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ABSTRACT: Layered Zintl phases with A,MPn, stoichiometry
are an underexplored class of potential thermoelectric materials
with complex and diverse chemistry. The solid solution
Yb,_,Eu,CdSb, is an example of the promise these compounds
hold, as one composition, Yb, 4Eu,3,CdSb,, has reported one of
the highest zTs of any Zintl phase material at 525 K. The present
study examines changes in structure and bonding of this solid
solution that impacts thermoelectric performance. Pair distribution
function analysis is combined with electronic structure modeling to
take a chemical bonding-based approach to deconvolute the
impact of defects on thermal and electronic properties in
Yb, ,Eu,CdSb,. Yb, Eu,CdSb, (x = 0, 0.1, 02, 0.3, 0.4, 0.5)
samples were synthesized, and thermoelectric properties and defect
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chemistry were investigated. Samples from the middle of the series x = 0.2 and 0.3 were found to be the most highly defected,
exhibiting Yb and Sb vacancies, as well as distortions in the Yb—Sb coordination spheres that correlate with thermoelectric
properties. The highest efficiency is reported for x = 0.4 (zT & 0.9 at 525 K), and the thermoelectric quality factor predicts that x =

0.3 could achieve zT > 2 by synthetically tuning the defect structure

and thereby carrier concentration. The strategy of investigating

local structure outlined in this study can be applied to a variety of other thermoelectric materials to provide insight into the hidden
role of defect chemistry in understanding the structure—property relationships in extended solids.

1. INTRODUCTION

The world’s rising demand for energy is driving research for
renewable electricity solutions, as well as ways to make current
technologies more efficient. Thermoelectric generators
(TEGs) are one option that could help slow climate change
by providing a power source that is not dependent on the
combustion of fossil fuels. TEGs convert waste heat directly to
electricity via the Seebeck effect, where charge carriers are
driven from the hot side of a thermal gradient to the cold side
to relieve thermal energy. This is an important technology,
given that only about one-third of the energy currently
consumed in the world is effectively used, with most being lost
as heat." One area where TEGs could shine is industrial waste
heat scavenging. If harnessed, waste heat from industrial
processes in the United States could provide more than 10
gigawatts of electricity, enough to power 10 million homes and
save industries more than $3 billion a year.” TEGs could also
be used to generate electricity from natural heat sources, such
as the sun.” For these applications and many others, discovery
and optimization of thermoelectric materials that exhibit high
heat to electricity conversion efficiency in the 100—500 °C
range is an active area of research.”
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The conversion efficiency of a thermoelectric material is
defined by the unitless figure of merit, zT = (S*T)/kp where S
is the Seebeck coefficient, T is the operating temperature, K is
the thermal conductivity, and p is the electrical resistivity. The
primary challenge in designing thermoelectric materials is
decoupling these interrelated properties, a task that layered
Zintl phase semiconductors are well suited for given that their
structures include both ionic and covalent bonding.’~”
A,MPn, (A = alkaline earth, Yb, Eu; M = transition metal,
Pn = group 14 element) Zintl phases in particular comprise a
promising and underexplored family of potential thermo-
electric materials. More than 20 compounds and three major
structure types have been discovered, most of which are
narrow band gap semiconductors.” Several A,MPn, com-
pounds have also been predicted to be good p-type
thermoelectric materials at low temperatures.”” However,
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thermoelectric properties have only been reported for a
handful of compounds, leaving plenty of room for further
investigation. The most promising compounds that have been
measured, Eu,ZnSb,” """ and Yb,_ Eu CdSb,,'" exhibit zTs
comparable to YbZn,Sb,,'> Zn,Sb;,'"™"° and TAGS'® at
temperatures relevant for energy applications on earth and
serve as indications of the great thermoelectric potential that
could be uncovered in this class of layered Zintl
phases.l’z’g_lz’16 While Eu,ZnSb, and Yb,_ ,Eu,CdSb, are
both layered structures with similar composition, their
structures differ, with [ZnSb,]*” having a defect honeycomb
structure and [CdSb,]*” having an undulating layered
structure.

This diverse bonding, if well understood, gives researchers a
great deal of control in tuning properties. In a simple picture,
the covalent networks in these layered structures are largely
responsible for electrical transport'’ and the interspersed
cations create disorder that helps scatter phonons and reduce
thermal conductivity. However, in some structure types,
cations play a key role in controlling carriers, and the
chemistry of each compound must be investigated carefully
to enable optimization of zT. Compounds with AM,Pn, and
A,MPn, stoichiometry illustrate an example of the benefits and
drawbacks of this generalized understanding of layered
structures.'” Recent studies have emphasized the importance
of cation bonding, identity, disorder, and defects in
Yb,_,.Ca,CdSb,, Ca,_,Eu,CdSb,, Yb,_,Eu,CdSb,,
Ca,_,Lu,CdSb,, A,CdP, (A = Ba, Sr), and AZn,Sb, (A =
Ca, Sr, Yb, Eu) in determining electronic properties and
structure type.'”'®™** In addition, studies on Mg;Sb, have
revealed that the Zintl formalism does not adequately describe
interactions between cations and [Mg,Sb,]*” slabs in AMg,Pn,
compounds, which cannot be considered layered structures
due to isotropic bondin§ networks, even though they adopt the
CaALSi, structure type.”**° These examples highlight the need
for better understanding of chemical bonding, defects, and
local structure in each system to enable optimization of
thermoelectric properties.

