Origin of Low Lattice Thermal
Conductivity in Metal Chalcogenides and

its Implication in Thermoelectrics

A Thesis
Submitted for the Degree of

Doctor of Philosophy
by
Moinak Dutta

A

f%/

INCASR

New Chemistry Unit
Jawaharlal Nehru Centre for Advanced Scientific Research
(A Deemed University)
Bangalore - 560 064, India

August 2021






Dedicated to my parents.







DECLARATION

I hereby declare that this thesis entitled “Origin of Low L attice Thermal Conductivity

in Metal Chalcogenides and its Implication in Thermoelectrics” is a result of studies

carried out by me at the New Chemistry Unit, Jawaharlal Nehru Centre for Advanced
Scientific Research, Bangalore, India, under the supervision of Prof. Kanishka Biswas.
This work has not been submitted elsewhere for the award of any degree or diploma.

In keeping with the general practices of reporting scientific observations, due
acknowledgements have been made wherever the work described is based on the findings
of other investigators in a collaborative pursuit. Any omission which might have occurred

by oversight or error in judgement is regretted.

/‘75&%) it

Bangalore, India
02 August 2021 Moinak Dutta



v



CERTIFICATE

| hereby certify that the work described in this thesis titled “Origin of Low Lattice

Thermal Conductivity in Metal Chalcogenides and its Implication in

Thermoelectrics” has been carried out by Mr. Moinak Dutta at New Chemistry Unit,
Jawaharlal Nehru Centre for Advanced Scientific Research, Bangalore, India under my

supervision and that it has not been submitted elsewhere for the award of any degree or

diploma.

o > Sp/\ L—/\/\/
Bangalore, India Prof. Kanishka Biswas
02 August 2021 (Research Supervisor)



VI



ACKNOWLEDGEMENTS

Completion of my Ph.D. thesis necessitated a lot of guidance and supports from many
people. | take this opportunity to mention a few of them. However, my sincere thanks
extend to everyone who has played a role in making this dream a reality.

Firstly, my research supervisor, Prof. Kanishka Biswas for constant guidance throughout
my PhD career and giving me the freedom to carry out and express my scientific thoughts.
His inputs in both scientific and non-scientific problems (like how to make better
presentations, how to write grant proposals etc.) has led to me become a much well
prepared researcher.

My beloved labmates: Dr. Satya, Dr. Manoj, Dr. Ananya, Dr. Subhajit, Dr. Manisha, Dr.
Provas, Dr. Tanmoy, Dr. Suresh, Dr. Shidaling, Dr. Kaushik, Dr. Prabir, Dr. Archana, Dr.
R. K. Gopal, Dr. Jayita, Dr. Ekashmi, Dr. Subarna, Dr. Manjunatha Arka, Sushmita,
Paribesh, Krishnendu, Debattam, Riddhimoy, Animesh Bhui, Anustoop, Animesh Das,
Subhajit, Aditya, Ivy, Chahat and Pavan for their cheerful company and keeping a healty
competitive spirit in the lab.

I would like to thank Bharat Ratna Prof. C. N. R. Rao, FRS for his words of
encouragements. | also thank him for providing the infrastructure and facilities to carry
out my research work.

I would like to thank Prof. Umesh V. Waghmare, Prof. Swapan K. Pati, Dr. Koushik Pal,
Prof. Ajay Soni, Prof. Goutam Sheet, Prof. Dirtha Sanyal, Prof. Pankaj Mandal, Dr. David
J. Voneshen, Prof. Wolfgang G. Zeier, Dr. Martin Etter, Dr. M.V.D. Prasad, Dr. Juhi, Dr.
Raju, Mr. Avinash for the fruitful scientific collaborations and all the insightful
discussions. I have learnt a lot whenever we had meeting or discussion with them.

I would like to thank all the funding agencies like UGC and Synchrotron facilities at
DESY-Germany due to DST-DESY collaboration and neutron facilities at UK due to
DST-RAL collaboration. Without their support, it would have never been possible to
conduct research.

I am thankful to all my course instructors: Prof. Kanishka Biswas, Prof. Sebastian C.
Peter, Prof. Sarit S. Agasti and Prof. A. Sundaresan, whose courses have been extremely
helpful.

Constant assistance and a friendly nature of the technical staff helped me doing my
experiments smoothly. Here, | would like to acknowledge Mrs. Usha, Mr. Vasu, Mr. Anil,
Mr. Rahul, Dr. Jay Ghatak, Mr. Mahesh, Mr. Shiva, Mr. Kanan, Mr. N. Kishore, Mr. M.
Gowda, Mr. Dileep, Mr. Peer, Mr. Srinivas and others.

