESO) device.24,25 One
can examine the spin-to-charge conversion via spin pumping; to
obtain strong spin-pumping signals and avoid spurious effects
on the spin-pumping signal, one usually uses the ferromagnetic
resonance (FMR) in low-damping ferrimagnetic insulators such
as yttrium iron garnets (YIG).7,26–29 So far, spin-momentum lock-
ing in crystalline TIs is the most efficient mechanism for the
spin-to-charge conversion.12,15 However, spin pumping from
YIG to granular TIs has not been studied yet. In our previous

report, we observed that the charge-to-spin conversion in sput-
tered granular bismuth selenide (GBS) films can be significantly
influenced by quantum confinement (QC).30

In this report, we present the study of spin pumping from
YIG films to sputtered GBS films at room-temperature. The
spin-mixing conductance (g"#) is determined to be as large as
(13.646 1.32) � 1018 m�2, which is larger than that of YIG/Pt and
YIG/Bi2Se3

13 indicating that GBS is a good spin-sink.
Furthermore, g"# as a function of GBS film thickness does not
show any particular behavior, and it agrees with previous
reports on crystalline Bi2Se3 (CBS).

13,31 g"# should increase as the
thickness of the spin-sink increases if the spin-to-charge con-
version is only due to ISHE.31–33 The figure of merit of the spin-
to-charge conversion, the inverse Edelstein effect length
(kIEE),

18,20 is estimated to be as large as (0.1160.03) nm. This effi-
cient spin-to-charge conversion is due to the combination of
the conventional spin-momentum locking and the QC-
produced additional spin-momentum locking contribution.30
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We prepared Gd3Ga5O12 (GGG)/YIG (20nm)/GBS (4nm)/
MgO (2nm)/Ta (2nm) and (GGG)/YIG (30nm)/GBS (8, 12, and
16nm)/MgO (2nm)/Ta (2nm) samples for the spin-pumping
measurements. Unless otherwise stated, we label samples with
4, 8, 12, and 16nm thick GBS films as GBS4, GBS8, GBS12, and
GBS16 samples, respectively. A reference sample GGG/YIG
(20nm)/Pt (5nm)/MgO (2nm)/Ta (2nm) was also prepared and
was labelled as the Pt sample. The YIG films were grown on GGG
(111) wafers by RF magnetron sputtering at room temperature
first and then in-situ annealed at 800 �C for 2h under the oxy-
gen pressure of 1Torr. For the annealing process, the heating
rate was 10 �C/min, while the cooling rate was 2 �C/min. GBS
thin films were grown on GGG/YIG (20nm and 30nm) films at
room temperature by sputtering a composite Bi2Se3 target with
a base pressure of 5.0� 10�8Torr. The concentration of Bi and
Se in GBS films is determined to be 43% and 57%, respectively,
using X-ray photoelectron spectroscopy. The thin films were
patterned into rectangular strips with the width and the length
being 620lm and 1500lm, respectively, using optical lithogra-
phy and ion milling. Then, 50nm thick SiO2 was deposited using
sputtering to insulate the films from waveguides. In the last step
of lithography, contacts and co-planar waveguides were
defined. A 10nm thick Ti layer followed by 150nm thick gold
layer was deposited using an e-beam evaporator for electrical
contacts and waveguides. The spin-pumping measurements
were performed on a co-planar waveguide that had a signal line
width of 75lm, a ground width of 225lm, and a ground-to-sig-
nal line separation of 37.5lm.

Figures 1(a) and 1(c) present an atomic force microscopy
(AFM) image of the YIG (20nm) film grown on the GGG substrate
and an AFM image of a GBS (8nm) film grown on a thermally oxi-
dized silicon substrate, respectively. The AFM characterization

of the YIG film shows that the film is smooth and has a root-
mean-square (RMS) surface roughness of 0.1160.01nm, while
the AFMmeasurement of the GBS (8nm) film shows that the film
is granular, with a RMS roughness value of about 0.54nm. The
magnetic properties of the YIG film were characterized by FMR
under an in-plane external magnetic field. The FMR line shape of
the GGG/YIG (20nm) film is presented in Fig. 1(b). Lorentzian
trial functions were used to fit the FMR profiles to extract the
FMR field and linewidth values. The excitation frequency versus
the FMR field was plotted to determine the saturation magneti-

zation using the Kittel formula, f ¼ c
2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

