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The spin Seebeck effect (SSE) refers to a direct energy conversion of heat to electricity that exploits
magnon current in a ferromagnet (FM)/normal metal (NM) heterostructure. Since SSE is a transverse
thermoelectric effect, it can be employed to realize transverse thermoelectric devices, which could
potentially overcome the inherent limitations of conventional Seebeck effect-based devices. Yet, the
widespread use of SSE is currently hindered by its low conversion efficiency. The thermoelectric
efficiency of SSE can be improved through an optimization of bulk FM as well as FM/NM interface.
A bulk FM can enhance the thermoelectric efficiency by introducing a ‘phonon-glass magnon-crystal’
concept, wherein scattering centers selectively scatter the heat-carrying phonons while not affecting
the magnons that contribute to SSE. A high-quality FM/NM interface can boost the spin pumping across
the interface as well as the electrical transport in NM. Here, by adopting polycrystalline nickel-ferrite
(NFO)/Pt as a platform, we demonstrate the successful optimization of bulk FM together with FM/NM
interface via a simple heat treatment scheme. The phase separation of NFO via such heat treatment
results in a distinctive hierarchical microstructure of nano-sized NFO embedded in micro-sized NiO
precipitates; this structure selectively scatters phonons while barely affecting magnons, leading to
reduced thermal conductivity without variation of spin Seebeck coefficient. The simultaneous formation
of a clean and smooth NFO/Pt interface provides efficient spin pumping at the interface and high
electrical conductivity of Pt. As a result, the energy conversion efficiency of SSE in NFO/Pt system can
be significantly improved. The proposed facile approach can be applied to design highly efficient oxide-
based SSE devices.

Thermoelectric (TE) conversion offers a carbon-free power generation from waste heat, which can contribute to mitigating both energy and climate challenges.
The current TE power generation relies on the charge Seebeck effect, which requires a complex device geometry. It is possible to make the device structure
much simpler if the TE device can be constructed by utilizing a transverse TE effect where a charge current is generated in the direction perpendicular to the
applied temperature gradient. The spin Seebeck effect (SSE) is a suitable candidate for realizing such a transverse TE device, although the figure of merit of SSE
devices is still 3 to 4 orders of magnitude lower than that of the conventional TE devices. Since the figure of merit of an SSE device depends on multiple factors,
optimizing it has been considered quite challenging. Here, using a polycrystalline nickel-ferrite (NFO)/Pt bilayer as a platform, we successfully demonstrate a
simultaneous optimization of the magnon and phonon transport in bulk NFO and the NFO/Pt interface quality, two crucial factors that determine the figure of
merit, via a simple heat treatment scheme. Our study paves a new route towards designing efficient transverse TE devices based on SSE.
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The daunting global climate challenges urge deployment of
carbon-neutral technologies in each industrial sector. As for the
energy sector, an energy conversion process is vital to produce
any useful form of energy, e.g., electricity, but at the same time
has been a significant source of carbon emission." As one
potential way to realize a carbon-free power generation from
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waste heat, thermoelectricity has long been researched over the
past century. Thermoelectric power generation is based on the
Seebeck effect, wherein a direct conversion of heat-to-electricity
happens through an all solid-state device. Thermoelectric
devices do not involve any moving parts, working fluids, or
chemical reactions, which reliable, noiseless,
and carbon-free operation.>* All of these advantages place the
thermoelectric conversion as one of promising next-generation
power generation technologies.

A typical structure of conventional thermoelectric devices
comprises many pairs of n and p-type semiconducting materials
connected thermally in parallel and electrically in series. Since
the Seebeck effect is a longitudinal thermoelectric effect wherein
a charge current is generated in the direction parallel to an
applied temperature gradient, the use of both n and p-type
materials is required to return the induced charge current to
an isothermal plane. Such a longitudinal geometry is inherently
complex and thus less manufacturing-friendly. In addition, the
requirement of parallel heat and charge flows makes overall
performance largely dependent on intrinsic material properties
rather than device design parameters. However, an optimization
of thermoelectric material is challenging due to the counter-
indicated nature of thermoelectric properties and has been one
of bottlenecks for widespread use of thermoelectric devices."”
These inherent limitations for longitudinal devices will persist
regardless of any future research progress in conventional
thermoelectrics.

Recently, a concept of transverse thermoelectric energy
conversion has been emerging as an alternative to overcome
the limitations of the longitudinal counterpart.®® In a transverse
thermoelectric device, a charge current is generated in the
direction perpendicular to the applied temperature gradient,
which allows that the device performance scales with extrinsic
dimensions. Specifically, the output voltage (power) can be
enhanced by simply increasing the device length (surface area)
perpendicular to the temperature gradient. This means that the
thermoelectric performance can be improved by manipulating
device designs, even in the absence of improvement to material
properties. In addition, transverse devices do not require the use
of separate n and p-type materials, since the plane in which the
output voltage arises is always isothermal. Thus, transverse
thermoelectric devices can have significantly less complex
structure and manufacturing than those of longitudinal devices.
Realizing such a transverse device requires to employ a suitable
transverse thermoelectric effect that guarantees a sufficiently
large conversion efficiency.

The spin Seebeck effect (SSE) refers to a heat-to-electricity
energy conversion process via spin current in magnetic material.
In general, the SSE requires a simple ferromagnet (FM)/normal
metal (NM) bilayer structure,”’® wherein the following
conversion process occurs: first, the spin current of either
magnons (when FM is an insulator) or spin-polarized electrons
(when FM is a conductor) are generated in the FM in response to
an applied temperature gradient and an external magnetic field.
The spin current flows across the FM/NM junction via the
exchange coupling, i.e., spin pumping, and are subsequently

allows
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converted into an electric field through the inverse spin Hall
effect (ISHE) in the NM layer."” Experimentally, the electric field, a
length-normalized voltage difference, is measured perpendicular
to the temperature gradient and magnetic field, which makes SSE
suitable for transverse thermoelectric generation.

