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Abstract

Thermoelectric energy (TE) conversion can be used to create electricity from
temperature gradients. Hence power can be generated from waste heat using TE materials,
e.g. from the exhaust in automotives. This power in turn may lead to a reduction of gas
consumption by reducing the alternator load on the engine. Because of the increasing demand
and limited availability of energy sources, there is strong and renewed interest in advancing
thermoelectric materials. Past research shows that the best TE materials are narrow band gap
semiconductors composed of heavy elements, exhibiting a large Seebeck coefficient, S,
combined with high electrical conductivity, o, and low thermal conductivity, «.

Various research projects have been attempted during the past four years of my Ph.D.
studies. These include the synthesis, crystal structure studies, electronic structure calculations
and thermoelectric properties of transition metal oxides and thallium main group
chalcogenides.

Because of the good thermal stability, lack of sensitivity to the air, and non-toxicity,
transition metal oxides are potential candidates for commercial thermoelectric applications.
During the investigation of oxides for thermoelectric application, several interesting features
of different transition metal oxides have been discovered: 1. A new quaternary layered
transition-metal oxide, Na,Cu,TeOg, has been synthesized under air using stoichiometric
mixtures of Na,COj;, CuO and TeO,. Na,Cu,TeO¢ crystallizes in a new structure type,
monoclinic space group C2/m with a = 5.7059(6) A, b = 8.6751(9) A, ¢ = 5.9380(6) A, B =
113.740(2)°, V = 269.05(5) A® and Z = 2, as determined by single crystal X-ray diffraction.
The structure is composed of fo[CuzTeOd layers with the Na atoms located in the octahedral

voids between the layers. Na,Cu,TeOg is a green nonmetallic compound, in agreement with

il



the electronic structure calculation and electrical resistance measurement. 2. An n-type
narrow band gap semiconductor, LaMogO4, exhibiting the high Seebeck coefficient of -94
MVK'1 at room temperature has been investigated. 3. PbycMo04Os with a new modulated
structure and stoichiometry was determined from single-crystal X-ray diffraction data. The
compound crystallizes in the tetragonal super space group, P4/mbm(00g)00ss, with a =
9.6112(3) A, ¢ = 2.8411(1) A, g = 0.25¢*, which is different from the previously reported

structure.

As for the research of thermoelectric properties of thallium main group chalcogenides,
three new ternary thallium selenides, T, 35Sbg ¢sSe 14, T11.97Sbg 03S€13 and Tl 04Bi7.96S€13, have
been discovered. All three compounds crystallize in the same space group P2,/m with
different cell parameters, and in part different Wyckoff sites, hence different structure types.
The three selenides with similar structures are composed of distorted edge-sharing (Sb,B1)Ses
octahedra, while the distorted T1/(Sb, Bi) sites are coordinated by 8 - 9 Se atoms. Electronic
structure calculations and physical property measurements reveal they are semiconductors
with high Seebeck coefficient but low electrical conductivity, and therefore not good
thermoelectrics. On the other hand, our transport property measurements on the unoptimized

T1,SnTes sample show interesting thermoelectric properties of this known compound.

Advanced thermoelectrics are dominated by antimonides and tellurides so far. The
structures of the tellurides are mostly composed of NaCl-related motifs; hence do not contain
any Te—Te bonds. All of the antimonide structures containing Sb—Sb bonds of various lengths
are much more complex. The Sb atom substructures are Sb,* pairs in p-Zn4Sbs, linear Sb;"
units in Yb4MnSb, planar Sb44f rectangles in the skutterudites, e.g., LaFe;CoSb,,, and Sbg

cubes interconnected via short Sb—Sb bonds to a three-dimensional network in Mos;SbsTe,.
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The results of electronic structure calculations suggested that these interactions have a
significant impact on the band gap size as well as on the effective mass around the Fermi

level, which represent vital criteria for advanced thermoelectrics.

The crystal structure and electronic structure investigation for the unique T net planar
Sb—Sb interactions in HfsSbg will be also presented, although HfsSby is metallic compound

with poor thermoelectric performances.
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1. Thermoelectric materials

1.1 Introduction

Nowadays, there is an urgent need for the alternatives of the energy utilization because of
the depletion of the energy resources on our planet. Thermoelectric materials, which can
realize the energy conversion between heat and electricity, might be potential candidates.
Thermoelectric phenomena were discovered in the 19™ century. However, practical
applications for thermoelectric devices became feasible only after mid-20"™ century because
of advancements in the semiconductor technologies. After two decades, there was no
breakthrough discovery in the thermoelectrics. But this field is experiencing a re-discovery
for several reasons: First, current environmental concern requires new alternative materials to
be able to do green energy conversion. Second, modern advanced techniques make it
possible to synthesize many new compounds with complex structures and characterize their
properties. Last but not least, reliable theoretical calculations by powerful computers are now
available for predicting and understanding properties of materials, which makes the selection

of the new materials much easier.

1.1.1 Thermoelectric phenomena

In 1821, Thomas Johann Seebeck [1] found that an electric current would flow
continuously in a closed circuit made up of two different metals, if the junctions of the metals
were maintained at two different temperatures, as shown in Figure 1.1 (left). This effect
could have power-generation applications, which are currently popular in the automotive

industries for utilizing the waste engine heat from exhaust systems.



Active Cooling

Heat Rejection

Figure 1.1 Power Generation based on the Seebeck effect (left) and Refrigeration based on the

Peltier effect (right) [2].

It was later in 1834 that Jean Peltier [1] found that an electrical current would produce a
temperature gradient at the junction of two different metals, which is the reverse of the
Seebeck effect (Figure 1.1 right). The Peltier effect, on the other hand, serves as an idea for

the thermoelectric refrigeration to replace the old cooling systems.

1.1.2 Thermoelectric devices and applications

Employing the Seebeck effect, thermoelectric power generators convert heat energy to
electricity as shown in Figure 1.2a. When a temperature gradient is created across the
thermoelectric device, a voltage gradient appears across the terminals. One of the well-
known applications is the thermocouple for measuring the temperatures. Other applications
for this technology include providing the power for the remote telecommunication, space
probes and waste heat recovery for automotives.

When a voltage gradient is applied to a thermoelectric module, the positive and negative
charge carriers in the pellet array absorb heat energy from one substrate surface and release it
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to the substrate at the opposite side (Figure 1.2b). Using this simple approach to heat
pumping, thermoelectric technology is applied to many widely varied applications: portable

refrigerators, scientific thermal conditioning and so forth.

+ Electrical power input

a Heat input b

Heat
glected

. Current

Hot
Junction

Haot junction

:Cﬂll:ll Ceramic plate
unction F
i)

Heat
ejected

s Contact

pads

Electrical power output

Figure 1.2 a. Power generator module; b. Refrigerator module; c. State-of-the-art

thermoelectric devices [3].

A typical thermoelectric module, shown in Figure 1.2¢, consists of semiconductor pellets
that have been doped so that there is only one type of charge carrier. The n-type or p-type
pellets are arranged in order to be connected electrically in series, but thermally in parallel.

Figure 1.3 shows a portable lunch box based on thermoelectric modules by NASA. So
theoretically, e.g. by utilizing the Peltier effect, we can keep our hot dishes at the hot side and

cold dishes at the cold side during the travel. The LCD monitor even allows us to set the

exact temperature.



Figure 1.3 Lunch box with thermoelectric technologies [4].



1.2 Optimization of thermoelectric performances

As we discussed about thermoelectric devices above, it is easy to see that thermoelectric
devices have many advantages, such as high reliability, no-moving parts, efficiency
independent of size and environmentally friendly, compared with conventional cooling
systems. However, thermoelectric materials have not been widely used in commercial

applications because of the low efficiency.

1.2.1 Figure-of-merit ZT and efficiency

The major goal of thermoelectric material research is to design materials that will
improve the efficiency of these solid-state devices. The efficiency (n) [5] of thermoelectric
materials for power generation is defined as the output of electrical power (P) divided by the

thermal power (Q) supplied:

P Tu-Tc J1+ZT -1
Q T JI+ZT +

N (1-1)

Tc
Th
Ty and Tc are referring to the temperature of the hot and cold sides of the sample,
respectively. Efficiency depends on material properties through the dimensionless figure of
merit ZT [6]:

S’c

ZT = T2 (1-2)
K

where T is the average temperature of the sample, S is the thermopower or Seebeck

coefficient, ¢ is the electrical conductivity and « is the total thermal conductivity. High ZT



will lead to high efficiency. From the equation above, we can easily see that high ZT values
can be achieved with a high Seebeck value (S) and high electrical conductivity (o), but low
thermal conductivity (k). Unfortunately, these thermoelectric parameters can not be treated
independently and the correlations between them are rather complicated. Before we look into
details of each parameter, let us have a look at what kind of materials might be good

candidates for thermoelectric applications.

Insulator Semiconductor Metal

In (n)

Figure 1.4 Comparison of thermoelectric properties between insulator, semiconductor and

metal.

As shown in Figure 1.4, insulators have high Seebeck coefficient but no electrical
conductivity, and metals have high electrical conductivity but low Seebeck coefficient, and
thus they are not good thermoelectric materials. The best thermoelectric materials are

predicted to be semiconductors with small band gaps [1].



1.2.2 Seebeck coefficient
The Seebeck coefficient, e.g. thermopower, with a unit of (V/K) is a measure of the
magnitude of an induced thermoelectric voltage in response to a temperature difference

across that material:
S=—— (1-3)

The Seebeck coefficient can be derived from the Mott equation [7,8] with ¢ = electrical
conductivity, k = Boltzmann constant, T = temperature, e = charge of an electron, and E =
energy:

7 KT d Ino(E)
3 e dE | E=E,

S

(1-4)

One can deduce from the Mott equation that the Seebeck coefficient is inversely proportional
to the DOS at Fermi level and directly proportional to the derivative of the DOS at Fermi
level, i.e. large DOS are disadvantageous for a high Seebeck coefficient and flat band will be

beneficial for a large Seebeck coefficient [9] :

. 1 d DOS(E)
DOS(E;) dE E=E.

(1-5)

1.2.3 Electrical conductivity

Electrical conductivity (o) is a measure of a material’s ability to conduct an electric

current, which is defined as [10]:



L

cC=—— (1-6)
R xA
where R is the resistance of the sample, A and L being the cross area and length, respectively.

A and L are constant for any experiment with fixed contacts. Electrical conductivity can also

be explained by the equation [11] below:

G=nxexu (17)
with n = the charge carrier concentration, e = charge of an electron and p = mobility.
Generally, materials containing elements with small electronegativity differences are more

likely to have higher mobility, e.g., electrons are more delocalized in these materials, leading

to the high electrical conductivity.

1.2.4 Thermal conductivity

Thermal conductivity, k, is the ability of a material to conduct the heat, which has two
contributions, one from the electrical charge carriers, k., and the other from the lattice
vibrations (phonons), kpn. The overall thermal conductivity is the sum of the contributions by
both charge carriers and phonons:

K = Ke + Kph (1-8)

For metals, the high thermal conductivity is the contribution of large numbers of
electrons as charge carriers. Hence, the electronic contribution (k.) has the major impact for
the thermal conductivity in metals, while the lattice vibrations have smaller effect. According
to the Wiedemann-Franz relation [10], the thermal conductivity is proportional to the

electrical conductivity for the metals at a certain temperature (L = 2.45 X 10® WQK™):



Ke=LxoxT (1-9)
On the other hand, in semiconductors x,n 1s usually much greater than k.. Since the best
thermoelectric materials were predicted to be semiconductors with small band gaps, one
challenge is to minimize kpn. One way to do this is to synthesize compounds by using heavy
elements. High atomic masses can reduce the atomic vibration frequencies resulting in lower
thermal conductivity. This is one of the reasons that the elements like antimony, bismuth,
tellurium, and lead are used quite often for current thermoelectric research. Another way is to
introduce so-called “guest” atoms into the voids of the skutterudites [12-14] with CoAs;[15]
structure type. These small “guest” atoms act like strong phonon scattering centers to reduce

the lattice thermal conductivity dramatically, resulting in excellent thermoelectric properties.



1.3 Advanced thermoelectric materials

During the search for good thermoelectric materials since 1950s, some material systems
stand out with the high potential for achieving excellent thermoelectric performances. These
materials contain the high electrical conductivity and thermopower, while maintaining the
relatively low thermal conductivity. In the following, we will discuss some advanced

thermoelectric materials, and some of them are highly related to my research project as well.

1.3.1 CSBi4T€6

Chalcogenides comprise a large number of materials with complex structures and
semiconducting behavior. Most of them are stable in the air in a wide temperature range.
Because of the multiple choices of chalcogen elements e.g. from sulfur to tellurium, it is
highly possible to obtain semiconductors with different energy gaps which are suitable for
thermoelectric applications in a wide range of temperature. Since the early stages,
chalcogenides were considered to be one of the best material classes for thermoelectric
applications. BiyTe; and its variants like Biy x<SbyTes; and Bi,Tes xSex [16] still holding the
record for thermoelectric performances around room temperature. Another important
chalcogenide is PbTe [17], with a maximum ZT value of 0.8 at 773 K [18].

In 2000, CsBisTeg [19] derived from Bi,Tes, with appropriate p-type doping of Sbls or
Sb, was reported to have a high ZT of 0.8 at 225 K, which is highest among all reported

thermoelectric materials at that low temperature.
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Figure 1.5 Crystal structure of CsBisTeg. Cs: black; Bi: cyan; Te: red.

CsBisTeg crystallizes in a monoclinic crystal system with the space group C2/m and
presents a new structure type consisting of anionic infinite BisTes” blocks and Cs' ions
residing between the layers, as shown in Figure 1.5. Different doping materials might allow
the figure of merit, ZT, to be shifted to even lower temperatures [20]. CsBisTes is the

example to make the extension for the use of thermoelectric materials to lower temperatures.

1.3.2 AgPbmSbTesm

AgPb,,SbTe,n, 1s another chalcogenide with outstanding thermoelectric performances. A
lot of compounds with different compositions can be obtained with different m values. The
cubic AgPbgSbTe; [21] was discovered to have ZT =~ 2.2 at 800 K, which outperformed
all reported bulk materials in the temperature range of 600 to 900 K. This family of
compounds presents an average NaCl structure like PbTe [17] with the mixed occupations of

Ag, Sb and Pb [22], schematically shown in Figure 1.6.
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Figure 1.6 Crystal structure of AgPb,SbTe,.,. Ag: Green; Pb: black; Sh: cyan; Te: red.

However, recent work [23] on AgPb,,SbTey:, by Transmission Electron Microscopy
(TEM) revealed the nano-structural features of this compound. Research on the impact and

significance of nano features for improving of thermoelectric properties is still in progress.

1.3.3 TlBiTegand TI,SnTes

Recently, thallium chalcogenides such as TlyBiTes [24] and T1,SnTes [25] have been
found to have excellent thermoelectric properties with extremely low thermal conductivities
at room temperature, e.g., 0.39 Wm 'K for TlyBiTeg and 0.5 Wm 'K for T1,SnTes.

TlyBiTes can be derived from the binary compound, TlsTe; [26,27] with the mixed

12



occupancy of TI/Bi at the 4c¢ site (Figure 1.7). TlgBiTes exhibits the figure of merit of ZT ~

1.2 at 500 K.

Figure 1.7 Crystal structure of TlsTez. Tl: black; Te: red.

T1,SnTes also forms a the tetragonal crystal structure, with chains of SnTeszf parallel to the c-
axis to and the cation TI" filling in the eight-coordinated voids shown in Figure 1.8. TI-Te
bonds (3.49 A) in T1,SnTes are relatively long compared with that of TlsTe; ranging from
3.15 to 3.36 A. Such long bonds could produce very low-frequency phonons, which might be

one of the key reasons for Tl,SnTes to have that low thermal conductivity resulting in a ZT

13



of 1 at 500 K. More information about thallium chalcogenides for thermoelectric applications

will be disclosed in Chapter 3.

Figure 1.8 Crystal structure of TI,SnTes. Tl: black, Sn: cyan, and Te: red.

1.3.4 Antimonides

Antimonides have also attracted wide interest for thermoelectric applications. The
antimony anions in antimonides participate in much more complicated structures than
tellurium anions do in chalcogenides. Since in Chapter 5 I will introduce my research efforts
of electronic structure calculations for the investigation of Sb—Sb bonding in several
advanced thermoelectric antimonides, only a brief review about their outstanding

thermoelectric properties will be given in this section.
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Starting with the binary compound, Zn4Sbs there are three modifications for this
compound. B-ZnsSb; was considered to be one of the best p-type thermoelectric materials
around 700 K, the other two phases being a and y [28]. The highest ZT value reported for -
ZnySb; is 1.4 at 673 K [29]. The filled skutterudites with the general formula LnM4Sb;, (Ln
= lanthanoid; M = transition metals such Fe, Co, Ni, etc.) as a phonon-glass-electron crystal
material [30], help us to understand the mechanism for lowing thermal conductivity. The
parent compound, LaFesSby; [31] is a metal, while LaFe;CoSb,; and CeFe;CoSby; [32,33]
were reported to be p-type and n-type specimens with ZT ~ 1 at 800 K. Yb;sMnSby; [34]
was reported recently to break the two decades record of thermoelectric performances above
975 K, with the Figure of Merit, ZT =~ 1 at 1223 K. Since the late 90s, our research group
has developed several interesting early transition metal antimonides [35-39]. Some of them
with Ir;Ge; structure type [40] were very promising candidates for the future thermoelectric
applications, e.g., NigposMo3Sbs 4Te; ¢ reaches ZT =~ 1 at 1050 K [41].

