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ABSTRACT: A new family of Zintl antimonides with the approximate composition Ca10MSb9 (M =
Ga, In, Mn, Zn) has been obtained via two synthetic approaches: (1) using Sb as a flux and (2) using
the conventional high-temperature method in welded Nb tubes. The new compounds crystallize in a
disordered variant of the tetragonal Ca10LiMgSb9 structure type. The observed occupational and
positional disorder serves as a means to retain a charge-balanced composition, which ultimately results
in semiconducting behavior, predicted from first-principles and measured experimentally. High-
temperature transport measurements reveal ultralow thermal conductivity (0.5−0.7 W·m−1·K−1), due
to the extensive disorder, and high values of the Seebeck coefficient (100−200 μV·K−1 at T = 800 K).
The highest thermoelectric figure of merit, zT = 0.2, exhibited by the In representative without any
optimization, suggests that good thermoelectric performance can be achieved in this family of compounds.

1. INTRODUCTION

Efficient and sustainable production of energy is one of the
most important objectives of the modern society. One of the
ways to provide economic and environmentally friendly use of
energy is recovery of waste heat, produced in the course of
natural or industrial processes, operation of vehicles, and so on.
Thermoelectric materials are capable of harvesting energy by
converting heat into electricity. The efficiency of such materials
is characterized by a dimensionless figure of merit, zT, defined
as zT = S2T/ρκ, where S, T, ρ, and κ are the thermopower
(also called the Seebeck coefficient), absolute temperature,
electrical resistivity, and total thermal conductivity, respec-
tively. In general, optimization of thermoelectric performance
is a challenging task due to the mutual correlation of the
physical quantities in this equation.1,2 For instance, decreasing
the electrical resistivity by injection of charge carriers inevitably
increases the electronic part of the thermal conductivity, κe.
A special class of materials that has been actively explored as

promising candidates for thermoelectric applications are Zintl
phasesvalence-precise intermetallic compounds with polar
chemical bonding.3−6 The charge balance in these materials is
achieved by electron redistribution between different parts of
the crystal structure so that the constituting atoms adopt a
stable closed-shell electron configuration. Typically, such
compounds demonstrate semiconducting properties with
narrow electronic bandgaps and tunable electrical resistivity.
At the same time, high structural complexity enables low
phonon group velocities and efficient phonon scattering and
hence low thermal conductivity.3−11

Most Zintl phases of relevance for thermoelectric research
belong to the chemical families of tetrelides and pnictides, i.e.,
compounds with the elements of groups 14 and 15,

respectively. One of the highest-performing materials within
the pnictide family is Yb14MnSb11, with the maximum zT value
approaching 1.2 at T ≥ 1000 K.12−14 Other notable Zintl
pnictides with promising thermoelectric performance include
Mg3Sb2,

15−17 AEM2Pn2 (AE = alkaline-earth metal, Yb, Eu; M
= Mg, Mn, Zn, Cd; Pn = Sb, Bi),18−30 AE3MSb3 (AE = Ca, Sr;
M = Al, Ga),31−33 AE5M2Sb6 (AE = Ca, Sr; M = Al, Ga),34−39

BaGa2Sb2,
40 AMSb4 (A = K, Rb, Cs; M = Al, Ga),41−43 and

A9M4+xSb9 (A = Ca, Yb; M = Zn, Mn).44−47 Electrical
transport properties of these materials are usually tuned by
suitable chemical doping,13,47,48 while thermal conductivity can
be reduced by introduction of crystallographic disorder.28,49,50

In this contribution, we report on the discovery and detailed
characterization of a new family of ternary antimonides with
the general simplified formulas Ca10MSb9 (M = Ga, In, Mn,
and Zn). The latter represents an approximate composition
with integer numbers that can be ascribed to the actual
Ca10+x+yM1−ySb9 (0 < x < 0.5, 0 < y < 0.7, with the values of x
and y being a function of the nature of M). The apparent
optimal number of valence electrons in these compounds
allows them to be classified as Zintl phases. The charge balance
is achieved by development of extensive crystallographic
disorder, which also contributes to the very low thermal
conductivity. In combination with high thermopower and
semiconducting behavior, these new materials can be suggested
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as suitable candidates for further systematic optimization of
their thermoelectric performance.

2. EXPERIMENTAL SECTION
2.1. Synthesis. Single crystals of Ca10MSb9 (M = Ga, In, Mn)

were grown from an Sb flux. Elemental Ca, M, and Sb (Alfa, all with
stated purity >99.9 wt %) were loaded in a 2 mL alumina crucible
with the ratio Ca/M/Sb = 2:1:5. The crucible was topped with a piece
of quartz wool and sealed in an evacuated fused silica tube. The
reactor was then placed in a box furnace, heated up to 1273 K with a
rate of 200 K/h, kept at this temperature for 10 h, and cooled down to
1023 K with a rate of 5 K/h. At that point, the tube was taken out
from the furnace, and the Sb flux was immediately separated by
centrifugation. Note that high-temperature centrifugation is associated
with a risk of quartz reactor implosion and must be performed with
proper personal protective equipment: fireproof clothing, heat-
resistant gloves, and a face shield. After the tube was opened in the
glovebox, irregularly shaped crystals were found inside the alumina
crucible. The size of the crystals was usually limited by the crucible
dimensions (several mm), suggesting that even larger crystals can be
obtained by this method. The high M content in the starting mixture

was necessary to obtain the desired Ca10MSb9 crystals. Ca-richer melts
always yielded the binary phase Ca11Sb10 as the main product.

The Sb flux technique was not applicable for the growth of
Ca10ZnSb9. Different synthetic protocols always resulted in single
crystals of Ca11Sb10

51 or Ca9Zn4+xSb9.
52,53 Reactions with molten Zn

as a flux usually produced single crystals of CaZn2Sb2.
29,54 We also

tried crystal growth from molten Pb, since the Pb flux technique has
been recently shown to be an efficient method for the preparation of
yet another new ternary compound in the discussed system,
Ca14Zn1+xSb11,

55 which is difficult to access by other synthetic routes.
Elemental Ca, Zn, Sb, and Pb were mixed in the ratio 10:1:9:15,
respectively. The rest of the procedure was similar to the protocol
described above for the Sb flux method, but the employed dwelling
temperature was lowered to 1173 K, to avoid losses of the volatile Zn
metal, and the centrifugation temperature was 873 K. Although we
were able to prepare single crystals of Ca10ZnSb9 by this technique,
their small size and the presence of some residual Pb flux hindered
detailed physical property measurements.

