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Abstract:

The band structure of Yb14sMgSbi is tuned by substituting the more earth abundant cations, Ca
and Ba, on the four crystallographically distinct Yb sites (Ybi3.xCa.BaMgSbi1 (x =1, 2, 3, 4,
5, 6)). Single crystals of composition Ybo 7(2)Ca3 855)Bao.294)Mg1.133)Sb11.0¢1) were grown from
Sn flux revealing the cation site preferences. Magnetic measurements on this crystal show
paramagnetic behavior consistent with the presence of ~0.85 Yb**. High purity samples (>
98 %) with compositions close to nominal of Ybi3..Ca,BaMgSbi: (x = 1— 6) were prepared by
ball milling and spark plasma sintering. The carrier concentration can be rationalized with the
presence of Yb3" for all samples and decreases as a function of x in a systematic fashion at
room temperature and increases above ~ 600 K for x = 3 — 6. The temperature dependence of
the carrier concentration can be understood considering the electronic structure with a light and
heavy band valence band contributing to the properties and suggests the involvement of a
localized flat band or impurity state that is active with increasing amounts of Ca. The effect of
temperature leads to sustained high Seebeck coefficients with low electrical resistivity arising
from the transitioning of the light to heavy band with localization of carriers in the flat band or
impurity state for Ca rich compositions. Speed of sound measurements showing that the lattice
stiffens with increasing x. Despite the stiffening lattice, thermal conductivity decreases until x

= 3, 4 at which point it increases slightly. The x = 4 sample reaches a peak figure of merit (z7)



of 1.32 at 1273 K while being 16% lighter by molar mass compared to Ybi14sMnSb1: thereby

providing a more power dense material.

1 Introduction.

Thermoelectric materials are the heart of thermoelectric generators, solid state direct
heat to electricity devices that function through the Seebeck effect.! The Seebeck
effect takes place when a temperature gradient causes diffusion of charge carriers from
hot to cold thereby generating current. Thermoelectric performance is defined by z7 which
is a dimensionless parameter derived from the Carnot efficiency and is dependent on the
material’s electrical resistivity (p), Seebeck coefficient (a), and total thermal conductivity
(%¢10¢) as shown in eq. 1.23
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These three properties are entangled by carrier concentration (ny) and carrier mobility (¢)
making z7 difficult to optimize. Fortunately, x:: (€q. 2) has a lattice component (K;g¢tice =

K;) that is only dependent on crystal and microstructure.

(Ktotat = Ketectronic T K1) (2)
Substituting multiple atoms of different atomic masses on the same atomic sites has been
known to cause scattering of high energy phonons, which are not typically scattered by
phonon-phonon interactions, leading to decreased k;. This phenomenon known as alloy
scattering has been supported experimentally in triply substituted Skutterudites
(BayLayYbwCo4Sbi2) which show a reduction in k; due to large frequency ranges of lattice
phonons tuned by the substitutions.* (Euo.sYbo s)1-+CaxMg,Bi, (1-2-2) is another material

with triple ion substitution that induce a 30% increase in zT by largely reducing ;.

Zintl phases, due to complex structures that lead to low thermal conductivities and easy
chemical substitutions, have in large part been a focus of thermoelectric research in the
last couple of decades.® In particular, compounds of the A1sMPn;; (14-1-11) composition,
where A sites can accommodate rare earth and alkali earth metals; M site can be occupied

by group 13 metals, Mn, Zn, Mg, and Pn site can be the heavier group 15 elements



(pnictogens, P-Bi), have gained fame as some of the most stable and best performing p-
type thermoelectric materials at high temperatures.” Of the 14-1-11 family of compounds
Yb1sMnSb;; and Yb14sMgSbi; stand out with peak zT”s of 1.35 and 1.26 respectively.® °
While these materials have adequate electronic properties, the large z7 is mostly due to the
outstandingly low thermal conductivity due to the size and complexity of the unit cell
shown in Figure 1. The structure and extensive substitution possibilities were recently
described.” In brief, the structure crystallizes in the tetragonal space group /41/acd and has
four unique cation A sites with Pn coordination of about six. The Pn atoms accept electrons
supplied by the cations to form isolated Pn?- anions, three atom linear Pn3’- anions, and
with the M elements to form MPns’- tetrahedra, all with the goal of satisfying valence.®

The structure has four crystallographic A sites where substitutions of differently sized

10-14

elements demonstrate site preferences.

Figure 1: A view of the A14sMPn; (A = alkaline earth, rare earth metals; M = group 13
metals, Mn, Zn, Mg; Pn = P-Bi group 15 elements) unit cell along the a/b axis. Cation sites
are color coded according to crystallographic site, Al in purple, A2 in teal, A3 in green,

and A4 in blue. The MPn4 tetrahedra are light grey polyhedra, and the Pn anions are

shown in dark grey.

One of the issues associated with the metallurgic solid-state synthesis of Yb14MSbii

(M = Mn, Mg) is the dispersion of the M element which is 1/26 atoms within the reactive



Yb/M/Sb mixture leading to M deficient phases such as Ybi1Sbio which is metallic and
can have the effect of reducing Seebeck and increasing thermal conductivity leading to a
lower zT. Grebenkemper, et al.® resolved this issue by employing MnSb as a means to
deliver clean Mn that was easier to disperse. This resulted in z7"’s for Yb14MnSby; as high
as 1.35 with Ybi1Sbio concentrations as low as 10 mass % after thermal cycling as
determined by powder X-ray diffraction (PXRD). Justl, et al.® used MgH> to synthesize a
Yb14sMgSbi1 sample with less than 5% mass Ybi11Sbio leading to a peak z7" of 1.26. From
a device perspective, the average z7 (ZT.v) integrated over the whole operating
temperature range is more important than peak z7''> and high purity Ybi1sMgSbi; provided
a similar ZT,y, compared to YbisMnSbi; (1.10 vs 1.07).°

