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hermoelectric (TE) power generation
Tdevices play an important role in more

fully utilizing abundant solar, geother-
mal, power plant, and automobile-derived
heat via a noise-free and low-maintenance
conversion process. Efficient use of the waste
heat requires an inexpensive and scalable TE
material with a high energy conversion per-
formance. The thermoelectric figure of merit
(zT), which is defined as zT = S26T/k, is used to
evaluate the performance of TE materials at a
temperature T, where S is the Seebeck coeffi-
cient, o the electrical conductivity, and « the
thermal conductivity. A good TE material has
high electrical conductivity and relatively low
thermal conductivity: an “electron crystal,
phonon glass” (ECPG) material.'~'? Introdu-
cing nanoscale heterostructures into a bulk
TE matrix is one way of achieving this intui-
tively anomalous electron/phonon transport
behavior.! 467213715 For example, Kim et al.
grew ErAs/In,Ga,_,As as a heterostructured
thin film by using molecular beam expitaxy
(MBE).?

Herein, we report a simple and scalable
synthesis strategy (Figure1) for producing a
bulk-scale micro—nano heterostructured TE
material by simply mixing the as-prepared
heterophase nanoparticles (NPs) into a ma-
trix of commercially available (microscale)
powders. The key component, a nanoscaled
heterophase, is normally produced by one
of two routes: by reducing the grain size of a
bulk material (the top-down strategy) or by
growing NPs from atomic-scale assembly
(the bottom-up strategy).

The top-down strategy requires high tem-
peratures and high energy to mill melted
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ABSTRACT An ideal thermoelectric material would be a semiconductor with high electrical
conductivity and relatively low thermal conductivity: an “electron crystal, phonon glass”. Introducing
nanoscale heterostructures into the bulk TE matrix is one way of achieving this intuitively anomalous
electron/phonon transport behavior. The heterostructured interfaces are expected to play a
significant role in phonon scattering to reduce thermal conductivity and in the energy-dependent
scattering of electrical carriers to improve the Seebeck coefficient. A nanoparticle building block
assembly approach is plausible to fabricate three-dimensional heterostructured materials on a bulk
commercial scale. However, a key problem in applying this strategy is the possible negative impact
on TE performance of organic residue from the nanoparticle capping ligands. Herein, we report a wet
chemical, surfactant-free, low-temperature, and easily up-scalable strategy for the synthesis of
nanoscale heterophase Bi,Te;—Te via a galvanic replacement reaction. The micro—nano hetero-
structured material is fabricated bottom-up, by mixing the heterophase with commercial Bi,Tes. This
unique structure shows an enhanced zT value of ~0.4 at room temperature. This heterostructure has
one of the highest figures of merit among bismuth telluride systems yet achieved by a wet chemical
bottom-up assembly. In addition, it shows a 40% enhancement of the figure of merit over our lab-
made material without nanoscale heterostructures. This enhancement is mainly due to the decrease
in the thermal conductivity while maintaining the power factor. Overall, this cost-efficient and room-
temperature synthesis methodology provides the potential for further improvement and large-scale
thermoelectric applications.

KEYWORDS: bismuth telluride - thermoelectric material - galvanic replacement -
heterostructure

ingots. In contrast, bottom-up assembly
uses NPs as building blocks to fabricate
three-dimensional heterostructured materi-
als. The latter is a potentially more easily
scalable and low-cost process. Additionally,
the bottom-up approach is especially suita-
ble for the preparation of nonstoichiometric
heterophases due to the ease of controlling
composition through atomic assembly.
Dirmyer et al. recently reported the solution
synthesis of bismuth telluride NPs, which
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Figure 1. Synthesis procedure for micro—nano heterostructured thermoelectric material. (A) Ni nanosphere; (B) replaced

nonstoichiometric bismuth telluride.