Vi



I thank all the staff members associated with Academic, Admin, NCU, ICMS, Library,
Hostel, Mess, Security, Utility, Gardening, Cleaning, Dhanvantari and other depts.

I would like to thank UGC for the research fellowship.

| thank Prof. Rajeev Ranjan and Arnab De (II1Sc.) for helping us with temperature
dependent powder X-ray diffraction measurements.

I thank all my seniors, friends, and juniors in JINCASR. | have been benefited a lot from
my JNC friends. Their help and advice made my academic and non-academic life a

memorable and comfortable one here at INC.

I would like to acknowledge my childhood, school, college, and university friends who
left an everlasting impression on me.

The various sports groups | have been associated with in INCASR.

Lastly, I would like to acknowledge my parents and family. Without their unconditional
love and support, all my efforts would have gone to vain.

Vil



PREFACE

Metal chalcogenides constitute one of the most important classes of materials with a rich
structural diversity on par with oxides and a plethora of significant properties and
applications. This PhD thesis investigates the origin of low lattice thermal conductivity
in crystalline metal chalcogenides and their potential in the field of thermoelectrics. | have

divided my thesis into five parts.

Part 1 introduces the chemistry of metal chalcogenides, covering a brief summary of low
lattice thermal conductivity, thermoelectrics, synthesis, detailed characterizations and

measurement techniques.

Part 2 is divided into 2 chapters. Chapter 1 deals with the investigation of low lattice
thermal conductivity (ki) in Zintl compound TISe, which exhibit almost glass like «iat Of
0.62 — 0.4 W/mK in the temperature range of 300 — 573 K. Through various experimental
and theoretical measurements, we have established that TI* intrinsically rattles in a
covalent (TlSe,);™ Thompson cage. This intrinsic TI" rattling enhances the phonon
scattering and aids in lowering the lattice thermal conductivity of TISe. In chapter 2 we
have discussed about the anisotropic nature of heat transport in simple binary compound
InSe. InSe which forms a 2D layered structure along the crystallographic c-direction
shows ultralow «iat 0f < 0.7 W/mK at 610 K while perpendicular to c-direction it shows a
high «iat of 4.4 W/mK at the same temperature. The «iat parallel to c-direction is almost
8.25 times higher than the «kiat perpendicular to c-direction at room temperature. This

chapter brings out the role of bonding in determining the ks 0f @ compound.

Part 3 is divided into 2 chapters. Chapter 1 provides experimental evidence in to the
origin of low «iat (~ 0.5 W/mK at 300 K) in 1-D Zintl compound TlInTe> using
synchrotron X-ray pair distribution function (PDF) and inelastic neutron scattering (INS).
PDF analysis shown direct evidence of bonding hierarchy in the compound as well as the
rattling nature of TI*, while INS provided conclusive proof of the low phonon density of
states. All these factors are found to be responsible in hindering the phonon propagation
in TlinTez. Chapter 2 deals with the investigation of low lattice thermal conductivity in
positionally disordered metal selenide AgSbSe.. Here through PDF, we have established
that the although the global structure of AgSbSe: is rock-salt like, the local structure
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deviates from the global symmetry. Our analysis of the local structure revealed that the
cations (Ag/Sb) are off-centered along the crystallographic (100) direction a factor of ~
0.2 A. Further theoretical calculations revealed that the local off-centering of the cations
are catalysed by the stereochemically active 5s? lone pair of Sb. Such local off-centering
is the root cause behind low lattice thermal conductivity in AgShSes.

