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Abstract

Design principles for oxide thermoelectric materials
by

Michael W Gaultois

Over 60% of the energy in the United States is wasted, most of it as heat. This
amounts to staggering losses of natural and economic resources, and although some of
this heat is Carnot heat that is unavoidable, even recovering a small fraction of the re-
maining waste heat would lead to economic and environmental benefits. Thermoelectric
materials are a class of materials that can generate power from heat, but their widespread
deployment has been limited because thermoelectric materials are currently inefficient,
made from rare elements, and decompose at high temperatures when operated in air.
Researchers have sought to develop oxide thermoelectric materials to overcome these
shortfalls, but development of oxide materials is still relatively new, and has lacked guid-
ing principles that have led to significant advances in traditional thermoelectric materials.

The work presented here outlines the development of design principles for oxide ther-
moelectric materials, which until this point were not clear. Initial work targeted a Ru
pyrochlore system with tunable electrical resistivity, with the goal of finding the optimal
zone for electrical performance. This initial work revealed traditional design criteria are
not helpful for guiding research of most oxide thermoelectric materials, and new strategies
were developed to determine the parameter space of interest for oxide thermoelectrics.
Building on this work, a database was created with thermoelectric materials data ex-
tracted from over 100 publications (www.mrl.ucsb.edu:8080/datamine/thermoelectric. jsp),
and a visualization framework was built to quickly survey performance and resource con-

siderations and define a parameter space for good thermoelectric performance. Most im-
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portantly, all systems with high performance exhibit metallic electrical transport, with
electrical resistivity below the Mott maximum resistivity (p<1072Qcm). Further, al-
though normally in this regime one would expect a negligible Seebeck coefficient, all high
performance materials exhibit anomalously high Seebeck coefficients (|.S| > 100 uV/K)
given the low electrical resistivity. This work focused on tools for discovery of new ma-
terials, though was expanded upon by developing screening methods to look at which
existing systems can be optimized and improved, and which are already nearing their
maximum possible performance using currently available methods in the field.

The requisite metallic electrical transport considerably restricts the parameter space
of oxides, and this knowledge was used to target reduced early transition metal oxides
with highly connected crystal structures. Owing to the high structural connectivity in
three dimensions and the intrinsic crystallographic defects that lead to low thermal con-
ductivity, a series of WO3-NbyO5 materials was rapidly prepared using spark plasma sin-
tering (SPS). The resulting materials are composites with embedded W-rich precipitates
that are stable to repeated thermal cycling. These composites exhibit good thermoelec-
tric properties; the best-performing composition studied displays a thermoelectric figure
of merit 27'=0.1 at 950 K, the highest temperature measured, and 27" increases at higher
temperatures not accessible using our instrumentation. Even without optimization these
materials display superior performance to most n-type oxides that have been actively
researched, and are a promising platform for future research.

WO3-NbyO5 was prepared in a single step under 30 minutes of processing using SPS,
but owing to the presence of multiple observed phases and precipitates, a study was under-
taken to ensure W cation mobility is sufficient to allow diffusion and pseudo-equilibration
under the rapid SPS processing conditions. Cr®" is a notoriously inert cation due to crys-
tal field energy stabilization, so the SPS reaction of CroO3 and WOj3 binary oxides was

investigated under similar processing conditions. Remarkably, >99 mol% purity Cro WOg
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can be formed from SPS reaction of oxide precursors in as little as 3min at 1473 K,
which we attribute to the reducing conditions present during SPS processing. The re-
ducing conditions during SPS lead to rapid diffusion of cations and anions from partial
reduction of inert Cr3* species to labile Cr?>* species, as well as oxygen ion mobility due
to vacancy formation that accompanies partial reduction of W6+,

Following the successful use of human-based “small data” mining, machine learn-
ing algorithms developed in this work were trained on our thermoelectrics database to
create software capable of predicting broad changes in thermoelectric properties. This
recommendation engine can suggest chemical compositions likely to exhibit good ther-
moelectric performance, and has successfully identified a new class of thermoelectric ma-
terials that is compositionally distant from previously reported thermoelectric materials.
Given the difficulty and slow pace with which new material discovery has traditionally
occurred, computer-aided materials discovery may provide the ability to systematically
explore chemical whitespace and increase the rate of material discovery and technological

progress.
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Introduction Chapter 1

Cold

Figure 1.1: When a temperature gradient is maintained across a thermoelectric mate-
rial, a corresponding electric potential is established, and can be used to do external
work. This phenomenon is known as the Seebeck effect, which is typically on the
order of ~100V/K for typical thermoelectric materials. To maintain equal chemical
potential, the hot side of a thermoelectric materials has fewer, higher-energy carriers
compared to the cold side.

1.1 Thermoelectric materials as solid-state heat en-
gines

Thermoelectric materials are a class of materials that generate electricity when they
are heated unevenly. Specifically, when a temperature gradient is maintained across a
thermoelectric material, a corresponding electric potential is established, and can be used
to do external work. This phenomenon is known as the Seebeck effect, which is typically
on the order of ~100 V/K for typical thermoelectric materials. The Seebeck effect occurs
because carriers will seek a state with minimum chemical potential energy. Consequently,
excited carriers at the hot side of a thermoelectric material have higher chemical potential
energy and will diffuse to the cold side. If there is an asymmetry in the type of carriers
that can diffuse (i.e., holes compared to electrons), an electrical potential develops that
can drive an electrical current (Figure1.1).

The Seebeck voltage is an intrinsic material property, and in order to generate useful
voltages, a thermoelectric generator will typically consist of many thermoelectric elements

2



Introduction Chapter 1

connected in an electrical series. Unlike other heat engines, thermoelectric materials have
no moving parts, and devices can be easily scaled to arbitrary dimensions to suit the
desired application. This makes thermoelectric generators ideal for applications where

light weight, small form factors, and reliability are key.

2T = ET (1.1)
pK

Despite having been initially discovered in 1821, the conversion efficiency of ther-
moelectric materials is poor, so thermoelectric materials remain viable only in niche
applications where other heat engines are unsuitable. The performance of a thermoelec-
tric material is given by 27" (Equation1.1), a dimensionless figure of merit influenced
by the Seebeck coefficient S, the electrical resistivity p, the thermal conductivity x, and
the absolute temperature 7. For perspective, current high-performance materials have
2T >1 [1, 2|, the best bulk materials made to date have 2T ~2 [3, 4], and widespread
deployment outside niche applications will require 271" >3. Increasing the thermoelectric
performance is difficult because the underlying electrical and thermal transport prop-
erties are correlated and cannot be tuned independently. For example, the electrical
resistivity and thermal conductivity are intrinsically linked by the Wiedemann-Franz law
[5], which is why good electrical conductors tend to also be good thermal conductors
(e.g., copper). Further, both the electrical resistivity and the Seebeck coefficient depend
on the concentration of electrical carriers, so decreasing the electrical resistivity (good)
also decreases the Seebeck coefficient (bad). Although materials with low electrical re-
sistivity are desirable for high thermoelectric performance, they tend to have negligible
Seebeck coefficients and high thermal conductivity, resulting in an overall low 27T and

poor performance.
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insulator metal

Figure 1.2: In most intermetallic and semiconductor thermoelectrics, carrier doping is
performed to optimize the 27" of materials, where the maximum 27" occurs at a point
of ideal compromise between high S, low p, and low x. There are many factors that
complicate this process in oxide materials, and it is often not obvious where the zone
of maximum performance lies. Figure adapted from [6].

1.2 Optimizing electrical transport

In most intermetallic and semiconductor thermoelectrics, carrier doping is performed
to optimize the zT of materials, where the maximum 27 occurs at a point of ideal
compromise between S, p, and k (Figure1.2). However, the doping behaviour of bulk
oxides is often much less controlled. In many cases, introducing additional elements in
the form of dopants will stabilize new phases instead of electronically doping the primary
phase. Additionally, dopants tend to alter the crystal structure, which changes the band
structure and has effects far more dramatic than a change in the carrier concentration
alone. For these reasons, it is unclear where the ideal parameter space lies for oxides,
and this has been clearly determined in this work.

The first step towards understanding the optimal zone of electrical transport began by

examining a system of rare-earth Ru pyrochlores (AsRusO7; A=Pr, ..., Lu, Y, Bi), an
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Figure 1.3: Room-temperature electrical resistivity of AsRusO7 (A=Pr, ..., Lu, Y,

Bi) decreases smoothly with increasing average A3t cation radius. The thin dashed

line at p = 0.01 Qcm represents the Mott minimum metallic conductivity at room

temperature. Ionic radii of 8-coordinate 34 cations were taken from Shannon [7].

Values of electrical resistivity were taken from references [8, 9, 10, 11, 12, 13, 14, 15].
oxide system deliberately chosen for the tunability of electrical resistivity near a metal-
insulator transition (MIT) (Figure1.3). In these materials, electrical conduction occurs
through the Ru-O-Ru framework via Ru 4d — O 2p states, and the degree of orbital
overlap is influenced by the size of the rare-earth ions. Increasing the ionic radius of the
rare-earth ion increases the Ru—O—Ru bond angle, flattening out the bond and increasing
orbital overlap, which increases bandwidth and decreases the electrical resistivity [16].
This allows the preparation of materials with arbitrary electrical resistivity; we present
the study of NdyRusO7, chosen for our belief that the insulating nature of the mate-
rial would lead to a high Seebeck coefficient while proximity to a MIT would lead to

sufficiently low electrical resistivity to result in good thermoelectric performance.



Introduction Chapter 1

1.3 Structure and electrical conductivity in oxides

Oxides can assume a wide range of possible electrical resistivities, with electrical
transport ranging from metallic (e.g., RuOs or ReO3) to insulating (e.g., TiOy or SiO).
There are many factors associated with this gamut of properties, and the crystal struc-
ture, which dictates the arrangement of atoms in three dimensions, is one of the central
determinants. Convincing evidence can be seen by examining systematic changes in
crystal structure within a compositional series. For example, in the perovskite LnNiOj
(Ln=La, ..., Lu, Y) compositional series, it has been shown that the Ni-O-Ni bond
angle determines whether the compound displays metallic or insulating electrical trans-
port [17, 18]. When the lanthanide cation is large, the Ni-O-Ni bond angle is close to
180° and allows good Ni3d — O 2p orbital overlap, which leads to large bandwidth and
metallic electrical transport. As the size of the lanthanide cation decreases, the Ni-O—-Ni
bond angle shrinks, and the poor orbital overlap leads to low electronic bandwidth and
insulating electrical transport. For this reason, LaNiOj3 is metallic at all temperatures,
whereas all other lanthanide members are insulating at low temperatures and undergo
an insulator-to-metal transition that increases in temperature with decreasing lanthanide
ionic radius [17, 18]. At the other extreme, LuNiO3 remains insulating up to 600 K.

High atomic connectivity within a crystal structure is also very important to ensuring
metallic electrical transport. This can clearly be seen by examining the change in electri-
cal properties with changing dimensionality within the La,;Ni,O3,41 (n=1, 2, 3, ...,
o0) homologous series from LasNiO4 (n=1) to LaNiOs (n=o00) [19]. This is analogous
to the Ruddlesden-Popper homologous series (Figure 1.4) [20]; n dictates the number of
contiguous LaNiOj3 layers (NiOg) octahedra), and larger values of n correspond to more
highly connected structures. In this series, n =1 corresponds to isolated 2-dimensional

LaNiOj3 sheets, and n = oo corresponds to an infinite 3-dimensional network of LaNiOj .
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Lan+1 Nlno3n+1

Figure 1.4: A simplified representation of the structural evolution within the
La,+1NiyO3,41 (n=1, 2, 3, ..., c0) homologous series from LayNiO4 (n=1) to
LaNiO3 (n=00). n dictates the number of contiguous LaNiOg layers (NiOg) octahe-
dra) separated by an LaO layer, and larger values of n correspond to more highly con-
nected structures. In this series, n =1 corresponds to isolated 2-dimensional LaNiOg
sheets, and n =00 corresponds to an infinite 3-dimensional network of LaNiO3. The
unit cell is shown in black.
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At the extreme of low dimensionality within this series (LasNiOy4; n=1) there are alter-
nating planes of LaNiO3 and LaO layers stacked along the ¢ axis of the unit cell. This
pseudo-2D material is insulating at all temperatures. In the next member (LagNiyOg;
n=2), there are blocks of two layers of LaNiOj interleaved with one LaO layer, and
an insulator-to-metal transition is seen below 300 K, though the exact point depends on
oxygen stoichiometry. By the next member (LayNizO19; n=3), the sample is metallic, as
is the end-member LaNiOs, which has infinite blocks of NiOg octahedra connected in 3
dimensions. As nicely highlighted by Mohan Ram et al. [19], highly connected structures
result in good electrical transport, whereas low connectivity localizes carriers and leads

to poor electrical transport.

1.4 Reducing thermal conductivity

Optimizing the electrical properties of thermoelectric materials has been difficult be-
cause of the many competing effects, and this is to say nothing of the thermal conductiv-
ity. As highlighted in the previous discussion, low electrical resistivity in oxides requires
a highly connected crystal structure. Unfortunately, the same features that promote low
electrical resistivity also generally lead to high thermal conductivity, which is unfavorable
for thermoelectric materials. The inevitable question becomes how to achieve the high
structural connectivity required for metallic electrical transport while maintaining a low
thermal conductivity.

The total thermal conductivity results from contributions from both electronic and
lattice components (k= ke + k;). Electronic carriers can be either holes and/or elec-
trons, which carry heat in addition to charge. As scattering electronic carriers directly
increases the electrical resistivity, this contribution to thermal conductivity is somewhat

intractable to reduce in thermoelectrics where a low electrical resistivity is desired. How-
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ever, the lattice component of thermal conductivity is largely independent of electrical
resistivity. The active carriers involved in the lattice component of thermal conductivity
are phonons, which are waves with a broad distribution of wavelengths (from nm to pm)
that result from the concerted oscillations of atoms in a solid. These waves propagating
through a material carry heat, and can be scattered by features with similar characteristic
lengthscales.

Crystal structure engineering can be undertaken to reduce the thermal conductivity
through the deliberate introduction of defects designed to scatter phonons [21]. These
defects can take the form of crystallographic site defects (substitution of atoms or oxy-
gen vacancies), or crystallographic shear, which involves the extended condensation of a
polyhedral network and introduces variation in the long-range crystal structure to scatter
phonons. These shear planes can be easily formed in early transition metal oxides (e.g.,
TiO,, VO., NbO,, TaO,, MoO,, WO,, etc.) [22], a family of materials that often have
highly connected crystal structures and can often be partially reduced to improve the
electrical transport.

Not all crystal structures lend themselves easily to crystal engineering, so many recent
gains in performance have been made by moving away from single-phase materials to-
wards biphasic materials. Microstructure engineering can be performed to create features
at lengthscales ranging from nm to /mum, which is well paired to the phonon distribu-
tion of most materials. Secondary-phase inclusions within a primary-phase matrix have
been shown to reduce the material thermal conductivity by scattering phonons with
wavelengths similar to the dimensions of the secondary phase inclusions [23]. Because
the mean free path lengths of phonons are much longer than electrons, the secondary
phase inclusions preferentially scatter phonons without dramatically increasing the rate
of electron scattering. This phenomenon leads to composites with reduced thermal con-

ductivity without adversely increasing the electrical resistivity, and is used in this work
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explicitly for this beneficial purpose.

The ability to independently reduce thermal conductivity and improve thermoelectric
performance has led to widespread microstructure engineering in known thermoelectric
materials [2, 24], and has resulted in record-breaking thermoelectric materials with 2T
values above 2 [4]. It is obvious that lower thermal conductivity will increase the perfor-
mance of a material, but it remains unclear to what extent this can be done, particularly
for materials that have already undergone extensive microstructural engineering. Accord-
ingly, we have employed a simple mathematical derivation and developed visualization
tools and screening methods to visualize the performance gains possible by reducing
the thermal conductivity in existing thermoelectric materials. Combined with the large
thermoelectrics database described in this work, these tools allow researchers to quickly
identify which materials are nearly optimized and which materials have room for im-

provement and deserve further study.

1.5 Using large datasets to gain insight

Breaking out of the common composition space to discover new chemistries is a dif-
ficult challenge in all materials disciplines, and even then it involves considerable luck
and extensive study to produce viable materials, as has been observed in the recent re-
naissance of perovskite solar cells [25]. Many of the most notable materials classes under
investigation today—from Na,CoO, derived thermoelectrics [26] to iron arsenide super-
conductors [27]—were discovered fortuitously. As a result, experimental efforts often
gravitate toward incrementally improving known chemistries (via chemical substitution,
doping, microstructure engineering, etc.), as these efforts are more likely to bear fruit
than high-risk searches through chemical whitespace for entirely new materials.

Moreover, principles and beliefs about what constitute potentially interesting materi-
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als are based only on the existing paradigm, which may be irrelevant for other classes of
materials. For example, research in developing superconductors with higher critical tem-
peratures was based informally on several empirically-derived principles—the Matthias
rules of superconductivity, for example, suggested that magnetism and superconductivity
were mutually exclusive. These rules turned out to directly oppose many of the features
present in the later-discovered cuprates, and then again with pnictides, both of which
surpassed traditional BCS superconductors in terms of critical temperatures. In similar
ways, the experimental search for new thermoelectric materials remains largely confined
to a limited set of successful chemical and structural families, such as chalcogenides,
skutterudites, and Zintl phases [28, 6, 29]. Given the heavy focus on traditional, inter-
metallic thermoelectrics, the development of new high-performance oxide materials may
require different design principles, and it is important to look broadly at the wealth of

data available in the literature in a comprehensive manner without bias.

1.5.1 “Small data” mining through visualization

To assemble as much information in order to ascertain the parameter space of interest
for oxide thermoelectric materials, we extracted data from over 100 reports of thermo-
electric materials across 11 material families, and created a database with over 1000
datapoints and 30 000 pieces of metadata using a set of relevant material parameters and
properties at several key temperatures of interest. We also created a web-based interac-
tive visualization framework to explore the data, as visualization strategies become dif-
ficult with larger datasets (www.mrl.ucsb.edu:8080/datamine/thermoelectric. jsp).
To maximize the dimensionality and information content, the scatter plots we employ
provide a third dimension of marker size, which indicates a performance metric, and a

fourth dimension of marker colour, which indicates the family of related materials (Fig-
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Figure 1.5: Screenshot of  the web-based visualization tool
(www.mrl.ucsb.edu:8080/datamine/thermoelectric.jsp), that permits the
simultaneous visualization of four parameters: abscissa, ordinate, marker size and
color. Several variables can be chosen as abscissa and ordinate, and measures of
thermoelectric performance can be represented by the radius of the data points.
To simplify navigation, families of related materials can be displayed or hidden by
clicking their legend marker. Further, hovering over a data point intuitively reveals
a tooltip with pertinent information: the names and values for the abscissa and
ordinate, the chemical composition, the sample form (e.g., polycrystalline, single
crystal, nanoparticles), the preparatory route (e.g., ceramic method, arc melting),
the author and year, and either the power factor, kzT', or 2T value. Clicking on a
data point leads the web-browser directly to the source publication via the document
object identifier (DOI).
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ure 1.5). Through these endeavours, we have incorporated both performance and resource
considerations to create a set of tools for researchers and have outlined design criteria
and a parameter space of interest to guide the discovery of new thermoelectric materials
with favorable performance.

It is obvious why considering the material performance is important to the develop-
ment of thermoelectric materials, but it is also important to be concerned about resource
considerations, which we also present. Although materials with the highest performance
will always be desired, widespread deployment may be limited in some applications by
intense material use. Further, heavy reliance on a single supplier can lead to significant
risk to manufacturers and larger industries, and must be considered if intense deployment
is expected. The resource considerations we present here will depend on the scale of de-
ployment and intensity of resource use, and we explicitly deal with the crustal abundance

and geopolitical distribution of primary resources.

1.5.2 “Big data” mining with machine learning

Visually interpreting large amounts of data will always be limited by the human com-
ponent, and lacks the high dimensionality to observe underlying correlation that may
exist in complex datasets. The visual plots discussed earlier attempt to maintain as
much information by providing a third dimension of marker size and a fourth dimension
of colour, but even this has its limits. “Big data” strategies involving machine learning
benefit from the ability to exploit large, multidimensional, and complex datasets, and are
useful to develop more complicated and less evident approaches for new material discov-
ery. Due to the complicated nature of the underlying physics, these correlation-driven
approaches may yield new insight into our understanding of what leads to high thermo-

electric performance. Principal component analysis (PCA) is one way to examine large
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datasets and examine correlation, but this primarily concerns dimensionality reduction
and collapsing the data onto a set of axes that maximizes the spread within the data.
Machine learning algorithms, on the other hand, are not constrained to any functional
forms, and are thus a highly nonlinear regression able to regress all input variables to
model a target variable, such as a physical property or thermoelectric performance.
Machine learning algorithms are popular datamining tools, but require large training
sets to be effective. These training datasets require examples of materials with good
performance, but also materials with poor performance. This poses an existential prob-
lem for materials science, as literature reports of functional materials are biased towards
materials that perform well. Nevertheless, the machine learning algorithms were trained
on the thermoelectrics database created here, and used to create a model that predicts
physical properties that constitute 2T (27 = Sp~'x~1T). The resulting material recom-
mendation engine can suggest chemical compositions likely to exhibit good thermoelectric
performance. This recommendation engine has successfully helped discover a new class
of thermoelectric materials from chemical whitespace, and the new materials exhibit sur-
prising thermoelectric performance given the metal composition (Lni2CosBi, Ln=Gd,

Er).

1.6 Using spark plasma sintering to rapidly explore
new material systems

Materials discovery involves the identification of potential chemical compositions,
but also the preparation of new materials. Spark plasma sintering (SPS) offers a rapid
preparatory route to react and consolidate material in a single processing step, which

provides a quick method to prepare dense samples suitable for measurement of physical
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Figure 1.6: Spark plasma sintering (SPS) offers a rapid preparatory route to react and
consolidate material in a single processing step, and provides a quick route to prepare
dense samples suitable for measurement of physical properties. A typical instrument
will have a vacuum chamber inside which a die set can be mounted and subjected to

a mechanical load and electrical current.

properties. This is ideal for quickly preparing and characterizing many new compositions

to explore the phase space of possible thermoelectric materials.

