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ABSTRACT: Zintl phases have potential applications as thermo-
electric materials for power generation and cooling owing to their
complex crystal structures and unique electronic properties. We
carried out reactions of silicon with barium and strontium in excess
Mg/Zn flux to synthesize (Ba/Sr)s,,Mgo,Si;, Zintl phases,
investigating the effect of varying Ba/Sr ratio on site mixing and
thermoelectric properties. (Ba/Sr)s,,Mg;.,Si;, compounds with 0
< & < 3 are charge-balanced Zintl phases which adopt the
hexagonal HogNi,4P;, structure type (space group P62m). Density
of states calculations indicate that these materials are semimetals.
Single-crystal X-ray diffraction data and elemental analysis for
BagMg,oSii, Bay 36512 94Mgi6.20Si12 Baz 63814 20Mgi6.17Si12,
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Ba, 3S15,00Mg;4,08S112, and Sr;g,Mg s 15Si;, show occupation of barium and strontium cations in Ho sites, while strontium mixes
with magnesium on a specific Ni site. Powder XRD data of products show that they are single phase throughout the sample.
Thermoelectric measurements indicate that increasing strontium content and mixing on three cation sites decreases thermal
conductivity; it is hypothesized that improved overall thermoelectric behavior is likely due to the rattling of the Sr cations in their

positions.

B INTRODUCTION

Thermoelectric materials generate an electric potential in
response to a temperature difference across them (Seebeck
effect) or, alternatively, create a temperature difference when
subjected to an electric potential (Peltier effect).’ These
behaviors can be used for waste heat recovery or electronic
cooling. Thermoelectric response is dependent on the Seebeck
coefficient S, electrical conductivity 6, and thermal con-
ductivity x (which is the sum of contributions from electron
motion and lattice vibration)."”” In thermoelectric materials,
achieving an optimal figure of merit zT (2T = [S*6/(k. + k1)]
T) is crucial for enhancing the efficiency of energy conversion
from heat to electricity, and vice versa. The lattice thermal
conductivity (ki) serves as an autonomously adjustable factor,
representing the most straightforward method for improving
the figure of merit by reducing the thermal conductivity
without adversely affecting the electrical properties. An
effective way to reduce k is to introduce disorder by
substitution and doping."”~° Aliovalent doping can modify
the number of charge carriers and in some cases deteriorate the
figure of merit zT. Isovalent substitution on the other hand can
maintain charge-balance while enhancing phonon scattering.”
Substitution of smaller atoms is of particular interest for a
lower k. If atoms are too small to fit into their sites, the weak
bonding to surrounding atoms allows the central atom to move
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off its position. This off-centering can result in static disorder,
or cause “rattling” if the atom shifts between equivalent
positions, and is typically observed as high atomic displace-
ment parameters or site splitting in the crystal structure. This is
sometimes seen when atoms are doped into the vacant sites of
skutterudites; the addition of TI into Co,Sb;, was observed to
significantly reduce lattice thermal conductivity due to the
resonant scattering of acoustic phonons by TI rattlers.®
Similarly, the framework structure of clathrates can cause off-
centering or rattling of guest atoms in oversized cages which
lowers thermal conductivity; these materials have significant
interest for their thermoelectric potential.”"’

Zintl phases, with complex structures featuring a mix of
electropositive metals and electronegative metalloids, are often
narrow band gap semiconductors or semimetals.'' This is due
to transfer of electrons to form anionic metalloid species
surrounded by cations, resulting in a charge-balanced material
with a small band gap. Magnesium silicide (Mg,Si) stands out
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due to the high abundance and nontoxicity of its constituent
elements. This cubic antifluorite structure compound has a
narrow band gap and high-temperature operation potential,
making it a prime candidate for optimizing lattice thermal
conductivity through doping."”~"* A notable example by V. K.
Zaitsev et al. demonstrates this, where doping Mg,Si with Sn
anions enhanced its thermoelectric figure of merit from about
0.15 to 1.2 at 700 K."> Replacing magnesium with calcium
yields Ca,Si with the orthorhombic anti-PbCl, structure in
space group Pnma; this compound exhibits semimetallic
behavior. If one of the calcium sites is completely substituted
by magnesium, this leads to CaMgSi with the TiNiSi structure
type. CaMgSi is also semimetallic and has shown promising
thermoelectric properties.'® The synthesis of CaMgSi using
Mg flux enables the formation of large crystals of this
material.'” A recent study of bulk CaMgSi and its off-
stoichiometric Ca;_ Mg, ,,Si variants suggested that optimizing
the Mg/Ca ratio could enhance the thermoelectric perform-
ance of these Zintl phases.'

