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Abstract

In thermoelectrics, optimizing both carrier and phonon transport is crucial for enhancing thermoelectric
performance. Strontium titanate, a representative N-type oxide thermoelectric material, often exhibits inferior
figure of merit (zT) due to its large band gap that limits carrier concentration, and high lattice thermal conductivity,
attributed to strong Ti-O covalent bonds. Conventional approaches, such as aliovalent doping to increase carrier
concentration or introducing structural defects to reduce lattice thermal conductivity, are insufficient as they fail to
decouple the interdependent electrical and thermal properties. Herein, we introduce a high-pressure synthesis
technique that concurrently modulates both the band gap and microstructure. This approach effectively enhances
the carrier concentration by narrowing the band gap and increases the effective mass of the density of states
through enhanced solubility limit of rare earth elements, significantly improving the power factor. Additionally,
high-pressure condition induces microstructural defects, including point defects, dislocations, lattice distortions,
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and nanoscale grains, which promote broad-wavelength phonon scattering and minimize lattice thermal
conductivity. Consequently, a peak zT value of 0.25 at 973 K is attained in high-entropy
(Sry,Lay,Nd,,Sm,,Eu,,)TiO, synthesized at 5 GPa, representing a 5.3-fold improvement over undoped strontium
titanate. This work highlights the pivotal role of high-pressure synthesis in decoupling the carrier and phonon
transport in thermoelectrics.

Keywords: Thermoelectric, strontium titanate, high pressure, band gap, microstructure

INTRODUCTION

Thermoelectric (TE) materials, endowed with the ability to directly convert heat into electricity and vice
versa, provide a promising solution to the global energy crisis and environmental pollution"”. The
performance of TE materials is quantified by the dimensionless figure of merit (zT), as determined by
zT=00’T/x, where o, 0, k and T represent the electrical conductivity, the Seebeck coefficient, the total thermal
conductivity (x), and the absolute temperature, respectively”. Achieving an optimal zT requires a delicate
balance of properties that are inherently conflicting: high ¢ reminiscent of metals, large a characteristic of
ceramics, and low « akin to glasses". Nevertheless, the intricate coupling among these physical parameters
complicates the concurrent optimization of carrier and phonon transport, which remains a pivotal barrier
to improving TE performance.

To date, chalcogenides, encompassing V,VI, and IV-VI compounds, have emerged as prominent candidates
for solid-state refrigeration and power generation across low- and medium-temperature applications'*"".
Despite their significant potential, these materials face limitations due to toxicity, susceptibility to oxidation,
and high production costs, which curtail their widespread practical deployment. Besides, chalcogenides with
exceptional zT values often feature metavalent bonding**?. This bonding involves half-filled s-bonds
formed by perpendicular p-orbitals, allowing the sharing of approximately one electron between adjacent
atoms"*". This unique bonding configuration endows the material with a certain softness and extreme
brittleness, thereby increasing manufacturing expenses and reducing the longevity essential for reliable TE
device operation.

To confront these challenges, oxide TE materials have gained prominence due to their exceptional thermal
stability, corrosion resistance, non-toxicity, inexpensive, and robust mechanical properties, positioning
them as ideal candidates for high-temperature TE applications'”. While numerous P-type oxides, such as
BiCuSeO"”, Ca,Co,0,""", and NaCo,0,"”, consistently demonstrate a zT value exceeding 1.0, N-type oxides,
in contrast, generally achieve lower zT values, typically ranging from 0.1 to 0.5%**". Theoretical calculation
suggests that strontium titanate (SrTiO,) holds potential as a promising N-type oxide TE material with a
potential zT of 0.7%”. Nonetheless, experimental studies reveal that the zT of SrTiO,-based materials
typically approximates 0.2
can be primarily ascribed to its intrinsically high lattice « (x;) stemming from the strong Ti-O covalent
bond, with single-crystal SrTiO, demonstrating a x; of 12 Wm'K™" at 300 K", Additionally, the
exceptionally low carrier concentration (#y) in pristine SrTiO,, with values about 10" cm?, leads to

224 with only isolated reports of higher values®. This performance limitation

less-than-ideal zT of 0.047 stemming from its wide band gap (E,) of 3.2 eV**’|. Thus, effectively balancing
the reduction of ¥, while enhancing ¢ is crucial for optimizing the TE performance of SrTiO, and other
N-type oxide materials.