In some materials, cation substitution can also be used to
tune defect structure and vary carrier concentration while
simultaneously reducing lattice thermal conductivity.”**~** In
materials where the valence band edge is sensitive to cation
identity, such as Yb,_,Eu,CdSb, and Ba,_,Sr,CdP,, solid
solutions are useful tools for band engineering.'®'”** This is
especially true when paired with electronic structure
calculations that show which molecular orbitals are located
near the Fermi level. Using density of states (DOS)
calculations as a guide, chemical intuition can be applied to
tune the relevant orbital interactions and improve properties
while gaining a deeper understanding of the structure. Crystal
orbital Hamilton population (COHP) curves can also be used
to assist in understanding the influence of defects and disorder
on bonding when paired with a local structure analysis
technique such as pair distribution function (PDF) analysis.

This investigation was motivated by the exciting properties
reported for one composition in the Yb, ,Eu,CdSb, system, x
= 0.36,° and the possibility that compositions on either side of
x = 0.36 might show even better thermoelectric properties.
Given recent studies that have highlighted the sensitivity of this
material to cation substitution, showing that subtle shifts in
bonding drive a transition to a different structure type,
obtaining a more complete picture of how the structure
changes with cation substitution is critical."*'*** Additionally,
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understanding the chemical origins of these excellent proper-
ties provide an improved framework for designing more
efficient thermoelectric materials with this structure type. The
analyses of the impact of local defect structure on chemical
bonding and electronic transport also provide a framework for
understanding defects from a structure—property perspective
that can be broadly applied to Zintl phases. The present work
offers an examination of the Yb,_,Eu,CdSb, composition (x =
0, 0.1, 02, 0.3, 04, and 0.5) to provide insight to the
thermoelectric properties. An improved synthetic method
employing EuH, as a reactive precursor to facilitate mixing is
presented. This reagent eliminated a Yb,,_,Eu.Sb,, impurity
that was present when elemental Eu was used as a precursor.
The structure is investigated with single crystal and powder X-
ray diffraction with PDF analyses and thermoelectric properties
from 323 to 523 K measured.

2. EXPERIMENTAL SECTION

2.1. Synthesis. Single crystals of Yb,_,Eu,CdSb, were synthesized
according to the literature procedure.”” The elements (Yb (Edge
Tech, 99.95%), Eu (Stanford Materials, 99.99%), Cd (shot, Alfa
Aesar, 99.95%), and Sb (shot, SNPlus, 99.999%)) were combined in a
2—x:x:1:2 molar ratio along with 10 molar equivalents of Pb flux (Pb
needles, Alfa Aesar, 99.99%) in a 5 mL alumina crucible set’’ for a
total mass of ~3 g. Samples were made for Eu concentrations of x = 0,
0.1, 0. 2, 0.3, 0.4. The crucibles were sealed into silica tubes evacuated
to <50 mTorr, placed upright in a box furnace, and heated at 120 °C/
h to 960 °C where they dwelled for 20 h and were cooled to 500 °C at
S °C/h. The flux was removed by hot centrifugation, and the tube was
opened in an argon-filled glove box, where crystals were selected for
X-ray diffraction.

Polycrystalline Yb,_ ,Eu,CdSb, samples were synthesized as
follows: in an Ar-filled glove box, Sb shot was loaded into a 5 mL
tungsten carbide ball mill with two 8 mm tungsten carbide balls and
sealed with tungsten carbide end caps fitted with Viton O-rings. The
canister was hermetically sealed in two Uline 4 mil polyethylene bags,
milled in an SPEX 8000 M mixer mill for 15 min, and then transferred
to a glove box. After scraping with a metal spatula, Yb filings, EuH,
(American Elements), and cut Cd pieces in a stoichiometric ratio of
2—x:x:1 were added to the Sb powder for a total reaction mass of ~3
g. All four substituents were milled together for 30 more min, and the
container was again transferred to the glove box to be scraped before
milling for an additional 20 min to ensure that the elements were
intimately mixed before the resulting powder was loaded into a Nb
tube. The Nb tube was sealed in an Ar-filled arc welder and placed
inside a fused silica tube, evacuated to <50 mTorr, and sealed. The
jacketed Nb tube was put into a box furnace to be annealed. For Eu-
containing Yb,  Eu,CdSb, samples, the temperature was increased at
a rate of 120 °C/h to 800 °C and annealed at that temperature for 96
h. Phase pure Yb,CdSb, was not able to be synthesized at the same
temperature, and the heating profile had to be adjusted to anneal at
600 °C.

All thermoelectric and PDF data were collected on the same set of
polycrystalline samples. Three independent batches of samples were
made and measured to confirm reproducible results.

2.2. Spark Plasma Sintering. The annealed black powder was
then ground, sieved (100 mesh), and loaded into a graphite die with a
diameter of 12.7 mm which was hermetically sealed with graphite
foils. The powder was consolidated using a Dr. Sinter Junior Spark
Plasma Sintering system (Fuji Electronic Indus-trial Co., LTD) under
~38S torr of Ar. The sample was heated to 550 °C, where it was left
to dwell for 15 min. The force was slowly increased from 6 to 10.5
kN, beginning at 350 °C. The geometric densities of the resulting
pellets were determined to be >95% of the theoretical value.