Powder samples were produced by high-temperature reaction of
the respective elements with proper stoichiometric ratios. These
experiments were based on the actual refined compositions of
Ca10+x+yM1−ySb9 (∼Ca10MSb9, M = Ga, In, Mn, Zn), which are
represented in Table 1. The elements were loaded in Nb tubes in the

Table 1. Refinement Details and Selected Crystallographic Data from the Four SCXRD Data Collections for Ca10+x+yM1−ySb9
(∼Ca10MSb9, M = Ga, In, Mn, Zn)a

refined formula Ca10.91(1)Ga0.38(1)Sb9 Ca11.01(2)In0.35(1)Sb9 Ca10.82(2)Zn0.66(1)Sb9 Ca10.48(1)Mn1.09(2)Sb9

composition from EDX Ca10.6(2)Ga0.7(1)Sb9 Ca10.5(1)In0.6(1)Sb9 Ca10.7(2)Zn0.8(1)Sb9 Ca10.5(1)Mn1.0(1)Sb9

fw/g·mol−1 1559.37 1577.56 1572.30 1575.57
a/Å 11.8911(4) 11.924(2) 11.830(2) 11.923(1)
c/Å 17.1962(6) 17.186(3) 17.246(3) 16.931(2)
V/Å3 2431.5(2) 2443.4(9) 2413.3(8) 2406.9(6)
ρcalc/g·cm−3 4.26 4.29 4.33 4.35
μMoKα/cm

−1 125.3 124.1 128.3 127.0
Rint 0.040 0.100 0.074 0.071
R1 [I > 2σ(I)]

b 0.021 0.042 0.034 0.032
wR2 [I > 2σ(I)]

b 0.043 0.083 0.068 0.064
R1 [all data]

b 0.022 0.062 0.047 0.044
wR2 [all data]

b 0.044 0.090 0.072 0.067
Δρmax,min/e·Å−3 0.86, −1.44 1.59, −1.27 1.58, −1.24 1.06, −1.27

aAll structures are with the space group P42/mnm, Z = 4, and the data are collected at T = 200 K using Mo Kα radiation (λ = 0.71073 Å). bR1 =∑||
Fo| − |Fc||/∑|Fo|; wR2 = [∑[w(Fo

2 − Fc
2)2]/∑[w(Fo

2)2]]1/2, where w = 1/[σ2Fo
2 + (AP)2 + (BP)] and P = (Fo

2 + 2Fc
2)/3. A and B are the

respective weight coefficients (see the CIF data).

Table 2. Atomic Coordinates and Equivalent Isotropic Displacement Parameters (Å2) for Ca10.82(2)Zn0.66(1)Sb9

atom site x y z Ueq
a occupancyb

Ca1 16k 0.0121(1) 0.2503(1) 0.18815(8) 0.0154(3) 1
Ca2 16k 0.0154(1) 0.3387(1) 0.39611(8) 0.0152(3) 1
Ca3 4g 0.1750(2) x̅ 0 0.0147(6) 1
Ca4 4f 0.1646(9) x 0 0.029(3) 0.343(5)
Ca5 4f 0.3087(4) x 0 0.018(2) 0.48(1)
Ca6 4e 0 0 0.3533(2) 0.0211(7) 1
Zn1 4f 0.1044(2) x 0 0.0179(8) 0.657
Sb1 8j 0.22323(4) x 0.31895(4) 0.0144(2) 1
Sb2A 8j 0.3035(7) x 0.1637(5) 0.0135(6) 0.343
Sb2B 8j 0.3144(3) x 0.1785(2) 0.0135 0.657
Sb3A 8i 0.0060(4) 0.3564(4) 0 0.0120(4) 0.343
Sb3B 8i 0.0387(2) 0.3277(2) 0 0.0120 0.657
Sb4 4g 0.37360(6) x̅ 0 0.0217(3) 1
Sb5 4e 0 0 0.12600(5) 0.0137(2) 1
Sb6 4d 0 1/2 1/4 0.0101(2) 1

aUeq is defined as one-third of the trace of the orthogonalized Uij tensor. Anisotropic displacement parameters were kept equal within the atomic
pairs Sb2A/Sb2B and Sb3A/Sb3B, respectively. bThe following constraints were used for the site occupancies (occ): occ(Ca4) = occ(Sb2A) =
occ(Sb3A) = 1 − occ(Zn1) = 1 − occ(Sb2B) = 1 − occ(Sb3B).
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following manner: for M = Ga and In, Ca/M/Sb = 10.9:0.4:9; Ca/
Mn/Sb = 10.5:1:9, Ca/Zn/Sb = 10.8:0.7:9.
The Nb containers were weld-shut under 600 mbar of high-purity

Ar using an arc-welding facility and sealed in evacuated fused silica
tubes, which were in turn loaded in tube furnaces. Temperature was
ramped up to 1173 K with a rate of 200 K/h, where the materials
were annealed for 96 h. Subsequently, the temperature was lowered to
293 K with a rate of 100 K/h. Powder X-ray diffraction analysis
confirmed the phase purity of the obtained samples (Figure S1). The
as-prepared polycrystalline samples were used for spark plasma
sintering and subsequent high-temperature electrical and thermal
transport measurements.
Single crystals of the title compounds were found to be stable in

dry air over a period of at least several weeks. A visible tarnishing of
the crystal surfaces suggests a formation of some passivating layer,
which precludes further sample deterioration. Finely ground powder
samples are more hygroscopic and should be stored under inert
conditions.
2.2. Powder X-ray Diffraction (PXRD). PXRD patterns were

taken on a Rigaku Miniflex and a Rigaku Smartlab diffractometer (Cu
Kα radiation, λ = 1.5418 Å). LeBail refinements were performed with
the Jana2006 program56 and were used to confirm the sample purity.
For most samples, reliable Rietveld refinements were not feasible due
to the high complexity of the crystal structures and preferred
orientation effects. However, we employed constrained refinements
for analysis of the sintered samples (Figure S2). For these
calculations, atomic coordinates and occupancies were fixed at the
values determined from single-crystal X-ray diffraction. A small
amount of Ca4Sb2O, formed due to oxidation in the course of the
sintering process and/or postsintering treatment, was included in the
refinements.
2.3. Single-Crystal X-ray Diffraction (SCXRD). Single crystals

were selected under dry Paratone-N oil. Suitable crystals were cut to
desired dimensions and mounted on low-background plastic loops for
measurements. Diffraction data were recorded in a stream of cold
nitrogen at T = 200 K on a Bruker SMART APEX CCD
diffractometer equipped with monochromated Mo Kα radiation (λ
= 0.71073 Å). Data integration and absorption corrections were
accomplished with the SAINT57 and SADABS58 software packages,
respectively. Crystal structures were solved by dual-space methods as
implemented in SHELXT59 and refined by full matrix least-squares
methods on F2 with SHELXL.60 Atomic coordinates were stand-
ardized using the STRUCTURE TIDY program.61 Details of the data
collection and other relevant crystallographic parameters are given in
Tables 1−3 and Tables S1−S7 in the Supporting Information. CIFs

have been deposited with the CCDC database with reference
numbers 2048884−2048888.

2.4. Scanning Electron Microscopy. Semiquantitative composi-
tional analysis of the flux-grown crystals and polycrystalline chunks
extracted from the reactions in Nb tubes was conducted utilizing
energy-dispersive X-ray spectroscopy (EDX) on an Auriga 60
CrossBeam Scanning Electron Microscope equipped with an Oxford
Synergy X-MAX80 silicon drift detector. The samples were mounted
on a carbon tape glued to a copper holder. The beam current and
accelerating potential were 10 μA and 20 kV, respectively, and the
counting time for each spot was 60 s. Within the accuracy of the EDX
method, the compositions of the crystals prepared by the flux-growth
technique, and those selected from the reactions in Nb tubes were
consistent with each other.