More complex metal silicides can be formed by integrating
heavier alkaline earth metals like barium. A variety of (A/
Mg),Si Zintl phases (with A = Ca, Sr, Ba, Eu, and Yb) were
successfullg grown as large crystals using Mg-based flux
reactions."® These compounds maintain the charge-balanced
2:1 ratio of alkaline earth elements to silicon but exhibit more
complex structure types. This is exemplified by
Ba, ¢Ca, ;JMgy,Si; which has a hexagonal Zr,Fe,P,-type
structure and promising thermoelectric properties, as evi-
denced by its zT of 0.35 at 900 K."” Similarly,
Bay Yb, ;Mg 3Siss, BasYb, ,0Mg 6715y, BagYb, g4Mgig165i13
and Ba,YbggsMg;,1,5i; adopt HoygNigsPy3, HosNijoP,
HogNi,,P,3, and Zr,Fe,P,-type hexagonal structures, respec-
tively.'® In these compounds, barium occupies the Ho (or Zr)
sites; magnesium or Yb/Mg mixtures occupy the transition
metal sites, and silicide anions occupy phosphorus sites.
However, the effect of systematic mixing of atoms in specific
crystallographic sites while maintaining the structure has not
been investigated for this family of silicides.

In the present study, we reacted silicon with barium and
strontium in a Mgrich flux to grow a series of (Ba/
Sr)s,Mg19,Si;, Zintl phases as large crystals. These semi-
metallic compounds adopt the hexagonal HosNi ¢P;, structure
type. As the Ba/Sr reactant ratio is changed, corresponding
variations are seen in the occupancy of three specific
crystallographic sites in the structure. Site mixing is anticipated
to enhance phonon scattering and potentially reduce thermal
conductivity; this was confirmed by measurements of the
thermoelectric properties.

B EXPERIMENTAL PROCEDURE

Synthesis. To carry out flux reactions, desired stoichiometric
ratios of barium pieces (99.2%, Alfa Aesar) and strontium granules
(99%, Beantown Chemical) were weighed and loaded into a niobium
tube containing 22 mg of magnesium slug (99.95% Alfa Aesar), 8
mmol of zinc shot (99.99%, Alfa Aesar) and 3 mmol of silicon powder
(99.9%, Beantown Chemical) in an argon-filled glovebox. The
reaction ratios are listed in Table 1. The niobium crucible was
welded shut in the argon-filled glovebox and then flame-sealed into
quartz tubes under a vacuum. All reaction ampules were placed in a
muffle furnace and heated from room temperature to 1323 K in S h,
held at 1323 K for 10 h, cooled to 1023 K in 100 h, and held at 1023
K for 24 h, at which point the reaction ampules were quickly removed
from the furnace, inverted, and centrifuged to remove excess flux.
During this process, crystals adhere to the sides of one end of the

Table 1. Amounts of Ba and Sr (in Millimoles) Reacted with
3 mmol of Si in a Flux of 22:8 mmol Ratio of Mg/Zn; and
the Corresponding Product Compositions from SC-XRD
Analysis and SEM-EDS Elemental Analysis

Ba Sr Refined composition Elemental Analysis
3 0 BasMg,oSiy, Ba, ¢Mg,5Si; 7
225 0.75 Ba, 36515.04Mg 16205112 Ba, 5651,76Mg17.455112
LS LS Baj 6351420Mg16.175112 Ba; 7,514 ,3Mg16Si1,
0.75 225 Ba, 93815, 99Mg16.085i12 Ba, 945r5.35Mg16.835112
0 3 Sr7.5,Mg16.185112 Sr76Mg16.1051133

niobium crucible. No filter was employed to separate the crystals from
the molten flux. The crucibles were then cut open, and crystals of
product were removed.

Elemental Analysis. SEM-EDS analyses were carried out using an
FEI Nova 400 NanoSEM equipped with energy dispersive spectros-
copy (EDS) capabilities. The crystal samples were mounted on
aluminum pucks using carbon tape. To prevent any artifacts from the
aluminum, the puck surfaces were entirely covered by the tape. The
samples were analyzed using an acceleration voltage of 30 kV. Some
regions of the crystal surfaces retained remnants of flux droplets,
necessitating measurements to be conducted on either cleaved
samples or areas free from flux. The resulting data on cleaved
samples confirmed the absence of any zinc from the flux or elemental
incorporation from the niobium crucible used in the process. The
observed compositions are listed in Table 1.