There is also another material system, oxides, of particular interests for the
thermoelectric applications. Since it is part of my research project, the details will be

introduced in the chapter 3.
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2. Experimental techniques and physical property

characterizations

2.1 Synthesis techniques

All of the samples were prepared by conventional solid state reactions, e.g., heating
mixtures of two or more materials to form a solid phase product. Solid state materials may be
one of three forms: 1. Single crystals, which are usually preferred for the structure
determination and physical property characterizations; 2. Polycrystalline powder, which can
be used for the structure and property characterizations if large enough crystals can not be
obtained; 3. Amorphous phases, which do not have any long range order. Compared with gas
and liquid phases, one of the key factors that inhibit solid state reactions is diffusion, which is

expressed by Fick’s law [1]:

E
dx

J = —D (2'1)

where J = flux of diffusing species, D = diffusion coefficient and dc/dx = concentration
gradient. In order to have good rates of reaction, the typical diffusion coefficient needs to be
greater than 10"%cm’s™. Mostly, the higher the temperature, the greater will be the diffusion
coefficient. Tamman’s rule [2] concludes that intensive reaction will only occur when the
reaction temperature reaches 2/3 of the melting point of one or more reactants. As for
different temperatures required, different kinds of equipments were employed for the
synthesis. In this section, detailed information about solid state synthesis techniques in our

laboratories will be introduced.
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2.1.1 Sample preparations

Since most of starting materials for solid state reactions are sensitive to oxygen and
moisture, they were usually stored in an argon or nitrogen filled glove box. The details about
the starting materials for the synthesis are listed Table A. 1 in the Appendix. Most sample
preparations, e.g., weighing stoichiometric reactants and transferring to the proper vessels,
were also done in the glove box. Two different types of reactions can be classified depending
on whether the atmosphere needs to be excluded or not. For the reactions in air, a ceramic
boat made up of Al,O3; was used as the vessel. After the preparation, the ceramic boats were
directly put into the furnaces for the reactions, which were usually ongoing either in the air or
under oxygen flow. As for the reactions that need to exclude the presence of oxygen and
moisture, different containers such as quartz tubes, Mo and Ta crucibles, were selected for
the synthesis at different temperatures.

Quartz tubes consisting of SiO, are usually employed if the reaction temperature is
below 1273 K. If some reactants tend to react with the quartz tube at high temperatures,
Tamman crucibles (Al,O3) are often used to avoid contacts between samples and quartz tubes
as shown in Figure 2.1. The vacuum needed for sealing the tubes was obtained by the home-
made vacuum-line and BOC EDWARDS’ rotary pump.

For high temperature (> 1473 K) reactions, Mo or Ta crucible are better choices instead
of quartz tubes (Si0O;), since the melting points of Mo (2896 K) and Ta (3290 K) are much
higher than SiO, (1710 K) [3]. Once the samples were sealed in the tubes or crucibles, they

were loaded into different types of furnaces for the synthesis at different temperatures.
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Figure 2.1 Various vessels for solid state reactions: a. Al,O; boat; b. Quartz tube with the

sample inside; ¢. Mo crucible; d. Ta crucibles.

2.1.2 Different techniques

According to different temperatures required for the synthesis, different equipments
were employed. Oxygen and inert argon gas flow were applied for different needs of the
environment for the reactions by utilizing the tube furnaces, as shown in the left of Figure 2.2.

For the moderate temperature (< 1273 K) reactions, box furnaces (Figure 2.2 right) were
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favourable. The designed annealing profiles can be set up in order to obtain good qualities of

crystals within these furnaces.

Figure 2.2 Tube furnace (left); box furnace with the gas flow (right).

The high temperature furnaces (Figure 2.3) can be used for the reactions up to 1870 K, under

high vacuum, e.g. 10 mbar, which can be obtained by the Diffstak Mk2 diffusion oil pump.

Figure 2.3 High temperature furnace with the Diffstak Mk2 diffusion oil pump.

Some compounds need even higher temperatures (up to 2273 K) for the synthesis, such
as some molybdenum oxides that will be discussed in the next chapter. These high
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temperature reactions were carried out in the induction furnace [4] (Figure 2.4), which is an
electrical furnace in which the heat is applied by induction heating of a conductive medium

(usually a metal) in a crucible.

Figure 2.4 Induction furnace.
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2.2 Analysis techniques

After the products are synthesized, the next step is the analysis of the samples in order
to obtain the structure information, determine phase purity and so forth. Several general
analysis techniques utilized by our group as well as other solid state material scientists will

be introduced in the following section.

2.2.1 Powder X-ray diffraction

X-rays were discovered in 1895 by German physicist Dr. Roentgen [5]. Before Dr.
Bragg [6] discovered that X-rays were scattered by the internal lattices of solid objects, they
were used for the medical applications, e.g., making images of the internal structure of bodies.
X-rays are a form of electromagnetic radiation of very short wavelengths in the angstrom and
nanometer region with typical energies in the range of 100 eV - 100 keV, and the wavelength
of X-rays is comparable to the size of atoms. The elastic scattering made by the interactions
between X-ray and electrons of atoms in the material is used for probing the structural
arrangement of atoms and molecules in a wide range of materials.

The peaks in the X-ray diffraction pattern are indirectly related to the atomic distances,
which may be explained by the Figure 2.5 [7], with the angle 0 representing the scattering

(Bragg) angle and d referring to the distances of a set of lattice planes.

23



5 —e - j'[ f’ & -
\f " = -
Y

Figure 2.5 X-ray diffraction from lattice planes.

When two parallel X-rays hit on two atomic layers separated by a distance of d, obviously
one beam must travel the extra distance of 2dsin@, which must be a multiple of the
wavelength (A) and integer (n) for the two beams to be in phase. Bragg’s law [8] equation

can be derived:

nh=2dxsin0 (2-2)

Since the peak positions in the Powder X-ray Diffraction (PXRD) pattern are related to

the unit cell parameters as well as d values, and the intensities of the peaks are proportional
to the square of atomic number of elements, i.e. the total number of electrons, the PXRD
pattern can be regarded as the fingerprint for a certain compound. A sample with a powdery
form for the measurement is usually easy to obtain, which makes PXRD one of the most

widely used techniques for characterizing materials.
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2.2.2 Single crystal structure determination

To solve a crystal structure means to determine the precise arrangements of all atoms in
a chemical compound in the crystalline state, which include the positions of the atoms in that
solid.

The first step is to select a suitable crystal. Generally, crystal dimensions greater than
0.5mm should be avoided, but the least thickness should be more than 0.01mm. The crystals
are usually mounted on a glass fiber for the data collection. With new camera techniques, the
equipment for collecting the data has been developed dramatically as well. Nowadays, area-
detector systems are mainly used, which include two types: the Charge Coupled Device
(CCD) and Image Plate [9].

In the Department of Chemistry at University of Waterloo, the data collection is
performed on the Apex CCD with graphite-monochromatized Mo-Ka,; radiation (BRUKER)
as shown in Figure 2.6.

The data collection and unit cell determination were done by using the SMART software
[10]. After collecting the data, the raw data has to be corrected for Lorentz and polarization
effects [11], which is part of the data reduction. This step will usually be done by using the
SAINT program [12], followed by the space group determination with XPREP embedded in
the SHELXTL package [13]. Absorption corrections are also needed, since the X-ray beam is
weakened when it passes through the crystal. This process can be done by the program,

SADABS [12] or XPREP [13].
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Figure 2.6 Apex CCD in the Department of Chemistry at University of Waterloo.

Structure solution and refinements were performed with the SHELXTL package. The
program tries to find the best fitting between the calculated structure factors (F.) and the
observed ones (F,). Two residual factors, R1 and wR2, are evaluated in order for checking

the refinement results:

D |1 Fo| | Fe|

R1=-12K Z|F | (2-3)
hkl
ZVV(FO2 — F02)2
wR2 = hklzw ) (2-4)
hkl

Generally, for a crystal structure without special problems, the refined structure should give

an R1 value less than 0.05 and wR2 less than 0.10. Nowadays, single crystal structure
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determination has become an important and extremely powerful tool not only for solid state

chemists but also for other chemists interested in the structures of their compounds.

2.2.3 Energy dispersive X-ray (EDX) analysis

Energy dispersive X-ray (EDX) analysis provides the characterization of elements and
their stoichiometry in the materials. This technique is applied in conjunction with Scanning
Electron Microscopy (SEM). When an electron beam hits the surface of the sample, X-rays
will be emitted from that material. The energy of the beam used is usually in the range of 10-
25 kV [14] and the energy of the X-rays emitted depends on the material under the

investigation. One example of an EDX spectrum is shown in Figure 2.7.
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Figure 2.7 EDX spectrum and summary of the results.
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Different elements will have different chemical shifts in the spectrum, which can be used
as “Fingerprints”. The sum of the areas under the peaks of each element is proportional to
quantity of elements

EDX analysis in the following chapters was performed by a SEM (LEO 1530) integrated

with EDX Pegasus 1200 in the Department of Chemistry at University of Waterloo.

2.2.4 Thermal analysis

Thermal analysis is the study of thermal stability and possible phase changes in relation
to the temperatures. Thermal analysis in this thesis is performed on the computer-controlled
NETZSCH STA 409PC Luxx, which combines Differential Scanning Calorimetry (DSC)
and Thermogravimetry (TG) measurements. The measurements were carried out under a
constant flow of the argon.

DSC is a thermoanalytical technique in which the difference of the heat required to
increase the temperature of a sample and reference is measured as a function of temperature
[15]. Both the sample and reference are maintained at ideally the same temperature
throughout the experiment. The basic theory behind the technique is that, when the sample
undergoes a phase transition, different mounts of heat will be needed to reach the target
temperature. When the sample is going to melt, more heat will be needed for increasing the
temperature resulting in an endothermic process; likewise, crystallization will undergo an

exothermic processes as shown in Figure 2.8.
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Figure 2.8 Schematic DSC curve.

TG analysis, on the other hand, is performed on samples to examine changes in weight in

relation to the phase changes in dependence of the temperature.
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2.3 Physical property measurements

In order to investigate the thermoelectric performances of the materials, Seebeck
coefficient, electrical conductivity and thermal conductivity will be measured. Detailed
information about the methods and equipment utilized in our laboratories for these

measurements is introduced here.

2.3.1 Seebeck coefficient measurement

In our laboratory the MMR SB-100 Seebeck System [16] shown in Figure 2.9 is used for

the Seebeck coefficient measurements over a temperature range from 300 K to 600K.

Figure 2.9 Seebeck Measurement System in our laboratory.

The Seebeck thermal stage includes two pairs of connections as shown in Figure 2.10.
One pair consists of a junction of silver and a reference material with a known Seebeck

coefficient. We use copper-nickel wire (constantan, Cu : Ni = 55 : 45 wt%) as the reference,
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which has a Seebeck value of around -40pVK™" at room temperature. The other one consists

of a junction of silver and the material whose Seebeck coefficient is to be determined.

Figure 2.10 Sample stage for the Seebeck measurement with the sample (black) and reference

(red).

The temperature on the sample stage is operated by a computer via the heater K-20. The
temperature difference generated by the K-20 is related to the input power (P). When the
power is applied to the heater, the potential difference can be obtained for both of the sample
(V1) and reference (V,). The Seebeck coefficient of the sample (S;) will be calculated by the

known Seebeck coefficient of the reference (S,) via equations below.
Vi=Six AT(P) (2-5)
V2=S8:x AT(P) (2-6)

S1 =S2x E (2-7)
Va2
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2.3.2 Electrical conductivity measurement

In order to get accurate electrical conductivity, the four-point probe method was utilized

for all the measurements as shown in Figure 2.11.

——®A
W

12 34

Figure 2.11 Four-point probe method [17].

The main source of error for the two-point method in the conductivity measurement is

from the contact resistance, R.. The voltage will be measured as:

Viotal = Riotal X I = (Rc + Rsample) x I (2-8)

For the four-point method (Figure 2.11), the potential difference (V23) is measured instead of

Vioral. Since the voltage meter and the sample between points 2 and 3 are in a parallel circuit,
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V3 is the accurate value of potential differences of the sample between points 2 and 3

independent of the contact resistance.

Because the sample and contacts are in a series circuit, the current will be the same
anywhere in the sample. Therefore, the resistance of the sample between points 2 and 3 can

be extracted:

R = % (2-9)

The conductivity will then be calculated by the equation 1-6 introduced Chapter 1.

2.3.3 Thermal conductivity measurement
The thermal conductivity (k) is found from the equation [18]:
K=axpxCp (2-10)
where p being the density, o representing thermal diffusivity, C, standing for specific heat

capacity. a can be extracted from its relationship with the sample thickness (L) and the time

required to reach half of the maximum temperature increase (tps) [19]:

L2
o =0.1388x— (2-11)

to.s
The specific heat capacity (C,) is the amount of heat per unit mass required to raise the
temperature by one degree Celsius. In our laboratory, this value of the sample can be
obtained by comparing the heat absorptions with the reference sample, which has the known

C, value. If we know the density (p) of the sample, the thermal conductivity (k) can be easily

calculated based on the equation above.
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2.4 Electronic structure calculations

During the past decade, electronic structure calculations have played a more and more
important role in the fields of physics and chemistry, especially with the development of
advanced computers at the present day. For the thermoelectric research, electronic structure
calculations not only can predict the transport properties of materials, but they also help
scientists to have a good understanding of properties. A brief summary of calculation

methods and software packages utilizing different theory levels is presented below.

241 LMTO

These calculations are quantum-mechanical methods, e.g., calculating the energy by
solving the quantum mechanical equations for electrons in the atom. Unfortunately, the
equations are too complicated to be solved exactly due to numerous electrons contained in a
crystal with large amount of degrees of freedom and interactions. However, a periodic
arrangement of atoms in the crystal makes it possible to solve equivalent equations in a small
periodic unit cell instead of doing so for the whole infinite system.

The LMTO (LMTO = linear muffin tin orbitals) program [20] is employed for the
electronic structure investigations in this thesis. This methods is based on density functional
theory (DFT) [21,22], which states that the total energy is a unique functional of the electron
density and has its minimum at the ground state density. The model lets us solve the

simplified Kohn-Sham equations [23] instead of solving the Schodinger equation. The

LMTO program package we are using is controlled under a LINUX computer operating
system. The LMTO method uses the atomic spheres approximation (ASA) [24], and the local

density approximation (LDA) [25] for exchange correlation energy in the DFT.
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2.4.2 Gaussian03

Gaussian03 [26] is quite useful software for molecular chemists to extract calculation
results of their compounds, including the single point energy, electron density, dipole
moment, geometry optimization, and frequencies. For solid state chemists, the molecular
orbitals around the Fermi level [27] and the energy differences between these orbitals are
especially interesting. Such information can be achieved by the single point energy
calculation from Gaussian03.

Various suitable basis sets and calculation methods are required for different calculations.
A basis set is the mathematical description of the orbitals within a system used to perform the
theoretical calculations. Larger basis sets more accurately approximate the orbitals by
imposing fewer restrictions on the locations of the electrons in space, hence are more time
consuming. In order to get accurate calculation results within a reasonable time, another
factor to be considered is the appropriate level of the theoretical method. In this work,
molecular orbital diagrams for the frontier orbitals were computed via the B3LYP method

[28,29] based on DFT, with the 3-21G basis set [30].
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3. New oxides

Oxides had not originally been considered as suitable for thermoelectric applications
because of their poor mobility. However, in 1997 Dr. Terasaki et al. [1] found that a single
crystal of the layered cobalt oxide NaCo,0, exhibits excellent thermoelectric performances,

with ZT =~ 0.8 at 1000K. Because of relatively low cost, non-toxic and high thermal stability

in the air, oxides have been strongly considered to be potential candidates for future
commercial applications. This is one of the key reasons for the oxides system to be
investigated by many research groups. After that, the layered cobalt oxides were of great
interest, and several new candidate materials, including Ca3CosO9 [2,3], and
[Big.87S101]2[C00:]1 82 [4], were developed through extensive studies. These compounds all
consist of stacks of edge-sharing CoOg and rock-salt type blocking layers along the c-axis,

e.g., the misfit-layer structure, as shown in Figure 3.1.

Bi,Sr,Co,0,

Figure 3.1 CoO,-based TE oxides: (a) NayCoO,, (b) Ca;C040,, () Bi,Sr,Co,0, [5].
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Within the structure of the Co oxides, CoOg layers work as the path way for the electric
current which leads to a high electrical conductivity and thermopower; on the other hand, the
rock-salt layer as the path way for the thermal flow results in the low thermal conductivity

[6,7] as shown in Figure 3.2.

“—<—<—"| Low thermal conductivity

High thermopower

Figure 3.2 Schematic illustration of contributions from different layers of cobalt oxides

for good thermoelectric properties [5].

