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Thermoelectric materials have crystal structures with a wide variety of atomic arrangements, creating in-
tricate atomic interactions that directly affect their thermoelectric properties. In particular, heat transport
properties can be better understood through knowledge of the nature of chemical bonding. The bonding
patterns in intermetallic compounds and chalcogenides have been studied in order to learn more about the
chemical insight into the thermoelectric properties of these materials.

Thermoelectric (TE) materials play an important role
in contributing to the solutions of the global energy de-
mand by successfully converting waste heat into useful
electrical energy in power plants, homes, automobiles,
space technology, etc. This realization, however, de-
mands the development of high-performance materials
based on environmentally friendly and earth-abundant
constituents. The TE efficiency of any material is ruled
by a dimensionless figure of merit zT = S?cT/x, where
the parameters S (Seebeck coefficient), o (electrical
conductivity), and x [(total thermal conductivity =
k. (electronic thermal conductivity) + xi. (lattice ther-
mal conductivity)] are strongly intercorrelated and
make it a formidable task to realize high values of zT.
The only independent parameter in this equation is Kiat,
the reduction of which would be highly effective in
triggering the overall TE performance [1]. Thus, the
understanding of the nature of low iy in crystalline
materials should help in finding suitable conditions to
improve their TE performance. Complex crystal struc-
ture, high atomic coordination number, high average
atomic weight leading to low frequency lattice vibra-
tions, atoms oscillating around their equilibrium posi-
tion ("rattling"), increased polarity between participat-
ing atoms, enhancement of phonon scattering by lattice
disorder are some of the statements found in the litera-
ture regarding the requirements to be met by potential
TE compounds to achieve low thermal conductivity.
The consideration of chemical aspects in the crystal
structures of TE compounds, such as strong covalent
interactions, bonding anisotropy and inhomogeneity,
significantly strengthens our insight into the lattice
thermal conductivity and, in general, into the less
known chemical principles of thermoelectricity. These
statements were challenging starting points for our sys-
tematic studies of different materials over the years, to
learn about the nature of their properties.

As promising candidates for high temperature thermo-
electric applications, intermetallic clathrates in their
various types and chemical compositions were one of
our first materials under study. In type-I clathrate
BagGaisGeso the temperature dependence of the ther-
mal conductivity shows that tunneling states play a
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central role in producing "phonon glass"-type thermal
conductivities [2]. In BagAu,Sis~ (type-I) for
4.10 £x <£6.10, a complex influence of Au on the ther-
mal transport is observed, evolving from a crystalline
behavior for n-type samples to a glassy one for p-type
samples at high x values. In the crossover regime, a
higher degree of disorder and enhanced phonon-charge
carrier coupling may be at work [3]. The good TE per-
formance of EusGaisGeso clathrate led to the construc-
tion of a mixed clathrate-skutterudite unicouple ther-
moelectric generator within a German-French-Aus-
trian research collaboration, which produced an open
circuit voltage of Uspen = 54 mV and a specific electri-
cal power of P = 178 mWecem™ [4]. A clathrate-only TE
device was developed using eight couples with the
clathrates BasGaisGeso as n-type and BaygAus33Geso.s7
as p-type materials, which were integrated into a TE
module (Figure 1), giving an output power of 0.2 W at
a temperature difference AT =380 K (71 =673 K and
T, =293 K) [5].

Zintl phases are also suitable for TE material develop-
ment, being small band-gap semiconductors with com-
plex crystal structures. The complexity arises from the
creation of bonds between anions — i.e. the formation
of polyanions — when the electron transferred from the
cation is not enough to complete the valence shell of
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Fig. 1:  Current-voltage characteristic for the