Over the past years, fundamental aspects of SSE have been
studied using yttrium iron garnet (YIG)/Pt platform."®>* From
an engineering perspective, however, the thermoelectric
efficiency of SSE, largely determined by the dimensionless
figure of merit Zgge7, is still 3 to 4 orders of magnitude lower
than that of the conventional thermoelectric counterpart.’® In
addition to ZsseT, the thermoelectric efficiency of SSE devices
also depends on the thickness ratio between FM and NM as
discussed in ref. 16. Therefore, novel approaches should be
developed to optimize the both parameters in order to design
highly efficient SSE devices for practical application.

A promising approach to improve ZgsgT is to reduce thermal
conductivity gy of the FM layer as well as to increase both spin
Seebeck coefficient ogge of the FM/NM system and electrical
conductivity oxy of the NM layer, according to the following
relation:"®

ASSE>ONM
ZsspT = =T (1)
KFM

where T is the absolute temperature. Here, kgy is generally
dominated by phonons in the FM layer while oggg is affected by
magnons in the FM layer. At the same time, ogsg and oy are
also largely dependent on the FM/NM interface condition.
Therefore, one valid approach towards improving ZgsgT would
be to develop strategies to separately control phonons and
magnons in the FM layer and concurrently to optimize the
FM/NM interface condition.

Such strategies can be developed by using a bulk polycrystal-
line FM/NM system as a platform (Fig. 1). First, the separation
of phonon and magnon currents could be achieved by inducing
selective scattering mechanisms in the bulk FM; the heat-
carrying phonons are effectively scattered while the transport
of magnons is not hampered, so assg”/kpy can be improved
(i.e., lower xpy or raise ogsg). Examples of such scattering
sources are nano-particles (or -precipitates), grain boundaries,
atomic defects, etc. In that regard, one attempt has been made
to introduce nano-sized grains in polycrystalline YIG. Miura
et al.*® observed 41% reduction of kg in the nanostructured
YIG compared to that of single-crystalline YIG, whereas they
noticed more significant reduction of oggg by 79%. The SSE
signal in bulk YIG at 300 K is dominantly driven by long-
wavelength magnons with spin diffusion lengths up to
10 pum,'®** several orders of magnitude longer than the mean
free path of phonons. It is likely that the scattering of those
long-wavelength magnons by the nano-sized grains is spin-
flipping, significantly reducing the magnon spin diffusion
length. The larger suppression of agsg than xgy suggests that
the reduction ratio of the magnon spin diffusion length is
larger than that of phonon mean free path in this system.

Such selective screening between different energy carriers
has been a popular topic in conventional thermoelectric
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Fig. 1 Strategies to optimize bulk FM and FM/NM interface properties for
improving the figure of merit (ZsseT) of polycrystalline FM/NM systems (FM:
ferromagnet, NM: normal metal): introduction of phonon-glass magnon-
crystal in the FM and optimization of the FM/NM interface morphology.

Interface morphology
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research, wherein the main objective is to separately control
phonons and electrons, realizing a phonon-glass electron-
crystal system. Although many successful cases have been
reported in conventional thermoelectrics,>>® to the best of
our knowledge, no success has been demonstrated in SSE-
based thermoelectrics yet. In SSE-based thermoelectrics, a
‘phonon-glass magnon-crystal’ concept has to be developed,
which requires a careful design of the scattering mechanisms
by considering the spectral nature of phonons and magnons.
The previous work by Miura et al.>® suggests that nano-sized
grains are not an appropriate candidate at least for YIG, as they
strongly suppress the propagation of long-wavelength magnons.
Since it is difficult to predict whether the scattering nature of a
given scattering source will be spin-flipping or not, one possible
approach is to introduce scattering centers that simply less
scatter the long-wavelength magnons than the heat-carrying
phonons. Below we demonstrate that nano-precipitates with
the size of tens of nanometers effectively realize the phonon-
glass magnon-crystal in polycrystalline NiFe,O, (NFO).

Next, the optimization of FM/NM interface condition can be
achieved by deliberately controlling the FM/NM interface mor-
phology before NM layer deposition. A clean and smooth FM/
NM interface generally leads to more efficient spin pumping at
the FM/NM interface as well as high-quality NM layer deposition,
each resulting in a higher agsg and ony (i.e. reduced Joule loss),
respectively, and thus an improved cggp?ony. For example, Aqeel
et al.*® reported that the magnitude of SSE is strongly enhanced
by mechanically polishing the surface of YIG single crystal before
Pt deposition. Saiga et al.>® investigated the effect of annealing
on the SSE signal in polycrystalline YIG/Pt. They showed that the
annealing YIG in air at 1073 K before Pt deposition increases the
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spin Seebeck voltage by 2.8 times that of a non-annealed sample
and attributed the increase to the improved interface crystal-
linity. We also recently conducted a systematic study on the
effect of polishing force and annealing temperature on the SSE
signal in polycrystalline NFO/Pt, and revealed that mesoscale
defects (cracks, pores, and grain grooves) and roughness of
interface strongly affect the SSE signal.*'

Despite the independent efforts to realize each of the above-
mentioned two optimization strategies by different groups, no
successful demonstration has been reported thus far to realize
both strategies in a single SSE platform. In this study, we use
polycrystalline NFO/Pt as our platform to demonstrate a facile
realization of both strategies. First, a temperature-dependent
phase separation in NFO by a simple heat treatment scheme
allows an intriguing hierarchical microstructure to be generated
within the bulk NFO matrix. We identify that the hierarchical
microstructure consists of many nano-sized NFO precipitates
embedded in a micro-sized Fe-doped NiO precipitate. Detailed
analyses of microstructure and transport properties reveal
that the hierarchical microstructure indeed works as selective
scatterers for phonons rather than magnons, leading to the
favorable ogsg’/Kkpy. Next, we also find that the simple heat
treatment simultaneously leads to a clean and smooth NFO/Pt
interface; the high-quality interface guarantees an enlarged
active area fraction and a small roughness of the NFO surface.
So, those surface characteristics enable efficient spin pumping at
the interface as well as high-quality Pt deposition, resulting in
the increased oggr* o