Part 4 is divided into 3 chapters. In Chapter 1 we have investigated the origin of low «jat
(0.5-0.4 W/mK in 290-820 K) in rock-salt AgPbBiSes using low temperature heat
capacity, temperature dependent PDF and phonon calculations. We revealed the presence
of low energy optical phonons though low temperature heat capacity. First-principles
calculations augmented with low temperature heat capacity measurements and the
experimentally determined synchrotron PDF revealed bonding heterogeneity within the
lattice and lone pair induced local off-centering of Pb and Bi. All these factors enhance
the phonon-phonon scattering and are thereby responsible for the suppressed «iat. Since
low «iat is useful for thermoelectrics, we have studied its properties and found a
respectable n-type figure of merit (zT) of 0.8 at 814 K for AgPbBiSez.9710.03. Chapter 2
deals with investigation of low kit and thermoelectric properties of rock-salt
(SnSe)o.5(AgSbSez2)os. Through PDF analysis we have revealed that the local structure
deviates from the overall average cubic rock-salt structure of the compound with
warming, a rare phenomenon which is termed as emphanisis. This disrupts the periodicity
of the lattice which hinders phonon flow, thus resulting in low st 0f 0.50 W/mK at 295
Kin (SnSe)os(AgSbSez)os. Thermoelectric studies shown a high p-type zT of ~ 1 at 706
K for 6 mol% Ge doped (SnSe)os(AgShSez)os. Chapter 3 deals with the role of off-
stoichiometric cations in vanishing of p-n-p type conduction switching in superionic
compound AgCuS. AgCuS which is a polymorphic compound, undergo p-n-p type
conduction switching with large change in thermopower. We have observed that the
removal of Cu is much more efficient in arresting conduction switching, whereas in the
case of Ag vacancy, p-n-p type conduction switching vanishes at higher vacant
concentrations. The AgixCuS and AgCuixS samples exhibit ultralow thermal
conductivity (~0.3-0.5 W/mK) in the 290-623 K temperature range because of the low-
energy cationic sublattice vibration that arises as a result of the movement of loosely
bound Ag/Cu within the stiff S sublattice.



Part 5 is divided into 2 chapters. In chapter 1 we have investigated the reason behind
high thermoelectric figure of merit of n-type PbTe via Gd doping. Gd doping in PbTe
enhances the electron effective mass via flattening of the conduction band which
improves the electrical transport but at the same time induces a flat low energy optical
phonon which lowers the thermal conductivity. Such synergistic optimization of both
electrical and phonon transport led to high n-type zT of ~1.2 for Pb1.xGdxTe (x = 0.33%),
at 783 K and with further optimization with iodine doping zT reaches a remarkable value
of 1.65 at 678 K for 1 mol% | doped Pb1xGdxTe (x =0.33%). Chapter 2 discusses about
the origin of low «iat iIN Sno.7Geo.sTe which led to an extraordinary zT of 1.6 at 721 K.
GeTe alloying in SnTe increases the ferroelectric transition to near room temperature,
i.e., around the thermoelectric operating temperature. GeTe which favours a
rhombohedral structure at room temperature is found to remain in an off-centred position
in rock-salt SnTe which enhances the phonon scattering thus resulting in the lowering of
Kiat, and ultimately aids in improving the thermoelectric performance of the material.

In Part 6, the whole thesis has been summarized along with a brief glimpse into the
future pathway for achieving low «iat for high thermoelectric performance.
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Part 1

A Brief Introduction to Origin of Low Lattice Thermal
Conductivity in Metal Chalcogenides and its
Implication in Thermoelectrics?

Summary

Thermoelectric materials which can convert heat energy to electricity rely on crystalline
inorganic solid state compounds exhibiting low phonon transport (i.e. low thermal
conductivity) without much inhibiting the electrical transport. Suppression of phonons
traditionally has been carried out via extrinsic pathways, involving formation of point
defects, foreign nanostructures, and meso-scale grains, but the incorporation of extrinsic
substituents also influences the electrical properties. Crystalline materials with
intrinsically low lattice thermal conductivity (xiat) provide an attractive paradigm as it
helps in simplifying the complex interrelated thermoelectric parameters and allows us to
focus largely on improving the electronic properties. Several heavy metal chalcogenides
by virtue of their diverse chemical and structural ingenuities provides several novel intrinsic
phonon suppressing pathways, which lowers their xiat. This chapter highlights a brief
introduction to heavy metal chalcogenides followed by their unique chemistry and bonding
which intrinsically lowers the xiat and their potential application in the field of
thermoelectrics. Last part of this chapter is focused on a general methods for chalcogenide
synthesis, characterizations and thermoelectric measurements.

A part of this chapter is published in M. Dutta, D. Sarkar and K. Biswas. Chem. Commun., 2021, 57,
4751-4767 (Perspective).
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Part 1 5

1.1. Introduction to Metal Chalcogenides

Chalcogenides constitute one of the most important classes in the field of
chemistry, exhibiting rich compositional and structural diversity on par with oxides and
organic compounds. Chalcogenides are compounds that contain at least one chalcogen Q
atom (Q = S/ Se/ Te) in a chemically reduced state compared to its elemental form.
Chalcogenides bear few chemical resemblances to oxides, but there are also big
dissimilarities in chemical character and physical properties among them which are
significant enough to warrant a separate treatment of the chalcogenides as a distinct class
of materials. These differences must, of course, originate from the differences between
the oxygen atom on the one hand and the atoms of S, Se, Te on the other. Some important
differences in the atomic properties of oxygen and the chalcogen are:*

(@) The chalcogen atoms are larger (and also heavier) than oxygen atoms.