Structural Characterization. The products were examined under
an optical microscope, and tiny crystals with shiny surfaces were
mounted on Hampton Cryoloop holders using Parabar oil. Single-
crystal X-ray diffraction (SCXRD) data were collected by using a
Rigaku XtaLAB Synergy-S diffractometer equipped with a Mo—Ka (4
=0.7107 A) source. Data were collected at room temperature, and the
structure solution was determined by direct methods and refined
using the SHELXTL program suite.”>*" The structures of all of the
(Ba/Sr)s,,Mgy9,Si;, compounds were solved in the HogNi P,
structure type in hexagonal space group P62m. All atoms were
refined anisotropically. Due to being a light atom on a high symmetry
special position surrounded by heavy atoms, the Mg on the la
Wyckoff site on (0,0,0) exhibited unusual thermal parameters in all
data sets. Face-indexing of the crystal and associated numerical
absorption corrections were found to be effective in addressing this
issue for the majority of the analogs studied, although the thermal
ellipsoid for this site typically remains elongated along the c-axis.
However, the Ba;Mg),Si;, and Sr;g,Mg)¢5Si;, analogs still exhibited
negative ADP values on this site and were therefore refined
isotropically. Further crystallographic information for these com-
pounds is shown in Table 2 and is also available as Crystallographic
Information Files from the CCDC under the deposition numbers
listed in the table.

Powder X-ray diffraction data were collected using a Rigaku
SmartLab diffractometer (Cu Ka, 1 = 1.54051 A, 40 kV, 44 mA).
Samples were ground to a fine powder using a mortar and pestle and
placed on a small, zero-background sample holder. The scans were
performed from 10° to 80° 2-theta, with a step size of 0.03° at 4 s per
step.

Thermogravimetric Analysis/Differential Scanning Calorim-
etry. TGA-DSC measurements on a sample of Bas 43Sr,,0Mgi41-,511,
were carried out using a TA Instruments Q600 SDT. The sample was
heated to 1173 K at 10 K/min under flowing argon and then allowed
to cool; data were collected during heating and cooling. PXRD data
were collected on the sample after this process to investigate any
resulting structural/composition changes.

Calculations of Electronic Structure. The electronic structures
of BagMgoSi;, and Sr;g,Mg6 sSi;, were investigated via DOS
calculations employing Stuttgart TB-LMTO-ASA software. These
computations drew from atomic coordinates and space groups
obtained from single-crystal X-ray diffraction analyses.”*** To
minimize the computing challenges of site mixing, we used ordered
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Table 2. Crystallographic Data Collection Parameters for (Ba/Sr),,,Mg,.,Si;, Compounds

BaMg,4Si;, Ba, 36515.94Mg16.205i12
M, (g/mol) 1485.67 1655.98
Crystal system
Space group
Temp (K)
a (A) 14.6392(2) 14.9113(3)
c(4) 4.47754(9) 4.5507(1)
V (A% 831.00(3) 876.27(4)
z 1
D, (g/cm?) 2.969 3.138
radiation Mo Ka Mo Ka
p (mm™) 6.631 10.510
Ri 0.0509 0.0846
limiting indices —-23<h<24 —-25<h<25§
-23<k<23 —26 < k<25
-7<1<7 -7 <1<7
no. of reflections 1476 1828
no. of parameters 45 47
GOF 1.123 1.119

R, wR, (all data)

R, wR, (I > 26(I))
max peak, hole (e”/A3)
CCDC No.

0.0263, 0.0695
0.0256, 0.0691
5.700, —0.860
2340498

0.0268, 0.0477
0.0230, 0.0470
2.865, —1.146
2355286

Baj 635r4.,0M816.175112 Ba, 93815, 99Mg) 6085112 Sr7.6:Mg16.185i12
1596.72 1517.89 1415.60
hexagonal

P62m

297(2)
14.9063(2) 14.8730(4) 14.8076(4)
4.5382(1) 4.5082(2) 4.4720(1)
873.28(3) 863.64(6) 849.18(5)
3.036 2919 2.768
Mo Ka Mo Ka Mo Ka
11.091 12.050 12.908
0.0691 0.1216 0.0570
—25<h<25 —25<h<2§ —23<h<22
—-25 <k <25 —25<k<24 —22<k<23
-7<1<7 -7<1<7 -7<1<7
1813 1762 1484
48 48 45
1.090 1.050 1.107

0.0226, 0.0512
0.0212, 0.0509
2.260, —0.726
2355176

0.0163, 0.0375
0.0152, 0.0374
1.953, —0.573
2355287

0.0370, 0.0720
0.0305, 0.0700
2297, —0.983
2340494

Mmm |1

1mm

1mm

Figure 1. Optical microscopy images (top, on mm grid paper) and SEM images (bottom) of (a) BasMg;oSi,, (b) Base3Sry20Mgi617Sii, and (c)

Sr;.:Mg16.18Si1, crystals.