Owing to intrinsic oxygen vacancy defects, pristine SrTiO, exhibits N-type conductivity. Efforts to enhance
the TE performance of SrTiO, have focused on increasing ny by either amplifying oxygen vacancies or
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implementing aliovalent doping. In the ABO, perovskite structure of SrTiO,, prevalent doping strategies
include substituting La at the A-site™”, or Nb at the B-site”", and co-doping at both sites” to optimize the
ny; and subsequently improve the electrical transport properties. While conventional doping can elevate the

-3(32]

1y to approximately 10" cm ™, achieving the theoretical optimum #,; of 3~4 x 10*° cm™"” continues to be a
challenge. In addition, strategies to lower the «, typically involve the intricate design and modulation of
microstructures at multiple scales, such as introducing point defects, creating grain boundaries, and
engineering superlattices and nanostructures to scatter broad-wavelength phonons”***. Despite these
efforts, the reported minimum «x; of SrTiO,-based materials persistently exceeds 3 Wm 'K,
Furthermore, the introduction of these microstructures, often achieved through various methods, presents
significant challenges in terms of integration and control. Therefore, there is a pressing need for an
innovative strategy that allows for the coordinated optimization of both carrier and phonon transport in

SrTiO,-based materials by concurrently tailoring both their band structures and microstructures.

Pressure, a fundamental thermodynamic parameter, finds applications across numerous disciplines. For
instance, high-pressure environments are crucial in synthesizing diamonds and superhard materials"™**,
enabling photoluminescence in metal halide perovskites®™, and generating novel substances such as
amorphous carbon under extreme conditions”. With the increasing application of high-pressure
technology, its use has also been reported in alloy-based TE materials“". High-pressure synthesis (= 1 GPa)
constitutes a pivotal and innovative approach for precisely manipulating the electronic band structure and
microstructure'”. Despite the preservation of structural and stoichiometric integrity under high pressure,
the electronic properties may undergo significant alterations. The application of physical pressure reduces
interatomic distances and enhances interatomic interactions, which results in the modulation of band
structure'. For example, the band overlap driven by high pressure can induce transition, such as from an
insulator to a metal or from a semiconductor to a metal*”. In this context, the tuning of TE parameters by
applied pressure can be likened to the optimization of n,, by a pressure-tuned E,. Besides, the driving force
generated by high pressure significantly alters the reaction equilibrium, thereby facilitating the
incorporation of dopants beyond the solubility limit into the matrix and introducing dense point defects™"..
Concurrently, the compression of atomic spacing under high pressure intensifies localized stress within the
material, potentially leading to the formation of high-density dislocations'*”. Additionally, the compression
of atomic distances often causes deviations from ideal atomic positions within the crystal lattice, thereby
resulting in lattice distortions™*". Lastly, such stress also promotes the fracturing and deformation of large
grains and constrains grain growth, which contributes to the formation of nanograins“. Therefore, the
microstructures engineered under high pressure, comprising point defects, dislocations, lattice distortions
and nanoscale grains, substantially enhance phonon scattering and effectively restrain the x;. While several
oxide materials prepared under high pressure, including non-stoichiometric titanium oxide, ZnO, and
BiCuSeO, have demonstrated promising zT values*”, there remains a notable absence of reports on the
high-pressure synthesis of SrTiO,-based TE materials.