During my Ph.D. studies, I have been looking for oxides with new structure types as well
as investigating the thermoelectric properties of known oxides. In the following part of this
chapter, the structure and physical properties of three oxides: Na,Cu,TeO¢ [8], LaMo03gO14

and Pbg ¢0M04O¢ [9] will be fully discussed.
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3.1 Synthesis, structure and magnetic Properties of the new

layered Cu" oxide Na,Cu,TeOq

3.1.1 Introduction

Since oxides like NaCo,O4 [1] with misfit layers showed excellent thermoelectric
properties, one of my targets of the project is to discover new oxides with the similar
structure but different composites. In order to build up a layered structure like in NaCo,04,
the elements Cu and Te are chosen to replace Co because first, CuO, layers could bring
interesting electrical properties e.g., high-T¢ superconductors like YBa,CuzO7 [10,11] and
related materials; second, Te as a heavy element will be beneficial for low thermal
conductivity. We succeeded in synthesizing a new layered transition-metal oxide,
NayCu,TeOg [8]. With this contribution we present its crystal structure, electronic structure,

as well as transport and interesting magnetic properties.

3.1.2 Synthesis and phase analysis

Phase pure Na,Cu,TeOg was prepared starting from 1 mmol NayCOs, 2 mmol CuO and

1 mmol TeO; under air, i.e. oxidizing conditions, according to the reaction equation (3-1).

N32CO3 +2 CuO + TeOz + % 02 —> N8.2CLI2TGO(, + C02 (3-1)

The starting materials were thoroughly ground and subsequently calcined at 923 K in a
muffle furnace in air for three days. Thereafter, the furnace was cooled down to room

temperature at a rate of 10 K per hour. Na,Cu,TeOgs was formed as a green microcrystalline
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powder. For the single crystal structure study, single crystals of green Na,Cu,TeOs were
synthesized by heating the single-phase sample at 860 K for 12 hours, followed by slow
cooling to room temperature.

A block shaped single crystal of Na,Cu,TeO¢ was selected for the Single Crystal
Structure Determination. The lattice parameters were indicative of monoclinic symmetry, and
the systematic absences restricted the possible space groups to C2, C2/m, and Cm. The
subsequent solution and refinement in C2/m were successful, and refining the model in C2
and Cm led to no improvements in the residual factors, but instead resulted in high
correlation factors. Crystallographic data, atomic coordinates and thermal parameters, as well

as selected bond distances for Na,Cu,TeOg are given in Table A.2 — 4 in the Appendix.

Element  WtZ  AtX =

0K 24 .66 5584
Hak 10.99 17.31
TeL 34.35 9.7%
30,00 17.10

100 200
[[CP5:1616 DT%:16 |sectl  [Cnis:35  |kevid.320 Fsiiiiz 2224, 0607 [ T T

Figure 3.3 Scanning Electron Microscope picture of Na,Cu,TeOg crystals and EDAX analysis.
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The sample was then examined by the powder X-ray diffraction at room temperature and
Energy Dispersive X-ray (EDX) analysis (Figure 3.3). No known compounds were detected
in the X-ray powder pattern. The composition averaged over selected crystals using EDAX
was Na:Cu:Te:0=17(1):17(1) : 10(1) : 56 (in at-%). This is in quantitative agreement
with the at-% values resulting from the single crystal structure determination of 18.2 : 18.2 :
9.1:54.5.

In order to study the stability of this new oxide, Differential scanning calorimetry (DSC)
measurements were also performed to investigate the crystallization behavior of the
compound. Samples (3-5mg) held in aluminum pans were heated from room temperature to
1000 °C at a rate of 10 °C/min under a flow of argon. The results suggested that Na,Cu,TeOg
started to decompose at 870 °C and the total weight loss was around 4%, as shown in Figure
3.4. The color of the compound changed from green to brown after the measurement, which

was also the evidence of the phase change.

4.0 101

Mw\ - 100
2.0 1

g
S S
1 d
= o
3) =
(0]
()
20 - m DSC
TG 96
-4-0 ] ] L} L} L} L} 95

300 400 500 600 700 800 900 T[°C]

Figure 3.4 Thermal analysis for Na,Cu,TeOs.
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3.1.3 Crystal structure

Na,Cu,TeOg is a new quaternary layered transition-metal oxide crystallizing in a new
structure type. The assignment of formal charges is straightforward, yielding fully oxidized
cations Na" and Te®", and therefore Cu®". This type is a (filled) distorted substitution variant
of the CdI, type, with the O anions forming layers reminiscent of hexagonal closest packing.
The Cd atoms are substituted by the Cu and Te cations, and the Na cations fill pseudo-

octahedral voids between the 2[Cu,TeOg] layers (Figure 3.5).

Figure 3.5 Crystal structure of Na,Cu,TeOg. Na: black; Cu: blue; Te: purple; O: red.
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The NaOg octahedra exhibit an AlCls-like arrangement with Na—O bonds between 2.31 A
and 2.49 A. A Z[Cu,TeOq] layer is depicted in Figure 3.6, revealing the substitution pattern

of two Cu cations and one Te cation for the Cd atoms of Cdl,.

Figure 3.6 2[Cu,TeQq] layer of Na,Cu,TeOs.

The TeOs polyhedron is an almost regular octahedron, with six Te—O bonds between 1.92 A
and 1.99 A. Such bond lengths are expected for Te"" oxides, as also found in Na,TeO4 (Te—O
bonds between 1.85 A and 2.04 A) [12] and CuTeO, (1.87 A - 2.02 A) [13]. On the other
hand, significant deviations from the octahedral coordination of the Cu cation are obvious, as

it forms four short (2.00 A) and two longer (2.53 A) Cu-O interactions. Deviations like this,
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towards an elongated octahedron, are typical for Cu" oxides; e.g., tenorite, CuO, comprises
four bonds in the range of 1.94 A to 1.97 A, and two longer contacts of 2.82 A [14]. Other
examples include the superconducting cuprates. The CuOg polyhedra are linked to three
CuOs and three TeOg neighbors via edge-sharing. This results in one Cu—Cu contact per Cu"
of 2.86 A and two of 3.21 A (dashed lines in Figure 3.6), yielding a distorted honeycomb

lattice of Cu atoms.

3.1.4 Electronic structure calculation

We employed the LMTO program package for the electronic structure calculations
Figure 3.7. The filled valence orbitals are O-2s (occurring below the energy window shown),
O-2p, and Cu-3d orbitals. Per Cu"" atom, there are four filled 3d bands and one half-filled 3d
band. This amounts to two half-filled bands, as there are two Cu atoms in the first Brillouin

zone. The Cu-3d electrons are localized, i.e. this oxide is a Mott insulator.

Empty bands

v

IRAa

, Half-filled bands

» Ll sl e

h

E-E, (eV)

v

Fully occupied bands

\% Z I A M L 0 5 10 20 25 DOS

Figure 3.7 Band structure and densities of states of Na,Cu,TeOs.
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Cu is in the +2 oxidation state and Te in +6. There is a band gap between the Te 4s bands

and Cu 3d bands.

3.1.5 Physical Properties

We cold-pressed part of the ground phase-pure sample into a bar-shaped pellet of the
dimensions 6 x 1 x 1 mm’® for physical transport measurements, since no single crystals of
sufficient dimensions were available. The high internal resistance of the pellet prevented
Seebeck and electrical resistance measurements. Based on our experience with other high
resistance materials we conclude that its specific resistance must be above 1 MQcm at room
temperature.

In conclusion, a new quaternary layered transition-metal oxide, Na,Cu,TeOg, has been
synthesized under air using stoichiometric (with respect to the cationic elements) mixtures of
NayCOs, CuO and TeO,. The structure is composed of ozo[CuzTeO6] layers with the Na atoms
located in the octahedral voids between the layers. Na,Cu,TeOg is a green nonmetallic
compound with the extreme high resistivity, which is not suitable for thermoelectric

applications.
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3.2 Ternary oxides with Mo clusters: LaMogO,, and PbggM0,04

3.2.1 Introduction

In the previous sections of this chapter, we have discussed layered oxides for the
thermoelectric applications. There might be other potential oxide systems showing
outstanding thermoelectric performances, which is one of the big reasons for many research
groups to re-investigate known oxides with interesting features. Based on a thorough
literature searching, it turned out that oxides with different molybdenum clusters could be
one of the promising alternative oxide systems for thermoelectric applications.

Those molybdenum oxides, such as LaMosOg [15,16], Y4sMo04O1; [17], PraMoyO;5 [18],
and LasMo3;0s4 [19], containing different Mo clusters with strong metal-metal bonds
between Mo atoms, are usually semiconductors with narrow band gaps which would be ideal
for the thermoelectric applications. Within the structures of those compounds, LaMosOg
contains infinite zigzag chains of Mo clusters, and Y4sMo04O1; consists of infinite trans-edge
sharing Mo octahetra. As for PrsMoyOys, there are several different isolated Mo clusters in
the structure, Moz, Mo and Mo;9 in Pr4Mo9O;g; while LasMo03;,0s4 contains Mo;+Mo¢gt+Mo~

motifs in LasMo03,0s4, as shown in Figure 3.8.
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Mo,+Mo ,+Mo,

Figure 3.8 Mo clusters in a. LaMo0sOg, b. Y;M04014, €. PrsMogOyg, d. LasMo03,0s,.
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The electronic structure calculation of Y4sMo040;;, shown as an example in Figure 3.9,
suggests the band gap is around 0.1 eV. The flat bands around the Fermi level suggest a high

Seebeck coefficient for this compound as well.

E-E, (eV)

1y 7l Y I X S R U0 20 40 60 80 100 DOS

Figure 3.9 Band structure and densities of states of Y;M040;;.

I was able to synthesize a phase pure sample of LaMogO;4 [20] containing isolated Mog
clusters and Pby ¢oMo04O¢ consisting of infinite chains of trans-edge-sharing octahedra. In the
following concepts, their crystal structure, electronic structure, as well as transport properties

of these two compounds will be presented.

3.2.2 Synthesis and phase analysis

LaMogO14: Phase pure LaMogO,4 was prepared from stoichiometric mixtures of La,0s,
Mo and MoO,. The mixtures were thoroughly ground before pressing into a pellet of 6mm
diameter. The pellet was then loaded into a Mo crucible, followed by putting into an

induction furnace under a high vacuum. The furnace was ramped up to 1600 K in one hour,
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and the sample was heated at this temperature for another two hours. Then the furnace was
quickly ramped down to room temperature. The final products turned out to be black powder
and were examined by powder X-ray diffraction at room temperature and no side products
were detected in the X-ray powder pattern.

PbossM04Og: The compound, “Pby75M0406”, was firstly tried to be prepared from
mixtures of PbO, Mo and MoOs. The mixtures were treated as the same as starting materials
for LaMogO,4 synthesis. The pellet was loaded into a Tamman crucible followed by sealing
in an evacuated silica tube. The sample was heated at a rate of 2 K/min to 1473 K and this
temperature was kept for two days. The furnace was switched off after cooling down to 773
K at a rate of 2 K/min. The final products were found to be black and microcrystalline with
needle shaped crystals. A small black needle crystal was selected for the single crystal
structure determination (details will be described later), which reveal that the Pb/Mo ratio is
actually 0.69/4. The powder samples were characterized by X-ray diffraction and confirmed
to be pure.

In order to check the phase width, other five reactions were done with different Pb/Mo
ratios, (0.5, 0.6, 0.8, 0.9, and 0.1) : 4. The final products were characterized by X-ray
diffraction. All of the products contain the significant side product, MoO,, which suggests a
rather small phase range for this lead molybdenum oxide.

A black needle crystal (100X20 X20 pum’) was selected for data collection using the

SMART Apex CCD (BRUKER). However, we were not able to deal with the unconventional
incommensurate supercell reflections obtained. A full sphere data collection was carried out
on another needle crystal via Excalibur3 diffractometer, with Mo Ka radiation at Stockholm

University in Sweden. From the intensity distribution the data is seen to contain a set of
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strong reflections and a set of weaker reflections. Furthermore the two sets show unusual
extinction conditions and no 3D space group exists that will take into account all the
observed extinction conditions. Therefore it was chosen to solve the structure using a
modulation approach. Therein the strong reflections give the basic cell and the remaining
reflections are indexed using a modulation vector (0, 0, 0.25). The basic cell is equivalent to
the NaMo4Og cell [21]. This results in the (3+1)D super space group P4/mbm(00g)00ss.

First, the basic structure was solved from the main reflections using SHELXTL packages
[22] with the WINGX interface [23]. This indicates the position of the Pb to be strongly
disordered around the high symmetry position (0, 0, 0). To change into the super space
description the structure was transferred to Jana2000 [24] and the Pb orbit was given the
ideal (0, 0, 0) position. The parameters were refined and finally the Pb atoms were allowed
harmonic thermal parameters. The final model contains two O positions, two Mo positions

and one Pb position. Crystallographic details are listed in Table A. 5-7 in the Appendix.

3.2.3 Crystal structures of two molybdenum oxides

LaMogO14 crystallizes in orthorhombic crystal system with the space group Pbcn,
even though there is another different modification [25] obtained from fused-salt electrolysis.
The crystal structure of LaMogO,4 along with other lanthanides e.g., RMogO14 (R = Ce, Pr,
Nd, Sm) [26-29] has been fully described in detail. Therefore, only a short description will be
given here. The crystal structure contains two different bicapped Mog clusters with a 1:1 ratio.
According to the different face capping, Mog clusters were defined differently with Cis and

Trans as shown in Figure 3.10. Each Mo atom is connected with 5 oxygen atoms and two
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independent La™ cations are surrounded by 12 oxygen atoms forming a distorted

cuboctahedron.

Cis Trans

Figure 3.10 Two bicapped Mog clusters in LaMogO14. Cis (left) and Trans (right).

Pbg ¢oM040Os, on the other hand, will be described with a new modulation. This structure
type, which contains infinite chains of trans-edge-sharing Mog octahedra, was first reported
in NaMo4Og [21] by Torardi and McCarley. Strongly related ternary molybdenum oxides,
such as KMo04Og [30,31], SnMo4Os [32], and Bags:Mo040¢ [33], have also been successfully
synthesized in recent years. For Bags,Mo040g, the stoichiometric formula was determined to
be BasMo3,0O4s based on weak supercell reflections found during the crystal structure
determination. The structure of PbysMo04Os was first reported as Pby75M 0406 [34] in 1991.
The space groups P4/mbm (No. 127) and P4/mnc (No. 128) were selected for the subcell and

supercell of this compound, respectively, based on the single crystal structure determination.
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The model for the supercell structure with a formula PbsMo;60,4 exhibits the short distance
(0.6 A) between Pb atoms along the tunnel. There are also reduced molybdenum oxides like
La;16MogOj6 [35] with an incommensurate modulated crystal structure.

As shown in Figure 3.11, the basic structure from our subcell refinement is the same as
reported by Wang et al. [34]. The structure consists of infinite chains of trans-edge sharing
Mos octahedra, which are linked by triangularly bonded oxygen atoms. The Pb cations
occupy eight-coordinated sites within the tunnels between the cross-link chains. The Mo—O
bond distances in the basic structure of PbysMo4O¢ range from 2.02 to 2.07 A, which is
quite comparable with those in other isostructural ternary molybdenum oxides like NaMo4Og
(2.00 — 2.06 A), KMo04Os (2.04 —2.07 A) and SnMo0406 (2.01 — 2.08 A). However, the bond
distances between the cations and O atoms differ significantly, e.g., Sn—O: 2.29 A; Pb-O:
2.52 A; Na—O: 2.74 A; K-0: 2.79 A, as expected based on the different cation sizes. There
are two types of Mo atoms, namely Mo (basal) and Mo (apical), respectively, in the basic
structure of PbgcMo04O¢. Each basal Mo atom connects with 7 other Mo atoms, and every
apical Mo atom is connected to 6 other Mo atoms. The bond distances of Mo (basal)-Mo
(basal) and Mo (apical)-Mo (apical) along the infinite chain direction are all 2.84 A, and Mo
(basal)-Mo (apical) is 2.79 A. The shortest Mo—Mo bond distances (2.78 A) are found
between basal Mo atoms on the sharing edge of two Mog octahetra. For comparison, three
types of Mo—Mo bond distances in SnMo04Og are the same as found in Pbg 76M04O¢. However,
the Mo—Mo bond distances in KMo4Og are slightly longer, i.e. 2.95, 2.81, and 2.76 A,
respectively. Based on the presence of weak superlattice reflections, Wang et al. built a
commensurate supercell model with an intriguing Pb ordering, with the formula Pb;Mo;6024.

The [MOgOlzz'] framework, e.g., infinite chains of trans-edge sharing octahetra in this 3D
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superstructure remains the same features as found in the basic cell. A similar scenario was

found in BasMo3,04s [33], with eight times of the basic cell along the ¢ direction.

Figure 3.11 Basic PbggMo0,04 structure obtained from the main reflections. The Pb atoms

exhibit a split position around (0, 0, 0).

The origin of the modulation is a mismatch between the repeat distances of the Pb
chain and that of the cavities in the framework and thus empty cavities are needed (Figure

3.12). The result is that the Pb atoms order inside the channel, without affecting the
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surrounding Mo4O¢ framework that remains rigid. A low temperature X-ray investigation

was attempted, but the crystals break when subjected to the cold N, gas stream.