(b) The chalcogens are less electronegative than oxygen.

(c) The chalcogens have d orbitals of accessible energy (3d for S, 4d for Se and
5d for Te), while oxygen has not.

These differences in the atomic properties cause differences among metal — S/Se/Te
bond with respect to metal — oxygen bond. Some of these differences are:

(d) The metal-to-chalcogen bonds are more covalent than metal-to-oxygen
bonds (consequence of (b)).

(e) The metal-to-chalcogen bonds often involve the d orbitals of the chalcogen,
while this is not possible for the bonding to oxygen (consequence of (c)).

(f) The chalcogenides are more polarizable than oxide ions (consequence of (a)
and (c)).

One of the most striking differences between oxides and chalcogenides is the facile ability
of the chalcogen to form stable Q—Q bonds: catenation. For instance, there are many
allotropes of sulfur, owing to the ability of sulfur to form chains of singly bonded atoms.
This catenation is also observed in metal chalcogenides, for example, in pyrite where S-
S (S2%) units are found. Similarly, selenides and tellurides also exhibit Q-Q bonding as in
Se,? and Te,?" units of pyrite-type structures but in contrast with sulfides, they can form
solid-state structures that contain Qn rings or chains with n > 2 as exemplified by Ses

moiety in Nb2Seo? and Tes group in ResTe1sCis®. In general, as we move from sulfides to
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selenides to tellurides, the degree of covalent bonding, delocalization of electrons and
metallic behaviour increase, and the importance of long range Q-Q interactions (i.e., less
than single bond) increases.* Te-Te single bonds are ca. 275 pm in length, but in a large
number of telluride compounds, Te-Te bonds with distances intermediate between single
bonds and van der Waals interactions (ca. 420 pm) exist. These bonds are energetically
weak but are structurally important; they also manifest as Te...Te interlayer interactions
that essentially stabilize the structures of layered tellurides such as TalrTes and NblrTes.>

Besides, catenation can produce stable complex polychalcogenide anions (Qx*",
where X is up to 7 or 8). These anions serve as reactive building blocks for molecules and
solid-state materials. Chalcogenides are similar to oxides in that there are as many
chalcoanions, particularly with the main-group and early-transition metal atoms (e.g.
[PS4]*, [P2S7]*, [SiSa]*", [GeSa]*", [M0Sa]*", [VS4]*™ etc.), as there are oxyanions (e.g.
[PO4J*", [P207]*, [SiO4]*, [Si207]%", [M00O4]*", [VO4]* etc.). In fact, chalcogens can
form many other chalcoanions which do not have analogous oxyanions, few examples
being [P2Ses]*”, [PsSer]*, [P2Ses]*”, [PsSeis]®, [GeSas]*, [GeSes]*, [GezSes]® etc.5®
Metal oxides are usually ionic in character, and they resemble fluorides more than they
do chalcogenides. For instance, dioxides such as VO, CrOz, and MnO; crystallize in a
rutile-type (TiO2) structure similar to the corresponding fluorides viz. VF,, CrF, and
MnF,. On the other hand, while VS, and CrS; are not known, MnS; has a pyrite-type
structure characterized by S2% units, which is rarely found in oxides. Similarly, MnSe;
and MnTe; also crystallize in pyrite-type structures. It is noteworthy that although Mn
metal atoms have octahedral coordination in both MnO2 and MnQz, the overall structures
are significantly different. Besides, layered structures are very common among metal
dichalcogenides but seldom found among oxides. The structures of most oxides are well
represented by models that treat atoms as hard, charged spheres with ionic radii specific
to a given element. The constant-radius approximation is, however, not accurate for metal
chalcogenides because of their more covalent character.* Some of the important
distinctions between metal oxides and metal chalcogenides are summarized in table 1.1.

Metal chalcogenides are central to many important technologies. They exhibit a
broad range of chemical and physical properties associated with diverse scientific

phenomena and enable a plethora of applications.®® For example, CdTe and CulnSe; are
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high-performing materials for thin-film solar photovoltaics; PbTe, GeTe and Bi2TesxSex
are the champion thermoelectric materials; Co(Ni)/Mo/S composites are the best
available catalysts for hydro-desulphurization of crude oil; Ge,Sh,Tes is a high density
memory material; CdHgTe is the key infrared detector material in night-vision cameras
etc.

Table 1.1. Some important distinctions between metal oxides and metal chalcogenides.