In this work, we leveraged high-pressure synthesis to strategically manipulate both the band structure and
microstructure of high-entropy (Sr,,La,,Nd,,Sm,,Eu,,)TiO, materials, with the explicit aim of achieving the
maximal reduction in «;. The use of SrTiO,-based high-entropy materials in TE applications has been
documented in previous studies”>*. However, the reported doping elements are typically isovalent, with
ion radii comparable to that of the host matrix. In contrast, the doping elements employed in this research
are heterovalent, and their ion radii differ from those of the matrix. High pressure facilitates the formation
of a single-phase solid solution, surpassing the conventional doping tolerance limit typically observed under
standard atmospheric conditions. Additionally, it reduces the E,, which elevates the n, and consequently
enhances the power factor (PF). Simultaneously, the application of high pressure induces dense point
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defects, dislocations, lattice distortions and nanoscale grains, all of which are instrumental in promoting
broad-frequency phonon scattering. The multiscale microstructures developed under a pressure of 5 GPa
significantly reduced the x; to 0.8 Wm"'K™" at 973 K, a figure notably lower than most reported in the
existing literature. Consequently, a peak zT of 0.25 at 973 K was recorded for the sample synthesized under
5 GPa; this represents a 5.3-fold enhancement over the original SrTiO, sample synthesized under standard
atmospheric conditions”. This work highlights the potential of high-pressure synthesis to manipulate the
E, and microstructure, offering a promising pathway for the advancement of TE materials.

EXPERIMENTAL PROCEDURES

Synthesis recipe

The high-entropy (Sr,,La, ,Nd,,Sm,,Eu,,)TiO, samples were synthesized through a standard high
temperature and high pressure (HPHT) solid-state reaction. Reagents including SrO, La,0O,, Nd,O,, Sm,0,,
Eu,0O,, TiO, (AR), and extra Ti, each with a purity of 99.99%, were purchased from Aladdin. These reagents
were accurately weighed to ensure stoichiometric precision with an error margin below 0.0001 g. The
mixture was uniformly blended using an agate mortar and pestle. The resultant powder was cold-pressed
into a cylinder, measuring 10.5 mm in diameter and 6 mm in thickness, and encased in molybdenum foil to
prevent contamination. The samples were then sintered under HPHT conditions at 1073 K for 40 min using
a Chinese hexagonal anvil high-pressure device (CHPA SPD-6x1200), with pressure of 3, 4, and 5 GPa, as
illustrated in Figure 1A. Thereafter, these samples have been designated as 3 GPa, 4 GPa, and 5 GPa,
respectively. Temperature uniformity was ensured by an electrified graphite ring, while pressure was applied
via a hydraulic multi-anvil instrument. Temperature and pressure were calibrated with a B-type platinum-
rhodium thermocouple and standard phase transition point, respectively. After synthesis, the obtained
samples underwent rapid quenching under high pressure to ensure solidification.

Phase and microstructure characterization

The phase structure and crystallinity of the samples were analyzed through X-ray diffraction (XRD, Rigaku
d/Max 2550 V/PC, Japan), employing Cu-Ko Radiation (A = 0.15418 nm) over a 20 range of 20-80°. To
quantify the impact of pressure on the crystal structure of samples, we utilized the Fullprof Suite for
structure refinement, analyzing the lattice parameters across the samples. The fracture surface morphology
was observed with field emission scanning electron microscopy (SEM) using a JEOL JSM-6700F.
High-resolution transmission electron microscopy (HRTEM), conducted with a JEOL JEM-2200FS,
provided detailed insights into the microstructures. The E, was assessed using a UV-3150 double-beam
spectrophotometer.

Transport property measurements

The sintered samples had a diameter of 10 mm and a thickness of around 4 mm. Initial surface polishing
was conducted using fine-grit sandpaper, followed by sectioning the sample into two 2 mm slices using a
wire cutter (STX-202A, China).

The ¢ and a were measured using a Namicro- L TE testing system. The thermal diffusion coefficient (D)
was evaluated via a laser flash method (Netzsch LFA 467, Germany). The « was calculated using: « = DCp,
where the heat capacity (C,) was estimated based on the Dulong-Petit law, and sample density (p) was
determined following Archimedes’ principle with an electronic balance (AE124]). The room-temperature #,
and carrier mobility (u,) were calculated from n, = 1/eR,; and puy; = oRy, respectively. Here, the Hall
coefficient (R;;) was measured using a Physical Property Measurement System (PPMS-9, Quantum Design®,
USA).
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Figure 1. (A) Schematic diagram of HPHT synthesis process; (B) X-ray diffraction (XRD) patterns of (Sry,La,,Nd,,Smg,Euy,)TiO,
synthesized under varying pressures; (C) Lattice parameters calculated by Rietveld refinement; (D) Schematic representation of the
high-entropy SrTiO; crystal structure. HPHT: High temperature and high pressure.