The name initially came from early investigations where sparks and plasma were be-

lieved to be central to the rapid densification rates, though these phenomena have since

been disproven. Nevertheless, while the colloquial name of “SPS” remains, the technique

is more accurately described as current-assisted, pressure-activated densification (CA-

PAD) [30]. A typical instrument will have a vacuum chamber inside which a die set can

be mounted and subjected to a mechanical load and electrical current (Figure 1.6). Dur-

ing a typical process, the sample will be rapidly heated by Joule heating of the conductive

die set while under an applied load, and temperature is increased until densification is
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Figure 1.7: SPS processing allows rapid heating and cooling at rates greater than

200 K/min. Further, full densification takes only minutes, compared to hours required

by traditional hot pressing. For typical processes near 1500 K, a potential of 5V and

a current of 1000 A are used. The applied mechanical force is generally limited by the

integrity of the die set, with pressures up to ~80 MPa available for graphite die sets.
observed; the whole heating, densification, and cooling process takes less than 30 minutes
(Figure 1.7). For typical processes near 1500 K, a potential of 5V and a current of 1000 A
are used. The applied mechanical force is generally limited by the integrity of the die
set, with pressures up to ~80 MPa available for graphite die sets.

In addition to densification, SPS can also prepare phase-pure materials from pre-
cursors. The preparation of phase-pure single-cation WO3_s phases from WO3 and W
metal has been previously demonstrated citeKieslich2013JMCA, and the preparation of
multi-cation WOs3-containing phases are demonstrated in this work. For example, we
show in this work that CroWOg can be made from WO3 and CryO3 powders using SPS
at 1473 K for less than 10 min, proving that anion and cation mobility is sufficient to
allow diffusion and phase equilibrium in WO3 systems at these reaction temperatures

and timescales. SPS processing generally results in specimens with >95% single-crystal

density, which is critical to accurate determination of some physical properties, such as
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thermal diffusivity. Accordingly, many samples of different compositions can be made in
relatively short periods, and can be subjected to physical property measurements with
minimal post-processing. In the studies presented here, the entire cylindrical pellet is
used for thermal diffusivity measurements, and the cylindrical pellet can be sectioned
to provide rectangular prism specimens for electrical property measurement (electrical
resistivity and Seebeck coefficient).

The rapid processing times and simultaneous reaction and consolidation during SPS
overcome many of the common pitfalls of traditional ceramic sample preparation methods
and traditional hot pressing. Traditional solid-state preparation of materials requires
extended heat treatments at high temperatures. This is time consuming, but it also is
problematic when working with volatile precursors, such as early transition metal oxides
of Mo or W [31], or late transition metal oxides of Ru or Ir [32]. In these cases, special
measures must be taken, such as the addition of excess reagent and the use of sealed
crucibles. Further, the final product after reaction is a powder that must be consolidated
and densified before physical property measurements can be performed. This leads to
further problems, as traditional hot pressing requires sustained high temperatures for
several hours, and these high temperatures and long duration under low oxygen partial
pressures often result in decomposition (either through instability or volatility) of the

oxide materials.

1.7 Overview and impact

The work presented here outlines the development of design principles for the discov-
ery of high-performance oxide thermoelectric materials, which until this point were not
clear. Initial work targeted a Ru pyrochlore system with tunable electrical resistivity, with

the goal of finding the optimal zone for electrical performance. This revealed traditional
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design criteria are not applicable to most oxide systems, and new strategies based on col-
lecting and examining large datasets were developed to determine the parameter space of
interest for oxide thermoelectrics. Most importantly, all systems with high performance
exhibit metallic electrical transport, with electrical resistivity below the Mott maximum
resistivity (p <1072 Qcm). Further, although normally in this regime one would expect
a negligible Seebeck coefficient, all high performance materials exhibit anomalously high
Seebeck coefficients (|.S| > 100 ©V/ K) given the low electrical resistivity.

This large dataset and new knowledge was used to discover new thermoelectric ma-
terials. Specifically, we began by deliberately targeting WO3-NbyO5 phases, a series of
early transition metal oxides with highly connected crystal structures. To explore the
large phase space, we demonstrated spark plasma sintering (SPS) is well-suited for the
rapid preparation of complex WO3-containing phases at 1473 K, and prepared a composi-
tional series of dense specimens with metallic electrical transport. The resulting materials
are composites with embedded W-rich precipitates that are stable to repeated thermal
cycling, and exhibit superior thermoelectric performance to most n-type oxides that have
been actively researched. In addition to the demonstrated success of the guiding princi-
ples for oxide thermoelectrics developed here, we have used machine learning algorithms
to create a materials recommendation engine, and have successfully discovered new ther-
moelectric materials in chemical whitespace that exhibit surprising performance. Given
the difficulty and slow pace with which new material discovery has traditionally occurred
as well as the promise of computer-aided materials discovery demonstrated here, it will
be important to assess to what extent these tools can be generalized to other disciplines.
Towards this end, the thermoelectrics database, visualization tools, and the recommen-

dation engine are all freely available online for use by the larger research community.

18



Chapter 2

Structural disorder, magnetism, and
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Polycrystalline Ndy;Ru,O7 samples have been prepared and examined using a combi-
nation of structural, magnetic, and electrical and thermal transport studies. Analysis of
synchrotron X-ray and neutron diffraction patterns suggests some site disorder on the A-
site in the pyrochlore sublattice: Ru substitutes on the Nd-site up to 7.0(3)%, regardless
of the different preparative conditions explored. Intrinsic magnetic and electrical trans-
port properties have been measured. Ru 4d spins order antiferromagnetically at 143 K
as seen both in susceptibility and specific heat, and there is a corresponding change in
the electrical resistivity. The onset of a second antiferromagnetic ordering transition seen
below 5K is attributed to ordering of Nd 4f spins. NdyRusO7 is an electrical insulator,
and this behaviour is believed to be independent of the Ru-antisite disorder on the Nd
site. The electrical properties of NdsRuyO7 are presented in the light of data published
on all AyRu,O7 pyrochlores, and we emphasize the special structural role that Bi** ions
on the A-site play in driving metallic behaviour. High-temperature thermoelectric prop-
erties have also been measured. When considered in the context of known thermoelectric
materials with useful figures-of-merit, it is clear that NdyRu,O7 has excessively high elec-
trical resistivity which prevents it from being an effective thermoelectric. A method for

screening candidate thermoelectrics is suggested.

2.1 Introduction

The Ay;B>060’ pyrochlore structure, shown in Figure2.1, comprises two interpen-
etrating ByOg and A0’ sublattices [8]. The electrical properties of pyrochlore ruthe-
nium oxides (AsRusyO7, A= Pr through Lu, Y, and Bi) are of long-standing interest. In
AoRuO7 ruthenates, electrical conductivity is expected to take place through the net-
work of corner-sharing RuOg octahedra (i.e., the BoOg sublattice). While all the rare-

earth members are insulating, BisRu,O7 is metallic. Several investigators have sought to
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Figure 2.1: Interpenetrating a (a) “cubic-ice” diamondoid A30’ lattice with (b) a
lattice of corner-connected BOg octahedra gives the (¢) A2 B2OgO’ pyrochlore struc-

ture of NdaRusO7. Space group Fd3m [No. 227, A at (%, %, %), B at (0,0,0), O at

(zo, %, %), and O at (%, %, %)] Black spheres are Nd, blue octahedra surround Ru,

and the orange spheres are O.

explain the difference in conductivity by examining changes in Ru—O-Ru bond angle —
determined by the combination of Ru—O bond length and the size of A — and consequent
changes in orbital overlap and bandwidth [16, 9]. Electron spectroscopic investigations
of Yo,RuyO7 compared with BisRusO7 led Cox et al.[33] to conclude that the princi-
ple difference seen is the participation in conduction of Bi 6s states in BigRuyO7. This
participation broadens the Ru 4d band width sufficiently that a metallic ground state
is preferred over one that is correlated and insulating. However,Shoemaker et al.[34]
contrasted the computed electronic structures of insulating BisTisO7 with that of con-
ducting BisRu,O7 and found no difference in the presence or absence of Bi 6s states near
the Fermi energy in these two compounds.

Pyrochlore-type rare-earth ruthenium oxides are also of great interest for their mag-
netic properties. The sub-lattices of corner-connected A, and B, tetrahedra can result
in magnetic frustration when either A or B is separately magnetic [35]. While magnetic
properties of NdaRuy,O7 have been reported previously [36], we show here that the pres-
ence of ferromagnetic impurity phases compromised the earlier analysis. There has also
been some confusion in the literature about the nature of the ordering of the Ru 4d spins
in NdyRu,O7; several reports have suggested that the ordering is glassy [37, 38, 39]. We
find compelling evidence that ordering of Ru 4d spins in Nd;Ru,O7 is not consistent with
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spin-glass behaviour, and propose a reason for the observed history-dependence of the
ZFC-FC magnetic susceptibility and weak ferromagnetism below the ordering tempera-
ture. Heat capacity studies of the magnetic transition in NdyRuyO7 are also presented
here.

In A5Ruy,0O7 pyrochlores the structural modifications between metallic and semicon-
ducting members are small, suggesting that the electrical transport properties are deli-
cately positioned near the edge of localized and itinerant behaviour. This positioning, at
the edge of metal-insulator divide, potentially serves as a prime locator for thermoelectric
materials: a high Seebeck coefficient is generally found in insulators, with potentially ac-
ceptable electrical conductivity on the metallic side, striking the right balance in proper-
ties [6, 1]. For this reason, we investigate the high-temperature thermoelectric properties
of NdyRuyO7. When compared to well-known chalcogenide thermoelectric materials (for
example, PbTe, BisSes, and BisTes), metal oxides are of interest due to the expectation
of higher stability at elevated temperatures and the prospect of using less toxic and more
abundant elements. The discovery of high thermoelectric performance in Na,CoO,4[26]
has led to renewed interest in oxide thermoelectric materials, despite the figure of merit
(2T) of this system and other bulk oxide materials being too small for widespread use
[1, 40]. Towards the goal of a more directed and effective search for high-performance
metal-oxide thermoelectric materials, we also introduce a new type of plot for data vi-
sualization that can be used to rapidly screen potential candidates for thermoelectric

performance.

2.2 Experimental details

Polycrystalline samples were made by direct reaction of constituent oxide powders

(RuO,, 99.99%, Sigma-Aldrich; NdyOg, 99.99%, Alfa Aesar). Owing to the volatility of
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Ru oxides in air at high temperatures (>1313 K), samples were prepared with a 1 mol%
excess RuO,. Pellets were cold-pressed and annealed at 1273 K for 7 days with several
intermediate grindings, after which starting materials were still found by lab XRD. Fol-
lowing this initial reaction, pellets were wrapped in Pt-foil and annealed in evacuated
silica ampoules at 1373 K for 7 days. The samples were cooled to 1073 K at 0.5 K/min,
and further annealed at 1073 K for 7 days to promote healing of defects. Finally, samples
were cooled slowly to room temperature at 0.5 K/min. If NdsRusO7 is annealed in air
at 1313 K or 1333 K for 12 days, Rietveld analysis of XRD patterns indicates the sample
contains 78 mol% Nd3zRuO7 and 22mol% NdyRu,O7 when the annealing temperature is
1313 K, and pure Nd3RuO; when the annealing temperature is 1333 K.

To avoid the formation of Nd3RuO; at the high temperatures and extended annealing
times required for solid state reactions, polycrystalline samples of >99% purity were also
made by ultrasonic spray pyrolysis (USP) of aqueous nitrate precursors [Ru(NO)(NO3)s,
Sigma-Aldrich; and an aqueous solution of Nd3*, prepared by dissolving Nd,O3 in ~2 M
HNOs3][41, 42]. A modified ultrasonic humidifier was used to generate a mist, which was
passed through a tube furnace (30.5cm heating zone) at 973 K with a positive pressure
of air at a flow-rate of 5scfm (~140L/min). The product was collected in water, and
the mixture was evaporated at 343 K; the resulting black solid was cold-pressed into a
pellet and annealed in air at 1373 K for 8 hours. Samples were then quenched in air
(removed from the furnace at 1373 K) or annealed in air for 7 days at 1073 K then cooled
to room temperature at 1 K/min. Rietveld refinement of the structure with synchrotron
XRD data revealed no significant differences in the bulk long-range structure between
samples that were quenched rapidly and samples that were annealed at intermediate
temperatures and cooled slowly, nor were there differences in structure between samples
made by USP and samples made by solid state reaction. USP offers a rapid preparatory

route to prepare NdsRu,O7 in =24 hours, rather than ~14 days.
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Laboratory XRD was performed using a Philips X’Pert diffractometer with Cu Ko ra-
diation and using mis-cut Si sample holders to reduce background signal. High-resolution
synchrotron X-ray diffraction (XRD) data on finely-ground powder was acquired at 100 K
and 295 K at beamline 11-BM at the Advanced Photon Source (APS), Argonne National
Laboratory, using an average wavelength of 0.413 A on a diffractometer that has been
described in detail by Wang et al. [43]. The precise wavelength was determined using
a mixture of Si (SRM 640c)and Al,O3 (SRM 676) NIST standards run in a separate
measurement. Samples were contained in 0.4 mm diameter Kapton capillaries and the
packing density was low enough that absorption was not noticeable. Neutron powder
diffraction was performed on the BT-1 diffractometer at the NIST Center for Neutron
Research. A Cu(311) monochromator was used, with a constant wavelength of A\ =
1.5402(2) A and a second-order contribution at A/2. Data was collected at 300 K over
the range of 3° to 168° 26 with a step size of 0.05°. All diffraction data shown here are
from a sample made by solid state reaction, though Rietveld analysis of data obtained by
synchrotron XRD on other samples made by solid state reaction or USP led to identical
results.

X-ray total scattering was performed at beamline 11-ID-B at the APS, using a wave-
length of 0.137020 A. The pair distribution function (PDF) was extracted with PDFgetX2
[44] using Q ez = 28 A~ and full-profile PDF structure refinement was completed using
PDFgui [45]. Ry and x2,; were refined on 1950 data points. Key instrumental param-
eters were Qprogq = 0.0551 A1 and Qamp = 0.00963 A=, determined by using a CeO,
standard in a separate measurement.

Magnetic properties of powders were measured using a Quantum Design MPMS XL-
5 SQUID magnetometer. Zero-field cooled (ZFC) and field cooled (FC) measurements
were performed between 2K and 380 K with 100 Oe and 1000 Oe applied dc magnetic

field. Data was collected in 0.5 K increments while heating or cooling at 1 K/min. In
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addition to dc measurements, frequency-dependent ac measurements were performed in a
small temperature range between 130 K and 155 K. Low-temperature electrical transport
properties and heat capacity were measured using a Quantum Design Physical Properties
Measurement System. Samples for electrical transport measurements employed the 4-
probe geometry on a pellet of sintered powder with dimensions of approximately 9 mm x
3mm x 3mm. Electrical contacts were made with copper wire and silver epoxy. Three
samples were run to ensure reproducibility: two made using USP with apparent densities
of 38% and 53%, and one made by ceramic preparation with an apparent density of 58%.
Electrical resistivity at 300 K varied from 1.2 2 cm to 2.4 2 cm between the samples, and
is consistent with previous reports of 1.8 2 cm [10]. Despite slight differences in the mag-
nitude of resistivity, all samples displayed consistent temperature-dependent behaviour.
Heat capacity measurements were collected on a pellet of mass 13.90 mg made by pressing
50 wt% of sample and 50 wt% of silver powder (99.99%, Sigma-Aldrich)and analyzed us-
ing the thermal relaxation dual-slope method. A thin layer of Apiezon N grease ensured
thermal contact between the platform and the sample. The heat capacity of the Apiezon
N grease and silver were collected separately and subtracted from the measured sample
heat capacity.

High-temperature thermoelectric properties (electrical resistivity and Seebeck coef-
ficient) were measured with an ULVAC Technologies ZEM-3. Sample pellets had ap-
proximate dimensions of 9mmx3mmx3mm. Measurements were performed under a
helium under-pressure, and data was collected through three heating and cooling cycles
to ensure sample stability and reproducibility. No changes in physical properties were
observed between cycles, and analysis of the lab XRD pattern of the materials after mea-
surements showed no changes in structure nor new phases. Two different samples (USP

and ceramic) were tested to verify consistency.
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2.3 Results and Discussion

2.3.1 Structure

The high symmetry ideal pyrochlore crystal structure is completely determined by the
cubic cell parameter and a single positional structural parameter, given by the position
x of O which is sited at (zo, %, %) However, there are many types of disorder that
arise in this structure type, and a careful examination of the structure is necessary to
understand properties. For example, Vanderah et al. recently described the widespread
presence of antisite disorder on the A-site; up to 25% of the large A-sites can be replaced
with small B-site metal ions [46]. Placing large A-site ions on the smaller B-sites is less
favourable, though previous studies have shown that antisite disorder on the B-site is
also possible [47, 48]. Moreover, local off-centering of A-site cations is well-known in
Ru pyrochlores such as BisRusO7 [34, 49]. The presence of disordered oxygen vacancies
has been observed in metallic members of A, ,Bi,RusO7 solid solutions [50]. Due to
the relatively small X-ray scattering factor of O compared to the other elements present
in AsRuyO7, use of only lab XRD has led to inaccurate determination of the O atomic
position, as demonstrated by Kennedy and Vogt [50]. This inaccuracy has a large effect
on the reported Ru—O—-Ru bond angles, which are known to critically influence electrical
properties. For example, in BisRusO7, there is a 6° discrepancy, and for other A;Ruy07
members there is up to a 2° discrepancy in the reported Ru—O-Ru bond angles [9, 49, 11].

Combined Rietveld refinement was carried out using room-temperature data sets
(Figure 2.2), where the structure was refined on 51295 data points. During the combined
refinement, the synchrotron X-ray wavelength was fixed while the neutron wavelength was
allowed to vary, though the refined wavelength was within two standard deviations of the
starting value determined by previous instrumental calibration. Isotropic displacement

parameters were used to describe the electron density of the atoms in the structure, as
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Figure 2.2: Combined Rietveld refinement of the structure with (a) room-temperature
synchrotron XRD with A = 0.41295 A and (b) neutron diffraction with \ = 1.5402 A.
From the refinement, the cell parameter a is determined to be 10.342312(8) A at room
temperature, and the position z¢p corresponding to the O atom is 0.33012(7).
refinement of anisotropic displacement parameters did not improve the quality of the fit.
Rietveld refinement was performed with XND code[51], and structures were visualized
using VESTA [52].

Rietveld refinement of the structure using synchrotron powder XRD (Figure2.2(a))
data indicates samples were 99.5(1) mol% NdyRuyO7 and 0.5(1) mol% RuO;. The minor
presence of RuO, is not expected to influence the physical properties reported here.
There were no significant differences in structure between samples that were quenched
rapidly and samples that were annealed at intermediate temperatures and cooled slowly.
Additionally, there were no significant differences in structure between samples made by
USP and samples made by solid state reaction, nor were there differences between samples
annealed under static vacuum and samples annealed in air. Taken together, the long-
range structural order of NdyRusO7 appears to be insensitive to preparation conditions

and methods. In particular, annealing NdyRusO7 under low oxygen partial pressures (i.e.,
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Figure 2.3: Refinement with A-site disorder converges to 7.0(3)% Ru on the A-site and

slightly improves the fit to the data, as demonstrated above by the better description of

the peak-shape. Changes in the calculated diffraction pattern due to site disorder are

small, with the most significant and diagnostic change occurring at the 311 reflection.

For comparison, the most intense peak in this pattern has 85000 counts.
in evacuated ampoules) does not appear to lead to oxygen deficiency. More evidence of
this stability is presented in a later subsection, as the electrical resistivity does not change
after several heating cycles between 300 K and 900 K under oxygen-free conditions. This
suggests that O vacancies not already present in the ordered pyrochlore structure are
not formed to an appreciable extent in NdyRuy,O7. To check for the presence of oxygen
vacancies, the site occupancy of O' was allowed to refine freely; the best refinements
were consistent with complete occupancy. This finding is supported by previous neutron-
diffraction studies, which found no evidence for additional oxygen vacancies in NdsRuy O
[50]. The oxygen positional parameter (zo, %, %) converged to zp = 0.33012(7), identical
to previous reports using neutron diffraction [50, 53].

Synchrotron X-ray diffraction studies offer the advantage that the Nd3* and Ru*t

X-ray scattering factors are sufficiently distinct due to the large difference in atomic

28



Structural disorder, magnetism, and thermoelectricity of Nd2RusO7 pyrochlores Chapter 2

numbers. In contrast, neutron diffraction does not clearly distinguish between the sim-
ilar coherent scattering lengths of Nd (7.03fm) and Ru (7.69 fm) [54]. The synchrotron
diffraction data allowed the recent findings of Vanderah et al. regarding antisite disorder
on the cation sites to be tested. The site occupancy and atomic displacement param-
eters are often correlated, so synchrotron X-ray data was collected at both 100 K and
room temperature (295K). However, these parameters were not strongly correlated in
this investigation, and a combined Rietveld refinement using multiple temperatures did
not change the outcome of the analysis. Accordingly, we continue our discussion using
the combined Rietveld refinement of room-temperature X-ray and neutron diffraction
datasets (Figure2.2). When Ru was allowed to substitute on the A-site, the refinement
converged with 7.0(3) mol% Ru and a slight improvement in the fit. A similar trial
refinement of Nd on the B-site did not improve the fit. The stability of all refined
models (B-site disorder, A-site disorder, no antisite disorder) was verified by perturbing
other parameters. Because allowing A-site disorder improves the fit only marginally, it
is important to consider whether the improved fit is significant, or if the improvement
is merely because more parameters are introduced. Use of a Hamilton test [55] shows
the difference is statistically significant at <0.5% confidence interval. Indeed, with only
one additional parameter between the two models, the large number of independent
measurements makes virtually any improvement in R, statistically significant. Visual
inspection reveals only minor changes between the models, though in the limited areas
where antisite disorder causes the largest changes, A-site disorder improves the fit to the
experimental peak-shape (Figure2.3). The same results are obtained in samples made
by USP and by solid state reaction. With these considerations in mind, the presence of
A-site disorder is suggested.