2.3. Single Crystal X-ray Diffraction. Silver needle-like crystals
were selected in Paratone oil in air and mounted on the goniometer of
a Bruker APEX DUO CCD X-ray diffractometer with Mo Ka
radiation (4 = 0.71073 A) at 90 K with a crystal detector distance of §
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Figure 1. (a) Crystal structure of Yb,_,Eu,CdSb,. Turquoise spheres represent Yb/Eu, gray spheres represent Cd, dark blue spheres represent Sb1,
and black spheres represent Sb2; (b) anionic corner-shared [CdSb,,,]*” tetrahedral chains. Sb1 sites shown in blue and Sb2 shown in black; (c)

Yb1 interlayer and Yb2 intralayer coordination environments.

cm. The unit cell was indexed using three sets of 0.5° wide w-scans,
10 s per frame, and 30 frames per set. Additional data collection
included four @-scan data frame series with 0.3° wide scans, 20 s per
frame and 606 frames per series with at 32.0°, and with ¢ = 0°, 90°,
180°, and 270°. The program SAINT was used to correct for Lorentz
and polarization effects, and SADABS was utilized to correct for
absorption and merge the data. SHELXTL software was used to
determine a space group.'> The structure was then determined using
XT and further refined with XL. All structure solutions (CSD
2194398-2194400) agreed well with those previously described.”'>'

2.4. Powder X-ray Diffraction. Polycrystalline sample purity was
assessed using powder X-ray diffraction. Pellets of the polycrystalline
samples were cut with a diamond saw, and a piece was ground into a
fine powder with an agate mortar. Data were collected using a Bruker
D8 Advance diffractometer with Cu Ka radiation operated at 40 kV
and 25 mA at room temperature with 26 range 20—75 ° with a 0.015 °
interval and a scan rate of 1 s per step. Yb,_,Eu,CdSb, was confirmed
to be the majority phase via Rietveld refinement, which was carried
out using TOPASS software.*”

2.5. Pair Distribution Function (PDF) Analysis. Total
scattering data on all polycrystalline pressed pellets were collected
at beamline 11-ID-B at the Advanced Photon Source via the mail-in
program. The sintered, polycrystalline samples were ground with a
mortar and pestle and loaded into 0.8 mm inner diameter Kapton
capillary tubes prior to data collection. X-ray wavelength was 0.2115
A, and intensities were measured with a 2D area detector with a
distance of 180 mm with maximum wave vector q = 24 A™' The 2D
images were integrated using GSAS-II and converted to G(r) using
pdfgetx3. Refinements were carried out using the small box method in
PDFgui starting with a crystallographic information file (CIF).****

2.6. Elemental Analysis and SEM Imaging. Pelletized,
polycrystalline samples were mounted in epoxy discs and polished
using sandpaper and a polishing wheel (1 pm colloidal diamond
suspension) prior to analysis. Stoichiometry was determined via
energy-dispersive spectroscopy (EDS) using an FEI Scios DualBeam
FIB/SEM with an Oxford Instruments X-Max50 50 mm? Si drift
detector and 15 kV accelerating voltage. An Everhart—Thornley
detector was used to collect secondary electron images with 20 kV
accelerating voltage.

2.7. Thermoelectric Properties. Thermal diffusivity was
measured on the sintered, polycrystalline pellets using a Netzsch
laser flash analysis instrument, and thermal conductivity was
calculated from diffusivity using the equation x = ApCp, where « is
the thermal conductivity, Cp is the heat capacity (calculated using the
Dulong—Petit equation, which was reported to be consistent with
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measured heat capacity),'’ 1 is the diffusivity, and p is the sample
density.

High-temperature measurement of the Seebeck coeflicient was
performed from 323 to 523 K in steps of 10 K using a custom-built
apparatus previously described.>® An atmosphere of low pressure
nitrogen (S torr) was used during the Seebeck measurements to
ensure good thermal contact between the sample, heater blocks, and
measurement thermocouples. Graphite foil spacers placed between
the measurement thermocouples and the sample protect the
thermocouple junction from contamination and ensure high quality
measurements. All samples underwent a minimum of 2 heating and
cooling cycles during measurement to ensure that samples were not
undergoing evolution during measurement. High-temperature resis-
tivity and Hall effect measurements were performed on a custom-built
apparatus with a Van der Pauw geometry from 323 to 523 K under
vacuum.***” Test current values of 0.1 A and a magnetic field value of
1 T were used for the measurements. Confirmation of ohmic contacts
was determined before each measurement by generating a current—
voltage curve across all combinations of contacts.