models where the large atom positions (2c and 3g Wyckoff sites) were
occupied by only one type of atom, and the small atom mixed site (3f
Wyckoff site) was occupied by either Sr or Mg. The resulting model
compounds are BagMg,,Si;, and BagMg;Si;, (models for Ba;Mg,oSi,,
crystal samples), and SrsMg,,Si;, and SrgMg(Sij, (for
Sr;5,Mg6.16Si1;). To fill the unit cell and address vacancies, we
added empty spheres, where needed. An 18 X 18 X 6 k-point grid was
used in these integrations, processed through the tetrahedron method.
The orbital basis sets for these calculations consisted of 6s/6p/5d/4f
for both Ba and Sr and 3s/3p/3d for Mg and Si. The orbitals Ba 6p, Sr

6p, Mg 3d, and Si 3d were downfolded to streamline the computation
while maintaining the integrity of the electronic structure.
Thermoelectric Measurements of Ba;Mg,,Si;,,
Sr;8:M016.18Si12 and Basg3Sr,20Mgq6.175i, Crystals. For the
investigation of thermoelectric properties, single crystals were
fashioned into bar shapes and affixed onto a specially designed
holder with silver epoxy. This setup ensured alignment of both the
electric current and the heat gradient with the long axis of the crystals
(crystallographic c-axis). Thermal conductivity and Seebeck coef-
ficients for the samples were determined using the classic one-heater-
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Figure 2. (a) SEM-EDX elemental mapping along with analysis of four random spots from a crystal of Bas ¢;Sr,,0Mg;6175i;, from reaction of Mg/
Zn/Si/Ba/Sr at a millimolar proportion of 22:8:3:1.5:1.5; (b) elemental distributions of barium in purple, (c) strontium in green, (d) magnesium

in blue, and (e) silicon in red.

Sil

Si3

Figure 3. Structure of Baj 4351, ,0Mg;41-Si1,. Structure is viewed down the c-axis, with coordination of three different silicide anions shown as blue,
silver, and cyan polyhedra. Tricapped trigonal prismatic coordination of the three different silicide sites viewed perpendicular to the long trigonal
prism axis. Ba/Sr mixed sites (2c and 3g sites) shown in gray, Sr/Mg (3f site) in red, and Mg sites as yellow spheres.

two-thermometer technique. We utilized two Cernox sensors as
thermometers and a refined, polished metallic chip as the heating
element. Incremental power was supplied to the heater, inducing
stepwise thermal gradients through the specimens. The resulting
temperature differences and thermoelectric voltages were recorded
concurrently once the system reached thermal equilibrium at each
power increment. Separately, electrical resistivity was measured on the
same crystals using a four-wire configuration within a Quantum
Design Physical Property Measurement System (PPMS) in the
temperature range from 1.8 to 400 K.

B RESULTS AND DISCUSSION

Synthesis. Silicon was reacted with barium and/or
strontium in excess of a flux comprised of magnesium and
zinc. The Mg/Zn phase diagram has a eutectic point at a ratio
of 72:28 at. % which melts at around 614 K. Zinc effectively
lowers the melting point and viscosity of magnesium, thus
optimizing the reaction conditions and crystal growth as well
as facilitating the removal of the flux by centrifugation. Zinc

https://doi.org/10.1021/acs.inorgchem.4c01079
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(a)

(b)

>
>y (C)

Figure 4. Coordination environments of two unique Ba/Sr mixed sites in the (a) 2c site, (b) 3g site, and (c) Sr/Mg 3f site in (Ba/Sr)s,, Mg;0.,Sij,

compounds viewed along the c-axis.

Table 3. Comparison of Mixed Site Occupancies and Bond Lengths around the Ba and Sr Sites in the (Ba/Sr)s,,Mg;0.,.Si;,

Compounds

2c site occupancy
3g site occupancy
3f site occupancy
2c site - Si

2c site - Mg

3g site - Si

3g site - Mg

3f site - Si

3f site - Mg

BagMg,Si;,

100% Ba

100% Ba

100% Mg
3.442(2) Ax 6
3.652(2) Ax 6
3471(1) Ax 2
3.504(2) A x 4
3.5303(4) Ax 2
3.604(3) Ax 2
3.611(3) Ax 2

Ba, 46513.94M816.205112

100% Ba

95.0(8)% Ba/5.0(8)% Sr
93.0(6)% Sr/7.0(6)% Mg
3.5028(9) A x 6
3.723(1) Ax 6
3.515(2) Ax 2
3.5269(7) A x 4
3.5754(3) A x 2
3.598(2) Ax 2
3.624(1) Ax 2
3.040(2) Ax 1
3.241009) A x 4
3255(2) Ax 2
3.281(2) Ax 2
3.542(1) Ax 3