Experimental
Synthesis of bulk NFO polycrystals

All NFO polycrystals were prepared using a powder metallurgy
method. First, NFO nano-powders (99.99%, US Nano Inc.) were
uniaxially pressed into three different pellets (12.7 mm in
diameter) at 155 MPa (Hydraulic press, Carver Inc.). Then,
two-step sintering processes were applied on the three pellets
with different temperature profiles (Fig. S1 in ESIt) to control a size
and amount of precipitates in the NFO matrix. For comparison, we
henceforth label the three samples with their final sintering
temperature (1623, 1673, and 1723 K), ie., NFO1623, NFO1673,
and NFO1723. After the sintering processes, each pellet was cut by a
diamond wire saw (STX-202A, MTI Korea) into a rectangular slab
(2.4 mm x 3.8 mm x ~0.5 mm) for SSE measurements and a
2 mm-thick disk for thermal diffusivity measurements.

Surface treatment of NFO slabs and Pt growth

The fabricated NFO slabs were subjected to the optimized
surface treatment, which was reported in our previous work®
and can be summarized as follows. First, all NFO slabs were
deliberately polished using an auto polisher (MetPrep 4, Allied
High Tech.) with abrasive SiC papers (P400-P4000) and
diamond suspensions (3, 1 and 0.25 pm). During the polishing
process, polishing force remained constant at 13 N with
rotation speed of 150 rpm for 30 min. Then, the polished slabs

This journal is © The Royal Society of Chemistry 2021
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were post-annealed at 573 K for 3 h to improve their micronized
or amorphized surface. After all surface treatments, an e-beam
evaporation system (Korea Vacuum Tech.) was used to deposit a
10 nm Pt layer (99.9%, TASCO) on the NFO surface.

Thermal conductivity measurements

Thermal conductivity k of the NFO samples was obtained by
multiplying thermal diffusivity D, density p, and specific heat
C, of NFO samples according to x = DpC,. Here, D was
measured using a laser flash instrument (LFA467, Netzsch),
while p was estimated from the Archimedes’ method (XS105,
Mettler Toledo) and C, was taken from the literature.*”

SSE measurements

The SSE signal was measured using a customized liquid nitrogen
cryostat system (Lake Shore Cryotronics, Inc.). Prior to the SSE
measurements, two copper electrode leads (bare wires with
0.001-in. diameter, SPCP/SPCI-001-50, Omega Engineering,
Inc.) were attached on edges of the Pt layer with silver epoxy
(H20E, EPO-TEK). Then, the NFO/Pt samples was sandwiched
between two insulting BeO pads with Apiezon H grease to
improve thermal contact for each measurement. The BeO
pads were used as heat spreaders because they disperse
heat effectively due to their high thermal conductivity
(~370 W m~' K ").** Then, two 120 Q resistive heaters were
put on the upper BeO pad with the epoxy and connect in series
with each other. The assembled sample block was tied up with a
nylon thread on the cryostat platform to ensure mechanically
solid contact. Here, we assumed that heat leakage through the
nylon thread is negligible. The SSE voltages were monitored
from a nanovoltmeter (2182A, Keithley) with the applied
temperature gradient when the magnetic field was swept at
~70 Oe s ". The directions of the electric field, temperature
gradient, and magnetic field were perpendicular to each other.
The temperature gradient was estimated from the measured heat
flux and thermal conductivity of NFO. During the measurements,
the cryostat platform was kept under high vacuum (<107° torr)
and covered by a gold-plated radiation shield to suppress
convective and radiative heat losses, respectively.

Microstructure and composition characterizations

Bulk microstructure and composition of NFO samples were
observed using a field emission scanning electron microscopy
(FE-SEM) (SU6600, Hitachi) at 15 kV and 29 pA, combined with
an energy-dispersive X-ray spectroscopy (EDS). The SEM-EDS
analysis identified formation of precipitates inside the NFO
matrix. Here, a size and Ni/Fe ratio of the precipitates were
estimated from the averaged values of 20 precipitates in the
NFO matrix. The Ni/Fe ratio of NFO matrix was also obtained in
the similar way. In addition, grain size of NFO samples was
estimated from electron backscatter diffraction (EBSD) images
obtained by a FE-SEM (XL30S FEG, Philips) at 25 kV. Here, we
averaged the grain sizes from three different spots for each
sample for statistically meaningful results.

Cross-sectional crystal structure of NFO1723 was observed
using a scanning transmission electron microscopy (STEM).

This journal is © The Royal Society of Chemistry 2021

View Article Online

Energy & Environmental Science

First, a STEM specimen was prepared by a dual-beam focused
ion beam (FIB) system (Helios, FEI): a Ga-ion beam was
operated at 30 kV to fabricate the thin specimen and different
voltages from 5 kV to 1 kV were accelerated for sample cleaning
to reduce Ga damage. Then, the atomic structure of NFO 1723
was observed using the STEM (JEM-ARM200F, JEOL) at 200 kV
equipped with a 5th-order probe-corrector (ASCOR, CEOS
GmbH). Here, the electron probe for the STEM observation
had optimum size of ~0.8 A. For clear Z-sensitive images,
collection semi-angle of a High Angle Annular Dark Field
(HAADF) detector was adjusted from 68 mrad to 280 mrad to
collect the electrons scattered in a large angle. The HAADF-
STEM images were acquired with the Smart Align, where multi-
stack images were aligned by rigid registration to correct
sample drift and scan distortions. Then, the aligned raw images
were processed by a radial difference filter (Filters Pro, HREM
research Inc.) with a local window to reduce background noise.

