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recently garnered attention due to their promising thermoelectric properties. In 1.00F" ' ' T-723K ]
this study, we explore the chemical bonding and elastic and thermoelectric {
properties evolution across the full YbMg,Bi, ,Sb, solid solution. The transition ~ 075 i } ? 5
from YbMg,Bi, to YbMg,Sb, leads to a continuous linear chemical-bond & (50l 1
shortening and thus a significant enhancement in elastic moduli and sound

. . . . . . . . . . 0 25 - - 4
velocity, resulting in overall significant lattice stiffening. Simultaneously, the shift : ~ ¢
toward more ionic chemical bonding leads to significant changes in the band 0.00— ! :

structure, particularly an increase in effective mass and a decrease in both carrier
concentration and mobility, which in turn reduces the power factor for Sb-rich
samples. However, a rapid increase in point-defect scattering causes the lattice
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thermal conductivity to drop from =3 to almost 1 Wm™' "K' at 300 K for the intermediate compositions, thus opening new room
for further optimization of the Sb-rich representatives of the YbMg,Bi, ,Sb,. Therefore, in this work, we have demonstrated that
despite the seemingly intrinsically higher thermoelectric performance in the Bi-rich region of the YbMg,Bi, ,Sb, solid solution, the
Sb-rich representatives may in fact be even more promising due to better mechanical and thermal stability and greater room for

further charge carrier concentration optimization.

B INTRODUCTION

Thermoelectric (TE) devices offer a solid-state means to
convert heat into electricity, holding promise for waste heat
recovery and refrigeration applications." The conversion
efficiency of a TE device is governed by the dimensionless
figure of merit (2T) of a material used as a working body.” In
turn, zT = a?>6T/K,,,, where a is the Seebeck coefficient, & is
the electrical conductivity, T is the absolute temperature, and
Kot = Kiae + K is the total thermal conductivity, representing
the sum of the lattice and electronic thermal conductivities,
respectively.’ Achieving a high 2T requires a large power factor
(a*c) and low k., which is not a trivial task since &, 6, and
are inherently interdependent.

Zintl phases have emerged as promising TE materials in this
context, as their intrinsically low ki, and complex crystal and
electronic structures make it possible to decouple electronic
and thermal transport.”” In particular, layered AM,X,
compounds (where A is a divalent cation, M a metallic
element, and X a pnictogen) crystallizing in the CaAl,Si,-type
structure have drawn extensive interest.’ These compounds
consist of covalent two-dimensional [M,X,]*” (M = Mg, Zn,
Cd; X = Sb, Bi) anionic slabs sandwiched between A** (A =
Ca, Mg, Eu, Yb) cation monolayers, and many exhibit excellent
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TE performance (for example, AZn,Sb,, Mg;Sb,, and AMg,Bi,
families).”

Many of the highest zT results among AM,X, type Zintl
compounds were obtained via isoelectronic substitution or
alloying on the cation sublattices, increasing carrier mobility
and/or inducing band convergence.”” AMg,Bi,-based com-
pounds, in particular, have been recently reported to achieve
zT & 1.3 at 873 K without the use of toxic elements (e.g., in
Euo‘szO‘ZCaO,SMgZBiZ).IO YbMg,Bi, in particular has shown
competitive thermoelectric performance in recent years (e.g.,
YbMg,Bi, 54Sby, with zT ~ 1 at 873 K)."""? Yet, Bi-rich Zintl
phases generally exhibit weaker chemical bonding compared to
their Sb-rich counterparts,”"* owing to the larger atomic radius
and lower electronegativity of Bi.'"'> Such a softly bonded
lattice typically results in a low Young’s modulus, thus lower
Kjp but also poor mechanical and thermal stability.'>'*'” In
the case of YbMg,Bi,, their weakly bonded interlayers can lead
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to microstructural instability at high temperatures (e.g., the
emergence of voids or phase segregation upon long-term
annealing), surface oxidation, and deterioration when exposed
to air or water, ultimately degrading its transport proper-
ties.'""'> These reliability challenges underscore a need to
balance intrinsic TE performance with mechanical robustness
and chemical stability in Bi-rich Zintl phases.

