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Abstract

Spin-driven thermoelectric (STE) generation based on the combination of the spin Seebeck effect and

inverse spin Hall effect is an alternative to conventional semiconductor-based thermocouples as it is

large-scale, low-cost, and environment-friendly. The STE device is thought to be radiation hard,

making it attractive for space and nuclear technology applications. By using magnetometry,

transmission electron microscopy, and the hard X-ray photoemission spectroscopy (HAXPES)

measurements, we show that an STE device made of single-crystalline Y3FesO12/Pt heterostructures

has tolerance to irradiation of high-energy heavy ion beams. We used 200 MeV gold ion beams

modeling cumulative damages due to fission products emitted from the surface of spent nuclear fuels.

By varying the dose level, we confirmed that the thermoelectric and magnetic properties of the single-

crystalline Y3FesO12/Pt STE device are finite at the ion-irradiation dose up to 10'2 ions/cm? fluence.

In addition, the HAXPES measurements were performed to understand the effects at the interface of

Y3FesO12/Pt. The HAXPES data suggest that the chemical reaction regarding Fe and O that

diminishes the SSE signals is promoted with the increase of the irradiation dose. The understandings

of the damage analysis in Y3FesO12/Pt are beneficial for developing better STE devices applicable to

harsh environmental usages.



[. INTRODUCTION

There is great potential for the development of thermoelectric generators [1] that operate in
harsh environments such as space exploration and nuclear facilities. In fact, the Mars rover that was
launched recently is powered by a radioisotope thermoelectric generator (RTG) [2]. A thermoelectric
element that converts heat into electricity usually uses thermocouples in which different
semiconductors are connected. However, this structure is vulnerable to high-energy radiation and
causes performance deterioration. For this reason, the radioisotopes as a heat source that make up the
RTGs are limited to a few nuclear species (**3Pu in practice) emitting only alpha particles that can be
easily shielded. In order to overcome this restriction, it is necessary to introduce a new concept
thermoelectric conversion technology. For this purpose, we focus on spintronics that harnesses the
electron spin in solids. Spintronics is highly expected as an energy-saving technology in the field of
information and communication devices [3,4]. In addition to this excellent energy-saving property,
spintronic devices are proved to be resistant to radioactive irradiation [5-7], which causes fatal
damages in semiconductor-based devices, and spintronics-based memory devices are equipped at
logic circuits of artificial satellites and flight computers of aircraft that are routinely exposed to high
irradiation. Especially, a spin-driven thermoelectric (STE) generation based on the combination of
the spin Seebeck effect (SSE) [8-10] and inverse spin Hall effect (ISHE) [11,12] is a promising as it
can be large-scale, low-cost, and environment-friendly. The SSE refers to the generation of spin
current along with the temperature gradient in ferromagnetic materials and the ISHE converts the

induced spin current to the transverse electromotive force via spin orbit interactions in heavy metals.



The semiconductor-free STE devices are thought to be radiation hard. So far, the radiation
resistance of the STE devices has been tested by irradiating them with high-energy gamma (y) ray
[13] and heavy-ion beams [14] where the STE performance was maintained over the dose levels up
to 3x10° Gy of y rays and 10'° ions/cm? fluence of 320 MeV gold ion (Au?*") beams respectively.
Moreover, for ion irradiation, the maximum dose level was determined as about 10'? ions/cm? fluence
where the columnar defects caused by the ion tracks entirely amorphized the ferromagnetic layer of
the STE device. In the previous report [14], we used STE samples that consist of a metallic layer Pt
and a ferromagnetic insulator Y3FesO12 (YIG) fabricated by the metal-organic decomposition (MOD)
method [15]. The method creates a columnar YIG crystal structure aligned perpendicular to the film
plane that offers quasi-one-dimensional spin conducting paths. Since the YIG films prepared by the
MOD method contain a lot of voids outside the columnar structure ion-irradiation tolerance of the
STE devices can be different when a single-crystalline YIG is used.

To discuss the effect of porosity in YIG used in the previous study we complement, in the
present work, the damage analysis against high-energy heavy-ion irradiation for the STE device using
single-crystalline YIG/Pt heterostructures based on magnetization, SSE, and hard X-ray
photoemission spectroscopy (HAXPES) measurements. We also discuss amorphization of the crystal
structure created by the ion tracks in the YIG/Pt heterostructure based on transmission electron
microscope (TEM) images. These observations supplement the irradiation tolerance performance and

degradation mechanism of the STE device in general.



II. EXPERIMENTAL AND DISCUSSION

The STE sample for the present study was fabricated by sputtering single-crystalline YIG
(100 nm thickness) on a gallium garnet (Gd3;GasO12, GGG) substrate (500 um thickness). After air
annealing the substrate (825°C for 3 min 20 sec in air), the Pt layer was deposited with 5nm
thicknesses on the surface of YIG. For the thermoelectric voltage measurements, the sample was cut
into small chips. We confirmed that the sample exhibited the typical SSE output signals.