The X-ray pair distribution function (PDF) obtained by total scattering agrees well

with the model generated by the average, long-range structure (Figure 2.4). Refinement of
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Figure 2.4: Analysis of the synchrotron X-ray PDF reveals NdoRuyO7 is well-described

by an average long-range structural model.
partial Ru substitution on the A-site was attempted, but the refined occupancy converged
to unphysical values, potentially due to strong correlation with the scale factor. Ideal
cation site ordering NdyRu,O7 yielded a refinement R = 10.05% and allowing 7.0% Ru
to occupy the Nd site, as suggested from Rietveld refinement, yielded R = 10.02%. The
numerical improvement of the fit is marginal, and visual inspection reveals the difference
between the models is much less than the level of noise present in the fit to the data.
Rietveld refinement of Bragg scattering suggests partial antisite disorder, whereas PDF
analysis of the total scattering shows no strong preference between full ordering or partial
antisite disorder. This likely occurs because the PDF refinement is strongly weighted by

near-neighbor correlations, which has been previously noted in the system LayLiAuOg

[56).
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Figure 2.5: (a) Antiferromagnetic ordering of Ru** 4d spins leads to a small cusp in
the ZFC magnetic susceptibility and a splitting of the ZFC and FC curves at 143K
(inset). Nd3T 4f spins do not order at this point, and cause the large increase in
susceptibility at lower temperatures. The separation of the ZFC-FC susceptibility is
tentatively attributed to spin canting, which leads to weak ferromagnetism. (b) Scaled
inverse susceptibility as a function of scaled temperature, as described in the text.
The dashed line represents ideal Curie-Weiss behaviour, and the negative deviation
in NdasRusO7 is due to short-range ferromagnetic interactions. The Curie—Weiss fit of
the high-temperature data reveals a negative Weiss temperature, indicating that the
dominant magnetic interactions are antiferromagnetic.
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Figure 2.6: (a) The Ru antiferromagnetic ordering seen in the dc magnetic suscepti-
bility at 143 K leads to decreasing xI" with decreasing temperature, and corresponds
closely with (b) the single anomaly in the heat capacity with a maximum at 142 K. At
low temperatures (7' < 5K), shown in the left panels, a downturn in x7" and an in-
crease in heat capacity are observed, consistent with the onset of Nd antiferromagnetic
order.

2.3.2 Magnetic and electrical transport behaviour

Zero-field cooled (ZFC) and field cooled (FC) measurements of the magnetic suscepti-
bility show magnetic ordering of NdsRusO7 at Ty = 143 K (Figure 2.5), with a small cusp
in the ZFC susceptibility. The higher-temperature region (340 K to 380 K) of the suscep-
tibility data was fit to the Curie-Weiss (CW) equation, x = C'/(T —Ocw). The effective
moment was extracted using the relationship p2e = 3Ckg/N, while the estimated spin-
only and unquenched moments of NdyRuyO7 were calculated using p2g = 2u%, + 2034
The determined effective paramagnetic moment was peg = 6.4 ug per NdoRuy,O7 formula
unit and the Weiss temperature was Ocw = —168 K. The peg is close to the calculated
spin-only value of g = 6.5 up, and significantly less than the calculated unquenched pz g
of 11.9 up. Curie-Weiss analysis reveals a negative ©cw, indicating that the dominant

magnetic interactions are antiferromagnetic. However, it is apparent from the first deriva-
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tive (not shown) that the inverse susceptibility remains mildly non-linear as a function
of temperature, indicating that NdsRuyO7 does not display pure Curie-Weiss paramag-
netism at these higher temperatures. Consequently, the determined Weiss temperature
and peg should be treated only qualitatively.

Rearranging the Curie-Weiss equation allows the scaled inverse susceptibility C'/(x|©cw]|)—
1 to be displayed as a function of 7'/|©cw| and provides a convenient way to visualize
deviations from ideal Curie-Weiss paramagnetism [Figure 2.5(b)] [57]. These deviations
from Curie-Weiss behaviour are due to short-range interactions, and the negative de-
viation seen in NdyRusO7 arises from uncompensated moments. Additionally, the plot
provides a convenient method to visualize magnetic frustration (the frustration index f
= Ocw/TN) [58]. Moderately frustrated systems tend to have f > 3 [58], whereas for
NdsRu2O7 f = 1.2, indicating the antiferromagnetic ordering is not strongly frustrated.

Previous studies have shown that the transition at 143K is the result of antiferro-
magnetic ordering of Ru'* 4d spins, as an analogous transition is observed in Y,Ru,Oy,
where there are no 4f spins at the A site [35, 39]. This is consistent with the the negative
Weiss temperature (Figure2.5b) and the decrease in x7' with decreasing temperature
(Figure 2.6a), which indicate the dominant magnetic interactions are antiferromagnetic.
However, the Nd3* 4f spins continue to display paramagnetic behaviour, with an increase
in susceptibility at lower temperatures. Previous studies have shown the rare-earth (RE)
spins in Ru-pyrochlores are slightly polarized by the weak RE-Ru exchange coupling, so
the behaviour of the RE spins below ordering of the Ru sublattice is not truly paramag-
netic [59, 60, 61]. Additionally, the history-dependence of the ZFC and FC measurements
and the increased susceptibility at lower applied fields suggest there are weak uncompen-
sated (i.e. ferromagnetic) moments [Figure 2.5]. The weak ferromagnetic interaction sat-
urates at lower applied fields, so it has a diminished contribution to the field-normalized

susceptibility at higher applied fields. Meanwhile, the ZFC-FC bifurcation of the mag-
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Figure 2.7: (a) Low-temperature electrical resistivity follows a Mott 3D variable-range

hopping model, but deviates at the magnetic ordering temperature (I = 143 K).

Magnetic ordering of the Ru 4d conduction electrons leads to a change in the electrical

transport, as shown in the derivative (b).
netic susceptibility is consistent with weak ferromagnetism arising from spin-canting, and
is described later in more detail. Below ~5 K, there appears to be another transition,
which causes a downturn in the x7" and an upturn in the C, [Figure2.6]. Although no
maxima are present, these observations are consistent with the onset of Nd 4f antifer-
romagnetism. This is supported by neutron diffraction experiments on related systems,
which have confirmed the onset of long-range RE 4f magnetic order in Er,RusO7 at low
temperatures [59, 60]. Transitions between Nd crystal field levels could also lead to an
increase in the specific heat [62], but we would not expect a corresponding change in the
magnetic susceptibility (Figure 2.6a).

The antiferromagnetic ordering of Ru 4d spins at Ty = 143 K causes notable effects in

other measurements as well. The specific heat contains a corresponding A-type anomaly

with a maximum at 142K [Figure2.6(b)], consistent with a second-order phase tran-
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sition. Additionally, the electrical resistivity near the magnetic ordering temperature
displays anomalous behaviour. An Arrhenius-style plot shows a change in slope at the
magnetic ordering temperature (Figure 2.7). Electrical conduction in AsRuyO; materials
involves Ru 4d states, and magnetic ordering of Ru 4d spins causes a subtle change in
electrical transport due to changes in scattering, as shown in the derivative of Figure 2.7.
Low-temperature electrical resistivity follows a 3D variable-range hopping model with
p(T) = poexp(%)i (63, 64], with a change in the hopping barrier at the magnetic order-
ing temperature (Tx = 143 K). Fitting the entire dataset yields py=5.64x1071°Qcm
and Ty =6.89x107 K.

There has been considerable confusion in the literature about the nature of the or-
dering of the Ru 4d spins in Ndy;Ruy,O; and analogous Ru-pyrochlores, in part due to
the unusual field-dependent hysteresis present between the ZFC and FC susceptibility
measurements, and also due to the many types of disorder and exotic phenomena that
sometimes accompany geometric frustration in magnetic pyrochlores. In particular, sev-
eral reports have mentioned that the glassy nature of the ordering of Ru 4d spins is
evident in bulk magnetic susceptibility measurements [37, 38, 39, 65, 61]. However, neu-
tron diffraction experiments below the ordering temperature show that Ru spins order
with a long correlation length [38, 39]. This is incompatible with a glassy-state, where
there is no long-range magnetic order. This is not the only signature of a spin-glass
that is violated by experimental evidence. Notably, the temperature-dependence of the
specific heat should vary smoothly near the magnetic ordering temperature [66], a stark
contrast with the A-type anomaly at 143 K, shown in Figure 2.6(b).

Ac magnetic susceptibility measurements were also conducted, as another signature
of a spin-glass is a magnetic ordering temperature that varies with the frequency of the
applied magnetic field [66, 67]. The real, in-phase, component of the ac susceptibility (x’)

is shown in Figure 2.8(a),while the imaginary, out of phase, component of the complex

35



Structural disorder, magnetism, and thermoelectricity of Nd2RusO7 pyrochlores Chapter 2

"o 5
O 6.0x10
S
£
>
£ -5
L 56x10°
=
. - T o T
vq) -7_ I _
O 4x107 -
g ox10’F —
g [~ 4
8 0@
T 2x10’f | 1
1 L
130 140 150

T(K)

Figure 2.8: (a) The real component of the ac susceptibility shows a small peak due

to the antiferromagnetic ordering of Ru 4d spins. (b) Background-subtracted data

show the transition temperature is frequency-independent, which indicates the an-

tiferromagnetic ordering of Ru 4d spins is not glassy, and that Nd2RuoO7 is not a

spin-glass.
susceptibility (x”) was below the instrumental detection limit (not shown). Because the
response of the Nd3* dominates the total susceptibility, a paramagnetic background was
fit using the Curie-Weiss equation and subtracted to obtain the change in susceptibility
due to antiferromagnetic ordering of Ru 4d spins [Figure 2.8(b)]. The antiferromagnetic
ordering temperature associated with the Ru 4d spins is independent of frequency, which
is inconsistent with canonical spin-glass behaviour [66, 67].

A spin-glass, by definition, must lack long-range order and display a frequency-
dependent peak in the susceptibility [66, 67]; neither condition is satisfied in NdsRupO7.
Moreover, owing to the weak exchange coupling between rare-earth 4f spins and Ru 4d
spins, the nature of magnetic ordering of Ru 4d spins is not expected to differ as the
identity of the rare-earth atom changes in the ARu,O7 (A=Pr, ..., Lu, Y) series, so it

is also unlikely that other members are spin-glasses.

Adding to the confusion regarding the magnetic behaviour of AsRuyO; (A = Pr,
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..., Lu, Y), previous studies of NdsRuyO7 have claimed there is ferromagnetic ordering
at 20 K, and reported a hysteresis in the low-temperature field-dependent magnetization
[36], neither of which were observed here in samples of >99% purity. Additionally, a later
study of the specific heat of NdyRu,O7 showed multiple anomalies at 130 K and 20 K, in
addition to the anomaly observed here at 142 K [37]. However, the ferromagnetic ordering
at 20 K and the other specific heat anomalies are features of Nd3RuO7, a secondary phase
that is easily formed during preparation of NdyRuyO7 and to which we attribute the
ferromagnetic ordering and other specific heat anomalies. Extensive study of Nd3RuO;
by neutron diffraction, magnetization, and specific heat measurements has shown the
material undergoes a transition with a peak at 19 K due to ordering of both Ru®* and
Nd3* spins [68]. Additionally, there is a peak in the specific heat at 130 K, corresponding
to a first-order structural phase transition. Although preparation of AsRusO; (A =
Pr, ..., Lu, Y) by a ceramic method appears straightforward, care must be taken at
high temperatures in air to prevent slow decomposition of the product. To demonstrate
this, NdyRuyO7 was annealed in air at 1313 K and 1333 K for two weeks, and led to the
formation of Nd3RuO; as a dominant, or single phase. In the literature, preparation
of NdyRu,O7 appears to consistently lead to appreciable amounts of Nd3RuO; as a
secondary phase, with some studies showing up to 10mol% [38]. Due to the similar
properties and chemistry of analogous AsRusO7 systems, it is not surprising to see similar
features near 20 K in the magnetic susceptibility and the specific heat (e.g., ferromagnetic
ordering and a A-type anomaly)[37], as these features may originate from an A3RuO;

secondary phase.
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2.3.3 Electrical transport in Ru pyrochlores

The nature of the electrical transport behaviour in ruthenium pyrochlores (A3Ruy07)
has been of considerable interest, as the nature of the A-site ion dictates whether the
material will be insulating (e.g., A = Pr, ..., Lu, Y) or metallic (e.g., A=TI, Pb, Bi)
9, 53, 69, 70, 71]. The most intuitive model has sought to explain the different behaviour
strictly with the A-site ionic radius, as increasing the A-site radius increases the Ru—O—
Ru bond angle. Electrical conduction takes place in the RuyOg network through overlap
of Ru 4d and O 2p orbitals, so a larger Ru—O-Ru bond angle increases this overlap, the
bandwidth, and the electrical conductivity [16, 9, 70].

Unfortunately, testing this relationship is not straightforward, as no lanthanide leads
to metallic behaviour. Although the La®* radius is similar to Bi** and should thus be
large enough to induce metallic behaviour, LasRusO7 is outside the pyrochlore stability-
field [8, 35, 72]. Several studies interested in the electrical conductivity of these systems
have examined solid solutions with Bi or Pb to overcome this hurdle and increase the
average ionic radius to the point at which the system becomes metallic [9, 10, 50, 11,
53, 73]. However, it is not appropriate to compare rare-earth Ru pyrochlores with those
containing Pb or T1 (e.g. PbyRuyOg5, TloRu207_,), as these contain either A-site ions
of different formal charge in the case of Pb?*, or have contributions from overlap between
empty 6s states and filled states, as in the case of TI>*. Even an isovalent substitution of
Ln** by Bi** may not allow straightforward comparison; structural studies of Bi;Ru;05
have shown that Bi** atoms are off-centered due to the stereochemically-active 65 lone-
pair [34, 49]. Indeed, Kennedy and Vogt, among others, point out that, while several
structural or physical parameters of insulating AsRusO7 (A=Pr, ..., Lu, Y) pyrochlores
tend to follow a simple trend (e.g., a linear variation in oxygen positional parameter

and Ru—O bond distance as a function of lattice parameter), the behaviour of metallic

38



Structural disorder, magnetism, and thermoelectricity of Nd2RusO7 pyrochlores Chapter 2

4

10 E T T T T T T T T 3

, C xLu x ARu,0, ]

1075, + Bi,Ru,0, 73

E . Yb =

o[ % il

10° ' E

g 1 - . Eu ]

S 10 F Dy .. 5

E «.Sm 3

ek B %8 Nd b -

s oL R ® _

2 10 E Tty E

I : s E

10" 3 B =

10 £~ threshold N

10°

0.95 1.2

Figure 2.9: Room-temperature electrical resistivity of As_,Bi,RusO7 (A = Pr, ...,
Lu, Y) solid solutions decrease smoothly with increasing average cation radius. Intro-
duction of Bi drastically changes the behaviour (circles); the materials become metallic
near a typical substitution of x =0.5. Dotted lines are guides to the eye, and the thin
dashed line at p = 0.01 2 cm represents the Mott minimum metallic conductivity at
room temperature. Ionic radii of 8-coordinate 3+ cations were taken from Shannon [7].
Values of electrical resistivity were taken from references [8, 9, 10, 11, 12, 13, 14, 15].
ruthenium pyrochlores is aberrant [16, 50].

To examine the influence of the A-site ionic radius on the electrical transport, mea-
surements of the electrical resistivity at 300 K for several Ru pyrochlore systems have
been gathered and are presented in Figure 2.9. Although examining the relationship be-
tween the Ru—O—-Ru bond angle and electrical resistivity might be more direct, the lack
of reliable structural data makes the number of available systems less informative. As
mentioned earlier in detail, Kennedy and Vogt demonstrated the use of lab XRD has led
to inaccurate determination of the O atomic position[50]. On the other hand, the ionic
radius is independent of the reported crystallographic data, so it is used as the abscissa

in this case. Additionally, when examining these systems and structure-property rela-

tionships, it is common to show parameters plotted vs. lattice parameter. However, the
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variation in lattice parameter is strongly influenced by changes in the nature of bonding,
as in the case of metallic Bi;RuyO;. For example, even though 8-coordinate Bi** has
a larger ionic radius than Nd**, (rgps+ = 1.1TA, ryg+ = 1.109 A) [7], BiyRuyO7 has a
smaller unit cell than NdyRu,O7 [10].

Casual examination of Figure 2.9 suggests a monotonic decrease in the room-temperature
resistivity as the ionic radius of the A site increases, when only the rare-earth-containing
pyrochlores (AsRusO7, A=Pr, ..., Lu, Y) are considered. However, placing a small
amount of Bi on the A site dramatically changes the electrical transport; the onset of
metallic behaviour occurs at a typical substitution of z=0.5 in A;_,Bi,RusO;. The
difference in electrical resistivity is striking, and suggests there is more than the effect
of ionic radius when Bi is incorporated into the material. We argue that local distortion
of Bi centres in Ru pyrochlores is responsible for the metallic behaviour and the distinct
behaviour of BisRus,O7 and A,_,Bi,Ruy,O; when contrasted with Bi-free samples. Other
researchers have pointed to the presence of additional oxygen vacancies (other than the
ordered vacancy dictated by the pyrochlore structure) and decreased Ru-O bond dis-
tance that accompany metallic behaviour [9, 53], though these are a result, rather than

the cause, of metallic bonding.

2.3.4 High-temperature thermoelectric properties

The electrical transport properties of rare-earth AsRuyO7 (A=Pr, ..., Lu, Y) mem-
bers are near the onset of metallic behaviour. This unique position is a good place
to examine thermoelectric properties, where there is a balance between a high Seebeck
coefficient and low electrical resistivity. Electrical resistivity and Seebeck coefficient of
NdaRuyO7 are presented from 300K to 900 K (Figure2.10). The thermoelectric proper-

ties of NdsRuyO7 do not change over three measurement cycles, despite the low oxygen
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Figure 2.10: (a-b) High-temperature thermoelectric properties demonstrate that
NdsRu0O7 has poor thermoelectric performance from 300K to 900 K. Three heat-
ing and cooling cycles were performed to ensure the stability of the sample; the first
cycle is represented by hollow symbols, subsequent cycles by filled symbols. (¢) Com-
parison with high-temperature p-type thermoelectrics reveals that high-performance
materials are clustered in one region of the plot, while the performance of NdsRuOr is
limited by high resistivity. This method of visualization can be used as a rapid screen-
ing tool to determine whether a material is likely to have reasonable thermoelectric
performance. The radius of the circle is k2T at 700 K. Since k2T of NdoRus Oy is very
small, it is represented by x. Values are presented for CasCo205 [74], Sip.sGeg.2 [75],
(AngTeg)o.lg,(GeTe)o.gg) (TAGS—85) [76], and Nag_ongTe [77]
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partial pressure and high temperature during measurements. The room-temperature
electrical resistivity is 2.0 2 cm, and decreases with increasing temperature, as expected
for a non-metal. The room-temperature Seebeck is promising (/220 1V /K), but quickly
decreases with increasing temperature, and ~20 ;V /K above 420 K. k2T is also presented
[Figure 2.10(b)], as a proxy for the thermoelectric figure of merit, and is several orders
of magnitude too small for Nd;RusO7 to be a competitive thermoelectric material. The
thermoelectric figure of merit, 27T, is given by 2T = S*T/(pr) and is a function of the
Seebeck coefficient S, electrical resistivity p, thermal conductivity x, and temperature 7.
Many materials exhibit a thermal conductivity between 1Wm ™K™' and 10 Wm K1,
so k2T is a useful proxy to compare the electrical performance of thermoelectric materials
and estimate 27T within an order of magnitude.

Following our investigation of NdsRu,O7 and learning of its low k27" at high temper-
atures, we realized that a simple analytical method for estimating the competitiveness of
a thermoelectric at high temperatures would be useful for identifying new candidate ma-
terials. Such a method would be especially helpful if it did not require high-temperature
measurements, as this would save time and resources. Many materials are currently
being screened for high-temperature thermoelectric performance, but measurements at
elevated temperatures require specialized instrumentation that is not widely available.
Room-temperature Seebeck measurements can be performed quickly and with less sophis-
ticated equipment. Additionally, low-temperature (i.e., 7' < 300 K) Seebeck and electrical
resistivity data are available in the literature for many materials, and could be used to
quickly eliminate materials that are likely to have poor thermoelectric performance.

Towards this end, a new type of plot is presented in Figure 2.10(c), where the room-
temperature Seebeck (S3p ) is plotted versus the room-temperature electrical resistivity
(psoox ). The radius of a data point represents the magnitude of k2T at an arbitrary

temperature that is common among the data points, and allows easy comparison of the
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expected thermoelectric performance at that temperature. When examining Nd;Ru,0O5
and its relation to other high-temperature p-type materials at 700 K using the afore-
mentioned survey plot [Figure2.10(c)], high-performance materials are clustered in one
region of the plot (filled area) while NdyRuy Oy is isolated. In particular, the location of
NdyRuy,O7 indicates the room-temperature electrical resistivity is too high. Because the
k2T of NdaRuyO7 is very small and leads to a vanishingly small point, it is represented
by the symbol x in Figure 2.10(c).

This type of analysis is particularly useful in establishing that the performance of a
particular class of materials may be ineffectual due to a key property being outside the
useful range. The choice of axes is similar to a Jonker plot, in which the Seebeck coefficient
is plotted vs. electrical conductivity. However, Jonker plots are used to examine the effect
of changing the carrier concentration of a single material rather than looking at a field
of candidate thermoelectics [78, 79]. Also, while Zhu et al. have shown that Jonker plots
could be used to to estimate the peak thermoelectric power factor (S?p~!) of a material
[80], other analyses are involved, and the approach is distinct from the one employed

here.

2.4 Conclusion

Pyrochlore Nd;Ru,O7 has been prepared and examined using a combination of struc-
tural, magnetic, and electrical and thermal transport studies. Some substitutional dis-
order on the A-site is proposed from the structural studies, but is not anticipated to
strongly influence the physical properties. The magnetic behaviour of NdsRusO7 has
been clarified through a combination of dc and ac magnetic measurements, and heat
capacity studies. Despite the potential for geometric frustration of magnetism in the

pyrochlore structure-type, we find no such exotic behaviour or glassiness in Ndy;Ru,0O5
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above 5K, and instead tentatively suggest NdyRu,O7 is a canted antiferromagnet that
displays weak ferromagnetism. When the electrical transport properties are regarded in
light of published data on rare-earth substituted AsRu,O7 pyrochlores, it is clear that
ionic radius plays a key role in determining electrical behaviour. However, the metallic
electrical properties that accompany incorporation of Bi*T on the A-site lie outside this
description, and we suggest Bi** off-centering may drive this anomalous behaviour. High
temperature measurements of the thermoelectric properties indicate that NdoRu,O7 has
excessively high electrical resistivity for it to be a useful thermoelectric, despite display-
ing a promising Seebeck coefficient at room temperature. We propose a modified version
of the Jonker plot as a powerful tool to screen candidate thermoelectric materials. We
find that it is particularly useful in establishing that a particular class of materials may

be ineffectual due to a key property being outside the useful range.
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Data-driven review of thermoelectric
materials: Performance and resource

considerations
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In this review, we describe the creation of a large database of thermoelectric mate-
rials prepared by abstracting information from over 100 publications. The database has
over 18000 data points from multiple classes of compounds, whose relevant properties
have been measured at several temperatures. Appropriate visualization of the data im-
mediately allows insight to the property space of plausible thermoelectric materials. Of
particular note is that any candidate material needs to display an electrical resistivity
value that is close to 1 m{2 cm at 300 K; samples should be significantly more conductive
than the Mott minimum metallic conductivity. The Herfindahl-Hirschman index, a com-
monly accepted measure of market concentration, has been calculated from geological
data (known elemental reserves) and geopolitical data (elemental production) for much
of the periodic table. The visualization strategy employed here allows rapid sorting of
thermoelectric materials with respect to important issues of elemental scarcity and supply

risk.