Feature Oxides Chalcogenides
Close packing Usually Sometimes
Octahedral/tetrahedral metal- Yes Usually

coordination

Trigonal prismatic metal-coordination Very rarely Groups 5 and 6
Layered structures Rarely Usually

Q-Q bonds Peroxides Common
Bonding lonic Covalent

Metal chalcogenides are at the cutting edge of many research areas. Some
examples include nonlinear optics,!’ optical information storage,'® photovoltaic energy
conversion,'® thermoelectric energy conversion,'* 2% 2! radiation detectors,?? thin-film
electronics,?® spintronics,?* fast-ion conductivity,?® rechargeable batteries,?® catalysis,?’
novel magnetism,?® unconventional superconductivity?® and science in two dimensions.*>
%0 In the recent times, the scientific community has witnessed sensational discoveries
pertinent to metal chalcogenides such as quantum spin Hall Effect,®! topological
insulators, 2% topological crystalline insulators,®® 3’ non-saturating magnetoresistance3®
and many others which will have huge implications, especially in the fields of spintronics
and (opto) electronics. We are currently in the midst of an impressive expansion in solid-
state chalcogenide chemistry with emphasis on the synthesis of materials with new
compositions and structures on the one hand, and exploration of their novel properties on
the other. Most of the aforementioned applications and phenomena are associated with
chalcogenides of transition metals and main group p-block metals. The following sections

will brief structural aspects and novel properties pertinent to these metal chalcogenides
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along with its relevance for phonon transport, which provide a background to my thesis

work.

1.2. Structural Diversity of Metal Chalcogenides and Their

Role in Phonon Transport

The p-block metal chalcogenides exhibit rich structural diversity.3® Wurtzite and
zinc blende structures are prevalent in quasi-binary IlI>-V1z metal chalcogenides.
Anisotropic layered structures are also found in I11-VI compounds with covalently
bonded layers stacked via weak van der Waals interactions. For instance, GaQ (Q = S,
Se, Te) and InSe are all found in layered structures stabilized by cation-cation bonds.*°
TISe, TIS and InTe crystallize in a tetragonal TISe-type structure [i.e., TI**TI¥*(Se?),]
with monovalent and trivalent cations, characterized by anionic and cationic substructures
similar to Zintl compounds.*°

Among IV-VI metal chalcogenides, GeQ and SnQ (Q = S, Se) exhibit
orthorhombic puckered layered structure similar to black phosphorous, which can be
derived from three-dimensional distortion of the rock salt (NaCl) structures. GeTe and
SnTe have rock-salt (NaCl) structures with slight deformations due to phase transitions.
The high-temperature phase shows the perfect NaCl-structure, stable above 670 K and
100 K for GeTe and SnTe, respectively. SnQ2 (Q = S and Se) crystallizes in layered Cdl>
— type structure. PbQ (Q = S, Se, Te) crystallizes in cubic rock-salt structure.* 42

Among group V-VI chalcogenides, Sb2Ss, Sb2Ses and Bi.S3 have orthorhombic
Sh,Ss-type stibnite structure with one-dimensional connectivity. ShoTes, BizSes and
Bi>Tes are found in rhombohedral layered structures comprised of covalently bonded Q-
M-Q-M-Q (M = Sh/Bi; Q = Se/Te) quintuple layers stacked via weak van der Waals
interactions along the c-axis. It is interesting to note the effect of cation lone pair on the
structural stability of group 13-15 metal chalcogenides. The valence ns? lone pairs on the
cations in these compounds play a key role in their structural, chemical, thermal and

electronic properties.®
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Figure 1.1. Illustration of orbital interactions leading to stereochemical active lone pair
in PbO (upper panel) and the corresponding energy level diagram (lower panel). The
cation s and anion p orbital-interaction lead to formation of bonding and antibonding
states which appear at the bottom and top of the upper valence band, respectively. The
empty cation p states then interact with the filled antibonding state, resulting in
stabilization of the cation ns? electrons. This interaction becomes symmetry-allowed by
lattice distortion accompanied by an asymmetric electron density that is projected into
the structural void. Reproduced with permission from ref. 39 © 2011 Royal Society of
Chemistry.