Figure 3.12 Modulated description of the structure. Thermal ellipsoids are indicated.

3.2.4 Electronic structure investigation

We utilized the LMTO method (LMTO = linear muffin tin orbitals) [36] for the
electronic structure calculations for both Mo compounds. Since all atomic sites in the
structure of LaMogO;4 are fully occupied, the model of this compound chosen for the

calculation was taken directly from the single crystal structure determination [20] with the
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Pbcn symmetry. On the other hand, the model used for the calculation for PbygMo4O4 was
generated from the (3+1)D superstructure resulting in the P4/mnc symmetry. As site
deficiencies of the Pb positions can not be directly calculated with our methods, we had to
propose an ordered model occurring with exclusively full occupancies, e.g., all Pb sites (2a,
4e), Mo sites (8g, 8h, 161) and O sites (8g, 8h, 161X 2) were treated as fully occupied, which
leads to the formula Pbg 7sM040¢ without changing the space group P4/mnc.

The calculated electronic band structures of LaMogO14 and “Pbg75sM040¢” are shown in

Figure 3.13 and 3.14. In both cases, the Fermi level, Ep, is arbitrarily placed at 0 eV.

E-E, (eV)

Figure 3.13 Band structure of LaM0gO1,.

Compared with “Pbg75M040¢”, the bands of LaMogO,4 are much more flat, indicating low
mobility but higher Seebeck coefficient. One the other hand, the dispersion of the curves for

“Pby75sM040¢” is quite directionally dependent in the first Brillouin zone, e.g., the bands
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from to Z and A to M are quite steep, while all the other bands are relatively flat. The steep
bands (I' = Z and A > M) are mostly dominated by strong intrachain Mo—Mo bonding. The
flat bands (" 2 X, X > M, M 2> I', Z 2 R, and R > A) represent the weak interchain
interaction via oxygen atoms. Metallic character is most likely for “Pbg7sM040¢” at the room
temperature because there is no band gap observed at Fermi level, while LaMogO4

containing two different bicapped Mog clusters is a semiconductor with a band gap around

0.1eV.
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Figure 3.14 Band structure of Pbg75M040s.

3.2.5 Transport property measurements

We pressed part of the ground phase-pure sample of LaMogO;4 and Pby¢Mo040¢ into a
bar-shaped pellet for the temperature dependent electrical resistivity and Seebeck coefficient

measurements.
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The electrical resistivity as shown in Figure 3.15 suggests that LaMogO4 is a
semiconductor, with the resistivity from p = 2.8 Qcm at 300 K to p = 8.9 Qcm around 175 K.
However, the room temperature resistivity we obtained is much higher than the reported

value of 4.4 <10 Qcm [37], which is possibly because the density of our cold-pressed
pellet (measured to be 4.08 < 10~ gem™) is only 56% of the calculated density of 7.32> 107

gem™ [20].
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Figure 3.15 Electrical resistivity measurement of LaMo0gO4.

In order to obtain transport properties from more condensed materials, e.g. high density
of pellets, large amount sample of LaMogO;4 has been sent to our collaborators in the
Department of Physics & Astronomy at Clemson University for measurements on the hot-

pressed pellets.
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The Seebeck measurement (Figure 3.16), on the other hand, shows that LaMogO,4is an
n-type semiconductor with a high Seebeck coefficient of -94 nVK™' at 300 K, the absolute
value of which is comparable with one of the best thermoelectric oxide NaCo,O4 with

Seebeck coefficient around 100 VK™ at room temperature [38].
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Figure 3.16 Seebeck coefficient measurement of LaMo0gO14.

Electronic structure calculations suggest a metallic behavior for PbysMo040¢. However,
our experimental results show that the electrical resitivity increases with decreasing
temperature, namely from p = 0.2 Qcm at 295 K to p = 6.9 Qcm around 5 K (Figure 3.17),
which is typical for semiconductors. The electrical properties of PbysMo04O0¢ we found from
the room temperture down to 5 K are different from that of all the other AxMo04O¢ reported so
far, e.g., KMo04Os [31], and SnMo04O¢ [32] undergo a metal-nonmetal transition at low
temperature; InMo4Os [39] on the other hand is a metallic conductor with a normal

temperature dependence of the resistivity down to 2 K.
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Figure 3.17 Electrical resistivity measurement of Pbg s9M04Os.

The Seebeck coefficient (S) measurement (Figure 3.18) reveals that the charge carriers of

Pbo.69M04O¢ are predominantly n-type. Between 300 K and 550 K, the Seebeck coefficient of
Pbg9M040¢ decreases from —6.9 uVK'1 at 305 K to —-1.3 uVK’1 at 550 K, which is typical

for metals and very small band gap semiconductors.
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Figure 3.18 Seebeck coefficient measurement of Pbg gM04Os.

3.2.6 Conclusion

Two ternary molybdenum oxides, Pbys0M04O¢ and LaMogO 4, were synthesized by high
temperature solid state reactions. The new modulated structure of Pby ¢¢M04Os Was presented,
as well as the electronic structure investigation and transport property measurements from 5
K to 550 K. The Seebeck coefficient of PbggMo040¢ was determined to be too low for the
thermoelectric applications. On the other hand, LaMogO;4 shows very promising
thermoelectric performances in a wide temperature range and further investigations of the

properties of this oxide are in progress.
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4. Ternary thallium chalcogenides

Most advanced thermoelectrics are narrow gap semiconductors with heavy main group
elements [1-4]. Efforts into ternary main group thallium tellurides revealed excellent
thermoelectric materials, which include Tl,GeTes and T1,SnTes [5], TISbTe, [6], TlyBiTes
[7], and T1BiTe; [8]. These materials bestow with their extremely low thermal conductivity.
Thermoelectric properties of several quaternary thallium tellurides [9] have also been
reported recently. On the other hand, thallium selenides have not been widely investigated as
candidates for thermoelectric applications. There are only a few quaternary examples from
DiSalvo et al. [10]: TI,Cu,Sn;Ses and Tl,Au,Sn,Ses have very low electrical conductivities,
hence poor thermoelectric properties; TlsAgTigSe,7 shows ¢ = 8 x 10°Q'em! and S = -820
nVK"', TLCuNb,Se;» shows o = 4 x 10° Q'em’ and S = +770 puVK', and
Tly15Sb115CugSer; o = 4 Qlem! and S = +75 ;,LVK'1 (all at 300 K). Compared with other
tellurides like TISbTe, [6], which exhibits outstanding thermoelectric performance with ¢ =
1 x107° Q'em™ and S = +80 pVK™! at room temperature, higher electrical conductivity of
thallium selenides is required for the thermoelectric applications, while the Seebeck
coefficient is acceptable. During the past few years, our group has characterized several new
ternary tin selenides [11-13] and antimony selenides [14,15], all of which exhibit low
electrical conductivity as well. In this chapter, the results on several new ternary thallium
selenides including Tl, 35Sbg ¢sSe14, Tli.93Sbg ¢7Se;3, and Tl 04Bi796Se;3 will be presented, as

well as transport properties of two known compounds, T1,SnSes [16] and T1,SnTe; [17,18].
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4.1 Synthesis and single crystal structure determination of new

compounds

4.1.1 Synthesis

The elements were loaded into silica tubes, which were then sealed under vacuum.
Subsequently, the tubes were heated in a resistance furnace to 923 K for 12 hours, and then
cooled to room temperature at a rate of 5 K per hour.

T1,SnSes and T1,SnTe; are known compounds, and exact stoichiometric ratios were used
in order to get phase pure samples. Black needle crystals were selected from other three
reactions for the single crystal structure determination in order to find the exact
stoichiometric ratio, which turned out to be Tl 35SbggsSers, Tli93Sbgo7Sers and
Tl,.04Bi7.96Se13. Then the same reaction process was repeated by using starting materials with
the ratio obtained from the structure refinement. All compounds except Tl 04Bi7.96Sei3 were
obtained phase-pure according to the X-ray diffractogram.

Five additional reactions were carried out in order to investigate the phase width of
Tl 35Sbg ¢5Se14. The reactions started from different T1/Sb ratios, from 1.5:9.5t03.5: 7.5 in
increments of 0.5, keeping {n(Tl) + n(Sb)}/n(Se) = 11/14. The final products were

characterized by X-ray diffraction. None of the reactions with Tl # 2.35 gave yields above =~

85%, which suggests a rather small phase range for Tl 35Sbg 65Se;4.
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4.1.2 Single crystal structure determination

Three needle shaped crystals were mounted onto a BRUKER Smart Apex CCD
diffractometer utilizing Mo-Kao; radiation. The data were collected by scans of 0.3° in ® in
two blocks of 606 frames at ¢ = 0° and 120°, with exposure times of 60 seconds per frame.

Tl 35Sbg g5Se14: The cell parameters indicated that the new thallium selenide may be
isostructural with K;sSbgsSejs [19]. We therefore used the atomic positions of the
K, 5Sbg sSe4 structure (ignoring the disorder within the structure) as a starting point for our
structure refinement, carried out with the SHELXTL program package [20]. After least-
squares refinement, high electron density peaks of 17 ¢/A’ and 15 ¢/A® remained at distances
of 0.86 A to TI1 and 0.92 A to TI3, respectively, with R1/wWR2 = 7.54/20.54%. A similar
scenario was described in case of K,sSbgsSejs. In order to facilitate a comparison with
K,5SbgsSe1s, SbS and Sb7 were assigned to the electron density peaks near Tll1 and TI3,
assuming a disordered model with TI/Sb split sites. Subsequently, their occupancy ratios
were refined to T11/Sb5 = 65.1(5)/34.9% and TI3/Sb7 = 69.6(6)/30.4%. The final refinement
resulted in residual values of R1 =4.4% and wR2 = 10.8%, the formula being Tl, 35Sbg ¢sSe 4.
Crystallographic details are listed in Table A. 8, atomic positions and equivalent
displacement parameters in Table A. 9 and selected bond distances in Table A. 10 in the
Appendix.

Tly93Sbgo7Se13 and Tl04Bi796Se1s: The cell parameters for the refinement were also
firstly taken from their K analogues. Quite similar to T, 35Sbg ¢sSe 4, there are also disorders
at Tl sites found in these two compounds. However, disorders are more complicated here.
For Tl;93Sbgo7Seis, we found split sites in all Tl positions with TI1/Sb8A/Sb8B

=21.6(3)/66.1(4)/12.3%, TI2/Sb9A/SHIB = 71.2(4)/19.9(3)/8.9%, and TI3A/TI3B =
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88.4(2)/11.6% resulting in the formula, TI; 93Sbg¢7Se;3 and final residual values were R1 =
6.5% and wR2 = 10.7%. For the Bi case, a disordered model was induced at all TI sites as
well with the short distances of 0.41 A between TI1 and Bi8, 0.61 A between TI12 and Bi9,
and 0.54 A between TI3 and Bil0. Because of the similar scattering factor of Tl and Bi, they
can not be distinguished by the X-ray diffraction and the refinements with switched Tl and Bi
sites gave the same refinement residuals. However, the radius of TI" is slightly larger than
that of Bi*", e.g., TI-Se bonds are longer than the Bi-Se bonds. The disordered atoms were
treated as in the similar scenario in the structure of Tl, 35Sbg ¢sSe14: T1 atoms were assigned to
the sites coordinating with 8 or 9 Se atoms, and Bi atoms to the sites with more distorted
coordination spheres. The final refinement residuals turned out to be to be R1 = 7.9% and
wR2 = 12.1%, with T11/Bi8 = 51.1(1)/48.9%, TI2/Bi9 = 80.5(1)/19.5%, and TI13/Bil0 =
72.4(1)/27.6%, resulting in the formula Tl,04Bi796Se;3. Crystallographic details for both

compounds are listed in Table A. 11-16 in the Appendix.
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4.2 Crystal structures

Before we found Tl 35Sbg¢sSes and Tl; 93Sbgg7Se s, only three thallium antimony
selenides were known, TISbSe, [21], T13SbSe; [22], and TlySbSes [23]. Tly.04Bi796Se13 is the
third thallium bismuth selenide, the other two being TIBiSe, [24] and TlyBiSes [25]. Since
the crystal structures of Tl,35Sbg ¢sSe14, T11.93Sbs 07Se13 and Tl 04Bi7.96Se 3 are rather similar,
we will describe the details for Tl,35SbsgesSeis and highlight the significant differences
between these three compounds. The crystal structure of Tl,35Sbg ¢sSej4 is shown in Figure

4.1, which omits the TI-Se bonds for clarity.

Figure 4.1 Crystal structure of Tl,35SbgesSey4 vViewed along the b axis. Tl: black; Sb: cyan; Se:

red.
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Many thallium chalcogenides form the same structure type as their alkali analogues, such
as Tl,SnSes; [16] and Tl,Ag,SnTes [10], while some compounds like Tl,Ge,Ses [26] and
TleS1,Teg [27] show structures different to their formal alkali analogues. In this case, the new
thallium selenide Tl,35SbgesSey4 is isostructural with its potassium analogue, K, sSbgsSe;a.
Within the structure of K, sSbgsSeqs, disorder occurs both at the K and Se sites. However,
Tl,35Sbg 65Se 4 contains disorder only at the T11 and TI3 sites with Sb5 and Sb7. No disorder
was found at the Se sites of the structure of Tl,35SbgsSes. The Tl-Se coordination spheres

including contacts between the disordered Sb and Se atoms are depicted in Figure 4.2.

Sel3 Sell
le . Se8

SGS‘ Se3

Figure 4.2 Coordination spheres of the three independent TI sites of Tl,35SbgsSe4 with the

disordered Sb atoms at the T11 and TI3 sites.
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It is noted that the T11-Sb5 and T13—Sb7 distances are too short for these atoms to occur
together at a given site. T11 is coordinated by eight Se atoms with bond distances ranging
from 3.15 A to 3.37 A, forming a distorted bicapped trigonal prism. The coordination
environment of the TI3 site is very similar to that of the TI1 site with eight TI-Se bonds
ranging from 3.12 A to 3.42 A. On the other hand, the TI2 sites are occupied solely by TI,
exhibiting nine TI-Se bonds ranging from 3.28 A to 3.59 A in form of a distorted tricapped
trigonal prism. These Tl-Se distances are comparable to the T1-Se distances of the Tl atoms
connected by eight Se atoms in TISe (3.43 A) [28].

Like K;sSbgsSeis, Tly35SbgesSers contains infinite Sb—Se blocks reminiscent of the
NaCl and Bi,Te; motifs. All Sb atoms, except for SbS and Sb7, are coordinated by six Se
atoms, forming edge-sharing severely distorted octahedra with Sb—Se bonds ranging from
2.62 A to 3.45 A, which compares nicely with the Sb—Se bonds in K;sSbgsSei4 (2.61 A —
3.46 A). Typically, related Sb—Se interactions occur in the binary compound Sb,Se; [29] with
its two symmetry-independent sites: Sb1 forms three bonds to Se atoms between 2.66 A and
2.68 A, plus three longer distances from 3.22 A to 3.25 A; Sb2 forms three short bonds to Se
between 2.59 A and 2.80 A, plus two intermediate contacts of 3.00 A, and two long distances
of 3.49 A. The different distances are caused by the steric effect of the lone pair of Sb>".
Based on these Sb2-Se distances of Sb,Ses, one could distinguish between short Sb—Se
bonds, e.g., < 2.8 A, intermediate contacts between 2.8 A and 3.0 A, and long distances, e.g.,
up to 3.6 A. Then, Sbl comprises two short bonds, two intermediate ones and one long
distance to Se atoms. Sb2, Sb4, Sb8, Sb9 and Sb10 form three short bonds and three long

contacts, and Sb3 and Sb6 are coordinated by Se atoms with six intermediate distances.
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The Sb5 atom of Tl,35Sbg ¢sSei4, the atom with the formal distance of 0.68 A to Tl1, is
shifted towards the Se7 atoms, compared to TI1. The bond distance between Sb5 and Se7
(2.67 A) is significantly shorter than that between TI13 and Se7 (3.15 A). Accordingly, the
Sb5-Sell (3.00 A) and Sb5-Se2 (3.25 A) distances are shorter than the T11-Sell (3.33 A)
and T11-Se2 (3.27 A) bonds. On the other hand, the Sb5-Se8 distance (3.71 A) is much
longer than the T11-Se8 bond (3.37 A). In contrast to the TI1-Se3 bond of 3.37 A, the
distance between Sb5 and Se3 (3.88 A) is too long for a significant interaction. Similarly, the
Sb7 atom is closer to Sel0 and Sel3 than T13, which is reflected in distances of Sb7-Sel0
(2.71 A) and Sb7-Sel3 (2.89 A) being shorter than T13—Se10 (3.12 A) and T13-Sel3 (3.30
A). Moreover, the distances Sb7-Se5 (3.97 A), Sb7-Se6 (3.53 A) and Sb7-Se9 (3.60 A) are
longer than T13-Se5 (3.42 A), T13-Se6 (3.42 A) and T13-Se9 (3.31 A), respectively. The
significantly different interactions lead to different coordination numbers of eight for T13 and
six for Sb7. This situation is reminiscent of the La;SbyS,4 structure with mixed La/Sb
occupancies [30], and stems from the smaller size of Sb, compared to Tl and La, and its
strong lone pair effect, in particular compared to La.