3.1 Introduction

The nature of thermoelectric phenomena and materials — competing and contraindi-
cated properties, the complexity and variety of the material systems involved — make it
somewhat difficult to develop rational strategies that can lead to significant improvements
in performance. Notwithstanding these difficulties, creative approaches have yielded
highly promising materials[81, 82, 83, 84, 77, 3, 85, 4]. The guiding principle behind
the design of thermoelectric materials, and indeed, any functional material, is to com-
pletely understand the causal physics and use such knowledge to rationally optimize
material properties. However, even without knowledge of causality, progress across nu-
merous fields is enabled by correlation, without a priori understanding of the drivers.

Particularly when large datasets are available, robust correlation can be found between
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seemingly disparate observables. This ability to extract meaningful information from
large pools of data has been somewhat under-utilized in the search for new materials.

Thermoelectrics and their historical development have been surveyed by Snyder and
Toberer [6]. Nolas et al. [28] Goldsmid,[86]. and the two CRC handbooks on thermo-
electrics by Rowe [87, 88]. The volume and complexity of research on thermoelectric
materials makes the field fertile for a data-driven review — sometimes referred to as data
mining, or materials informatics. Informatics-based approaches have been successfully
used for estimating some physical properties [89] and the relative stability of selected
material systems [90]. and high-throughput methods are becoming increasingly helpful
in materials design [91]. Given the volume of information that has been published, know-
ing the right information to abstract is the first step to such an approach. Furthermore,
developing an appropriate visualization strategy to explore the space of thermoelectric
materials is crucial. Accordingly, we have reduced the problem of reviewing thermo-
electric performance to several key properties at four temperatures of interest, and have
created an interactive framework to visualize the large amount of information. Trends
in materials properties emerge from such visualization, and lead to guiding principles
for the development of high-performance thermoelectric materials. Perhaps more impor-
tantly, guidelines are suggested for where not to look in the parameter space of candidate
materials.

Since the efficiency of a thermoelectric device is related to the thermoelectric figure
of merit, 2T = S*T'/(pk), with S the Seebeck coefficient, p the electrical resistivity, and
k the thermal conductivity, these measured parameters were the obvious choice for ex-
traction from publications into a database. A particularly useful format for displaying
the large amount of property-based data is based on a modification of a Jonker plot
[78], in which the Seebeck coefficient is usually graphed as a function of the electrical

conductivity. Jonker plots have traditionally been limited to optimizing the carrier con-
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centration in a single thermoelectric material. In contrast, we display all materials in a
single plot, with the different material classes grouped by marker color. In the modified
version employed by us, we prefer to use the electrical resistivity p as abscissa (on a
logarithmic scale), and the Seebeck coefficient S as ordinate. The radius of the circular
marker represents the performance, which is commonly either 27T or the power factor,
S?/p.

There is more to a material than just performance. Given the proposed widespread
application of thermoelectrics and the potential for high-volume use of materials if certain
performance targets are reached, they must be composed of elements that are accessible
and not in danger of a supply risk. Crustal abundance of elements, their global produc-
tion, reserves, and use, are some of the factors that determine supply risk. The criticality
of elements in the context of metals that are crucial to energy conversion has been de-
scribed by Graedel [92]. Homm and Klar have specifically raised these issues for five
thermoelectric materials [93]. Following the approach of Graedel [92], we have used our
database to calculate several criticality indices for the thermoelectric materials featured
here. Resources that are produced almost entirely in a particular region can provide a
single entity leverage in determining supplies and prices. This geopolitical influence over
materials supply and price can be measured by market concentration, often quantified
through the Herfindahl-Hirschman Index (HHI) [94, 95]. The HHI is a financial tool
commonly used to measure the monopoly of entities over a commodity or product, and
has been previously used as a measure of geopolitical influence on elemental production
of a select few elements [96, 92, 97]. Here we calculate the HHI, based on available 2011
data, of almost all of the first 83 elements in the periodic table. Only H, the noble gases,
Tc, and Pm are excluded. The HHI is calculated both for elemental production (HHIp),
reflecting the specific geopolitics of the element, as well as for elemental reserves (HHIR),

based on known deposits that could be processed. In conjunction with composition data
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entered into the database, we employ HHI indices and elemental scarcity values to de-
termine practical issues that influence the likelihood a particular thermoelectric material

will find widespread use.

3.2 Methods

3.2.1 Nature and source of data

We have abstracted data from representative publications on a wide variety of ther-
moelectric materials so they can be accessed and compared easily. The data correspond
to four temperatures in different regimes of interest for thermoelectric devices: 300 K,
400 K, 700 K, 1000 K. There are currently over 1100 database entries (rows), each with 17
associated components: temperature, electrical resistivity, Seebeck coefficient, thermal
conductivity, power factor, k2T, 2T, chemical composition, material family, preparatory
route, material form (whether single crystal or polycrystalline), author, year of publica-
tion, DOI link, and comments. Additionally, we generate new metadata from the chemical
composition of materials, such as HHIp, HHIR, scarcity, and average atomic weight, M.
To facilitate comparison of materials, we limit our current systems to bulk samples. In
many instances, we employ the power factor or k2T rather than than the actual figure
of merit 27T for the visualization, because 2T requires x, the thermal conductivity to
be measured. Thermal conductivity is not reported for many materials. Furthermore,
of all the thermoelectric parameters, thermal conductivity is the least reliable and/or
reproducible because it is sensitive to processing conditions.

Data from published work was extracted manually from digital publications using free
software such as PlotDigitizer [98] and DataThief [99]. In general, data was extracted

from plots of a physical property vs. temperature. If data was not explicitly reported at
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a temperature of interest, values were interpolated, or extrapolated when appropriate. If
property traces (curves) were found to rapidly or unpredictably changing in the region
of extrapolation, the point was omitted, or data was taken from the nearest reported
temperature. In these cases, the temperature of an extrapolated data point is mentioned
in the metadata comment. Because data was entered by hand, the power factor and
figure of merit (27") were calculated from the extracted data and checked against the
reported values to ensure the data was self-consistent.

HHI values based on production and reserves for each element were calculated from
2011 USGS commodity statistics following the approach used by others [96, 92, 97]. When
2011 data was unavailable, data from 2010 or 2009 was used. This has generated a set of
HHI values presented in table 3.1 for much of the periodic table, a significant expansion
from previous studies, which focused on eight parent metals [92, 97]. For elements where
reserves are seen as adequate or extremely large (e.g., C, O, F, Na, Al, Ca, S, etc.)
quantitative reserves are not available but their use is unlikely to reduce their availability
to critical levels. For elements such as sodium, where multiple commodities are reported
separately (carbonates, sulphates, chloride ... ), the reports were combined and the HHI
values were generated from the aggregate. Another important consideration is that the
production and/or reserve values for a country may be unknown or are withheld. In
these instances, where the number of producers and/or the amount of reserves are low,
these omissions introduce considerable uncertainty. In these cases, the HHI values were
estimated based on the general information provided in the USGS report. Estimates of
these elements are denoted by an asterisk in table 3.1. N

HHI values were calculated using the following expression, HHI = Z s2, where s; is
the percent market share of country ¢ in the world production or reservézs of a given ele-
ment, and NV is the total number of countries with a market share. The US Department

of Justice and the Federal Trade Commission have designated markets as unconcentrated
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Table 3.1: Herfindahl-Hirschman Index (HHI) calculated for much of the periodic
table, using recent USGS data. Asterisks against numbers indicate some uncertainty
due to withheld or unknown values.

Element HHIp HHIR ‘ Element HHIr, HHIy
He 3200 3900 Rb 6000*  6000*
Li 2900 4200 Sr 4200  3000*
Be 8000  4000* Y 9800 2600
B 2900 2000 Zr 3400 2600
C 500*%  500* Nb 8500 8800
N 1300  500%* Mo 2400 5300
O 500%  500* Ru 3200* 8000*
F 1500* 1500* Rh 3200* 8000*
Na 1100  500%* Pd 3200  8000*
Mg 5300  500* Ag 1200 1400
Al 1600  1000* Cd 1700 1300
Si 4700  1000* In 3300  2000%*
P 2000 5100 Sn 2600 1600
S 700 1000* Sb 7900 3400
Cl 1500*  1500* Te 2900 4900
K 1700 7200 I 4900 4800
Ca 3900  1500%* Cs 6000*  6000*
Sc 5500%  4500%* Ba 3000 2300
Ti 1100 1600 La, ..., Lu 9500 3100
\Y% 3300 3400 Hf 3400* 2600*
Cr 3100 4100 Ta 2300 4800
Mn 1600 1800 W 7000 4300
Fe 2400 1400 Re 3300 3300
Co 3100 2700 Os 5500% 9100*
Ni 1000 1500 Ir 5500% 9100*
Cu 1600 1500 Pt 5500  9100*
/n 1600 1900 Au 1100 1000
Ga 5500% 1900* Hg 5500 3100
Ge 5300  1900* Tl 6500*  6500%*
As 3300  4000%* Pb 2700 1800
Se 2200 1900 Bi 5300 6000
Br 3300 6900
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HHI HHI
Production Reserve

Abundance
(Scarcity, ¢)

Se| Ti BV G Mn | Fe [Gor Ni Gu Zn [Ga Ge |i Seﬁ

X "Zr Nb “ L[ Ruf fRh1PdY Ag Cd ” “ Shi Te "
Lu FEf Ta BWSSRel Os [ Ir [Pt Au Hg BN Pb  Bi

il La Ce Pr Nd Iyl Sm Eu Gd Tb Dy Ho Er Tm Yb

HHI 0 2000 4000 6000 8000 10000
Abundance (ppm) 100 000 1000 10 0.1 0.001
Scarcity, £ (ppm’) 105 0.001 0.1 10 1000

Figure 3.1: Periodic table indicating elemental scarcity and the HHI (production,
reserves) indices for most elements. Values were calculated using USGS statistics
from 2011, or if unavailable, from statistics no earlier than 2009.
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when HHI < 1500, moderately concentrated when the HHI lies between 1500 and 2500,
and highly concentrated when HHI > 2500 [100]. If a single country controlled the entire
market, HHI=100?. Elemental HHI values were then used to calculate weighted HHI
production and reserve values based on the weight fraction of each element in the chem-
ical formula. Atomic weights were taken from the CRC Handbook [101]. The crustal
abundance of elements were obtained from the CRC Handbook and used to generate
elemental scarcity values, ¢ (crustal abundance in inverse ppm). These scarcity values

were used to calculate the effective scarcity of materials based on the weight fraction of

m;
Mtot

elements in the chemical formula, { = ZZV(CZ X ) where (; and m; are the scarcity and
weight of an element 7 in a material. The scarcity and Herfindahl-Hirschman Index values
(based on production and reserves) for much of the periodic table is shown schematically

in Figure3.1.

3.2.2 Mechanics of visualization

At the initial stages of this work, it became evident that gathering large amounts of
data would be futile in the absence of an appropriate framework that permitted flexible
visualization. In this section we describe a website we have developed and hosted at
www.mrl.ucsb.edu:8080/datamine/thermoelectric. jsp as an example of a plausible
framework for organizing and visualizing the results of such data mining. The flowchart
describing the data mining, database formation, and visualization process is summarized
in Figure 3.2. A screenshot of the website is shown in Figure 3.3. Because several physical
parameters were collected and tabulated, visualizing any number of combinations along
the abscissa and ordinate is possible using the website. While not all combinations
will yield insightful relationships, the following choices are supported by the website:

electrical resistivity, Seebeck coefficient, thermal conductivity, average atomic weight,
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data extraction and
metadata generation

Literature m Database

data.xlsx
Physical properties,
allied data, metadata,
DOI

website and user

interface
Visualization Parameter Selection
web and print p, S, 2T, HHIp, . ..

N/

server-side Java deployment
of HighCharts™

Figure 3.2: Flowchart for extraction, organization, and visualization of data. Note

that the first step of data extraction is manual.
elemental scarcity, and HHI based on production or reserves of a material. To increase the
information density that can be visualized, a third dimension is also plotted: the size of
the data point (the radius of a circle) is proportional to material performance. The marker
size can be either power factor (S%/p), k2T, or 2T. k2T allows a rough comparison with
2T, but does not require the thermal conductivity to have been measured or reported.
Many materials have a thermal conductivity between 1 Wm™K=! to 10 Wm'K~!, and
in the case that K = 1 Wm™'K~!, the numerical value of k2T is the same as the numerical
value of 2T

The website allows interactive exploration of all the data. Hovering over a data point

reveals a tooltip with pertinent information: the values for the abscissa and ordinate, the
chemical composition, the sample form (e.g., polycrystalline, single crystal, nanoparti-
cles), the preparatory route (e.g., ceramic method, arc melting), the author and year, and

either the power factor, k2T, or 2T value. Additionally, clicking on a data point leads
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Supported by the National Science Foundation by NSF DMR 1121053 (MRSEC).

,ZnO and SrTiOg, other oxides, chalcogenides, clathrates, skutterudites, half-Heuslers,

Figure 3.3: Screenshot of the web-based visualization tool, that permits the simul-
taneous visualization of four parameters: abscissa, ordinate, marker size and color.
Several variables can be chosen as abscissa and ordinate, and measures of thermo-
electric performance can be represented by the radius of the data points. To simplify
navigation, families of related materials can be displayed or hidden by clicking their
legend marker. Further, hovering over a data point intuitively reveals a tooltip with
pertinent information: the names and values for the abscissa and ordinate, the chem-
ical composition, the sample form (e.g., polycrystalline, single crystal, nanoparticles),
the preparatory route (e.g., ceramic method, arc melting), the author and year, and
either the power factor, xzT', or 2T value. Clicking on a data point leads the we-
b-browser directly to the source publication via the document object identifier (DOI).
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the web-browser directly to the publication via the document object identifier (DOI). To
enable sorting of the large number of datasets, the user may choose to sort by material
family or temperature regime. Although the material families are shown with different
marker color, the ability to hide or show a given family can make direct comparison more
clear. This is accomplished by clicking the name of the dataset in the legend. Finally,
users can visualize the results of the thermoelectric database employed here, or upload
their own data using an Excel™ template file available on the website. In this way a user
can look for trends in their data or use the website’s Java™ code to generate additional

non-performance-related data such as scarcity, average atomic weight or HHI.

3.3 Results and discussion

3.3.1 Examples of useful visualization schemes

In table 3.2, we list those combinations of parameters that we have found particularly
useful to plot. The various combinations and the findings are described more thoroughly

in the following sections.

3.3.2 Rapid screening of materials

We begin by visualizing the general trend in Seebeck coefficient as a function of the
electrical resistivity (Figure3.4): These two properties jointly contribute to z7". Higher
information density is achieved by encoding the power factor as the marker size. This
style of plot was first introduced in a previous report [32]. Here we enhance it by assigning
a color to a family of related materials. Although the axes are similar to those for a Jonker
plot (where Seebeck coefficient is plotted wvs. electrical conductivity) the application is

quite distinct. Jonker plots are usually employed to examine the effect of changing the
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Table 3.2: The flexibility of the visualization framework allows users to examine the
relation between any number of different parameters. Several examples are tabulated
here, along with what can potentially be learned.

Abscissa  Ordinate Size (radius) Use Finding
p S S?/p, kT, 2T General trends, Compound must be metal-
insight lic (p from 0.001Qcm to
0.01Qcm) for high perfor-
mance
M K k2T, 2T Effect of @ r decreases with increasing
M
P00 K Sa00 K kzT', 2T at differ- estimate high-7" Rapid screening of high-T
ent temperatures performance materials
P K k2T, 2T Effect of ke Slope of k vs. p changes lin-
early with T of dataset
HHIp HHIR k2T, 2T Material choice Intensive use of rare-earths
and criticalilty and/or Sb may strain mar-
kets
¢ HHIp k2T, 2T Material choice Some elements are abundant,

and criticalilty

yet will have volatile prices.
Many state-of-the-art high-
performance materials rank
poorly in criticality indices
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Figure 3.4: The Seebeck coefficient of a wide variety of materials grouped by material
family is plotted against electrical resistivity. The marker size (radius) here is pro-
portional to the the power factor. Materials with high performance exhibit an high
Seebeck coefficient at a given electrical resistivity, and lie outside the conical envelope
defined by most thermoelectric materials. This envelope can be described by lines
of constant power factor (.5%/p), which are shown to give lower and upper bounds of
performance. With few exceptions, all investigated materials with reasonable thermo-
electric performance are well described as metals (p3gox << 0.01Qcm).
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carrier concentration in a single material [78, 79)].

Looking at the data as a whole, the general envelope of materials is cone-like, widening
at higher electrical resistivities (Figure3.4). The best materials clearly define the left-
most edges of the envelope. All the high-performance materials have interesting physics
that make them special, even when looking only at the these two properties. Specifi-
cally, materials with metallic behavior generally have low Seebeck coefficients, but high-
performance thermoelectric materials violate this principle. For example, band asymme-
try or high band degeneracy near the Fermi level in BiTe- and PbTe-based systems leads
to an unusually high Seebeck coefficient, despite their metallic behavior [102, 77]. Like-
wise, even though Na,CoOs is metallic (p3oox == 0.002 Q cm for polycrystalline samples);
the correlated behavior of electrons and spin contribution to thermopower—or, arguably,
the unique band structure—lead to a remarkably high Seebeck coefficient [103, 104].

Looking at the ensemble of data (Figure3.4) also provides insight about particu-
lar families of materials. For example, we find that optimizing non-metallic moderate-
performance materials is unlikely to lead to dramatic gains in performance, as the elec-
trical resistivity is too high. For example, CaMnOs-based systems remain a topic of
intense study, but when viewed in the context of all materials, their placement in the
map suggests it is unlikely that high performance will ever be reached.

It was previously shown that room-temperature thermoelectric properties (Seebeck
coefficient and electrical resistivity) of several high-performance thermoelectric materials
clustered in one area of the thermoelectric map (Figure3.4) when compared with low-
performance materials [32]. Here we suggest that the relationship between the properties
at room-temperature and the properties at the temperature of highest 2T for a small set
of mid- and high-temperature thermoelectric materials (Figure3.5). Interestingly, the
properties of several different material families appear to cluster at their temperature

of highest 2T, with the electrical resistivity between 0.001 Q2 cm and 0.01 Q2cm and the
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Figure 3.5: Several high-performance thermoelectric materials were chosen to exam-
ine how their room temperature properties relate to their properties at the temper-
ature of highest z7". Arrows show the change from room temperature (solid circles)
to the temperature of highest zT' (dashed circles). The properties of several dif-
ferent material families appear to cluster at their temperature of highest 2T, with
the electrical resistivity between 0.001 2cm and 0.01 Q2 cm and the absolute value of
the Seebeck coefficient between 150 VK™™' and 300V K~!. Additionally, nearly
all high-performance materials have a room-temperature electrical resistivity below
the Mott maximum metallic resistivity (pspox <0.01Q2cm). The materials shown
are Zno_ggAlo,ogO [105], NaxCoOQ [106], CaQCOQOg, [74], (Zr0'5Hf0_5)0.5Ti0,5NiSH [107],
Mga2Sig.999Bio.001 (p-type) [108], (MgaSi)o.97Bio.03 (n-type) [109], SigsGeg2 (p-type)
[75], 810.8G60.2 (n—type) [75], PbTe0.75Se0_25 [77], CSBi4T€6 [110], BagGalgGegg
(p-type) [111], BagGajGesg (n-type) [112], and Ing 95CosSbio [113].
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absolute value of the Seebeck coefficient between 150 VK~ and 300 xV K~!. Although
the small dataset prevents any strong conclusions, examining more materials may provide
some predictive ability of high-temperature properties from room temperature data. Even
some hints with regard to high-temperature properties would be powerful: measurement
of high temperature properties is time-consuming and requires specialized instruments.
Furthermore, there is much more room-temperature data available in the literature and
a single room-temperature measurement could facilitate combinatorial testing of a large
phase space [114].

The thermoelectric survey shown in Figure 3.4 and the high-temperature trends ob-
served in Figure 3.5 suggest that all thermoelectric materials with any appreciable perfor-
mance are metallic, with an electrical resistivity well below the Mott maximum metallic
resistivity at room temperature, i.e. p3pox < 0.01Qcm. This provides a valuable thermo-
electric screening criterion and guiding direction for future studies. Unlike intermetallic
compounds, which are generally metallic or semi-metallic, transition metal oxides span
the gamut of electrical resistivities, ranging from insulating (e.g. TiO3) to metallic (e.g.
ReO3). A common strategy to seeking effective thermoelectric oxides is to examine the
metal /non-metal border, i.e. proximal to the Mott minimum metallic conductivity, where
Seebeck coefficients are often substantial. However, the utility of this approach appears
somewhat questionable, given that the good thermoelectrics appear well on the metallic

side.

3.3.3 Thermal conductivity

Over the past several decades, the majority of improvements in thermoelectric ma-
terials have resulted from decreasing the lattice contribution to thermal conductivity.