Ba; 6351420Mg16.175112
70.0(8)% Ba/30.0(8)% Sr
77.0(7)% Ba/23.0(7)% Sr
94.0(5)% Sr/6.0(5)% Mg
3.4958(6) A x 6
3.7193(9) A x 6
3.502(1) A x 2
3.5153(5) Ax 4
3.5625(2) A x 2
3.591(1) Ax 2
3.619(1) Ax 2
3.052(1) Ax 1
3237(1) A x 4
3263(1) Ax 2
3287(1) Ax 2
3.538(1) Ax 3

Ba 93815.90Mg16.085112
44(1)% Ba/56(1)% Sr
35(1)% Ba/65(1)% Sr
97.0(8)% Sr/3.0(8)% Mg
3471(1) Ax 6
3711(2) Ax 6
3.4752) Ax 2
3.4924(8) A x 4
3.5380(5) A x 2
3.579(2) Ax 2
3.610(2) A x 2
3.052(2) Ax 1
3227(1) A x 4
3271(2) Ax 2
3290(2) A x 2
3.5202) Ax 3

Sr74:Mg16.185112
100% Sr
100% Sr
94(6)% Sr/6.0(6)% Mg
3.4337(7) Ax 6
3.687(1) Ax 6
3.448(1) Ax 2
3.4592(6) A x 4
3.5008(4) A x 2
3.569(2) A x 2
3.605(1) A x 2
3.040(2) A x 1
3.2077(8) A x 4
3.261(2) Ax 2
3281(2) A x 2
3.494(1) Ax 3

functions as an inert solvent component, akin to the role of
aluminum in similar Mg/Al flux systems studied in our
group.'” Tt is notable that pure magnesium is not effective as a
flux compared to Mg/Zn.** The large amount of magnesium in
the flux promotes the formation of magnesium-rich products.
This likely prevents the formation of known AMgTt phases
with the orthorhombic TiNiSi structure type; for instance,
SrMgSi or BaMgSi is not seen.”* Instead, the reactions
reported here yield (Ba/Sr)s,Mgo,Si;, products with the
hexagonal HosNi P, structure type. Thermal analysis (TGA/
DSC under argon) suggests that they remain stable up to 1173
K; the PXRD analysis of samples before and after heating to
this temperature revealed no decomposition or change in
structure (see Supporting Information, Figure S2). Very minor
peaks around 873 K in the DSC data for Ba; 4351, ,0Mg; 41,51,
can be attributed to the melting/freezing of residual flux on the
specimen. Droplets of flux residue were observed on the crystal
surfaces by SEM-EDX analysis of selected crystals (Figure 1).
These (Ba/Sr)s,Mgo,Si;; compounds exhibit significant
resistance to oxidation, even after being exposed to air for
multiple weeks, but will dissolve in 1 M HClL To test the
oxidation resistance, Ba; ¢3Sr, ,0Mg)¢.1751;, crystals were ground
to powder and exposed to air for over a year without
degradation. Identical PXRD patterns of the aged powders
compared to fresh samples confirm their stability (Figure S3).

For the most part, the composition of the products displayed
the expected dependence on the initial Ba/Sr reactant ratios

(Table 1), highlighting the ability to control product
composition of flux reactions in the Mg/Zn medium.
BasMg)oSi;, is formed in reactions with only barium present
to react with silicon (Ba/Sr of 3:0). The other end-member
St 6:Mg14.1551), is formed at a Ba:Sr ratio of 0:3. For reactions
using both barium and strontium, Ba/Sr reactant ratios are
close to those seen in the composition of the product. For
example, with an equimolar Ba/Sr reactant ratio (1.5:1.5), the
resulting Baj ¢3Sr,,0Mg 61,51, product has almost equal
amounts of barium and strontium, although a slight preference
for Sr is observed. SEM-EDX elemental mapping of crystals of
this compound (Figure 2) revealed a consistent elemental
distribution across various sample spots; this indicates a
homogeneous distribution of Ba and Sr across the sample
rather than clustering of the elements into different regions.
The atomic percentages indicated by EDX are consistent with
those obtained through single crystal X-ray diffraction
(SCXRD) refinement of (Ba/Sr)s,.Mg,,Si;, samples, as
evidenced by Figures S4—S7 and Table S1.

Structure. The (Ba/Sr)s,.Mg;4.,Si;, compounds listed in
Table 1 have the HosNigP,, structure in the hexagonal space
group P62m. The formulae have 24 divalent cations (Ba**/
Sr**/Mg*") and 12 silicide anions (Si*”); the compounds are
therefore charge-balanced Zintl phases. The formation of only
HosNi oP),-type structures, rather than the related Zr,Fe ,P,-
type or Ho,(NigsP,;-type, is notable and may indicate that the
latter two structures are less stable under the reaction
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conditions used. The HoyNi 4P, parent structure has three
crystallographically unique phosphorus sites, two unique
holmium sites, and five unique nickel sites. All of the
phosphorus sites are occupied by silicon in the title
compounds. The holmium sites (2c and 3g Wyckoff sites)
are occupied by either barium, strontium, or a Ba/Sr mixture.
Four of the five nickel sites are completely occupied by
magnesium. The fifth nickel site (3f Wyckoff site) can
incorporate a mixture of magnesium and strontium. The
structure is shown in Figure 3.