T1;.93Sbg ¢07Se13 and Tl 04Bi796Sei3 are isostructural to each other and consists of a 3D
framework which is very similar to that of Tly35SbgesSers. Like Tl 3sSbgesSens,
T, .93Sbg 07Se 3 and T, 04Bi796Se13 have also the same structure type as their corresponding K
analogues [19]. The crystal structure of Tl 04Bi796Sei3 is shown in Figure 4.3, and again the
T1-Se bonds were omitted for clarity. Unlike Tl,35Sbg ¢sSe 4 containing only disorders at the
TI1 and TI3 sites, Tl 93Sbg¢7Se;3 and T, 04Biso6Se;s comprise disorders at all Tl sites.
Especially in Tl 93Sbg7Se;s, three split sites occur both at TIl and TI2, namely

T11/Sb8A/Sb8B and T12/Sb9A/SbIB respectively, and instead of having T1/Sb disorder, there
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is a Tl splite position appearing at the TI3 site. Tl, ¢4Bi7.9¢Se 3 contains only T1/Bi order at all
Tl sites.

Compared with Sb—Se blocks in Tl, 35SbgsSe14, the infinite Sb—Se and Bi—Se blocks in
Tl;.93Sbs 07Se 3 and Tl, 04Bi7.96Se13 not only contain motifs like NaCl and Bi,Tes, but also like
Cdl,. The distances of Sb—Se and Bi—Se bonds are ranging from 2.61 to 3.03 A and from
2.74 to 3.21 A, respectively, which are comparable with those in Tl,35SbgesSes and in

K2B188e13.

Figure 4.3 Crystal structure of Tl,04Bi-gsSess viewed along the b axis. Tl black; Bi: cyan; Se:

red.
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Since there are no Sb—Sb and Se—Se bonding interactions, the oxidation states are readily
assigned: (T1M)2.5(Sb*Ngs(Se?) s, (TIN2(Sb> )s(Se? )13 and  (TIN)(Bi*)s(Se) 3 like in the
other T1 Sb selenides, TISbSe, [24], T13SbSes; [25] and TlySbSes [26]. No TI-T1 distances (<
4 A) occur in all these three thallium selenides in contrast to the shortest TI-TI contact of
3.54 A in TlsSi,Teg [27].

T1,SnSes; and TI,SnTe; adopt the same structure type and the details of the crystal
structures were discussed elsewhere [16,17]. Tl,SnTe; crystallizes in the orthorhombic
crystal system with the space group Pnma, and the structure contains double layers of SnTey
tetrahedra and T1Teg square antiprisms alternating with layers of T1 atoms, as shown in

Figure 4.4. In both cases, the oxidation states can be assigned to be TI", Sn*" and (Se/Te)*".

Figure 4.4 Crystal structure of TI,SnTez. Tl: black; Sn: cyan; Te: red.
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4.3 Electronic structures

4.3.1 Model descriptions

Self-consistent tight-binding first principles LMTO calculations [31] were performed for
Tl,35Sbg ¢sSers, TloSnSes, and Tl,SnTes. The electronic structure of Tl,SnTes [32], the
known compound showing outstanding thermoelectric performances, was also obtained for
comparison with TI,SnSe; and T1,SnTes. Since the disorders in the crystal structure of
Tl 35Sbg 6sSe14 can not be directly dealt with by our LMTO program, we chose two ordered
models for the calculation, both of the stoichiometry Tl,5SbgsSei4: the first one with one Sb5
but no Sb7 at the TI/Sb split sites, called model I, and the second one with one Sb7 and no
Sb5, called model II. Both models require a symmetry reduction from P2;/m to Pm. We
analyzed the electronic structure by extracting information from the band structure and
densities of states (DOS). Since there is no disorder in the structures of Tl,SnTes, Tl,SnSe;,
and T1,SnTes, the structure information achieved from the database was directly used for the

calculations in each case.

4.3.2 Calculation results

Both charge-balanced models with the formula Tl,5SbgsSe1s suggest semiconducting
behaviour with a very small band gap. The actual stoichiometry from the refinement (Tl : Sb :
Se =2.35: 8.65 : 14) is more Sb-rich, i.e. comprises more valence-electrons. In either of the
two models, flat bands occur around Fermi level, suggesting low electrical conductivity and
high Seebeck coefficient. Since no significant differences exist between model I and II, we

show only the electronic band structure of model I for Tl,5SbgsSeis, together with selected
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paths of the first Brillouin zone for the band structure calculation in Figure 4.5, with the

Fermi level, Ep, arbitrarily placed at 0 eV.

Figure 4.5 Band structure (left) of Tl,sSbgsSey4 and its first Brillouin zone (right).

The computed DOS including the partial projections onto the Tl and Sb orbitals of model

I are shown in Figure 4.6.
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Figure 4.6 Computed densities of states of Tl,sShgsSe14.
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Outside of the chosen energy window below —7 eV are the filled Tl-6s and Sb-5s and Se-4s
states. The DOS are dominated by Se-4p orbitals between —6.2 eV and Eg. The conduction
band above the Fermi level comprises mainly TI-6p orbitals.

DOS of these three compounds are shown in Figure 4.7. The densities of states are
dominated by Se-4p orbitals for TI,SnSe; between —5.5 eV and Ep, while Te-5p for T1,SnTe;
and Tl,SnTes. The conduction band above the Fermi level comprises mainly T1-6p orbitals for

all cases.

DOS DOS DOS

Figure 4.7 Computed densities of states of TI,SnTes (left), TI,SnSe; (middle), and T1,SnTe;

(right).

T1,SnSes; shows the largest band gap of around 0.9 eV among these three compounds.
Because Te is less electronegative than Se, its p-states occur at higher energy level, i.e. closer
to the empty Sn-5s states. TI,SnTes has a smaller band gap around 0.2 eV compared with 0.4

eV of Tl,SnTes, which was further indicated by the higher electrical conductivity of Tl,SnTes.
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4.4 Physical property measurements

4.4.1 Tl 35Sbg 655€14, Tl1.93Sbg07S€13, and Tl 04Bi7 06S€13

The electronic structure calculations indicate semiconducting behaviour for
Tl,35Sbg ¢sSejs. This is confirmed by the infrared diffuse reflectance measurement. The
spectrum was recorded in an extended region of 8000 to 800 cm™ at room temperature with a
VERTEX 70 Fourier Transform Infrared Spectrometer from Bruker Optics Ltd. Absorption
data (k/S) were calculated from the reflectance data using the Kubelka-Munk function [33]:
k/S = (1- R)*/2R, where k is the molar absorption coefficient, S is the scattering coefficient,
and R is the absolute reflectance of the sample at a given wavenumber. The band gap was
determined from the intersection of the extended baseline and the tangent of the absorption

increase to be 0.6 eV (Figure 4.8).

Absorption

v v T T
0.4 0.5 0.6 0.7 0.8 0.9 1.0 E (eV)
Figure 4.8 Infrared diffuse reflectance spectrum of Tl,35Sbg g5Se14.
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In the case of the K analogue, K, sSbg sSeis, the band gap was found to be 0.8 eV [19].
The smaller gap of the Tl selenide is likely a consequence of the higher electronegativity of
Tl, compared to K, leading to more covalent character for Tl,35Sbg¢sSe14. That the LMTO
calculation pointed towards a much smaller gap, may have been caused by the calculation
method underestimating the band gap [34], and the actual disorder having only been
approximated.

The electrical conductivity of Tl 35Sbg sSe14 and T1;.93Sbg 07Se 3 was measured on cold-
pressed pellets with the dimension of 6 x 1 x 1 mm’. As is typical for semiconductors, the
electrical conductivity increases exponentially with increasing temperature in both cases,
namely from ¢ = 1.4 x 10° Q'em™ at 205 K to 6 = 5.8 x 10* Q'em™ at 310 K for
Tl,35Sbg 6sSe 14 (Figure 4.9) and from 4.4 x 104 Olem? at 170 Kto 6 = 4.3 x 102 Q'em™! for

T11,938b3.07Se14 (Figure 4. 10)

7
—~ o M
g
s .
o 4 .
<'rc> 3 1 ¢
F)'( ¢
b 2 1 . . L 2
1 I ’ 0
(leeesosssgee?
200 220 240 260 280 300 T(K)

Figure 4.9 Electrical conductivity of Tl 35Sbg g5Se14.
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Because of the strong temperature dependence combined with the low conductivity at
room temperature, the current and hence the conductivity of the sample could not be
determined below 205 K for Tl, 35Sbg ¢sSe14 and 170 K for T1; 93Sbs 97Sei3. For comparison,
the room-temperature electrical conductivity value of TISbSe, [24] was reported to be 1.0

x 104 Q'em™.

G X 10'2(9'1cm'1)
w
2

Figure 4.10 Electrical conductivity of Tl g3Sbgo7Sess.

Since I was unable to achieve the required large amount of phase pure samples for
Tl,.04Bi7.96Se3, the electrical conductivity of Tl 04Bi796S€13 was measured on a long needle
crystal with dimensional of 4 x 0.02 x 0.01 mm”®. The high internal resistance of the needle
crystal (above 20 MQ, resulting the p > 100 Qcm), prevented the measurement.

For intrinsic semiconductors, Arrhenius’ Law for thermally activated conduction applies:
Inc/cy = exp(-Aa/ksT), with Ay = %2 Egap [35]. The plot of In(c) versus 1/T resulting in a

linear curve with a slope of -2 Egap/Kp is shown in the right part of Figure 4.11 and 4.12.
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Figure 4.11 Plot of In(c) versus L/T for Tl,35Sbgg5Se1a.

A linear curve was obtained over the whole temperature range from 205 K to 310 K for
Tl, 35Sbg 6sSe 14 with a regression coefficient of R? = 0.999 and Egap = 0.6 €V, in accord with
the result of the experimental gap determination via IR spectroscopy; while a linear curve can
only be extracted from 210 K to 275 K for Tl; 93Sbs 07Se 4 with a regression coefficient of R’
=0.999 and Eg,, = 0.3 €V, which is smaller than that of Tl, 35Sbg ¢sSe 14 resulting in the higher

conductivity.
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Figure 4.12 Plot of In(c) versus L/T for Tl 3Sbgo7Sess.

The Seebeck coefficient (S) measurement of Tl,35Sbg¢sSeis and Tl;.93Sbs 07Se 3 (Figure
4.13 and 4.14) reveals that the charge carriers of Tl,35SbgesSejs are predominantly n-type,
while Tl; 93Sbg g7Se 3 contains p-type charge carriers. As for Tl,35SbgssSeis, the material is
slightly electron-rich because of the Sb excess, compared with the charge balanced formula
Tl,5SbgsSe1s. Between 300 K and 550 K, the Seebeck coefficient of Tl 35Sbg ¢5Se 14 increases
from -450 pVK' at 300 K to a maximum of -760 pVK™" at 430 K. Similarly, Seebeck
coefficient of Tl; 93Sbg7Se 3 increases slight from 400 MVK'l at 300 K to the maximum of
530 ;,LVK'1 at 445 K. For comparison, the isostructural K, sBigsSeis [17] was reported to be

an n-type semiconductor with a Seebeck coefficient of -100 pVK™" at room temperature.
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Figure 4.13 Seebeck coefficient of Tl,35SbgesSey4.
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Figure 4.14 Seebeck coefficient of Tl g3Sbg7S€13.
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4.4.2 Tl,SnSe; and T1,SnTe;

The electrical conductivity of TI,SnSe; and T1,SnTe; were measured on the cold-pressed
pellets as well. As for Tl,SnSes, the electrical conductivity increases from 1.1 x 107 O'em™
at 230 Kto 6 =5.4 x 10°Qlem™ at 320 K (Figure 4.13). The Eg,p (0.84 €V) extracted from

the Arrhenius’ Law as shown in Figure 4.14, is quite comparable with the one obtained from

the LMTO calculation (0.9 eV).
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Figure 4.15 Electrical conductivity of Tl,SnSes.
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Figure 4.16 Plot of In(c) versus 1/T for T1,SnSes.

On the other hand, T1,SnTes is much more conductive than T1,SnSes; with the electrical
conductivity of 20 Q'em™ at 300 K, as expected from its smaller calculated band gap (Figure
4.17). The existence of significant grain boundaries from the cold-pressed pellet might cause
the conductivity of Tl,SnTe; to be measured much smaller than it should be. The optimized
transport property measurements based on the hot-pressed pellet of powdery samples are in
progress. Furthermore, the Seebeck coefficient measurement (Figure 4.18) shows the high
Seebeck coefficient of 105 pVK™' at room temperature, which increases with the increasing
of the temperature until the maximum 150 uVK™ at 395 K is reached. However, the Seebeck
coefficient starts to drop dramatically at 450 K until negative values are attended, which

could be caused by the phase changes of TI,SnTe; at moderate temperatures [36].
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4.5 Conclusion

The new selenides, Tl 35SbgesSes, Tly93Sbgo7Sers and Tl 04Biz96Se1z have been
synthesized by solid state reactions and characterized by several experimental methods. The
structures, similar with their potassium analogues, are composed of different (Sb/Bi)Ses
networks and distorted TI-Se polyhedra. Tl,35SbgsSejs contains mixed occupancies of Tl
and Sb atoms at two cation sites, while TI;93Sbg¢7Sei3 and T, ¢4Bi796Se;3 contain mixed
occupied positions at all three cation sites. No disorder was found at the Se sites within the
structure of thallium selenides, while it occurs in their potassium analogues. Physical
property measurements revealed that two new thallium antimony selenides are both
semiconductors with electrical conductivities of 3.9 x 10 Q'em™ and 1.4 x 10° Q'em™,
and Seebeck coefficients of -450 uVK' and 400 pVK™' at the room temperature for
Tl,35SbgesSers and Tl 93Sbgg7Se;s, respectively. Although the Seebeck coefficient of both
compounds is high enough for thermoelectrics, the electrical conductivity is too low for a
competitive thermoelectric material. Hence no further optimization was attempted.

Furthermore, the electronic structures and thermoelectric properties of two known
compounds, Tl,SnSe; and TI,SnTe;, have been studied. Both of the compounds were
predicted to be the semiconductors with the band gap of 0.9 eV for T1,SnSe; and 0.4 eV for
T1,SnTe; by our calculations, which were then confirmed by physical property measurements.
T1,SnTe; stands out to be promising for the thermoelectric applications with the electrical
conductivity of 20 Q'ecm™ and Seebeck coefficient of 105 pVK ™ at 300 K based on the cold-
pressed pellets. Further optimizations for T1,SnTes, like doping and hot-pressing, will be

attempted in order to get better thermoelectric performances.
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5 Electronic structure investigation of unusual Sb-Sb

bonding in high temperature thermoelectric materials

5.1 Introduction

In addition to the classical TE materials Bi;Te; and PbTe [1], today’s known TE
materials are dominated by antimonides and tellurides, including the skutterudites
A/LnyM4Sb, (A = alkaline earth, Ln = lanthanide, M = transition metal) [2-5], B-Zn4Sb; [6],
Yb1uMnSby; [7], A/MMo3Sbs.sTes 5 [8-10], CsBisTes [11], BixTes/SbyTes thin films [12],
and AgPb,,SbTeyy, [13]. All of these tellurides are related to the NaCl structure, mostly
containing edge-sharing BiTes or PbTes octahedra. On the other hand, crystal structures of
antimonides are much more complex, all of them comprising different kinds of Sb—Sb bonds.
In this chapter various structures of the thermoelectric antimonides will be compared, mainly
focusing on the different Sb atom substructures. Moreover, HfsSby [14] with rather
interesting hypervalent Sb—Sb interactions will also be introduced even though it is a metal
with a small Seebeck coefficient. The electronic structures are presented for the molecular, as

well as three-dimensional models.
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5.2 Theoretical methodology

Three-dimensional electronic band structures were calculated via the LMTO method
[15]. The crystal orbital Hamilton population (COHP) [16] curves were extracted employing
the LMTO package to gain insight into the Sb—Sb bonding. The special points of the
respective Brillouin zones were selected according to Bradley and Cracknell [17].

The structural parameters of B-ZnsSb; were taken from recent work of Snyder et al. [18]
with a refined formula of Zng4Sbs = Zn; g3Sb;. The Zn sites with less than 7% occupancy
were left out, and Zn1 with its occupancy of 90% was treated as fully occupied, resulting in a
Zn-deficient formula, ZngSbs = Znj3 69Sbs. The LMTO calculation was performed on a grid of
417 independent K points in the first Brillouin zone.

To avoid the difficulties arising from the partly filled f and d orbitals of Yb and Mn,
respectively, of Yb;sMnSb;;, we calculated the band structure of its aristotype, Ca;4AlSby;
[19], by utilizing the LMTO method with 163 independent K points.

To model a filled skutterudite band structure, we used the parameters published for
LaRu4Sby; [20]. The LMTO method was applied for the COHP calculation (on 98 k points).
The same was done for Mos;Sb;, which contains 20 atoms in its primitive cell, using 145 k
points in the LMTO calculation. The structural data were taken from our single crystal
structure determination [8]. Mos;SbsTe, was modeled by replacing two Sb atoms with Te in
the former calculation, leading to a reduction in symmetry (from space group Im3m to
I14/mmm), as discussed before in our previous calculations [8], where we used the structural
data from Kjekshus [21]. The influence of the additional cation was investigated by adding

Ni atoms into all cubic voids, keeping the space group and attaining the formula
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NipsMo3ShsTe,. Last, a model for Nig2sMo0sShsTe, was analyzed as well, in space group
P4/mmm where half of the cubic voids are filled with Ni atoms.