H0ðH0 þ 4pMeffÞ
q

, where

c is the absolute gyromagnetic ratio,H0 is the FMR field, andMeff

is the effective saturation magnetization. The FMR linewidth vs.
frequency data were linearly fitted to estimate the Gilbert damp-
ing constant (a). Meff and a were determined to be 139.5460.24

emu/cc and (1.1660.14) � 10�4, respectively, for the GGG/YIG
(20nm) film. These values of Meff and a are comparable to previ-

ous reports.34,35 The high-angle annular dark-field transmission
electron microscopy (HAADF-TEM) image of the full stack struc-
ture used for the spin-pumping measurements is presented in
Fig. 1(d). The microstructure shows that GBS and YIG are poly-
crystalline. The resistivity of GBS increases with the decrease in
the temperature [supplementary material Fig. 1(a)]. The carrier
concentration estimated from the Hall measurement was
2.85� 1021/cm3, with the electrons being the majority carriers in
the GBS (8nm) film [supplementarymaterial Fig. 1(b)].

The schematics of spin pumping from the YIG layer to the
GBS layer is shown in Fig. 2(a). The RF field drives the magnetiza-
tion of the YIG into precession at a fixed frequency in the GHz
range. At resonance, the YIG layer pumps spins to the GBS layer
and the spin-momentum locking in the GBS layer creates non-
equilibrium charge accumulation.18,19 The open circuit voltage

FIG. 1. Characterization of YIG and GBS films. (a) and (c) AFM surface images of
GGG/YIG (20 nm) and Si/SiO2/MgO (2 nm)/GBS (8 nm) samples, respectively. (b)
FMR profile of the GGG/YIG (20 nm) sample. (d) TEM cross-sectional image of a
YIG/BS sample.

FIG. 2. Spin-to-charge conversion by sputtered GBS thin films. (a) Schematic of
spin-to-charge conversion. (b) and (c) The spin-pumping voltage measured in GBS
and reference Pt samples at an excitation frequency of 6 GHz. (d) The line-width as
a function of excitation frequency.
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build up can bemeasured by using a voltmeter. Figure 2(b) shows
the measured open-circuit voltage (V) of the GBS4 sample as a
function of the external magnetic field (Hext) at an excitation fre-
quency ( f) of 6GHz and an excitation amplitude of 1.5V
(�16.53dBm). Moreover,V as a function of Hext presented in Fig.
2(b) clearly shows sign reversal as Hext changes the sign. This
confirms that the V originates from spin-to-charge conversion
due to some physical mechanism not the artifacts. V in the YIG/
GBS spin-pumping is free from the anisotropic magnetoresis-
tance (AMR) as YIG is an insulating ferrimagnet. The V experi-
mental data are fitted to the symmetric and antisymmetric
Lorentzians provided in the following equation:

V ¼ VSDH2

DH2 þ ðHext �H0Þ2
þ VAðHext �H0Þ
DHðDH2 þ ðHext �H0Þ2Þ

; (1)

where DH is the line-width. VS is the coefficient of the symmet-
ric component, while VA is the coefficient of the anti-symmetric
component. Negligibly, small VA is present in both BS and Pt
samples. Since VS flips sign when Hext switches the direction,
this component consists of the spin-to-charge voltage due to
IEE (VIEE)

10,12,17,36,37 or ISHE.3,5,38 However, one needs to be care-
ful while referring VS directly to the IEE or ISHE effects because
the inductive coupling between the waveguide and the film
could generate VS.