2.5. First-Principles Calculations. Electronic structure calcu-
lations on the density functional theory (DFT) level were carried out
for an idealized Ca11ZnSb9 model. The structure was first fully
optimized using the Vienna Ab initio Simulation Package (VASP).62

Exchange and correlation were described in the generalized-gradient
approximation (GGA) with the Perdew−Burke−Ernzerhof exchange-
correlation functional (PBE).63 The plane wave energy cutoff was set
to 500 eV, and the Brillouin zone was sampled by a 3 × 3 × 2 k-point
grid. The forces were relaxed to less than 0.02 eV/Å. The optimized
model was subsequently analyzed with the full-electron TB-LMTO-
ASA code.64 The von Barth−Hedin version of the local density
approximation exchange-correlation functional (LDA) was em-
ployed.65 To satisfy the atomic sphere approximation (ASA), the
introduction of empty spheres was accomplished with the built-in
procedure of the LMTO code. The Brillouin zone was sampled by a 6
× 6 × 4 k-point grid after checking for convergence. Chemical
bonding was examined using crystal orbital Hamilton population
curves (COHP),66 evaluated with the dedicated module of the
LMTO software.

2.6. Physical Property Measurements. 2.6.1. Resistivity.
Temperature-dependent electrical resistivity measurements were
carried out for flux-grown crystals of Ca10MSb9 (M = Ga, In, Mn)
on a Quantum Design Physical Property Measurement System
(PPMS) in the temperature range 5−300 K using a standard four-
probe technique. The crystals were gently polished with sandpaper to
remove traces of the Sb flux. After that, electrical contacts were
attached with a conductive silver paint. The measurements were done
on cooling and heating to ensure reproducibility.

2.6.2. Magnetization. The temperature-dependence of the
magnetization for a Ca10.5MnSb9 single crystal was measured on the
PPMS in external fields between 0.5 and 70 kOe within the

Table 3. Atomic Coordinates and Equivalent Isotropic Displacement Parameters (Å2) for Ca10.48(1)Mn1.09(2)Sb9

atom site x y z Ueq
a occupancyb

Ca1 16k 0.0075(1) 0.2508(1) 0.18987(9) 0.0170(3) 1
Ca2 16k 0.0119(1) 0.3374(1) 0.39733(9) 0.0149(3) 1
Ca3 4g 0.1778(2) x̅ 0 0.0174(7) 1
Ca4 4f 0.1681(4) x 0 0.023(2) 0.475(3)
Ca5 4e 0 0 0.3590(2) 0.0217(7) 1
Mn1 4f 0.0923(3) x 0 0.016(1) 0.525
Mn2 4f 0.2648(2) x 0 0.013(2) 0.506(8)
Mn3 4f 0.377(3) x 0 0.013 0.045(5)
Sb1 8j 0.22068(4) x 0.31871(4) 0.0162(2) 1
Sb2A 8j 0.304(2) x 0.162(2) 0.016(2) 0.475
Sb2B 8j 0.314(2) x 0.169(2) 0.016 0.525
Sb3A 8i 0.0067(3) 0.3561(3) 0 0.0132(4) 0.475
Sb3B 8i 0.0337(3) 0.3211(2) 0 0.0132 0.525
Sb4 4g 0.36858(6) x̅ 0 0.0195(3) 1
Sb5 4e 0 0 0.13036(6) 0.0203(3) 1
Sb6 4d 0 1/2 1/4 0.0121(2) 1

aUeq is defined as one-third of the trace of the orthogonalized Uij tensor. Anisotropic displacement parameters were kept equal within the atomic
pairs Mn2/Mn3, Sb2A/Sb2B, and Sb3A/Sb3B, respectively. bThe following constraints were used for the site occupancies (occ): occ(Ca4) =
occ(Sb2A) = occ(Sb3A) = 1 − occ(Mn1) = 1 − occ(Sb2B) = 1 − occ(Sb3B).
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temperature range 3−300 K. The measured sample (ca. 50 mg) was
loaded in a low-background gel-cap holder and secured with quartz
wool tips. High-temperature magnetization measurements were done
on a Quantum Design Vibrating Sample Magnetometer (VSM) in an
external field of 10 kOe in the temperature range 300−950 K. The
crystal was immobilized using a Zircar alumina cement. After the
measurements, the crystals were ground and analyzed with PXRD to
confirm that no decomposition had occurred during the measure-
ments.
2.6.3. Spark Plasma Sintering (SPS). Samples prepared in Nb

tubes were pulverized through 10 min of ball milling with two 1/2″
stainless steel ball bearings in stainless steel SPEX vials. The resulting
powder was sintered under vacuum via spark plasma sintering (SPS,
Dr. Sinter SPS-211LX) at 873 K for 10−20 min. We should note that
the sintered pellets were found to be very air-sensitive, with surface
oxidation visible within seconds. Measures were taken to reduce
exposure to air/humidity to prevent oxidation during sintering and
characterization.
2.6.4. High-Temperature Transport Characterization. Bulk

polycrystalline samples with >95% of the theoretical density were
used for all high-temperature transport measurements. High-temper-
ature measurements were carried out under dynamic vacuum.
Temperature-dependent resistivity was measured using a custom
four-point probe van der Pauw resistivity setup with tungsten
electrodes.67 High-temperature Seebeck coefficients were measured
in a custom uniaxial instrument using W−Nb thermocouples and
light-pipe heating.68 The thermal diffusivity, D, was measured using
the laser flash method (Netzsch LFA-457). The thermal conductivity,
κ, was subsequently calculated from D and the respective geometric
density, d, of the samples (κ = DCvd, Cv is the heat capacity at
constant volume). Cv ≈ Cp (heat capacity at constant pressure) was
assumed, and the Dulong−Petit approximation for heat capacity was
assigned to Cp. An approximate error of 5% can be assumed for the
thermal diffusivity and electrical conductivity measurements, and 10%
can be assumed for Seebeck.

3. RESULTS AND DISCUSSION

3.1. Synthesis. The Sb flux is employed for the single-
crystal growth of intermetallic compounds less frequently than
the more conventional metal fluxes, such as Sn and Pb.69 This
may be related to the high melting point of Sb (Tm = 904 K),
which narrows down the useful temperature region for crystal
growing and creates challenges for the flux separation by the
habitually used centrifugation method. Nevertheless, by careful
optimization of the experimental conditions, the Sb flux
technique can yield high-quality single crystals, suitable for
various characterization techniques. Some recent examples of
intermetallic materials obtained in the form of single crystals
from liquid Sb (or Sb-rich eutectic mixtures) include the
kagome metals CaV3Sb4

70 and AV3Sb5 (A = K, Rb, Cs),71 the
noble metal antimonide La6Pd2+xSb15 with a multiband
electronic behavior,72 and Mg3Sb2 with promising thermo-
electric performance.73,74

Our initial exploratory studies in the Ca−M−Sb systems (M
= Ga, In), employing the Sb flux technique, were aimed at the
synthesis of Ca11Sb10 derivatives with a doping of the M metal
in the Sb sites, by analogy with Ca11In2Bi8, which was
predicted by us to be a potentially interesting system for
testing of thermoelectric performance.75 An exciting outcome
of these synthetic attempts was the discovery of the new
ternary compounds with the approximate composition
Ca10MSb9 (M = Ga, In). Having recognized the structural
flexibility of the discussed phases, we attempted aliovalent
substitutions of the M metal, which afforded the isotypic
Ca10MSb9 with M = Mn and Zn; although, the latter could not
be produced by the Sb flux approach but was synthesized from

a Pb flux. All four compounds are also accessible in the form of
polycrystalline samples, prepared by high-temperature treat-
ment of the respective elements (Figure S1).
Additionally, still preliminary work indicates that isostruc-

tural phases can be produced by substituting Yb for Ca, Bi for
Sb, and with M = Al or Cd. This is suggesting that the herein
reported compounds represent only a small part of a novel,
rich structural family.

