. . ’ The Japan Society
Applied Physics Express m‘y of Applied Physics

LETTER You may also like

. . . . . - Correlation Between Composition
Spin transport measurements in metallic Bi/Ni R;mcro'st?um?es‘;ndTF‘éréoe|$ﬁ¢iicF_l
roperties of SrBi,Ta, O In Fiims

n a n OW| reS Sachiko Ono, Akira Sakakibara, Tomonori

Seki et al.

. . . . - Effects of lon Etching and Annealing in O,
To cite this article: Masashi Tokuda et al 2019 Appl. Phys. Express 12 053005 Atmosphere Following lon Etching on
Properties and Chemistry of
Sr. Bi,.Ta.O_ _ Thin Films

Katsuhiko Asami, Ichiro Koiwa and

Tomomi Yamanobe

View the article online for updates and enhancements. - Characteristics of Amorbhous Bi.Ti.O

Thin Films Grown by Atomic Layer
Deposition for Memory Capacitor
Applications

Gyu Weon Hwang, Wan Don Kim, Yo-Sep
Min et al.

This content was downloaded from IP address 18.116.37.62 on 21/05/2024 at 10:59


https://doi.org/10.7567/1882-0786/ab15ae
https://iopscience.iop.org/article/10.1149/1.1837793
https://iopscience.iop.org/article/10.1149/1.1837793
https://iopscience.iop.org/article/10.1149/1.1837793
https://iopscience.iop.org/article/10.1149/1.1837793
https://iopscience.iop.org/article/10.1149/1.1837793
https://iopscience.iop.org/article/10.1149/1.1837793
https://iopscience.iop.org/article/10.1149/1.1837793
https://iopscience.iop.org/article/10.1149/1.1837793
https://iopscience.iop.org/article/10.1149/1.1837793
https://iopscience.iop.org/article/10.1143/JJAP.38.5423
https://iopscience.iop.org/article/10.1143/JJAP.38.5423
https://iopscience.iop.org/article/10.1143/JJAP.38.5423
https://iopscience.iop.org/article/10.1143/JJAP.38.5423
https://iopscience.iop.org/article/10.1143/JJAP.38.5423
https://iopscience.iop.org/article/10.1143/JJAP.38.5423
https://iopscience.iop.org/article/10.1143/JJAP.38.5423
https://iopscience.iop.org/article/10.1143/JJAP.38.5423
https://iopscience.iop.org/article/10.1143/JJAP.38.5423
https://iopscience.iop.org/article/10.1149/1.2133713
https://iopscience.iop.org/article/10.1149/1.2133713
https://iopscience.iop.org/article/10.1149/1.2133713
https://iopscience.iop.org/article/10.1149/1.2133713
https://iopscience.iop.org/article/10.1149/1.2133713
https://iopscience.iop.org/article/10.1149/1.2133713

Applied Physics Express 12, 053005 (2019)

LETTER

https://doi.org/10.7567/1882-0786/ab15ae

Spin transport measurements in metallic Bi/Ni nanowires

Check for
updates

Masashi Tokuda', Natsuki Kabeya', Komei Iwashita’, Hiroki Taniguchi', Tomonori Arakawa'?, Di Yue®*, Xinxin Gong®*,

Xiaofeng Jin®*, Kensuke Kobayashi'*?, and Yasuhiro Niimi'#"

"Department of Physics, Graduate School of Science, Osaka University, Toyonaka, Osaka 560-0043, Japan

2Center for Spintronics Research Network, Osaka University, Toyonaka, Osaka 560-8531, Japan

SState Key Laboratory of Surface Physics and Department of Physics, Fudan University, Shanghai 200433, People’s Republic of China
“Collaborative Innovation Center of Advanced Microstructures, Fudan University, Shanghai 200433, People’s Republic of China

“E-mail: niimi @ phys.sci.osaka-u.ac.jp

Received February 22, 2019; revised March 26, 2019; accepted April 3, 2019; published online April 24, 2019

We have performed spin transport measurements in metallic Bi/Ni nanowires using the spin absorption method in a lateral spin valve structure.
Although Bi has a strong spin—orbit interaction, the spin Hall angle obtained for Bi/Ni nanowires is about 0.008. The magnitude and sign of the spin
Hall angle are much smaller than and opposite to those of Cu-Bi alloys, where skew scattering at Bi impurities is dominant. The estimated spin
diffusion length (3 nm) of Bi/Ni nanowires is shorter than that of thin Bi films, which indicates that Bi/Ni bilayers have different spin properties from