YbMg,Sb,, in turn, is a poor conductor exhibiting very high
resistivity and a large Seebeck coefficient when undoped due to
its semiconducting nature.'® At the same time, YbMg,Sb, has
significantly shorter Ybo—Sb and Mg—Sb bonds (higher bond
energy) than the corresponding bonds in YbMg,Bi,.
Strengthening the bonding is counter to the conventional
strategy of lattice softening,'® yet it directly addresses the
stability and durability concerns. Consequently, strengthening
the lattice by partial Sb substitution on the Bi sublattice is one
of the promising approaches to overcoming the processing/
handling and stability issues of YbMg,Bi,. Recent studies by
Wang et al. and Liang et al. have provided new insights into the
effects of Sb alloying in YbMg,Bi,, demonstrating that a
moderate increase in bonding strength can considerably
improve the material’s resistance to thermal degradation and
mechanical failure."”'* Ab initio calculations and sound
velocity measurements confirm that replacing Bi with Sb
stiffens the lattice in the YbMg,Bi, ,Sb, solid solutions. In
addition, Sb-alloyed samples were found to better preserve
their TE properties after long-term heating, whereas Bi-rich
samples suffered noticeable performance degradation. This
evidence illustrates that chemical-bond strengthening via Sb
substitution can yield a more robust thermoelectric material
without sacrificing efficiency, providing a valuable design
strategy for practical applications. To date, studies on the
YbMg,(Bi,Sb), system have largely focused on keeping the
anion entity fixed to be either Bi or Sb, while substituting Yb
and/or Mg-site with isovalent elements. To the best of our
knowledge, only two studies, by Wang et al.'' and Liang et
al,,'* have investigated Bi to Sb substitution. However, due to
the increased porosity in Sb-rich samples as mentioned by
Wang et al,'" their investigation was limited to x = 0.4 in Sb
content in YbMg,Bi, g3, Sb,. However, a comprehensive
investigation of the solid solution series YbMg,Bi, .Sb, is
important for elucidating the continuous evolution of the
material’s transport, structural, and mechanical properties.
Such an investigation can reveal whether any intermediate
compositions offer superior trade-offs, e.g., an optimal alloy
that maximizes phonon scattering while maintaining sufficient
carrier mobility, or any nonlinear effects (e.g., band
convergence or even structural transitions) that occur at
certain Bi/Sb ratios.

In this work, we present a systematic study of the
YbMg,(Bi,Sb), solid solution covering the entire range from
YbMg,Bi, to YbMg,Sb,. A series of polycrystalline
YbMg,Bi,_,Sb, samples was synthesized and characterized to
evaluate how gradually substituting Bi for Sb affects the
material’s thermoelectric and elastic properties as well as
chemical bond strength. We reveal the relationship between
anion composition and key transport properties, as well as
material hardness and elastic properties. The insights gained
here not only demonstrate the tunability of YbMg,(Bi,Sb),
materials for improved zT and durability but also may guide
further improvement in the Sb-rich end (e.g., through doping,
band structure modifications, or microstructural engineering)

to advance these Zintl phases toward practical thermoelectric
applications.

B MATERIALS AND METHODS

Synthesis. Bulk polycrystalline samples with nominal composi-
tions of YbMg,Bi,_,Sb, (x = 0, 0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.4, 1.6, 1.8,
and 2) were synthesized using mechanochemical synthesis, followed
by densification via spark plasma sintering (SPS). Ytterbium ingots
(Yb, Alfa Aesar, 99.9%), bismuth chunks (Bi, SN Plus, >99.999%),
antimony shots (Sb, Sigma-Aldrich, 99.999%), and magnesium
turnings (Mg, Sigma-Aldrich, 99.95%) were weighed according to
the stoichiometric ratios and loaded into a stainless steel milling jar
along with two 1/2-in. diameter stainless steel balls inside an Ar-filled
glovebox with oxygen and water vapor levels below S5 ppm.
Subsequently, the mixtures were subjected to high-energy ball milling
in an 8000D Mixer/Mill (SPEX SamplePrep). Based on previous
reports'"'>'"? and preliminary ball milling process optimization
(Figures S1—S3), 12 h of milling with a ball-to-powder ratio of
16:7 was used to ensure phase formation and reproducibility. All of
the as-milled powders were consolidated via SPS (322 LX, Fuji-SPS,
Japan) at 873 K for S min in a @10 mm graphite die under 50 MPa
uniaxial pressure in Ar atmosphere with heating and cooling rates of
100 and 25 K min~!, respectively. The densified pellets were then
annealed at 773 K for 10 h in an evacuated quartz tube.