3.2. Crystal Structure. Powder X-ray diffraction patterns
of the crushed flux-grown Ca10MSb9 crystals revealed a striking
resemblance to typical diffractograms of the binary pnictide
Ca11Sb10 (Ho11Ge10 structure type, space group I4/mmm, a =
11.70 Å, c = 17.19 Å51,76). The patterns could be indexed using
tetragonal unit cells with a ≈ 12 Å and c ≈ 17 Å (Figure 1),

slightly different from those of the Ca11Sb10 archetype. At this
point, the variation in the a- and c-parameters could have been
attributed to incorporation of M-element into the “11−10”
structure, in analogy to the substitutional derivate of Ca11Bi10,
Ca11In2Bi8.

75 However, upon a closer look, several intense
reflections can be seen to violate the extinction conditions of
space group I4/mmm (h + k + l = 2n), which points instead
toward the existence of a primitive unit cell with the said
periodicity constants (Figure 1, inset).
Detailed analysis of the extinctions in the single-crystal X-ray

diffraction data suggested three possible space groups: P42nm
(#102), P4n2 (#118), and P42/mnm (#136). Generation of the
initial model was successful in the centrosymmetric space P42/
mnm. Already at the early stages of the refinement, it was clear
that the structures exhibit substantial crystallographic disorder,
which could not be eliminated by reducing the symmetry. The
disorder patterns in Ca10MSb9 are very similar for M = Ga, In,
and Zn, with some peculiarities for M = Mn. For this reason,
below, we will discuss in detail both the crystal structures of
the Zn and Mn representatives.
It is convenient to start the discussion by deriving the crystal

structure of “Ca10ZnSb9” from that of the crystallographically

Figure 1. Powder X-ray diffraction pattern and a LeBail refinement in
space group P42/mnm of a crushed Ca10MnSb9 single crystal, Cu Kα
radiation, λ = 1.5418 Å. Experimental data, theoretical pattern, and
difference curve are shown in black, red, and blue, respectively. Tick
marks indicate the Bragg peak positions. Inset: An enlarged view of
the pattern in the region 2θ = 16−24°. Arrows emphasize some
intense reflections that would be forbidden in space group I4/mmm,
adopted by the structurally related binary phase Ca11Sb10.
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related binary pnictide Ca11Sb10, adopting the Ho11Ge10
structure type (space group I4/mmm, Figure 2, top). The

anionic substructure of Ca11Sb10 can be viewed as consisting of
isolated [Sb4]

4− square rings composed of Sb atoms in the
Wyckoff sites 8h, [Sb2]

4− dumbbells built up of Sb(16m)
atoms, and Sb3− anions in the positions 8i, 4e, and 4d. The Ca
atoms are located in between these Sb units. A fraction of the
Ca substructure composed of the Ca(8h) atoms can be
formally regarded as consisting of Ca4 squares packed in a
distorted fcc motif, similar to the [Sb4]

4− moieties. Upon
symmetry reduction to space group P42/mnm, occurring via a
klassengleiche transition with preservation of the unit cell, each
8h site splits into one 4f and one 4g site, while the 16m site
splits into two 8j positions.
The multiplicities of other sites remain the same. A

schematic representation of this transformation within the
Bar̈nighausen tree formalism77 is given in Figure S3. By
performing a hypothetical “chemical coloring” according to the
scheme: Sb(8h) → Ca(4f) + Sb(4g) and Ca(8h) → Zn(4f) +
Ca(4g) while keeping the chemical types of other sites as in the
original structure, we arrive at the composition Ca11ZnSb9.
The square Sb4 and Ca4 fragments in the original Ca11Sb10
structure transform into heteroatomic rhombi CaSbCaSb and

CaZnCaZn, respectively. Their shape is not imposed by a
fourfold axis of rotation anymore. As suggested by the crystal
structure refinements, the degree of distortion from a perfect
square is driven by the need for optimization of the chemical
bonding within such fragments. For instance, the CaZnCaZn
rhombi adopt a favorable shape for realization of short covalent
Zn−Sb contacts, which additionally results in the typical
tetrahedral coordination of the Zn atoms by Sb atoms, while
the Ca atoms remain sevenfold coordinated.
Note that the resulting hypothetical Ca11ZnSb9 structure is

not related to the existing family of “11−1−9” Zintl pnictides,
adopting the orthorhombic Ca11InSb9 structure type.78−82

Instead, Ca11ZnSb9 is akin to the Ca10LiMgSb9 structure
(Figure 2, bottom) where the Li position is taken by Ca, and
Zn is assigned to the Mg position.83 A simple electron
counting for Ca11MSb9 withM = Zn or Mn indicates that these
compositions have an excess of one electron per formula unit
according to the notation (Ca2+)11 (M2+)([Sb2]

4−)2(Sb
3−)5-

(e−). Here, we assume oxidation state 2+ for both Zn and Mn.
Following the same argumentation, the Ca11MSb9 composi-
tions with M = Ga or In, which are trivalent, display an excess
of two electrons per formula unit. In many intermetallic
structures, the charge balance is restored via crystallographic
disorder, which turns out to be the case here as well.
As already alluded to, the idealized Ca11ZnSb9 model,

derived above, is an approximant and first step toward the
understanding of the actual crystal structure. The generic
formula Ca10ZnSb9 used throughout the paper is also only a
simplified version of Ca10+x+yZn1−ySb9 (x ≈ 0.2, y ≈ 0.3),
somewhat deviating from it due to the excessive occupational
and positional disorder (Figure 3a). In the course of the
refinement, the position of the Zn atoms could be modeled as
split into two distinct sites with a short distance of 1.01 Å
between them, clearly signaling that they cannot be both
occupied at the same time.
The Sb3 atom, located in the close vicinity of this split site,

was also found to be affected by small but detectable splitting.
From the analysis of the interatomic distances, the two
positions resulting from the splitting of the Zn site were treated
as Zn (labeled Zn1) and Ca (Ca4), while the Sb3 site was split
into Sb3A and Sb3B. Free refinement of the occupancies with
constrained atomic displacement parameters revealed that
whenever the Zn1 site is occupied, it is tetrahedrally
coordinated by two Sb5 atoms, showing full occupation and
located at a distance of 2.79 Å from Zn1, and two Sb3B sites,
located at a distance of 2.75 Å (Table 4). These values are in
good agreement with bonding Zn−Sb contacts in other
structures hosting ZnSb4 tetrahedra.