Next, we performed ion irradiation on the samples with varying the dose level. One sample
was set aside as a reference. High energy ion beams were produced at the Tandem accelerator in Japan
Atomic Energy Agency Tokai laboratory. We used gold ions (Au**) accelerated to the energy 200
MeV that were irradiated on the samples from the Pt side as shown in Fig. 1a at room temperature.
Due to a high energy heavy ion passing through the samples high-density electrons are excited and
columnar defects are formed along the ion tracks [16-18] (Fig.1b). Typical TEM images of the
irradiated samples are shown in Fig.1c. There are columnar defects created in the single crystalline
YIG layer. Within the columnar defects, the crystal structure is randomized due to the rapid heating
and cooling process associated with the electron excitations along the ion tracks [19-23]. Note that it
was hard to observe the ion tracks in the MOD-made YIG/Pt samples [14]. It is found that the hillocks
of the amorphized YIG were formed at the YIG/Pt interface as observed at the surface of YIG samples
[23]. These columnar defects and hillocks are amorphous regions with ~13 nm and 14 nm in diameter
respectively, which is consistent with the previous report [24]. On the other hand, the Pt layer and its

surface were not affected by the ion irradiation because of the quick diffusion of transferred energy



from ions by electrons in the metal. This result contrasts to the case of ion-implantation with much
lower energy (several keV) where the ions accumulate near the sample surface leading to
enhancement of spin relaxation [25]. Since the length of the track that depends on the ion energy is
calculated as approximately 15 pm for 200 MeV Au ions, ions irradiated from the Pt side penetrate
both the Pt and YIG layers and end within the GGG substrate (Fig.1a). Since amorphous YIG is
paramagnetic and does not contribute to the spin transport at room temperature [26], the irradiated
regions become ineffective for thermoelectric energy conversion via the SSE.

Using the irradiated samples, we evaluate the thermoelectric conversion property of the
single crystalline YIG/Pt systems. Figure 2a shows a change of the SSE voltage as functions of
applied magnetic fields H with the fixed applied temperature A7 = 8 K and the Au ion fluence, @,
varying in the range of ® = 0-1.0x10"3 ions/cm?. The measurement setup for the SSE is schematically
shown in Fig. 2b. The spin current induced along the applied temperature difference AT between Pt
and the substrate. The spin current injected into the Pt layer is then converted into an electromotive
force by the ISHE in the direction orthogonal to both the magnetization and heat current directions.
The gap between electrodes for the ISHE voltage measurement is 3 mm. The SSE voltage decreases
with the ion fluence, and entirely disappears above the dose of ® = 1x10'? ions/cm?. 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.

As we reported in Ref. [14], the decrease of SSE signals during the ion irradiation process is

mainly due to the change of the magnetization of the YIG layer. Figure 2¢ shows hysteresis loops of



the irradiated samples exhibiting a change of the magnetization with the ion fluence. The behavior
exhibits a similar trend as that of the SSE voltage signals. The fluence dependence of the SSE
coefficient and the saturation magnetization M are summarized in Fig.2d. The fitting curve for M in
Fig. 2d is calculated by the coverage model considering overlapping of ion track [27] as
M(P)=M(P =0)x (1—exp(—nr?d)),

where @ is the ion beam fluence, 7 is the average radius of the ion tracks. From the fitting, we obtained
r = 6.2 nm, which is consistent with the diameter estimated from the TEM image (~13 nm) shown in
Fig. 1c. This plausibly suggests that the decrease of the SSE signal is mainly due to the change of
magnetization.

When we compare the present results with the MOD-based YIG/Pt case [14] we observe that
the reduction of the SSE voltage and magnetization from as-prepared sample to that irradiated at low
dose level (® = 1x10'" ions/cm?) becomes rather prominent as shown in Fig. 2d. This implies that the
single-crystalline YIG is more susceptible to the crystalline damage caused by the ion tracks than the
MOD-based YIG with many voids that can absorb the stress. It should be also noted that the
magnetization remains finite at the highest dose level ® = 1x10'3 ions/cm? where the columnar
defects are expected to cover the entire surface of the sample. The possible origin of this observation
is the recrystallization of a heavily irradiated YIG crystal reported at a similar dose level [20]. The
recrystallization process recovers the bulk magnetization while the damage accumulated at the YIG/Pt
interface that is critical to the degradation of SSE conversion efficiency cannot be restored.

To investigate the damage accumulated at the YIG/Pt interface the HAXPES measurements



were carried out using synchrotron radiation at the beamline BL22XU of SPring-8 [28]. 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 interface [29-31]. The incident X-ray energy for the

present study was 8 keV. The total energy resolution was approximately 300meV. The various

photoelectron peaks such as Fe 2ps», O 1s, Pt 4f, and Y 2p3» were measured at room temperature.