RESULTS AND DISCUSSION

Figure 1B illustrates the XRD patterns of high-entropy (Sr,,La,,Nd,,Sm,,Eu,,)TiO, ceramics with added
excess Ti powder. The primary goal of incorporating additional Ti is to establish a reducing environment
that fosters the formation of oxygen vacancies, thereby increasing the n,;. The surplus Ti reacts with oxygen
to produce non-stoichiometric titanium oxide, effectively circumventing the gradient distribution of oxygen
vacancies typically associated with conventional short-term reduction annealing. Unlike previous methods
that use atmospheric pressure and doped Ti powder, which generally result in TiO, remaining as a discrete
|, this work underscores the distinctive advantage of the HPHT synthesis
method, which facilitates the chemical reaction unachievable under normal atmospheric conditions.

51,52

phase within the matrix'

We analyzed the XRD data for the samples prepared under 3, 4, and 5 GPa via the Rietveld refinement
method [Supplementary Figure 1]. The lattice parameters, as refined from the XRD data and depicted in
Figure 1C, demonstrate a notable reduction in the lattice parameter of high-entropy (Sr,,La,,Nd,,Sm,,Eu,,)
TiO, with increasing synthesis pressure. This reduction indicates that high-pressure condition compresses
the atomic spacing, thereby significantly altering the band structure and electronic properties of the
high-entropy (Sr,,La,,Nd,,Sm,,Eu,,)TiO, ceramics.

From a crystallographic perspective, the perovskite structure is versatile in its ability to host various ions at
lattice points, thereby facilitating the formation of a single-phase solid solution. The structural stability of
perovskite oxides is typically assessed using Goldschmidt’s tolerance coefficient (t), a critical metric in
determining lattice compatibility and overall stability’®. In order to determine the structural stability of
high-entropy (Sr,,La,,Nd,,Sm,,Eu,,) TiO,, we examined its ¢, as defined by"**:

Fsr  Fia £ Fna =+ Fom + P
A+ 1o ( 5 ) +re

t:\/z(’”BJr"O): \/E(rTi+r0)

(1)

where 7, g T 710 Tas Tsmo Tew T a0d 7 are the ionic radii of cations A, B, Ti, Sr, La, Nd, Sm, Eu, Ti and
anion O, respectively. Details regarding the valence states and ionic radii of these elements are provided in
Supplementary Table 1. The structural implications of the ¢ are profound: ¢ less than 0.9 typically indicates a
propensity for forming orthorhombic or rhombohedral phase; t between 0.9 and 1 suggests a likelihood of a
stable cubic phase; t greater than 1 often leads to tetragonal or hexagonal phase. The calculated ¢ of our
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high-pressure synthesized (Sr,,La,,Nd,,Sm, Eu,,)TiO, material is 0.854, which traditionally would not favor
a stable cubic phase structure. Despite this, the high-pressure synthesis significantly alters the dynamics
within the crystal structure®. The intense pressure increases the solubility limits for dopants and drives
more elements into the lattice*, thereby increasing the system’s configurational entropy, and achieving a
highly symmetrical cubic structure despite the lower ¢. The crystal structure diagram is shown in Figure 1D.
This phenomenon not only underscores the critical role of high pressure in expanding the solubility limit of
dopants and stabilizing the structure but also in inducing dense point defects, which significantly scatter
high-frequency phonons.