53,55,84−87

When the Ca4 position is filled, the Sb3 atoms have to move
away to accommodate the larger Ca atom, which corresponds
to the occupation of the Sb3A site, with the Ca4−Sb3A
distance of 2.94 Å. Furthermore, the occupation of the Ca4 site
was found to correlate with the splitting of another Sb position,
Sb2 (Sb2 → Sb2A + Sb2B): When present, Ca “pulls” the Sb2
atoms closer to complete its octahedral environment. The
corresponding Ca4−Sb2A distance measures 3.66 Å (the
complementary Sb2B site resides 3.97 Å away from Ca4, which
is above the typical values for Ca−Sb bonding contacts87−92).
Finally, the location of the Ca4 site close to another Ca
position, Ca5, and large atomic displacement parameters of the
latter pointed toward underoccupation of Ca5, which prevents
Ca4 and Ca5 to be located in the same volume of space
simultaneously

Figure 2. Crystal structure of Ca11Sb10 (top) and of the hypothetical
derivative Ca11MSb9 with M = Zn (bottom). Covalent Sb−Sb
bonding is shown with solid brown lines. Atomic rings that undergo
changes upon the hypothetical transformation Ca11Sb10 → Ca11MSb9
are highlighted. Local coordination environment of selected metal
atoms is emphasized. The unit cells are outlined in black. Ca, Zn, and
Sb atoms are shown in green, orange, and brown, respectively.
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The total occupancy of Ca4 and Zn1 was found to be 100%
within a few standard deviations and was fixed at this value at
the later stages of the refinements. In addition, following the
crystallographic reasoning given above, the occupancies were
set to be equal within the pairs Zn1/Sb3B, Ca4/Sb3A, and
Ca4/Sb2A, respectively (the occupation of the Sb2B site was

refined as complementary to that of Sb2A after refinements
were run with unconstrained occupancies). The occupation of
Ca5 was allowed to vary freely. The refined composition came
out as Ca10.82(2)Zn0.66(1)Sb9. Removing the occupancy con-
straints had virtually no effect on the refined formula. Since the
crystallographic disorder in this case does not affect the formal
charges, the electron accounting can be written as
(Ca2+)10.82(2)(Zn

2+)0.66(1)([Sb2]
4−)2(Sb

3−)5(h
+)0.04(6), where h+

stands for an electron−hole. The presented formula shows that
the composition can be considered as charge-balanced within
the error of the refinement. For the Ca10+x+yZn1−ySb9 structures
with M = Ga and In, similar crystallographic analysis yielded a
very similar interplay between occupational and positional
disorder and resulted in compositions approximately described
by the formula Ca10.9M0.4Sb9 (M = Ga, In). Here again, the
e l e c t r o n b a l a n c e a p p e a r s t o b e a c h i e v e d :
(Ca2+)10.9(M

3+)0.4([Sb2]
4−)2(Sb

3−)5.
The disorder in Ca10+x+yMn1−ySb9 displayed a somewhat

different occupation pattern in comparison with the Zn
representative (Figure 3b). Similar to Ca10ZnSb9, a splitting
of the Mn site into a Mn (Mn1) and a Ca (Ca4) position was
observed, accompanied by positional disorder of the
surrounding Sb2 and Sb3 sites (Sb2 → Sb2A + Sb2B; Sb3
→ Sb3A + Sb3B). However, attempts to refine the occupancy
of the Ca5 site (as labeled in Ca10ZnSb9) led to a total
occupancy of Ca4 and Ca5 of around 120%, which is
impossible due to the unphysically short distance of 1.63 Å
between the two sites, suggesting that only one of them can be
filled at a time. In addition, the coordination environment of
Ca5 appeared to be highly distorted. All these issues were
remedied by treating the Ca5 position as Mn (labeled Mn2).
Unlike the octahedrally coordinated Ca5 in Ca10ZnSb9, Mn2
adopts a tetrahedral environment of Sb atoms.
Close inspection of the difference Fourier map revealed the

presence of yet another Mn position, Mn3, situated close to

Figure 3. Crystal structures of Ca10ZnSb9 ((a), refined formula Ca∼10.8Zn∼0.7Sb9) and Ca10MnSb9 ((b), refined formula Ca∼10.5Mn∼1Sb9), and
close-up view of the disordered parts of these structures. The occupancies of partially filled sites are indicated. Ca, Zn, Mn, and Sb atoms are
depicted in green, orange, red, and brown, respectively. The unit cells are outlined in black.

Table 4. Selected Interatomic Distances (Å) in Ca10ZnSb9

atoms distance atoms distance

Ca1 Sb6 3.144(2) Ca4 Zn1 1.01(1)a

Sb5 3.152(2) Ca5 2.41(2)a

Sb2B 3.367(3) Sb3B × 2 2.438(3)a

Sb1 3.381(2) Sb3A × 2 2.944(4)
Sb3B 3.386(2) Sb5 × 2 3.51(1)
Sb1 3.434(2) Sb2A × 2 3.66(1)
Sb3A 3.480(2) Sb2B × 2 3.970(8)
Sb2A 3.53(1) Ca5 Sb2A × 2 2.825(8)
Sb2A 3.608(6) Sb2B × 2 3.080(4)
Sb2B 3.660(5) Sb3B × 2 3.202(5)

Ca2 Sb3A 3.071(4) Sb3A × 2 3.625(7)
Sb1 3.111(2) Sb4 × 2 3.836(5)
Sb6 3.166(2) Ca6 Sb2B × 2 3.153(6)
Sb3A 3.182(4) Sb4 × 2 3.298(3)
Sb2A 3.190(4) Sb2A × 2 3.30(1)
Sb3B 3.201(2) Sb1 × 2 3.7810(9)
Sb2B 3.254(2) Sb5 3.919(4)
Sb4 3.352(2) Zn1 Sb3B × 2 2.753(3)
Sb3B 3.500(3) Sb5 × 2 2.788(2)

Ca3 Sb3A × 2 3.031(4) Sb3A × 2 3.200(4)
Sb3B × 2 3.107(2) Sb1 Sb2B 2.862(5)
Sb4 3.323(3) Sb2A 3.00(1)
Sb1 × 2 3.556(2) Sb2A Sb2B 0.314(9)a

Sb5 × 2 3.646(2) Sb3A Sb3B 0.514(3)a

aShort distances between the partially occupied sites with total
occupancy ≤1.
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Mn2 and displaying an almost negligible occupancy of about
5%. This position is also tetrahedrally coordinated by the
neighboring Sb sites. In the final stages, the occupancies of
Mn2 and Mn3 were freely refined, while their anisotropic
displacement parameters were kept equal.
The Mn−Sb bonds involving Mn1 and Mn2 fall in the range

2.70−2.98 Å (Table 5), in line with the reported values in

other structures with MnSb4 tetrahedra.44,47,88,92−97 The
longest Mn−Sb contacts (2 × 3.01 Å and 2 × 3.04 Å) are
observed around the Mn3 site. Their lengths might be
overestimated due to some unresolved splitting of the Sb
atoms in the Mn3 coordination sphere. Nevertheless, similar
long Mn−Sb bonds were reported in some Zintl compounds
with a distorted tetrahedral environment of Mn, e.g.,
Sr21Mn4Sb18

98 and Ca9−xRExMn4Sb9 (RE = rare-earth
metal).47

The final refined composition of the Mn member is
Ca10.48(1)Mn1.09(2)Sb9, which for simplicity has been approxi-
mated to Ca10MnSb9 throughout the text. Although the
structures of the Zn and Mn members appear to slightly differ
from each other, assignment of Mn2+ shows that it also
conforms to the perfect electron count expected for a Zintl
pha se (w i th in a f ew s t anda rd unce r t a in t i e s ) :
(Ca2+)10.48(1)(Mn2+)1.09(2)([Sb2]

4−)2(Sb
3−)5(e

−)0.14(6). A possi-
ble reason for the realization of subtly different crystallographic

disorder in Ca10MnSb9 can be rooted in a strong magnetic
exchange within the Mn substructure resulting in the
formation of some extended units, such as broken chains of
edge-sharing MnSb4 tetrahedra. Magnetic interactions should
always be considered when analyzing structure-stabilizing
factors in crystalline materials.99 Our magnetic measurements
confirm strong magnetic coupling between the Mn species in
Ca10MnSb9 even well above room temperature (see below). A
detailed representation of the crystallographic disorder, along
with interatomic distances in Ca10MSb9 with M = Zn and Mn
is given in Figure S4.
From the provided description, it can be concluded that,

regardless of the nature of the metal M, the overall crystal
structure of Ca10+x+yM1−ySb9 represents a highly disordered
variant of Ca10LiMgSb9,

83 where the crystallographic disorder
serves as a means to maintain an optimal valence electron
count and keep the overall system charge-balanced. Materials
that crystallize in the Ca10LiMgSb9 structure include, besides
the prototype, Ca10Mg2Sb9 and Ca10.62Li1.38Sb9.