Structural and Chemical Characterization. PXRD patterns
were collected at room temperature using a MiniFlex diffractometer
(Rigaku, Japan) with Cu—K, radiation (4 = 1.5406 A). Lattice
parameters were calculated through Rietveld refinement of PXRD
patterns by using the FullProf software package.”® The microstructure
and elemental composition of the sintered samples were examined by
field emission scanning electron microscopy (FESEM; Hitachi
SU8230, Japan) in conjunction with an energy-dispersive X-ray
spectroscopy (EDS) detector (X-Max", Horiba Scientific, Japan).

Elastic Moduli and Sound Velocity. To investigate elastic
moduli, the longitudinal (2;) and transverse (,) sound velocities of
YbMg,Bi, .Sb, were measured by a sing-around ultrasonic velocity
measuring instrument (UVM-2, Ultrasonic Engineering Co., Japan) at
room temperature. The Young’s (E), bulk (K), and shear (G) moduli
were calculated as

B dvr(3vl — 4?)

2 _ 2
| Ve

K= d[ulz - il/tz), and G = 1/d
3 (1)

where d is the sample density measured through the Archimedes
method with ethanol as the working fluid. In the Debye model, the
phonon density of states (pDOS) scales as g(w) & @?*/v*, so that each
acoustic branch enters thermodynamic and transport integrals with a
weight v73.2?* Accordingly, the average sound velocity v, is taken as
the cubic-harmonic mean

-1/3
111 2
w=1313t 3
13["1 "]] (2)

which properly accounts for one longitudinal and two transverse
modes in proportion to their contributions to the total pDOS.*

Vickers Hardness Measurement. Vickers hardness of each
sample was measured via the indentation method using a micro
Vickers hardness tester (HMV-G31, Shimadzu Co., Japan) on the
surface of polished samples under a load of F = 1.961 N and a hold
time of 10 s per measurement. Vickers hardness values were
calculated as HV = 1.891F/(2I)* (21 is the diagonal length of the
indent). To get a constant average value and the respective error bar,
at least S indents were collected.

Thermal Property Measurement. The total thermal con-
ductivity (k) was estimated through the well-known formula k,, =
xCyd, where y is the thermal diffusivity and C, is the specific heat
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Figure 1. (a) Room-temperature powder X-ray diffraction patterns for YbMg,Bi,_,Sb, (x = 0, 0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.4, 1.6, 1.8, 2) samples after
spark plasma sintering and annealing. (b) Enlarged section of part (a) in a 26 range from 22 to 29°, where the Bi secondary phase has the most
intensive reflection indicated by a black solid triangle (¥). Bragg’s reflections for the YbMg,Bi, phase, taken from ref 24 are indicated by gray ticks
on the top part of the figure. The lattice parameters (c) a, (d) ¢, and (e) unit cell volume V of YbMg,Bi,_,Sb, are shown as a function of increasing
nominal Sb content. The a and ¢ parameters experience a slight linear contraction of ~2% in good agreement with Vegard’s law, resulting in a ~5%
shrinkage of the unit cell volume V. Reference data shown in parts (c—e) taken from refs 11,12,18,24—26 (open gray symbols for polycrystals and

filled gray symbols for single crystals, respectively).

capacity. The thermal diffusivity y was measured on graphite-coated
disk-shaped samples using the laser flash technique (LFA 467
Hyperflash, Netzsch, Germany) and analyzed using a modified Cape—
Lehman model with pulse correction.”” The C, was approximated
using the model proposed by Agne et al. and calculated for each
composition.”® The lattice thermal conductivity (kj,) was calculated
from K, by subtracting the electronic contribution (k) estimated
according to the Wiedemann—Franz law, where k, = oLT. L is the
Lorenz number derived from the Seebeck coefficient (a) as L = 1.5 +
exp{—lal/116} in the framework of the effective mass model with
transport in a single parabolic band limited by acoustic phonon
scattering (SPB-APS).””