The fact that Ybi4aMgSbi; has a ZTay of similar value to YbisMnSb;; provided
incentive for further optimization of Yb14MgSbi; to increase the thermoelectric efficiency.
At the highest temperatures the z7 of Yb14MgSbi1, which has a lower carrier concentration
than Yb14sMnSb,; due to the presence of ~0.85Yb*", decreases because of minority carrier
activation known as bipolar conduction leading to increased thermal conductivity and
reduced Seebeck coefficients.” !¢ The mitigation of bipolar conduction in p-type PbTe-
12% doped with K has in part been attributed to band gap expansion and carrier
concentration increase, both of which enhance the energy barrier for promotion of minority
carriers into the conduction band.!” '* Experimentally Ca;sMgSbi;!® and Ba;sMnSb;;2°
have large, semiconducting resistivities that decrease as a function of temperature
indicating the compounds have a larger bandgap than Yb14sMgSbii. Additionally, peak
thermoelectric performance in Yb14MSbi1 (M = Mn, Mg) is seen above 1200 K where the unit
cell is expanded by up to 1.6% (98 A3 in Yb1sMgSbi1).!*-2! Therefore, starting with a larger
unit cell by substituting Ba and Ca for Yb should lead to a higher zT at a lower temperatures

by changing the components of the valence band.

We have recently shown that the band structures of YbisMSbii (M = Mn, Mg, Al) and
Ca14sMgSbi1; consist of a light band at the I" point (VB1) and a heavy band (VB;) with high
valley degeneracy (N, = 8) between N and P on the Fermi surface.?? This three band model,
VBi1, VB2 and a conduction band (CB1), successfully explains the temperature dependence

of the thermal conductivity, along with other transport properties for the solid solution,



Yb14MgixAlSbii. The reported band structures for Ca;sMgSbi1,'” A1uMgSbii (A = Sr,
Eu),? and A1sMgBii1 (A = Ca, Sr, Eu)** have similar features initially highlighted in
A1sMnBi;; (A = Ca, Sr, Ba) and Cai4sGaAsi1.>> 2% The main difference in band structures
between the A = Yb, Ca analogs of A14MgSbi; is that the band gap is larger for the Ca
analog, consistent with experimental data for CaisMgSb;;.!> 22 Incorporating Ca into
Yb14sMgSbi1 has an additional advantage for radioisotope thermoelectric generators
(RTGs) for space application as it leads to a 30% reduction in weight by molar mass (for

x = 6) leading to a more power dense device.

In this study, single crystals of Ybi3..Ca,BaMgSbi1 (x ~ 4) were prepared by Sn flux
to provide information on the site preferences of the cations and the magnetic properties
have been measured to determine the presence of Yb’". Bulk samples of Ybis.
Ca,BaMgSbi1 (x = 1, 2, 3, 4, 5, 6) were prepared from ball-milling the elements with
MgHo>, densifying via spark plasma sintering, and characterized up to high temperature
(1273 K) to study the evolution of thermoelectric properties as the unit cell becomes
progressively larger with selective cation substitution. Lattice thermal conductivity, k;, is
expected to decrease due to alloy scattering, and bipolar conduction mitigated upon
widening of the bandgap with cation substitution. The reported band structures of
Yb14sMgSbi1 and Cai;sMgSbi1 are employed to rationalize the evolution of transport

properties.'® 23

2 Experimental.

2.1  Materials. All materials were handled in an Ar glove box with < 0.1 PPM of Oo.
YD filings ~3 x /2 x Y2 mm (Edge Tech, 99.999%) were obtained by brushing a Yb ingot to
remove oxide and produced using a steel rasp. Larger Yb pieces (~200 mg, cut from the
same ingot) were used for single crystal growth. Dendritic Ca (Sigma Aldrich, 99.99%)
brushed and cut to ~20 mg pieces, Ba rod (Sigma Aldrich, 99.9%) brushed and cut into
~20 mg pieces, MgH> (Alfa Aesar, 98%), Sb shot (99.999%, 5Nplus), and Sn granules
(Mallinckrodt, 99.97%) were used.

2.2 Single crystal growth. Synthesis of single crystals was performed using Sn flux as
described in the literature.?’3° In brief, Yb, Ca, Ba, Mg, Sb and Sn were placed, in that
order, into a Canfield crucible set’! in the ratio 10 Yb: 2.5 Ca: 2 Ba: 6 Mg: 11 Sb: 100 Sn.



The crucible was then jacketed in quartz under partial vacuum (1/5 atm Ar) and placed in
a box furnace. The sample was heated standing to 873 K at 200 K/hr, let dwell for 1 hr to
allow materials to outgas, then heated to 1223 K at 200 K/hr. The sample was held at
temperature for 1 hr, then cooled to 1023 K at 1.6 K/hr. Once at 1023 K the sample was
inverted and centrifuged hot to remove the Sn flux. The stoichiometric ratio had excess Ba

and Mg to overcome the loss of the elements to vaporization.

2.3 Electron microprobe analysis (EMPA). Pellets and single crystals of Ybis.
<Ca,BaMgSbi1 were mounted in epoxy and metallographically ground to a 0.1 um finish using
an oil-based diamond suspension then carbon coated for analysis. Elemental analysis was done
using a JEOL JXA-8200 electron probe microanalyzer equipped with five wavelength
dispersive X-ray spectrometers. YbPOys, anorthite, benitoite, MgO, and Sb were used as the
Yb, Ca, Ba, Mg, and Sb standards, respectively. The stoichiometry of the samples was
calculated from eight atomic percent values which were averaged and multiplied by 26 to give

the stoichiometry and is provided in Supporting Information (SI), Table S1.