A number of materials selection guidelines have been identified in order to reduce the

61



A data-driven approach to thermoelectric materials Chapter 3

100 E T T T T I T 3
F o ZnO, SrTiO3 o other oxide )7
C o Mn oxide ]
L o half-Heusler | |
o Si-Ge o chalcogenide
r o clathrate kutteru h
> Zintl
- 10 —
X - ) e
E L ]
z [ C
¥ L - : . o° 0: i
“eid
1= ) ®m 5 8 . @% —
E O @ ) 3
C o
o O
= o ® i
0.1 I | L | ! | I
20 60 100 140 180

average atomic mass (g mol ™)

Figure 3.6: Thermal conductivity plotted against average atomic weight for a variety of

thermoelectric materials grouped by material family, with marker indicating z7'. The

dashed line represents a best fit linear regression. Notwithstanding the combination of

pure phase materials and heavily nano-structured materials, the thermal conductivity

generally decreases with increasing average atomic weight. However, at fixed average

atomic weight, there is considerable tunability.
thermal conductivity in a material [115, 116, 6]. One such strategy is to lower the vi-
brational frequency, and thus the thermal conductivity, by using materials with a large
average atomic weight. This has frequently been touted as a reason for the higher ther-
mal conductivity in oxides relative to compounds with heavier anions such as Te, Se,
and Sb. Examination of the relationship between thermal conductivity, s, and average
atomic weight, M, confirms the general reduction of thermal conductivity in heavier
compounds (Figure 3.6). For example, compounds with M =~ 25g/mol have an average
k ~4Wm™tK~! whereas those with M =~ 105g/mol have an average x ~2 W m KL
In the absence of point defects or other scattering mechanisms, the reduction in thermal
conductivity should scale as M~'/2 [117]. However, many of the materials contained in

this plot rely on additional techniques to reduce thermal conductivity (e.g., increased

phonon scattering from defects, alloying, grain boundaries, interfaces, nano-bulk com-
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Figure 3.7: Thermal conductivity plotted against electrical resistivity for a variety of

thermoelectric materials grouped by dataset temperature with marker size indicating

ZT'. Lines are best fit linear regressions of the data plotted on log-log plot. The slopes

are then plotted as a function of dataset temperature in the inset. Despite the large

scatter in the data that has been fitted, the general trend that emerges is consistent

with the 7! dependence of Umklapp scattering of phonons.
pounds, complex crystal structures, etc.). On the other hand, the lower vibrational
frequency achieved in compounds with large average atomic weight has only a small
impact on the electrical resistivity.

Finally, we examine the relationship between total thermal conductivity and elec-
trical resistivity (Figure3.7); the thermal conductivity decreases with increasing elec-
trical resistivity. This behavior is expected for the electronic contribution from the
Wiedemann-Franz law, k./oc = w2k%/3¢*T = LoT where Ly is the Lorenz number
(2.44 x 1078 W Q K~?) and o is the electrical conductivity. There is another considera-
tion that could be important. For a given composition, the same structural features that
give rise to low electrical resistivity, — for example, a highly connected three-dimensional

framework — are the same features that often lead to high lattice thermal conductivity.

Examining the broad correlation across all material families in the metallic region

63



A data-driven approach to thermoelectric materials Chapter 3

Table 3.3: General class of material family and publications from which data was
extracted. Representative publications are chosen for each class of materials.

Material family References

Mn oxide (118, 119, 120, 121, 122, 123, 124, 125, 126, 127, 128, 129]

ZnO, SrTiO;  [130, 131, 132, 133, 134, 135, 136, 137, 105, 138, 139, 140, 141]

Co oxide (142, 74, 143, 144, 106, 145, 146

other oxide 147, 148, 149, 32, 150, 151, 152, 153, 154, 155, 132, 156, 157,
158, 159, 160, 161, 162, 163, 164, 165]

Si-Ce 75, 166]

clathrate (112, 167, 168, 169, 170, 111, 171, 172]

half-Heusler (173, 174, 175, 107, 176]

skutterudite [113, 85, 177, 81]

chalcogenide (178,76, 77, 102, 179, 110, 180, 181, 182, 183, 184, 185, 186, 187,
188, 189, 190]

silicide 108, 191, 192, 109, 193, 194]

Zintl 195, 196, 197, 198, 199, 200]

(p < 0.01 Qcm) reveals the slope of the log-log plot k vs. p decreases linearly with in-
creasing temperature (inset, Figure3.7). The power-law behavior revealed from the fit
is consistent with Umklapp scattering, explained below. Examining correlations across
many material families with disparate properties will only provide general trends rather
than precise values for a specific material family (Table3.3). Nevertheless, there is in-
sight to be gained by comparing the correlation (i.e. slope) at different temperatures.
For example, while there is considerable scatter in the data at each temperature, the
temperature dependence of the correlation is strongly linear (R? = 0.997), in good agree-
ment with the expected behavior as Umklapp scattering begins to dominate at higher
temperatures. The changing slope as a function of dataset temperature results from
increased phonon scattering lowering the phonon contribution to thermal conductivity

at higher temperatures. When the lattice x; is minimized, the electronic k. dominates,
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so changes in electrical resistivity have a larger impact on thermal conductivity. The
power dependence of temperature on k vs. p slope may result from the Umklapp scat-
tering, a three-phonon scattering process. According to the Bose-Einstein expression,
<n >= 1/(explhw/kpT| — 1) ~ kT /hw, the average phonon population, < n >, in-
creases with temperature which increases the likelihood of phonon-phonon scattering. In
fact, Grimvall has predicted a T~! temperature dependence for three-phonon scattering

at moderate temperatures (near the Debye temperature) [117].

3.4 Resource considerations

In this section we review parameters beyond thermoelectric performance. We ana-
lyze resource considerations such as scarcity and supply risk of thermoelectric materials
based on their elemental composition. The implications of the analysis on the choice
of thermoelectric materials is discussed below. A combined analysis of performance
and resource considerations is necessary for identifying thermoelectric materials with the
greatest promise of widespread application. Scare elements could be employed in efforts
to make high-impact discoveries and to obtain better understanding of materials trends.
However, when materials are intended for widespread deployment, the incorporation of
scarce elements becomes an important point to consider during the design phase.

We begin by discussing scarcity which places a fundamental limit on the amount of
material available for use. The following section addresses HHI, a measure of geopolitical
influence. Abundance of raw materials is a key factor that determines cost, in addition to
other factors such as actuarial costs, packaging, transportation, and assembly, to name
a few. Technologies relying on scarce elements such as Re, Te, or Pt group metals, are
susceptible to large materials costs. For example, turbine engines consume 70% of the

world’s Re production, which drives the cost of Re [201]. The cost of scarce materials
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Figure 3.8: Nearly all high-performance thermoelectric materials pose either a scarcity
or HHI risk, which will limit any intensive deployment for energy applications. The
scarcity (inverse crustal abundance) of familiar elements is shown to give context.
Incorporation of Bi, Sb, Te, or rare-earth elements leads to significant risk in either
scarcity or HHI. Materials that pose a lower risk of criticality are SiGe, silicides,
half-Heuslers, and cobaltates.
can be exacerbated when multiple technologies use the same element, such as the use of
In for transparent conducting oxides (TCO) and copper indium gallium selenide (CIGS)
photovoltaics. Cost can also be high for relatively abundant materials where both the
demand and production are low, such as low purity Si [93].

Plotting scarcity against HHIp for thermoelectric materials is a useful tool to identify
technologies where materials cost can be a concern. About half of the highest efficiency
materials contain a large weight fraction of Te. (e.g. BesTes, PbTe, LasTey, TAGS,
AggTlITes, SbTe, and TlyBiTes.) Given that Te has one of the highest scarcity values,
these materials may pose problems for widespread deployment. Te may be rare, but the

HHIp is not critical and it does not pose a supply risk because it is produced in many

countries as a byproduct of Cu. Additionally, with proper recycling and waste processing
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policies, Te could be recovered and reprocessed, a practice already carried out by some
photovoltaic companies.

An unanticipated finding from analysis of Figure 3.8 was that incorporation of even
small amounts of scarce elements in otherwise Earth-abundant compounds may be prob-
lematic. Mg,Si has a low scarcity of ¢ = 27, but when doped with trace amounts of
Bi to MgsSig.993Big.007 [108], ¢ increases to 1.1x10° because of the extremely low crustal
abundance (0.025ppm) and high atomic weight of Bi. Even 0.1% substitution of Bi on
the Si site results in a four orders of magnitude increase in (.

A compromise between performance and resource considerations is seen in oxide mate-
rials. Cobalt oxides, such as NaCo504, CasCo0,05, and CazCo,Og, as well as the reduced
ferroelectric oxide Srg g1 Bag 30NboOg, have competitive 21" values with scarcity values four
orders of magnitude lower than state-of-the-art chalcogenides, two orders of magnitude
lower than skutterudites (ACo4Sbya, A =caged atom) and Zintls (ZnsSbs, Yb14MnSby;),
and one order of magnitude lower than clathrates (BagGaisGeag) and half-Heuslers (TiN-
iSn). ZnO and SrTiO3 are even more abundant, but have lower performance. It is worth
noting that, as with Mg»Si, if Bi is added to improve performance (e.g., BisSroCoy0sg),
a dramatic increase in ( is observed.

Determining the Herfindahl-Hirschman Index (HHI) for all elements has shown the
following elements to be most at risk for market abuse: Be, K, Br, Rb, Nb, Sb, Cs,
W, the rare-earth (RE) elements including Y, and the platinum group elements (PGE):
Ru, Rh, Pd, Os, Ir, Pt. These elements have HHI values of greater than 6000 in either
production or reserves. As with scarcity, introduction of even small amounts of elements
with high HHIp or HHIR such as REs, Sb, or T1, may not be justified for a marginal gain
in performance. Materials like Zintl or clathrate antimonides and rare-earth containing

chalcogenides are poor outliers compared to other thermoelectric materials in terms of

HHIp risk.
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The importance of HHI when considering thermoelectric materials can be illustrated
through recent price spikes in antimony. In 2011, a single country that was responsible
for nearly 90% of Sb mining halted much of its production. As a result, Sb prices
rose over 15% in less than a year. While Sb is particularly concentrated, over 70% of
elements exceed the 2500 threshold to be considered “highly concentrated” according
to Federal Trade Commission definition. This makes many thermoelectric materials
sensitive to changing market conditions. This analysis signals that emphasis should
be placed on developing materials with a lower HHI. Examples of materials that have
reasonable performance and low HHI include S- and Se-containing chalcogenides, the
half-Heusler materials low in Hf- and Nb-content, and sodium cobalt oxides. Practical
consideration of these criticality parameters, although not performance related, would

benefit both material and experimental design.

3.5 Future directions

Thermoelectric data mining provides insight, and allows rational material design.
There are, in addition to the properties described, a number of additional material prop-
erties and parameters that were not included, but that are nevertheless highly desired in
comparing different thermoelectric materials. For example, crystallographic data would
allow for the calculation of average atomic volume, unit cell volume, and number of atoms
in the unit cell. This could be valuable in looking at changes in thermal conductivity.
Mechanical properties, coefficients of thermal expansion, and high temperature stability
indices would be valuable in thermoelectric device design. Furthermore, additional non-
performance related parameters such as toxicity are of great interest in environmental
and life-cycle analyses of thermoelectric components. Some of these properties could be

extracted from other databases, measured, or approximated. Other properties, such as
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toxicity, are fundamentally more challenging to obtain. A comprehensive approach to
comparing toxicity across compounds is not well established, since it depends on envi-
ronmental transformations and persistence, exposure route, form (e.g., oxidation state,
presence of counter-ions), and many other factors. Finally, adding a dimension of time to
the plots we have shown may increase their utility. For example, looking at the evolution
of HHI over time may provide a better ability to estimate risk and market volatility of
particular materials.

The data-driven approach and visualization can be readily extended to other func-
tional materials. For example, photovoltaics, thermal barrier coatings, dielectrics, fuel
cells, transparent conducting oxides, gas turbine superalloys, and batteries are all ar-
eas of research where progress depends on optimizing several competing requirements

concurrently, and could benefit from a comprehensive, data-driven approach.

3.6 Closing remarks

The framework demonstrated here allows researchers to obtain a birds-eye view of a
large domain of thermoelectrics research, and compare new materials of interest. The
thermoelectric design space is large, and this overview of the field, including important
non-performance related parameters, allows researchers to focus on property regions and
material families best suited for a given application. In the case of power generation with
thermoelectrics, analysis of HHI, scarcity, and materials properties can be done visually.
Using the methods shown here, we highlight several families of materials that combine
good performance-related properties with non-critical resource availability: highly con-
ductive (electrically) early transition metal oxides, silicides with low bismuth content,
and half-Heuslers. We also observe that all high-z7T materials are found in the metallic

conduction region 0.001 2 cm to 0.01 2cm. This visualization framework is also valuable
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from a design perspective, where it serves as a useful guide to identifying promising new

madterials.
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Chapter 4

Thermal conductivity considerations
and limits on thermoelectric

performance

LA version of this chapter has been published, and is reproduced with permission from: Michael W.
Gaultois and Taylor D. Sparks. How much improvement in thermoelectric performance can come from
reducing thermal conductivity? Appl. Phys. Lett., 104:113906 (4pp), 2014. [doi] © 2015, American
Institute of Physics.
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Large improvements in the performance of thermoelectric materials have come from
designing materials with reduced thermal conductivity. Yet as the thermal conductivity
of some materials now approaches their amorphous limit, it is unclear if microstructure
engineering can further improve thermoelectric performance in these cases. In this contri-
bution, we use large data sets to examine 300 compositions in 11 families of thermoelectric
materials and present a type of plot that quickly reveals the maximum possible 2T that
can be achieved by reducing the thermal conductivity. This plot allows researchers to
quickly distinguish materials where the thermal conductivity has been optimized from
those where improvement can be made. Moreover, through these large data sets we
examine structure-property relationships to identify methods that decrease thermal con-
ductivity and improve thermoelectric performance. We validate, with the data, that
increasing (i) the volume of a unit cell and/or (ii) the the number of atoms in the unit
cell decreases the thermal conductivity of many classes of materials, without changing

the electrical resistivity.

4.1 Introduction

Thermoelectric materials offer the promise of solid state refrigeration and generating
electricity from waste heat sources. This great potential of thermoelectric materials
has led to vigorous research, with large improvements in performance over the past
two decades through the deliberate design of materials with low thermal conductivity
6, 24]. Reducing the thermal conductivity improves the thermoelectric figure of merit of a
material 27" = (S5?/pr)T, where S is the Seebeck coefficient, p is the electrical resistivity,
is the thermal conductivity, and 7" is the temperature. The effect is even more pronounced
at a systems level-rather than a materials level-in a working device; decreasing x makes

for better matching of electrical and thermal impedance in a thermoelectric device, which
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improves device efficiency more than would be expected from increasing 2T alone [202].

It is obvious that lower thermal conductivity will increase the performance of a ma-
terial, but it remains unclear to what extent this can be done, particularly for materials
that have already undergone extensive microstructural engineering. For example, the
recent hierarchical approach to reducing thermal conductivity by introducing features
that scatter phonons on many length scales has led to the highest reported zT values
to date [4]. However, with thermal conductivity of these materials now approaching the
amorphous limit of x ~0.25 Wm~! K~ [203, 204], it is unclear how much further opti-
mization is possible via reduction of thermal conductivity. In this report, we introduce a
visualization tool to identify which materials are nearly optimized and which materials
have room for improvement.

Two approaches have been very successful at reducing the thermal conductivity of
materials: (1) creating microstructures with features on the order of phonon mean free
path lengths to increase Rayleigh scattering [24, 4], and (2) creating disorder in the
crystal structure unit cell through rattling atoms, vacancies, atomic alloying, interstitial
sites, and crystallographic shear [6, 23].

There are also simple structural features that influence material properties. The de-
crease in thermal conductivity with increasing unit cell volume and number of atoms per
unit cell has been previously suggested in specific systems [23], and the large dataset
used in the present contribution confirms this behaviour is general across many ma-
terials. This work builds on a previously established open-access database of physical
properties by incorporating structural information from crystal structures reported in
the Inorganic Crystal Structure Database (ICSD). This database and the plots gen-
erated in the current report are accessible through an interactive, online framework
for exploring thermoelectric materials: the MRL thermoelectrics datamining project

(www.mrl.ucsb.edu:8080/datamine/thermoelectric. jsp) [205].
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4.2 Experimental details

Physical properties were manually extracted from previous reports in the literature.
This process, and references for the 300 compounds examined in this report, are de-
scribed in a previous contribution [205]. Structural data, such as the unit cell volume
and number of atoms in the unit cell, were taken directly from the ICSD or calculated
from the reported data. The electronic contribution to the thermal conductivity (k)
was calculated through the Wiedemann-Franz law using the Lorenz number, L. The
Lorenz number is not known for all materials, so L was set to the Sommerfeld value of
Lo = 2.44 x 1078 WQK~2. This approximation is valid for most metals and degenerate
semiconductors [23]. The error introduced by this approximation is no more than 50%
when verified against materials in the database with known Lorenz numbers. This poten-
tial error is small compared to the trends that span several orders of magnitude featured
in this report. The Wiedemann-Franz law holds for any system where both electrical
and heat transport are due to non-interacting free electrons that are elastically scattered
by impurities and/or lattice vibrations. This condition is generally satisfied for metallic

band conductors with a long screening length [206].
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4.3 Results and Discussion

4.3.1 Maximum achievable zT

o= ET (4.1)
T = %Z (L“T) T (4.2)
T = % (’%) (4.3)

To determine the maximum 27" of a material, the Wiedemann-Franz law (Eq. 4.1) can
be combined with the expression for z7T to yield Eq. 4.2. In this formalism, the maximum
achievable 2T occurs at the limit where thermal conductivity is due only to heat transport
via electronic carriers (i.e. Ke/Kiota = 1) and depends only on the Seebeck coefficient
[207]. The actual 2T also depends on the fraction of the total thermal conductivity due to
electronic transport, k./Kotal (Eq. 4.3) which is less than 1 for most materials. Intuitively,
high thermoelectric performance will be achieved when the lattice thermal conductivity
(Kiattice) 18 small. Further, this method profits by not considering the theoretical minimum
thermal conductivity ki [204, 203], which has been violated in the past [208].

The relationship in Eq.4.3 is useful to determine the potential of existing thermo-
electric materials, as well as how much improvement can arise from further decreases in
thermal conductivity. Because the maximum achievable 27T depends only on the Seebeck
coefficient, an upper bound for existing thermoelectric materials can be defined. Exam-
ining a plot of the Seebeck coefficient vs k. /kota reveals the max possible 27T of a ma-
terial and how much improvement in performance can be obtained from reducing Kiagtice

(Figure4.1). For example, chalcogenides have been extensively studied and tremendous
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Figure 4.1: Fractional kappa plots of ~300 thermoelectric materials (a—d). Plot-
ting the Seebeck coefficient vs the fraction of thermal conductivity from electrons
(Ke/Ftotal) 1s an effective way to evaluate how much improvement is possible by re-
ducing the lattice thermal conductivity Kiattice. The marker size (radius) is propor-
tional to the zT, and contour lines represent lines of constant z7. The max possible
2T is determined by the Seebeck coefficient, obtained when Kiattice <K Ktotal (i-€-,
Ke/Ktotal = 1). Some materials, including select chalcogenides members (a), approach
the limit where Kiagtice 1S negligible, whereas other materials such as oxides and SiGe
(b), or half-Heuslers and skutterudites (c), could be further engineered to reduce
Klattice and improve thermoelectric performance. A composite of all material families
is shown in (d).
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effort has been made to improve their performance through band engineering [102] and
microstructural engineering [4]. Importantly, examining the aforementioned plot in Fig-
ure4.1 reveals that many chalcogenide thermoelectric materials are reaching the max-
imum 27 attainable by reduction of the thermal conductivity (i.e. when k./Kota = 1
in Figure4.1(a)). Future gains in these systems will need to come from increasing the
Seebeck coefficient, for example, by band structure engineering [102] and dimensional
confinement [83].

Microstructural engineering is still a viable option for most thermoelectric materi-
als. Unlike the chalcogenides, thermal conductivity in most thermoelectric materials is
dominated by Kiaice; most materials lie towards the left of the fractional kappa plot
(Figure4.1). For example, Si and SiGe have the requisite electrical properties and have
been extensively studied, though there is room for further reduction of Kiatice if new
approaches are identified. One notable exception is the family of clathrates, which ex-
hibit an exceptionally low contribution from kjagice (Figure4.1(c)). The rattling atoms
in clathrate materials are effective at scattering phonons, and lead to this exceptional
behaviour [209]. Comparatively, skutterudite materials also have rattling atoms [210],
yet their place in the fractional kappa plot suggests they remain good targets for mi-

crostructural engineering (Figure4.1(c)).

4.3.2 Structure-property relationships

Material properties depend on the crystal structure, which can often be rationally
modified using fundamental principles, such as knowledge of the ionic radii and the bal-
ance of formal charge. Consequently, understanding structure-property relationships is
important to design high-performance materials. Accordingly, we have expanded the

open-access MRL thermoelectrics database by including reported structural information
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Figure 4.2: The thermal conductivity of thermoelectric materials generally decreases
with increasing unit cell volume V (a) and number of atoms in the unit cell N (b).
Meanwhile, the electrical resistivity of thermoelectric materials is largely unaffected
(c—d). Each data point represents a specific compound at a temperature of interest
(300K, 400K, 700K, or 1000 K), and the marker size (radius) is proportional to the
zT. Lines of best fit are shown as a guide to the eye.
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available from the ICSD. The structural information is used here to validate how electri-
cal resistivity and thermal conductivity of thermoelectric materials are correlated with
two intuitive structural parameters: (i) the volume of the unit cell, and (ii) the number
of atoms in the unit cell. In both cases, the structural parameters are correlated with
thermal conductivity, while the electrical resistivity is invariant (Figure4.2). These re-
lationships between structure and thermal conductivity have been explained by theory
[211, 23] and have been previously examined in a limited number of phases [6]. The re-
sults of datamining, presented here, demonstrate these trends can be generalized across
many material families and structures.

The contrasting behaviour between electronic and thermal transport is likely due to
differences in relevant length scales for appropriate carriers (i.e., electrons or phonons).
Electronic transport of electrons and/or holes is sensitive to changes in local structure,
whereas phonons tend to have longer mean free path lengths and are thus disproportion-
ately influenced by changes involving lattice periodicity, which is generally on a length
scale larger than the size of atomic clusters. Accordingly, changes in the number of atoms
per unit cell and/or the unit cell volume show a larger influence on thermal transport
than electrical transport.

Though there are numerous subtleties involved in correlations between thermal con-
ductivity and structural details, several important factors have been previously identified.
For example, the strong reduction in thermal conductivity with increasing number of
atoms per unit cell is likely due to a reduction in the fraction of acoustic phonon modes.
For a system with N atoms per unit cell, the fraction of acoustic modes is proportional
to 1/N; optical phonon modes are dominant in crystal structures with a large number
of atoms per unit cell [211]. Optical modes tend to have slower group velocity than
acoustic modes leading to slower thermal transport, and thus lower Kpice [23]. The de-

pendence on unit cell volume is likely related to both complexity as well as an increasing
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number of atoms per unit cell, as originally described by Slack [212] and later validated

systematically by others in a small subset of materials, Zintl antimonides [213].