Electrical Transport and Hall Measurements. The Seebeck
coefficient () and electrical conductivity () were simultaneously
measured on rectangular bars using a commercial apparatus (ZEM-3,
ULVAC Inc., Japan) under partial He pressure. Electrical resistivity
and Hall effect measurements were performed at room temperature
using a standard five-probe configuration implemented in a physical
properties measurement system (PPMS9T, Quantum Design Inc.).
Electrical contacts were made with a 0.05 mm platinum wire and
silver paste (Ted Pella, Inc.). A thin layer of gold was predeposited
onto the contact area to improve electrical contact. The Hall
coefficient (Ry;) was obtained from the linear fit of the magnetic field
dependence of the Hall resistivity in a range from +5 T. The charge
carrier concentration (n) was also calculated assuming SPB-APS as n
= ry/eRy, with e representing the elemental charge, and ry
representing the Hall factor, which depends on the chemical potential
and carrier scattering mechanism. Charge carrier mobility (1) was
calculated as y = ¢ = Ry/ry. Samples were slightly polished prior to
each measurement. Between measurements, the samples were kept in
a desiccator under a static vacuum of ~2.5 X 10~ mbar.

The uncertainty of the Hall measurements was estimated to be in a
range from S to 10%, 6% for the Seebeck coeflicient, 8% for the
electrical conductivity, 11% for the thermal conductivity, and 16% for
the figure of merit zT.*° Error bars are not shown in some figures to
improve the readability.
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B RESULTS AND DISCUSSION

Phase Identification and Microstructural Analysis.
The room-temperature powder X-ray diffraction (PXRD)
patterns of polycrystalline YbMg,Bi, .Sb, samples are shown
in Figure la. The main diffraction peaks for all compositions
correspond to the YbMg,(Bi,Sb), phase with a trigonal
CaALSi,-type crystal structure (space group P3ml).”* A
weak reflection near 260 =~ 27° is observed in all samples
except for the pure YbMg,Sb, end-member (x = 2), as
highlighted in Figure 1b. Within the detection limits of PXRD,
this peak is attributed to residual Bi, typically observed as a
secondary phase in this family of compounds.'!!'*?>>2¢313>
With increasing Sb content, the main diffraction peaks shift
systematically toward higher 26 values (Figure 1b), indicating
a linear decrease in lattice parameters in agreement with
Vegard’s law (Figure 1c,d). This behavior is consistent with the
smaller atomic radius of Sb (1.45 A) compared to Bi (1.60
A),** and confirms the successful substitution of Sb at the Bi
site, forming a complete solid solution across the
YbMg,Bi, ,Sb, series. The qualitative analysis was further
validated by Rietveld refinement (Table S1 and Figure S4),
which quantitatively confirms the monotonic decrease in lattice
constants and the associated contraction of the unit cell
volume (Figure le). The refined lattice parameters for pristine
YngZBi%é?d YbMg,Sb, agree well with previously reported
values. ~7"™

All YbMg,(Bi,Sb), samples exhibit a fine and dense
microstructure, typical for Zintl compounds, obtained by
high-energy ball milling, followed by spark plasma sintering.
The relative density was measured to be above 95% of the
theoretical density (Table S1) for all of the samples. EDS
analysis, in turn, confirms the presence of relatively small in
size (much less than ~1 ym) Bi inclusions, while also revealing
a small amount of rather large (tens of microns) MgO
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inclusions that were not detected by XRD. As mentioned
above, such secondary phases are typically observed in these
compounds, yet they are difficult to detect due to the high
reactivity and susceptibility of the material to oxidation and
reaction with water, which complicates measurements and
accurate SEM surface analysis.”> At the same time, the actual
composition of main phase YbMg,(Bi,Sb), is confirmed to be
close to the nominal one, with a uniform distribution of the
constituent elements (Figures SS—S7).
Composition-Dependent Elastic Properties. As men-
tioned above, the unit cell volume (Figure le) and thus
average bond length decrease with Sb content. As a result,
Young’s modulus, as well as bulk and shear moduli, increase
linearly with increasing x due to Mg—(Bi,Sb) bonds becoming
shorter'>** and show an ~45% increase with transition from
YbMg,Bi, to YbMg,Sb, (Figure 2a), which is quite noticeable
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Figure 2. Evolution of (a) elastic moduli, (b) HV, and (c) sound
velocities with x in YbMg,Bi,_,Sb, at room temperature. Note that
the light gray lines are guides for the eye. Literature data for
polycrystalline YbMg,Bi,_,_sSb, (x < 0.6) reported by Liang et al.
(ref 12) is also shown for comparison (open gray symbols).