2.4 Single crystal X-ray diffraction. Single crystals were mounted onto a polymer
loop for diffraction experiments. Data were acquired on a Bruker Duo CCD
diffractometer using Mo Ka radiation (A = 0.71073 A) under nitrogen stream (90 K) and
collected with the Bruker APEX III software. Data reduction was done with SAINT and
absorption correction was performed using SADABS.?? 33 The structure solution was
performed with SHELXS/SHELXL 2016/6.3* The structure solution initially started with all
cation sites filled by Yb. Ba has an ionic radii similar to La, which has been shown to
preferentially occupy the Yb(2) and Yb(4) sites,'? so was added to those sites and refined,
employing the SUMP command to restrain the total occupancy of the sites to be fully
occupied. Ca was added to all four sites and the occupancies refined. Because the EMPA of
the single crystal showed a slight excess of Mg, similar to previously published results,?® Mg
was initially added to the Yb(1) and Yb(3) sites and the occupancies refined. The
amount of Mg on the Yb(3) site refined to zero, so it was removed from that site. The
final model had reasonable displacement parameters and provided a composition consistent
with the EMPA results with good refinement statistics. The atomic coordinates and equivalent
isotropic displacement parameters, anisotropic displacement parameters, and selected bond

distances and angles are provided in SI (Tables S2-S4).



2.5 Magnetic measurements. Magnetic susceptibility data were acquired using a
Quantum Design Magnetic Property Measurement System from 300 K to 2 K with an
applied field of 5 T. A single crystal of 1.8 mg was sandwiched between two straws for

measurement.

2.6  Metallurgical synthesis. Synthesis was adapted from literature.® % 1% 35 Yb, Ca,
Ba, MgH>», Sb, and two 10.7 g tungsten carbide balls were placed in a 55 mL tungsten
carbide vial purchased from SPEX sample prep which was hermetically sealed using
custom Viton O-rings. Reaction batches were a total of 9 g and the nominal stoichiometry
Ybis3..CaBaMgi»Sbi1 was employed. The 0.2 molar excess of MgH> was used to
overcome the high dispersity required for the low stoichiometric element, Mg. The
elements and MgH> were milled in a SPEX 8000M mixer mill for 30 minutes. The vial
was then flipped and milled an additional 30 minutes, then scraped clean using a chisel
and the powder is reinserted for another 30 minutes of milling. The resulting black powder
is split in half then sealed in two 10 mm Nb tube under Ar which are jacketed under
vacuum with a quartz tube. The sealed tube is then heated to 1273 K at 50 K/hr, held at
temperature for 96 hr and cooled to room temperature at 50 K/hr. The resulting smooth
black powder is sieved through a 100 mesh screen with special care to remove any stray
Nb pieces that arise from Nb tube embrittlement by the hydrogen gas in preparation for

spark plasma sintering.

2.7 Spark Plasma Sintering (SPS). Powder consolidation was done with a Dr. Sinter
Jr 211LX-SPS under dynamic vacuum. ~3 g of powder was packed into a 12.7 mm diameter
graphite die sealed with graphite foils and graphite plungers. The die was placed into the
SPS and initially 3 kN of force was applied. The sample was heated to 873 K over 5 min,
heated to 898 K over 1 min, and dwelled at 898 K for 2 min during which the pressure was
increased to 6 kN. The sample was then heated to 1198 K over 3 min and held at
temperature for 15 min before cooling to room temperature in ~20 min. The resulting
metallic/grey cylinders were sectioned and polished for thermoelectric and mechanical

property measurements.

2.8 Powder X-ray diffraction (PXRD). Data were collected at room temperature using
a Bruker D8 Eco Advanced at 40 kV and 25 mA from 10°—90° 20 at a 0.019° interval. Rietveld
refinement was performed with the Jana2006 software package using structural models CIF of

Ybio.15Caz 42Bao2sMgi.1sSbii provided herein and Yb,Os CIF from literature.*® 37 The



background was fit and a sample height correction was performed. A pseudo-Voigt function
was used to generate the profile. Rietveld refinement plots are provided in Figure S1 and results

are tabulated in Table S4, SI.

2.9 Resistivity and Hall effect measurements. Resistivity and Hall effect
measurements were conducted simultaneously under high vacuum in a home built
apparatus using the Van der Pauw method, tungsten pressure contacts, and a 0.8 T field.3®
Data were fit with a sixth order polynomial for z7" calculation. Experimental data are

provided in SI, Figure S2.

12.10 Scanning Electron Microscopy (SEM). SEM was performed with a Scios Dual
beam SEM/FIB. An Everheart-Thornley Detector was used to obtain secondary electron
images. Samples were embedded in epoxy and metallographically polished to a 1 pm finish

then carbon coated for imaging.

2.11 Seebeck. The Seebeck coefficient was measured on a homebuilt apparatus
using the Light-pulse method.?® Data were fit with a sixth order polynomial for zT

calculation. Experimental data are shown in Figure S2.

2.12 Speed of Sound: Speed of sound measurements were performed on sintered pellets
using the pulse eco method at room temperature with an Olympus 38DL plus with a V156-RM
shear wave transducer and a M202-RM longitudinal wave transducer. V;, and V; were
calculated according to eq. (3). Poisson’s ratio was calculated with eq. (4). The Young’s and
shear modulus were calculated with eq. (5) and (6) where d is defined as density measured by

the Archimedes method.

" B Thickness 3), Poi 's Ratio (v) = 43 )
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Young's Modulus = (5), Shear Modulus = V;*d (6).

2.13 Thermal Conductivity. Thermal diffusivity was measured on flat and parallel pellets
coated with graphite spray using a Netzsch Laser Flash Analysis 457 from300to 1273 K.
Thermal conductivity was calculated using eq. (7) where d is the room temperature
density described in section 2.12 scaled by coefficient of thermal expansion as

described in literature® and expanded upon in section 2.15, D is measured diffusivity



which is plotted in SI, Figure S2, and Cp is the experimental heat capacity of
Yb14MnSbi; adjusted by molar mass (eq. (8)). Eq. (9) and eq.(10) were used to
calculate k; where p is resistivity and a is the Seebeck coefficient at a given
temperature.’

_ CP(Yb14,M7le11) M.M(Yb14MnSb11)
- M.M.(A14MPn41)

Kot = dxDxCp (7), Cp

(8),

oy
L=15+e116 x 10 PZn) (10).