led to a number of reports on solution-grown TE NPs,
especially bismuth telluride and antimony-doped bis-
muth telluride.'® 2" Although successful control of size
and morphology was achieved, the solution-grown TE
particles do not show a significant improvement in TE
performance. The highest zT of solution-grown bis-
muth telluride (n-type) so far reported is 0.2 at room
temperature, substantially lower than that observed
for melt-grown materials (n-type 0.6)."”"'® One reason
for this lower efficiency is that the NP capping ligands
used during synthesis are extremely hard to remove
and their thermal degradation residue can reduce the
TE performance after annealing.'® In order to solve this
problem, Kovalenko et al. developed a ligand ex-
change route for removing organic capping surfac-
tants, thereby obtaining an enhanced zT of 0.7 for
p-type antimony-doped bismuth telluride thin films.?
However, the exchange process for these antimony-
doped materials requires hydrazine, which is toxic
and reactive with oxygen, restricting the synthesis to
anaerobic environments with concomitant scale-up
challenges.

Instead of using an organic surfactant to control the
particle growth, a surfactant-free synthesis route using
a hard template to confine the particle size would be a
desirable alternative and a low-cost TE synthesis. Gal-
vanic replacement synthesis is one such facile and
scalable synthesis route for preparing nanosized ma-
terials using preformed particles as both the template
and reducing agent>~2° Recently, Myung and co-
workers and Moon et al. demonstrated this strategy
for making metal chalcogenide nanowires and
nanotubes.”® 2% However, so far as we know, the
preparation of bismuth telluride NPs in large quantities
using galvanic replacement has not yet been reported.

In this paper, we report a novel, surfactant-free syn-
thesis strategy based on galvanic replacement to prepare
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Bi,Tes—Te as heterophase NPs. Bismuth telluride modules
embedded with nanoscale heterostructure are produced
by simply mixing the nanoscale heterophase NPs into a
matrix of commercially available (microscale) powders.
There are several advantages to this synthesis route. It is
a low-temperature process, easily scaled up. Additionally,
the nonstoichiometry of the bismuth telluride nanospheres
heterophase, which is expected to play a significant role in
enhancing the electrical conductivity and the Seebeck
coefficient, can be controlled. Finally, and importantly,
the entire fabrication procedure is surfactant-free. Without
the negative effects of capping ligands, the as-prepared
bismuth telluride heterostructure shows a zT of ~04,
substantially higher than what was previously reported
for solution-grown n-type bismuth telluride (~0.2)."

RESULTS AND DISCUSSION

Figure 1 summarizes the synthesis strategy. The key
step is the preparation of the Bi,Te;—Te nano-hetero-
phase particles, synthesized by galvanic replacement
using Ni NPs as both template and reducing agent. Ni
nanospheres (Figure 1A inset) were used because the
reduction potential of Ni?*/Ni° is sufficient to reduce
Bi*" and HTeO, " to form Bi,Tes.2”*° The reaction (eq 1)
is thermodynamically favored with an electrochemical
potential of 4+-0.803 V for HTeO, and H* concentra-
tions of ~0.01 and ~0.1 M, respectively. Also, Ni makes
good ohmic contact with bismuth telluride and is
generally considered to be compatible to the bismuth
telluride system.3° Finally, the spherical Ni NPs result in
spherical Bi,Tes—Te NPs that are easily packed to-
gether to produce a condensed ingot by hot-pressing.

2Bi**(aqg) 4 3HTeO, " (aqg) 4 9Ni°(s) + 9H " (aq)
— BiyTes(s) + 9Ni*(aq) + 6H,0(@aq) (1)

The preformed Ni nanospheres are added to an
acidic nitric solution containing Bi** and HTeO, ™ ions.
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Figure 2. (A) Typical SEM image of the cross section of hot-pressed BiTe_51 pellet; the inset is the optical image of as-
prepared BiTe_51 pellet. (B) Zoom-in on selected area in (A). (C) HR-TEM image of one lamellar of BiTe_51; the dashed line
shows the grain boundaries, and the inset is the corresponding SAED that indicates its polycrystalline structure. (D) HR-TEM
image of a single grain of BiTe_51, and the inset is the corresponding SAED pattern; the direction of view is [0001]. (E) XRD
patterns of BiTe_51, M_BiTe, and N_BiTe_4h. EDX element mapping of Bi (F), Te (G), and Ni (H).
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The Ni nanospheres are galvanically displaced to form
the Bi,Tes;—Te polycrystalline spheres (Figure 1B and
Figure S1 in Supporting Information) with an average
diameter of 200 nm, close in size to the original Ni
spheres. The Kirkendall effect is not significant. The
main reason for this is that, in our replacement synth-
esis, the preformed Ni nanospheres are not homoge-
neously dispersed by surfactants; during the synthesis,
they aggregate to a certain extent to give a chaotic
diffusion of Ni atoms. With longer ultrasonication time,
porous Bi,Tes;—Te spheres are observed as shown in
Figure S2. Accordingly, only ~1 min of ultrasonication
is applied to promote dispersion and ensure that the
compressed ingot had mechanic and transport proper-
ties suitable for thermoelectric material.