and, perhaps, greater than one might expect from the 5%
increase in unit cell volume. This trend also holds for the bulk
and shear moduli, which increase by 13 and 57%, respectively.
Although the shear-to-bulk modulus ratio increases toward Sb-
rich compositions, which is typically associated with greater
brittleness,”” our experimental observations during sample
handling suggest the opposite: Sb-rich samples were noticeably
easier to work with, exhibiting greater compliance and
resistance to fracture during polishing and cutting. This is
also corroborated by a 68% increase in Vickers hardness (HV)
from 214 for YbMg,Bi, to 360 for YbMg,Sb, (Figure 2b). As
well as elastic moduli and HV, average sound velocity also

6785

increases from 1995 ms™' for YbMg,Bi, to 2786 ms~! for
YbMg,Sb,, demonstrating an ~40% enhancement (Figure
2¢).*® Together, this indicates a clear tendency toward stronger
bonds in Sb-rich YbMg,Bi, ,Sb,, which may be attributed to
the greater electronegativity difference (Ay) and thus higher
Pauling bond dissociation energy of Mg—Sb bonds (Ay = 0.66,
3.0 eV) compared with Mg—Bi bonds (Ay = 0.3, 1.9 eV)."”
The increase in the Pauling bond dissociation energy and
ionicity of chemical bonding undoubtedly affect both the
electronic and thermal transport properties, which will be
discussed in detail in the following sections.

Temperature-Dependent Thermoelectric Properties.
For YbMg,Bi,_,Sb, samples with x < 1, ¢ exhibits a metal-like
temperature dependence (Figure 3a), as expected for
degenerate semiconductors.”’ This also correlates with the
Seebeck coeflicient a, which increases almost linearly with
temperature and remains below 200 VK™ across the entire
temperature range studied (Figure 3b). In contrast, samples
with ¥ > 1 show thermally activated transport behavior, as
evidenced by the decrease in ¢ with temperature and the
corresponding increase in the absolute values of ¢, indicating
nondegenerate transport behavior (Figure 3ab). In turn, the
increase in the maximum Seebeck coefficient (S, ) and its
shift toward lower temperatures with increasing Sb content
signifies an increase of the band gap E, according to the
Goldsmid—Sharp relation, E, = 2€SmaxTmae . The correspond-
ing values of the thermal E,, obtained from the temperature
dependence of the Seebeck coefficient (Figure 3b), 0.21 eV for
YbMg,Bi,, 0.31 eV for YbMg,BiSb, and 0.38 ¢V for YbMg,Sb,,
are in good agreement with the previous studies'®”” and
confirm the gradual increase in band gap with Sb substitution.
The power factor for all of the samples (Figure 3c) is
calculated using the experimental @ and ¢ values across the
entire temperature range. The power factor shows an
increasing trend with temperature and then saturates at higher
temperatures for compositions up to x = 0.8, while for
compositions beyond this, a’c increases monotonically over
the entire temperature range. The temperature dependence of
a*o follows that of a, while the change in magnitude with
temperature closely resembles the changes occurring in ¢ with
T.

The total thermal conductivity k. gradually decreases with
temperature (Figure 3d), as expected.”® The maximum values
of K, are observed for the two end compositions among the
series of synthesized YbMg,Bi, ,Sb, samples, while a
significant drop in thermal conductivity is obtained for the
remaining compositions. The lattice thermal conductivity ki,
of YbMg,Bi, and YbMg,Sb,, in turn, exhibits a ~T~'
temperature dependence, while the remaining intermediate
compositions follow a ~T~*° temperature dependence (Figure
3e), signifying the changing scattering mechanism in the
solid—solution compositions over the pristine samples, as
discussed in detail below. Although there is a decline in both
the power factor and thermal conductivity in Sb-substituted
samples, the degree of reduction for kj, outperforms the
reduction in o’o, resulting in the highest zT for the x = 0.2
composition. Overall, zT for all of the samples shows a steady
increase with temperature, with the highest zT ~ 0.9 at 723 K
achieved for the YbMg,Bi, ¢Sb,, sample. Across the composi-
tional range examined, the zT values reported in this work are
generally consistent with those from previous studies by Wang
et al.'' and Liang et al,"? especially at room temperature,
where all three studies show similar performance with only
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Figure 3. Temperature dependence of the (a) electrical conductivity 6, (b) Seebeck coefficient a, (c) power factor a’c, (d) total k., and (e) lattice
Ki,e thermal conductivities, and (f) the figure of merit zT for YbMg,Bi,_,Sb, (x = 0, 0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.4, 1.6, 1.8, 2) samples.
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Figure 4. Seebeck coefficient & of YbMg,Bi,_,Sb, samples (a) versus charge carrier concentration n (Pisarenko plot) and (b) logarithm of electrical
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represent the Pisarenko formula for different weighted mobility values (,, in cm® V™~