2.14 Thermal Conductance. Room temperature thermal conductance (and Seebeck)
were measured on a custom-made device using the comparative thermal conductance
measurement method.*® The disk-shaped sample is placed between two thermocouples
(that allow a precise control of the temperature of the top and bottom faces of the sample)
and then between two sets of Pyroceram reference samples, before being closed in between
the hot (top) and cold (bottom) side copper blocks where another set of thermocouples
measure the temperature and the voltage. This stack is spring loaded and each surface is
coated with a conductive paste to ensure a uniform contact between layers and avoid air
gaps. The chamber where the setup is located is then closed and kept under vacuum for
the whole time of the measurement. A temperature gradient of about 25 degrees is applied
between the hot and cold side of the stack. Using the reading of the thermocouples placed
on the top and bottom surfaces of the sample, the developed program calculated the
thermal conductance and the Seebeck. Single point thermal conductance measurements of
Yb;CasBaMgSb; yield a thermal conductivity value of 0.27(3) J/gK at 300 K which is consistent
with the adjusted heat capacity employed for the x = 6 sample.

2.15 Dilatometry and Coefficient of Thermal Expansion (CTE). The coefficient of
thermal expansion was measured under flowing Argon using a Netzsch Dil 402 C
dilatometer in the temperature range 300-1273 K. A rod-shaped sample, about 9 mm long,
was inserted into an alumina sample holder and brought into contact with the pushrod.
Upon heating (and cooling), the thermal expansion of the sample is detected by a
displacement system connected to the pushrod. Knowing the initial length (Lo) of the
sample, the measured temperature gradient (AT) and the change in length (AL), the

coefficient of thermal expansion can be derived with the following equation:



CTE = ii—; (11)
Results are summarized in Figure S3. CTE was measured for the Yb;CasBaMgSb11 compound
(x = 6) and found to be 18 PPM/K which is close to that of Yb1aMnSbi; (16.0 PPM/K) previously
measured.?! A linear relationship between Ca content (x fraction) and CTE was assumed and used

to calculate CTE for each composition.

3 Results and discussion.

3.1 Single Crystal Structure. Single crystals were grown from Sn flux to investigate the
structural properties of this quinary phase. Table 1 contains information about the structure
solution and Tables S2, S3 (SI) contains fractional positional coordinates for the atoms
isotropic and anisotropic thermal parameters. EMPA of the single crystal employed for data
collection gave the formula Ybo.72)Cas.85(5)Bao294)Mgi.13:3)Sbi1.o(1), close to that obtained
from the refinement of the single crystal data: Ybio.15Caz.420Bao.2sMgi.18Sbi1. Structural solution
employed EMPA stoichiometries as a starting point for the occupancies of the octahedral Yb
sites (see Figure 2). There are four crystallographically unique A sites in the structure type
and for YbisMgSbi1 designated as Yb(1)-Yb(4). Detailed analysis of these four sites for
Yb14MnSby is described by atomic Hirshfeld surface analysis.*! The concept applied to atoms
in a crystal defines the volume and the sphericity providing Yb(1) and Yb(3) with the smallest
volumes and Yb(2) and Yb(4) with the largest volumes, with sphericity about the same for
all.*' As mentioned in the Introduction, site preferences of cation substitutions to date chiefly
correlate with size.!%!* Although this is the first example of the A;sMSbi; structure prepared
with three cations, the site preferences correlation appears to be consistent with the relative
cation sizes. The excess Mg (0.13(3) excess) is also noted in literature?® where Mg?* is seen
to occupy not only the tetrahedral site, but also partially occupies the smaller, less distorted
Ybl and YDb3 sites; therefore, Mg was initially refined on the Ybl and Yb3 sites and was
determined to occupy the Ybl site. Larger cations, such as La are known to preferentially
occupy the larger more distorted Yb2 and Yb4 sites.!? This is observed for the larger Ba**
cation which only occupies the Yb2 and Yb4 sites. Ca and Yb occupy the remaining sites.
The final refined composition is very close to that obtained by EMPA (Table 1). The cation
site occupancy is shown graphically in Figure 2 and provided as factional occupancy in Table

S2. Figure 2 also shows the polyhedra for the four Yb sites and their relationship to the

10



tetrahedra and Sb; linear anion, along with a partial view of the unit cell showing a portion
where all polyhedral are indicated. The volume of the unit cell (6142(1) A%) is larger than that
of Yb14MgSbi; which is also shown to contain Yb** (6079(2) A%)* but smaller than that of
Ca1sMgSbi1 (6291(2) A%).' The Ba and Ca incorporation increase the size of the unit cell, as

expected.

Table S4 provides a comparison of the single crystal bond lengths and angles with
Yb14aMgSbi1.2° The A-Sb (A = Yb/Ca/Ba) bond lengths are larger when compared to the reported
crystal structure of Ybi1sMgSbi; which also shows a similar amount of Mg?" in the octahedral A
sites.?’ In Ybi4..Ca,MnSb, lengthening in A-Sb is observed and attributed to Ca ionizing more
completely compared to Yb causing bond elongation and decreasing carrier concentration.*? While
A-Sb elongation is seen, contraction in distance in the Sb(1)-Sb(4) linear unit’s distance is not seen
showing the differences between the Mg/Mn system and with the additional Ba incorporation. The

angles of the MgSby tetrahedron are also about the same as those for in Ybi4MgSbi.
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Figure 2: Site occupancy of Ybl, Yb2, Yb3, and Yb4 obtained from single crystal X-ray
refinement of Ybio.15Ca342Bao2sMgi.1sSbi1. The chart starts at 50% to amplify the Mg and
Ba fractions which are minimal (A). Views of the 4 Yb polyhedral with the Sbs linear
units and MgSbs tetrahedra indicated (B). The four octahedral Yb sites illustrated
together as polyhedra with two MgSb4 tetrahedra and a Sb; linear anion (Sb1-Sb4-Sbl)

in a selection taken from the unit cell (C).