3. RESULTS AND DISCUSSION

3.1. Structure and Composition. Figure 1a illustrates the
crystal structure of Yb,_ Eu,CdSb, (orthorhombic space group
Cmc2,), as determined by single crystal X-ray diffraction. It is a
layered Zintl phase composed of anionic corner-shared
[CdSb,,]* tetrahedra connected to form an undulating
layered structure that are separated by layers of Yb** and Eu**
cations. The two unique Sb sites are shown in Figure 1b. Sbl
(blue) links the chains in the c-direction, while Sb2 (black)
connects the layers in the a-direction. There are two unique
cation sites, and the polyhedra are highlighted in Figure 1c: a
Yb1 interlayer site and a Yb2 intralayer site. Eu preferentially
occupies the larger interlayer Yb1 site (Figure 2), consistent
with previous reports.'”'¥'**® In the case of the highest Eu
concentration of the crystals investigated herein, x = 0.42, the
preference is for the interlayer site (Ybl), although there is a
small amount on the intralayer Yb2 site. Table 1 outlines
relevant single crystal data, including lattice parameters, which
increase with increasing Eu concentration, as expected due to
the larger ionic radius of Eu compared to Yb.

Here, we focused on synthesizing a series of x values close to
the best thermoelectric composition reported: x = 0.36."" We
employed EuH,, a salt-like precursor that aids in mixing the

https://doi.org/10.1021/acs.chemmater.2c02402
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Table 2. Eu Content Determined by EDS for Polycrystalline
Pelletized Samples

preparative Eu content (x) experimental Eu content (x)

5 0.6 0 0.00
s 0.1 0.11(6)
g o4 Yb 02 0.17(1)
o g
3 0.3 0.27(3)
© 0.4 0.35(1)
= 0.2
n 0.5 0.51(2)

x=0.22 x=0.29 x=0.42

Eu Concentration (x)

Figure 2. Occupancy of the Ybl and Yb2 sites in Yb,_,Eu,CdSb, by
Eu and YD for single crystals of varying Eu contents. Eu preferentially
occupies the larger, interlayer octahedral site.

elements and provides a clean byproduct of hydrogen gas
during the reaction. The polycrystalline samples are from
milled powders of the constitutional elements that were
annealed in silica jacketed niobium tubes prior to spark plasma
sintering densification into pellets. Stoichiometry of poly-
crystalline pellets was confirmed by EDS (Table 2 and Figure
S1), and elemental maps are given in Figure 3a. Eu content was
in good agreement with the preparative amount, and the
elemental maps show that it was dispersed evenly throughout
the sample, highlighting the advantage of using a EuH,
precursor.

Because of the good agreement between nominal and
experimental compositions, nominal compositions will be
employed to describe the samples. Secondary electron
micrographs (Figure 3b) confirm the high density of the
pellets (<95% of theoretical value), and backscattered electron
micrographs confirm homogeneity via Z contrast imaging
(Figure 3¢).

Figure 4 shows the powder X-ray diffraction (PXRD)
patterns for polycrystalline Yb, ,Eu,CdSb, pressed pellet
samples. All samples show a small impurity (<4% by weight
for all samples) that is attributed to YbCd,Sb,. Because the
amount is small and consistent throughout the series, the
thermoelectric measurements provided here should be

Figure 3. (a) Backscattered electron image of Yb, ,Eu,;CdSb, shows
Z contrast and homogeneity. (b) Secondary electron image shows
topography; (c) elemental maps from EDS are shown for Yb, Eu, Cd,
and Sb. Images confirm that elements are well dispersed and the
sample is homogeneous.

representative of the systematic change in the properties of
the majority phase, Yb, ,Eu,CdSb,."* The observed diffraction
peaks shift left with increasing Eu concentration, indicating
that the unit cell volume increases, consistent with single
crystal data and Figure 5.'° The b lattice parameter, which is in

Table 1. Data Collection Details and Selected Single Crystal Parameters for Yb, ,Eu,CdSb, (x = 0.22, 0.29, 0.42)

empirical formula Yb, 75(2)Eug2,CdSb, Yb, 71(3)Etg29CdSb, Yb, 55(3)Eug4,CdSb,
crystal system orthorhombic
space group, Z Cmc2, (no. 36), 4
T (K) 90 K
a (A) 4.6317(7) 4.6367(13) 4.6393(15)
b (A) 17.518(3) 17.566(5) 17.607(6)
¢ (A) 7.1942(11) 7.204(2) 7.205(2)
volume (A%) 583.71(15) 586.8(3) 588.5(3)
density (calculated, g/cm®) 7.94 7.88 7.82
absorption coefficient (cm™) 43.1 42.5 41.7
reflections collected 3386 3779 4624
independent reflections 990 758 1005
flack parameter 0.403 0.379 0.040
R, wR, (I > 20(D)) 0.0181, 0.0381 0.0129, 0.0316 0.0177, 0.0400
goodness of fit 1.11 1.239 1.064
largest diff. peak/hole (e”/A%) 1.142/-1.324 1.253/-1.762 1.544/-2.342
deposited CIFs (CSD) reference numbers 2194398 219399 2194400
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Figure 4. PXRD patterns post SPS of Yb,_ ,Eu,CdSb,x = 0, 0.1, 0.2,
0.3, 0.5 samples compared with the calculated diffraction pattern for x
= 0. The asterisk marks the largest diffraction peak for the YbCd,Sb,

impurity.

the stacking direction of the layers, exhibits the greatest
increase with Eu concentration and is consistent with Eu
preferentially occupying the interlayer site. The ¢ lattice
parameter from PXRD data is notably larger than those
observed for the single crystal samples. This suggests a
distortion of the tetrahedrally coordinated [CdSb,,]*" that
extends along the ¢ axis. The large ¢ axis is likely due to
structural disorder, which was investigated using PDF analysis.