4.4 Conclusion

Improving the performance of thermoelectric materials is an active field of research,
and microstructural engineering has led to large gains in performance by reducing the
lattice thermal conductivity (Kiattice). However, there is a limit to the extent performance
can be improved by these means; fractional kappa plots and k. /Koa1 are useful screening
tools to evaluate potential improvement of material performance via microstructural en-
gineering. Some materials, like particular chalcogenides and clathrates, are approaching
the point where Kigtice 18 negligible (Ke/Kiotal ~ 1), so these materials may not experi-
ence significant gains in performance from further microstructural engineering. In these
materials, the focus should be to optimize the electronic structure.

In contrast, Kiagtice Temains the dominant contribution to thermal transport and is
the performance-limiting attribute in many thermoelectric materials. Although we en-
courage readers to explore the online database interactively, we highlight three materials
made from moderately abundant precursors, with promising electrical transport, and
clear routes to reduce Kiatice. Half-Heuslers, such as TiNiSn, can be alloyed with site
defects and semi-coherent full-Heusler secondary phase inclusions [214]. Other promising
materials feature superlattices, secondary phase inclusions, and large number of atoms.
Magnéli phases with crystallographic shear, such as WO3_, [215], show promising pre-
liminary results, though our fractional kappa plots reveal the Seebeck coefficient will
need to be improved to achieve zT > 0.5. In niobates and tetragonal bronzes, such as
Sri_,Ba,NbyOg, point defects can be tuned with the composition and oxidation state of

the metal ions [163]. Despite considerable work to reduce the thermal conductivity of
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thermoelectric materials, there are many opportunities left for improvement.
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Rapid SPS preparation and physical
property measurement of

WO3-containing complex oxides

LA version of this chapter has been published, and is reproduced with permission from: Michael W.
Gaultois, Moureen C. Kemei, Jaye K. Harada and Ram Seshadri. Rapid preparation and magnetodi-
electric properties of trirutile CroWQs. J. Appl. Phys. 117:014105 (6pp), 2015. [doi] (© 2015, American
Institute of Physics.
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Dense pellets of >99% purity trirutile CroWQOg were prepared in one step from start-
ing oxides using spark plasma sintering, leading to simultaneous reaction and consoli-
dation in 3min at 1473 K. The reducing environment during processing may be partly
responsible for the rapid reaction time in these oxides, with partial reduction of Cr3* and
the associated oxygen vacancies allowing rapid diffusion of cations. The low-temperature
physical properties of CroWOg were examined, and a new transition at T'=5.9 K was
observed as an anomaly in the temperature-dependent dielectric permittivity and a cor-
responding anomaly in the specific heat. A strong enhancement of the magnetocapaci-
tance is observed below this transition temperature at 7'=>5.9 K, and may be associated

with a change from collinear spin order to more complex spin order.

5.1 Introduction

The preparation of complex oxides with multiple metal ions frequently involves cycles
of intimate grinding of the starting oxide powders and annealing at high temperatures in
a process that can take multiple days. The long heating times are a consequence of the
slow rate of solid-state diffusion for most ions in oxide environments. This is particularly
true in the case of CraWOg [216, 217] — the compound of interest here — as CryO3
is quite inert and diffuses rather slowly, a property that is responsible for its protective
properties as one of the primary protective oxides in engineering materials, such as steels.
There are frequently other complications as well. Notably for this material class, WOs3 is
a volatile solid, making it challenging to obtain single-phase materials using the extended
reaction times required to enable Cr®* mobility. Moreover, the resulting materials after
traditional solid state reaction are powders or low density sintered bodies that require
consolidation and/or densification to achieve dense bodies suitable for physical prop-

erty measurement. This can be accomplished by hot-pressing at elevated temperatures
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Figure 5.1: CraWOg adopts the inverse trirutile structure (P4o/mnm, 136), which
consists of parallel columns of edge-sharing MOg (M = Cr, W) octahedra extending
along the c-axis. Cr3* atoms are shown in green, and W%+ in white. These columns
are connected through O at the corners of the edge-sharing octahedra.
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for extended times (generally several hours), though this introduces further challenges,
including the potential for decomposition, or, in this case, volatilization.

This contribution describes the use of spark plasma sintering (SPS), more accurately
described as current-assisted, pressure-activated densification (CAPAD) [30], to rapidly
prepare multi-gram quantities of high purity, dense samples of CraWOQOg in a single pro-
cessing step that takes less than an hour. The rapid processing times and simultaneous
reaction and consolidation overcome many of the common pitfalls of traditional ceramic
methods. Further, we describe how the rapid reaction times allowed by this processing
(<3min at 1473 K for CryWOg) may be related to fundamental rates of well-understood
models of ligand exchange in aqueous molecular metal complexes.

CroaWOg4 was prepared and studied here as a candidate magnetodielectric material.
CraWOg adopts an inverse trirutile-type crystal structure (Figure 5.1), and was proposed
to have potential magnetodielectric properties by Hornreich [218], and more recent work
has investigated the magnetoelectric coupling in CroWOg4 near the antiferromagnetic or-
dering temperature at ~45 K [219]. The coupling of magnetic and electric properties is of
great interest for next generation information storage, where an electric field may control
and interrogate the magnetic state of a memory storage device. Complete characteriza-
tion of mangetodielectric materials is imperative to understand the complex interaction
of magnetism and dielectric polarization. This report presents the low-temperature phys-
ical properties of CroWOQOg, and reveals a new transition at T'= 5.9 K observed by changes
in the dielectric permittivity and specific heat. This is keeping with other recent stud-
ies that have revealed dielectric permittivity and magnetocapacitance measurements are
sensitive probes of subtle changes in magnetic/crystal structure accompanying magnetic

ordering, as well as changes in magnetic symmetry [220, 221].
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Figure 5.2: SPS can be used to prepare dense pellets of CraoWOQOg from a mixture
of binary oxides (CraO3+ WO3) in under 30 min total. 80 MPa of uniaxial pressure
was applied and the sample was heated rapidly from 673 K to 1473 K at 200 K/min,
annealed for 3min at 1473 K, then rapidly cooled at 200 K/min. The temperature
profile below 673 K is estimated, as the pyrometer is unreliable below 673 K.

5.2 Experimental details

Polycrystalline samples were made by reaction and consolidation of binary oxide pow-
ders (WO3, 99.9%, Sigma-Aldrich; CryO3, 99.99%, Sigma-Aldrich) using spark plasma
sintering on an instrument from FCT Systeme GmbH, Germany. In a chamber base
pressure of 10 torr of argon, 80 MPa uniaxial pressure was applied using a 9mm inner-
diameter graphite die (EDM-4, POCO graphite). The sample was then heated rapidly
to 1473 K at 200 K/min, annealed for 3min at 1473 K, then rapidly cooled at 200 K/min
(Figure 5.2). During the SPS annealing step, 5.0V and 980 A were applied across the die
set. X-ray diffraction (XRD) was performed on the pellet using a laboratory instrument
(Philips X'Pert diffractometer, Cu Ko radiation), and diffractograms were consistent with
single-phase CraWOQOg; no secondary phases were observed. When ground, the resulting
CraWOg4 powder is brown in colour. The conditions in SPS processing are highly reducing

(elevated temperatures in a graphite die in low pressures of argon), so pellets were subse-

86



Rapid SPS preparation and physical property measurement of WOj3-containing complex oxides
Chapter 5

quently annealed in air to ensure full oxygen stoichiometry and minimize defects. Pellets
were annealed in air at 1273 K for 24 hours and cooled to room temperature at 2 K/min.
Reaction with Al;O3 or SiO, is problematic, so pellets were annealed on a bed of sacri-
ficial CroWOg powder. Annealed pellets had a density of 6.74 g/cm? to 6.77 g/cm?® (99%
single crystal density), measured by He pycnometry using a MicroMeritics AccuPyc 1340
Pycnometer. Annealed material was used for all experimental measurements reported
here; synchrotron XRD of annealed material revealed a 0.7(1) mol% CryO3 impurity that
was not observed by lab XRD because of the lower sensitivity of the lab instrument.

High-resolution synchrotron XRD data on finely-ground powder was acquired at 295 K
at beamline 11-BM at the Advanced Photon Source, Argonne National Laboratory, using
an average wavelength of 0.413682A on a diffractometer that has been described in
detail by Wang et al. [43]. The precise wavelength was determined using a mixture of
Si (SRM 640c) and Al,O3 (SRM 676) NIST standards run in a separate measurement.
Samples were contained in 0.8 mm diameter Kapton capillaries and the packing density
was low enough that absorption was not noticeable. Rietveld refinement was performed
using TOPAS 5 Academic [222] and verified using GSAS-II [223]. Instrument profile
parameters were determined using Si (SRM 640c) and LaBg (SRM 660b) NIST lineshape
standards, run in separate measurements. The refined lattice parameters of CraWOg
were a=4.579269(4) A and ¢=28.66328(9) A.

Magnetic properties of powders were measured using a Quantum Design Dynacool
vibrating sample magnetometer (VSM). Zero-field cooled (ZFC) and field cooled cooling
(FCC) measurements were performed between 2K and 380K with 1000 Oe applied dc
magnetic field. ZFC-FCC data was collected while heating (ZFC) or cooling (FCC) at
1 K/min, while the field-dependent susceptibility was collected while sweeping the mag-
netic field at 100 Oe/sec. Low-temperature heat capacity was measured using a Quantum

Design Physical Properties Measurement System (PPMS). Heat capacity measurements
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were performed on a pellet of mass 32.72mg cut from the SPS-densified material and
analyzed using the thermal relaxation dual-slope method. A thin layer of Apiezon N
grease ensured thermal contact between the platform and the sample. The heat capac-
ity of the Apiezon N grease was collected separately and subtracted from the measured
sample heat capacity.

Dielectric properties were measured by an Andeen-Hagerling AH2700A capacitance
bridge connected to the sample by shielded coaxial cables. A dense cylindrical sample
(9.57mm diameter, 1.41 mm thick, 99% apparent density) was placed in a Quantum De-
sign Dynacool PPMS, which provides control of the temperature and field when carrying
out dielectric measurements. To confirm the minor CryO3 impurity (0.7mol%) did not
influence the capacitance, additional measurements were conducted on a single-phase
Cry03 pellet (prepared by the same process conditions described above), and these mea-
surements confirm the lack of similar features in the temperature- and field-dependent

capacitance.

5.3 Results and Discussion

5.3.1 Rapid preparation of single-phase material

SPS offers a rapid preparatory route to prepare dense, single-phase material in a
single processing step that takes ~30min total (including cool-down). SPS led to dense
pellets of CraWOg with >99% phase purity (Figure5.3). We have previously observed
that extremely high pellet densities are essential for high quality dielectric data. Reaction
times to achieve phase-pure materials were as short as 3 minutes at the reaction temper-
ature (1473 K), the shortest time attempted (Figure5.2). Solid state reactions generally

take several days, and the reaction rates are generally limited by diffusion. Although no
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Figure 5.3: Rietveld analysis of synchrotron powder X-ray diffraction data reveals
this particular sample contains 99.3(1) mol% CroWOg, with a 0.7(1) mol% Cry03
secondary phase, though this minor impurity does not affect the bulk properties in
this report. This sample was prepared using SPS from a mixture of binary oxides
(Cr203+ WOs3) in 3 minutes at 1473 K.
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Figure 5.4: The mean residence time of water molecules in metal hexaaqua complexes
may be a useful proxy to understand solid state reactions of oxides. Inert cations,
such as Cr3t, lie on the left, while reactive cations with labile ligands lie towards
the right, such as Cr?T. While ions of lower charge/radius ratio are expected to
react more quickly (for example, the series of AI**, Ga3*, and In3"), the crystal field
stabilization energy dominates the reactivity of transition metal ions. The reducing
conditions in SPS processing may lead to partial reduction of Cr3* and creation of
oxygen vacancies, and may explain the unexpectedly rapid reaction times possible
with SPS (<3 min). Data from [[224]].
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hard rule set exists to determine the reaction rate of solid metal oxides, we propose the
extensive studies of molecular metal aqua complexes may provide useful guidelines.

Cr3* (d?) is notoriously inert due to the large crystal field stabilization energy pro-
vided by a half-filled t3, level in an octahedral coordination geometry (Figure5.4) [224].
This leads to a stable coordination shell with an extremely long mean residence time of
water molecules in the [Cr(Hy0)g]*" complexes (~5 days), compared to the blindingly
fast residence time in Cr** hexaaqua complexes (~107% seconds). In solid Cr oxides, the
CrOg octahedral coordination shell is expected to be inert, and lead to slow diffusion of
Cr?T cations. The unexpectedly short reaction times for CroWQOg using SPS may result
from partial reduction of Cr®* and oxygen vacancies created by the reducing conditions
during SPS processing. Creation of Cr?T would lead to much more labile oxide anions,
and disordered oxygen vacancies would be expected to decrease the activation energy
barrier associated with interstitial or vacancy hopping diffusion of Cr species, thus in-
creasing the rate of diffusion and decreasing the reaction time between powdered metal
oxide precursors.

The reducing conditions during SPS undoubtedly lead to partial reduction of WO3,
though this alone is insufficient to lead to the rapid reaction times reported here. At-
tempts to produce pseudobinary Al,O3—WO3; phases under similar SPS conditions re-
sulted in only minor product formation and the recovery of starting materials, as deter-
mined by lab XRD. This is consistent with our suggested model, as AI>* is expected to be
much more inert than Cr?* (Figure 5.4; 743+ &~ 10%7¢,2+ ), and Al*T is not expected to re-
duce as easily as Cr¥* (Cr¥t +e™ <5 Cr*t, E° = —04V; AT +3e¢” + Al, E° = —1.7V)
[101].

Because of the reduction during SPS processing, thin pellets (thickness ~1 mm) were
annealed to ensure full oxygen stoichiometry before measuring physical properties. An-

nealing of powders or pellets resulted in no statistically significant change in lattice
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Figure 5.5: (a) Magnetic susceptibility and (b) inverse susceptibility of CraWOg (ac-

quired at ~0.1 K intervals). A Curie-Weiss fit to the ZFC magnetic susceptibility from

300K to 370K leads to a ©cw = —191 K. There is a slight offset between the ZFC

and FCC curves at high temperature, likely due to a temperature lag.
parameter detectable by laboratory XRD, and the appearance of the annealed powder is
brown, and indistinguishable from samples before annealing. Further, the effective mo-
ment extracted from the bulk magnetic susceptibility agrees with the calculated spin-only
value for CryWOg (see below), suggesting there are no extra spins that might be present

due to partially reduced metal centres. Annealed material was used for all experimental

measurements reported here.

5.3.2 Magnetic and electrical properties

Complex magnetic interactions arise in the trirutile-type structures because of the
unique connectivity in the crystal structure: parallel columns of edge-sharing M Og
(M =Cr, W) octahedra extending along the c-axis (Figure5.1). Systematic studies per-
formed by Yamaguchi and Ishikawa have examined the nature of the magnetic phenomena

associated with several members of this structural family, including CraWOg [225]. Low-
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Figure 5.6: Two transitions are observed by specific heat and dielectric permittivity

as the temperature is decreased. The onset of the sharp change in the dielectric

permittivity at T~ 6 K corresponds to a change in slope of the log-log specific heat.
dimensional, short-range antiferromagnetic correlations give rise to a broad maximum in
the magnetic susceptibility [(Figure 5.5(a)], which Yamaguchi and Ishikawa quantitatively
describe using an anisotropic 2D Heisenberg model [225]. Long-range 3D antiferromag-
netic order takes place at Ty ~ 45 K [217], which is more easily seen in the heat capacity
(Figure 5.6).

The higher-temperature region (300 K to 370 K) of the ZFC inverse susceptibility was
fit to the Curie-Weiss (CW) equation, x = C'/(T —©Ocw) to extract a Weiss temperature
of Ocw =-191 K [Figure 5.5(b)], which is consistent with previous reports of —189 K [225].
An effective moment of peg="5.44 ug per CraWOq4 formula unit was extracted using the
relationship p?; = 3Ckg/N, where C' is the Curie constant from the CW equation. The
et 18 close to the calculated spin-only value of ug = 5.48 ug, and significantly less than
the calculated unquenched pip g of 7.35 ug. Finally, the large negative Weiss temperature
is much larger than the antiferromagnetic ordering temperature, which is characteristic
of frustrated spin systems. Moderately frustrated systems tend to have a frustration

index f >3 [58], a criterion that is satisfied for CroWOg, where f=4.3.
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Figure 5.7: Magnetocapacitance measurements show 3 temperature regimes:
T>45K, 6 K<T <45K, and T < 6 K. The magnetodielectric response changes upon
magnetic ordering at Tn ~ 45 K, and is strongly enhanced upon the lower-temperature
transition at T~ 6 K. Compared to the magnetocapacitance at 35K, the response at
2K is enhanced by a factor of 400. Corresponding regimes are seen in the field-de-
pendent magnetization, whose derivative is shown above (grey).

Measuring the dielectric permittivity down to 2 K reveals a feature at Ty ~45 K due
to a known antiferromagnetic ordering transition, as well as a feature at T'~ 6 K. Corre-
sponding features in the specific heat are observed for both features, with a sharp A-type
anomaly at Ty =44.9K, and a change in slope of the log-log specific heat at T=5.9K
(Figure5.6). The transition temperature of 7'=5.9 K reported here is the intersection
of linear fits to the log-log specific heat carried out on the linear regimes above and be-
low the transition (Figure5.6). (1.8K to 4.0K: C, = 2.54 x 10737"™; 9.0K to 16.0K:
C, = 5.78 x 107573%8) The values of the specific heat near Ty =44.9K are consistent
with a previous report from Yamaguchi et al. [225].

The nature of the transition at 7T'=15.9 K was probed using field-dependent dielec-

tric measurements in 3 key temperature regimes (Figure5.7). Above the magnetic
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ordering temperature Ty ~ 45K, there is a weak, continuous increase of the dielectric
permittivity with increasing applied magnetic field. Below 45K, a local minimum in
the field-dependence occurs at zero field, with weak local maxima at moderate applied
fields (~20kOe). Finally, below 6K, in the region where a strong change is observed
in the temperature-dependent dielectric permittivity, there is a strong enhancement in
the magnetocapacitance response and the maxima shift to slightly higher field strength
(~35kOe). Compared to the magnetocapacitance at 35K, the response at 2K is en-
hanced by a factor of 400. The close correspondence of behavioural changes with known
spin ordering and features in specific heat suggest these changes are intrinsic to Cro WOg,
and not due to extrinsic resistive magnetocapacitance through a Maxwell-Wagner mech-
anism involving depleted grain boundaries|[226].

These regimes are analogous to behaviour seen in the field-dependent magnetization.
The field-dependent magnetization is consistent with paramagnetism above Ty~ 45K,
and below the magnetic ordering temperature the magnetization shows small changes in
slope at magnetic fields corresponding to the local extrema in the dielectric permittivity
visible by magnetocapacitance. These changes are seen more readily in the derivative of
the magnetization curves (Figure5.7).

The sharp change in dielectric constant and strong enhancement of the magnetoca-
pacitance below 6 K may be associated with a change from a collinear spin structure to
more complex spin order, such as conical ordering [227, 228, 229, 230, 231]. Noncollinear
spin ordering is common in magnetically frustrated systems, so this is not altogether
unexpected here, since some frustration was noted (f=4.3). Although the previous
magnetic structure determination by Kunnmann et al. using neutron scattering at 4.2 K
assigned a collinear magnetic structure [217], most of the change in the dielectric per-
mittivity has not yet taken place by 4.2 K (Figure5.6), and is not complete until below

below 2 K. Other neutron scattering studies at 4.2 K observed extra weak reflections that
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could not be adequately described by a collinear spin structure, and were attributed
to magnetostructural distortion, specifically, displacement of Cr ions [232]. This subtle
magnetostructural distortion may be associated with changes in spin ordering, as has
been demonstrated in recent reports of frustrated spinel oxides [221, 233]. More detailed
high-resolution neutron scattering studies at lower temperature may confirm this change
in spin ordering.

The change in spin-order and the magnetostructural distortion would both be ex-
pected to contribute to the large change in dielectric permittivity reported here, and
the magnetostructural distortion may be necessary for this to occur. The undistorted
crystal structure symmetry of CroWOg (P4g/mnm, 136; D}}) does not allow for any
noncollinear spin structures, and Dzyaloshinskii-Moriya (DM) antisymmetric exchange
between nearest neighbour Cr ions is not allowed because of the inversion centre at the
midpoint (Wyckoff site 2b, symmetry m.mm). However, displacement of Cr ions through
magnetostructural distortion will lower the symmetry of the crystal structure. This will
likely break the inversion symmetry to allow for DM interactions, which may lead to
canting of spins and a noncollinear spin structure, both of which would become more
pronounced at lower temperature. This would lead to minimal changes to the entropy
and gradual changes to the neutron diffraction but large changes to the dielectric re-

sponse, as reported here.

5.4 Conclusion

Dense pellets of > 99% purity trirutile CroWOg were prepared by SPS, which led to
simultaneous reaction and densification of WO3 and Cr,O3 powders in 3min at 1473 K.
SPS offers a rapid route to prepare multi-gram quantities of high-purity, consolidated,

dense materials that are in a suitable form for physical property measurement. The

95



Rapid SPS preparation and physical property measurement of WOj3-containing complex oxides
Chapter 5

rapid processing times are ideally suited for materials that are volatile, such as WOs.
The reducing environment during processing may be partly responsible for the rapid
reaction time in these oxides, where partial reduction of Cr®* and creation of oxygen
vacancies may allow rapid diffusion of cations.

The low-temperature physical properties of CroWOg were examined, and a new tran-
sition at T'=5.9 K was observed as an anomaly in the temperature-dependent dielectric
permittivity and a corresponding anomaly in the specific heat. Below 6K, a strong
enhancement of the magnetocapacitance is observed, and may be associated with mag-
netostructural distortion and/or a change from collinear spin order to more complex spin

order.
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Controlled microstructure and
thermoelectric properties of reduced
early transition metal oxide

composites

LA version of this chapter is being submitted for publication: Michael W. Gaultois, Taylor D. Sparks,
Jason E. Douglas, and Ram Seshadri. Controlled microstructure and thermoelectric properties of reduced
early transition metal oxide composites.
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Figure 6.1: A survey plot of current oxide thermoelectric materials, where the size of
the circle is proportional to the material power factor, which is the electrical compo-
nent of zT', the thermoelectric figure of merit. Dashed lines of constant power factor
give bounds for reasonable thermoelectric performance, and this plot reveals the lack
of high-performance n-type oxide materials. Data from [205].