12



Table 1: Single Crystal Data Collection and Refinement Parameters for

Ybio.15Caz.42Bao.2sMgi.18Sbii

Parameters

Crystal Dimensions
(mm)

Empirical formula

0.15x 0.11 x 0.060

Ybio0.15Ca3.42Bao2sMgi.18Sbii

Molar Mass (g mol_]) 3295.92

Crystal system Tetragonal

Space group 14,/acd (no. 142)
Temperature (K) 90

Radiation A (A) 0.71073

Z 8

a(A) 16.6247(15)

b (A) 22.222(2)

V (A% 6141.7(13)

Peatc (8 cm’) 7.129

Abs. coeff. p (mm’) 40.948
Reflns./Indep. Reflns. 45076/2247
Parameters refined 62

GOF on F? 1.183

R indices [I > 20(I)] R1=0.0199, wR:>=0.0435
R indices (all data) R1=0.0208, wR>=0.0438

3.2  Magnetism. Figure 3 provides the x vs T and 1/ vs T plots acquired on a single
crystal characterized by EMPA to give Ybo.72)Ca3 855\ Bao.2o@yMgi.133)Sbi1.o1). The 1/
data were fit from 125 to 300 K with the Curie-Weiss law (eq. 11) where C is the Curie
constant and @ is the Weiss constant. The effective moment, u.fr, was calculated with
eq. 12 and yielded values of uerr = 4.2(1) us and 8 = 89 K. Yb** (f3) is the only
potentially magnetic species, and 1 Yb** has an expected magnetic moment of 4.5 ug.
Therefore ~0.85 Yb3" are present per formula unit which is in line with what is reported
in literature for Yb14MgSb; (0.8 Yb3*).2% 43

X(T) = (=) (1), pepr = VBC (12)
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Figure 3: x vs T measured on a single crystal of Ybo 72)Ca3 35:5)Bao.204Mg1.133)Sb11.001).
The inset shows 1/ vs T (data in red) with the high temperature fit (black dashed line).
A picture of the parent crystal is shown in SI, Figure S4.

33 Structure and composition of Ybi3.«Ca,BaMgSb polycrystalline samples. Table 2
summarizes the calculated composition from EMPA of the pressed pellets. The Mg amount is
close to the expected stoichiometry consistent with Mg in the tetrahedron and varies from
1.02(1) to 0.97(2). These compositions suggest that when prepared via metallurgical synthesis
Mg is not substituted on the octahedral Yb sites, as is noted for the single crystals obtained
from Sn flux.2®>*3 As the Ca amount increases, Sb systematically goes from close to nominal
composition to deficient. The overlap in Ca’s Koy and Sb’s LB1 which are 3.69 eV and 3.66
eV, respectively; leads to some Sb signal being attributed to Ca. Yb and Ba could be slightly
deficient due to adherence of these malleable elements to the mill container as previously
mentioned in the literature.'® Overall, the observed compositions of these quinary phases are
close to the nominal composition and the Ybs..Ca,.BaMgSbi; samples will be referred to

according to their nominal composition, x.

Table 2: Nominal vs Measured Stoichiometry from EMPA.

Ybi3..Ca.BaMgSbii EMPA stoichiometry

x=1 Ybi1.34@)Cai.142) Bao.os) Mgi.021ySbi1.004)
x=2 Ybi0.943)Caz.19¢2) Bao.o72) Mg0.932)Sb10.97(4)
x=3 Ybo.03(3) Caz.192) Bao.os2) Mgo.932)Sb10.96(6)

14



x=4 Ybss74) Casase) Baoor(yMgi.002)Sbio.9263)
x=5 Yb7.903) Cas313)Bao.o72) Mgo.9s2)Sbio.87¢4)

xX=06 Ybe.91(9) Cas.324) Bao.or1y Mgo.o7(1)Sb1o.836)

Figure 4 shows normalized PXRD patterns for Ybi3..Ca,BaMgSbi; (x = 1 — 6) after SPS.
The CIF obtained from the single crystal structural solution described in sections 2.4 and 3.1
was used to generate the A;4sMPni; model for Rietveld refinement. Cation occupancies were
modified using acquired EMPA compositions (Table 2) restricting Mg to the tetrahedral site
and Ba to the Yb2 and Yb4 sites. Yb and Ca were distributed equally across the cation sites
according to their EMPA compositions and Ba was distributed equally across the Yb2 and Yb4
sites. This allocation was performed to reduce issues with refining 3 or more atoms on one site
with Rietveld refinement. While this allocation of the cation sites could lead to higher wR;, and
GOF values, the generated model matches the data well providing wR;, values of about 10%
indicating a good refinement model and high sample purity (PXRD refinements are provided
in SI, Figure S1, with the lattice parameters and unit cell volume, refinement parameters
summarized in Table 3). Some samples have a reflection (denoted with *) at 27.1° 20 attributed
to an unidentified impurity. Phase matching for any of the cation oxide phases and cation-Sb
binary phases does not match this reflection. There is a ~1 mass % Yb2O3 impurity in the
samples denoted by A which may be due to surface oxidation as reported in literature.'® Yb,03
does not refine well for the x = 5, 6 samples, suggesting that it is not present. The Ybi1Sbio
phase, a common impurity, does not refine well, and the phase’s main reflections at ~31.4 and
~32.0° 20 are missing suggesting that this impurity is not present and indicating that the MgH>
precursor allows for good dispersion of Mg. A good dispersion of MgH» throughout the powder
provides a final high purity material (> 98 %) with very little oxide or Yb;1Sbio.
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Figure 4: Simulated and collected/normalized PXRD data for Ybi3.<Ca,.BaMgSbi1 (x =1 — 6).
* denotes a reflection attributed to a minor unidentified impurity and A denotes the major

reflection for Yb>O3, present in amounts < 1.3 mass %.