Bi alone. © 2019 The Japan Society of Applied Physics

ismuth is a typical semimetal and diamagnetic

material. It is also known as a material with strong

spin—orbit interaction because of its large atomic
number. Thus, Bi-related materials have been extensively
studied in the field of spintronics'™ where the effective
generation, detection, and manipulation of spin current, flow
of spin angular momentum, are central issues. For example, a
large spin Hall effect, which enables us to interconvert charge
and spin currents, has been realized by adding a small
amount of Bi to Cu.”® This large effect can also be obtained
at the interface between Ag (or Cu) and Bi (or Bi,O3), the so-
called Rashba—Edelstein effect.”'?

On the other hand, spin transport in Bi alone gives
different results. Although Bi has a strong spin—orbit inter-
action, the reported spin Hall angles, the conversion ratios
between charge and spin currents, are relatively small (less
than a few percent)."*"'” According to recent spin Seebeck
effect measurements, negligible spin-to-charge conversion
has been reported in Bi films and even in Bi/Ag bilayers on
Y;Fes0;, substrate.'® The spin—orbit length, comparable to
the spin diffusion length,'® of Bi is about several tens of
nanometers,'>~'7-192%

Bi exhibits semiconducting behavior in the temperature
dependence of resistivity. However, Bi/Ni bilayer thin films
have a metallic transport property and even become super-
conductors below ~4 K.*'% It was already known that
BisNi crystals exhibit superconductivity,””? but according
to recent experiments,” > the mechanism of superconduc-
tivity in Bi/Ni bilayers is different from that in the conven-
tional spin-singlet Cooper pairs. Point contact measurements
on Bi/Ni bilayer thin films indicate the presence of spin-
triplet states.”>*® This new type of unconventional super-
conductor could be useful for future superconducting spin-
tronic devices.”"

In this work, we aim to demonstrate spin transport properties
in metallic Bi/Ni nanowires using the spin absorption method
in a lateral spin valve structure.” The spin Hall angle of Bi/Ni
obtained at 10 K is as small as 0.008, which is much smaller
than that of Bi-doped Cu (~0.11) where skew scattering at Bi
impurities is dominant,™® but comparable to that of Bi thin
films.>*'>'® The spin diffusion length of Bi/Ni (=3 nm) at
10K is shorter than the spin—orbit length'®*” (30-50 nm,
determined from weak antilocalization measurements) and the
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spin diffusion length'>™" (10 ~ 50 nm) of Bi thin films. This
might be related to the fact that the Ni layer has finite magnetic
moment.”” We also investigate the superconducting state of
Bi/Ni wires below 4 K.

Bi(35 nm)/Ni(2 nm) thin films were epitaxially grown on a
MgO(001) substrate. For such Bi/Ni/MgO films, a high-
quality heterostructure with sharp interfaces has been
confirmed by reflection high-energy electron diffraction
patterns and cross-sectional scanning transmission electron
microscopy.”” Using electron beam lithography on a poly-
methyl-methacrylate resist and an Ar milling process, a wire
with a width of 300 nm was patterned. We then prepared two
ferromagnetic Permalloy (Nig;Fe;o; hereafter Py) wires
(30 nm thick and 100 nm wide) and a Cu wire (100 nm thick
and 100 nm wide) using electron beam lithography and a
subsequent lift-off process. One of the Py wires had two large
pads at the ends, in order to induce a difference between the
two switching fields. Careful Ar ion beam etching was
carried out to obtain highly transparent interfaces between
Bi/Ni and Cu as well as Py and Cu. During the nanofabrica-
tion process, the temperature was always kept below 90 °C to
avoid any interdiffusion between Bi and Ni.”>

Transport measurements were performed using a standard
ac lock-in technique and a *He flow cryostat down to
T=1.5K. A magnetic field was applied along the hard and
easy axes of Py to measure the inverse spin Hall effect
(ISHE) and nonlocal spin valve signals, respectively. In order
to check reproducibility, we measured three different samples
from different batches.