For example, as the metal becomes heavier on going down the group 13, the lone
pair becomes increasingly stable in the order: Ga* < In* < TI* and the same applies to
groups 14 and 15 where the Pb?* and Bi®* cations possess stable lone pairs. The large

stability of ns? lone pairs in the heavier elements of the main group is ascribed to
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relativistic effects that contract the s-orbital and bring it closer to the nucleus thereby
lowering its energy level.®®

The cation ns? lone pair behaves in different ways depending on the local
coordination environment as well as the metal and chalcogen atoms involved.3® # It can
either express stereochemically by occupying a distinct space around the metal atom or
effectively remain ‘quenched’. When expressed stereochemically, the ns? lone pair can
cause lattice distortion accompanied by lowering of ns? energy level. The formation of a
stereochemically active lone pair (distortion) depends on the strength of interaction
between cation s-states and the anion p-states; the stronger the interaction, the more
contribution of cation s-states to the upper valence band (Figure 1.1). Down the group 16,
the p-orbital energies increase on going from O to Te. As mentioned above, cation ns?
energy decreases down the groups 13-15. Therefore, PbO exhibits low symmetry litharge
structure (distorted rock-salt structure) with stereochemically active ns? lone pairs
whereas PbQ (Q = S, Se, Te) occurs in the symmetric rock-salt structure.®® Similar
arguments hold true for orthorhombic Sbh2Ss, Sh.Ses and Bi>S3 vs. rhombohedral Bi2Ses
and BizTes, orthorhombic SnSe vs. cubic SnTe, and rhombohedral GeTe versus cubic
SnTe and PbTe. As the stereochemical expression stabilizes the ns? pair which lies above
or near the highest occupied state, the energy band gaps are usually higher in the low-
symmetry structures relative to symmetric structures.** In the latter, the ‘quenched’
cationic lone pair may experience repulsion from the surrounding anions unlike the
former where the structural distortion relieves this repulsion. The structural strain
associated with the lone pair repulsion can result in highly anharmonic phonons as in the
case of PbTe, Bi.Ses causing low lattice thermal conductivity.*® It is also worth noting
that in PbTe, the stereochemical expression of ns? lone pair increases with temperature, a
phenomenon dubbed ‘emphanisis’.*> As a consequence, off-centering of Pb atoms occurs
from their ideal octahedral sites at high temperatures.

I-V-VI, (where | = Cu, Ag, Au or alkali metal; V = As, Sb, Bi; and VI = S, Se,
Te) type of compounds are a special class of semiconductors which are renowned for their
intrinsically low lattice thermal conductivity due to the strong anharmonicity of their
bonding arrangements.*® 4 Some of the members of this class crystallize in cation

disordered high symmetry cubic rock salt structure at room temperature (eg. AgSbSey,
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AgSbTe,, NaBiTe,, NaBiSez, NaShSe,, NaShTe; etc).** 4" However, few of the members
show structural phase transitions as a function of temperature (AgBiS2, AgBiSe,
AgBiTey, etc) and finally transform to cation disordered rock salt cubic structure at high
temperatures.*” Below | have outlined several case studies where lowering of lattice
thermal conductivity is attributed to the unique structural and bonding environment of

various metal chalcogenides.

1.2.1. Presence of Stereochemically Active Lone Pair of Electrons
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Figure 1.2. (a) Temperature dependent lattice thermal conductivity (xiat) of 1-VA-VIA2
compounds. AgInTez with no lone pair of electrons (LPE) shows a much higher xiat
compared to the other compounds possessing LPE. (b) Polyhedron around Sb atoms in
CusSbSes (left) and CusShSes (right). CusSbSes contains an active 4s?> LPE which
decreases its xiat. Reproduced with permission from ref. 49 © 2021 Royal Society of
Chemistry.

Presence of stereochemically active lone pair of electrons (LPE) is found typically
in compounds containing post-transition elements. Such elements exhibit an oxidation
state of (n-2), where n is the main group number as in case of Sb®" (Group VA) or Pb?*
(Group VIA). It infers that the outer most s-electrons remains available as lone pair and
if expressed significantly in a particular direction will lead to a possible asymmetric co-
ordination.*® %° The ability of outermost s-electrons to stereochemically express itself is
dependent on the relative energy of the cation s and anion p-states®® *° and can be
understood by comparing the thermal conductivity of AginTe; and AgSbTe>. Indium in