The other experimental details have been noted elsewhere [32]. Figures 3a-d shows respectively

HAXPES spectra in the Pt 41, Y 2ps., O 1s, and Fe 2p;3,> regions for various dose levels. The spectral

intensity is normalized to the Pt 4f spectral intensity obtained from the same sample. The binding

energies of Pt 4/and Y 2p3,» do not change (Fig.3a, b) whereas those of O 1s shift monotonically to

larger values with the increase in the irradiation dose (Fig.3¢), suggesting an occurrence of interfacial

chemical reaction [14]. In addition, the spectral intensity of O ls is gradually suppressed. This

behavior suggests that oxygen atoms are desorbed at YIG/Pt interfaces, which is likely the origin of

the chemical reaction. The small peak in the higher binding energy for as-irradiated samples may be

related to the oxygen deficiency. The shift of binding energy and the suppression of peak intensity

were also found for Fe 2p3» (Fig.3d). Hence, the interfacial reaction is plausibly triggered by the

deficiency of Fe as well as O. The small increase in the peak intensity of Y 2p;3.> with the irradiation

dose (Fig.3b) also supports this scenario by thinking as the relative raise compared to the decreases

in those of O 1s and Fe 2p3,2. The Fe deficiency seems to be consistent with the segregation of metallic

Fe at the surface of Pt film, as discussed earlier [32].



[1I. CONCLUSION

In summary, we investigated the ion-irradiation effects on the STE device consisting of
single-crystalline YIG/Pt heterostructures. The 200 MeV Au ions were used to simulate the device
damage caused by high-energy fission products from radioisotopes that are equipped to a RTG unit
as a heat source. The general trends that the SSE voltages are reduced as the magnetization decreases
due to the amorphization caused by the ion tracks was confirmed in the present study. As compared
with that of the MOD-based YIG/Pt heterostructures studied previously, the reduction of the SSE
voltage and magnetization is more susceptible in the dose level ® = 1x10'" ions/cm? while they
remain finite at the fluence ® = 1x10'? ions/cm? where the signals had vanished previously [14].
Moreover, the magnetization became finite with vanishing SSE signal at the dose level ® = 1x10!3
ions/cm? where the ion tracks were estimated to cover the whole surface. We consider that these
behaviors can be ascribed to the damage accumulated in the bulk crystalline structure and restored
magnetization by the recrystallization process that was studied extensively in Ref. [20]. Based on the
comparison between the present results and those in Ref. [14], the effect of porosity in the YIG made
in MOD method can be concluded to be favorable in absorbing the stress caused by the irradiation
damage. As for the damage accumulated at the YIG/Pt interface the HAXPES measurement revealed
the chemical reaction regarding Fe and O were promoted by the ion irradiation. All these results
supplement our knowledge regarding the irradiation tolerance of the STE devices that is still very

limited.
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Figure captions

Fig. 1. The STE device for the present study. (a) The STE device structure that consists of a metallic
layer Pt (5 nm thickness), a ferromagnetic insulator Y3FesO1> (YIG) single crystal layer (100 pm
thickness), and a Gd3GasO12 (GGG) substrate (500 um thickness). The heavy ion beam (solid arrows)
irradiated from the Pt side penetrates the Pt and YIG layers and ends within the GGG substrate with
forming ion tracks represented by dashed lines. (b) The schematic side view of the YIG/Pt
heterostructure. At the position indicated by the solid arrows, the ion tracks are formed with capping
by the hillocks, which are amorphous YIG. (c) Bright field image of the single crystalline YIG
irradiated with 200 MeV Au at vertical incidence to the YIG/Pt interface. The black solid lines

corresponding to the boundary between the crystalline and amorphous regions are guides for the eye.

Fig. 2. Measured SSE voltage and magnetization for the ion-irradiated samples with the fluence, ® =
0, 110!, 1x10'2, 1x10'? ions/cm?. (a) The output voltage signals as a function of applied magnetic
fields H from -100 to 100 mT. The temperature difference AT between Pt and the substrate is fixed
as AT= 8 K. (b) The schematic view of measurement setup for the SSE output voltage. The SSE
voltage is detected from the contacts attached to the Pt layer in the direction perpendicular to both the
magnetization along the applied magnetic field and the spin current along with the temperature
difference. (c) The magnetization vs applied magnetic fields from -100 to 100 mT for the irradiated
samples. (d) The fluence dependence of the SSE coefficient defined by the SSE voltage per
temperature difference, VSSE/AT (filled circles) and saturation magnetization (filled squares). The

15



solid curve represents the calculated coverage ratio of the sample surface by the ion tracks.

Fig. 3. HAXPES spectra of the single-crystalline YIG/Pt heterostructure samples for various dose

levels in the (a) Pt 4f, (b) Y 2ps/2, (¢) O 1s, and (d) Fe 2p3/> regions.
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Figure 3
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