X-ray diffraction confirmed the presence of Bi,Tes
(Figure S3A in Supporting Information). Rietveld re-
finement (Figure S3C) suggests that the material con-
tains amorphous Te and residual (<3 wt %) NiTe, in
addition to the major Bi,Tes phase. The average grain
size (~25 nm) calculated from the Scherrer equation is
consistent with the crystal domain sizes observed by
high-resolution TEM (HR-TEM) (Figure S1). The stoichi-
ometry of the replaced products was determined by
inductively coupled plasma (ICP) spectrometric anal-
ysis (Figure S3B), which showed all samples to berich in
tellurium independent of the reaction time, as was also
previously observed by others3' A lower Te/Bi ratio
(~2/1) could be achieved by partially washing excess
tellurium in 1 M aqueous NaOH. Te/Bi ratios below 2/1
were difficult to achieve because amorphous NiTe, is
also produced under these reaction conditions as a
side reaction. ICP results show that the productofa4 h
reaction, denoted by N_BiTe_4h, gives the lowest Ni
content (<3 wt %) (Figure S3B).

After washing with 1 M NaOH for several hours,
N_BiTe_4h was mixed with microscale bismuth tell-
uride powders (M_BiTe) in various ratios. The hot-
pressed ingots are denoted by BiTe_bare (only micro-
scale particles), BiTe_101 (micro/nano = 10:1), and
BiTe_51 (micro/nano = 5:1). As a reference, BiTe_21
(micro/nano = 2:1) was also prepared. Density mea-
surements show an average relative density of ~93%
for all pressed pellets except BiTe_21 (~80%).

The micro—nano heterostructure has several advan-
tages for thermoelectric applications over bare bulk
and bare nanocomposite materials. Nanoscale struc-
tures in the condensed pellets are crucial to reducing
the thermal conductivity by introducing phonon scat-
tering centers. The size distribution of the particle
mixture is very broad, with particle diameters ranging
from 100 nm to 10 um. This permits the smallest
particles to fill the voids among the largest particles,
thereby improving the packing density on annealing.
As a result, high-density pellets were obtained under
milder hot-pressing conditions (lower pressure and low-
er temperature) than those reported previously.>> >*
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This was found to be the case even though the
nanoparticle morphology changes from spheres to
plates under vacuum during the hot-pressing. Figure
2A,B shows the cross section images of a condensed
pellet. The textures are formed from microscale parti-
cles with some local areas rich in nanoplates. During
hot-pressing, the nanospheres recrystallize faster
along the direction perpendicular to [0001] than the
direction parallel to [0001]. The total volume of the
nanoplate (500 nm diameter x 50 nm thickness) is
approximately equivalent to that of the preformed
nanospheres (250 nm diameter), suggesting that each
plate is produced by compressing single preformed
nanospheres. Although the morphology changes after
hot-pressing, the nanocrystalline grain size is still on
the nanoscale and below 50 nm. This micro/nano
mixed structure was also verified by high-resolu-
tion TEM. Two thinned lamellae shown in Figure S4
are taken from the same ingot (BiTe_51). One
lamella shows an oriented polycrystalline phase
with grain boundaries of nanometer-sized particles.
The other lamella is a micrometer-sized single crystal
(Figure 2C,D). The boundaries generated by these
nanoplates will scatter the phonons more efficiently
in the “nano-rich area” than the “micro-rich area”,
leading to a lower thermal conductivity than a pellet
that contains only microparticles.