chlatrate-1 thermoelectric module for Tpo = 673 K and
Teoia = 293 K. The electrical voltage and power share
the same numerical scale with the corresponding units.
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the anions. Thus, the TE properties of polycrystalline
EuZn,Sb, (space group P3m) were characterized
showing a high p-type Seebeck coefficient (+122 to
+181 uVK™), high electrical conductivity (1137-
524 Sem™), and low lattice thermal conductivity
(1.60-0.40 Wm'K™), principally due to the low sym-
metry and dimensionality of the structure and the pres-
ence of heavy atoms. The obtained figure of merit
reaches 0.92 at ~700°C [6]. In polycrystalline
YbCd, +Zn,Sb,, substitution of Cd by Zn can tune the
carrier concentration and reduce thermal conductivity.
For x = 0.4, the sample exhibits the highest power fac-
tor (12-20 pW cm 'K ™?), the lowest lattice thermal
conductivity (1.0 Wm'K™! at 300 K), highest zT (1.2
at 700 K). First principles calculations were performed
to study the influences of bonding and electronic struc-
tures on physical properties. Only one maximum of the
electron localizability indicator (ELI) is observed in
the tetrahedron formed by three Sb and one Cd atom,
suggesting solely four-center bonding. The whole
bonding picture is, therefore, better described by the
electron balance (Yb*)(Cd**)2(Sb* ),. The more elec-
tronegative Zn?" is expected to increase the covalent
character of the Sb—Zn bonds, compared with the
Sb—Cd bonds, leading to the narrowing of the respec-
tive bands and increasing the pseudogap depth or even
opening of the real gap. This would explain the positive
Seebeck coefficient and the reduced conductivity at
higher Zn content [7]. Many 122-phase Zintl com-
pounds with promising TE properties do not fulfil the
given conditions of high density and complex structure
on the atomic and nanoscale for TE materials with low
lattice thermal conductivities. The compounds adopt
three relatively simple structures with comparatively
low average atomic mass, while exhibiting very low
lattice thermal conductivity (xi.). Thus, the origins of
low ki have been unveiled, where the composition,
atomic arrangements, and chemical bonding play im-
portant roles in governing the phonon transport prop-
erties. The coupling between the acoustic branches and
the low-frequency optical branches in a given structure
results in ultralow lifetimes and sound velocities, and
thus ultralow kr. By manipulating the chemical inter-
actions and bonding anisotropy the phonon contribu-
tion to the total thermal conductivity would be ration-
ally suppressed [8].

Lead telluride is a well-known thermoelectric material
that undergoes a not fully understood metal-semicon-
ductor transition at temperatures around 230°C. The
temperature dependent atomic-resolution transmission
electron microscopy (HRTEM) study of a single crys-
tal reveals dislocations in the crystal structure as the
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cause of this effect. Shifts of atomic slabs perpendicu-
lar to {100} indicate an ordering of the stereochemi-
cally active lone pairs of lead below ~ 230°C. The local
structure change causes the appearance of in-gap elec-
tronic states and leads to a metal-like electronic
transport behavior. Above ~ 230°C, the dislocation
disappears resulting in semiconductor-like electrical
conductivity [9]. The search for materials with low lat-
tice thermal conductivity has also focused on filled -
manganese-type phases having the chemical composi-
tion M, 7r3*Q% (M™: Li*, Na', Ag', Ca™’, Sn*', Pb*,
Yb*; Tr¥': AP, Ga*', In**; Q*: Se?, Te?"). They are
characterized by close packing of Qq-tetrahedra, anal-
ogous to the arrangement of manganese atoms in cubic
B-Mn. M" ions fill all available distorted octahedral
voids, and only half of them are occupied when M*
ions are involved. The 77°" ions are distributed over
15% of the tetrahedral voids. These phases have large
unit cells and the presence of heavy atoms suggests
suitable conditions for low lattice thermal conductiv-
ity. The phases with Ca, Sn, Pb, Na, and Na/Ag exhibit
very low lattice thermal conductivities. Singular crys-
tal structural features with a three-dimensional Te-Ga
network and stereochemically active lone-pair-like in-
teractions on Te, lead to large variations in Ga-Te and
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Fig. 2: (Top) ELI-D maxima isosurfaces around the Te
atoms for the 3-bonded Tel, 2-bonded Te2, Te3, Te4,
and 3-bonded Te5, with bold green lines showing
bonding connections and the dashed green lines to-
ward the lone-pair regions; (Bottom) tellurium envi-
ronment of the sodium (blue) and silver (pink) atoms
with the isosurfaces of ELI-D visualizing the lone-pair-
like (strongly polar) character of bonding.
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M-Te interatomic distances and large Griineisen pa-
rameters reflecting lattice anharmonicity. The mixed
cation compound NaAgGasTeio (space group R32) ex-
hibits an extremely low thermal conductivity of about
0.25 Wm'K™! at 298 K, decreasing to 0.17 Wm™'K! at
773 K, which is one of the lowest values observed so
far. This can be attributed to the disorder around the Na
9d site, described by four partially occupied sites and
the stronger bonding inhomogeneity caused by the oc-
currence of Na-Te bonds and Ag-Te bonds with differ-
ent polarities in NaAgGasTeio. The analysis of the
chemical bonding in position space shows two types of
ELI-D maxima around the tellurium atoms (Figure 2,
top). The first type of maxima is located near the Te-Ga
contacts and represents the covalent bonds. The second
type of maxima is located on the side of the Te atoms,
where there are no Ga neighbors in the vicinity, visu-
alizing the lone-pair-like interactions in this region.
Tel and Te5 atoms have one such region and three
bonding regions — (3b)Te — while Te2-Te4 atoms have
two lone-pair-like regions and two bonding regions
— (2b)Te — each. The resulting pattern leads to a cum-
bersome thermal transport in this material and can be
described by resonance phonon scattering. Due to an
improved power factor as well as the ultra-low thermal
conductivity, the zT value in NaAgGasTeo has been
enhanced by about 4 times compared to that of the
NayGagTeio compound [10].