AgInTe; contains 5s? 5p! valence electrons with little energy offset between the 5p and
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5s orbitals. This results in a complete sp hybridization of all three valence electrons of In
with Te, thus eliminating any possible formation of lone pair. However, Sb which
contains 5s? 5p° valence electrons have larger offset between them. This makes the 5s2
electrons unable to participate in the hybridization with Te and consequently resides as a
lone pair. This lone pair exerts a repulsive force on the Sb-Te bond thus, imparts a
significant lattice anharmonicity. Lone pair induced lattice anharmonicity lowers the
lattice thermal conductivity of AgSbTe to ~ 0.6 W/mK at 300 K compared to 1.8 W/mK
for AginTe; (Figure 1.2a).*> ! However, the presence of such lone pair is not atom
specific. CuzSbSes and CuzSbhSes despite of possessing similar average atomic mass and
stoichiometry, show stark contrast in their k. Sb in CusShSes has a nominal charge of
+5, indicating all its valence electrons participates in the bonding, while Sb for CusSbSes
is trivalent (Sb®") indicating the presence of 5s LPE (Figure 1.2b). This LPE enhances
the intrinsic phonon-phonon interaction and thereby lowering the «ja to almost glasslike
(~ 0.49 W/mK at 300 K) for CusShSes while CuzSbSes exhibits a high «jat of ~ 2.9 W/mK
at 300 K.52 Similarly, In although devoid of LPE in AgInTez, forms LPE in InTe and thus
shows low st Of 0.76 — 0.5 W/mK in the temperature range of 300 — 673 K.5 | have
studied the role of LPE in determining the «iat in chapter 3.2 of part 3 and chapters 4.1
of part 4 of my thesis.

1.2.2. Two-Dimensional Layered Stacking

Two dimensional (2D) layered materials by virtue of their very weak interaction
along the direction of layer stacking, disrupts the phonon flow between the layers, lowers
its group velocity (vg) which eventually limits their xia.>*>® The weak interlayer bonding
gives rise to soft optical modes which in turn couples with the heat carrying acoustic
phonons and thereby reducing the k. A case in point, charge layered heterostructure
compounds, such as Bi,O2Se and BiCuSeO, where charged layers are held together by
weak coulombic interactions, several low frequency flat optical modes with frequency
less than 100 cm™ were observed.>” 58 The optical-acoustic phonon coupling is also
observable in natural van der Waals (vdWSs) heterostructured compounds which exhibit
intrinsically ultralow xi.>%®* Furthermore, these layered materials exhibit considerable

lattice anharmonicity due to the anisotropic bonding nature in different crystallographic
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direction as strong covalent bonds exist in in-plane where out-of-plane weak bonds are
mainly governed by either van der Waals or Coulombic interactions.>* SnSe for example,
have layers stacked along the crystallographic a-direction (Figure 1.3a), exhibits low «lat
along the layers stacking direction as compared to other directions (Figure 1.3b). SnSe
further exhibits large average Griineisen parameter (y) of ~3.13 which is almost twice that
of PbTe (y ~1.69) and PbSe (y ~1.65) respectively.®® Therefore, layered materials
possessing anisotropic bonding are beneficial for obstructing the phonon transport for
potential thermoelectric applications.®? In my thesis, | have discussed the role of 2D

materials in lowering kit in chapter 2.2 of part 2.

1.2.3. Intrinsic Rattling of Cations
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Figure 1.3. (a) Layered and corrugated crystal structure of SnSe at room temperature.
(b) Temperature variation of total thermal conductivity (xit) along the crystallographic
a, b and c-axis. Inset shows the lattice thermal conductivity (xat). () Tetragonal crystal
structure of AInTez (A = TI*/In*) Zintl compounds showing the chains of anionic (violet
polyhedra) and cationic (orange polyhedron) substructures along the crystallographic c-
axis. Purple, orange, and yellow spheres represent In®**, Te’", and TI*/In* ions,
respectively. (d) Atomic displacement parameters of Tl, In, and Te atoms in TlInTe;
plotted as 80% probability ellipsoids. (e) Electron localization function diagram of
TlInTez. The Yellow spheres represent Tl and show no strong bonding interactions while
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violet and orange represent In and Se atoms respectively, shows strong covalent
interaction. (a and b) Reproduced with permission from ref. 133 © 2014 Springer Nature.
(c - ) Reproduced with permission from ref. 72 © 2017 American Chemical Society.

If an atom is weakly bonded in an oversized covalently bonded cage and vibrates
with a much greater amplitude compared to the caged atoms with temperature
perturbation, the atom is termed as a rattler atom. Commonly observed for guest atoms in
oversized cages like that of skutterudites and clathrates, these guest atoms rattle within
the large cages.%®"" These guest rattler atoms vibrate independently similar to Einstein
modes and manifest several low frequency optical modes. These low energy Einstein
modes are highly efficient in scattering the heat carrying acoustic phonons and thus
lowering their xiat. However, these rattlers are extrinsically incorporated. Moreover, the
rattling nature of these guest atoms are debated.”