Table 3: Results of PXRD Rietveld Refinement for Ybi3..Ca.BaMgSbi

Ybis.CaBaMgSbii  a(A) c(A) V(A%  Yb,Os (wt.%) wRp(%) GOF
x=1 16.785(4) 22.241(7)  6266.4(3) 1.31(13) 10.38 2.18
x=2 16.790(4) 22.258(7)  6275.4(3) 0.86(12) 11.58 2.25
x=3 16.796(4) 22.278(8)  6284.8(3) 0.53(7) 10.84 221
x=4 16.794(7)  22.29(1)  6286.7(7) 1.22(9) 12.66 2.42
x=5 16.785(4) 22.322(9)  6289.2(3) N/A 11.98 2.41
x=6 16.784(6)  22.33(1)  6290.7(5) N/A 13.6 2.25

Figure 5 shows the unit cell volume (determined by Rietveld refinement and listed in Table
3) as a function of Ca content. The unit cell increases as a function of Ca fromx =1tox =3
after which the volume still increases but not at the same rate. Since there is site preference of
the cation substitution with Ba occupying Yb2/Yb4 and Ca occupying all sites, it is not clear
that the unit cell volume should follow a simple linear function as is the case for Vergard’s
law. It would be useful to grow single crystals of the series to better understand the changes in
the unit cell. The unit cell expansion is expected to improve the thermoelectric performance in
the following way: peak thermoelectric performance in YbisMSbii (M = Mn, Mg) is seen
above 1200 K where the unit cell has expanded by up to 1.6% (98 A3 in Yb1sMgSbi1).!%?! The

Ybi2CaBaMgSbi1 composition with the smallest unit cell of the series, has a volume of
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6266.4(3) A3 is already larger than the projected unit cell volume of Ybi14sMgSbii at 1200 K
(6243 A3).

&0, = = = = i

6280

Volume (A3%)

6270
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1 2 e 4 o5 b
X, (Yb,3,Ca,BaMgSb,,)

Figure 5: Unit cell volume vs. Ca content, x, for Ybi3..Ca,BaMgSb.

33 Hall effect. Figure 6A shows the hole carrier concentration (ny) and Hall mobility
(Ugqu) vs. temperature. At room temperature Ca has the effect of decreasing the overall
magnitude of a sample’s carrier concentration(Figure S5), previously documented in Ybis-
+Ca,MnSb;1.#? This effect is observed in other Zintl phases as well and has be attributed to
either reduction of cation defects with the substitution of Ca or to changes in bonding as the
polar covalent Yb-Sb bond is replaced by the ionic Ca-Sb bond.'® ** A unique feature of Ca
substitution for this solid solution series is that at temperatures > 600 K the relative order of
carrier concentration changes, with increased Ca concentration resulting in higher carrier
concentration and a steeper increase, most notable for x = 4-6. At the highest temperatures
(>1100 K) this increase is attributed to the activation of minority carriers known as bipolar
conduction, which reduces the sample’s measured hall voltage. As described in the
introduction, the band structures of all of these phases are similar, but there are small
differences in position of the bands.?> With increasing Ca and temperature electrons may be
activated into an empty localized state leaving behind a more mobile hole in the valence band
and thereby generating an increase of the charge carrier concentration with temperature. This
state could be a localized nonbonding Sb or defect state or could be consequences of the
electronic differences between Yb and Ca atoms, and therefore the different energetic level

occupancy. A localized nonbonding state for the Sbs”~ unit is found close to the Fermi level in
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related analogs.?> 2* The f-states of Yb are embedded deeper in the valence band and therefore
they should not have a strong influence on the DOS close to the Fermi level.?> On the contrary,
Ca states are present close the top of the valence band and at the bottom of the conduction band
in the reported band structures, and therefore they have a larger contribution to the overall
DOS.!'%- 22 More examples of this phenomena in other compounds of this structure type
along with theoretical calculations are necessary to better understand the increase in carrier
concentration above 600 K. Regardless of the mechanism for the change in carrier
concentration with temperature, carrier mobility is inversely proportional to the trend of carrier

concentration as expected.

Figure 6B shows the carrier concentration at 900 K and the effective mass (m”) calculated as
in literature® using experimental Hall effect data, Seebeck, and electrical conductivity. As the
carrier concentration increases, the Fermi level gets pushed down from the lighter (I') VB band
to the heavier VB> (N-P, as shown in the inlay of Figure 6B) and as a result the effective mass
increases. The heavier VB2 (N-P) band is credited with the high thermoelectric performance of
Yb14MgSbi1 due to a high valley degeneracy, Ny = 8, indicating that the samples with higher

carrier concentration could have the highest z7.
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Figure 6: Carrier concentration (ny) and Hall mobility (pgg;;) vs temperature for Ybis.
xCa,BaMgSbi1 (A). The carrier concentration vs Ca content (B) shows at 900 K as carrier
concentration increases the effective mass increases (B). The inlay shows a schematic of the
simplified model band model.?? As the carrier concentration of the p-type material increases
the system moves from the light (I') band to the heavy high valley degeneracy (N-P) band as

shown by the increasing effective mass.