Reduced early transition metal oxides have been identified as interesting thermoelec-
tric materials using a datamining approach, and 14 compositions in the Nb-rich portion
of the WO3-NbyOj5 phase system are explored here using spark plasma sintering (SPS)
as a rapid preparation technique. The resulting composite materials contain W-rich
precipitates with characteristic length scales that range from <20nm to ~2 pm within
a single sample, and exhibit thermal conductivities of ~2.5Wm K™t from 300K to
1000 K. 2T was determined for 4 compositions, and the highest-performance composition

in this report reaches z7'=0.1 at 950 K, the highest temperature measured using our

instrumentation.
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Figure 6.2: WO3-NbyO5 phases tend to form complex tetragonal tungsten bronze
structures, which feature 3-dimensional slabs of corner-sharing NbOg octahedra con-
nected by WO, tetrahedra. Nbi4W3044 is one such example of many possible ho-
mologues; the size of the slabs can be changed with Nb/W composition. The high
polyhedral connectivity is important for good electrical transport, while the intrinsic
structural defects (such as the crystallographic shear planes and Nb/W site substitu-
tion) are important for low thermal transport.

6.1 Introduction

The promise of solid-state energy conversion and the recovery of energy from waste
heat has led to vigorous research on thermoelectric materials. However, widespread
deployment of thermoelectric modules on Earth has been limited by the low efficiency,
low crustal abundance, and poor thermal stability of existing materials. Researchers
have sought to develop oxide materials to address these problems, but limited high-
performance n-type materials have been discovered (Figure6.1). A recent datamining
study has identified early transition metal oxides as thermoelectric materials of interest
due to their low electrical resistivity [205].

WO3-NbyO5 phases tend to form complex tetragonal tungsten bronze structures,
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which feature 3-dimensional slabs of corner-sharing NbOg octahedra connected by WO,
tetrahedra [234]. NbyOs has many polymorphs, but the dominant room-temperature
phase is monoclinic, and is a layered structure with large voids and distorted and irregular
Nb polyhedra [235]. This poor structural connectivity is not ideal for low electrical
resistivity and electrical doping. However, the WO3-NbyO5 phases can be doped to
have low electrical resistivity, which happens in part because of the highly connected
structure in 3-dimensions. Highly connected structures also tend to have high thermal
conductivity, which is avoided in the tungsten bronze structure-types because of the
complex structure, which has intrinsic defects introduced by W-Nb substitution, oxygen
deficiency, and crystallographic shear (Figure6.2). These phenomena are believed to
be partly responsible for the anomalously low thermal conductivity of these materials;
Winter and Clarke have shown the thermal conductivity of stoichiometric d° analogues
to be 22 Wm ' K™! from 300K to 1300 K [21].

The present report is a survey of the Nb-rich portion of the WO3-NbyO5 phase system,
which has been selected using a datamining approach and explored using spark plasma
sintering (SPS) as a rapid preparation technique. Traditional solid-state preparation of
these materials requires extended heat treatments at high temperatures (e.g., 1350°C
in sealed platinum crucibles) [31]. This is time consuming, but it also is problematic
when working with volatile precursors, such as oxides of W [31]. Further, the final
product is a powder that must be consolidated and densified before physical property
measurements can be performed. SPS, more accurately referred to as current-assisted
pressure-activated densification (CAPAD) [30], provides a rapid preparation route for
new oxide materials — a typical reaction takes minutes, instead of hours or days — and

yields dense, consolidated solids that can be used for physical property measurements.
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6.2 Methods

Polycrystalline samples were made by simultaneous reaction and consolidation of bi-
nary oxide and elemental powders (WO3, 99.9%, Sigma-Aldrich; NbyO5, 99.99%, Sigma-
Aldrich, W, 99.99%, Sigma-Aldrich; Nb, 99.8%, Sigma Aldrich) using spark plasma sin-
tering on an instrument from FCT Systeme GmbH, Germany. In a chamber base pressure
of 10torr of argon, 80 MPa uniaxial pressure was applied using a 9mm inner-diameter
graphite die (EDM-4, POCO graphite). The sample was then heated rapidly to 1473 K at
150 K/min, annealed for 6 min at 1473 K, then rapidly cooled at 180 K/min (Figure6.3).
X-ray diffractograms of the resulting dense pellets were measured using a laboratory
instrument (Philips X'Pert diffractometer, Cu Ka radiation). Diffractograms collected
before and after physical property measurements showed no discernible changes.

High-resolution synchrotron X-ray diffraction (XRD) data on finely-ground powder
was acquired at 295K at beamline 11-BM at the Advanced Photon Source (APS), Ar-
gonne National Laboratory, using an average wavelength of ~0.4137 A on a diffractometer
that has been described in detail by Wang et al. [43]. The precise wavelength was deter-
mined using a mixture of Si (SRM 640c) and Al,O3 (SRM 676) NIST standards run in
a separate measurement. Samples were contained in 0.8 mm diameter Kapton capillaries
and the packing density was low enough that absorption was not noticeable. Rietveld re-
finement was performed using TOPAS 5 Academic [222]. Instrument profile parameters
were determined using Si (SRM 640c) and LaBg (SRM 660b) NIST lineshape standards,
run in separate measurements.

SEM was performed on an FEI XL30 microscope using a backscatter electron (BSE)
detector; electron dispersive X-ray spectroscopy (EDX) data were collected with an
EDAX Si-drift detector. Typical accelerating voltages were 15 or 20 keV. To prepare

samples for scanning electron microscopy (SEM), pellets were mounted in epoxy and
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polished with successively finer abrasives; the final polishing step was performed with
0.25 um colloidal diamond suspension on microcloth. A thin layer of Pd—Au, 2nm to
5nm, was sputtered on the surface to alleviate charging during imaging. The micrographs
presented have not been post-processed in any way. Particle size analysis was performed
using ImagelJ [236] on a ~33 um x 33 um area at 2500x magnification to visualize the
smallest features, some of which remain sub-pixel diameter even at this magnification.
A minimum size cutoff threshold of 0.05 pm? was used to minimize false positives.

High-temperature thermoelectric properties (electrical resistivity and Seebeck coefhi-
cient) were measured with an ULVAC Technologies ZEM-3. Samples had approximate
dimensions of 9mm x3 mmx3 mm. Measurements were performed under a helium under-
pressure, and data was collected through three heating and cooling cycles to ensure
sample stability and reproducibility. No changes in electrical properties were observed
between cycles, and analysis of the lab XRD patterns from materials after measurements
showed no changes in structure nor new phases. Additionally, comparing BSE micro-
graphs collected before and after electrical property measurements revealed no change in
microstructure.

The thermal conductivity, s, was calculated from the density p, thermal diffusivity «,
and heat capacity C,, using the relation k = paC),. The densities of consolidated samples
were measured using helium pycnometry (MicroMeritics AccuPyc 1340 Pycnometer). To
reduce the large systematic errors often introduced by measuring the heat capacity [237],
the temperature-dependent heat capacity was estimated using the empirical Neumann-
Kopp rule based on the chemical composition and literature values for the heat capacity
of WO3 and NbyOj [238], as outlined by Leitner et al. [239]. The estimated error for
the heat capacity introduced by this method is <3% at 300 K, and < 5% at 1000 K. The
thermal diffusivity («) was measured using a Netzsch LFA 457 laser flash system. The

samples for the thermal diffusivity measurements were machined to be coplanar with a
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Figure 6.3: SPS was used to prepare dense pellets of W;Nb;_;03510.5,—5 composites
from a mixture of binary oxides and metal powders in under 30 min. 80 MPa of
uniaxial pressure was applied and the sample was heated rapidly from 673 K to 1473 K
at 170 K/min, annealed for 6 min at 1473 K, then rapidly cooled at 180 K/min. The
temperature profile below 673 K is estimated, as the pyrometer is unreliable below
673 K.

thickness of ~1 mm and a diameter of ~8 mm. The samples were then spray coated with
colloidal graphite on both sides to ensure full absorption and maximum optical absorption
and emissivity. Thermal diffusivity was measured in an argon gas atmosphere from 308 K
to 1050 K at intervals of 50 K. A final measurement at 308 K was taken after cooling to
ensure reproducibility of the measurements and to ensure the coatings remained intact.
The thermal diffusivity values were determined using the Clark and Taylor model [240],

which corrects for radiative losses.

6.3 Results and discussion

SPS offers a rapid preparatory route to react and consolidate material in a single
processing step, allowing a quick method to prepare samples suitable for measurement of

physical properties. The preparation of phase-pure single-cation WO3_s and multi-cation
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Figure 6.4: SPS was used to prepare 14 samples that were subsequently character-

ized to elucidate the evolution of thermoelectric properties with composition in the

W;Nb;_+02.510.5:—5 phase system.

CraWOg have been previously demonstrated using SPS [241, 242], proving that anion and
cation mobility is sufficient to allow diffusion and phase equilibrium in WO3 systems at
these reaction temperatures and timescales. In this work, SPS was used to prepare
dense pellets of W, Nb;_,O55.05:_s from a mixture of binary oxides and metal powders
in less than 30 min per sample (Figure6.3). Stoichiometric WOz, NbyOs, or (WO3),—
(NbyOs)1_, (d¥ oxides) are good electrical insulators, so the materials were doped with
0.5 electrons per metal cation by adding corresponding amounts of elemental metal to
the initial mixture. W is treated as a d% donor, Nb is treated as d® donor, so 1/12 molar
equivalents of W were added for every equivalent of WO3, and 1/20 equivalents of Nb
were added for every equivalent of NbyO5. The final compositions were determined based
on the total W and Nb loading, and after initial electrical transport measurements, a
subset of these samples were subjected to more rigorous study (Figure 6.4).

Powder X-ray diffraction (XRD) reveals the presence of W metal in many samples, in
addition to peaks characteristic of W-Nb-O phases (Figure6.5). The exact phases were
not able to be determined using powder XRD, as the crystal structures have large unit
cells with many atomic positions and disorder, the structural similarity between the many
phases is revealed only in weak superstructure peaks at low angle (Q < 1.5 Afl). This is
particularly difficult because there are many possible superstructures that differ only by

small variations in O ordering, and O contributes weakly to the total X-ray scattering
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Figure 6.5: Synchrotron XRD was performed on a subset of 8 samples. Although
specific W-Nb—O phases were not determined due to the insensitivity of XRD to
many of the possible superstructures in these materials, the presence of W metal in
most samples is evident.
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Figure 6.6: Backscatter electron micrographs W,Nby_,025105,—s5 (x=0.02, 0.13,
0.31) at 200x and 2500x magnification reveal small W-rich precipitates (white) ho-
mogeneously distributed throughout samples with low W content (x <0.13). At low
W content, these secondary phase inclusions form with a range of length scales. The
smallest inclusions are sub-pixel diameter (< 20nm), whereas the larger inclusions are
up to ~2pum long, covering a wide range of relevant length scales to interact with
phonons. The average size and number of precipitates increases with W content in
this regime. This microstructure is stable after repeated thermal cycling up to 950 K,
the highest temperatures measured. At high W content (x>0.31), the microstruc-
ture is poorly controlled, and there are larger domains of multiple secondary phases
(~20 pm in width).
because of the high W and Nb content and thus total electron count in these materials.
Historically, the difficulties with powder XRD have been addressed, albeit with great
difficulty, using single crystal XRD and selected area electron diffraction [243, 244, 245],
though this is not possible with the dense composites prepared here.

Scanning electron microscopy (SEM) was performed to better investigate the phase
purity and microstructure of the samples, and revealed the presence of multiple phases
in each sample. There were no noticeable differences between cross-sections taken from
the top or sides of the pellets, suggesting the microstructure is isotropic. Backscattered
electron (BSE) micrographs combined with energy-dispersive X-ray spectroscopy (EDX)
reveal the presence of W-rich inclusions with a wide range of length scales (Figure6.6).

Owing to the small precipitate size and large interaction volume of EDX, the inclusions

may be W metal (as seen by XRD) or W-rich oxides. The smallest inclusions are sub-
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Figure 6.7: The average size of W-rich precipitates measured in BSE micrographs and

the area fraction of precipitates increases smoothly with W content when x <0.13 in

W.Nb1_2025405:—s. Although many precipitates can be seen in micrographs with

sub-pixel diameter (<20nm; area < 0.001 ym), only precipitates larger than 0.05 m?

were used for this analysis in order to minimize false detection events.
pixel diameter (< 20nm), whereas the larger inclusions are ~500nm along their narrow
axis and up to ~2 um long. The dimensions of these precipitates are ideal for scattering
phonons with a broad wavelength distribution and lead to low thermal conductivity at
low temperature, as shown later.

Previous studies have demonstrated that WOs; and W metal can be reacted and
consolidated by SPS in a single processing step to prepare single-phase WO3_s mate-
rials [241]. Further, other work with WOj-containing materials has demonstrated that
cation diffusion rates at 1473 K in SPS are high enough to prepare single-phase materials
from powdered oxide precursors in systems with multiple cations, such as CroWOg [242].
On the contrary, in the W,Nb;_,O95.05:_s system reported here, we observe multiple

phases.

At low W content (z <0.13), W-rich secondary phase inclusions are homogeneously
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distributed and quite small (<20nm to ~2 um), suggesting possible solubility at high
temperature and phase segregation due to precipitation upon rapid cooling (180 K/min)
after SPS annealing at 1473 K. Further, the average size and area coverage of the precip-
itates increases in a controlled fashion with W content (Figure 6.7). Particle size analysis
was performed on a ~33 pum x 33 pym area at 2500 x magnification to visualize the smallest
features, some of which remain sub-pixel diameter even at this magnification. The pre-
cipitate sizes appear to follow log-normal distributions, though meaningful fitting would
require more statistics of particles with smaller sizes. Although many precipitates of sub-
pixel diameter (<20 nm; area < 0.001 um?) can be seen in micrographs, only precipitates
larger than 0.05 yum? were used for this analysis to minimize false detection events.

At high W content (z>0.31), in contrast, the microstructure is poorly controlled,
and there are larger domains of multiple secondary phases (~20 pm in width). This is
not unexpected, as increasing the W content should increase the domain size of W-rich
inclusions up to some point at which these secondary phases coalesce and segregate to
minimize interfacial area and lower the total energy. This change in behaviour is likely
related to the critical percolation threshold, which would occur at 27% site filling in a

random close packed 3-dimensional lattice [246].

6.3.1 Thermoelectric properties

Electrical transport properties of W, Nb;_,O55105.,—5 were measured up to 950 K
(Figure 6.8). The electrical resistivity (p) increases with W content up to x=0.13, after
which it begins to decrease up to x=0.67, the highest W content measured. The See-
beck coefficient (S) changes predictably in opposition to the electrical resistivity with
composition. The power factor, S?p~!, increases monotonically with temperature up to

at least 950 K, the highest temperature measured. With regard to sample composition,
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WiNb1_;O25105:—5 displays metallic electrical transport when

r<=0.08, and maximum electrical performance (S2?/p) for thermoelectric consid-
erations is seen at x =0.08. The electrical transport properties of the materials do
not change, even after repeated thermal cycling up to the maximum temperatures
measured, 950 K. 2 =0.02 materials made using traditional solid-state (line) method
have comparable properties to the one-step SPS materials.
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Figure 6.9: Remarkably small W content (W;Nb;_,09510.5:—s, © =0.02) is sufficient
to decrease the thermal conductivity compared to NbsOs, particularly at low temper-
atures where longer-wavelength phonons are the dominant carriers of heat. Despite
the increase in electrical thermal conductivity, the total thermal conductivity x =0.02
composites is reduced by 30% at 300 K compared to insulating NbyOs. The thermal
conductivity of these biphasic materials is largely invariant with temperature, likely
because long-wavelength phonons at low temperatures are scattered by the W-rich
precipitates that span length scales of <20nm to ~2pum. At high W content and
above the percolation threshold of W-rich domains, the same reduction in thermal

conductivity is not seen.

the maximum power factor is obtained for samples with x =0.08.

Several samples were also made by a traditional solid state reaction of precursors in

evacuated silica ampoules at 700° for 48 hours [243], followed by densification using the

same SPS processing. Samples made using this two-step process displayed similar X-

ray diffraction patterns and high-temperature electrical transport properties (electrical

resistivity and Seebeck coefficient) as analogous samples made using a one-step process.

Thermal conductivity was determined for a smaller subset of samples (Figure 6.9) to

determine the influence of the microstructure observed in BSE micrographs (Figure 6.6).

Densities used to calculate thermal conductivity were obtained through He pycnome-

try on consolidated pellets. Although the relative density (compared to the theoretical
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maximum single-crystal density) cannot be unambiguously known due to the presence of
multiple phases, the samples examined here are likely near 100% single-crystal density;
scanning electron microscopy of polished cross-sections reveals no evidence of significant
porosity, and previous work on stoichiometric d° analogues achieved densities of 97% to
100% using traditional hot pressing [21].

For W, Nb;_,0s2.5.05:—s samples with low W content (z <0.13), the thermal conduc-
tivity is ~2.5 Wm ™K~ from 300K to 1050 K (Figure6.9). The thermal conductivity
of all composites it is largely invariant with temperature, likely because long-wavelength
phonons at low temperatures are scattered by the W-rich precipitates that span length
scales from <20nm to ~2 pum, which prevents these phonons from carrying heat. For
comparison, the thermal conductivity of stoichiometric NbyOs5, prepared using the same
SPS processing conditions, was determined as a reference. Although the thermal conduc-
tivity of NbyO5 approaches the composites at high temperatures (7> 1000 K), it is clear
the composites achieve the minimum thermal conductivity at room temperature due to
phonon scattering from precipitates.

Composites with low W content have superior thermoelectric performance in every
regard compared to NbyOs. NbyOs is too insulating to measure electrical resistivity,
whereas W, Nb;_,Os 5.05,_s materials exhibit metallic electrical transport. Despite the
expected increase in thermal conductivity due to the contribution from electrical carri-
ers, the thermal conductivity decreases by 30% at 300 K compared to insulating NbyOs.
Although the dominant reason for this decrease is likely the secondary phase inclusions,
intrinsic defects in the crystal structure may also play a role (e.g., crystallographic shear
planes, site defects from oxygen deficiency, and mass contrast from W/Nb site substitu-
tion). Taken together with electrical property measurements, thermal conductivity mea-
surements reveal 2T achieved in these samples is for the z =0.08 member (27 = S%p~'T),

which achieves a 27'=0.1 at 950 K, the highest temperature measured here (Figure 6.10).
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Figure 6.10: Physical property measurements reveal that the highest power factor and
2T achieved in these samples is for the  =0.08 member, which achieves a 27'=0.1 at
950 K, the highest temperature measured here. k2T is shown to provide a normalized
ZT" without consideration of thermal conductivity.

6.4 Conclusions

Early transition metal oxides were targeted using a datamining approach, and dense
pellets of W, Nb;_,09510.5._5 composites were prepared by SPS, which led to simultane-
ous reaction and densification of WO3, NbyO5, W, and Nb powders in 6 min at 1473 K.
The samples were doped to nominally have 0.5 electrons per metal cation. Backscattered
electron micrographs revealed samples with low W content (z <0.13) have W-rich sec-
ondary phase inclusions with dimensions spanning from <20nm to ~2 pym. The average
size and number of these precipitates increases controllably with W content, and the di-
mensions of these precipitates are ideal for scattering phonons with a broad wavelength
distribution. Further, these inclusions are stable even after repeated thermal cycling, and
the electrical properties do not change after repeated thermal cycling up to the highest
temperatures measured, 950 K. This leads to composite materials with reduced thermal
conductivity across all temperatures investigated (300 K to 1050 K), even with W content
as low as 0.3mol% (x=0.02 in W,Nb;_,Os5.05:6)-
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Figure 6.11: W-Nb-O materials contextualized within the larger survey plot of current
oxide thermoelectric materials reveals that W-Nb-O materials (X) are an exciting
platform for potential n-type oxides. The W;Nb;_;O95105,—5 composites studied
here have comparable performance to CaMnOgs based materials, despite not having
been optimized at this stage. The size of the circle is proportional to the material
power factor, which is the electrical component of the thermoelectric figure of merit
(2T'). Dashed lines of constant power factor give bounds for reasonable thermoelectric
performance, and this plot reveals the lack of high-performance n-type oxide materials.
Data from [205].
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These W, Nb;_,O55105:_s composites are a promising platform for n-type oxide ther-
moelectric materials. Even without electronic optimization (e.g. doping studies), these
composites are in the same performance class at CaMnOs-based materials, which have
been heavily researched (Figure6.11). Physical property measurements reveal that the
highest power factor and 27" achieved in these samples is for the x =0.08 member, which
achieves 2T'=0.1 at 950 K. Although this is the highest temperature measured here,
the materials are stable to higher temperatures, where the 27" should be higher. Further
studies should lead to improvement in electrical transport properties, and improved ther-

moelectric performance in a class of n-type oxides that are stable at high temperature.
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Chapter 7

A recommendation engine for
suggesting unexpected

thermoelectric chemistries

LA version of this chapter was co-written with Dr. Bryce Meredig, and has been submitted for publi-
cation: Michael W. Gaultois, Anton O. Oliynyk, Arthur Mar, Taylor D. Sparks, Gregory J. Mulholland
and Bryce Meredig. A recommendation engine for suggesting unexpected thermoelectric chemistries.
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The experimental search for new thermoelectric materials remains largely confined
to a limited set of successful chemical and structural families, such as chalcogenides,
skutterudites, and Zintl phases.[28, 6, 29] In principle, computational tools such as
density functional theory (DFT) offer the possibility of rationally guiding experimen-
tal synthesis efforts toward very different chemistries. However, in practice, predict-
ing thermoelectric properties from first principles remains a challenging endeavor[247],
and experimental researchers generally do not directly use computation to drive their
own synthesis efforts. To bridge this practical gap between experimental needs and
computational tools, we report an open machine learning-based recommendation engine
(http://thermoelectrics.citrination.com) for materials researchers that suggests
promising new thermoelectric compositions, and evaluates the feasibility of user-designed
compounds. We show that this engine can identify interesting chemistries very different
from known thermoelectrics. Specifically, we describe the experimental characteriza-
tion of one example set of compounds derived from our engine, RF15CosBi (RE = Gd,
Er), which exhibits surprising thermoelectric performance given its unprecedentedly high
loading with metallic d and f block elements, and warrants further investigation as a new

thermoelectric material platform.