Figure 1 shows a scanning electron microscopy image of
our spin Hall device with the metallic Bi/Ni wire. When an
electric current / flows downward from the lower Py wire to
the Cu stripe, spin is accumulated at the interface between Py
and Cu. A spin current, which corresponds to the gradient of
the spin accumulation, flows upward into the Cu channel.
Since the spin diffusion length of Cu is as long as 1 yum at
low temperatures,” the spin current does not decay much
until it reaches the Bi/Ni wire. Because of the strong spin—
orbit interaction of Bi/Ni, most of the spin current is absorbed
perpendicularly into the Bi/Ni wire. Both the spin-up and
spin-down currents flowing in opposite directions are de-
flected to the same direction along the Bi/Ni wire owing to
the ISHE, which results in a voltage drop Visyg along the

© 2019 The Japan Society of Applied Physics
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Fig. 1. (Color online) Scanning electron micrograph of a typical spin Hall
device consisting of two ferromagnetic Py wires and a Bi/Ni wire bridged by
a Cu stripe. The positive magnetic field direction for the inverse spin Hall
effect measurement is defined as H, (6 = 90°) by the arrow.
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Fig. 2. (Color online) Temperature dependence of the resistivity of the Bi/
Ni wire. The inset shows the closeup of the superconducting transition. The
resistivity starts to decrease at 4.2 K but still has a finite value (3 pQ-cm)
even at the lowest temperature (1.5 K).

wire. The rest of the spin current still flows in the Cu channel
and is detected as a nonlocal voltage Vg at the upper Py wire.

In Fig. 2, we show the temperature dependence of the
resistivity of the Bi/Ni wire in the spin Hall device.
Unlike the case of pure Bi,23’33) the resistivity of the Bi/Ni
wire shows a metallic behavior and becomes a supercon-
ductor below 4.2 K. Unfortunately, however, it is not
completely zero even at our lowest temperature (7= 1.5 K).
We will return to this point below. We also fabricated Hall bar
patterns and measured the Hall resistance (not shown here).
The estimated electron density is 4.9 x 10?> cm >, which is
much higher than that of Bi alone (3 x 10'" cm™>)*® but
lower than that of Ni (1.0 x 10> ¢cm™%).>® These results
clearly show that the Bi/Ni wire is a good metal, unlike Bi
alone.””

We next measured the ISHE in the Bi/Ni wire above the
superconducting transition temperature (7c¢). In Fig. 3, a
typical ISHE resistance Risyg (equal to the ISHE voltage
Visug divided by the injection current /) of the Bi/Ni wire at
10K is plotted as a function of the magnetic field (H))
applied perpendicularly to the Py wires. The positive H,
corresponds to 8 = 90° as illustrated in Fig. 1. Rjgyg increases
linearly with the magnetic field up to ~2000 Oe and then
flattens off at the saturation of the magnetization of the Py
wire.>> The amplitude of ISHE resistance ARsyg is defined
as the difference between Rigyg at the saturation field (above
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Fig. 3. (Color online) Risyg of the Bi/Ni wire measured at 7= 10 K. The
magnetic field direction is defined as indicated in Fig. 1. By inverting the
field direction by 180°, the slope of Risyg between 2000 Oe changes.
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Fig. 4. (Color online) Rg at T = 10 K with and without the Bi/Ni wire. The
arrows indicate the magnetization directions of the Py injector (left) and
detector (right). By taking the ratio between the two and using Eq. (1), Ay
can be obtained.

~2000 Oe) and Risyg at zero field, and is about 9 Q). When
the field direction is rotated by 180° (corresponding to
0 = —90°), the slope of Risyg at zero field reverses.”® This
result clearly shows that the signal originates from the ISHE
in Bi/Ni.

To evaluate the spin current absorbed into the Bi/Ni wire
as well as its spin diffusion length, we measured the nonlocal
spin valve signal Rg (equal to the nonlocal voltage Vg
between the upper Py and Cu wires, divided by the injection
current /) with and without the Bi/Ni wire at 10 K; see Fig. 4.
Rs has a square shape depending on the magnetization
directions of the two Py wires, as indicated by the arrows.
The difference in Rg between the parallel and antiparallel
magnetic configurations is defined as ARg. It is clear that
ARg is reduced by inserting the Bi/Ni wire. The ratio
between ARG™ (with Bi/Ni) and ARJ"™" (without Bi/Ni)
can be expressed as follows:”