3.4  Seebeck. Figure 7A shows the Seebeck coefficients vs temperature for Ybis.
«Ca,BaMgSbi1 in which the values do not show the downturn at 1200 K as seen in the
Yb14aMgSbi; system.” !¢ This could be due to an expanding bandgap as a result of Ca and Ba
incorporation. The Goldsmid and Sharp expression (E; = 2€|Sy,4x|Tmax) cannot be used to
calculate the band gap in this system as there is no Seebeck maxima; however, it does seem
that the Seebeck values have plateaued at 1273 K in all samples so, it is logical to conclude
that the band gap of the x = 1 — 6 samples are larger than Yb14MgSbi1 as Smax and Tmax are
larger (avg: 236 uV/K, 1273 K for x = 1 — 6, avg: ~0.61 eV) (232 uV/K, 1200 K for
Yb14aMgSbi1, 0.56 €V).* Another mechanism that is suppressing bipolar conduction could be

a result of an increase in carrier concentration seen in Figure 6. As the carrier concentration is
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increased, the Fermi level moves down as stylized in Figure 6B making the promotion of
electrons from the valence band to the conduction band less likely as was observed in K doped
PbTe.!” ¥ Assuming a single parabolic band model, the systematic increase in carrier
concentration shown in Figure 6B should lead to a decrease in Seebeck coefficient, but at
~1100 K, all of the Seebeck values converge. This deviation from a single parabolic band
model is emphasized by the Pisarenko plot (Figure 7B) which shows that as carrier
concentration increases the Seebeck coefficient does not decrease. Instead, the transport is
dominated by a heavier band as recently described for YbisMgi«AliSbi1 with a three-band
model where the valence bands are stylized in Figure 6B.?> In this model, as carrier
concentration increases, transport changes from the lighter I' (VBi) band to the highly
degenerate Nv = 8 N-P (VB.) band which allows sustained Seebeck coefficients at high carrier

concentrations (ny> 10?") which is reflected in this system.
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Figure 7: Seebeck coefficient vs. temperature for Ybi3.Ca.BaMgSbii (x = 1 — 6) compared
with Yb14sMgSbi; data from literature.” The inlay show the peak values at 1273 K (A). The
Pisarenko plot with inlay of an expanded region (B) shows the transport at 900 K is not
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dominated by a single band, instead as the carrier concentration increases the transport switches
from a lighter (') to a heavier band (N-P) with the line for x = 0.22 The legend for (A) applies
to (B).

3.5  Electrical resistivity: The electrical resistivity for Ybis;..Ca,BaMgSbi; is shown in
Figure 8. Low Ca amounts follow the same slope and trend for resistivity of Ybi14MgSbii, but
as the amount of Ca increases above x = 4, the temperature dependence changes. The
temperature trend of the resistivity for x > 4 compositions is more similar to that reported for
Ca;sMgSby; at lower temperatures, and to Ybi4sMgSbi; at higher temperatures.!” The
temperature dependence of x =4, 5, 6 samples is not likely due to differences in microstructure
as SEM images (Figure S6) show the microstructures of the samples are roughly equivalent.
The temperature dependent behavior can be explained by the lower carrier concentration below
600 K and the rapid increase in carrier concentration at temperatures above 600 K seen in the
x > 4 samples (Figure S5 vs Figure 6B). Overall, the resistivity for all samples converges
around 9 mQ cm at 1273 K. Interestingly, despite having larger carrier concentrations and
lower mobilities than the x = 1 — 3 samples above ~600 K, the x = 4 — 6 samples are not
significantly more conductive which may be attributed to increased electron scattering as a

result of Ca incorporation.
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Figure 8: Resistivity vs temperature for Ybi3.,Ca,BaMgSbi.

3.6  Physical properties. The density of the samples is at least 99% of the density predicted
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from EMPA and lattice parameters (Figure 9). The density decreases linearly as a function of
Ca content as expected. From an application point of view, the reduction in density can be seen
as a favorable aspect, since lighter materials capable of generating the same power output of
the heavier counterpart, will have in the end a higher specific power density (W/Kg). This is a
crucial aspect for several applications and specially for space applications, where each Kg of
mass of the spacecraft costs up to several tens of thousands of dollars. The shear speed of sound
increases linearly as a function of Ca until x = 4 and then tends to flatten, while the longitudinal
speed of sound increases linearly over the whole compositional range. These changes are
consistent with the trend seen in Figure 5 for the volume of the unit cell. The shear and Young
modulus show that the lattice is becoming stiffer as we increase the amount of the more ionic
Ca’®" cation (replacing Yb) until x = 3, then the lattice slightly softens for x = 4 and x = 5 before
increasing again for x = 6. In the end, all samples are stiffer (higher Young’s modulus) than
Ybi14aMgSbi1 (64.45 GPa).!¢ As a lattice stiffens, k; typically increases, therefore x; would be
expected to increase if not for the alloy scattering induced by the introduction of Ca.*” A more

detailed discussion of the thermal conductivity can be found in the next section.
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Figure 9: Viongitudinal, Vshear, density, Young’s modulus, Shear modulus, and Poisson ratio vs.

Ca content, x, for Ybi3..Ca,BaMgSbi; samples.

3.7 Thermal conductivity. x;,; and k; were calculated as stated in section 2.12 and are
shown in Figure 10. All compositions of Ybi3..Ca.BaMgSbii have lower k;,; and k; than that of
Yb14MgSbi: at high temperatures except x = 6. There are three important contributions that are

described below.

The first item of note is the low temperature (< 600 K) thermal conductivity. As previously
shown in the YbisMg;.+Al:Sbi; system,” the initial increase in thermal conductivity in
Yb14MgSbi:1 observed up to ~450 K is due to carrier excitation from the VB to VB2 (NP) band
causing a maximum in the thermal conductivity. As carrier concentration decreases in the
Yb1sMgi.xAl:Sbi; system the magnitude of the effect is diminished and the maxima moves to

higher temperatures. As previously discussed (Figure S5), at low temperatures (< 600 K) the
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carrier concentration decreases with increasing Ca. Qualitatively, Figure 10 shows the
magnitude of the low temperature increase is diminished as a function of Ca and Figure S7
shows the maxima seen in Yb14sMgSbi; shifts to higher temperatures as a function of Ca content
via the first derivative of k;,; vs temperature, < 650 K, x =0 -4, (x =5, 6 is not shown as no
low temperature transition is observed) supporting the 3 band model with carriers from VB>

accounting for the maximum observed in the thermal conductivity.