In the context of thermoelectric properties, having a mixture
of cations in a crystallographic site promotes phonon scattering
through disorder within the unit cell.'"”*® The (Ba/
Sr)s,x«Mg10,5i;, analogs have possible cation mixing on three
sites in the structure (Ba/Sr mixing on the 2¢ and 3g sites, and
Sr/Mg mixing on the 3f site) which are shown in Figure 4.
Because of this extensive mixing on multiple sites, Vegard’s law
is not followed in this series of compounds. In BasMg;,Si,,, the
2¢ and 3g sites are fully occupied by barium; barium does not
mix on the 3f site, in accordance with the significantly larger
radius of Ba®* compared to that of Mg*". For Sr,,Mg;615Si1s,
the strontium not only fully occupies the 2¢ and 3g sites but
also dominates the 3f sites (Sr/Mg, 94%/6% mixing on this
site). In Ba; 4351, ,0Mg;6.175115, the 2¢ and 3g sites exhibit mixed
Ba/Sr occupancies (Ba/Sr percentages of 70%/30% in 2c, and
77%/23% in 3g). The 3f site is occupied by Sr/Mg, 94%/6%
(see Table 3).

In the endmember Ba;Mg,4Sij,, the bond lengths between
barium and silicon fall within the range 3.442(2)—3.503(4) A
(detailed in Table 3). This is similar to Ba—Si distances seen in
binary compounds Ba,Si and BaSi,, which range from 3.25 to
3.63 A’ Another binary Ba/Si compound of particular
interest is the clathrate phase BagSi. Clathrate structures are
characterized by frameworks that create cages around cations;
in some cases, these cages are too large to accommodate the
size of the cation, which then rattles. This aids in scattering
phonons and lowering the thermal conductivity. For BagSiyg a
wide range of Ba—Si distances from 3.33 to 3.97 A is seen.
The relatively uniform and shorter Ba—Si bond lengths in
BasMg,,Si;, suggest a more consistent local environment for
Ba atoms, possibly due to a more rigid and less spacious
structural arrangement compared to the clathrate’s cage-like
structure.”

In the strontium endmember Sr;g,Mg ¢ 5511, the Sr—Si
bond distances range from 3.4337(7) A and 3.4592(6) A in the
2c¢ and 3g sites, respectively. The Sr—Si distances in the binary
compound Sr,Si are reported to be between 3.16 and 3.26 A,*
and the distances in SrSi, range from 3.19 to 3.35 A" This
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highlights the slightly too large Sr—Si distance in
St 6:Mg 1615511, which might result in rattling of Sr cations.
The 3f site in this compound has a mixed occupancy of Sr/Mg,
with a (Sr/Mg)—Si distance of 3.040(2)—3.2077(8) A.

In Ba/Sr mixed samples, where Ba/Sr are cooccupying 2c¢
and 3g sites, and Sr is mixing on the 3f site, the observed (Ba/
Sr)-Si distance is even larger than that of Ba-rich and Sr-rich
samples. The presence of barium mixing in the 2¢ and 3g sites,
along with strontium mixing in the 3f site, serves to expand the
structure, leading to overall larger unit cell volumes and longer
(Ba/Sr)—Si bonds. In Baj¢;Sr,,0Mg;s.17Si1, (Ba/Sr)—Si bond
distances of 3.4958(6)—3.5153(5) A are observed, which are
notably larger than those in the individual Ba-rich
(BagMg,5Sij,) and Srrich (Sr;g,Mg415Si;,) compounds.
This increase in bond lengths within the Ba/Sr mixed samples
may lead to increased rattling of the heavy Ba and Sr atoms; a
decrease in the lattice thermal conductivity can be expected.

Despite the incorporation of four elements, complex
structure with multiple site mixing, and a high number of
possible competing binary and ternary products, PXRD data
indicate that the solids obtained from each reaction are
essentially single phase (Ba/Sr)s,,Mg;s.,Si;;. The resulting
powder patterns are shown in Figure S; all of the data sets
correspond to the HogNi P, structure type. The intensities of
several of the peaks change notably as lighter Sr is substituted
with heavier Ba in the mixed sites. Rietveld analysis was carried
out on the product of the reaction with equimolar amounts of
strontium and barium (1.5 mmol each); these data are
compared to the pattern calculated from the single crystal data
of Bay43Sr,,0Mgi61,5i1,. The Rietveld analysis of the powder
pattern indicated unit cell parameters a = 14.908(1) A and ¢ =
4.547(2) A, which corresponds closely with the lattice
parameters from single crystal data. Refinement of the
occupancies in mixed sites (Table S2, Supporting Information)
shows that the 2c¢ site is occupied by Ba/Sr at a 78%/22% ratio,
the 3g site is occupied by Ba/Sr at 70%/30%, and the 3f site is
occupied by Sr/Mg at 90%/10%. This yields an overall
composition of Baj¢,Sry03Mg)620S1;,. This is in good agree-
ment with the Baj; ¢4Sr40;Mg6,451), stoichiometry indicated by
refinement of single crystal data (see Table 3).