Surface morphological characteristics analysis

Surface morphological characteristics of NFO samples were
examined using back-scattered electron imaging (BSE) in the
FE-SEM (Hitachi) and an atomic force microscopy (AFM)
(Dimension 3100, VEECO). First, the BSE images allowed pores
on the NFO surface (without Pt) to be clearly distinguished
from the surrounding NFO matrix. Then, the images were used
to estimate active area fraction excluding the pores on the
surface by the Image] software. The averaged values for five
different images of each sample were used to represent each
active area fraction. Next, the AFM images was used to measure
surface roughness of no-pore region. Here, we averaged the
measured values for three different 2 pm x 2 um areas for each
sample to acquire statistically meaningful results.

Results and discussion
Thermoelectric properties

Thermal conductivity knro of the synthesized NFO decreases
with the sintering temperature (Fig. 2a), and NFO1723 has the
lowest knrpo (10.4 W m™* K™ at 300 K), which is 15.7% lower
than that of NFO1623 (12.3 W m~' K" at 300 K). Here, bulk
relative densities of all samples are close to 93% (~5.01 g cm )
of theoretical density (5.368 g cm>);** thus, the reduction of
Knro 1S unlikely due to porosity of the samples. Electrical
conductivity op, of the deposited Pt layer increases as the
sintering temperature rises (Fig. 2b), and NFO1723 experiences
the maximum op of 1.59 x 10° S m™" at 300 K, which is 29.1%
higher than that of NFO1623 (1.23 x 10° S m™* at 300 K).
Lastly, spin Seebeck coefficient oggg (see Section III in ESIT for
definition of ugsg) decreases with the sintering temperature
(Fig. 2c), but the difference of ogsz between NFO1623
(0.346 pv K * at 300 K) and NFO1723 (0.330 uv K * at 300 K)
is relatively small in that the lowest ogsg of NFO1723 is 4.7%
lower than that of the highest one of NFO1623. In addition, the
magnitude of ogsg of our samples is larger than that of state-of-
the-art polycrystalline YIG/Pt (0.277 puv K ' at 280 K).>*

Energy Environ. Sci., 2021, 14, 3480-3491 | 3483
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Fig. 2 Comparison of temperature dependence of (a) thermal conductivity xnro Of polycrystalline NiFe,O4 (NFO) samples, (b) electrical conductivity opt
of Pt layer, and (c) spin Seebeck coefficient asse of polycrystalline NFO/Pt samples (NFO1623, 1673 and 1723 - sintered at 1623, 1673 and 1723 K,

respectively).

This result suggests that NFO can also possess significant ogsg
with better optimization, although the previous studies on bulk
spinel ferrites (including NFO) have reported ogsg of just tens
Of nv K71 35-39

Microstructure and composition of NFO

To understand underlying mechanisms for the thermoelectric
properties of our samples (Fig. 2), we first explored microstructure
and composition of NFO samples using the FE-SEM, SEM-EDS,
and STEM characterizations. The fabricated NFO samples contain
many precipitates in the matrix (Fig. 3a and Fig. S5 in ESIt), and
their size increases from 4.2 pm to 9.5 um with the sintering

temperature (Fig. 3b). The Ni/Fe ratio of the precipitates roughly
increases (red triangles in Fig. 3c) while the ratio of the NFO
matrix slightly decreases from 0.487 to 0.482 with the sintering
temperature (grey circles in Fig. 3c). These results support that a
large amount of Ni-rich precipitates (including a small amount of
Fe) were formed in the NFO matrix during the high-temperature
sintering process. The STEM observation (see below for details)
reveals that the precipitates possess rock-salt (wiistite) structure,
indicating a Ni-rich monoxide phase was formed in the NFO
matrix. So, we henceforth designate these Ni-rich monoxide
phases as Fe-doped NiO. As described above, the amount of
Fe-doped NiO precipitates increases with the sintering temperature,
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Fig. 3 Microstructure and composition analysis of NFO matrix/Fe-doped NiO precipitates of NFO1723. (a) FE-SEM image of the NFO matrix and
NiO precipitation. (b) Size distribution of NiO precipitates. (c) Ni/Fe ratio of the NiO precipitates (red triangles) and NFO matrix (grey circles).
(d) Cross-sectional HAADF-STEM image and (e and f) FFT patterns on a near-interface region between the (e) NFO matrix and (f) NiO precipitation.
(g and h) Atomic resolution HAADF-STEM image of the (g) NFO matrix in [110] orientation and (h) NiO precipitation in [100] orientation. Inset images are

simulated STEM-HAADF images on each zone axis.
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and this increase gives rise to a decrease in mass magnetization
(Fig. S6 in ESIf) due to the increased amount of very weak
ferromagnetic Fe-doped NiO" in the NFO matrix.

Detailed microstructure of the mixed NiO and NFO phases
was examined by the cross-sectional STEM observation. The
observation site is a near-interface region (Fig. 3d) between the
Fe-doped NiO precipitate and the NFO matrix of NFO1723
because it has the lowest kypo. The fast Fourier transform
(FFT) patterns (Fig. 3e and f) and the atomic resolution
high-angle annular dark-field (HAADF)-STEM images (Fig. 3g
and h) clearly identify the spinel structure of NFO matrix and
the rock-salt (wiistite) structure of Fe-doped NiO precipitate.
Chemical composition analysis using the STEM-EDS shows that
the NFO matrix has Ni-deficient compositions of Ni;_sFe,O,
while the Fe-doped NiO precipitate has Ni-rich composition
(Fig. S7 and Table S1 in ESIt). The monoxide Fe-doped NiO
could be induced in the NFO matrix due to the high temperature
(>1473 K) sintering by referring to the Ni-Fe-O, phase
diagram®! (Fig. S2 in ESIf). The oxygen vacancy generation in
NFO at elevated temperatures and charge neutrality requirement
could be a major driving force to form the rock-salt Fe-doped
NiO, wherein the average oxidation number of cations is lower
than that in the spinel NFO.