The microstructure plays a crucial role in determining the electrical and thermal transport, ultimately
affecting the zT value®. Supplementary Figure 2 presents the SEM image of the samples, revealing micron-
sized grains and a clearly dense morphology. This observation indicates that the samples synthesized under
high pressure exhibit excellent compactness. To investigate the impact of high pressure on the
microstructure, we performed transmission electron microscopy (TEM) analysis on a sample synthesized
under 5 GPa, with the results presented in Figure 2. Figure 2A displays a low-resolution image, revealing the
presence of nanoscale grains ranging from 20 nm to 100 nm in size that are separated by clear boundaries.
This underscores the capability of high pressure to refine certain grains under high-temperature synthesis
conditions. Such grain refinement results in an increased number of grain boundaries, which serve as
effective phonon scattering centers and thus decrease the x;"?.In addition, a combination of
microstructural characterization and volumetric density measurement indicates a high-density sample,
which is conducive to maintaining decent u;. Therefore, the HPHT synthesis method exhibits superior
efficacy in synergistically optimizing the electron and phonon transport properties compared to
conventional synthesis means.

The HRTEM image [Figure 2B] demonstrates a well-defined atomic arrangement, with the corresponding
fast Fourier transformation (FFT) analysis (inset) confirming a cubic phase view along the [001] direction.
Figure 2C presents a zoomed-in view of the atomic arrangement image taken from Figure 2B, which
matches well with the crystal structure model of cubic SrTiO,. Figure 2D, captured in dark-field image
mode complemented by energy dispersive spectrum (EDS) elemental mapping, demonstrates that all
elements are evenly distributed [Supplementary Figures 3 and 4], with some elements visibly enriched at the
grain boundaries. Figure 2E and F further illustrates a close-up of these element-enriched regions, revealing
a concentration of brighter atoms at the grain boundaries. This may be attributed to the differential ion
migration rate under high pressure, where the dopants are more readily captured by the high-energy
interfaces, thereby forming the barriers to inhibit grain growth™. Additionally, the enrichment of
multi-atoms at grain boundaries significantly enhances the phonon scattering, further diminishing
the #, 7%,

The micromorphology depicted in Figure 2G illustrates the regularly distributed lattice distortions. To delve
deeper into these lattice defects, the inverse FFT (IFFT) analysis was performed, revealing clearly observable
edge dislocations, as presented in Figure 2H and Supplementary Figure 4. These distortions and edge
dislocations may originate from the large strain introduced during the HPHT process™, and imperfect
atom arrangement due to multiple atoms occupying Sr sites. The stain field distribution surrounding these
distortions and dislocations, characterized in Figure 2G, was analyzed using geometric phase analysis
(GPA). The results, as displayed in Figure 2I-L, show a pronounced presence of compressive (blue) and
tensile (red) stresses, with a notable strain gradient evident near the interface between perfect lattice regions
and defects-rich areas. The high-strain arrays confirm the presence of highly distorted microstructures. The
cumulative effect of chemical stress from multi-element doping and the physical stress induced by high
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Figure 2. Structural characterizations of the 5 GPa sample using transmission electron microscopy (TEM); (A) Low-resolution TEM
image showing the clear grain boundaries; (B) High-resolution TEM (HRTEM) image and fast Fourier transformation (FFT) analysis
(inset) indicating a cubic phase view along the [001] direction; (C) A close-up view of atomic arrangement with corresponding atomic
model of cubic SrTiO5; (D) TEM image and energy dispersive spectrum (EDS) mapping of the elements Sr, La, Eu, Sm, Nd, revealing the
dopants are concentrated at the grain boundary; (E and F) High-magnification images of the grain boundary, with brightness variations
indicating elemental enrichment; (G) HRTEM image and (H) inverse fast Fourier transformation (IFFT) analysis illustrating lattice
distortions and edge dislocations; (I-L) Corresponding strain maps of Figure 2(C) analyzed by geometric phase analysis (GPA) method.

pressure leads to a pronounced strain distribution'®’. This concomitant strain field fluctuation serves as an
effective impediment to phonon transport. This intricate interplay of stress not only demonstrates the
complex nature of material responses under HPHT conditions but also underscores the potential for
tailored microstructural engineering to optimize TE performance.