36,39 In our case, if there is proximity-induced
magnetization, it could mix with inductive coupling induced
current, which could contribute to VS. We confirmed that there
is no proximity-induced magnetism in between YIG and GBS by
performing anomalous Hall effect and out-of-plane AMR mea-
surements. Additionally, the Seebeck voltage (VSE)

10,17 is attrib-
uted to the microwave heating, which is mixed with the VIEE in
VS. VSE has a symmetric line-shape but it does not change sign
as Hext changes sign. We can simply separate VIEE and VSE using
VIEE¼ðVSðþH0Þ�VSð�H0ÞÞ=2 and VSE¼ðVSðþH0ÞþVSð�H0ÞÞ=
2 relations. Figure 2(c) shows V as a function ofHext at a constant
excitation amplitude (1.5 V) for the Pt sample. As expected from
the ISHE, V flips the sign when the Hext sign is flipped in the Pt

sample.5 DH as a function of f is presented in Fig. 2(d). An
increase in V as f decreases is consistent with the previous
reports.13,40 The damping constant (a) is obtained by using DH
¼D0þ 4p

ffiffi

3
p

c
af to fit the DH versus f data, where D0 corresponds to

the contribution of spatial inhomogeneity present in the YIG film.
The a values for the GBS4, GBS8, GBS12, GBS16, and Pt samples
are (3.560.43), (3.560.46), (2.4060.50), (4.1060.49), and
(1.760.33) � 10�3, respectively. Furthermore, the enhancement of
a of the GBS samples as compared to the GGG/YIG value of
a�(1.1660.14)�10�4 also corresponds to the spin-to-charge con-
version.41 Moreover, a enhancement can be due to spin-pump-
ing,33,41 spin-memory loss,8,32,42,43 and interfacial spin-to-charge
conversion.20 Further investigation is required to identify contri-
bution of interfacial spin-to-charge conversion such as IREE.

Figure 3(a) shows f as a function ofH0. The fit corresponds to
the Kittel formula. Meff is estimated to be (185.426 7.42),
(187.016 8.28), (185.426 8.71), (183.036 8.02), and (183.8369.14)
emu/cc for GBS4, GBS8, GBS12, GBS16, and Pt samples, respec-
tively. Figure 3(c) shows VIEE as a function of the excitation ampli-
tude of the GBS4 and GBS16 samples. VIEE as a function of the
excitation amplitude is in agreement with our previous reports.6,12

V as a function of Hext at different f values is presented in Fig. 3(d).
As is expected,V increases with a decrease in f.

The spin current density (Js) injected from the YIG to the
GBS layer is given by4,5

JS ¼
g"#c2h2

rf�h

8pa2

4pMScþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð4pMScÞ2 þ 4x2

q

� �

ð4pMScÞ2 þ 4x2

2e

�h
; (2)

whereMS, xð2pfÞ, hrf , g"#, �h, and e are the saturation magnetiza-
tion of YIG, the excitation frequency, the microwave RF field,
Planck’s constant, and the electronic charge, respectively. The
spin-mixing conductivity is given by

Reðg"#Þ ¼
4pMstFMI

glB
ða� aintÞ; (3)

FIG. 3. Characterization of spin-to-charge
conversion (a) Excitation frequency as a
function of resonance field fits according
to the Kittel formula. (b) Spin-mixing con-
ductance of GBS samples as a function of
GBS film thickness. (c) Spin-to-charge
conversion voltage as a function of the
excitation amplitude. (d) Spin-pumping
voltage as a function of excitation fre-
quency. (e) IEE length as a function of the
GBS film thickness shows thickness
dependence.
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where g, lB, tFMI, and aint are Land�e’s g-factor, the Bohr magne-
ton, the YIG thickness, and the intrinsic value of the YIG damp-
ing constant, respectively. g"# for GBS samples obtained by
using Eq. (3) is presented in Fig. 3(b). g"# for GBS samples is more
than three times larger than that of the Pt sample. In addition,
g"# values obtained in our GBS samples are better or comparable
to the previously reported values in YIG/CBS13 (�8� 1018 m�2)
and YIG/CBS31 (�2.2� 1019 m�2), which means that sputtered
GBS is a good spin-sink.