83 Although the
latter compound has been suggested to display occupational
disorder, the published description does not indicate that split
positions similar to the ones described above have been
considered in the refinement. However, based on the largest
peak of the residual electron density, which is as high as 8.9 e·
Å−3, we may speculate that some additional, unaccounted
disorder ought to be present there as well. Whether this
disorder is similar or different to what was described in the
preceding paragraphs should be a matter of further studies.
The compositions of the Ca10MSb9 crystals determined in

the course of the crystal structure refinements and EDX
analysis were found to be consistent with each other within the
error of the method (Table 1). It is important to note,
however, that neither SCXRD nor EDX can provide high-
enough accuracy for uncovering compositional variations
relevant for electronic transport properties. Indeed, if we
consider the refined composition of the Zn representative,
(Ca2+)10.82(2)(Zn

2+)0.66(1)([Sb2]
4−)2(Sb

3−)5(h
+)0.04(6), the num-

ber of holes can vary between 0 and 0.1 per formula unit within
one standard-uncertainty interval. These values transform to
hole concentrations of 0−1020 cm−3. While the lower limit
corresponds to an intrinsic semiconductor, the upper limit
resembles charge carrier concentrations in doped Zintl phases
with good thermoelectric performance.100 Therefore, even
though our refinements suggest charge-balanced compositions
for the studied compounds, small self-doping due to deviations
from the perfect Zintl count is possible and can drastically
affect transport properties.
Lastly, since the structures of Ca10MSb9 (M = Ga, In, Mn,

and Zn) are heavily affected by disorder, a natural question to
ask is whether the discussed compounds exist in any
appreciable homogeneity ranges. To check for possible
compositional variations, we prepared additional
Ca10+x+yZn1−ySb9 samples with varying Ca/Zn ratios. The
reactions were done in welded Nb tubes, as described in the
Experimental Section. The results of the SCXRD analysis
indicate a very narrow homogeneity range, between about
Ca10.8Zn0.7Sb9 and Ca10.9Zn0.6Sb9. Note that the increase in the
Zn content is associated with a decrease in the Ca amount so
that the ideal Zintl count is retained. Crystallographic data,
atomic coordinates, and selected interatomic distances for the
second crystal, which was selected from a reaction batch that
was nominally richer in Ca, are given in Tables S5−S7. From a
crystallographic perspective, the increase of the Ca/Zn ratio

Table 5. Selected Interatomic Distances in Ca10MnSb9

atoms distance atoms distance

Ca1 Sb6 3.142(2) Ca5 Sb2B × 2 3.18(3)
Sb5 3.157(2) Sb4 × 2 3.257(3)
Sb3B 3.336(2) Sb2A × 2 3.32(3)
Sb1 3.369(2) Sb1 × 2 3.7832(9)
Sb2B 3.41(2) Sb5 3.872(4)
Sb1 3.440(2) Mn1 Sb5 × 2 2.700(3)
Sb3A 3.451(2) Sb3B × 2 2.816(4)
Sb2A 3.55(2) Mn2 2.909(6)
Sb2A 3.62(3) Mn1 3.112(9)
Sb2B 3.74(2) Sb3A × 2 3.307(5)

Ca2 Sb3A 3.094(3) Mn2 Mn3 1.89(5)a

Sb1 3.147(2) Sb2A × 2 2.83(3)
Sb3A 3.151(3) Sb3B × 2 2.836(4)
Sb6 3.162(2) Sb2B × 2 2.97(3)
Sb2A 3.16(1) Sb3A × 2 3.265(4)
Sb2B 3.18(1) Mn3 Sb2A × 2 3.01(4)
Sb3B 3.250(3) Sb4 × 2 3.03(3)
Sb4 3.329(2) Sb2B × 2 3.05(3)
Sb3B 3.530(3) Sb1 Sb2B 2.98(3)

Ca3 Sb3B × 2 3.046(3) Sb2A 3.00(3)
Sb3A × 2 3.059(4) Sb2A Sb2B 0.19(3)a

Sb4 3.216(3) Sb3A Sb3B 0.528(3)a

Sb1 × 2 3.514(2)
Sb5 × 2 3.723(2)

Ca4 Mn1 1.278(8)a

Mn2 1.631(8)a

Sb3B × 2 2.428(3)a

Sb3A × 2 2.955(3)
Sb2A × 2 3.58(3)
Sb5 × 2 3.592(6)
Sb2B × 2 3.77(2)

aShort distances between the partially occupied sites with total
occupancy ≤1.
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results in a slight expansion of the unit cell (see Tables 1 and
S5). This is due to the larger atomic size of Ca vs Zn, but the
bonding distances are not affected significantly, which means
that the chemical bonding pattern is preserved. In general,
since the covalentM−Sb bonds in Ca10MSb9 lie predominantly
in the ab plane or at an angle to this plane, the tetragonal cell
experiences the strongest size changes in the ab plane upon
replacing the metal M or changing the occupation of its
position. Concomitantly, the expansion of the cell in the ab
plane is accompanied by shrinking along the c direction and
vice versa, which maintains the optimal packing density.
Although we did not perform a systematic analysis of the

homogeneity ranges in other representatives of the Ca10MSb9
family, the SCXRD data on crystals from different batches
suggest only minor compositional variations for all of them.
3.3. Electronic Structure and Chemical Bonding.

Owing to the fact that accurate modeling of the extensive
disorder in Ca10MSb9 is quite challenging, we evaluated
electronic properties of an idealized Ca11ZnSb9 adopting the
Ca10LiMgSb9 structure (Figure 2, bottom). This hypothetical,
disorder-free model is a reasonably close variant of the actual
version of Ca10.8Zn0.7Sb9 structure and was derived as follows:
(i) the initial lattice parameters and the atomic coordinates
were taken from the refinement of the single-crystal X-ray
diffraction data (Table 2); (ii) the partially occupied sites Ca4,
Sb2A, and Sb3A were removed; and (iii) the remaining atomic
positions were treated as fully occupied. The as-derived
structure was then fully relaxed. Although such an over-
simplification cannot provide fine details of the electronic
structure, it can give some valuable information about the
chemical interactions in the real system in question.
The electronic density of states (DOS) for the Ca11ZnSb9

model is shown in Figure 4a. In line with the expected charge
transfer from the atoms of the electropositive Ca to the Sb

atoms, the DOS is dominated by the occupied Sb states below
the Fermi level (EF), whereas the empty Ca states are located
predominantly abovean electronic pattern typical for
pnictides containing alkaline earth metals.5,37,101−103