Next, we also observed the detailed microstructure inside
the Fe-doped NiO precipitate. Interestingly, the HAADF-STEM
images of NFO1723 (Fig. 4a and b) show that many square
nano-precipitates with different size (up to tens of nanometers)
are uniformly distributed inside the Fe-doped NiO precipitate.
The phase of nano-precipitates is clearly identified as the
spinel structure, which was estimated from the difference in
superlattice reflections of the corresponding FFT patterns
(marked as red circles in insets of Fig. 4b). The spinel nano-
precipitates are also distinguished from the rock-salt NiO
precipitate by colored inverse FFT image (Fig. S8 in ESIY).
Chemical composition of the nano-precipitates, ie., the
ratio of Ni, Fe and O counts, is similar to those of NFO
matrix (Table S1 in ESIt). So, we can conclude that the nano-
sized NFO precipitates were generated in the Fe-doped NiO
precipitate during the sintering process. This result is in
accordance with the previous report about precipitation of
nano-sized NFO from 4 at% Fe-doped NiO material after cool-
ing (100 °C h™") it from above solvus temperature of 1473 K.*?
Thus, the observation thus far suggests that our NFO samples
possess an intriguing hierarchical microstructure of NFO
matrix — micro-sized Fe-doped NiO precipitates — nano-sized
NFO precipitates.

An interface region (Fig. 4c) between the nano-NFO and its
surrounding Fe-doped NiO was magnified (Fig. 4d) for close
examination of strain between the two phases; Ni and Fe ions
are indicated by green and brown circles. Lattice of the two
phases appears to be well aligned in the same crystal direction.
A 1 to 2 unit-cell region (yellow dashed circles) of the inter-
mixed Ni and Fe ions only exists at the nano-NFO/micro-NiO
interface. Accordingly, no significant effect of the strain was
observed at the interface from high-resolution strain mapping
image (Fig. S9 in ESIY).

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Microstructure analysis inside Fe-doped NiO precipitate. (a) Low-
magnification of HAADF-STEM image of a near-edge region of the NiO
precipitate along [100] zone axis. The dark spots correspond to nano-sized
NFO precipitates. (b) Nano-sized NFO precipitate embedded in the micro-
sized NiO precipitate. The insets are FFT patterns of region 1 and 2. (c) High
resolution HAADF-STEM image of the micro-NiO/nano-NFO interface.
(d) Enlarged region of the micro-NiO/nano-NFO interface. Yellow dashed
circles indicate Ni/Fe disorder region.

Discussion on the thermal conductivity reduction

The widespread micro-NiO and embedded nano-NFO precipitates
can effectively suppress heat conduction in the NFO samples by
scattering phonons, leading to the reduction of xnro Observed in
Fig. 2a. Here, we assume that phonons dominantly contribute to
the heat transport because our NFO samples are electrically
insulating. Although magnons conduct heat as well, their
contribution is usually negligible at 300 K and above,* the
temperature range under consideration in this work. The
influence of the precipitates on kyro can be closely examined
by the phonon Boltzmann transport approach, where lattice
thermal conductivity «y, is expressed as a function of phonon
frequency o such that**

1

—JC(w)vgz(w)rtol(a))dw. 2

KL:3

Here, C is the phonon heat capacity, v, is the phonon group
velocity, and 7., is the total phonon relaxation time. 7., can be
obtained following the Matthiessen’s rule by taking the reci-
procal of the sum of the scattering rates due to intrinsic
phonon-phonon Umklapp scattering (z,~ '), phonon scattering
by nano-precipitates (rnp’l), and phonon scattering by bound-
aries (1, )

TtOtil(w) = Tuil(w) + Tnpil(w) + Tbil- (3)
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We exclude phonon scattering by dislocations or strain fields as
we did not find any evidence for those from the STEM analysis
(Fig. S9 in ESIY).

First, the Umklapp contribution is described by****¢
T
T, = (psz—De_TD/z'T, (4)

where parameter ¢ and Debye temperature T, are measures of
anharmonicity of lattice vibration and stiffness of lattice,
respectively. Slack and Galginaitis®®> showed that ¢ can be
approximately obtained from the formula

_ Ty*Na

> ()

My Vg

where 7 is the reduced Planck constant, y is the Griineisen
parameter, N, is the Avogadro number, and m, is the average
molar mass of solid. They found that the ¢ obtained from
eqn (5) agrees well with the one obtained by fitting experimental
thermal conductivity data plotted against 7/Tp. Following their
approach, we can estimate ¢ for our NFO samples. First, y can be
estimated by’ y = aK;/C, where « is the thermal expansion
coefficient, Ky is the isothermal bulk modulus, and C, is the
heat capacity at constant volume of solid. For NFO, o = 1.56 X
107° K ',*> Ky = 180 GPa,*® and C, = 2.83 x 10° J m > K ',*?
which give y = 0.99. Also, v, can be approximated using v, =

VE/py, by the Debye theory"* where E is the Young’s modulus
and py, is the theoretical density of solid. With E = 99.4 GPa™’
and pg = 5.368 g ecm™° for NFO, we find v, = 4303 m s~ ',
Plugging those y and v, values with m, = 234.38 g mol™ '** into
eqn (5) yields ¢ = 9.03 x 10~"” s. Our experimental fit to the
measured knpo for the three NFO samples gives the ¢ values
that are close to each other (Table 1), suggesting the lattice
anharmonicity is similar between them. The average @.. =
1.11 x 107 '® s also agrees with the above theoretical value ¢ =
9.03 x 10~ s within 20%; this agreement supports that our
experimental fitting procedure provides reliable estimates of ¢
as well as 1, " and 1,, ' (see below for details).