Electronic Structure and Transport Properties. To better
understand the electronic properties of (Ba/Sr)s, Mgjo.,Sij,
materials, Density of States (DOS) calculations were carried
out on four model compounds BasMg¢Sij,, BagMg)4Siis,
SrsMg 6Si,, and SrgMg ¢Sij,. This was achieved by substitut-
ing Ba or Sr for Mg in the 3f Wyckoff sites in the crystal
structure, transforming BasMg,,Sij, into BagMg;¢Sij, and
SrsMg Siy, into SrgMg6Si,.
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As shown in Figure 6 and Figure 7, all models exhibit a
pseudogap at the Fermi level. This is in agreement with the
charge-balanced nature of these Zintl phases.””*” The low (but
nonzero) density of states at Eg, is characteristic of semimetals.
The fact that there are some states at the Fermi level means
that there are available energy states for electrons to occupy,
but the number of carriers will not be as high as a typical metal,
which will lead to lower conductivity compared to a metal. The
partial density of states data show that silicon states dominate
the contribution to valence bands below the Fermi level, while
alkaline earth metal states dominate conduction bands above
Ep; this is in agreement with formation of silicide anions and
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metal cations. Comparison between BasMg;,Sij, and
BagMg,Si), indicates that the latter has more states at Eg
and should therefore be a better metal with higher
conductivity. However, the refined single crystal data indicated
a composition closer to that of the Ba;Mg;,Si;, model. For the
strontium models (depicted in Figure 7) the increased Sr
content of SrgMg,4Si), slightly decreases the pseudogap at the
Fermi level in the DOS, suggesting slightly more metallic
character compared to SrsMg,4Si;,, but not as high as a typical
metal. This suggests that the observed analogue
Sr;84Mg 61651, is likely a poor metal, with conduction
facilitated by the empty strontium states just above the
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Fermi level. While the mixed cation (Ba/Sr)s,,Mg;o.,Sij,
phases could not be modeled, their likely behavior can be
extrapolated from that of the end members. Due to their
charge-balanced Zintl phase nature and identical structure,
they are likely to have a pseudogap at the Fermi level, but the
depth of this gap may be influenced by the relative proportions
of Ba and Sr.

Thermoelectric Properties of BasMg;oSi;2, Sr75:MG 161585112
and Bas 4351, 0Mg;6.1,5i;,. The thermoelectric properties of
three analogs were measured. Figure 8a illustrates the electrical
resistivity (p) as a function of temperature (T) for single
crystals of the Ba-analog, Sr-analog, and Baj; ¢3St ,0Mg6.17,Si;,.
The barium endmember BasMg4Si;, demonstrates a pro-
nounced semiconductor-like behavior, consistent with prior
reports.”* Fitting of these resistivity data using the Arrhenius
equation indicates a very small intrinsic band gap of 2.2 X 1072
eV (Figure S9). The extremely small band gap and
semiconductor behavior indicate that the DOS calculations
underestimate the band gap as they show a pseudogap with the
presence of some (but not zero) electronic states at the Fermi
level.

The other two analogs have resistivity orders of magnitude
smaller, and both exhibit resistivity increasing with temper-
ature. These behaviors indicate that Sr;gMg4sSi, and
Baj 4351, ,0Mg16.1751;, are poor metals. The increased structural
disorder of the strontium analogs (with Sr/Mg mixing on the
3f site in both) and the broader bands of the heavier elements
may lead to the metallic behavior seen in Figure 8a.
BasMg,,Si;, on the other hand is well-ordered (100% Ba in
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the 2c and 3g sites; 100% Mg in the 3f sites) and more
magnesium-rich.

The Seebeck coeflicient behavior, depicted in Figure 8b,
shows positive values of S rising to around 60 yV/K at 350 K
for all three compounds, indicating that they are p-type
materials. Ba;Mg,Si;, shows a steep initial increase up to 50 K
and then a more gradual rise up to room temperature. In
contrast, the Sr-containing samples have a slight peak at much
lower temperatures (~3S K) with substantially lower values
than the barium analog. However, the Sr;gMg) 4,51, and
Baj 4351, ,0Mg16.751;, samples outperform the barium com-
pound in S at temperatures above 350 K. This suggests that Sr
not only contributes to reduced electrical resistivity but also
enhances the Seebeck coefficient at higher temperatures, which
may be due to the altered band structure in these samples.