1's71),% each labeled next to its corresponding line at the

bottom part of the figure. Evolution of charge carrier (c) concentration n and (d) mobility ¢ with x in YbMg,Bi,_,Sb, at room temperature. The
light gray lines in parts (c) and (d) are guides to the eye. Literature data for other YbMg,Bi, . Sb, (0 < x < 0.4) reported previously (refs
10,11,18,19,24—26) is also shown for comparison (open gray symbols for polycrystals and filled gray symbols for single crystals, respectively).

minor variation (Figure S7f). At an elevated temperature (723
K), the reported data in this work not only maintains overall
agreement with literature but also demonstrates a slightly
higher zT for the composition with x = 0.2, reaching ~0.9
(Figure S8). These observations underscore the reproducibility
of thermoelectric trends across various studies, considering the

. . . .30
uncertainty in zT estimation.
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Composition-Dependent Electrical Properties. We
analyzed and compared the electronic properties of our data
by using an effective mass model assuming a single parabolic
band transport limited by acoustic phonon scattering at room
temperature. The Pisarenko plot (Figure 4a) shows a clear shift
toward higher effective masses as Bi is progressively replaced
with Sb. The increasing density of states effective mass (m)
reveals the possible evolution of the band structure upon Bi
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substitution with Sb. This is further supported by the Jonker
plot (Figure 4b), which deviates from the expected slope of
—86.291 uVK ™" (shift toward lower weighted mobility; u,,) for
acoustic phonon-limited scattering, indicating changes in the
band structure and/or scattering mechanisms.*’ The fact that
carrier mobility (u) is inversely })roportional to band effective
mass (mi¥) through p o (mi¥) ™52 suggests that the decrease in
mobility is due to an increase in mjf with increasing x.
Therefore, according to the relation m¥ = N**mi, the DOS
effective mass (m¥) should also increase with increasing m{,
i.e., with increasing Sb content, as is observed in Figure 4a. The
increasing mJ values with increasing Sb content is also
supported by the insights drawn from previous DFT
calculations on YbMg,Bi, and YbMg,Sb, systems, where
YbMg,Bi, is identified as a direct band gap semiconductor with
a smaller effective mass (m* = 0.6) compared to the Sb-based
system (m* = 1).'%%

Interestingly, a subtle change in the Seebeck coefficient for
compositions 0 < x < 1 (110 UVK™! for x = 0 to 130 pVK™!
for «x 1) followed by significant changes in « for
compositions beyond x = 1 (158 uVK™' at x = 1.2 to 366
uVK™' at « 2) (Figure 4a,b) can be attributed to
corresponding changes in the charge carrier concentration
(n), as shown in Figure 4c, where no change in the order of n is
observed for Bi-rich compositions while a significant reduction
follows for the Sb-rich compositions, thus influencing the trend
in o with Sb content at room temperature. The decrease in
charge carrier concentration, though not monotonically, upon
Sb content can be mainly attributed to the increase of the band
gap, accompanied by the increasing electronegativity difference
between the cation (Yb**) and the anionic framework
[Mg,(Bi,Sb),]*". In addition to this, the influence of secondary
phases, in particular elemental Bi, cannot be excluded. The
reduction of elemental Bi fraction (Figure 1b), along with the
increase in the band gap, may affect the defect energetics,
thereby contributing to the decrease in charge carrier
concentration.”” Thus, the observed trend in charge carrier
concentration likely reflects the combined influence of
evolution in the electronic structure and native defect
energetics. To provide a more reliable confirmation of the
increase in band gap, E, we used the Goldsmid—Sharp
relation,® E; = 2e8;,0Tmaw to estimate thermal E, from the
Seebeck coefficient data (Figure 3b). While this method may
underestimate the magnitude of Eg,41 it can capture the trend
within a series of samples. Correspondingly, the estimated E,
for YbMg,Bi,, YbMg,BiSb, and YbMg,Sb, are 0.21, 0.31, and
0.38 eV, respectively, confirming the expected trend. More-
over, the increase in electronegativity difference of Mg—Sb
bond (Ay = 0.66) compared to that of Mg—Bi (Ay = 0.3)
contributes to a decrease in carrier mobility”'>'" (), as
shown in Figure 4d.