The contribution of the Zn states in the vicinity of EF is
minor due to a relatively small fraction of Zn atoms in the unit
cell, and these states are hybridized with the Sb(5p) states. A
domain of highly localized occupied Zn(3d) states is located
below E − EF = −8 eV. The DOS at these energies is also
characterized by several peaks with the Sb character,
corresponding to the Sb lone pairs and electronic levels of
the Sb2 dumbbells. The Fermi level crosses a finite DOS
situated just above an electronic bandgap with a size of about
0.5 eV. This value is comparable to the bandgap widths in the
Zintl pnictides Yb14MSb11 with M = Mg, Al, and Mn, in the
semiconducting regime.100,104 As discussed above, the
Ca11ZnSb9 model shows an excess of one electron per formula
unit: (Ca2+)11(Zn

2+)([Sb2]
4−)2(Sb

3−)5(e
−). Assuming that the

rigid band approximation is applicable in this case, a removal of
one electron from Ca11ZnSb9 would shift the Fermi level into
the bandgap, thereby achieving a charge-balanced state, in
accordance with the simple electron bookkeeping provided
above. It is worthwhile to note that the DOS below the gap is
rather steep, which is expected to yield high thermopower, S,
beneficial for good thermoelectric performance.1 Inspection of
the electronic band structure (Figure S5) indicates that the
steep DOS results from alignment of the band edges and band
degeneracy rather than the presence of any flat bands. The
relatively high dispersion of the bands close to the gap opening
is anticipated to yield small effective electron masses and hence
high mobility, which is also essential for a good thermoelectric
material.
To analyze how electron depletion accompanying restora-

tion of the Zintl count affects the chemical bonding, we plotted
the crystal orbital Hamilton population curves (COHP) for
averaged selected interactions (Figure 4b). Although the Ca−
Sb contacts dominate the structure in terms of their number,
the average negative integrated COHP value per bond at EF
(−ICOHP) is relatively small, due to high ionicity of such
bonds. Most of the available bonding Ca−Sb states are
occupied below the opening of the bandgap in the electronic
spectrum. Consequently, shifting the Fermi level into the gap
would not affect the Ca−Sb bonding considerably. In contrast
to the Ca−Sb contacts, the Zn−Sb and Sb−Sb interactions are
strongly covalent. The Zn−Sb states have almost entirely
bonding character below EF, whereas the electronic inter-
actions in the Sb2 dumbbells are hallmarked by the presence of
bonding and antibonding states in a manner typical for this
kind of structural units.105−113 An important feature to
highlight here is the location of the Fermi level within domains
of antibonding states for the Zn−Sb and Sb−Sb bonds. Notice
that the EF is situated right at a peak with a pronounced
antibonding character. The main implication of these
electronic features is underoptimization of the Zn−Sb and
Sb−Sb bonding. By shifting the Fermi level out of the
antibonding region into the bandgap below, the interactions
can be brought to their optimized values. The presented
electronic behavior of the hypothetical Ca11ZnSb9 compound
suggests that removal of excessive electrons is important for
stabilization of the structure. The observed compositional (and
associated positional) disorder in Ca10.8Zn0.7Sb9 must originate
therefore from the tendency of the system to restore its charge-
balanced composition and stabilize the chemical bonding by

Figure 4. Total and projected electronic densities of state (DOSs) for
the idealized Ca11ZnSb9 model (a) and crystal orbital Hamilton
population curves (COHP) for averaged selected interactions (b).
The vertical solid line marks the position of the Fermi level; the
vertical dashed line indicates the expected position of the Fermi level
after removal of one electron per formula unit.
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this means. We believe that the same argumentation is valid for
the Ca10+x+yM1−ySb9 compositions with other M as well. It
would be interesting to check if substitution of a metal with
oxidation state +1 for M in Ca10+x+yM1−ySb9 is possible and
whether it could lead to a disorder-free Ca11MSb9 structure
sat i s fy ing the Zint l part i t ioning (Ca2+)11(M

1+)-
([Sb2]

4−)2(Sb
3−)5. Possible candidate metals for such future

studies could be the coinage elements of group 11 (Cu, Ag,
Au) or Li. As was mentioned above, the composition
Ca10.62Li1.38Sb9 has already been reported to crystallize in the
targeted structure.83 However, the published Ca10.62Li1.38Sb9
structural data have to be used with caution due to the
significant residual electron density. This points toward
potential inadequacy of the model (e.g., unresolved disorder)
and calls for additional structural studies.
3.4. Electrical Resistivity. Low-temperature electrical

resistivity measurements on the single crystals of Ca10MSb9
(M = Ga, In, Mn) indicate consistency with extrinsic
semiconducting behavior (Figure 5). In the case of Ca10GaSb9,

the resistivity ρ(T) can be seen to decrease upon heating up to
about 170 K. After that, a weak gradual increase is observed up
to a room temperature value of 2 Ω·cm. The electrical
resistivity of Ca10InSb9 is weakly temperature-dependent and
stays around 1 Ω·cm in the whole measured temperature
region. Finally, the single crystals of Ca10MnSb9 demonstrate a
degenerate semiconducting behavior with a continuous
increase of electrical resistivity from 0.3 Ω·cm at 5 K to 10
Ω·cm at room temperature.
Several measured Ca10MnSb9 crystals showed well-reprodu-

cible ρ(T) curves. In contrast, for different crystals with M =
Ga or In, even if extracted from the same batch, there were
small variations in the temperature-dependence of the
electrical resistivity. The latter could be attributed to varying
self-doping levels. Since the crystals grow under constantly
changing conditions (temperature, composition of the melt),
different crystals from the same reaction or even different parts
of a crystal may have inherent inhomogeneities, which result in
irreproducible transport data. However, the absolute values of
ρ(T) at room temperature for those crystals were always on
the order of 1 Ω·cm, which is about 2−3 orders of magnitude
higher than the corresponding values in benchmark thermo-
electric materials, such as PbTe, Yb14MnSb11, and their
derivatives.12,13,114,115

3.5. Magnetization. Magnetization measurements on
single crystals of the Mn-bearing member, conducted below

room temperature, reveal a weakly temperature-dependent
response. The small upturn at low temperatures is likely due to
a paramagnetic impurity phase (Figure S6). The deviation of
the magnetic susceptibility curve from a typical Curie−Weiss
behavior, together with the non-negligible field-dependence,
pointed toward magnetic ordering above room temperature.
High-temperature magnetization measurements up to 950 K

uncovered two magnetic transitions (Figure 6). Upon cooling,

the sample first undergoes an antiferromagnetic-like transition
at T1 = 780 K, followed by a second transition at T2 = 580 K.
The transition at T2 is accompanied by development of a weak
uncompensated magnetic moment. It is worth noting that the
value of T2 is close to the Curie temperature of the binary
manganese antimonide MnSb (TC = 587 K),116 which could
have formed on the surface of the specimen upon contact with
the water-based Zircar cement used for the sample
immobilization. The parasitic ferromagnetism of a MnSb
impurity could explain the observed net magnetization of the
sample below 580 K. PXRD analysis of the crystal after the
measurement did not indicate any deterioration in the bulk of
the sample.
Fitting of the inverse susceptibility versus temperature in the

paramagnetic region above 780 K yielded a magnetic moment
of 5.67 μB, which is close to the expected spin-only value for a
high-spin Mn2+ (5.92 μB). The apparent reduction of the
moment can be an artifact associated with the noise in the
measured data at high temperatures, inaccuracy of the crystal
weighing, or from a somewhat lower Mn content in the
measured crystal (corresponding to a shortage of about 8% Mn
in comparison with the refined formula Ca10.48(1)Mn1.09(2)Sb9).
Thus, the magnetization measurements confirm the presence
of Mn2+ in the measured sample and provide another
substantiation of the refined chemical composition.
We would like to conclude the discussion of the magnetism

with a note that the observed transition temperature of 780 K
in Ca10MnSb9 is unexpectedly high for a compound exhibiting
crystallographic disorder of the magnetic species in the
structure. This discovery deserves further investigations, and
it can be envisioned that the optimized crystal growth
procedure described in the Experimental Section will afford
samples suitable for detailed neutron scattering studies.