The electronic structure of HfsSby was calculated with the LMTO method on a grid of
594 independent k points of the first Brillouin zone of the primitive cell. The structural
information for the calculation was extracted from our reported single crystal structure
determination [22].

Molecular orbital diagrams of the finite Sb motifs were extracted from the Gaussian03
[23] via the B3LYP method [24,25] with the 3-21G basis set [26]. The atomic positions were
taken from the respective solid structures mentioned above, and the charges were assigned as
2— for each Sb atom of the linear chain of B-Zn4Sbs, 7— for the Sb; unit of Ca;4AlSby;, 4— for

the Sb, ring of LaRusSb,, 16— for the Sbg unit of HfsSbo.
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5.3 Results and Discussion

5.3.1 B-Zn,Sbs

In 1997, B-ZnsSbs was reported to reach a high ZT = 1.3 at 670 K, which was related to
its extraordinarily low thermal conductivity [6]. Early structure determinations of this
antimonide indicated the presence of 36 Zn and 30 Sb sites per unit cell, hence a
crystallographic formula of ZneSbs (six formula units per cell). In a most recent study by
Snyder et al. [18], additional Zn sites were detected with small occupancy factors between
5% and 6%, as well as a 10% deficiency on the Zn1 site, which was originally reported to be
fully occupied. The additional Zn sites and the deficiency on the major Zn site contribute to
the low thermal conductivity of B-ZnsSbs, as do the complex crystal structures.

For clarity, the structure of B-Zn4Sbs is shown excluding the additional Zn sites in Figure
5.1. The structure is comprised of a three-dimensional network of edge- and corner-sharing
ZnSby tetrahedra and Sb, pairs formed by the Sb2 atoms. The Sb—Sb bond of 2.82 A (bold
lines in Figure 1) is typical for a classical 2-electron-2-center, 2e-2c, (single) bond, which
also occurs in the infinite chains of KSb (2.83 A and 2.85 A) [27]. These Sb2 pairs run along
the ¢ axis, where the distance between the pairs of 3.38 A (dashed lines in Figure 5.1) may
still correspond to a weakly bonding Sb—Sb interaction. The Sb1 atoms, on the other hand, do

not participate in any Sb—Sb contacts < 4 A.
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Figure 5.1 Crystal structure of B-Zn,Sbs (R3c). Zn: cyan; Sb: red.

Assuming that the Sb atoms reach full octet and neglecting the Sb—Sb contact of 3.38 A,
charges can easily be assigned based on the (8 — N) rule [28]: main group elements exhibit (8
— N) valence-electrons, v.e., with N = number of single bonds. For Sbl, N = 0, hence v.e. = 8§,
and for Sb2, N = 1, hence v.e. = 7. Since a neutral Sb atom comprises five v.e., the charges
are then 3— for Sb1l and 2— for Sb2. Therefore, the three Sbl and two Sb2 atoms of ZneSbs
combined have 3 x 3 + 2 x 2 = 13 negative charges. To achieve charge balance, 6.5 Zn>"
atoms are required, as in Zng sSbs = Zn;3Sbo = Zn3 9Sb;. All physical property measurements
thus far show that “B-ZnsSbs” is a (degenerate) p-type semiconductor [29], in accord with the
latest structure refinements: the three formulas, Zn;g3Sbs, Znszg;Sbs and Znsz 55Sbs are Zn
deficient compared to the charged balanced formula of Zn; ¢Sbs.

The MO diagram of the Sb,* dumbbell (Figure 5.2) closely resembles that of the well-

known isoelectronic I, pair. All molecular orbitals except for the strongly antibonding ps
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combination 2G,, formed by the p, orbitals (lowest unoccupied molecular orbital, LUMO),
are filled, resulting in a bond order of 1, as postulated above. The highest occupied molecular
orbital, the HOMO Img, is degenerated, formed by the © antibonding combinations of the py

and py orbitals.

Erev O—O Sb,*

19.12 | — J09 2,
1650 |+ #+ Qo @@ 1.

1495 [#+ S @B 1~
14.31] # .0 20,

9.78 | # J0 1o,

764 | % ) 10,

Figure 5.2 MO diagram of the Sh,* unit of B-Zn,Shbs.

To gain insight into the relevance of the 3.38 A distance between the Sb,* pairs, we
computed the MO diagram of a linear Sb,*™ unit with alternating Sb—Sb distances of 2.82 A,
3.38 A and 2.82 A, respectively (Figure 5.3). The significance of the 3.38 A interaction is

reflected in the energy difference of the original 26, orbitals of the Sb,"* pairs, amounting to
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1.2 eV, with the bonding combination, 3c,, occurring at 23.0 eV and the antibonding

combination, 3G, at 24.2 eV.
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Figure 5.3 MO diagram of the Sb,> unit of B-Zn,Sbs.

Similarly, the two unfilled MO’s stemming from the p, interactions, originally 2o,
exhibit an energy difference of 2.3 eV, occurring at 28.4 eV (4c,) and 30.7 eV (4cy.).

Thereby the HOMO/LUMO gap decreases from 2.6 eV in the Sb,* unit to 1.9 eV in the
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Sb,™ unit. Finally, adding another Sb,* group to Sb,®~ gives a linear Sbs' > unit with an even
smaller HOMO/LUMO gap of 0.88 eV. Hence, the gap will likely be smaller in the
experimentally observed infinite chain.

Related linear Sb atom chains can exhibit alternating Sb—Sb distances as short as 2.80 A
and 2.88 A, observed in Zr75VssSbio [30] and as long as 2.97 A and 3.56 A, observed in
Li,Sb [31]. The linear chains with the alternating distances all exhibit band gaps located at
seven valence-electrons per Sb atom, e.g. Sb* [32,33].

The densities of states, DOS, computed via the LMTO method, confirm the assumption
that ZneSbs is electron deficient, with a narrow band gap of 0.3 eV occurring 0.45 eV above
the Fermi level, Er (left part of Figure 5.4). The existence of such a narrow gap is a major
criterion for advanced thermoelectrics, as discussed before. Moreover, the DOS exhibit steep
slopes around the Fermi level, Eg, a finger print for the high Seebeck coefficient. The crystal
orbital Hamilton population (COHP) curves of the two different Sb—Sb interactions are
shown in the right part of Figure 5.4. In contrast to the calculation on the molecular units
Sb24f and Sb487, only bonding states exist below Er for the shorter interaction of 2.82 A. This
is a consequence of the strong covalent Zn—Sb bonds in the three-dimensional structure that
were not included in the calculations on Sb24f and Sb487 units. On the other hand, the longer
contact of 3.38 A causes a sharp antibonding peak to occur directly below Ep.
Correspondingly, the integrated COHP value (ICOHP) of the shorter bond is much larger,
with —1.70 eV/bond compared to —0.11eV/bond. Directly above the band gap, on the other
hand, the shorter bond exhibits a steep antibonding peak, strongly contributing to the steep
DOS at that point, whereas the weaker interaction is nonbonding. Hence the impact of the

short Sb—Sb bond onto the band gap size is evident.
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Figure 5.4 Densities of states (left) and Sb—Sb crystal orbital Hamilton populations (right) of

Zn58b5.

5.3.2 Filled skutterudites

Skutterudites, as introduced in Chapter 1, are composed of corner-sharing MQg
octahedra, and crystallizate in a distorted variant of the ReOs; structure type. Filled
skutterudites exhibit additional atoms, e.g. lanthanide atoms, Ln, located in the large voids
formed by the Q atoms [20] (Figure 5.5). With the maximum multiplicity of the Ln atoms

being Y4 of the M atoms, filled skutterudites are usually written as LnyM4Q > (with X < 1).
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In 1995, a variant of CoSbs, namely Cog 97119 03As0.155b2.31T€o.04, Was measured to reach
ZT = 0.6 at 700 K [34]. Adding additional cations into the voids leads to the rattling effect,
thereby to a significant decrease of the thermal conductivity [35]. The filled skutterudites
were discussed as examples for Slack’s phonon-glass electron-crystal (PGEC) concept [5],
which implies that advanced thermoelectrics should act like a glass with respect to phonon
scattering (leading to low thermal conductivity) and like a crystal with respect to the

electrical transport properties (leading to high electrical conductivity).
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Figure 5.5 Crystal structure of LaRu,Sb;, (Imé). La: black; Ru: cyan; Sb: red.
The Q atoms form planar, almost square rectangles, where the Q—Q distances are

comparable to single bonds, yet slightly elongated. These distances are 2.90 A and 2.98 A in
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CoSb;, and 2.80 A and 2.92 A in RhSbs [36]. Longer Sb—Sb contacts between the rectangles,
for example 3.41 A in CoSb; and 3.53 A in RhSbs, give rise to a three-dimensional Sb
network. Commonly the Sby ring of CoSbs is regarded as an Sby*, because each Sb atom
participates in two single Sb—Sb bonds. Hence, via the (8 — N) rule one obtains § — N = 8 -2
= 6 valence-electrons, i.e. a charge of 1— per Sb atom. The MO diagram of the Sbs* unit
omitting the s orbitals, shown in Figure 5.6 with the dimensions found in LaRu4Sb;,, can be

understood based on two interacting Sb, pairs.
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Figure 5.6 MO diagram of the Sb,* unit of LaRu,Sby,.

99



The HOMO, a,, is w antibonding along x and Yy, and the LUMO, by,, is © bonding along X
and o antibonding along Yy, separated from the HOMO by a gap of 0.93 eV. Because the bond
along X is slightly shorter than along y (2.97 A vs. 3.02 A), the energy of the next unoccupied
orbital, by,, 7 bonding along y and ¢ antibonding along X, is slightly higher (by 0.15 eV).
With five bonding and one antibonding orbitals filled, the bond order is 1 for each Sb atom.

Several band structure calculations performed on skutterudites usually revealed a gap to
occur at 24 v.e. with respect to the formula MQs;, e.g. realized in CoSbs [37], and
correspondingly 4 x24=96 v.e. for LnyM4Q;,, e.g. realized in LaFe;CoSb;, and
LaRu3;RhSby, [38-40]. This can be related to the electron precise formulas, e.g.
La* (Fe?");Co’*(Sb )1». Hence, undoped LaRu4Sb, is metallic with its 95 v.e, as confirmed

by its band structure (Figure 5.7).

E-E, (eV)

Figure 5.7 Band structure of LaRu,Sby,.
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The gap (0.9 eV) is indirect, with the top of the valence band occurring at the I" point,
and the bottom of the conduction band, a multi valley, at the N point.

The DOS (left part of Figure 5.8) exhibit very steep regions on both sides of the band
gap, pointing towards high effective masses resulting in the high Seebeck coefficient. A steep
bonding peak in the Sb—Sb COHP curves (right part of Figure 5.8) occurring at the top of the
valence band stems from the shorter interaction within the Sby4 rectangle, and the antibonding
peak directly at the bottom of the conduction band from the longer interaction. That the
region below E is strongly bonding for both interactions, while the HOMO of the molecular

unit Sb,* is antibonding (*), is caused by the high covalent character of the Ru—Sb bonds.

i 2.97 i
S )2

_6 1 L 1 ! 1 1 1
0 10 20 30 -0.4 0 0.4

DOS -COHP

1 1 1 1

Figure 5.8 Densities of states (left) and Sb—Sb crystal orbital Hamilton populations (right) of

LaRU4Sb12.
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Both interactions of the rectangle have similar bond strengths, reflected in ICOHP values of
—0.82 eV and —0.67 eV, respectively, while the contacts between the rectangles of 3.49 A are
very weak with ICOHP = —0.06 eV per bond. That the shorter Sb—Sb interactions strongly
contribute to the regions both above and below the gap reflects their importance both to the

conductivity and the Seebeck coefficient of this skutterudite.

53.3 Yb14MnSb11

Very recently, p-type Yb;4uMnSb;; was reported to reach ZT = 1.2 at 1200 K, a big
improvement over the Si-Ge solid solution typically used around such high temperatures [7].
The isostructural compound, Ca;4AlISby; [19], is comprised of isolated AlSb, tetrahedra and
linear nonclassical Sb; units with equidistant Sb—Sb interactions of 3.20 A shown in Figure
5.9.

These Sb; units are regarded as 7—, i.e. isoelectronic with the more common XeF, and 15~
units, as found in Csls [41] and [PhsAs]l; [42]. Arguably the first MO model for these linear
units was introduced in 1963 [43], based on the three p orbitals of XeF, that lie on the F-Xe-F
axis, e.g. the p, orbitals, while the s and the other p orbitals were treated as lone pairs. Two of
the p,-based MQO’s are filled, namely a ¢ bonding and a nonbonding molecular orbital, and
the o antibonding combination is unfilled. Overall a bond order of % results, because only
one bonding MO is available for the two bonds, explaining the unusual lengths of these linear

units.
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Figure 5. 9 Crystal structure of Ca;,AlSby; (141/acd). Ca: black; Al: cyan; Sb: red.

The full MO diagram (Figure 5.10), computed using Gaussian03 for the Sb;’~ fragment
of Ca4AlISby;, confirms this early model in principle: the only unfilled orbital is strongly o
antibonding (3o,), mainly composed of the p, orbitals, but the postulated nonbonding
combination with a nodal plane in the center is actually antibonding (36,), hence located
above the nonbonding MO 1m,. That difference is a consequence of the S and p mixing of the
MO’s of o, symmetry. A large gap of 3.4 eV separates the HOMO, the antibonding 2m,,

from the LUMO, the antibonding 3G,,.
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There are numerous examples of pnictides containing P37', As37', Sb;” and Bi; .
However, the isolated linear triatomic chalcogen anion was not known until recently the truly

linear Ses* unit in Ba;Ag,Ses [44] was reported by our group.
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Figure 5.10 MO diagram of the Sb,’™ unit of Cay,AlSby;.
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The Ses unit in BayAgsSes contains longer Se—Se interactions of 2.77 A than most of
bent cases, e.g. 2.38 A in K,Se; [45] and 2.38 in Cs,Ses [46], which is the similar scenario
found in Sby>". The MO diagram computed for Ses* by Gaussion03 is quite comparable to
Sby"" in terms of symmetry and sequences of molecular orbitals. A larger gap of 4.2 eV
separates the HOMO from LUMO for the Ses" unit, which is probably the consequence of
stronger overlapping of Se atomic orbitals.

It is interesting to note that in many examples of the Ca;4AlSb;; structure type, the
central atom of the linear unit exhibits elongated thermal parameters along the molecular axis.
Examples are Ca;4GaAs;; [47] and Ca;4AlSb;; [19], and split sites were refined in the cases
of Baj4InP; [48], Sr14ZnSby; [49] and Ba;4sMnSb;; [50], reflected in the formation of a short
bond and a longer, possibly nonbonding interaction. Such anomalies are known to lead to
lower thermal conductivity, a desired feature in thermoelectrics. However, inconspicuous
thermal expansion parameters were found in the thermoelectric Yb;4sMnSb,;, as well as in
Yb14sMnBiy; [51], CajsMnSb;; and Sr1sMnSby; [50].

One Sb;” unit exists per formula unit, Ca;4AlSb;;. As the other Sb atoms do not
participate in any Sb—Sb interactions < 4 A, their formal charge can be assigned as 3—. This
results in the electron-precise formulation (Ca2+) 14Al3+Sb377(Sb37)g, so does
(Yb*")14Mn’"Sbs” (Sb* ). Hence, a band gap may occur between nonbonding Sb-p states and
the empty Sb—Sb antibonding states of the Sb; units. This assumption is confirmed by the
DOS (left part of Figure 5.11). More precisely, the Sb2 and Sb3 atoms, which are not part of
the Sbs units, dominate the area below Er (dotted line in Figure 5.11). On the other hand, the
Sbl and Sb4 atoms, forming the Sby’~ units, contribute most significantly to the steep peak

directly above the gap of 0.7 eV. The COHP curve of the Sb—Sb bond of 3.20 A confirms
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that this peak is strongly antibonding, as determined for the molecular Sbs” unit. Overall its
shape is very comparable to the COHP curve of the corresponding interaction of the linear
Ses* unit of BayAgsSes [44]. In contrast to the Sb—Sb bonds of LaRu4Sb,, the contributions
of the Sb—Sb bonds to the top of the valence band are negligible in case of Ca;4AlSb;;, but
the impact onto the gap size as well as the bottom of the conduction band is evident in both

cascs.

E-E, (eV)

3.20 g
-10 0 10
-COHP

Figure 5.11 Densities of states (left) and Sb—-Sb crystal orbital Hamilton populations (right) of

Ca14A|Sb11.