Figure 9a and Figure 9b show the electronic (k) and lattice
(x.) thermal conductivities. The electronic thermal con-
ductivity depends on the resistivity as expected, being
calculated from p using Wiedemann—Franz law (x/o =
LT),** with the metallic compounds Sr; 8,Mg14.1551;, and
Bas 43S14,0Mg) 617511, showing high ki and the semiconducting
BasMg,,Si;, having a much lower value. The lattice thermal
conductivity clearly shows the impact of increasing disorder.
The barium analogue has the highest x;; while it contains
heavy barium ions, they are ordered within their sites in the
structure. The strontium-containing materials, with multiple
mixed sites, have lower k. It is somewhat surprising that
St 6:Mg 415511, has a lower thermal conductivity than the far
more disordered Baj ;Sr,,0Mg)¢,75i;,. This may indicate that
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the smaller strontium cations have a greater tendency to rattle,
leading to vibrational states that disrupt acoustic phonon
transport, in comparison to the larger barium ions. This will
enhance the thermoelectric performance without impeding
electrical conductivity. All three compounds exhibit the
expected peak at low temperatures which is due to the
decrease in lattice vibrations as the temperature drops (which
leads to an increase in ki) intersecting with the typical T°

temperature dependence at very low temperatures.***
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Figure 10. Dimensionless figure of merit zT as a function of the
temperature for BagMg,¢Siy,, Baj¢;3Sry,0Mgi6.175i;,, and
St7.5:Mg16.185112-

Finally, Figure 10 illustrates the dimensionless figure of
2
merit, zT = STJT, across all three samples. Notably, while

St 5:Mg 415511, did not exhibit the highest Seebeck coefficient
(S) values below 350 K, it has the highest zT value across the
entire measurement range (1.8 K < T < 400 K). This is largely
attributable to the lattice contribution to thermal conductivity
(x.), where this compound demonstrated the lowest value
among the three materials studied. This can be ascribed to the
rattling effect induced by the Sr ions, as previously discussed.
While the zT value is a relatively modest 0.11 at 400 K, it is
likely to rise with temperature. Comparison can be made to
Ba, ¢Ca, ;Mg ,Si; this was also grown in Mg-based flux and
has the Zr,Fe ,P,-type structure, which is simpler than the
HogNi4Si;, structure type exhibited by the (Ba/
St)s,:Mgio..Sij, phases studied here.'” At 400 K,
Ba, ¢Ca, Mg, ,Si; has a Seebeck coefficient of —70 uV/K
and a zT of 0.025; these values rise with temperature to values
of S =—175 uV/K and zT = 0.35 at 900 K." The behavior of
Sr75,Mgi6.15S11, at 400 K (S = 70 4V/K and zT = 0.11)
indicates that its high temperature thermoelectric properties
should be more impressive; further studies are needed.

B CONCLUSIONS

In this work, we synthesized a series of (Ba/Sr)s,,Mg;0..Si;
Zintl phases using Mg/Zn flux to investigate the role of the
crystallographic site mixing in modulating structural and
thermoelectric properties. The flux reactions enabled isolation
of single phase products with targeted compositions, which is
remarkable considering the number of possible binary and
ternary competing phases. Varying the Ba/Sr ratio affects the
occupancy of three sites in the structure that are amenable to
Ba/Sr/Mg cation mixing. Compared to the ordered
BasMg,,Si;, analogue (which has no site mixing), introduction
of Sr onto these three sites induces changes in the unit cell
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parameter and positions strontium atoms in sites that are too
large. The incorporation of Sr increased electrical conductivity
while it reduced the thermal conductivity. This leads to
improved thermoelectric properties seen for
Ba; 6351420Mg16,17511, and  Sr;g,Mgi415Si;, when compared
with those of BagMg¢Si;;. Our findings suggest that
substitution of smaller cations into the structure impacts the
figure of merit zT by lowering the thermal conductivity,
possibly due to rattling or off-centering of the Sr** cations, akin
to what has been observed in clathrates such as SrgGa, sGes.”>
Additional characterization of the positions and thermal
parameters of the Sr atoms at low temperature is needed to
shed light on this. Preliminary SC-XRD data collected on
S, 5Mgi4.155i;, at 100 K show some evidence of site splitting
for two of the Sr sites. Moreover, such findings strongly suggest
that exploring the substitution of even smaller cations such as
calcium or ytterbium into the highly flexible (Ba/
Sr)s,Mg10,Si;, structure could yield further enhancements
in zT.
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