To elucidate the impact of high-pressure synthesis on the electrical properties of (Sr,,La,,Nd,,Sm,,Eu,,)
TiO, ceramics, we measured the n,; and x,; at room temperature, as illustrated in Figure 3A. In stark contrast
to pristine SrTiO,, which exhibits a notably low n,; = 1.1 x 10" cm” under atmospheric pressure”, our
high-pressure synthesis achieves an impressive n,, of up to 10* cm™. Moreover, the application of physical
pressure leads to a progressive rise in 7, which is likely attributed to pressure-induced modifications in the
band structure. Specifically, the room-temperature ny rises from 2.1 x 10 cm” for the 3 GPa sample to
2.7 x 10 cm” for the 4 GPa sample, and further to 4.3 x 10* cm” for the 5 GPa sample, representing
approximately a two-fold enhancement. Given the complex chemical compositions and the challenges
associated with high-pressure conditions, direct theoretical calculation of the band structure is difficult.
Therefore, we conducted optical measurement of E,, as presented in Figure 3B. The result reveals a decrease
in E, with increasing pressure. High-pressure synthesis compresses the interatomic distance and enhances
the orbital coupling, leading to a narrowing of E,***". Concurrently, various rare earth elements were
successfully incorporated into the SrTiO, lattice under high pressure. Dopants such as La, Sm and Eu, with
their unique incomplete 4f orbitals and vacant 5d orbitals, enable 4f electrons to jump between f-f or f-d
configurations. This process introduces impurity levels into the forbidden band, further narrowing the E/*".
To the best of our knowledge, this represents one of the highest reported #,, for N-type SrTiO, materials,
approaching the theoretical optimal value for such materials.

The implementation of high pressure introduces intricate microstructures that can scatter carriers, while
also narrowing the E,, which enhances the carrier-carrier scattering. Despite these adverse effects, the uy, at
room temperature exhibits only a marginal decline with increasing pressure. For instance, u,; drops
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Figure 3. (A) Room-temperature carrier concentration (ny,) and carrier mobility (x,,) of the 3 GPa, 4 GPa, and 5 GPa samples; (B)
Optical band gap determined by UV spectroscopy; (C) The calculated u,, versus n, curves based on the SPB model; (D) Temperature
dependence of electrical conductivity (o) for the 3 GPa, 4 GPa, and 5 GPa samples. SPB: Single parabolic band.

modestly from 2.4 cm*V's™ for 3 GPa sample to 2.3 cm*V's™ for 4 GPa sample, and subsequently to
2.1 cm*V7's” for 5 GPa sample. This phenomenon raises a pertinent question: Why does high pressure exert
such a limited detrimental effect on the uy; in high-entropy (Sr,,La,,Nd,,Sm,,Eu,,)TiO,? One plausible
explanation is that the inherently low 4y in this high-entropy system constrains the carrier mean-free path
near the Mott-Ioffe-Regel limit'*>*. Consequently, physical pressure has a negligible impact on further
reducing p;;. Additionally, aside from the commonly considered defect-carrier scattering and carrier-carrier
scattering mechanisms, the role of acoustic phonons scattering, quantified by the deformation potential E,,,
is also crucial®. We have evaluated the E, by analyzing the n, versus u curves using the single parabolic
band (SPB) model** [Figure 3C]. Apparently, the result discloses a pronounced decline in E, with rising
synthesis pressure, from a value of 15.0 eV for the 3 GPa sample to 7.3 eV for the 5 GPa sample. This
substantial diminution in E,, indicates mitigated acoustic phonon scattering, which helps maintain a
relatively decent u;; under high pressure. Moreover, it is noteworthy that the E, for (Sr,,La,,Nd,,Sm,,Eu,,)
TiO, under high-pressure conditions is significantly lower than values observed in traditional
high-performance TE materials such as PbTe and Bi,Te,, and is on par with those found in newly studied
heavy-effective-mass systems such as ZrNiSn, FeNbSb, and MgAgSb". The underlying mechanisms by
which high pressure leads to such a reduction in E, warrant further exploration in future research
endeavors.