3.1.1. Pair Distribution Function (PDF) Analysis. PDF
analysis was employed to identify local deviations from the
nominal structure and short-range structural disorder. Refine-
ment of short r-range (2.5—-5 A) atomic site occupancies
revealed significant cation deficiencies on the interlayer Ybl
site for x = 0.2—0.5, while the intralayer Yb2 site was fully
occupied with the mixed cations Yb/Eu for all samples. Figure
6a shows that x = 0.3 has the lowest Ybl occupancy. The
variation in cation occupancies could be due to changing
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Figure 6. Site occupancy as determined by short r-range PDF analysis
for different Eu concentrations for (a) Ybl cation site and (b) Sb2
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defect energy with Eu, as seen in related Zintl phase AZn,Sb,
(A = Yb, Eu, Sr, Ca). In the AZn,Sb, system, cation vacancies
are the dominant native defect, and equilibrium defect
concentration has been shown to vary with the electro-
negativity of the cation.”'

Based on this reasoning, cation vacancies are expected to be
the primary donor defect in this p-type semiconductor.
However, the number of vacancies does not trend systemati-
cally with Eu amount, suggesting that factors other than cation
substitution control defect energies. With these cation defects,
Figure 6b shows that there are also Sb defects. Similar to the
two cation sites, deficiencies were only present on the Sb2 sites
and all Sb1 sites were fully occupied. Sb vacancies are expected
to be “killer” acceptor defects that limit the number of free
carriers that can be introduced through cation vacancies,
similar to the Ca;;_,RE,Sb,,_, system, which can contain up to
20% Sb deficiencies to prevent population of antibonding
orbitals and stabilize the structure.”” Defect diagrams
calculated for CasAl,Sbs and A,CdP, (A = Sr, Ba, with the
same structure type as Yb,CdSb,) have also shown that
pnictide vacancies are expected to be the lowest energy defects
in these Zintl phases.'”*' COHP curves calculated by Kim et
al. for the related compound, Yb, ;Ca, sCdSb,, which is in this
structure type reveal A1—Al bonding states (Al as a more
generalized notation for the Yb/Eu/Cal mixed site) 0—0.25
eV below the Ep and Cd—Sb antibonding states from ~0.25 to
0.5 eV below Eg.'” The Cd—Sb antibonding states may limit
the p-type dopability window, resulting in charge compensat-
ing Sb defects to stabilize the compound by filling the bonding
Al—Al states. Figure 6¢ compares Ybl and Sb2 site
occupancies and shows that the largest amounts of site defects
are for compositions x = 0.2, 0.3. Interestingly, x = 0.2, 0.3 are
the most cation deficient (Yb1 site occupancies 0.94 and 0.93,
respectively), but their Sb content varies. For these
compositions, x = 0.2 is more Sb deficient, whereas x = 0.3
is more cation deficient. The lack of a systematic trend here
could be explained by changes in the Yb1—Yb1 site bonding as
different amounts of Eu are incorporated that alter the
dopability window, possibly including additional Eu—Sb
interactions as seen in the coinage-metal-stuffed Zintl phase
EuyCd,Sby.'"** The variation in cation and Sb content
between samples is expected to affect electronic properties.

Short r-range PDF analysis indicates that the local structure
differs from the average structure, observable from differences
in lattice parameters (Figure 7). Lattice parameters determined
by PDF from r-range 2.5 to S A deviate from those determined
by Rietveld refinement of PXRD data and long r-range PDF for
all compositions. The a and b axes are larger than the average
structure, while the c axis is smaller, indicating stretching of the
stacking axis and compression of the [CdSb,;,]*" chains.
Additionally, lattice parameters for x = 0.2 and 0.3 deviate
substantially from the expected trend with x = 0.2 having the
smallest unit cell volume, while x = 0.3 has the largest. Close
examination of bond lengths and angles from PDF analysis and
single crystal data shows that distortions in Yb1—Sb octahedra
are responsible for the variation in lattice parameters.

Analysis of single crystal refinements shows linear changes in
all four bond angles in Yb1—Sb octahedra as Eu substitutes
(Figure 8). The Sb1—Yb1—Sb2 bond angle increases to make
room for the neighboring Eu atom, which is larger than Yb, in
the a-direction. Equatorial Sb2—Yb1—Sb2 and Sb1—Yb1-Sbl
angles decreased with Eu substitution, which can be explained
by steric and electronic effects of replacing the smaller, more
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electronegative central Yb atom with larger, less electro-
negative Eu. Bond angles obtained from PDF analysis of
polycrystalline samples do not show the same linear trend,
which indicates that the local structure deviates from the
average structure given by the single crystal refinement. These
distortions may be a result of the large number of cation and
Sb defects. Given the differences between local and average
structure, predictions based on single crystal structures may
not fully explain experimental properties observed in sintered
polycrystalline samples as vacancy ordering can alter band
structure, as shown in Eu,ZnSb,.*

The most notable differences between single crystal and
PDF bond angles are for x = 0.2 and 0.3. While x = 0.2 exhibits
unexpectedly large equatorial Sb2—Yb1—Sb2 and Sb1-Ybl-—
Sb1 bond angles, x = 0.3 exhibits unexpectedly small angles for
the same bonds. This results in a small equatorial Sb1-Yb1—
Sb2 angle for x = 0.2 and small Sb1-Yb1-Sb1 for x = 0.3. In
addition, the axial Yb1—Sb2 bond length is shorter than
expected for x = 0.2 and longer for x = 0.3 (Figure 8e). The
fluctuations in these angles and lengths result in distortions in
the coordination environment of Ybl for x = 0.2 and 0.3, as
well as elongation of the a axis and compression of the b axis
for x = 0.2 and compression of the a axis with elongation of the
b axis for x = 0.3.

