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Tolerance of spin-Seebeck thermoelectricity
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Abstract )

Tolerance of thermoelectric devices based on spin-
Seebeck effect (SSE) against swift heavy ion irradiation
has been investigated using the Tandem accelerator in
Tokai and the SPring-8 in Harima. It becomes clear
that the spin thermoelectricity devices may work more
than hundreds of years with radioactive thermal
sources. The present study demonstrates that SSE-
based devices are applicable to thermoelectric
generation even in harsh environments for a long time

period.

1. Background )

Thermoelectric (TE) elements, which transduce heat
to electricity, attract growing attention since it exhibits
a promising pathway to address demands for energy
harvesting technologies that would reutilize waste heat
energy at factories and cars, or power trillion sensors
in the forthcoming “Internet of Things (IoT)" society.
The potential of the TE devices in combination with
radioisotope elements may be beyond such
commoditized uses to more harsh environments in
deep space as the isotope batteries for spacecraft. The
elemental structure of the TE device is a junction
consisting of two different semiconducting materials, a
thermocouple. The TE device is a series of junctions
and these junctions can be affected by high energy
radiation. The options of the radioactive isotopes for a
nuclear battery are limited to some special nuclear
species which emit an alpha ray only due to the

shielding problem. After recent discovery of the spin-
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driven thermoelectric (STE) generation, the notable
advantage of the STE generation stems from the
orthogonal separation of conventionally coupled heat
and charge conduction paths allowing simple and
flexible device structures, low-cost fabrication
processes, and the unique scaling characteristics of
output signals to device dimensions [1]2]. Furthermore,
the STE devices are expected to be tolerant against
radiations, and their application fields expand to
aerospace usage as magnetic memories. If we combine
the STE devices to the nuclear batteries, it is possible
to develop the next-generation nuclear battery. The
long-term performance of the STE device, however,
under radioactive conditions is unconfirmed. We
contrived a new method to avoid the weakness in the
TE junctions via the radiations by replacement to STE
devices. In this study, we investigated the performance
of STE devices under heavy-ion beam irradiation with

varying the dose level.

2. Contents of research )

The STE sample for this study consists of metallic
and magnetic insulator films formed on a substrate
based on spin Seebeck effect (SSE). SSE is a
phenomenon thattemperature gradient on the film
causes a flow of the magnetic excitations (a spin
current), and the spin current is converted to voltage
when the current penetrates into the metal. We used
Pt and yttrium iron garnet (Y;Fe;0,, YIG) as the
metallic and magnetic insulator layers, respectively.
Samples were made by the metal-organic-
decomposition (MOD) method based on spin-coating
technique [3]. The MOD solution containing the
constituent elements (Y and Fe carboxylate dissolved
in organic solvents with the chemical composition, Y:Fe
= 3:5), which was coated on a (111)-oriented single
crystal gadolinium gallium garnet (GdsGa;O,,, GGG)
substrate (Imm thickness). The spin-coating was set at
500 rpm for 5 s and 1,000 rpm for 30 s, followed by a
drying step at 150 C for 3 min. Then, after 550 °C pre-
annealing for 5 min, it was annealed at 720 °C for 14 h
in the air to form a crystallized YIG film. Its thickness
was estimated to be 100 ~ 200 nm from cross-sectional
TEM measurements. After annealing the substrate, the
Pt layer was deposited with 5-10 nm thicknesses on the
surface of YIG. For the thermoelectric voltage
measurements, the sample was cut into small chips for
experiments.

Next, we performed ion irradiation on the samples
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with varying the dose level. One sample was set aside
as a reference. High energy ion beams were produced
at the Tandem accelerator in JAEA Tokai Lab (Fig.1-a)
where highly collimated and monochromatic ion beams
of a variety of ion species from hydrogen (H) to
bismuth (Bi) with high energies ( ~ 400 MeV by the
tandem accelerator alone and ~ 1000 MeV with the
aid of a superconducting booster) and high currents
(~ 3000 nA for H ions and ~ 10 nA for Au ions) are
available. Based on the calculation on the simulated ion-
irradiation code SRIM2013 [4], we selected gold ions
(Au™) accelerated to the energy 320 MeV that were

irradiated on the samples at room temperature.
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Fig. 1 (a) Schematic view of the tandem accelerator in JAEA-Tokai. The system consists of two-step accelerations
of ions with a high voltage terminal. Between the two accelerations, the charge state of ions is transformed from
negative to positive ones by passing through an electron stripper (a carbon foil) at the voltage terminal.