Another advantage of this heterostructure synthesis
approach is that it produces a material with substruc-
tures on two scales: microscale bismuth telluride pow-
ders, which generate a bulk matrix with low resistivity,
and heterostructure particulate inclusions on the
nanoscale, which scatter phonons.® Li and co-workers
reported that when high-energy ball milling is used,
optimal electrical properties are obtained when the
ratio of fine to coarse particles is 6/4 (60 wt % fine
powders).> In contrast, we observe enhanced electri-
cal conductivity when the nano/micro ratio is below 1/
5 (17 wt % NPs). We attribute this smaller ratio to
the Bi,Tes—Te heterophase and the presence of resi-
dual Ni.

Figure 2E shows the X-ray diffraction patterns of the
micro—nano pellet (BiTe_51) and its two components
(N_BiTe_4h and M_BiTe). After hot-pressing, due to the
preferred orientation, the relative counts of peaks are
different from the starting materials. Also, BiTe_51
shows a minor phase of NiTe,, which is generated from
the amorphous Ni residue and excess Te species of
N_BiTe_4h. An enlarged diffraction pattern is shown in
Supporting Information Figure S5. This is consistent
with a previous study on Ni/Bi,Tes which reported that
the reaction with Ni and Te can produce nickel telluride
as a stable interphase between Ni and Bi,Tes.3® EDX
mappings of elements Bi, Te, and Ni (Figure 2F—H)
show that neither Te nor Ni is dispersed as homoge-
neously as is Bi. On comparing the EDX maps with the
SEM image of the same area, we find that the high
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Figure 3. Temperature dependence of (A) electrical conductivity o, (B) absolute value of Seebeck coefficient S, (C) power
factor S%0, and (D) thermal conductivity « of BiTe_bare, BiTe_101, and BiTe_51. The inset of (D) is the lattice part (x| ) of thermal

conductivity.

tellurium and nickel regions correspond to the nano-
rich areas (Figure S6). In general, Ni is considered to be
a good contact metal with a smaller atomic diffusion
path length than other metals such as Sn and Cu;
however, a recent study by Ren and co-workers in-
dicates that Ni is not inert. The easy diffusion of Ni into
n-type Bi,Tes makes it possible to generate nickel
telluride, which affects charge transport as an electron
donor.?” A more detailed analysis of the role of Ni in our
materials is discussed below.

A third advantage, the absence of surfactants in our
synthesis, leads to a functionalized inorganic TE ma-
terial with similar behavior to that of traditional TE
materials prepared by zone-melting.

The thermoelectric properties of these micro—nano
heterostructures were investigated as a function of
temperature from ~300 to >400 K. In contrast to other
solution-grown thermoelectric NPs, the NPs prepared
in this work do not require any surfactants to confine
the size, which facilitates the electrical conductivity
necessary for high power factor (S%0), as shown in
Figure 3C.'5"81° More specifically, the absolute values
of the Seebeck coefficients as well as the electrical
conductivities of BiTe_101 (NP percentage 9.1%) and
BiTe_51 (NP percentage 16.7%) are even slightly higher
than those of BiTe_bare (NP percentage 0%). This
enhancement is considered to be mainly due to the
Bi,Tes—Te heterophase rather than the effects of the
presence of NiTe, since, as an electron donor analo-
gous to Cuand Snin Bi,Tes,*® NiTe, would be expected
to have a negative effect on the power factor by
substantially reducing the Seebeck coefficient. Our
results show that the enhancement of the power factor
by the heterophase could compensate for the negative
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effect of the Ni impurity when the heterophase per-
centage is below 20%, as shown in Figure 3C for
BiTe_101 and BiTe_51. A greater fraction of nanoscaled
heterophase leads to progressively more heavily Ni-
doped bismuth telluride and increases the carrier
concentration above the optimum range (10'°—10%°
cm ). For example, the power factor of BiTe_21 is
reduced to only one-third of that of BiTe_bare, as
shown in Figure S7. We therefore focused on the
samples with <20% Bi,Tes—Te heterostructures such
as samples BiTe_101 and BiTe_51, which produce good
results not only because of their high density but also
because, at their low levels of Ni dopant (<0.5 wt %),
one achieves suitable carrier concentrations (Figure
S8). A more detailed study of the effect of Ni on the TE
properties is in progress.