The nano-precipitates contribution is described by**>*

Top |+ = VgON, (6)

where 6 is the scattering cross-section for spherical nano-
precipitates and N is the number density of nano-precipitates.

Here, 0 is given as
4
_op2f_X
0 =nR (74-5-1)7 (7)
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where R is the radius of precipitates and y is the size parameter

2R
L= A (8)

for the phonon wavelength A. For simplicity, we treat our nano-
NFO precipitates as spheres although they originally have a
cube-like shape. Eqn (7) basically describes the relation
between 0 and w at two extreme regimes (y « 1 and y > 1),
where o is linked with A in eqn (8) through a dispersion
relation for given material. So, when y « 1 (Rayleigh scattering
regime), 0 obeys the Rayleigh law showing «* dependence,
whereas when y >» 1 (near geometrical scattering regime), 0
becomes independent of w. For the NFO samples, we can
estimate 0 by investigating which regime is more influential
compared to the other, and thus closely examine t,, ' as
follows. In the long-wavelength limit (y « 1), it has been
shown®'~* that mass density and force constant differences
between nano-precipitates and host matrix play an important
role in determining 0. Our nano-NFO precipitates have almost
identical structure and composition with those of the NFO
matrix. So, the mass and force constant differences can be
assumed to be negligible, leading to § — 0 in this limit.
However, in the short-wavelength limit (y » 1), eqn (7) yields
0 — nR* regardless of w. Therefore, the nano-NFO precipitates
may barely scatter long-wavelength phonons whereas effectively
scatter the short-wavelength phonons with 7,, ' ~ V0N ~
v,R°N. Here, we assume v, to be constant by the Debye theory.
So, we can expect T,, ' to be increased with the sintering
temperature because R and N of the nano-NFO precipitates
may increase accordingly with the total amount of NiO pre-
cipitates. This prediction is consistent with our experimental
data, showing the reduction in x; with the sintering
temperature.

Effect of the grain size on x;, can be evaluated by t, ' = v,/L
(L: grain size).>»® The grain size distribution shows that the
average grain size gradually increases from 13.8 pm to 23.0 um
with the sintering temperature (Fig. S10 in ESIT). These numbers
are far larger than the mean free path of phonons at 300 K;>*”
therefore, not much contribution of r,, " is expected. In addition,
although the larger grain size of NFO1723 is still expected to lead
to higher x;, the lowest x;, of NFO 1723 among the three samples
suggests that the other scattering mechanisms mentioned above
play more dominant roles in the phonon scattering. Concerning
the micro-NiO precipitates, as their size is a few um in all three
samples (Fig. 3b), we may presume that those micro-sized
precipitates behave such as the grains in matrix. Therefore,

Table 1 Experimentally measured thermal conductivity knro, fitting parameter ¢, Umklapp scattering rate ,7%, nano-precipitate scattering rate rnp’l,
boundary scattering rate t, %, and the relative change of rnp’1 to total scattering rate o * of each NFO sample at 300 K

KNFO

Wm 'K o (s) Tt (sTh Top (57 o (s Top ot
NFO1623 12.3 1.12 x 107*° 1.02 x 10° 4.90 x 10° 3.22 x 10° 0.78
NFO1673 11.6 1.06 x 10 *° 9.70 x 10° 4.95 x 10° 2.28 x 10° 0.80
NFO1723 10.4 1.16 x 107 *° 1.06 x 10° 5.51 x 10° 2.20 x 10° 0.81
3486 | Energy Environ. Sci., 2021, 14, 3480-3491 This journal is © The Royal Society of Chemistry 2021
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likewise a relatively small contribution to phonon scattering is
expected.

By fitting the experimental kyro data in Fig. 2a with the
theoretical estimation derived from eqn (2) (see Section VII in
ESI), we can quantitatively evaluate 1, ', t,, ' and 1, !, and
compare the relative contribution of each scattering mecha-
nism to the phonon scattering. The estimated t, ', Tnp ', Tp
and tn, '/teoe © for each sample are summarized in Table 1. It
is noted that the contribution of nano-NFO precipitates, rnp’l,
turns out to be the most dominant in all three samples,
whereas that of grain boundary, 7, ', is one order of magnitude
smaller than the other two mechanisms as predicted above. In-
between three samples, t,, ' clearly shows an increasing
behavior as the sintering temperature rises, due to the asso-
ciated growth of R and N of the nano-precipitates. As for 7, ',
no clear trend is observed between the samples, suggesting that
the degree of phonon anharmonicity is comparable in all
samples. Finally, the relative change of 1:111;1/1&0(1 agrees well
with that of kyro between the three samples. With the phonon
scattering analysis thus far, we may summarize that the phonon
heat transport in our NFO samples is dominantly affected by the
presence of nano-NFO precipitates, and the observed significant
reduction of knro for the NFO1723 sample can be explained by
its larger size (R) and higher number density (N) of the nano-NFO
precipitates than the other samples.

Surface characteristics of NFO and electrical conductivity of Pt

We examined the surface morphological characteristics of each
sample before the Pt deposition with the BSE and AFM images
(Fig. 5). The deliberately controlled surfaces have the uniformly
distributed pores with a size of several micrometers (Fig. 5a-c).
Among the three samples, NFO1723 has the most compact
surface (Fig. 5¢), which can be attributed to its highest sintering
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temperature of 1723 K that easily facilitated heat diffusion
between NFO precursor powder during the sintering process.
The pore characteristics on the surface was quantitatively
evaluated by measuring the pore area fraction in 100 pm x
100 pm area for each sample, which helped to quantify inactive
regime for spin pumping. The active area fraction, obtained by
100 — pore area fraction (%), gradually increases with the
sintering temperature (Fig. 5d); this result agrees well with
the bulk relative density change of each ranging from 93.3%
(NFO1623) to 95.6% (NFO1723). As for the average surface
roughness analysis (Fig. 5e-g), we limited our AFM measurements
to 2 um x 2 um area wherein no pores existed. So, only nanoscale
scratches on the surface were included while excluding large-scale
defect structures from evaluating the surface roughness. The
average surface roughness of all samples falls within the range
of 0.55 nm (NFO1723) to 0.79 nm (NFO1623) (Fig. 5h). This range
is enough to drive efficient spin pumping at the FM/NM interface,
as previously reported.***!