At an excitation frequency of 6GHz and an excitation
amplitude of 1.5V, Js injected into the GBS4, GBS8, GBS12, GBS16,
and Pt samples is 2.63, 3.89, 4.41, 3.34, and 5.12� 105 A/m2,
respectively. These values of Js are estimated by using the spin
Hall angle of Pt as 0.0760.01 and the spin-diffusion length of
3.460.4nm8 for the extraction of hrf . hrf for the samples with
different conductivities can be different because hrf could be
shielded differently. The skin depth of Pt and GBS is 2.30� 10�6

and 3.98� 10�5 m, respectively, which are much larger than the
film thickness; so, hrf is the same for YIG/Pt and YIG/GBS sam-
ples given that the input power is same. Note that the value of
the spin Hall angle of Pt 0.0760.01 is obtained by performing
independent spin-torque ferromagnetic resonance on the Pt
(5nm)/NiFe (6nm) sample.44 This value of the spin Hall angle of
Pt is comparable to the previous reports.7,8,44 The efficiency of
the spin-to-charge conversion for the IEE is given by18,20

kIEE ¼ JC
Js
¼ VIEE

RwJs
, where R and w are the resistance and the width

of the device, respectively. VIEE, R, and w for the GBS4 sample
are 79.29lV, 4400X, and 620lm, respectively. kIEE for the GBS4
sample is estimated to be (0.1160.03) nm. This value of kIEE is
more than three times larger than that reported for YIG/CBS
(0.035nm)13 andmore than an order of magnitude than reported
for YIG/Bi/Ag (0.01nm).26 kIEE as a function of GBS is presented
in Fig. 3(e). The error bars in kIEE are determined by incorporat-
ing errors in hrf , g"#, and a. kIEE shows GBS thickness depen-
dence, which is in agreement with the figure-of-merit of
charge-to-spin conversion as a function of GBS thickness pre-
sented in our previous report.30 Unlike the thickness depen-
dence in the case of heavy metals, in GBS, kIEE is correlated with
the size of grains present in the GBS films. It should be noted
that as the thickness of the GBS increases, the grain size also
increases as demonstrated by TEM.30 In the case of CBS, kIEE
first increases and it remained constant after certain thickness,
whereas in GBS it has shown thickness dependence.13 We also
estimated the momentum relaxation time (sm) in the surface
states of the BS8 sample using the relation15,19,20 kIEE ¼ vfsm,
where vf is the Fermi velocity. vf for GBS (8nm) is estimated to
be 3.38� 106m/s.Using a kIEE value of 0.96nm of the GBS8 sam-
ple, sm is determined to be 2.84� 10�16 S, which is an order of
magnitude shorter compared to the previously reported values
on TIs and Rashba interfaces15,22,45 but comparable to that at the
Cu/Bi46 interface.

Shiomi et al. reported a kIEE value of 0.1nm due to the IEE in
bulk insulating Bi1.5Sb0.5Te1.7 at 15K.10 Jamali et al. and Deorani
et al. reported room temperature spin-to-charge conversion by
CBS due to the ISHE and IEE.12,38 Jamali et al. performed magne-
tization precession cone angle measurements to confirm the
contribution of ISHE in the spin-to-charge conversion by CBS

but did not separate contributions of each effects. Deorani et al.
separated contributions from ISHE and IEE by assuming that
the surface state thickness of the CBS is 3nm. Wang et al.
observed spin-to-charge conversion in YIG/CBS mainly due to
the IEE, and the estimated value of kIEE is as large as 0.035nm at
room temperature. From these aforementioned reports on
spin-to-charge conversion by CBS, one can observe that there is
contribution from IEE and ISHE. In our YIG/GBS samples, there
could be contributions from ISHE, IREE, and IEE. kIEE as a func-
tion of GBS film thickness shows different behavior compared to
YIG/Bi2Se3.

