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Abstract )

We have developed novel positron beam and applied
it to studies of advanced materials. In this term, we
developed a highly spin-polarized positron beam and
studied spintronics materials using spin-polarized
positron annihilation method. In this report, we described
the recent result of current-induced spin accumulation on
the material surfaces using the spin-polarized positron
annihilation method.

1. Background y

Recently, spintronics, in which electron spins are
utilized in addition to the electron charges, attracts
increasing attentions [1,2]. According to the progress
in spintronics, new method to detect electron spins
in materials is strongly needed [3]. We focused on
the potential applications of positrons, anti-particle
of electrons, and developed spin-polarized positron
annihilation method to directly detect electron spins in
materials [4,5].

2. Contents of the study )

In this study, we tried to directly detect the current-
induced spin accumulation, which is one of the
important phenomena to produce spin currents, by using
the spin-polarized positron annihilation. Spin-Hall effect
is the key mechanism to producing spin currents. In the
spin-Hall effect, up- and down-spin electrons move in
the opposite directions depending on the direction of the
electron current. This effect appears in non-magnetic
field and non-magnetic materials. The spin-Hall effect
has been investigated using Kerr effect, microwave,
and so on. These are indirect methods to detect electron
spins. Therefore, it is strongly required to develop
the direct method detecting electron spins under the
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condition that electron currents flow.

So far, we developed highly spin-polarized positron
beam and successfully observed the change in the excess
electron spins in ferromagnets due to the magnetic field
reversal. In this study, we developed this method and
tried to directly detect electron spins in materials under
the condition that electron currents flow using the spin-
polarized positron beam.

The positron is annihilated with the electron and hence
the annihilation radiation gamma-rays are emitted. The
energy distribution of the annihilation radiation gamma-
rays reflects the momentum distribution of the electrons
annihilated with the positrons in the material. For
instance, when the positron and electron spins are anti-
parallel, the annihilation probability becomes larger. The
details is described below.

When the positron is bonded to the electron, singlet
and triplet states are formed. The formation probability
of singlet (J00>) can be expressed by (P1E|-P|E1)/2,
where positron and electron up- (down-) spins are
denoted by P71 (P]) and E1 (E|), respectively. Similar
to it, the formation probabilities of triplet (|11>, |1-1>,
[10>) can be expressed by P1ET, P|E|, and (PTE|+P]
E1)/2, respectively. For example, the formation ratio of
singlet to triplet is 1:3 when the positron and electron are
not spin-polarized. When the spin-polarizations of the
positron and electron are 50 % and 10 %, respectively,
the formation ratio of singlet to triplet is 1:2.81. Thus,
when the positron beam is spin-polarized, we can obtain
the information about the electron spins in the materials
through the annihilation radiation gamma-ray spectra.

The positron beam emitted from a radioactive source is
spin-polarized owing to the parity non-conservation. The
spin-polarization becomes high when the energy of the
emitted positrons is large. In actual, the spin-polarization
of the positron beam decreases due to the production of
the beam with high quality. The spin-polarization of the
positron beam used in this study (**Na positron source)
was estimated to be approximately 30 %.

The longitudinally polarized positrons are emitted
from the source. In this study, the transversely
polarized positrons are injected into the sample using
an electrostatic deflector to detect electron spins in the
materials. Moreover, the energy of the positron beam
transported through the beam line decreases from 12
keV to 50 eV using deceleration tubes to detect electron
spins at surfaces with high efficiency (see Fig. 1). The
annihilation radiation gamma-rays were measured with
a Ge detector, which was placed near the sample. In this
experiment, we measured the intensity of three photon
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Fig.1 Principle of annihilation radiation spectrum measurements using spin-polarized positron beam
Spin-polarized positron beam with an energy of 12 keV is transported through the beam line. The beam energy is
decelerated to 50 eV using the deceleration tubes and then is implanted into the sample. The annihilation photons are
detected by the Ge detector. The directions (+jc and -jc) of currents are changed with a switch circuit.
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annihilation in the energy region between 350 and 495
keV.