Next, we discuss the effect Ca incorporation has on high temperature bipolar conduction.
Typically, the k;,; for Yb1aMgSbi1 and Yb1aMnSbi1 shows a dramatic increase above 1200 K
due to bipolar conduction (Figure 10), but this effect is reduced in x = 1 — 4 samples and
eliminated in x =5, 6 samples. Along with the Seebeck data, it is clear that the increased carrier
concentration and larger bandgap are mitigating bipolar conduction at the highest temperatures.
These results lay the groundwork for further improvements of the thermoelectric performance

of compositions of the 14-1-11 family of compounds.

Lastly, we discuss the alloy scattering effect. x; decreases as a function of Ca incorporation,
and is at its lowest at x = 3, 4 then increases for the x =5, 6 samples. These changes with x may
indicate that the alloy scattering has the maximum effect at x = 3, 4 and in the case of the x =
5, 6 samples, the lattice has become too stiff to benefit from additional alloy scattering.
Compositions with x = 3, 4 have the best combination of alloy scattering without being affected

by the stiffening lattice which result in very low k; and ;.
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Figure 10: k., and k; vs. temperature for Ybi3..Ca,BaMgSbi1 (x = 1-6) compared with
Yb1sMgSbi data from literature.’

3.8  zT. Figure 11A shows zT as a function of composition for Ybi3.xCa.BaMgSbii. The zT
of the x = 4 sample results in a peak z7 of 1.32 which is higher than the previous maxima
reported for YbisaMgSbi1 (1.26) and the first example of an analog that competes with
YbisMnSbi; (1.35).% ° The integrated ZTa.g (eq. 13) from 873 to 1273 K (the proposed
operational range for 14-1-11 based RTGs) is 1.07 for x = 4. This value is about the same as
the integrated Z7"’s for Yb14MnSbi1 and Yb14MgSb1: indicating that this material can perform
with state of the art materials while being 16% lighter by molar mass providing a much higher
power density.® 15 48 Additionally, this method of optimization can be employed with
additional strategies such as carrier concentration tuning, band consolidation, and compositing
to further improve the z7.7- 16393549 Ultimately, the x = 1 - 6 samples all have zT’s that are
within 17% of the best reported for YbisMnSbi: and within the accepted 20% error in
measurement™ giving a wider range of thermal and electrical properties that are important
when designing a thermoelectric generator.

L (MThy(Tydr (13)
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Figure 11: zT vs temperature for Ybi3.,Ca,BaMgSbii (A), and zT of YbyCasBaMgSb1i
compared to the highest reported zT for the 14-1-11 structure type (data from literature)® °
(B).

4. Conclusion. Single crystals of Ybi3.xCa.BaMgSbi1, x ~4, were grown from a Sn flux
for structural and magnetic investigations. Single crystal refinement shows that Mg partially
occupies the Ybl site, Ba occupies the Yb2 and Yb4 sites while Yb and Ca occupy all four Yb
sites in the 14-1-11 structure. Magnetic measurements on this crystal indicate that ~0.85 Yb**
is present, similar to what has been reported for Yb;sMgSbi1.>° Bulk samples of Ybs.
«Ca,BaMgSbi; were metallurgically synthesized. EMPA of the bulk samples show that the x =
1 - 6 samples closely follow nominal stoichiometry with Mg only on the tetrahedral site. PXRD
is consistent with the structural model from single crystal refinement and show >98 % pure
phase samples with expansion of the unit cell as a function of increasing Ca content. The carrier
concentration increases dramatically at temperatures > 600 K for the x = 4 — 6 samples which
may be attributed to filling of a localized Sb state or defect state. This is the first example where
this effect has been document for compounds of the 14-1-11 structure and merits further
investigation with other cations and theory. The Seebeck coefficient does not show a significant

difference for any of the samples at the highest temperatures (> 1000 K) indicating that the
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samples are transitioning from a light I' band (VB1) to a heavy, highly degenerate N-P band
(VB2) which allows for sustained Seebeck coefficients. The increasing carrier concentration
and expanding band gap of Ybi3.xCa,BaMgSbi are credited with the disappearance of bipolar
conduction (> 1000 K) observed in Yb14MgSbi1. The temperature dependence of the resistivity
for the x =4 — 6 samples is semiconducting in nature at low temperatures and metallic at high
temperatures and is within 2 mQcm for all samples at 1273 K. Speed of sound measurements
show that the lattice becomes stiffer with substitution of Yb for the more ionic Ca cation. As a
result, the lowest k; is not seen in the x = 6 sample which has the stiffest lattice. The x =3 and
4 samples have the lowest k; and k;,; due to a combination of significant alloy scattering and
minimum lattice stiffening. Thermal conductivity measurements also show the mitigation of
bipolar conduction at > 1200 K with increasing Ca. The low k;,; of the x = 4 sample leads to
a zT of 1.32 with a 16% weight reduction compared to Ybi4sMnSbii. This aspect is of
fundamental importance, especially for space applications, where such reduction in weight can
translate in a reduction of launch costs of several tens of thousands of dollars. Furthermore,
this work gives a wide range of 14-1-11 compounds with excellent z7"’s that can be chosen for

desired thermal or electrical properties for optimal segmented thermoelectric devices.>!

5. Associated content. Additional crystallographic data for Ybio.15Caz.42Bao2sMgi.18Sbii
in CIF file format is attached; a table of EMPA data before and after calculations, a table
containing atomic coordinates and equivalent isotropic and anisotropic displacement
parameters, plots of Rietveld refinement for polycrystalline samples, and plots of experimental
Seebeck, thermal diffusivity, and resistivity data, the parent crystal for structural and magnetic
studies, carrier concentration vs Ca content at 300 K, SEM of the samples studied, and analysis
of the onset of low temperature bipolar conduction (PDF). This material is free of charge and

available at http://pubs.acs.org.
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The series Ybi3.xCa,BaMgSbi1 (x =1 — 6) has been synthesized and structure and transport
properties measured. The evolution of properties can be understood employing the electronic
structures of A14sMgSbi1 (A =YD, Ca). The samples show a sustained Seebeck coefficient at
high temperatures (> 1000 K) and thermal conductivity is reduced by alloy scattering leading

toazTi200k ~ 1.3.
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