Naturally occurring chalcogenides have also drawn at-
tention due to their interesting semiconductor proper-
ties. Phase-pure polycrystalline and mono-crystalline
bournonite PbCuSbS; from mines in Neudorf im Harz,
Germany and Vibora, Bolivia have been characterized
by structural, chemical, spectroscopic, magnetic, and
thermodynamic analyses, which confirm high quality
samples for the study of intrinsic physical properties.
Electronic structure calculations, electrical resistivity
measurements, and spectroscopic characterizations re-
veal PbCuSbS; to be an n-type semiconductor with an
optical energy gap E™ = 1.69 ¢V as well as both a large
Seebeck coefficient S~ —1200 pVK ! and an electrical
resistivity p~1000 Qm at room temperature.
Bournonite has a very low thermal conductivity
x(T)=2-0.5 W m 'K in the temperature range 100
600 K, dominated by optical phonons (T > 100 K),
which poorly transport heat, strongly scatter the acoustic
phonons, and substantially enhance the phonon-phonon
umklapp processes. Large atomic displacement parame-
ters and the presence of low-energy optical phonons
have been identified, evidencing “rattling” effects asso-
ciated to Cu and Pb atoms in the crystal structure. This
leads to high Griineisen parameters (yc = 4.8-3.2) and a
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very short phonon mean free path ([, = 11-3 A for
100-300 K). Thus, a combination of several factors
leading to large phonon anharmonicity is responsible
for the low thermal conductivity in bournonite [11].

Intermetallic compounds with the formula TMTrs
(TM = Fe, Ru, Os, Co, Rh, Ir; Tr = Ga, In) and a crystal
structure of the Irlns type (space group P4./mnm) have
been challenging examples for the chemical under-
standing of the relationship between structure, bond-
ing, and properties. The crystal structures of the Irlns
type is described as a framework built of 7M-centered
vertex-condensed  tetra-capped rhombic  prisms
(TCRP). With the specific atomic arrangement and
bonding scenario for the actual electron count, the
CoGajs isoelectronic compounds should exhibit metal-
lic conductivity while the FeGas isoelectronic com-
pounds present an energy gap at the Fermi level. This
special feature allows band-gap tailoring by doping
with non-isoelectronic substituents to tune the thermo-
electric properties. Thus, for the solid solution
FeGaj_.Ge, with x= 0.2 an improved TE figure of merit
ZTmax = 0.21 at 765 K was obtained, with a resistivity
change from semiconducting to metal-like behavior ac-
companied by a > 30% reduction of the thermal con-
ductivity [12]. In FeGas, the Fe—Fe interaction repre-
sents the central point for explanation of electronic and
thermal transport, as well as the optical properties of
this material and its substitution variants. The required
electron count of 17 ve/fu can be formally derived from
eight Fe—Ga and one Fe—Fe two-center—two-electron
bonds. Chemical bonding analysis in position space of
FeGa; was performed on the basis of the topology of
the electron localizability indicator distribution,
QTAIM atoms, two- and three-center delocalization
indices, domain natural orbitals, IQA analysis, and an
evaluation of the Fe—Fe dissociation energy yielded a
complete picture of the partially compensated Fe—Fe
bond. Structural reinvestigation of differently synthe-
sized single crystals revealed an additional occupation
of empty TCRPs by Fe, depending on the preparation
conditions (Fei+.Gas with 0 < x < 0.018). The addi-
tional Fe species generates in-gap states, leading to a
non-vanishing density of states at the Fermi level [13].
Theoretical studies on FeGas-type representatives,
CoGas and RhGas show no band gap, indicating metal-
lic character, as above mentioned. However, for the
isoelectronic compound IrGas a narrow band gap of
~0.15-0.07 eV was predicted, suggesting semicon-
ducting behavior. Single-crystal X-ray diffraction and
atomic resolution TEM and STEM studies show that
its real crystal structure exhibits strong local disorder
with modulations in nanometer-sized regions, caused
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Fig. 3. Bond basins, their atomicity and electron populations in P4:nm (top) and P4,/mnm (bottom) models of
the ht-GasRh crystal structure. The labels Ga2l, Ga22 (top panel) and 'Gal’, 'Ga2’ (bottom panel) denote the
positions derived from the initial Gal, Ga2 (bottom panel) by symmetry reduction.

