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Nonlinear voltage from spin accumu-

lation in silicon

Spintronics Research Center, National Institute of Advanced Industrial

Science and Technology (AIST)

AO18f

Ron Jansen

https://unit.aist.go.jp/src/cie/en_index.html

The nonlinear voltage generated by spin accumulation in silicon is inves-

tigated, both experimentally and theoretically.

In a paramagnetic material there is no net spin
density in equilibrium. However, a non-equilibrium
spin density can be created in various ways, such
as optical excitation, electrical injection of a spin-
polarized current from a ferromagnetic contact,
thermally-driven spin injection, or by charge-to-
spin conversion mediated by spin-orbit interaction.
The resulting spin accumulation, generally de-
scribed by a spin splitting Ap = u' - u* of the elec-
trochemical potentials, is usually detected by linear
phenomena, such as electrical spin-charge conver-
sion at the interface with a ferromagnetic elec-
trode. This produces a charge voltage linearly pro-
portional to the spin accumulation.

Recently, it has been noted that a spin accumu-
lation in a paramagnetic material also produces an
additional charge voltage of nonlinear origin [1].
This voltage originates from the energy dispersion
of the electronic properties of the paramagnet, and
was recently observed for graphene [1] and GaAs
[2]. Two sources have been identified. The first is
the energy dispersion of the density of states. This
would result in a change of the total number of
electrons when ' is shifted up and p' is shifted
down by Ap/2, which has to be compensated by a
shift of the spin-average electrochemical potential
in order to conserve charge. This nonlinear voltage
exists even if the spin accumulation is spatially ho-

mogeneous. A second contribution to the nonlinear
voltage originates from the energy dispersion of
the transport parameters of the paramagnetic ma-
terial, such as the diffusion constant. When the
spin accumulation has a spatial variation (typically
an exponential decay from the injection source),
the charge currents created by the gradient in the
electrochemical potentials u' and u* for the two
spin orientations do not cancel when the diffusion
constant is energy dependent (note that the energy
of the electrons with opposite spins is unequal).
Hence, a gradient in the spin-average potential has
to develop. This second contribution is absent
when the spin accumulation is homogeneous and
no gradients are present. Within the realm of the
Nano Spin Conversion Science project, we investi-
gate the nonlinear voltage generated by spin accu-
mulation in n-type silicon, both experimentally and
theoretically.

In previous research with graphene [1] and
GaAs [2] as the paramagnetic material, the non-
local device geometry was used. Spins were electri-
cally injected into the paramagnetic channel from a
ferromagnetic source contact and the nonlinear
voltage was detected using two non-magnetic
(metal) contacts, one of them placed near the
source contact where the spin accumulation is non-
zero, and the other placed far away. Our device



geometry differs in that the two non-magnetic
detection contacts are both placed far away from
the charge and the spin current path, in a region
where the spin accumulation is non-existing.
Moreover, the lateral size of the ferromagnetic
source electrode, a CosoFeso/MgO tunnel contact,
is much larger than the spin-diffusion length of the
Si channel.

For this new device geometry, we developed a
theory to quantify the magnitude, sign and scaling
of the nonlinear voltage produced by the spin ac-
cumulation in the semiconductor due to the ener-
gy dispersion of its electronic properties. We found
that a small but detectable nonlinear voltage
should develop between the two non-local normal
metal contacts, even though they are both placed
outside the region where the spin accumulation
exists. However, a critical requirement is that the
current density across the ferromagnetic source
contact is spatially non-uniform, so that the spin
accumulation in the Si channel is inhomogeneous
and asymmetric in the two directions of the nor-
mal metal contacts. Such a non-uniform spin in-
jection occurs when the tunnel resistance is com-
parable to or smaller than the square resistance of
the Si channel. We found that it is also important
to include the exact profile of the spin accumula-

B CoxFey

tion under the contact and near the edges of the
source tunnel contact.

Experimentally, the voltage was probed via the
Hanle and inverted Hanle effect [3]. We detected a
clear contribution that is an even (quadratic) func-
tion of the induced spin accumulation, as expected
for the nonlinear voltage. The quadratic signal is
most pronounced at low temperature, and reduced
at room temperature mainly because the spin ac-
cumulation is smaller [4].
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Fig. 1: Sketch of the device used to
examine nonlinear voltage from spin
accumulation in Si.
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2016
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Pablo Borys

Postdoctoral Researcher
Spin physics theory research team, CEMS, RIKEN

I am a postdoctoral researcher working under the supervision of Pro-
fessor Gen Tatara. It is extremely exciting that my first postdoc position
is in vibrant Japan, working in a cutting edge topic as spin conversion.
While my scientific background includes phonon-theory applied to III-V
semiconductors and DFT on nano-fullerenes (BSc. and MSc., UNAM,
Mexico), it was during my PhD at the University of Glasgow that I start-
ed working with spintronics phenomena. At the moment, I have two
major goals with which I intend to contribute to the society. My main
scientific aim is to theoretically find the optimal conditions under which
the Dzyaloshinskii-Moriya interaction (DMI) can lead to the next gener-
ation of spintronic, or spin-orbitronic, devices. This is a continuation of
previous work that described the effect of the DMI on spin waves in
domain walls. On the other hand, my personal objective is to help raise
my two-year old daughter, Odarka. I believe that successful results on
both fronts can be decisive for the future.

Alejandro Osvaldo Leon Vega

Postdoctoral Researcher
Institute for Material Research, Tohoku University

Allow me to introduce myself as a new postdoc employed by the Nano
Spin Conversion Science in the Bauer Group at the IMR, Tohoku Univer-
sity. My main research interests are in spintronics, in which spin and
electric currents interact and produce intellectually challenging phe-
nomena and technologically useful effects. The main goal of my post-
doctoral project is to understand spintronic effects in materials contain-
ing heavy atoms, such as rare-earths. Those atoms exhibit properties
that are different from lighter materials such a transition-metals be-
cause of large spin-orbit interactions. In this way, we hope to discover
and engineer new physical properties and effects.

I obtained my PhD at University of Chile, far away from Japan. I am
happy to become a member of Nano Spin Conversion Science project,
as the starting point of an exciting scientific and cultural adventure.

\
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