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Spin-current generation from liquid-metal flow
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Abstract )

Recent progress of nanotechnology allows us to
generate a flow of spin angular momentum, “spin
current” , and explore a wide variety of transport
phenomena via spin currents. Conventionally, spin
currents have been generated only in solid states.
However, we discovered a new method of spin-current
generation from liquid-metal flow.

This work was done in collaboration with Tohoku
University (Dr. Ryo Takahashi) and was published
in Nature Physics. Our research got featured in
News&Views of Nature physics and Nature Materials,
and also in Editors’ Choice of Science.

1. Background )

Electrons are charged elementary particles with
spin angular momentum or spin, which is the origin
of magnetism. Recently, advanced nano-fabrication
technology allows us to utilize “spin current” , a flow
of spins. The spin current has drawn global attention
as a new way to reduce power consumption of
electronic devices because the Joule heating produced
by the spin current is much smaller than that by the
charge current. Conventionally, spin currents have
been generated by using the coupling between spin
and electromagnetic fields, heat, and sound. All of these
methods are performed in solid-state materials [1].

Meanwhile, as logic circuits used in computers are
made highly integrated and highly dense year by
year, the power consumption problem is increasingly
prominent. To solve it, liquid-based transistors have
been studied to build chips that are highly efficient
and work with much less power than silicon-based
semiconductor chips.

In this context, we have been conducting research
with the idea that a completely new energy-saving
device combining the advantages of both spin current
and liquid metal can be realized by generating spin
currents in a liquid metal.
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2. Contents of the study )

Let us begin with sharing visualization of an electron
with spin. Owing to this quantum mechanical spin,
electrons can be imagined as a spinning gear with a
magnet whose poles are parallel to the spinning axis.
Since the spinning motion is perpetual, the magnetism
1s permanent (Fig. 1). We benefit significantly from
spin via magnetic materials such as iron wherein spins
are intrinsically aligned. Conversely, it is difficult to
utilize electron-spin functions in non-magnetic materials
because the spinning axes are incoherent and thus, the
spins cancel each other out.

Focusing on properties as the spinning gear, we
predicted that the electrons can flow while aligning the
spinning axis by engaging local rotational motion in the
liquid metal and the gear (Fig. 2).

We derived a fundamental equation of electron spin
in a liquid metal, and found that the spin S couples
to the vorticity w, local rotational motion induced
in a liquid metal flow as: Hsv = - S - w/2 [2]. The
spin-vorticity coupling is very similar to the Zeeman
coupling Hz = - S+ y B, where y is the gyromagnetic
ratio and B is the magnetic field. Comparing Hsv with
Hz, the spin-vorticity coupling can be interpreted as
the Zeeman coupling due to an effective magnetic
field due to the vorticity field: Bw = w /2 y . In the
presence of the gradient of the magnetic filed VB,
spins are driven along V B by the spin-dependent force
F=-VHz=-S- y V B. This is well known as Stern-
Gerlach effect. Similarly, when the vorticity gradient V
w 1is induced in a liquid metal, spins flow along V w .
This means that spin current can be generated along
the vorticity-gradient, V w. This is the mechanical
analogue of the Stern-Gerlach effect.
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Fig. 1 Visualization of an electron
Electrons have electric charge as well as spin, which can be visualized as a small
magnet with a spinning gear.
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Fig. 2 Spin current generation from liquid metal flow.

A “spin current” , or flow of electron spins, is created by a pipe flow of a
liquid metal.
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To confirm the spin-current generation, we used
liquid metal flows of Hg and GalnSn in a narrow quartz
pipe (Fig. 3). When applying a pulsed pressure, vorticity
fields are induced. The spin current is generated along
the vorticity gradient, and is converted into the electric
voltage due to the inverse spin Hall effect. The induced
voltages are measured by the nano-voltmeter attached
to the pipe.

Figure 4 shows the time evolution of the electric
voltage V measured in the liquid GalnSn. The liquid
flow in the channel starts at time t=0 and ends at t=
A t. Clear V signals paper when Hg is flowing and
the magnitude of V increases with increasing applied
pressure.

We also derived the scaling law of the voltage:

(rO/L)Vocv,,2 i

where L is the pipe length, rO is the pipe radius,
and v* is the friction velocity. The friction velocity
dependence of the signal shows good agreement with
the theoretical prediction as shown in Fig. 5.

3.Importance of the result and its impact )

Our study proved that the electron spin interacts
with the local rotational motion of liquid metal for the
first time in the world and that liquid metal can be
utilized for generating spin current. As mentioned at
the beginning, we have taken the first step toward
realizing an energy-saving device combining liquid
metal and spin. In addition, this new phenomenon is
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Fig.3 Experimental setup.

Spin current is generated along the vorticity gradient, which
is induced perpendicular to the flow velocity by applying
a pulsed pressure. The spin current is converted into the
charge current due to the inverse spin Hall effect. Then, the

electric voltage is generated along the flow velocity.
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Fig.5 Scaling law of the electric voltage.
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also a new principle of extracting electric energy from
a liquid metal flow since the generated spin current
is converted into the electric voltage. In conventional
fluid power generation, eternal devices such as
turbines in hydraulic power generation and magnets in
magneto-hydrodynamic generation are indispensable.
However, since our method utilizes the interaction
between spin and fluid motion, it eliminates an external
device and as a result, ultra miniaturization is possible
in principle. Although the electric voltage obtained in
our experiment is weak at most to 100 nano volts, it
is expected that it can be applied as a power supply
device of a nano robot derived with weak electric
power.

Furthermore, it is possible to realize a fluid velocity
meter that electrically measures the velocity of the
micro fluids by using the property that the intensity
of the voltage signal varies according to the velocity
distribution of the fluid.

4 Perspectives )

In this study, we demonstrated the following two
points:

(1) Controlling the microscopic rotational motion, “spin”,
using macroscopic rotational motion in a fluid,
(2) Generating spin current using liquid metal.

In the future, we will consider the following
developments for each of the points.

For (1), we are trying to discover a reciprocal
process of the spin-current generation, namely, a fluid
motion driven by spin injection. As shown in Fig. 1,
the electron spin can be regarded as a spinning gear.
By injecting the spinning gears into a liquid metal, it is
expected that vorticity will be generated as a result of
“stirring a liquid metal” with the gears. Based on this,
we are now searching for new phenomena from both
theory and experiment.

With regard to (2), the properties of spin current
in liquid metal have hardly been investigated so far
since all previous studies were directed to solid-state
materials. Therefore, we need to find out what kind of
liquid metal is suitable and what conditions should be
used for generating spin current with high efficiency.
For this purpose, we plan to design various micro
channels and investigate the nature of the spin current
generated in them.
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