We fabricated six different thin films as samples
using a magnetron spattering. First, we measured the
intensity of three photon annihilation from these samples
with changing the directions of the electron currents.
Figure 2 shows the intensity increments of three photon
annihilation when the spin-polarized positron beam
with a energy of 50 eV is injected into the thin films (Pt,
Pd, Au, Cu, Ta, and W). The horizontal axis indicates
the cycle number of measurement, in which the current
directions (+jc and -jc) were changed alternately (see
Fig. 1). We found that for Au and Cu thin films, the
intensity increments of three photon annihilation do
no change with the direction of the electron current.
On the other hand, for materials other than Au and Cu,
the intensity increments of three photon annihilation
regularly oscillate with changing the direction of the
electron current. For Pt and Pd thin films, the intensity
increments of three photon annihilation at +jc are
larger than those at -jc. For Ta and W thin films, the
intensity increments at -jc are larger than those at +jc,
which is opposite to those for Pt and Pd thin films. We
also measured the intensity increments of three photon
annihilation with changing the density of the electron
current. As a result, the amplitude of the oscillation of
the intensity increments increases with increasing the
density of the electron current.

In order to investigate the direction of the electron
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Fig.2 Intensity increments (4AR) of three photon
annihilation when spin-polarized positron beam with a
energy of 50 eV is injected into six different thin films
(Pt, Pd, Au, Cu, Ta, and W)

Horizontal axis indicates the cycle number of measurement,
in which the current directions (+jc and -jc) were changed
alternately.
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Fig.3 Asymmetry of the intensity increment of three
photon annihilation for the Pt thin film as a function of
the rotation angle of the sample
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Fig.4 Spin polarizations (P.) for six different thin films
(Pt, Pd, Au, Cu, Ta, and W) estimated in this study

¢ indicates the angle between the positron and electron
polarization directions.

spin induced by the electron current, we measured the
intensity increments of three photon annihilation with
changing the rotation angle of the sample. Figure 3
shows the asymmetry of the intensity increments of
three photon annihilation for Pt thin film changing from
0 to 180° at a step of 30° with a fixed direction of the
electron current. 8 = 0° indicate that the directions of the
positron spin and the electron current are parallel. Here,
we defined the asymmetry of the intensity increments of
three photon annihilation as follows:

A=(AR(+],)— AR(—=j))/(AR(+ /) + AR(=,)) (1)

We found that the asymmetry of the intensity
increments of three photon annihilation changes like
a sine function with changing the rotation angle of the
sample. This result indicates that the electron spins
induced by the electron current is perpendicular to the
direction of the electron current.

We estimated the electron spin polarization induced
by the electron current. The asymmetry of the intensity
increments of three photon annihilation (denoted by eq.
(1)) is proportional to the product of the positron and
electron spin polarizations. Figure 4 shows the electron
spin polarizations estimated by using eq. (1) for various
thin films (Pt, Pd, Au, Cu, Ta, W). We found that the
electron spin polarizations for Pt and Pd thin films
are positive and those for Ta and W are negative. For
Au and Cu thin films, the electron spin polarizations
are negligibly small. The sign of the electron spin
polarization obtained in this study is consistent with that
of spin-Hall angle determined by the other experiments
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[6]. Therefore, the electron-induced spin accumulation
observed in this study is closely related to the spin-orbit
interaction discussed in the spin-Hall effect.

On the other hand, the absolute value of the electron
spin polarization obtained in this study reaches about
a few %, which is much larger than that (0.0001%)
expected by using the spin diffusion theory. Thus, this
result cannot be explained only by the spin-Hall effect.
This indicates the existence of additional effects such as
Rashba effect [7].

3. Importance of the result and its impact )

The result obtained in this study is important for the
progress in spintronics because it was obtained by the
direct detection of the electron spins in the materials
using the spin-polarized positron annihilation method,
instead of indirect detection using the conventional
method. This result indicates the large electron spin
polarization at material surfaces, which cannot be
explained by the spin diffusion theory. Based on this
result, the theoretical considerations concerning the
current induced spin accumulation will be developed.

4. Perspectives )

In this study, we observed the annihilation radiation
gamma-ray spectrum from the reemitted positrons with
a wide energy range. Thus, we obtained the averaged
information about the spin accumulation near the surface
of the thin film. If we observe the annihilation radiation
gamma-ray spectrum from the reemitted positrons
with a specific energy, we determine the depth profile
of the electron spin accumulation at material surfaces.
This leads to the development of the spintronics
materials because the depth profile of the electron spin
accumulation remains unresolved. In near future, we
will develop the energy-resolved spin-polarized positron
annihilation method and apply it to studies of new
spintronics materials such as topological insulators.
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