The varying porosity and surface roughness can largely alter
ap. of the deposited 10 nm-thick Pt layer because the interface
morphology condition influences the quality of Pt growth.
Generally, surface with small porosity and roughness leads to
high op; due to suppressed electron scattering in the Pt
layer.”®®° For our NFO/Pt samples, the increased sintering
temperature results in the reduced porosity and surface roughness;
thus, we expect op; to be increased with the sintering temperature,
which was experimentally confirmed in Fig. 2b.

Analysis of the spin Seebeck coefficient

Now we turn our attention to the analysis of oggg. It is known
that agsg is determined by multiple parameters, which can be
categorized into three different groups according to each of
relevant physical domains. The first domain is the NM layer
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N | (d) |
i‘ @ 90 |- -
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? Y »‘L";, : ; 8 L A J
» SN - . SE. ) ! e o : <
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1.87 1.55
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£
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S 05} -
>
[e) L 2
\ ) (v | |
TN - 0.0 . : .
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NFO1623 = (ﬁf) NFO1673 -(rfn1) NFO1723 -%h‘;?) Sintering Temp. (K)

Fig. 5 Surface morphological characteristics analysis before Pt deposition. (a—c) BSE images of (a) NFO1623, (b) NFO1673, and (c) NFO1723. (d) Active
area fraction versus sintering temperature. (e—g) AFM images of (e) NFO1623, (f) NFO1673, and (g) NFO1723. (h) Average surface roughness versus

sintering temperature.
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wherein the ISHE-induced electrical field Ejsyg under a given
VT, leads to the experimentally estimated osgg as'®

UsSE = |EISHE/ VT,| = |(Osupum)’ x Gs/ VT, )

where fs;; and pnv are the spin Hall angle and electrical
resistivity of NM layer, respectively, § amd]'s are the unit vector
along electron-spin polarization in the NM layer and the spatial
direction of spin current (with the magnitude of spin current
density j;) induced by SSE, respectively. The second domain
is the FM/NM interface where the spin pumping occurs. The
efficiency of spin pumping determines j; pumped into the NM
layer and in turn affects agsp as given in eqn (9). The last
domain corresponds to the FM layer wherein the magnon
current is generated by VT, and propagates to the FM/NM
interface. It has been shown'®®! that the estimated aggg; in YIG/Pt
system is proportional to the amount of magnon accumulation
at the interface. In the following discussion, we attempt to
interpret the observed trend of «gsg among the three NFO
samples. We do so by correlating the surface and bulk property
changes with relevant parameters that affect aggg.

First, we discuss how the surface morphology-induced
change in oy, influences oggg through the rewritten eqn (9) as
follows:®>**

GSSE = ‘EISHE/VTZ

(10)

_ HSHPNMANM tanh(dNM/Z/lNM) % (]S/VTZ)7
dnm /]

where Ay and dyy are the spin diffusion length and thickness
of NM layer, respectively, jo is the spin current density at the
interface. In eqn (10), it is noted that all the parameters except
for jO/VT, are relevant to the ISHE efficiency of NM, whereas
JUVT,, as discussed below, is determined by the combined
contribution of spin pumping efficiency at the FM/NM inter-
face and magnon accumulation in the bulk FM. So, by plugging
in appropriate values for those parameters in eqn (10), we can

estimate the sole contribution of ISHE efficiency to ogsg,
%SSE
(2¢/h)(jO/VT:)
Prm = Poe = 1/0pe, Zn = (0.61 x 107" Qm?) x 6p,°>%° and dyy =
%SSE
(2¢/m) () VT:)
temperature increases (Fig. 6a) mostly due to the increased op.
This result suggests that the improved surface morphology by
the high-temperature sintering leads to the diminished Pt
contribution to ogsg. Although not investigated in the current
work, it is worth to note that the optimization of dyy is also
important as it can influence both ogsg and a0
Next, to examine how the varying surface characteristics
affect the spin pumping efficiency at the FM/NM interface, we
introduce a new dimensionless parameter ¢, that represents
qualitative spin pumping efficiency accounted by the interface
morphology condition. By referring to our previous work,”" we
can infer that ¢, is linearly proportional to the active area

represented by . For our three NFO samples,

we calculated

10 nm. The estimated decreases as the sintering
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Fig. 6 (a) (2/”“(5% representing the ISHE efficiency of Pt layer at
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300 K. (b) Spin pumping efficiency &norm Of the NFO/Pt interface at 300 K.
(c) (jS/VTZ)/Cno,m representing bulk magnon contribution to assg at 300 K.
(d) Experimentally determined spin Seebeck coefficient assg of the NFO/Pt
system at 300 K.

fraction of NFO surface, regardless of the change in surface
roughness (see Fig. S11 in ESIf for details). For our current
samples, the active area fraction increases with the sintering
temperature with little variance in the surface roughness; thus,
we can estimate that &,,:m at 300 K accordingly increases from
1.06 (NFO1623) to 1.36 (NFO1723) (Fig. 6b). This result
indicates that the latter sample has the highest spin pumping
efficiency due to its largest active area fraction.