534 M038b7

MosSb; is a metal [52,53], and was therefore originally not considered for the

thermoelectric energy conversion. Its potential was unveiled in 2002, when we showed that
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partial Sb/Te substitution leads to semiconducting properties, and increased Seebeck
coefficient [8]. P-type Mo3Sbs 4Te; ¢ was reported in 2007 to reach ZT = 0.8 at 1050 K [10],
and adding small Ni atoms into the cubic voids of MosSbs4Te; ¢ occurs with an increase in
the Seebeck coefficient and electrical conductivity, culminating in ZT = 1.0 at 1000 K
[54,55].

MosSb; crystallizes in the cubic Ir;Ge; type, space group Im3m. Its structure (Figure
5.12) contains pairs of face-sharing Mo-centered square antiprisms, interconnected to infinite
chains via Sb2-Sb2 bonds of 3.10 A. The common face of each antiprism pair contains Sb1—
Sb1 distances of 3.38 A, and the Mo—Mo distance running through this face is 3.00 A.
Parallel running chains are interconnected via shorter Sb2-Sb2 bonds of 2.91 A, and

penetrate each other between the antiprisms.

Figure 5.12 Crystal structure of Mo;Sb; (Imém). Mo: black; Sb: red.

107



The Sb—Sb bonds between the pairs of Mo-centered antiprisms lead to the formation of
empty Sbg cubes as shown in Figure 5.13. A three-dimensional network of Sb atoms is
formed via the short Sb—Sb bond between the cubes. A similar network was also observed in
the skutterudites, but the longer interactions between the rectangles there were above 3.4 A,
compared to 2.91 A and 3.10 A in Mo3Sb;. Moreover, Mos;Sb; exhibits metal-metal bonds in

contrast to the skutterudites, namely the Mo—Mo bond within the pair of MoSbg antiprisms.

Figure 5.13 Three-dimensional network of Sb cubes of Mo;Sh.

With its 53 v.e., unsubstituted Mos;Sb; is metallic, confirmed by our band structure

calculation with the LMTO program packages (Figure 5.14). An indirect band of 0.7 eV gap
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occurs well above Er between the I and H point, while the direct gap at I" is only slightly
larger. Both the lowest unfilled and the highest filled bands have both steep and flat parts,

depending on the direction within the Brillouin zone.
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Figure 5.14 Band structure of MosSb-.

Correspondingly, the densities of states exhibit a steep region just below the gap, and a
very pronounced peak stemming from Mo-d orbitals, i.e. the Mo—Mo bond, slightly below Eg
(left part of Figure 15). The peaks below the gap are related to the shortest Sb—Sb interaction
(2.91 A) within the structure, which is strongly bonding in the region above Er and below the
gap, to become strongly antibonding above the gap (right part of Figure 5.15). On the other
hand, the longer two Sb—Sb interactions of 3.10 A and 3.38 A are antibonding already below

the gap, but remain overall (slightly) bonding. This is reflected in negative, i.e. bonding,
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ICOHP values of —0.45 eV for the 3.10 A interaction and —0.08 eV for the 3.38 A, compared
to —0.78 eV for the shortest bond of 2.91 A. Therefore, as is the case in LaRu4Sby», a three-
dimensional Sb atom network exists with a significant impact onto the regions around the

band gap.

E-E,(eV)

0 20 40 -0.4 0 0.4

Figure 5.15 Densities of states (left) and Sb—Sb crystal orbital Hamilton populations (right) of

M03Sb7.

Partial replacements of Sb by Te atoms lead to the semiconducting material Mo3;SbsTe;.
It is assumed that Te substitutes preferentially the Sb1 site, because it is more electronegative
than Sb, hence avoids the formation of Te—Te bonds. This trend was proven via neutron
diffraction for the preferences of As, compared to Ge, in the isostructural Re;GeAsg [56],

noting that the neutron scattering lengths of Sb and Te are too similar for an analogous

110



investigation. Treating both the Mo—Mo bond and the Sb2-Sb2 bond of 2.91 A as single
bonds, the charges can be assigned to Mo>", Sb1*", Sb2* and Te”", again yielding a balanced
formula: (Mo”")3Sb17(Sb2%)4(Te?),. The DOS computed for such a model confirm that Eg

falls into the band gap of Mo3SbsTe, (left part of Figure 5.16).
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Figure 5.16 Densities of states of MosShsTe, (left) and NigsMosSbsTe; (right).

Most features of the band structure remain unchanged from Mo;Sb;, while the gap
slightly decreased from 0.7 eV to 0.6 eV. The partial densities of Te are smeared out
throughout the energy window shown.

Filling all cubic holes of this structure with Ni atoms results in NigsMo3(Sb,Te);. It is
noted that experimentally the filling degree did not exceed 12%, however, as in

Nip0sM03Sbs 4Te; . As modeling such a composition requires a tenfold supercell, we
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computed the DOS of the hypothetical NigsM03SbsTe,, shown in the right part of Figure 16.
It is evident that the band gap significantly decreased, namely to 0.05 eV, and the addition of
nickel does not formally change the electron count, because Eg is still located in the band gap,
like in the unfilled MosSbsTe,. The DOS of the model for Nig25M03ShsTe, exhibits a gap of
0.5 eV, which is only slightly smaller than the unfilled Mo3SbsTe; model, indicating that the
actual material NiposMo3Sbs4Te; ¢ should have a gap comparable to that of MosSbs4Te; 6.
Therefore, it is concluded that nickel gets added as Ni*’, hence exhibits d'* configuration.
The Ni states show a distinct maximum in the DOS around -2 eV, but add to the states
directly below Er as well. The latter explains why the electrical conductivity increases from

MO3Sb5,4T€1,6 to Nio,06M03Sb5,4T61 6-

5.3.5 HfsSby

The most common structure types exhibiting square nets include ZrSiS [57], NdTes [58]
and and HfCuSi, [59], with the nets formed by elements of the groups 14 - 16. Materials
comprising planar square nets of main group elements have fascinated the researcher for
decades because of the nonclassical bonding, the tendency to distortions and formation of
(possibly modulated) superstructures, and phase transitions often occurring with metal-
nonmetal transitions [60-62]. HfsSby crystallizes in its own structure type, as shown in Figure
5.17. The Hfl atom is surrounded by nine Sb atoms in form of a capped square antiprism.
Because of the defects of the Sb3 layer, Hf2 is only bonded to eight Sb atoms forming a

capped square antiprism with a vacancy at one corner. Hf—Sb distances are ranging from 2.89

Ato3.18 A.
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Figure 5.17 Crystal structure of HfsSby. Hf: black; Sb: red. Hf1 is highlighted; the other black

atoms are Hf2.

Hf5sSby represents a uniquely distorted T net formed by the Sb3 atoms (Figure 5.18). Each
Sb3 atom is then surrounded by three Sb atoms. The planar squares are composed of Sb—Sb
bonds of 3.03 A, and are connected via additional Sb—Sb bonds of 2.99 A to an infinite net of
Sb3 atoms. An additional Sb3-Sb3 contact of 3.47 A (dashed line in Figure 5.18) may be
weakly bonding as well. Because the two squares per layer and unit cell differ in their height

(z parameter) by 0.04 A, the layer is slightly puckered.
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Figure 5.18 T net of Hf;Shy.

The band structure of HfsSby indicates a metallic property, as several bands cross the
Fermi level (Figure 5.19). Because an Sb3 p, band, depicted via the fat band representation
[63], crosses Er from X to M and M to I', the T net itself exhibits two-dimensional metallic
properties. The other bands around Ef are predominately of Hf d character, which begin to

dominate above -2 eV, and lead to the three-dimensional metallic character.
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E-E,(eV)

Figure 5.19 Band structure of HfsSbg, with emphasis on the Sb3 p, contributions.

The energy window chosen for the densities of states, DOS, in the left part of Figure
5.20 exhibits mostly Hf 5d and Sb 5p character, with the Sb 5s bands occurring below -6 eV
outside of that figure. The Hf1-Sb and Hf2—Sb crystal orbital Hamilton population (COHP)
curves indicate that these interactions contribute significantly to the metallic character (right
part of Figure 5.20). Moreover an increase of the valence electron concentration should lead

to stronger Hf-Sb bonding, because more bonding states would be filled.
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Figure 5.20 Densities of states (left) and Hf-Sb crystal orbital Hamilton population (right)

curves.

The frontier orbitals of two hypothetical planar Sbs'®™ units, point group Cu;, in both
cases, are depicted in Figure 5.21, with the bond distances of the T net of Hf5Sbo (2.99 A and
3.03 A, respectively). On the left, the bond angles were optimized towards a perfect T
coordination (f = 90°), and on the right, the bond angles were taken from the structure
refinement of HfsSby (B = 71°). The dashed lines indicate the additional contacts of 3.47 A
generated by the distortion.

In general, the molecular orbitals, MO’s, of the ideal T shaped unit and the actually
observed one have the same symmetry, but their energies are shifted in some cases because

of the additional interaction of 3.47 A (dashed lines).
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All p, based MO’s are filled, with two occurring about 1.15 eV below the HOMO for the
undistorted model (B = 90° variant). These two are degenerate, e,, and one of them is &
antibonding along x and m bonding along y, and the other vice versa. Similarly, the
corresponding MO’s occur 0.9 eV below the HOMO for the § = 71° variant.

A larger difference is in the energy of the b, orbital, which is the second highest
occupied MO in the f = 71° variant, 0.5 eV below the HOMO, while four MO’s are located
between this b, and the HOMO 1in the = 90° variant. In both cases, the interactions between
the in-ring and the terminal Sb atoms are all ¢ antibonding. The tilt in the distorted form then
adds an antibonding contact from each terminal Sb atom to a second in-ring Sb atom, as
expressed via the dashed lines on top of Figure 5.21.

The energy differences of the unoccupied MO’s are quite comparable between the two
variants. The lowest unoccupied molecular orbital, LUMO, is degenerate, of e, symmetry.
These two e, MO’s are ¢ antibonding and © bonding within the square, while two of the four
interactions to the terminal atoms are nonbonding and two ¢ antibonding. In summary, the
four unoccupied MO’s are ¢ antibonding, and thus four more bonding MO’s are filled than
antibonding. These four bonding MQO’s are distributed over eight bonds, yielding on average
a bond order of 2. The HOMO-LUMO gaps are 2.4 eV when 3 = 90°, compared to 2.6 eV
when B = 71°. The total energy of the ideal T-shaped unit is lower by 14.4 eV. Thus the
experimentally observed distortion to B = 71° is a steric effect, because that variant can be
packed more efficiently. The metallic character of HfsSby, predicted via the electronic
structure calculation, was confirmed by the electrical conductivity measurement:
Furthermore, the Seebeck coefficient was determined to be +3 uVK™' at 300 K, typical for

metallic materials.
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5.4 Conclusion

The electronic structures of four different antimonides with excellent thermoelectric
properties were discussed, focusing on the Sb—Sb interactions. Figure 5.22 compares the
figure of merits, ZT, of selected p-type examples, all of them reaching ZTn.x at elevated

temperatures roughly of the order of one [7,10].

1.4

1.2 +

B-Zn,Sb, Ni, ,Mo;Sb; , Te, ¢ Yb,,MnSb,,

1.0 +
CeFe,Sb,,

Mo,Sb; ,Te,

300 500 700 900 1100 1300 T (K)

Figure 5.22 Temperature dependence of the thermoelectric figure-of-merit, ZT, for selected p-

type antimonides.

The Sb atom substructures are all quite different. In -ZnsSbs, pairs of Sb atoms are
interconnected via longer Sb—Sb interactions to linear chains, while in the filled skutterudites,
Sby rectangles are interconnected via longer interactions to a three-dimensional network. In
these two examples, short Sb—Sb bonds of the order of single bond distances coexist with

long, only slightly bonding Sb—Sb interactions. Yb;sMnSb;; stands out, for its structure
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comprises only isolated Sb motifs with only one kind of Sb—Sb interactions, namely
intermediate bonds. The Sb atom substructure of MosSb; is the most multifaceted here,
exhibiting different contacts, reflected in a three-dimensional network of Sb squares based on
long interactions, Sb cubes formed by intermediate interactions, and short Sb—Sb bonds
occurring between the Sb cubes. The various Sb atom substructures occur with rather
complex crystal structures of these antimonides, beneficial for the low thermal conductivity.
HfsSby on the other hand, contains infinite layers of unusually T-connected Sb—Sb
interactions.

All electronic structures except for HfsSbg exhibit band gaps < 0.7 eV, and the size of the
gap is strongly influenced by the various Sb—Sb interactions dominating the area around the
gap in all cases. The importance of the gap size for the thermoelectric properties is evident,
since the optimal band gaps of thermoelectrics may vary between 6 kgT and 10 KkgT,
amounting to for example 0.16 eV — 0.26 eV at 300 K and 0.52 eV — 0.86 ¢V at 1000 K. Our
calculations confirm this trend, with B-ZnsSbs having the smallest gap of 0.3 eV and the
lowest optimal operating temperature (below 650 K), and Mos;SbsTe; (gap of 0.6 eV) and
Yb14MnSby; (gap of Ca;4AlISb;;: 0.7 eV) having the highest optimal operating temperatures
(above 1000 K). Moreover, the steep peaks around the gap arising from the Sb—Sb
interactions, contribute to a large Seebeck coefficient, advantageous for high figure of merits,

ZT.
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Appendix

Table A. 1 Details about starting materials for the synthesis.

Name Company Form Purity
Na,COs3 Merck powder 99.5%
CuO BDH chemicals powder 99.0%
TeO, Fisher scientific powder 99.0%
La;O3 Alfa aesar powder 99.9%
Mo Alfa aesar powder 99.95%
MoO», Alfa aesar powder 99%
PbO Alfa aesar powder 99.999%
MoOs; Alfa aesar powder 99.9995%
Tl Alfa aesar granules, 1-5 mm 99.9%
Sb Aldrich powder, -100 mesh | 99.95%
Bi Aldrich powder 99.5%
Se Alfa aesar powder, -200 mesh | 99.999%
Te Alfa aesar powder, -325 mesh | 99.99%
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Table A. 2 Crystallographic data of Na,Cu,TeOs.

Empirical formula Na,Cu,TeOg
Formula weight 396.66 g/mol
Temperature 200(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group C2/m (no. 12)
a 5.7059(6) A
b 8.6751(9) A

c 5.9380(6) A
B 113.740(2)°
Volume 269.02(5) A’
YA 2

Crystal size 0.04 x 0.04 x 0.02 mm’

Theta range for data collection

3.75 to 35°

R indices, I > 2sigma(I)

R1=0.0313, wR2 = 0.0823

R indices, all data

R1=0.0314, wR2 = 0.0823

Goodness-of-fit on F*

1.068
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Table A. 3 Atomic coordinates and equivalent displacement parameters.

Atom X y z Ue/A°

Te 0 0 0 0.0490(1)
Cu 0 0.66475(4) 0 0.0069(2)
Na 0 0.1839(2) 0.5 0.0111(3)
Ol 0.1936(5) 0.1632(2) 0.2121(5) 0.0076(4)
02 0.7574(5) 0 0.1640(5) 0.0078(4)

*Ucq 1s defined as one third of the trace of the orthogonalized Uj; tensor.
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Table A. 4 Selected bond distances [A] for Na,Cu,TeOs.

Te-Ol x 4 1.921(2)
Te—02 x 2 1.988(3)
Cu-O1 x 2 1.978(2)
Cu-O1 x 2 1.999(2)
Cu—O1 x 2 2.533(4)
Cu-O1 x | 2.858(1)
Cu-O1 x 2 3.214(1)
Na-O1 x 2 2.309(2)
Na—Ol x 2 2.386(3)
Na—Ol x 2 2.494(2)
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Table A. 5 Data summary of structure determination for PbggMo04O¢.

a 9.6112(3) A

c 2.8411(1) A

q (0,0,0.25)

Space group P4/mbm(00g)00ss
# reflections total 21832

# reflections independent 1418
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Table A. 6 Atomic parameters of PbggM0,0¢ and uncertainties after final refinement.

Atom X y z Ueg/A?

Ol 0.4589(12) | 0.2627(13) | 0 0.006(2)
o2 0.2099(15) | 0.2902(15) | 0 0.014(4)
Mol 0.60193(17) | 0.10193(17) | 0.5 0.0041(4)
Mo2 03564(2) | 0.1436(2) |0 0.0099(5)
aPb 0 0 0 0.0390(17)
5P 0 0 20.2042(10) | 0.0132(7)

*Ueq 1s defined as one third of the trace of the orthogonalized Uj; tensor.
Pb/"Pb = 30.9(1)/19.1%.
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Table A. 7 Final refinement R-values for the incommensurately modulated model for

PDg.6sM04Os.
# Observed Robs # All R
Main reflections | 143 7.75 189 8.59
1™ order 99 6.99 296 17.07
2™ order 59 13.90 169 20.08
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Table A. 8 Crystallographic data of Tl 35SbggsSeys.

Empirical formula

Tly35(1)Sbs.6sS€14

Formula weight

2651.36 g/mol

Temperature 298(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2;/m (no. 11)
a 17.201(2) A

b 4.0792(5) A

c 21.196(3) A

B 109.303(3)°
Volume 1403.6(3) A’
YA 2

Crystal size 0.20 x 0.02 x 0.02 mm’

Theta range for data collection

3.72 to 30°

R indices, I > 2sigma(I)

R1 =0.0442, wR2 = 0.1080

R indices, all data

R1=0.0525, wR2 =0.1130

Goodness-of-fit on F*

1.068

131




Table A. 9 Atomic coordinates and equivalent displacement parameters of Tl, 35Sbg g5S€14.