3.6. High-Temperature Transport Properties. There is
reasonable agreement in the room temperature resistivity

Figure 5. Temperature-dependence of electrical resistivity for single
crystals of Ca10MSb9 (M = Ga, In, Mn).

Figure 6. Temperature-dependence of magnetic susceptibility for a
Ca10MnSb9 single crystal in the range T = 300−950 K. Zero-field-
cooled (ZFC) and field-cooled (FC) measurements are shown in blue
and red, respectively. Inset: linear fit (black curve) of the inverse
susceptibility versus temperature (red open circles).
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between the single crystals measured on the PPMS (Figure 5)
and the polycrystalline pellets measured using the van der
Pauw method (Figure 7a). In both sets of measurements, the
M = In sample has the lowest resistivity, followed by M = Ga
and M = Mn. Interestingly, the resistivity of the polycrystalline
M = In sample at room temperature (0.07 Ω·cm) is about an
order of magnitude lower than the corresponding value for the
single crystal. This is likely related to small differences in
composition (and thus self-doping) between the flux-grown
crystals and polycrystalline materials. The synthesis conditions
have a large impact on the chemical potential during growth,
which in turn impacts defect formation energies. It is
reasonable to expect differences in defect concentrations of
an order of magnitude or more,117 leading to corresponding
changes in the charge concentration.
For M = Mn, the electrical resistivity has the highest value

among the measured samples. For M = Zn, the electrical
resistivity stays between the values for M = Ga and M = Mn in
the whole measured temperature region. The gradual decrease
in resistivity at high temperatures suggests that the samples are
semiconductors. The temperature-dependence of the electrical
resistivity deviates from exponential behavior even at the
highest measured temperature, indicating that the intrinsic
regime is not achieved, which hindered determination of the
bandgaps from the resistivity data.
However, the metal-like behavior of the temperature-

dependent Seebeck coefficient (i.e., close to zero magnitude
at room temperature and monotonic increase with temper-

ature) presents a more complicated story (see Figure 7b). The
low room-temperature Seebeck coefficients in samples with M
= Mn, Zn, and Ga when compared to their very large
resistivities at their respective temperatures suggests the
presence of multiple carriers, i.e., bipolar conduction, resulting
from competition of holes as the majority carrier, and electrons
as the minority carrier. Bipolar transport can result from either
a high concentration of minority carriers (due to a small band
gap) or from a high mobility of secondary carriers due to
differences in the band mass or scattering of the two carrier
types.
The compound with M = In exhibited the largest Seebeck

coefficient despite being the least resistive sample, suggesting
that this sample is the only one to have holes as the dominant
carrier type across the entire temperature range. Using the
maximum observed Seebeck value, we can estimate a minimum
bound for the band gap of Eg = 0.32 eV using the Goldsmid−
Sharp approximation. These results point to the importance of
doping to reach a single-carrier regime to gain insight into
electronic transport in this class of material. It is worth noting
that the structurally related binary antimonides AE11Sb10 (AE =
Ca, Yb) also display bipolar conduction. However, in these
compounds, the majority and minority charge carriers almost
perfectly compensate each other, leading to low values of the
Seebeck coefficient.76

The temperature-dependent thermal conductivity seen in
Figure 7c is exceptionally low for all samples and comparable
to materials such as Yb14MnSb11,

13 Yb9Mn4.2Sb9,
45 Sr3GaSb3,

32

Figure 7. High-temperature thermoelectric properties of Ca10MSb9 (M = Ga, In, Mn, Zn): Temperature-dependence of electrical resistivity (a),
Seebeck coefficient (b), thermal conductivity (c), and thermoelectric figure of merit, zT (d).
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and n-type Mg3Sb2.
16 This exceedingly low thermal con-

ductivity is consistent with the large number of atoms per unit
cell and considerable disorder.118,119 The rather low electronic
conductivities of the samples indicate that the total thermal
conductivities, κtot, are reasonable representatives of the lattice
contribution, κL. The M = In sample is expected to have the
largest electronic contribution to thermal conductivity, κe,
likely leading to the slightly higher total thermal conductivity.
However, even in that case, κe is quite small.
The figure of merit, zT, for the measured samples is shown

in Figure 7d. While the Ca10MSb9 samples with M = Zn and
Mn display negligibly low zT values of about 10−4 up to T =
600 K, the Ga representative has a zT of 0.01 at T = 700 K.
The highest value of 0.2 is observed for M = In at T = 800 K.
Note that the value of zT at room temperature for the M = In
sample is extrapolated from the fit at higher temperature, since
κtot is missing at room temperature. Considering that the
carrier concentration in these materials was not optimized in
any way, the observed zT values are quite promising,
particularly for the In member.
It can be expected that with proper doping, a single-carrier

regime will be achieved, which will improve the electrical
conductivity and increase the thermopower. Since holes appear
to be the major charge carriers, hole doping should be used to
eliminate bipolar conduction. This can be likely accomplished
by chemical substitutions in the M sites of the crystal structure
or by replacing Ca with a monovalent metal, e.g., an alkali
metal. The existence of the structurally related Li-bearing
phases Ca10LiMgSb9 and Ca10.62Li1.38Sb9 suggests that the
latter kind of doping may be possible. In addition, a transition
from antimonides to bismuthides may be an efficient way to
increase the electrical conductivity and probably reduce the
thermal conductivity even further, owing to the high atomic
mass of Bi.

4. CONCLUSIONS

In this contribution, we presented a new family of Zintl phases,
exemplified by the antimonides with the approximate
composition Ca10MSb9 (M = Ga, In, Mn, Zn). The studied
compounds adopt a complex crystal structure with extensive
occupational and positional disorder, which lends these
materials efficient phonon scattering, reflected in their
extremely low thermal conductivity. Furthermore, the develop-
ment of the crystallographic disorder is accompanied by
attainment of perfect charge balance and leads to semi-
conducting behavior with high thermopower. The latter likely
originates from a steep density of electronic states in the
vicinity of the Fermi level, as indicated by our first-principle
calculations on an idealized structural model. The presence of
competing electrons and holes as charge carriers in these new
antimonides results in relatively poor electrical conductivity.
However, even in the bipolar conduction regime, a thermo-
electric figure of merit, zT, as high as 0.2 can be achieved for
the In member. We believe that with proper doping, the
thermoelectric performance can be further improved, especially
if the doped materials enter the single-carrier conduction
regime. In addition, our preliminary data suggest the existence
of other members of this structural family,120 which opens up
possibilities for further studies.
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