Figure 3D shows the o as a function of temperature under varying synthesis pressures. Firstly, it exhibits an
increase followed by a decrease with rising temperature, signifying a transition in the electrical transport
mechanism from semiconductor-like at lower temperatures to metal-like conductivity at higher
temperatures. Besides, the o progressively increases with heightened synthesis pressure, attributed to a large
elevation in n,, despite a marginal reduction in x,. For instance, the ¢ at room temperature rises markedly
from 80.3 Scm™ for the 3 GPa sample to 147.7 Scm™ for the 5 GPa sample.

As depicted in Figure 4A, the « of all samples is negative, and its absolute value increases monotonously
with temperature, confirming that all (Sr,,La,,Nd,,Sm,,Eu,,)TiO, samples behave as N-type degenerate
semiconductors. The magnitude of « is principally influenced by the #;; and the density-of-states effective
mass (m")*. In a degenerate semiconductor, a can be quantitatively expressed using the Mott equation
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Figure 4. (A) Temperature dependence of Seebeck coefficient (a) for the 3 GPa, 4 GPa, and 5 GPa samples; (B) Room temperature
Pisarenko plots calculated using the SPB model; (C) The calculated temperature-dependent weight mobility x,, of the 3 GPa, 4 GPa, and
5 GPa samples; (D) Power factor (PF) as a function of temperature for the 3 GPa, 4 GPa, and 5 GPa samples, the literature data are also
shown for comparison™®7%,

derived from the SPB model, as given in"”:

8wkiy .. [ 7w \3
— L 2
7 3eh? m T<3nH> (2)

where e is the electron charge, h represents the Planck constant, and k; refers to the Boltzmann constant.
Despite the substantial increase in 7, ¢ only exhibits a slight reduction with increasing physical pressure.
To further elucidate this behavior, we computed the Pisarenko curves to estimate the m" of all samples at
room temperature employing the SPB model'*’, as plotted in Figure 4B. Typically, the m" shows a gradual
increase from 0.68 m, for the 3 GPa sample to 0.79 m, for the 5 GPa sample. The rare earth elements, with
their 4f orbitals and localized magnetic moments, substantially contribute to a high m*, a feature enhanced
by high-pressure sintering, which effectively incorporates these rare earth elements into the matrix.
Consequently, the elevated m" sustains a robust a even with high n,. Typically, at room temperature, «
marginally reduces from -39.2 4 VK for the 3 GPa sample to -27.7 VK for the 5 GPa sample, illustrating a
balanced interplay between increased n,; and m" under varying pressure conditions.

Under the premise of achieving optimal #,, the electronic transport properties can be quantitatively
evaluated by the weighted mobility uy = uym™?"". As depicted in Figure 4C, the x, displays a notable
increase with higher synthetic pressure, indicating that high synthesis pressure is effective in enhancing
electronic transport properties. This improvement is further substantiated by the calculated PF presented in
Figure 4D, where the PF exhibits a moderate increase with elevating physical pressure. This increment in PF
is primarily attributed to the elevated o, notwithstanding the minor reduction in the a. Interestingly, the PF
continues to ascend without showing signs of saturation, even at elevated temperatures, suggesting that
further enhancement in PF at higher temperatures is feasible. Specifically, the PF at 973 K increases from
410 uWm'K? to 453 4Wm'K? (10% enhancement). This improvement is achieved by modifying the
synthesis conditions without altering sample composition, further highlighting the advantages of
high-pressure optimization of material properties. Compared with previously documented data on
P-type BiCuSeO, Ca,Co,0, and high-entropy alloyed SrTiO, ceramics'®”, the PF achieved under high-
pressure synthesis conditions is notably superior, especially at elevated temperatures.
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Figure 5. (A) Thermal conductivity (x); (B) lattice thermal conductivity (x,) and (E) the figure of merit (zT) as a function of temperature
for the 3 GPa, 4 GPa, and 5 GPa samples; (D) Schematic diagram illustrating potential phonon scattering mechanisms for reducing
lattice thermal conductivity; The comparison of (C) x, and (F) zT values between this work and literature data.