Table 1 summarizes the electrical properties of the
samples described here at room temperature and
compares them with published results of solution-
grown bismuth (antimony) telluride.”'*"'® For the
bismuth telluride binary system, the power factor re-
ported here is highest (zT = ~0.4 at room temperature)
close to the typical figures of merit (zT = ~0.6 at room
temperature) obtained from materials prepared using
a high-temperature (~700 °C) melting synthesis.

In addition to a high power factor, a lower thermal
conductivity («) is critical for good TE performance. The
thermal conductivity is calculated using eq 2, in which
D is the diffusivity, p is the density, and C, is the heat

capacity.
K = D¢ xpxCp (2)

Figure 3D shows the thermal conductivities and the
lattice contributions of all samples. When more
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TABLE 1. Comparison of TE Parameters of Selected Bi,Te; Samples (All Values Were Recorded at Room Temperature)

sample name Seebeck coefficient (.(V/K) electrical conductivity (10* S/m) power factor (1W/(cm - K3) T reference
BiTe_bare —100 16.5 16.1 0.30 this work
BiTe_101 —109 16.8 204 0.36 this work
BiTe_51 —106 17.9 20.2 0.42 this work
Bi,Tes —91 0.50 0.41 0.03 16

Bi,Tes —80 17 49 0.20 17
BigsShy sTes +157 2.7 6.6 0.50 18

Big sSby sTes. +-187 12.5 437 1.20 7

“This is the bulk bismuth antimony telluride record reported by using zone-melting plus ball milling strategy.

nanometer-sized particles are incorporated, a lower « is
observed, mainly as a result of the lattice thermal con-
ductivity. The lattice contribution was calculated based on
the modified Wiedemann—Franz law after considering
the anisotropic properties (Supporting Information). The
nanoscale—particle boundaries enhance the phonon scat-
tering and lead to a decrease of ki, to ~0.5 Wm™' K.
These results indicate that our micro—nano hetero-
structured material approach leads to an improved
ECPG and is thus promising as a strategy for further
studies to improve TE performance of TE materials.

On the basis of both charge and phonon transport,
BiTe_51 has an experimental figure of merit ~0.5 at
room temperature and ~0.65 at 400 K. Note that these
zT values are calculated on the basis of in-plane electronic
conductivity and cross-plane thermal conductivity. Con-
sidering the anisotropic properties, the estimated figures
of merit are calculated with a modified factor of ~0.8
based on Yan et al's work 3 The results are summarized
in Table 1 and Supporting Information Figure S9. BiTe_51
shows an estimated figure of merit of ~0.42 at room
temperature and ~0.55 at 400 K. Compared to our lab-
made microscale material without any heterostructured
NPs, BiTe_bare, this is about a 40% enhancement. A
detailed study of the anisotropic TE properties of our
samples will be discussed in future work.

METHODS

All reagents were used directly from commercial suppliers
without any purification except micro-sized Bi,Tes. Micro-sized
Bi,Tes powders were purchased from Alfa Aesar (vacuum
deposition grade, 99.999%) and ground into fine powders
denoted by M_BiTe.

Synthesis of Nickel Nanospheres as Starting Template and Reducing
Agent. The synthesis procedure is similar to one previously
reported.*® NiCl,-6H,0 (chemical pure, >98%, Sigma-Aldrich)
and 80% N,H4-H,O solution and 50 wt % NaOH aqueous
solution were used as reagents. In a typical synthesis, 64258 g
of NiCl,-6H,0 was dissolved in 7.5 mL of DI water. Under
vigorous stirring, 5.48 mL of 80% N,H,-H,0 solution was added
into the solution and a pale violet precipitate could be ob-
served. Then the solution was heated to about 65 °C. (Please
note that, due to the exothermic formation of [Ni(N2H4)2]2+
complex, the hot plate was set at 60 °C.) When the temperature
was above 65 °C, the hot plate was turned off in order to let it
cool. When the temperature of solution decreased to 50 °C by
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CONCLUSION