Lastly, how much magnons accumulate at the FM/NM inter-
face in the bulk FM largely determines the pumped magnon
current density jo/VT, and thus oggg. It has been shown'*%"¢
that such magnon accumulation at the interface induces
temperature difference between magnons in FM and electrons
in NM, and the difference works as driving force for spin
pumping across the interface with the spin pumping efficiency
&horm- Thus, fs’/VTZ reflects the combined contribution of both
bulk FM and FM/NM interface; jo/VT, is proportional to the
magnon accumulation in the FM and &,omm at the FM/NM
interface. Therefore, the normalized (j2/VT,)/Eporm iS Necessary
to qualitatively account for the sole contribution of bulk
magnons in FM to j)/VT, by excluding the contribution of
& norm- For our NFO samples, (j2/VT,)/¢norm hardly changes with
the sintering temperature (Fig. 6¢), suggesting similar degrees
of magnon accumulation at the interface of all three samples.
This result is quite intriguing, considering that the phonon
contribution to kyro is significantly suppressed in the NFO
samples that were sintered at higher temperature. It suggests
that the nano-NFO precipitates, which work as the dominant
scatterers for heat-carrying phonons, barely affect the magnon
transport that contributes to SSE. This discrepancy can be

This journal is © The Royal Society of Chemistry 2021
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understood by comparing the relevant length scales of phonons
and magnons, and the relative effects of nano-NFO precipitates
on each transport as below.

Our detailed analysis on the phonon heat transport given
above reveals that the nano-NFO precipitates mostly scatter the
phonons in the short-wavelength limit at 300 K. As for magnon
scattering, the nano-NFO precipitates are likely to work in the
same way as they do for the phonons; only the short-wavelength
limit is relevant, because their magnetic and lattice properties
are identical with those of the matrix, making 6 — 0 in the
long-wavelength limit. This means that the nano-precipitates
likewise preferentially scatter short-wavelength magnons; the
intensity of scattering for them should vary between the
samples with the different nano-NFO contents. In that sense,
the observed negligible variation in the magnon contribution to
asse (Fig. 6¢) strongly suggests that the magnons, other than
those in the short-wavelength regime, are barely scattered by
the nano-precipitates and may play a dominant role in inducing
SSE. In the case of YIG/Pt system, there is an increasing
consensus that SSE at 300 K is mediated primarily by sub-
thermal magnons with the energies below ~40 K and corres-
ponding long-wavelengths.'®*>*® Our observation indicates
that the SSE in NFO/Pt may also be largely driven by the
similarly long-wavelength magnons to those in YIG. On the
other hand, we do not exclude the possibility that the scattering
of short-wavelength magnons by nano-precipitates is not spin-
flipping in its nature, so that the short-wavelength magnons
make a considerable contribution to SSE in NFO/Pt. Further
experimental study such as low temperature and high magnetic
field measurements of SSE could provide more detailed
information regarding the relevant energy and wavelength of
magnons in NFO.'®?° Other than the nano-NFO precipitates,
another possible mechanism for the magnon scattering is
the grain boundary scattering. It has been shown®* that the
relevant propagation length scale of magnons, that determines
ossk, 1S the spin diffusion length in bulk FM, while the magnon
energy relaxation length can play an important role in the
case of thin films. The spin diffusion length of thermally
excited magnons in NFO has been reported to be 2 to 3 um at
300 K.°>7° Since the average grain size of our NFO samples
ranges between 13.8 pm and 23.0 um, much larger than the
spin diffusion length of NFO, no significant scattering of
magnons off the grain boundaries is expected as in the case
of phonons.

In addition, it has been suggested that the magnon
propagation characteristics can be estimated by referring to
the critical exponents of temperature dependence of SSE.>*”*
The critical exponents for the three NFO samples were calcu-
lated by fitting the temperature dependence of (jO/VT,)/Enorm
(see ESIt for details), which reveal that all samples show
comparable critical exponent values. This result supports that
the magnon propagation in our NFO samples is hardly affected
by the presence of nano-precipitates or grain boundaries.

Now we can understand the observed trend in ogggp in
the three NFO samples at 300 K (Fig. 6d) by considering
the above discussed three contributions. The Pt contribution

This journal is © The Royal Society of Chemistry 2021
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USSE
Qe/m(R/NT)
their compensating dependences on the sintering temperature.
In contrast, the bulk magnon contribution (jo/V T,)/¢norm barely
changes with the sintering temperature. As a result, ogsg
exhibits very small variation between the three samples, prov-
ing its robustness against the scattering mechanisms that
significantly suppress xnro-

and the spin pumping efficiency (¢norm) Show

Conclusions

We demonstrate a facile approach to simultaneously optimize
the bulk FM and FM/NM interface for ZssgT improvement.
Experimentally, the approach is executed at ease by simply
adjusting the heat treatment conditions of the polycrystalline
NFO/Pt platform. The resulting phase separation in NFO matrix
enables the controlled generation of distinctive hierarchical
microstructure within the bulk NFO. The nano-precipitates in
the hierarchical microstructure selectively scatter heat carrying
phonons while barely affecting magnons, making the bulk NFO
a phonon-glass magnon-crystal system with an improved oggg”/
kpm- In-depth analyses of experimentally measured xgy and
osse reveal that the different impacts that the nano-precipitates
have on phonons and magnons may originate from the large
discrepancy in the relevant length scales in the two systems.
Such a phonon-glass magnon-crystal concept can also be useful
for realizing a high-performance spin Peltier device, since SSE
and the spin Peltier effect are conjugated by the Onsager
reciprocal relation.”””> We also show that the simple heat
treatments simultaneously lead to clean and smooth NFO/Pt
interfaces. The well-controlled interface morphology enables
efficient spin pumping at the interface as well as high-quality
growth of the Pt layer, which results in an improved cgsg”onm.
Our study provides an efficient way to increase the thermo-
electric efficiency of SSE by combining proper heat treatments
and temperature-dependent phase separation in oxide systems.
The proposed approach may be applied to various oxide-based
SSE structures and contribute to designing highly efficient
transverse thermoelectric devices.
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