(b) Bright field image of GGG substrate irradiated with 320 MeV Au?* from the substrate side surface at perpendicular
incidence. The direction of the irradiation is indicated by the arrow.

(c) Magnified view of the ion tracks created in the irradiated sample.
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As is well known, when a high energy heavy ion
passes through the samples high-density electric
excitations occur in semi-conducting or insulating
materials. For a group of ceramic materials including
YIG, nanoscale columnar defects are formed along the
ion tracks if stopping power Se, defined as the transfer
energies from incident ion to the electron system of the
target, exceed a threshold level ( ~ 10 keV/nm).
Typical images of the columnar defects created by Au
ion irradiation from the GGG substrate side are shown
in Figs.1-b) and -c). These columnar defects are
amorphous regions along the incident ion paths with ~
20 nm in diameter. According to the thermal spike
model [5], the ion track diameter for amorphizable

materials (e.g. YIG) corresponds to the maximum

! | 1

6+ (b)

® © (ipmafemT)s

& 1e10™

4=

'S

BAALOHKE (A5 eml)

H 2 (o) BHEODRALS (RO ENSTAP =0, 1x10'°, 1x10",1x10", 1.4x10" ions/cm?) D SSE BENZE (L., HHESIE
ABOPLEEERICEADREEEAT EBKICAE.

FNINfEs5 7% -50mT ~ 50mT TH5| L/cBROBEEE LTERND,

(b) 725 IRGFEFKTD SSE FEDREEA T &KiFit.

(CISSE 55 (@) CHifL (@) DIRGTEMKFH. RIRSMERREHHAMEZEME D HRE KT FHHEE.

Fig. 2. (a) Measured SSE voltage for the ion-irradiated samples with the fluence, ® =0, 1x10'°, 1x10'",1x10'?, and
1.4x10"? ions/cm? (from top to bottom). The output voltage signals as a function of applied magnetic fields from -50 to
50 mT. The temperature difference A T between Pt and the substrate is fixedas A T . 8 K.

(b) The A T dependence of the SSE voltages with the different as-irradiated samples. The solid lines are linear fits to

the data (symbols).

(c) The fluence dependence of the SSE voltages ( @ ), magnetization( @ ) and the calculated coverage ratio of the

sample surface by the ion tracks (solid curve).
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Fig. 3 (a) HAXPES spectra in the O 1s region for various
dose levels.

(b) The fluence dependence of the peak energies taken
from the HAXPES.

February 2021

diameter of the transiently molten region. Since the
length of the track that depends on the ion energy is
calculated as approximately 15 um for 320 MeV Au
ions, ions irradiated from the Pt side penetrate the Pt/
YIG layers and end within the GGG substrate. The
coverage of an irradiated surface can be estimated by
a simple linear model without consideration of
overlapping the trucks as a function of ion beam
fluence. When irradiation dose exceeds over ~ 1 X 10"
ions/cm? the entire sample surface is covered by the
columnar defects. Since amorphous YIG becomes
paramagnetic and does not contribute to the spin
transport at room temperature, the irradiated regions
become ineffective for thermoelectric energy
conversion via the SSE.

Fig.2-a) shows a change of the SSE voltage with the
Au ion fluence, @ , varying from @ = 0 - 14 x 10%
ions/cm?® The applied temperature difference A T
between Pt and the substrate that is monitored by two
thermocouples is fixed as AT = 8 K and the gap between
electrodes is 3 mm. The SSE voltage decreases with
the ion fluence, and entirely disappears above the dose
of ® =1 % 10" ions/cm® corresponding to the columnar
defects expected to cover the entire surface of the
sample. In Fig.2-b), the AT dependence of the SSE
voltages with the different as-irradiated samples is
shown. The linearity of the SSE voltages with AT is
maintained for all as-irradiated samples suggesting that
the decrease of the SSE voltage is a result of an
increase of the damaged (amorphized) area of the
sample. In Fig.2-c), the fluence dependence of the SSE
voltages and the calculated coverage ratio of the non-
damaged area of the sample. They show the same
dependence on the dose.