The observed distortions in the Ybl coordination environ-
ment can be understood by considering the electronics of
Sb2—Cd bonding and Ybl-Ybl bonding. An electron
localization function analysis done on Yb, Ca,CdSb, in this
structure type showed greater distribution of lone pairs on the
Sb2 site compared to Sb1, which leads to a smaller Cd—Sb2—
Sb angle due to the repulsive interaction of the excess electron
density and the Cd—Sb2 bonding pairs.'” The large number of
vacancies on the Sb2 site in x = 0.2 allows the Cd—Sb2—Cd
bond angle to relax (Figure 9a), distorting the a-direction of
the covalent chains. This opening of the Cd—Sb2—Cd bond
angle results in a larger equatorial Sb2—Yb1—Sb2 angle and
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Figure 9. (a) Cd—Sb2—Cd and (b) Ybl1—Ybl angles from single
crystal XRD (black triangles) and short-range PDF analysis (red
circles) of polycrystalline samples. The yellow box highlights
compositions x = 0.2 and 0.3, which deviate from the trend.
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thus a smaller Sb1—Yb1—Sb2 angle. Integrated COHP curves
of Yb,CdSb, and Ca,CdSb,, polytypes with identical layers but
differing stacking sequences that lead to crystallization in
Cmc2; and Pnma space groups, respectively, indicated that
stronger (Yb/Ca)1—Sb bonding in the Cmc2, structure plays a
key role in directing the structure transition of the solid
solution.'® This finding suggests that the Yb1—Sb coordination
sphere is an important factor for the stability and electronic
properties of Yb,CdSb,.

Yb1-Yb1 distances, plotted in Figure 9b, are also of interest
in this compound. For short-range PDF analysis, atomic
distances in the g-direction show two distinct trends:
increasing linearly from x = 0 to x = 0.2 before dropping at
x = 0.3 and then increasing linearly to x = 0.5. Single crystal
bond distances increase systematically as Eu is added. The
variation in atomic distances could be explained by optimized
Yb1-Yb1 bonding for each Eu composition given the distorted
coordination environments in polycrystalline samples. In
another theoretical study of the two polytypes of A,CdSb,
(A = Ca, Yb) by Kim et al, electronic interactions were
analyzed for both structure types in order to determine the
important driving forces leading to increased stability in one
structure type over the other.'” Their calculations showed that
the crystal structure is sensitive enough to Al1—Al bonding
interactions that optimization of A1—Al distances drives the
transition from the related Ca,CdSb,-type Pnma structure to
the Yb,CdSb,-type Cmc2, structure as more Yb is incorpo-
rated. The Pnma structure of Ca,CdSb, has two unique Al—
Al bond distances, one long and one short, while the Cmc2,
structure of Yb,CdSb, has only one distance with an
intermediate length that alleviates a repulsive Al—Al
interaction from the shorter bond in the Pnma structure for
Yb-rich compositions, replacing an antibonding Al—Al
interaction with a slightly bonding one just below the Fermi
level. The more energetically favorable Al—Al bonding
stabilizes Yb,CdSb, in the Cmc2, space group. Given the
sensitivity of this system to the Al—Sb and Al-Al
interactions discussed above, such distortions in Yb1 octahedra
would be expected to impact the electronic properties.'*"”

3.2. Electronic Properties. Seebeck coefficients (S) and
electrical resistivity (p) values (Figure 10a,b) do not trend
systematically with Eu, suggesting that factors beyond cation
substitution play an important role in the electronic structure
of this compound. Notably, x = 0.3 has the smallest Seebeck
coeflicient and lowest resistivity, while x = 0.2 has the largest
Seebeck coefficient and highest resistivity. This can be
explained by examining changes in weighted mobility ()
with distortions in the Ybl octahedra discussed above. p,, is
defined as charge carrier mobility weighted by the density of

%\3/2
electron states according to the relationship =~ /,t(:—e)
(where u is the mobility, m* is the effective mass, and m, is the
electron mass) and is a carrier concentration independent
indicator of the inherent quality of electronic transport
properties of a material."> When a single isotropic parabolic
band dominates charge transport, yu,, is constant at a given
temperature, regardless of the doping level. This makes it a
useful way to detect changes in band structure due to
alloying—if changes in electronic properties are due to carrier
concentration alone, y,, will have the same value for all samples
in a series.” At 525 K, u,, in this system increases with Yb1
polyhedral volume (Figure 10c), indicating that the band
structure changes as the Yb1—Sb octahedron is distorted. This
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Figure 10. (a) Seebeck coefficients, (b) electrical resistivity, and (c)
weighted mobility for Yb, ,Eu,CdSb, at 525 K. Points are color-coded
in a gradient according to weighted mobility.

agrees well with previous studies discussed above that have
shown this structure to be highly sensitive to Ybl bonding and
small changes in interatomic distances dramatically affect
bonding and antibonding states just below the Fermi level.'®"
The published projected DOS suggests that the valence band is
composed of Yb/Eu 5d, Sb Sp, and Cd $p states,'" so changes
in Yb1-Yb1, Y1b—Sb, and Cd—Sb bonding are likely to affect
the electronic structure of the valence band.