by the ambient metastability of this high-temperature
phase (existing range: 799 < 7/°C <974). This material
exhibits semiconductor-like behavior with a band gap
E,=0.03 eV and a very low lattice thermal conductiv-
ity &1t (300 K) = 0.68 Wm 'K, attributed to the com-
plex local atomic arrangements [14]. To complete the
systematic study of the relationship between crystal
structure and thermoelectric properties of Ga;TM com-
pounds, GasRh has been reinvestigated and the exist-
ence of two temperature-dependent modifications has
been established. The high temperature modification
ht-GasRh exists in the range 594°C < T'<792°C. Its
crystal structure can be described as a variant of the
IrIns prototype (see above) given by the 3D-arrange-
ment of TCRPs according to 3[Gals»Ga2sRh,]. Large
and strongly anisotropic atomic displacement parame-
ters of the Ga2 species in the TCRP central quadrilat-
eral indicate critical disorder at this site, which is de-
scribed by ordered low-symmetry models (P4.nm,
P1_1and P1_2 models) yielding on average the origi-
nal high-symmetry of the IrIns-type structure. The de-
scription based on ordered models allows only the
study of the different atomic interactions in the disor-
dered atomic environment. In the TCRP block
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Gal,Ga24TM,, representing two formula units Ga;TM,
each TM atom is coordinated by two terminal Gal, four
bridging Ga2, two terminal Ga2 ligands, and one addi-
tional TM atom, resulting in a total of 17 short intera-
tomic distances within the block. In the case of TM =
Fe, the total number of 34 valence electrons per TCRP
block is just sufficient to realize this model. In
ht-GazRh, the additional electron given by each Rh
makes the formation of the Rh-Rh bond unnecessary to
satisfy the 18-electron rule. The chemical bonding
studied within the position-space electron localizabil-
ity approach, shows five different types of bonds by
analyzing the corresponding ELI-D valence basins in
the P4,/mnm model (Figure 3, bottom). With 13 bond
basins per TCRP, the total number is < 17 obtained
from counting the nearest-neighbor contacts because
several ELI-D bond basins represent 3- and 4-atomic
bonding situations. Homoatomic bonding between Rh
atoms is topologically indicated in the P4,/mnm model
by the presence of an ELI-D basin centered at the mid-
point of the Rh—Rh internuclear line, albeit at a very
low bond basin population. In a lower symmetry P1_2
model, the number of different bond types is nine,
larger than in the P4,/mnm model. The model accord-
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ing to the space group P4,nm provides an alternative
description of the splitting of the difference electron
density, forming a trapezoidal shape of the central
quadrilateral of the TCRP. Here, ten different bond
types are observed (Figure 3, top). Rhodium partici-
pates in all heteroatomic bonds as a minority partner.
A dedicated bond basin between the Rh atoms is also
missing here. The bonding picture in 47-GasRh can be
understood as a superposition of the P4,nm and the
P1 2 models (mainly). While in GasFe the Fe-Fe
dumbbell bonds play a key role in the bonding picture
and formation of rhombic prisms, in /##-GasRh the de-
crease of the Rh—Rh bonding coupled with the increase
of the Ga2—Ga2 bonding (cooperative effect) is a clear
signature of the experimentally observed disorder. In
agreement with the calculated electronic structure, /z-
GasRh shows bad-metal-like temperature dependence
of the electrical conductivity with electrons as charge
carriers. The large atomic disorder leading to increased
bond complexity — large number of different bond
types —in 4t-GasRh results in a low lattice thermal con-
ductivity xia (300 K) = 0.7 Wm'K! of hz-GasRh, be-
ing comparable to that of Az-Gaslr, and significantly
lower than those of other Ga;TM compounds with typ-
ical values greater than 3 Wm™'K! [15].
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