Figure 5A illustrates the « as a function of temperature for all (Sr,,La,,Nd,,Sm,,Eu,,)TiO, ceramics under
varying synthesis pressures. It is evident that « decreases with increasing temperature for all samples.
Notably, with higher synthesis pressure, the x consistently diminishes in the whole temperature range. For
example, the room-temperature x drops from 3.1 Wm K™ for the 3 GPa sample to 2.6 Wm’K" for the 5
GPa sample. Especially, the lowest x of 1.91 Wm™'K™ at 973 K was obtained for the 5 GPa sample, which is
five times lower than that of the single-crystal SrTiO,"”". Since « is the sum of electronic « (x,) and «, it is
important to identify the factor responsible for the substantial reduction in total x. According to the
Wiedemann-Franz equation «, = LoT, where L is the Lorenz constant estimated using the SPB model*”, «,
increases with o, which rises with synthetic pressure [Supplementary Figure 5].

The «, is obtained by subtracting «, from the total x and also shows a decreasing trend with increasing
temperature [Figure 5B]. Additionally, the x;, decreases with increasing synthesis pressure. For instance, at
room temperature, the x; gradually declines from 3.1 Wm K" for the 3 GPa sample to 2.8 Wm K" for the 4
GPa sample and further to 2.5 Wm™K" for the 5 GPa sample. Remarkably, the lowest x;, of 0.8 Wm'K™" at
973 K is attained for the 5 GPa sample, which is 11 times lower than that of the single-crystal SrTiO,"”", and
represents the lowest «; reported in the literature [Figure 5C]*******>"| This significant reduction is ascribed
to the microstructure modifications induced by high pressure. More precisely, the formation of dense point
defects, dislocations, lattice distortions and nanocrystalline through high-pressure sintering significantly
enhances phonon scattering over a broad wavelength range. This enhanced scattering is reflected in the
scattering diagram [Figure 5D]. This work confirms that high-pressure synthesis is a feasible and effective
pathway to minimizing the «;.

The observed increase in the PF, coupled with the reduced «, leads to a significant improvement in the zT.
As illustrated in Figure 5E, high synthesis pressure substantially enhances the zT across the entire
temperature range. It is noteworthy that the 5 GPa sample achieves a maximum zT of 0.25 at 973 K,
representing a 31.6% improvement compared to the 3 GPa sample. Importantly, this value is approximately
5.3 times higher than that of the original SrTiO, sample and ranks among the highest reported values for
SrTiO,-based materials [Figure 5F]*>*”7* The substantial zT enhancement originates from two primary
factors. First, pressure-induced modifications to the band structure led to an increase in ny,; and m’, while a
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reduced E, helps maintain a decent uy;, thereby substantially improving the PF. Second, the high-pressure-
induced formation of multiscale microstructures facilitates broad-wavelength phonon scattering, thereby
leading to the minimized «;. This work underscores the pivotal role of high-pressure synthesis in adeptly
manipulating both the band structure and microstructure, enabling substantial advancements in TE
performance, particularly in oxide materials.

CONCLUSIONS

In summary, we successfully prepared the high-entropy (Sr,.La,,Nd,,Sm,,Eu,,)TiO, ceramics using the
high-pressure synthesis technology, and systematically examined the impact of synthesis pressure on the
electrical and thermal transport properties. Our findings demonstrate that high-pressure synthesis enhances
the solubility limit of rare earth elements and reduces the E,, resulting in markedly increased n,, and an
improved density-of-state effective mass. This modification effectively enhances the ¢ with only a minor
reduction in the o, thereby improving the PF. Additionally, high-pressure synthesis induces a range of
microstructural defects, including point defects, dislocations, lattice distortions, and nanoscale grains. These
features collectively strengthen phonon scattering across a broad wavelength spectrum and minimize the ;.

Consequently, an optimal zT value of 0.25 at 973 K is achieved in the (Sr,,La,,Nd,,Sm,,Eu,,)TiO, sample
synthesized at 5 GPa, representing a 5.3-fold improvement compared to the undoped SrTiO,. This work
underscores the potential of high-pressure synthesis for synergistically optimizing the carrier and phonon
transport through the modulation of both E, and microstructure, providing valuable insights for advancing
TE performance.
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