In summary, we report a surfactant-free synthesis
strategy using galvanic replacement to grow nonstoi-
chiometric Bi,Tes;—Te nanoparticles at low temperature
and in large quantity. The heterostructured material is
achieved by simply mixing “as-prepared” particles as a
heterophase into commercially available (microscale)
powders, then hot-pressing. The existence of the nano-
scale and nonstoichiometric heterophase results in an
inhomogeneous heterostructure with a figure of merit of
~0.42 at room temperature and ~0.55 at 400 K. Com-
pared to this lab's bulk bismuth telluride, this hetero-
structured material shows a 40% enhancement in
zT. This enhancement is mainly due to a decreased
thermal conductivity with maintenance of the power
factor. The lower thermal conductivity that is observed
is attributed to the scattering of phonons by the
heterostructure-generated nanoscale grain bound-
aries. In addition, we believe that the introduced
heterophase as well as the absence of organic residue
from surfactant facilitates charge transport. Due to the
unique structure and promising properties, this ap-
proach indicates the potential for further improvement
and large-scale thermoelectric applications. In the
future, we plan to investigate a ternary system, anti-
mony-doped bismuth telluride.

cooling in an ambient atmosphere, 23.04 g of 50 wt % NaOH
solution was poured instantaneously into the stock solution.
The molar ratio of NiCl,/N,H;/NaOH is 1.35/4.5/3.6. After 2 h
reaction, the black nickel precipitate was washed several times
with DI water and ethanol. The crude product was dried in a
vacuum oven (60 °C) overnight and stored in vacuum. The total
yield of this reaction is close to 100%.

Synthesis of Bismuth Telluride by Galvanic Replacement. Under
ultrasonication, 1 g of as-prepared Ni nanospheres was added
into 630 mL of 0.006 M Bi>**/0.009 M HTeO,* precursor (pH = 1).
The mixture was mechanically stirred vigorously for 3
(N_BiTe_3h), 4 (N_BiTe_4h), and 6 h (N_BiTe_6h), and the black
precipitates were collected after filtration. The products were
washed by 1 M NaOH solution, then vacuum-dried overnight.

Fabrication of Condensed Micro—Nano Mixed Pellet by Hot-Pressing.
N_BiTe_4h and M_BiTe were mixed in different ratios (1:10, 1:5,
and 1:2) and hot-pressed into a pellet under 140 psi at 350 °C.
The pellet after hot-pressing was roughly polished by 400 and
600 grit sandpaper. The prepared pellets were denoted by
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BiTe_101, BiTe_51, and BiTe_21, respectively. Bare M_BiTe
powder was hot-pressed under the same conditions into BiTe_-
bare pellet as a reference.

Materials Characterizations. Wide-angle XRD (WAXRD) data
were obtained on a Bruker D8 diffractometer with Cu Ko
radiation, and Rietveld-refined using ReX software (http://
www.rexpd.com/rex/). Transmission electron microscopy
(TEM) images were taken using a FEI T20 electron microscope
operating at 200 keV. Specimens suitable for high-resolution
electron microscopy observations were prepared by low-
angle ion milling to electron transparency (~70 nm) through
a FElI DB235 dual-beam FIB system. High-resolution TEM
images were taken using FEI Titan TEM/STEM. Scanning
electron microscopy (SEM) images and energy-dispersive using
X-ray analysis (EDX) were taken on a Philips XL40 electron micro-
scope. The element analysis was done by an inductively coupled
plasma (ICP) spectrometer on Thermo iCAP 6300.

Thermoelectric ~ Properties  Measurements. Low-temperature
transport properties were characterized from room tempera-
ture to 150 °C under dynamic vacuum at the Caltech thermo-
electrics laboratory. Electrical resistivity was determined using
the van der Pauw technique, and the Hall coefficient was
measured with a 2 T field and pressure-assisted contacts. The
Seebeck coefficient was measured using Chromel-Nb thermo-
couples and by allowing the temperature gradient across the
sample to oscillate between £10 K. A Netzsch LFA 457 was used
to measure the thermal diffusivity. The heat capacity was
estimated using the Dulong—Petit value.
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