Atom X y z Ueg/A?

a1l 0.85457(12) 0.2500 0.30507(5) 0.0298(4)
TI2 0.57524(4) 0.2500 0.14219(3) 0.03807(15)
bT13 0.66107(6) 0.7500 0.78910(8) 0.0287(4)
Sbl 0.09377(5) 0.2500 0.49109(5) 0.02901(19)
Sb2 0.27513(6) 0.7500 0.43507(5) 0.0310(2)
Sb3 0.47305(5) 0.2500 0.41050(4) 0.02539(18)
Sb4 0.65757(6) 0.7500 0.35678(5) 0.0299(2)
935 0.8132(4) 0.2500 0.2876(3) 0.0385(8)
Sb6 0.07675(5) 0.2500 0.22453(4) 0.02275(17)
bSp7 0.6540(3) 0.7500 0.8189(4) 0.0371(9)
Sb8 0.87115(5) 0.7500 0.11768(4) 0.02112(16)
Sb9 0.88845(5) 0.2500 0.92765(4) 0.02262(17)
Sb10 0.66421(5) 0.2500 0.98068(5) 0.02336(17)
Sel 0.40578(7) 0.2500 0.51636(6) 0.0218(2)
Se2 0.21121(9) 0.7500 0.56691(9) 0.0397(4)
S3 0.01587(7) 0.2500 0.58200(6) 0.0230(2)
Sed 0.82971(10) 0.7500 0.62816(8) 0.0398(3)
Ses 0.36111(8) 0.7500 0.34523(6) 0.0262(3)
Se6 0.45533(9) 0.7500 0.69834(7) 0.0291(3)
Se7 0.70746(8) 0.7500 0.25314(6) 0.0239(2)
Se8 0.96746(7) 0.7500 0.24279(6) 0.0193(2)
Se9 0.81616(7) 0.2500 0.79786(6) 0.0187(2)
Sel0 0.57212(8) 0.2500 0.85301(6) 0.0253(3)
Sell 0.77708(7) 0.2500 0.13892(6) 0.0216(2)
Sel2 0.99176(7) 0.2500 0.08895(6) 0.0192(2)
Sel3 0.78626(7) 0.7500 0.94546(6) 0.0226(2)
Sel4 0.41808(7) 0.2500 0.98892(6) 0.0211(2)
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Table A. 10 Selected interatomic distances [A] for T, 3550 ¢5S€14.

T11-Sb5 0.685(6) Sb4-Se7 2.609(3)
TI1-Se7 x 2 3.152(2) Sb4-Se6 x 2 2.792(3)
TI11-Se8 x 2 3.372(3) Sb4-Se2 x 2 3.075(4)
TI1-Se3 x 2 3.366(5) Sb4-Sel 3.218(3)
TI1-Se2 3.267(2) Sb5-Se7 x 2 2.669(4)
Tl1-Sel 1 3.328(4) Sb5-Sel 1 3.004(5)
TI2-Sel0 x 2 3.281(1) Sb5-Se2 3.247(7)
TI2-Se7 x 2 3.366(5) Sb5-Se8 x 2 3.711(7)
TI2-Sel4 3.472(7) Sb6-Sel2 2.760(1)
TI2-Sel4 x 2 3.480(1) Sb6-Se8 x 2 2.885(1)
TI2-Sel 1 3.495(2) Sb6-Se9 x 2 2.891(1)
TI2-Se6 3.588(2) Sb6-Se4 3.003(2)
TI3-Sb7 0.681(6) Sb7-Sel0 x 2 2.710(4)
TI3-Sel0 x 2 3.115(2) Sb7-Sel3 2.887(6)
TI3-Sel3 3.302(6) Sb7-Se6 3.526(9)
TI3-Se9 3.314(1) Sb7-Se9 x 2 3.600(6)
TI3-Se5 3.420(2) Sb8-Se8 2.621(1)
TI3-Se6 3.424(6) Sb8-Sell x 2 2.732(1)
Sb1-Se3 x 2 2.686(2) Sb8-Sel2 x 2 3.110(2)
Sb1-Se3 2.861(1) Sb8-Sel3 3.454(5)
Sb1-Se2 x 2 2.946(1) Sb9-Se9 2.618(1)
Sb1-Se4 3.213(4) Sb9-Sel3 x 2 2.798(1)
Sb2-Sed x 2 2.759(3) Sb9-Sel2 x 2 3.001(1)
Sb2-Se5 2.770(3) Sb9-Se9 3.291(5)
Sb2-Sel x 2 3.101(4) Sb10-Sel0 2.645(5)
Sb2-Se2 3.324(4) Sb10-Sel4 x 2 2.680(2)
Sb3-Se5 x 2 2.832(1) Sb10-Sel3 x 2 3.188(2)
Sb3-Sel 2.844(1) Sb10-Sel 1 3.273(6)
Sb3-Se6 2.953(2)

Sb3-Sel x 2 2.962(2)




Table A. 11 Crystallographic data of Tl 4;Sbg 03S€13.

Empirical formula

T1;.970ySbs.03Sei3

Formula weight 2403.44 g/mol
Temperature 298(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2;/m (no. 11)
a 17.222(3) A

b 4.0682(6) A

c 18.318(3) A

B 90.320(3)°
Volume 1283.4(3) A’
YA 2

Crystal size 0.35 x 0.02 x 0.02 mm’

Theta range for data collection

3.26 to 30°

R indices, I > 2sigma(I)

R1 =0.0649, wR2 = 0.1068

R indices, all data

R1=0.0865, wR2 =0.1159

Goodness-of-fit on F*

1.188
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Table A. 12 Atomic coordinates and equivalent displacement parameters of Tl 47Sbg g3Se€1s.

Atom X y 4 Ueg/A?

Tl 0.3062(3) 0.7500 0.3256(3) 0.0171(4)
°TI2 0.2488(1) 0.2500 0.7663(1) 0.0285(4)
‘TI3A 0.5179(1) 0.2500 0.8451(1) 0.0376(3)
‘TI3B 0.4663(6) 0.2500 0.8217(5) 0.0376(3)
Sbl 0.9169(1) 0.2500 0.793(1) 0.0220(3)
Sb2 0.1768(1) 0.2500 0.1261(1) 0.0201(3)
Sb3 0.3277(1) 0.7500 -0.182(1) 0.0207(3)
Sb4 0.8985(1) 0.2500 0.4772(1) 0.0263(3)
Sb5 0.7010(1) 0.7500 0.4554(1) 0.0253(3)
Sb6 0.164(1) 0.7500 0.2447(1) 0.0220(3)
Sb7 0.4945(1) 0.2500 0.3859(1) 0.0286(4)
4Sb8A 0.2672(2) 0.7500 0.3293(2) 0.0171(4)
4SbsB 0.2911(11) 0.7500 0.3485(8) 0.0171(4)
°SboA 0.2828(6) 0.2500 0.7941(6) 0.0285(4)
°SboB 0.2642(13) 0.2500 0.8106(12) 0.0285(4)
Sel 0.9797(2) 0.7500 0.4027(1) 0.0299(5)
Se2 0.8997(1) 0.2500 0.2210(1) 0.0185(4)
Se3 0.8072(1) 0.7500 0.599(1) 0.0218(4)
Se4 0.3950(1) 0.2500 0.2774(1) 0.0243(5)
Ses 0.8101(1) 0.7500 0.5575(1) 0.0268(5)
Se6 0.7761(1) 0.2500 0.3779(1) 0.0241(5)
Se7 0.9572(1) 0.2500 -0.959(1) 0.0195(4)
Se8 0.1328(1) 0.2500 0.2626(1) 0.0195(4)
Se9 0.3682(1) 0.7500 0.8410(1) 0.0249(5)
Sel0 0.4234(1) 0.2500 0.127(1) 0.0212(4)
Sell 0.5776(2) 0.7500 0.3197(1) 0.0299(5)
Sel2 0.2791(1) 0.7500 0.1494(1) 0.0218(4)
Sel3 0.6095(2) 0.2500 0.5393(1) 0.0304(5)

*Ueq 1s defined as one third of the trace of the orthogonalized Uj; tensor.

T11/Sb8A/8B = 21.6(3)/66.1(4)/12.2%; "T12/Sb9A/SbIB = 71.2(4)/19.9(3)/8.9%;
‘TI3A/TI3B = 88.4(2)/11.6%.
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Table A. 13 Selected interatomic distances [A] for Tly.;SbgesSe1s

T11-Sb8A 0.675(4) Sb4-Sel 3.030(5)
T11-Sb8B 0.495(2) Sb4-Sel x 2 2.824(3)
TI1-Se4 x 2 2.696(4) Sb4-Se5 x 2 2.940(3)
TI1-Se5 x 2 3.575(6) Sb4-Se6 2.778(5)
TI1-Se8 x 2 3.788(5) Sb5-Se5 2.645(5)
Tl1-Sel2 3.259(6) Sb5-Se6 x 2 2.802(3)
Tl1-Sel3 2.862(7) Sb5-Sel 1 3.260(6)
TI2-Se2 x 2 3.276(2) Sb5-Sel3 x 2 3.001(3)
TI2-Se3 3.331(4) Sb6-Sel 2.967(3)
TI2-Seb6 x 2 3.359(2) Sb6-Se2 x 2 2.890(2)
TI2-Se9 x 2 3.195(3) Sb6-Se7 2.764(3)
TI2-Sel 1 3.389(5) Sb6-Se8 x 2 2.8739(2)
TI3A-TI3B 0.984(10) Sb7-Se4 2.618(5)
TI3A-Sed x 2 3.386(4) Sb7-Sell x 2 2.770(3)
TI3A-Se9 3.285(5) Sb7-Sel3 3.492(3)
TI3A-Sel0 3.481(5) Sb7-Sel3 x 2 3.042(7)
TI3A-Sel0 x 2 3.452(3) Sb8A-Sed x 2 3.148(3)
TI3A-Sell 3.430(5) Sb8A-Se5 x 2 3.200(4)
TI3A-Sel2 3.498(2) Sb8A-Se8 x 2 3.310(4)
TI3B-Se4 x 2 3.632(9) Sb8A-Sel2 3.303(4)
TI3B-Se9 x 2 2.669(7) Sb8A-Sel3 3.201(6)
TI3B-Sel0 3.579(10) Sb8B-Se4 x 2 3.010(13)
TI3B-Sel | 2.694(10) Sb8B-Se5 x 2 3.190(14)
Sb1-Se2 2.615(3) Sb8B-Se8 x 2 3.741(16)
Sb1-Se3 x 2 2.797(2) Sb8B-Sel2 3.652(15)
Sb1-Se7 3.287(3) Sb8B-Sel3 2.668(17)
Sb1-Se7 x 2 2.988(2) Sb9A-Se2 x 2 3.753(9)
Sb2-Se3 3.419(3) Sb9A-Se3 3.099(12)
Sb2-Se7 x 2 3.123(2) Sb9A-Se9 x 2 2.650(7)
Sb2-Se8 2.618(3) Sb9A-Sell 3.191(12)
Sb2-Sel2 x 2 2.723(2) Sb9B-Se2 3.525(18)
Sb3-Se3 x 2 3.177(3) Sb9B-Se3 2.678(22)
Sb3-Se9 2.676(3) Sb9B-Se9 x 2 2.764(15)
Sb3-Sel0 x 2 2.677(2) SboB-Sel 1 3.633(23)
Sb3-Sel2 3.187(4)
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Table A. 14 Crystallographic data of Tl 04Bi;gsS€1s.

Empirical formula

Ty 04yBi7.965€13

Formula weight 3106.88 g/mol
Temperature 298(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2;/m (no. 11)
a 17.397(3) A

b 4.1760(8) A

c 18.336(4) A

B 90.748(4)°
Volume 1332.0(5) A’
YA 2

Crystal size 0.40 x 0.02 x 0.02 mm’

Theta range for data collection

3.21 to 30°

R indices, I > 2sigma(I)

R1=0.0789, wR2 =0.1212

R indices, all data

R1=0.1213, wR2 =0.1333

Goodness-of-fit on F*

1.160
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Table A. 15 Atomic coordinates and equivalent displacement parameters of Tl 44Bi; gsS€1s.

Atom X y 4 Ueg/A?

11 0.27172(6) 0.7500 0.32738(6) 0.0354(2)
T2 0.25026(4) 0.2500 0.77052(4) 0.0354(2)
T13 0.51480(5) 0.2500 0.84425(5) 0.0473(2)
Bil 0.91719(3) 0.2500 0.07828(2) 0.0218(1)
Bi2 0.17363(3) 0.2500 0.12253(2) 0.0219(1)
Bi3 0.33074(2) 0.7500 20.01683(3) 0.0237(1)
Bi4 0.89291(3) 0.2500 0.47672(3) 0.0270(1)
Bi5 0.69460(2) 0.7500 0.45207(2) 0.0230(1)
Bi6 0.91719(3) 0.2500 0.07828(2) 0.0218(1)
Bi7 0.17363(3) 0.2500 0.12253(2) 0.0219(1)
aBig 0.29483(6) 0.7500 0.32378(6) 0.0354(2)
°Bi9 0.27186(16) 0.2500 0.79178(15) 0.0354(2)
°Bil0 0.48443(13) 0.2500 0.82777(13) 0.0473(2)
Sel 0.98322(7) 0.7500 0.40563(6) 0.0259(3)
Se2 0.89771(6) 0.2500 0.22653(6) 0.0211(3)
Se3 0.80389(6) 0.7500 0.05559(6) 0.0236(3)
Sc4 0.39104(7) 0.2500 0.26982(7) 0.0329(4)
Ses 0.81040(7) 0.7500 0.55850(6) 0.0244(3)
Se6 0.76925(6) 0.2500 0.37142(6) 0.0218(3)
Se7 0.95885(6) 0.2500 20.09159(6) 0.0190(3)
Se8 0.13425(6) 0.2500 0.26696(6) 0.0218(3)
Se9 0.37192(7) 0.7500 0.83610(7) 0.0283(3)
Sel0 0.42904(7) 0.2500 0.01599(7) 0.0262(3)
Sell 0.57703(7) 0.7500 0.31974(6) 0.0232(3)
Sel?2 0.27868(6) 0.7500 0.14677(6) 0.0204(3)
Sel3 0.60748(7) 0.2500 0.53578(7) 0.0271(3)

*Ucq 1s defined as one third of the trace of the orthogonalized Uj; tensor.
4T11/Bi8 = 51.1(1)/48.9%; T12/Bi9 = 80.5(1)/19.5%; “T13/Bil0 = 72.4(1)/27.6%.
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Table A. 16 Selected interatomic distances [A] for T, 04Bi7 sS€1s.

TI1-Bi8 0.408(2) Bi3-Sel2 3.145(4)
T11-Se4 x 2 3.315(2) Bi4-Sel 3.029(6)
T11-Se5 x 2 3.295(4) Bi4-Sel x 2 2.929(3)
TI1-Se8 x 2 3.352(3) Bi4—Se5 x 2 2.954(3)
TI1-Sel2 3.315(2) Bi4-Se6 2.872(6)
T11-Sel3 3.252(7) Bi5-Se5 2.786(6)
TI2-Bi9 0.538(3) Bi5-Se6 x 2 2.878(3)
TI2-Se2 x 2 3.316(1) Bi5-Sell 3.153(6)
TI2-Se3 3.336(4) Bi5-Sel3 x 2 3.012(3)
TI2-Se6 x 2 3.350(2) Bi6-Se2 x 2 2.956(2)
TI2-Se9 x 2 3.197(3) Bi6-Se2 2.881(3)
TI2-Sell 3.449(6) Bi6-Se7 2.979(2)
TI3-Bil0 0.605(3) Bi6-Se8 x 2 2.950(1)
TI3-Se4 x 2 3.392(4) Bi7-Se4 2.743(6)
TI3-Se9 3.248(1) Bi7-Sell x 2 2.837(3)
TI3-Sel0 3.502(6) Bi7-Sel3 3.382(7)
T13-Sel0 x 2 3.437(3) Bi7-Sel3 x 2 3.082(3)
TI3-Sell 3.386(6) Bi8—Se4 x 2 2.861(3)
TI3-Sel2 3.594(2) Bi8—Se5 x 2 3.532(5)
Bil-Se2 2.744(2) Bi8-Sel2 3.254(2)
Bil-Se3 x 2 2.898(1) Bi8-Sel3 3.067(6)
Bil-Se7 3.207(3) Bi9-Se2 x 2 3.626(3)
Bil-Se7 x 2 3.009(1) Bi9-Se3 3.109(6)
Bi2-Se3 3.294(2) Bi9-Se9 2.831(3)
Bi2-Se7 x 2 3.156(2) Bi9-Sel1l 3.352(7)
Bi2-Se8 2.744(3) Bil0-Se4 x 2 3.515(5)
Bi2-Sel2 x 2 2.806(1) Bil0-Se9 x 2 2.867(2)
Bi3-Se3 x 2 3.210(2) Bil0-Sel0 3.595(5)
Bi3-Se9 2.799(3) Bil0-Sell 2.895(5)
Bi3-Sel0 x 2 2.760(2)