Figure S6 shows an increasing trend in the effective mass
(m¥) with x, where a small but prominent peak in mj was
observed for the composition YbMg,Bi; 4Sb, 4. At this point, it
is important to note that most studies on AM,X, compounds
assume acoustic phonon scattering (APS) as the dominant
carrier scattering mechanism when analyzing electronic
transport properties.'”'® However, some works have doubted
the dominance of APS, suggesting that it may not fully capture
the charge carrier transport behavior in these systems.”
Moreover, there is a growing body of work suggesting polar
optical phonon (POP) scattering as the dominant mechanism
in many materials.*>* Correspondingly, we calculated the
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effective mass by assuming both APS and POP mechanisms for
comparison. As shown in Figure S6, although the absolute
values of the extracted effective mass differ, the overall trend,
i.e., the increase of mj} with increasing Sb content, remains the
same. This increase in m{ with rising x can be interpreted in
terms of the crystal field-induced orbital splitting.** The
AM,X, Zintl compounds have the p-orbitals of the anions
dominating their valence band edge with an offset in the
energy (A) of p, and (p,, py) orbitals owing to the effect of
crystal field splitting, meaning that there is a separation
between these two sets of orbitals on the energy scale. As the
lattice parameters a and ¢ decrease with x (Figure 1c,d), the
crystal field splitting energy (A) should also vary, indicating
that the magnitude of separation (A) between the two sets of
orbitals will vary. Considering A dependence on a for several
AM, X, compounds, one may expect A to be more negative on
the energy scale for YbMg,Sb, than Yng2B12.44 A more
negative A value signifies a higher energy offset between the p,
and (p,, p,) orbitals at the I'-symmetry point in the band
structure. This implies that the difference in the energy of p,
and (p,, p,) orbitals of YbMg,Bi, is less compared to the
difference in the energy for the same set of orbitals of
YbMg,Sb,. Therefore, we can presume the (p,, py) orbitals of
YbMg,Bi, to be closer to the valence band maxima (VBM)
compared to the (p,, p,) orbitals of YbMg,Sb,. Hence, with the
increase in Sb content in the pristine composition YbMg,Bi,, it
can be expected that the energy difference between the p, and
(P p,) orbitals of YbMg,Bi, will slowly increase, shifting the
(pw p,) orbitals toward a more negative energy scale. Due to an
alloy composition, it is very much feasible that the shifts in (p,,
p,) orbitals of pure Bi-based composition will eventually lead it
to an overlap with the p, and/or (p,, p,) orbitals of Sb-rich
compositions at some intermediate value of x in
YbMg,Bi,_,Sb,. This speculated gradual shifting of one set of
orbitals toward the other set of p,/(p,, p,) orbitals, pushing it
toward an orbital overlap state, will gradually lead to an
increase in the overall band effective mass (m;*) and thus an
increase in the m¥, followed by a simultaneous increase in the
Seebeck coeflicient, supporting the experimentally observed
increasing trend in a while a decreasing trend in u with x
(Figure 4).