Weighted mobility, u,, is the lowest for the parent
compound, which shows that Eu incorporation improves the
intrinsic thermoelectric quality of the material. The next lowest
U, is observed for x = 0.2, which has the smallest Ybl
octahedral volume of all Eu-containing samples. The shorter
bond lengths indicate better orbital overlap and stronger
interactions, which leads to broader band dispersion, lower
DOS, and a smaller effective mass of charge carriers. Weighted
mobility is weighted by the effective mass of charge carriers in
a sample, so it is not surprising that the polyhedral volume and
weighted mobility are related. However, this change in
bonding could be impacting transport in the materials studied
here in several different ways. For example, distortions in the
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Ybl coordination sphere that lead to less dispersion in the
valence band maximum could lead to these deeper bands
moving up in energy to create a convergence type event, which
would improve the material’s p,,. Band structures previously
calculated for YbEuCdSb, indicate the presence of three bands
within ~0.25 eV of the Fermi level."" This idea is supported by
Figure S7, which shows that samples, x = 0.1, 0.2, 0.4, and 0.5,
experience an increase in DOS near 400 K when the fermi
Dirac distribution is broader.** Calculations of the disordered
structures would be necessary to confirm band convergence.
The highest yu,, is observed for x = 0.3, which suggests that
bonding is optimized in this composition. Interestingly, the
same composition exhibits a drop in Yb1l—Ybl distances
discussed above, which are thought to play an important role
in the stability of this compound.'’

Given the high weighted mobility and expected band
convergence in x = 0.3, it is surprising that the lowest Seebeck
coeflicient is reported for this sample. Further insight into this
trend can be gained from examination of changes in the
reduced Fermi level (#), an indicator of the doping level
calculated from Seebeck coefficients,™ across the series. From
Figure 11, it is apparent that x = 0.3 is the most heavily doped
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Figure 11. Reduced chemical potential for Yb, ,Eu,CdSb, at 525 K.
The yellow box highlights compositions x = 0.2 and x = 0.3, which
have the lowest and highest chemical potential.

at 525 K, which results in the lowest Seebeck coeflicients and
resistivity, despite having the highest weighted mobility. The
reverse is true for x = 0.2, which has the lowest carrier
concentration and highest Seebeck coeflicients despite having
the lowest y,,. The fluctuations in carrier concentration across
the series make direct comparison of changes in thermoelectric
properties difficult and highlight the usefulness of a carrier
concentration independent factor such as p,, to help separate
contributions from carrier concentration and changes in band
structure. The changing carrier concentration also underscores
the importance of understanding and controlling native defects
to optimize thermoelectric performance.

The origin of the difference in carrier concentration can be
understood by returning to cation and Sb vacancies. As
described above, cation vacancies are expected to be the
dominant defect in this system, so the sample with the largest
number of cation vacancies is expected to have the highest
carrier concentration, while the sample with the lowest carrier
concentration would be expected to have nearly fully occupied
cation sites. Figure 6¢c shows that the lowest Yb1l occupancy is
observed for x = 0.3 at 0.93, which is consistent with the
highest carrier concentration. However, x = 0.2 exhibits the
second-lowest Yb1 occupancy at 0.94 but has the lowest carrier
concentration. The discrepancy between the cation deficiency
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and carrier concentration can be explained by the presence of a
large amount of killer Sb defects in x = 0.2 compared to x =
0.3, with Sb2 site occupancies of 0.91 and 0.95, respectively
(Figure 6¢). One possible explanation for this difference is a
change in orbital overlap that leads to differing COHP curves
between samples. Previously calculated COHP curves show
that the top of the valence band is composed of Ybl—Ybl
bonding states that stabilize the structure, along with Cd—Sb
antibonding states just below the Ybl—Ybl states."” The
shorter Ybl—Yb1 distance in x = 0.3 increases the orbital
overlap, increasing the Ybl—Ybl bonding interaction just
below the Fermi level, while the longer Yb1—Yb1 distance in x
= 0.2 reduces orbital overlap and decreases the Ybl—Ybl
bonding interaction, pinning the Fermi level to a higher energy
to avoid destabilizing the structure by emptying the Ybl—Ybl
bonding states and leaving the Cd—Sb antibonding states fully
populated. For x = 0.3, stronger Ybl1—Yb1 bonding character
allows the Fermi level to be pushed deeper into the valence
band before Sb defects begin compensating. COHP calcu-
lations for both compositions are necessary to confirm this
explanation.