AR

Astithout

= [2Ru{sinh(L/Ax) + 2QpeX/ ™ + 207 et/ 1]
/[Rn{cosh(L/A\x) — 1} + 2Ry sinh(L/AN)
+ 2Re{el/ (1 + Q) (1 + 20m) — 1}, (H

where Ry, Rg, and Ry are respectively the spin resistances of
the Cu, Py, and Bi/Ni wires, Qr = Rr/Rn, and Oy = Ry/Rx-

n=

© 2019 The Japan Society of Applied Physics
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The spin resistance Rx is defined as pyAx / (1 - p)%)AX,
where px, Ax, px, and Ax are respectively the electrical
resistivity, the spin diffusion length, the spin polarization,
and the effective cross-sectional area involved in the equa-
tions of the 1D spin diffusion model, and the subscript “X”
represents each material (Cu, Py, or Bi/Ni). L is the distance
between the two Py wires. In this study, L=1pum, Ry =
20 Q, \w=1.3 pm, and Re=0.10 Q at T=10K.” Thus,
only the spin diffusion length Ay of the Bi/Ni wire is left as
an unknown parameter in Eq. (1). Since #=0.20 in the
present case, we obtain Ay =2.7nm. This spin diffusion
length is smaller than the spin—orbit length of Bi obtained
with weak antilocalization'>*” and the spin diffusion
length of Bi thin films estimated from spin pumping
experiments.'>~'” This result indicates that the spin transport
properties of Bi/Ni are different from those of Bi alone. The
difference between the two systems might originate from the
fact that the Ni thin layer has finite magnetic moment.”*
Now we discuss the spin Hall angle oy of Bi/Ni. Based on
the one-dimensional spin diffusion model, ay can be given as

wMARsHE [

— PsHE _

aH =,
Px Yo s

2
where wy; is the width of the Bi/Ni wire and p,, is its
resistivity. x is a shunting factor which expresses the
magnitude of shunting by the Cu contact above the Bi/Ni
wire. In the present case, we use x~0.18.373® I is the
effecgive pure spin current injected vertically into the Bi/Ni
wire:”

I Al — e ™/ Ay

T oty 1 — e
X [2ppRe{sinh (L/2)\x) + Qpel/?}]
/[Rx{cosh(L/An) — 1} + 2Ry sinh(L/AN)
+ 2R (/™ (1 + Qp)(1 4 20\) — 111, A3)

where #\ is the thickness of the Bi/Ni wire. Using Eqgs. (2)
and (3), ay of Bi/Ni is estimated to be 0.008 +0.002. The
sign of ay is positive, which is the same as that of Bi thin
films reported in Refs. 15, 16, 32, but opposite to that of
Cu-Bi alloys™ and of the inverse Rashba—Edelstein effect at
the interface between Cu and Bi203.1 D The magnitude of ay
is much smaller than that of Cu-Bi alloys™® and at the
interface between Cu and Bi,Os,'" although the spin—orbit
interaction of Bi should be quite strong and some theoretical
calculations predict a large spin Hall conductivity.”® This
discrepancy is currently an open question.

Finally, let us discuss results on the ISHE below 7. We
had prepared another type of spin Hall device to detect
quasiparticles in the superconducting Bi/Ni wire, as demon-
strated in Ref. 40. Unfortunately, we could not detect a signal
related to the ISHE below T¢. This is related to the fact that
there is finite residual resistivity even at the lowest tempera-
ture. Retaining the high quality of the Bi/Ni wire during the
nanofabrication process is necessary to observe a quasipar-
ticle-mediated ISHE in the superconducting wire.

In summary, we have performed spin transport measure-
ments with metallic Bi/Ni wires. The spin Hall angle of Bi/Ni
at 10K is positive and amounts to 0.008, which is similar to
that of Bi thin films but is opposite to and much smaller than
those of Cu-Bi alloys and the inverse Rashba—Edelstein
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effect at the interface between Cu and Bi,Oz;. The spin
diffusion length of Bi/Ni at 10 K is as short as 3 nm, which is
about one order smaller than that of Bi thin films. This might
originate from the ferromagnetic Ni layer underneath the Bi
layer. We have also obtained a superconducting transition in
Bi/Ni wires below 4.2 K. However, there is residual resis-
tivity even at T= 1.5 K and a signal related to the ISHE has
not yet been obtained. This result indicates that improvement
in the quality of Bi/Ni wires is needed to measure a
quasiparticle-mediated ISHE in this potential spin-triplet
superconductor.
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