Composition-Dependent Thermal Transport. The
total thermal conductivity (k) of all samples was measured,
revealing a significant reduction of approximately 61% at room
temperature, e.g, from 3.36 Wm'K™' for YbMg,Bi, to 1.20
Wm'K™! for YbMg,Bi,sSb, , composition. Beyond x = 1.2, the
thermal conductivity gradually increases (Figure 3d). A similar
compositional trend was observed in the room-temperature
lattice thermal conductivity (kj,,), as shown in Figure S. Lattice
thermal conductivity values of 2.8 Wm'K ™' and 2.7 Wm'K™!
for the end-members YbMg,Bi, and YbMg,Sb,, respectively,
are in agreement with the reported values.””** Compositional
dependence of the k,, was further analyzed by employing the
Klemens model.*® The model accounts for the disorder scaling
parameter (u) obtained from the following equation.

3)

which includes the disorder scattering parameter (I') related to
u as

https://doi.org/10.1021/acs.chemmater.5c01433
Chem. Mater. 2025, 37, 6782—6790


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c01433/suppl_file/cm5c01433_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c01433/suppl_file/cm5c01433_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.5c01433?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

T T T T T T
3.0 —
T 25f 1
N
T
€ 20 -
g
®
X 15F { } ? i —
1.0 .
1 1 1 1 1 1
0.0 0.4 0.8 1.2 1.6 2.0

Sb concentration (x)

Figure S. Lattice thermal conductivity of the YbMg,Bi, .Sb, solid
solution. The dotted line shows the predicted reduction in kj,, from
the Klemens model (eq 3) at 300 K. Literature data for
YbMg,Bi,_,Sb, reported previously (refs11,12,18,19,25,26.) is also
shown for comparison.

2
, _ wORV, o
2 Kiat

hv, (4)

u

where ki, is the lattice thermal conductivity of the pristine
sample (i.e., YbMg,Bi,), ki, is the lattice thermal conductivity
of the Sb-substituted samples, h is Planck’s constant, &, is the
Debye temperature, V,, is the volume per atom, and v, is the
average velocity of sound for Sb-substituted compositions,
respectively. The obtained values of u and I" are listed in Table
S3. A reasonable fit for kj, is achieved, as shown in Figure S,
suggesting that point-defect scattering plays a central role in
the thermal transport of the solid solution system. The trend in
the obtained fitting parameters u and I" suggests that the mass
and strain fluctuation arising due to the Sb substitution at the
Bi site plays a vital role in the thermal conductivity of alloyed
compositions.

B CONCLUSIONS

We report the first successful synthesis and systematic
investigation of the full solid solution series YbMg,Bi, ,Sb,
(0 < x < 2), a case study of anion-site substitution in the
AM,X, Zintl phases. The primary aim of achieving a
mechanically tough/stable system with substituting more
electronegative element at the anion site is successfully realized
over the full range of composition, as we shift from a weakly
bonded structure of YbMg,Bi, to a strong bonding network of
YbMg,Sb,, as supported by the increasing elastic moduli values
with Sb content. A comprehensive analysis of the transport
properties supported by the room temperature Hall measure-
ments has been discussed in order to understand the
mechanism behind the evolution of thermoelectric properties
upon Sb content. A gradual increase observed in the effective
mass (m}) leads to the monotonic decrease of carrier mobility
(u) with Sb content, which is also supported by the observed
increase of electronegativity. Changes occurring in the bonding
orbitals at the VBM due to the difference in crystal field
splitting energy in the two end compositions, YbMg,Bi, and
YbMg,Sb,, lead to orbital overlap at an intermediate
composition of YbMg,Bi;,Sb, 4. The enhancement in m] is
consistent with the increase in the orbital overlap arising from
compositional tuning. Though the power factor decreases
monotonically with x, the sudden drop (almost 3 times) in &,
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for YbMg,Bi, 4Sb,, from the pristine composition improves its
efficiency, resulting in a zT &~ 0.9 at 723 K. A significantly
reduced lattice thermal conductivity upon alloying is analyzed
using the Klemens model, and as a result, point-defect
scattering due to the increase in mass difference at the anion
site is attributed to the trend of xj,, with x. Overall, the current
work provides insight into the complex interplay among
chemical bonding, band structure, and electron transport in
anion-substituted Zintl compounds. Our findings suggest that
the midrange to Sb-rich compositions (x = 1.6 — 1.8) exhibit a
favorable balance of low lattice thermal conductivity, enhanced
mechanical robustness (reflected in higher elastic moduli), and
high Seebeck coefficients (~400 wxVK™'), making them
particularly promising for targeted doping strategies aimed at
optimizing carrier concentration and further improvement of
zT.
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