To understand the origin of the decrease of SSE
signals during the ion irradiation process, we evaluate
the samples’ properties. Resistivity does not change by
the irradiation, and thus the metallic Pt layer is not
affected by the irradiation. This is reasonable since the
transferred energy to the electron system of the
metallic Pt layer by swift ion beam defuses quickly due
to the large electron density in the metal. On the other
hand, the magnetization of the YIG layer is strongly
affected by the irradiation dose. The fluence
dependence of both of SSE voltage and saturation
magnetization is summarized in Fig.2-c) showing
similar decay via irradiation dose. This strongly
suggests that the decrease of the SSE signal is mainly
due to the change of magnetization.

A slight deviation, however, between the measured
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magnetization and calculated coverage is found in the
high fluence region as shown in Fig.2-c). The SSE
voltage in Fig.2-c) completely disappears above the
dose of ® =1 x 10" ions/cm® while the magnetization
remains finite. The decrease of the SSE voltage with
irradiation is mainly caused by the amorphization of
YIG leading to the decrease of the bulk magnetization.
In addition, a further reason for the drop for the SSE
signal can be attributed to damage to the Pt/YIG
interface. To confirm this, we investigate the hard
X-ray photoemission spectroscopy (HAXPES) analysis.
Since this method offers large probing depths of
photoelectrons up to several nanometers with the aid
of X-ray energies typically above 5 keV it has been
known as a powerful tool for non-destructive
measurements of true bulk states and buried interfaces.

The HAXPES measurements were carried out using
synchrotron radiation at the beamline BL22XU of
SPring-8. The incident X-ray energy was 8 keV. For
the HAXPES experiment, we prepared as-irradiated
Pt/YIG/GGG samples using single-crystalline 100-nm-
thick YIG films. The various photoelectron peaks such
as Fe 1s, Fe 2p, O 1s, Pt 4f, and Y 3d were measured
at room temperature.

Fig3-a) shows HAXPES spectra in the O 1s region
for various dose levels. The binding energies become
monotonically larger with the increase of the irradiation
dose (Fig.3-b). The small peak that appears in the
higher energy for as-irradiated samples (the left side of
Fig.3) grows with the Au ion dose suggesting that it
originates from the oxygen deficiency in the YIG. The
binding energies of Fe-2p;, show similar behavior, but
those of Pt-4f do not change. This tendency was shown
previously at Pt/YIG interfaces [6] probing an
occurrence of the interfacial chemical reaction due to
sputtering damages. The same tendency observed in
the present measurements indicates that the interface
chemical reaction might be enhanced by the ion beam
irradiation.

In this study, we evaluated the high energy ion flux
at the surface of a spent nuclear fuel (SNF). Supposing
that a SNF with high burnup contains 0.5 tw% uranium
compounds stored in a dry cask (5.5 m height and 24
m diameter), we calculated a maximum limit of
cumulative dose of heavy ion radiation to be received
in the harsh environment of the vicinity of SNP. A
uranium (and also a plutonium converted from
Uranium-238) exhibits nuclear fission when it absorbs a
neutron.

The fission fragments with ~ 100 MeV energies can
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penetrate about 10 um through a vitrified waste, and
only the high energy ion flux escaped from shallow regions
within ~ 10 um below the surface can be considered.
According to the measured dose of neutrons at the
surface of the dry cask ~ 15% 10 n/s, we estimate
the maximum flux of the fission fragments ~ 10° ions/
cm?/y. This crude estimate assures that the STE
devices work for more than 100 years around SNF's

without degradation.

3. Significance and impact of research results )

This study is the first investigation for demonstrating
the performance of STE devices under heavy ion beam
irradiation. This result represents an important
milestone for the future application of STE devices
toward a new energy harvesting technology under

radiation environment.

4. Perspectives )

We will continue the tolerance study of STE devices
against other radiations such as y ray, f ray and neutron

to consider an actual application for isotope batteries.
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