13 It also does not show any hyperbolic tangent
thickness dependent behavior, which is a typical behavior in the
heavy metals. If we consider the spin-memory loss same as in
the Pt/Py bilayer system in YIG/GBS, the behavior of kIEE
remains the same at a smaller thickness.47 The damping
enhancement due to spin-memory loss in Pt/Py was estimated
to be as large as 63%.47 Now, the question arises why sputtered
GBS films have higher kIEE as compared to MBE grown CBS?13,38

As the thickness of the films reaches a nano-scale, electrons can
move freely in two dimensions, but electronic motion is con-
fined along the normal to the film plane. Confinement quantizes
the wavefunction of the electron. Consequently, the electronic
properties of the material change drastically. In the case of sput-
tered GBS, from the AFM and TEM images, we can clearly see
grains of nano-meter scale. In these nano-sized grains, the elec-
tronic motion is confined along three dimensions. In our previ-
ous report, we performed numerical simulations to study the
effect of the grain size effect on the charge-to-spin conversion
and found that the charge-to-spin conversion is largely influ-
enced by the grain size effect.30 There are additional discrete
bands present in the case of �10nm scale grains compared to
triangular crystals present in MBE grown TI films. Note that in
the case of crystalline TI films, confinement is only along the
normal of the film plane. The additional discrete bands present
in grains of GBS, due to QC, contribute to the spin-momentum
locking. In the case of spin-to-charge conversion, kIEE shows
GBS film thickness dependence and it has a larger value than
that of the CBS film, which confirms that the spin-to-charge
conversion in GBS films is also influenced by QC in the grains of
GBS films.

We demonstrated an easier way of growing an efficient spin-
to-charge current converter, which can be readily utilized for
large scale production. For the application point of view, it is
important to have a large spin-to-charge conversion voltage as
well as awidely used growth technique. GBS is grown by amagne-
tron sputtering technique, and we observed more than five times
large spin-to-charge voltage at room-temperature compared to
Pt, which makes sputtered GBS a good choice for the practical
applications in logic devices such asMESO. The kIEE value of sput-
tered GBS is three times as large as that of CBS and g"# follows
similar behavior as in YIG/CBS. This indicates that the origin of
high spin-to-charge conversion by sputtered GBS is due to the
spin-momentum locking, and it is also influenced byQC.

See supplementary material for the carrier concentration,
the temperature dependent resistivity, and the TEM micro-
structure.
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Bertran, N. Reyren, J.-M. George, and A. Fert, Phys. Rev. Lett. 116, 096602

(2016).
16Z. Jiang, C.-Z. Chang, M. R. Masir, C. Tang, Y. Xu, J. S. Moodera, A. H.

Macdonald, and J. Shi, Nat. Commun. 7, 11458 (2016).
17Q. Song, J. Mi, D. Zhao, T. Su, W. Yuan, W. Xing, Y. Chen, T. Wang, T. Wu, X.

H. Chen, X. C. Xie, C. Zhang, J. Shi, and W. Han, Nat. Commun. 7, 13485

(2016).
18S. Zhang and A. Fert, Phys. Rev. B 94, 184423 (2016).
19K. Shen, G. Vignale, and R. Raimondi, Phys. Rev. Lett. 112, 096601 (2014).
20J. C. Rojas S�anchez, L. Vila, G. Desfonds, S. Gambarelli, J. P. Attan�e, J. M. De

Teresa, C. Mag�en, and A. Fert, Nat. Commun. 4, 2944 (2013).

21W. Zhang, M. B. Jungfleisch, W. Jiang, J. E. Pearson, and A. Hoffmann,
J. Appl. Phys. 117, 17C727 (2015).

22E. Lesne, Y. Fu, S. Oyarzun, J. C. Rojas-S�anchez, D. C. Vaz, H. Naganuma, G.
Sicoli, J. Attan�e, M. Jamet, E. Jacquet, J. George, A. Barth�el�emy, H. Jaarès,
A. Fert, M. Bibes, and L. Vila, Nat. Mater. 15, 1261 (2016).

23S. Oyarz�un, A. K. Nandy, F. Rortais, J.-C. Rojas-S�anchez, M.-T. Dau, P. No€el,
P. Laczkowski, S. Pouget, H. Okuno, L. Vila, C. Vergnaud, C. Beign�e, A.
Marty, J.-P. Attan�e, S. Gambarelli, J.-M. George, H. Jaffrè, S. Bl€ugel, and M.
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