3.3. Thermal Properties. Total thermal conductivity
(Kt), shown in Figure 12a, is very low for such a simple
structure and is higher for Eu-containing samples than the
parent compound, consistent with previous reports.'’ Calcu-
lations on this system have confirmed the presence of low-
frequency optical phonon branches that can couple to acoustic
branches and result in a large number of 3-phonon scatterin$
channels which lower lattice thermal conductivity.'
Yb,_.Eu,CdSb, has also been compared to SnSe due to its
anomalously low thermal conductivity, which for SnSe has
been attributed to strong anharmonicity arising from soft,
anisotropic bonding in its zig-zag structure®~*" and, more
recently, an unstable electronic structure and electron—phonon
coupling resulting in polaron formation.*”*’ These factors
could play a role in this system, as well, given the similar
morphology of the zig-zag layers, distorted bonding, and
presence of localized Sb Ss* lone pairs. Recent work on
structures with zig-zag layers, such as Cu;SbSe; SnSe, and
Cu;,Sb;Se;3, has shown that the repulsion between the Sb/Sn
lone pair and bonding pairs in the covalent chains contributes
to anharmonicity and soften phonon modes.* Lattice thermal
conductivity for Yb, .Eu,CdSb, is lower for compositions that
have higher Sb2 site occupancies (x = 0, 0.1, and 0.3),
suggesting that the lone pair localized on the Sb2 site plays a
role in phonon scattering.

The electronic portion of the thermal conductivity (k,),
shown in Figure 12b, was calculated using the Wiedemann—
Franz relation (k.= LT/p), where L is the Lorenz number and
was estimated using the Seebeck coefficient.”® k, trends as
expected based on electrical resistivity, with the least resistive x
0.3 composition exhibiting the largest k.. The lattice
contribution to thermal conductivity, ki, estimated by
subtracting k. from k., is the lowest for x = 0.3 and highest
for x = 0.2 at 525 K (Figure 12c). The extremely low k for x =
0.3 is likely due to local disorder in this highly defected
composition discussed above, as well as the large unit cell
volume.

3.4. Thermoelectric Quality Factor (B). The high
weighted mobility, p,, and low lattice thermal conductivity
in the highly defected x = 0.3 composition of Yb,_,Eu,CdSb,
make it a promising candidate for further optimization. To
assess its potential, the thermoelectric quality factor (B) was
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Figure 12. (a) Total thermal conductivity, (b) electronic component
of thermal conductivity, (c) lattice component of thermal
conductivity for Yb, ,Eu,CdSb,.

employed. B uses y,, and &, to predict the highest possible zT
for a given material at a given temperature if the carrier
concentration is optimized.” The highest value was observed
at 525 K for x = 0.3, B & 1.5 (Table 3, Figure 13), which
predicts a maximum zT > 2 if the carrier concentration is
sufficiently reduced. Thermoelectric efficiency predictions
based on B assume isotropic bands in which effective mass
does not change when the Fermi level moves. Yb, ,Eu,CdSb, is
a layered phase with anisotropic bonding so B predictions may

Table 3. Thermoelectric Quality Factor (B) for
Yb, Eu,CdSb, at 525 K

x B
0 0.22
0.1 0.42
0.2 0.27
0.3 1.45
0.4 0.39
0.5 0.31
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Figure 13. Quality factor (B) plotted as a function of reduced
chemical potential () and zT. B values at 525 K for select
Yb,_Eu,CdSb, samples are shown color-coded as filled circles. The
zT vs 17 showing B plot is reprinted from reference 51 with permission
of AIP Publishing.

not be attainable, as reducing the carrier concentration in
Yb,_,Eu,CdSb, may also alter the transport properties.
However, given the exceedingly high B value of the heavily
defected Yb,-Euy;CdSb,, further optimization of this
composition is of interest. Lu*" would be a good candidate
to reduce carrier concentration and would most likely occupy
the Yb2 site; given its smaller size and higher electro-
negativity,'” it is not expected to alter the valence band edge.

4. CONCLUSIONS

Thermoelectric properties in the Yb, Eu,CdSb, solid solution
are heavily impacted by disorder and defects, and defect
structure needs to be considered alongside composition to
optimize efficiency. The best performing composition was
found to be x = 0.4, with zT &~ 0.9 at 525 K, making this
compound the highest efficiency p-type Zintl phase at low
temperatures (Figure 14).° If defects can be controlled through
the synthetic method and the carrier concentration can be
reduced, the thermoelectric quality factor predicts that
Yb, .Eu,CdSb, could achieve a zT of ~2.5 at 525 K. This

14 | P-type Zintl Phases

Yb,,MgSb,,

1.2
Yb,,MnSb,,
Eu,Zng 0sSh,
1.0

Zn,5b2
0.8 YbZn;

T

0.6

0.4

0.2

0.0

200 600 800

Temperature (K)

1000 1200

Figure 14. zT as a function of temperature for leading p-type Zintl
phases, Yb, ¢,Euy35CdSb,,"" Eu,Zng sSb,,” YbZn,Sb,,'?
YbMMngH,52 and Yb,,MnSb,,** Yb, (Eu,,CdSb, from this work
(purple) gives a higher zT across the low-temperature range (300—
525 K) than any other material shown. A plot of the zT’s for
Yb,_,Eu,CdSb, from from 300—525 K is provided as Figure S8.
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work highlights the importance of understanding defects from
a structure and bonding point of view to optimize thermo-
electric properties. Employing COHP curves together with
PDF analysis of local structure enables thermoelectric
properties to be tuned using chemical intuition via substitution
on relevant crystallographic sites while providing a detailed
understanding of defect chemistry. These concepts can be
applied to other promising thermoelectric materials to help
understand and control electronic properties.
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