7.1 Introduction

For any materials problem, breaking out of “local optima” in composition space to
discover entirely new chemistries remains a notoriously difficult challenge.[248] Many
of the most notable materials classes under investigation today—from Na,CoOy derived
thermoelectrics [26] to iron arsenide superconductors [27]-were discovered fortuitously.
As a result, experimental efforts often gravitate toward incrementally improving known

chemistries (via doping, nanostructuring, etc.), as these efforts are more likely to bear
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fruit than high-risk searches through chemical whitespace for entirely new materials.
The consequence of research communities’ focus on further exploitation of known
chemistries rather than exploration of unknown chemistries is that much of composi-
tion space simply remains uncharacterized. In Figure7.1a, we illustrate the remarkable
chemical homogeneity of most thermoelectric materials investigated to date. We plot each
material from the thermoelectric database of Gaultois et al.[205] on the periodic table
based on the composition-weighted average of the positions of elements in the material.
The tight cluster of previously investigated chemistries is, as expected, dominated by
chalcogenides and p-block elements such as Sn and Sb. In contrast, we also show the po-
sitions of Gd;2CosBi and Erj5,CosBi, materials derived from our recommendation engine,
which we characterize as a new class of thermoelectrics in this work. These materials are
almost pure intermetallics, in sharp contrast to thermoelectric compounds investigated
to date (Figure 7.1b). The objective of our recommendation engine is to directly enable
experimental researchers to rapidly identify new materials, such as RF15,CosBi, that are

very distinct from known compound classes, and worthy of further study.

Experimental details

RE15CosBi (RE = Gd, Er) samples were made by arc-melting freshly filed Er or Gd
pieces (99.9%, Hefa), Co powder (99.8%, Cerac), and Bi powder (99.999%, Alfa Aesar).
Stoichiometric mixtures (0.5 g total mass) with 5-7% excess of bismuth were pressed into
pellets and melted twice in arc-melting furnace under argon atmosphere (Edmund Biihler
Compact Arc Melter MAM-1). The total mass loss after melting was < 1%. The samples
were sealed in silica tubes and annealed at 1070 K for one week, then quenched in cold
water. To produce enough material for physical property measurement, ~70 samples of

each compound were prepared, and pure samples were combined by melting into a single
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ingot of ~5g, which was sanded to yield the appropriate geometry (either a rectangular
bar, or a cylinder). Density was measured using Archimedes’ method; the final pellets had
densities 100% of the single crystal values (pcd,,cospi = 8.6 g/cm?®, pEr,cosi = 9.9 g/cm?).

Powder X-ray diffraction patterns were collected using an INEL CPS 120 diffractome-
ter with Cu Ka; radiation at room temperature. Rietveld refinement was used to confirm
the structure and phase purity.

High-temperature thermoelectric properties (electrical resistivity and Seebeck coeffi-
cient) were measured with an ULVAC Technologies ZEM-3. Sample bars had approxi-
mate dimensions of 9mm x4 mmx4mm. Measurements were performed with a helium
under-pressure, and data was collected from 300 K to 800 K through three heating and

cooling cycles over 18 hours to ensure sample stability and reproducibility.

7.2 A materials recommendation engine

Our recommendation engine is a machine learning-based approach[249, 250] for ef-
ficiently driving synthetic efforts toward promising new chemistries. We have trained a
machine learning model to make a binary true/false prediction of whether the (1) Seebeck
coefficient, (2) electrical resistivity, (3) thermal conductivity, and (4) band gap of input
materials are within acceptable ranges for thermoelectric applications. We define these
ranges as follows: (1) |S|>100uVK™; (2)p<1072Qcm; (3)k<10Wm K™, and
(4) E; > 0eV. We would classify any material for which the answer to all these questions
is “yes” as a potentially promising thermoelectric that may warrant further study. The
purpose of our recommendation engine is thus neither to make quantitative predictions
of these thermoelectric properties, nor to definitively identify record-setting compounds—
these remain open challenges for future work. Rather, the engine is intended to greatly

augment the chemical intuition of experimental researchers working on materials dis-
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Figure 7.1: (a) Most known thermoelectric materials lie in a tight cluster in composi-
tion space (black and blue dots; blue dots have chemical formulae explicitly labeled).
The recommendation engine presented here allows the identification of new thermo-
electric materials families that are well outside the existing composition space of com-
mon systems; in particular, we report the characterization of RE12CosBi (RE = Gd,
Er; orange squares) in this work, which are chemically and structurally distinct from
known thermoelectrics. (b) The strongly intermetallic RE12CosBi compounds we re-
port here lie far outside the norm for metal loading among collected thermoelectric
compositions in the Gaultois et al.[205] database.
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covery. In particular, we have found that our model’s ability to screen vast numbers of
possible compositions and short-list interesting candidates can inspire materials syntheses

that would not have been obvious a priori.

Model validation

The training set for our recommendation engine comprises a large body of both exper-
imental thermoelectric characterization data [205] and first principles-derived electronic
structure data [248, 251]. Our model uses these input data to learn interesting chemical
trends that could be exploited to design new materials. We visualize the accuracy of
our recommendation engine’s predictions in Figure 7.2, which represents the results of
leave-one-out cross-validation (LOOCV) on our training data (in the case of the band
gap data, we performed LOOCYV on a subset of the extremely large training set). In the
LOOCYV procedure, if we have n total measurements of a particular property such as
thermal conductivity, we train our machine learning model on n — 1 of these values and
predict the nth (left out) value. We perform one training step and prediction for each
property value, and present the error distribution for all n values in Figure 7.2. The error
distribution then provides us with a sense of how we may expect the model to perform
on new materials of which we have no prior knowledge.

Figure 7.2 indicates that our engine generally makes very reliable assessments of ther-
moelectric materials properties. The modes of the error distributions are in each case
close to 0. For each property, the engine’s errors skew toward false negatives (resistiv-
ity, band gap, thermal conductivity) or false positives (Seebeck), which reflects the fact
that the underlying training data do not contain equal fractions of positive and negative
examples. Seebeck coefficients prove most difficult to assess (i.e., the error distribution

for that property has the largest standard deviation), likely because there are strikingly
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Figure 7.2: Leave-one-out cross validation error histograms for the four key properties
estimated by our recommendation engine: (a) Seebeck coefficient; (b) electrical resis-
tivity; (c) thermal conductivity; and (d) band gap. For each material in our training
set and each property, the recommendation engine gives a confidence score between 0
and 1 that the property value falls within the ideal windows we have defined for ther-
moelectric applications. Errors approaching +1 represent false negatives (our engine
thought the material would be poor for that property, but it is actually good); and
an error of —1 is a false positive (our engine thought the material would be good for
that property, but it is actually poor).
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different mechanisms that underpin the values, for example, strongly correlated oxides

as opposed to degenerate semiconductors.

7.3 Discussion

In this work, we are interested not only in developing a model that gives accurate
predictions of materials properties, but also in making it immediately accessible and
useful for experimental researchers. To that end, we have published our recommendation
engine as a web app at http://thermoelectrics.citrination.com, where researchers
may explore a pre-computed list of around 25000 known compounds, and also use our
model to evaluate in real-time their own materials candidates. In this way, we hope that
the app serves as a rapid triage tool for ideas for potential new thermoelectric materials.
Our pre-computed list may be arranged according to the probabilities associated with
any one of the four properties we are modeling, and is sorted by default according a
composite score that takes all four properties into account. Furthermore, the user may
specify cutoff thresholds for any of the properties, and thereby greatly reduce the size of
the list.

As we believe our extensive precomputed list contains some interesting and heretofore
uncharacterized candidate thermoelectric materials, we now comment on a select set of
high-ranking compounds. Several of these compounds are given in Table 7.1.

TaVO; and TaPO; occur in an analogous crystal structure to the phosphate tungsten
bronzes [252, 253]. These materials can be expected to have good thermoelectric perfor-
mance given the heavy atoms, the potential for low electrical resistivity provided by the
repeating ReOs-type structural network that is highly connected in three dimensions, and
the intrinsic crystallographic shear provided by the crystal structure. Although the phos-

phate tungsten bronzes themselves are not highly rated, their metallic electrical transport
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Table 7.1: Several promising new thermoelectric compounds selected from
our pre-computed list. The full list is available for exploration at
http://thermoelectrics.citrination.com.

Material Pg P, Py Pgop Composite Comments

TaPOs and 0.894 0.793 0.958 0.987 3.537 High polyhedral connectivity
TaVOs; and structural superlattices

TlgSbTeg 0.845 0.871 0.999 0.876 3.46 Recently reported to be a
good thermoelectric (zT ~ 1 at

600 K)

TaAlOy 0.893 0.703 1 0.977 3.477 High mass contrast, high poly-
hedral connectivity(edge- and
corner-sharing TaOg octahe-
dra)

SrCrOs 0.772 0.767 0.996 0.95 3.308 High polyhedral connectivity
(3-D corner-sharing CrOg oc-
tahedra), metallic when made
under high pressure

TaSbOy 0.892 0.919 1 0.997 3.559 High polyhedral connectivity:
layered, edge-sharing MOg
octahedra
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properties are encouraging for structural analogues [254]. Moreover, TaVO5 has a neg-
ative coefficient of thermal expansion and a structural transition at 6000C [255]. This
structural transition may lead to softening of phonon modes and anharmonic scattering,
which may lead to low thermal conductivity. The second material of interest we present
is TlgSbTeg. Though this compound was not included in the thermoelectric database, it
scores highly within the recommendation engine, and good thermoelectric performance
has been subsequently demonstrated in recent work [256].

The suggestion of TaAlOy4, SrCrO3, TaShO,4 and other oxides expected to be insulators
can be understood because the recommendation engine uses as training data references
where stoichiometric formulas were primarily reported rather than doping details.[257,
258] Nevertheless, with doping through substitution or reduction, these compound may
exhibit moderate electrical performance. Further, these materials all feature extended
structures that are highly connected in three dimensions, an important feature for low
electrical resistivity. Moreover, the large mass contrast on the cation sublattice in TaAlOy
(edge shared TaOg and AlOg octahedra) could lead to low thermal conductivity, and
previous reports have shown that SrCrOj; is metallic when synthesized under pressure
[259].

Many of the high-ranking candidate materials are interesting because of their highly
connected extended structures, even though the recommendation engine does not use
features of crystal structure to make its suggestions. The chief disadvantage to training
prediction algorithms using crystal structure is that structure then becomes a required
input for making predictions, and yet structure is by definition not available for unchar-
acterized materials. However, the absence of crystal structure does cause our engine
difficulty where changes in crystal structure with similar elemental compositions cause
large changes in physical properties. For example, both DyPO, and LaPQO, are predicted

to have low thermal conductivity. However, LaPQ, is monazite, a corner edge-shared
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structure, whereas DyPQ, is xenotime [260], an edge-shared structure leading to inher-

ently higher thermal conductivity.[21]

New materials and their properties

Our final and most important task in this work is to demonstrate that our recommen-
dation engine can indeed guide researchers toward interesting experimental discoveries.
Among the set of high-scoring candidate materials, we selected Er;5CosBi and Gd2CosBi
to characterize as thermoelectric materials due to their facile synthesis through arc melt-
ing, and due to the fact they are chemically quite distinct from known thermoelectrics
(Figure 7.1). While the RE3CosBi (RE = rare earth) family of compounds has only
been sparsely studied in the literature, their crystal structure and initial low-temperature
electrical and magnetic properties have been reported by Mar and coworkers [261]. The
crystal structure of RFE5Co5Bi is shown in Figure 7.3.

Interestingly, the crystal structure of our candidate thermoelectric exhibits notable
similarity to the structures of known thermoelectrics, in spite of the fact that crystal
structure was not an input feature for our recommendation engine. Ho15Co5Bi is the
eponymous structure prototype (orthorhombic, space group Immm) adopted by a series
of rare-earth intermetallics RFE15CosBi (RE=Y,Gd,...,Tm). In this structure, the
Hoy,Bi icosahedra play an analogous role to the LaP5 icosahedra in the filled skutterudite
prototype LaFe, P1s; rare-earth atoms “rattling” within their 12-fold coordinated cages is
the idiosyncratic feature of filled skutterudites that imparts low thermal conductivity so
prized in thermoelectric materials. In fact, if the transition metal atoms, which occupy
different sites in these structures, are disregarded, the Ho9Bi framework is an antitype
to the LaPis framework, with the roles of the rare-earth and group 15 elements reversed.

We hypothesize its crystallographic similarity to skutterudite could be partly responsible
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Figure 7.3: (a) Crystal structure of RFE19CosBi (prototype Ho12Co5Bi), of which
Er19Co5Bi and Gd;2Co5Bi are exemplars. (b) Crystal structure of the filled skutteru-
dites, which have the generic chemical formula AM4X12. These two structure types
share an icosahedral motif consisting of RF12Bi and A X719 units, respectively.
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Figure 7.4: Thermoelectric characterization of RE19CosBi (RE = Gd, Er). (a) Electri-
cal resistivity, (b) Seebeck coefficient, (c) thermal conductivity, and (d) thermoelectric
figure of merit 27" as a function of temperature.

for the thermoelectric behavior of RFE15CosBi (RE = Gd, Er).

We give a full thermoelectric characterization of Er;3CosBi and Gdi2CosBi in Fig-

ure 7.4. Based on these results, we report the discovery of a new thermoelectric class,

which remains a completely unoptimized, pure bulk material and thus lends itself to

further study. Notably, the material falls far outside the usual search space for thermo-

electrics (Figure 7.1), and was neither the result of simple interpolation between known

compounds nor obvious from a strict chemical intuition standpoint. The electrical re-

sistivity is commensurate with other high-performing materials such as chalcogenides,

although the Seebeck coefficient is too low for the material to be competitive with the

best-known thermoelectrics. Furthermore, the thermal conductivity is relatively high, but

the filled cage structure lends itself to substitution that has successfully reduced ther-
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mal conductivity in the skutterudite systems [210, 29]. In RE3CosBi (RE =Gd, Er),
the thermal conductivity from 300K to 800 K ranges from 4 Wm ! K~! to §Wm ! K~!,
comparable to the half-Heuslers [262, 214]. The electrical performance figure of merit xkzT'
is around 0.03 at 400 K, which is actually higher than that of nearly 30% of the thermo-
electrics in the Gaultois et al. thermoelectrics database;[205] of course, the database is a
highly self-selected set of materials, consisting of literature-reported thermoelectrics, and
would skew toward much higher k2T values than would a random subset of all crystalline
materials. We note, of course, that the 27T of several other thermoelectric materials can
be significantly improved through carrier concentration tuning and microstructural engi-
neering. For example, undoped polycrystalline Si has a 60-fold increase in performance
after optimization, going from 27" < 0.01 to 0.6 at 300 K [263].

Another observation from Figure 7.4 illustrates the scientific boon of studying entirely
new classes of materials. Unexpectedly, RFE15CosBi (RE = Gd, Er) exhibits increasing
thermal conductivity with temperature. The increasing electrical resistivity with tem-
perature indicates metallic electrical transport, so the electrical contribution to the total
thermal conductivity should therefore decrease with increasing temperature. Addition-
ally, the phonon contribution to thermal conductivity should also decrease with increasing
temperature due to more phonon—-phonon (Umklapp) scattering [117]. Thermal conduc-
tivity is calculated from the following relation: k=« p C},, where « is thermal diffusivity,
()}, is heat capacity, and p is density. Normally, thermal diffusivity has a negative tem-
perature dependence whereas heat capacity and density both have positive temperature
dependence. However, for this compound we observe a positive temperature dependence
for the thermal diffusivity even after multiple measurements, the origin of which is not
presently understood. Materials with increasing thermal conductivity with temperature
are rare, though not unprecedented [264, 265], and further studies on this class of com-

pounds to shed light on this anomaly could thus lead to new strategies for thermoelectric
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materials optimization.

7.4 Conclusions

This initial experimental validation of our recommendation engine is encouraging.
The present work represents the first time that machine learning has been used to sug-
gest an experimentally viable new compound from true chemical white space, where no
prior characterization had hinted at promising chemistries. The implication is that our
approach—wherein a data-driven computational tool directly augments experimental ca-
pabilities and intuition—is a semi-rational way to discover new materials families that
may have desirable properties. We suggest that such an paradigm could eventually re-
place trial-and-error and fortuity in the search for new materials across a wide variety of

application areas.
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Summary and outlook
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The work presented here has highlighted the creation and development of datamining
strategies and frameworks that have been used to develop and implement design prin-
ciples for oxide thermoelectric materials. Oxides can assume a wide range of possible
electrical resistivities, from metallic (e.g., RuO2 or ReO3) to insulating (e.g., TiOy or
SiOs), and it was unclear before this work where the optimal zone of performance should
lie in parameter space. For oxides, we have shown here that materials must have an
electrical resistivity below 1072 cm and Seebeck coefficient above 100 4V /K for any
reasonable thermoelectric performance. This dramatically restricts the design space of
oxide thermoelectric materials, which is important to guiding future studies. The visual-
ization tools developed in this work have been applied to the database constructed in this

work, and have revealed several important features in existing thermoelectric materials:

1. Using the survey maps created in this work, we note materials tend to cluster,

rather than change drastically from regions of poor to high performance.

2. Improving the electrical properties (i.e., power factor) is non-trivial in even the
most-studied systems (e.g., band engineering, resonant-level doping, quantum wells),

and unfathomable in many oxide systems.

3. Given the previous claims listed above, we should rapidly search for new materials
that have good electrical properties, rather than trying to optimize systems that

are far from good performance.

These findings have led to design criteria for high-performance oxide thermoelectric

materials:

1. Any reasonable thermoelectric performance requires metallic electrical transport.

In other words, p <1072 cm.
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2. To get metallic electrical transport in oxides, structures with high polyhedral con-

nectivity are required.

3. Highly interconnected structures often result in high thermal conductivity, which
can be counteracted by employing extrinsic, secondary phase inclusions, or intrinsic,

crystallographic defects.

These criteria are met in reduced early transition metal oxides, such as the NbyOs5—
WOj3 composite materials reported here, which were deliberately targeted as candidate
thermoelectric materials following the criteria established in this work, and which we
show have promising performance for n-type oxide thermoelectric materials. These ma-
terials have metallic electrical transport and highly connected crystal structures to per-
mit low electrical resistivity, while having intrinsic crystallographic defects that lead to
a low thermal conductivity (~2.5 Wm™tK~! from 300K to 950 K). Additionally, we re-
port control over the size distribution of W-rich precipitates, which reduce the thermal
conductivity compared to NbyOs, even at W loadings as low as 0.3mol%, the lowest
W content investigated (z=0.02 in W,Nb;_,Os5.05:—s). The best-performing compo-
sition studied displays a thermoelectric figure of merit 27'=0.1 at 950 K, the highest
temperature measured, and 27" increases at higher temperatures not accessible using our
instrumentation. Even in the initial report here without optimization, these materials
display superior 27" values compared to other n-type oxides that have been actively re-
searched for decades. The wide variety of reduced early-transition metal oxides is an
exciting platform for future studies, and should lend itself well to exploring the phase
space of possible thermoelectric materials.

The complex crystal structures and high polyhedral connectivity in these early tran-
sition metal oxide systems is a rich space to explore, and though these materials have

traditionally been difficult to prepare due to issues of volatility and reactivity, we show
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that spark plasma sintering (SPS) overcomes these challenges and can rapidly prepare
samples suitable for physical property measurement. We propose the rapid reaction times
may be possible due to the reducing conditions during SPS processing, which are able
to partially reduce some cations (such as Cr¥" and W%"). This partial reduction leads
to rapid diffusion of cations and anions through the creation of labile coordination en-
vironments and oxygen vacancies. The ability to quickly prepare dense materials from
powdered precursors in a single step via SPS significantly reduces the time necessary to
explore the compositional space of candidate thermoelectric material systems, and will
be important in exploring new compositional space.

In addition to having developed rational design guidelines for the discovery of new
materials, we have also developed strategies to evaluate the performance of existing
materials. Much effort is spent reducing the thermal conductivity of thermoelectric ma-
terials, but before this work it was unclear to what extent thermal conductivity can be
reduced, particularly for materials that have already undergone extensive microstruc-
ture engineering. We have employed a simple mathematical derivation and developed
visualization tools and screening methods to visualize the performance gains possible by
reducing the thermal conductivity in existing thermoelectric materials. Combined with
the large thermoelectrics database described in this work, these tools allow researchers
to quickly identify which materials are nearly optimized and which materials have room
for improvement and deserve further study.

Assembling and visualizing large amounts of data using newly-developed plot styles
and frameworks has been fruitful, but will be ultimately be limited by the low number of
dimensions that can be simultaneously visualized. “Big data” strategies will ultimately
be necessary to exploit large and complex datasets, and are useful to develop more com-
plicated and less evident approaches for new material discovery. Due to the complicated

nature of the underlying physics, these correlation-driven approaches may yield new in-

133



Summary and outlook Chapter 8

sight into our understanding of what leads to high thermoelectric performance. We
have trained machine learning algorithms using our thermoelectrics database, and the
resulting material recommendation engine can suggest chemical compositions likely to
exhibit good thermoelectric performance. This recommendation engine has successfully
helped discover a new class of thermoelectric materials from chemical whitespace, and
the new materials exhibit surprising thermoelectric performance given the metal com-
position (RFE12Co5Bi, RE =Gd, Er). Given the process of materials discovery through
good fortune and keen observation is very time-consuming and leads to sporadic periods
of rapid growth followed by slow optimization, computer-aided materials discovery may
provide the ability to systematically explore and discover unknown chemistries as well as
increase the rate of material discovery and technological progress.

A fundamental limitation to approaches based on computer learning models may be
the sensitive nature of some physical properties with respect to doping. For example, the
electrical resistivity of materials is incredibly sensitive to electronic dopants and defects.
While computer learning models are excellent at capturing broad changes in properties
that occur with large changes in composition, these models are unsuitable for predicting
the dramatic changes in the properties of oxides that can happen with small amounts of
dopant. For example, while Sr'TiOj3 is an electronic insulator, it becomes metallic with
0.03% to 0.1% Nb on the Ti site [266].

The complex nature of correlated oxides will remain a challenge, but future work will
greatly benefit from incorporating data concerning the crystal structure of materials.
Combining the compositional data currently available with crystallographic data avail-
able in structural databases will add more descriptors to create more robust predictive
models. Considering relatively simple structural descriptors will be easy to implement
and may prove useful, and more complicated models examining the atomic connectivity

may provide a more universal and robust approach that correlates strongly with physical
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properties.
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