Zintl compounds presents an intriguing case where an atom is weakly attached to
a covalently bonded polyanionic substructure. This atom due to its weak bonding to the
covalent sub-lattice can show enhanced vibration with temperature characteristic of its
rattling behavior. TlIinTe2 belongs to this class of compounds and crystallizes in
tetragonal 14 /mcm lattice shows such weak and strong sub-structures.’? The polyanionic
chain here is comprised of covalently bonded 1D chain of [InTe,]," tetrahedra
propagating along the crystallographic c-axis. [InTe,]|,™ is comprised of four In — Te
bonds sharing 3 electrons and hence remains electron deficit. Tl which is the
electropositive atom donates its valence electron to the polyanionic framework, thus
maintaining the charge balance (Figure 1.3c). This electrostatic interaction between TI*
and [InTe,],™ is evident from their bond lengths. The room temperature In -Te bond
distance of ~ 2.82 A is close to summation of covalent radii of In® (1.42 A) and Te*
(1.38 A) indicating a strong covalent framework, however, TI-Te has much larger
distance of 3.59 A which can only be accounted for if we consider their corresponding
ionic radii (rion) (rion of TI* is 1.64 A; rion Of Te? is 2.07 A). The presence of such
heterogeneous bonding means the phonons are devoid of a uniform conduit to flow
through the system and will invariably scatter, resulting in the lowering of lattice thermal
conductivity. Furthermore, from Atomic Displacement Parameter (U) analysis it is
evident that T vibrates at a greater magnitude as compared to In and Te indicative of its
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rattling behavior (Figure 1.3d). These Tl vibrations, are rather independent analogous to
Einstein rattlers, disrupt the acoustic vibrations and further induce low energy optical
modes. These low energy optical modes are detrimental to heat flow and reduces the
phonon lifetime of the compound. It resulted in an ultralow «iat 0f 0.46 — 0.31 W/mK in
the temperature range of 300 — 673 K (Fig. 7b).”2 InTe which have similar structure to
that of TlInTey, also exhibit ultralow k.t owing to the intrinsic rattling vibration of the
electropositive In*.>® Several other compounds with low room temperature «ia like
CsAgsTes (0.18 W/mK), AgBisSs (0.5 W/mK), TIzVSes (0.3 W/mK), Y14MnSbi1 (0.7
W/mK) etc. attributes their ability to restrict heat flow to the intrinsic rattling dynamics
of atoms.”"® In my thesis, | have investigated the role or intrinsic rattler atoms in

lowering of kst in chapter 2.1 of part 2 and chapter 3.1 of part 3.

1.2.4. Bonding Heterogeneity

Presence of heterogeneous bonds in a solid incurs a negative effect on the phonon
propagation pathway. A weak bonding indicates that the atoms will vibrate with greater
frequency on thermal agitation and will act as phonon scattering centers while a strong
bonding will provide a smooth conduit for phonon propagation. Multiple type of bonding
in a solid hence will disrupt the uniformity required for phonon propagation and hence is
highly effective in lowering the kit Of @ material. AgBiS, which belongs to the family of
I-V-VI, compounds ideally crystallizes as hexagonal P3m1 at room temperature and
undergoes an order-disorder transition at 475 K to cubic Fm3m crystal structure. Rathore
et. al., have observed that kinetically stabilized cubic AgBiS; at room temperature shows
ultralow st 0f 0.68 W/mK.” This ultralow value mainly arises due to the presence of
soft Ag vibrations and locally distorted Bi atoms. A shallow potential well for Ag as
compared to Bi and S, indicated that Ag can be easily perturbed from its equilibrium
position with thermal excitations and is a consequence of weaker bonding of Ag - S in
the lattice as compared to Bi — S bond (Figure 1.4a). This non-uniformity in the local
bonding will generate addition phonon-phonon scattering and will aid in the lowering of
thermal conductivity in AgBiSz. This simultaneous presence of weak Ag — S bonds and
strong Bi — S bonds in the crystal lattice lowers the «ist in AgBiS2. The presence of such

bonding heterogeneity is also observed in several other compounds like BaAgYTes,
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BaAuP, Cui7sFe17.6Ss, Zintl phases etc. which exhibit intrinsically ultra-low «ja.”® 8083
I have discussed about the role of bonding heterogeneity in reducing «ist in chapter 4.1
of part 4, of my thesis.

1.2.5. Local Off-centering and Emphanisis

The term “emphanisis” signifies a structural phenomenon in which a
material system transforms from high symmetry structure to a low symmetry
structure on heating. Generally observed for simple binary systems like PbQ (Q =
S, Se, Te) and SnTe, these systems near room temperature remain as undistorted
rock-salt type, however undergo a local distortion on heating to high
temperatures.*> 84 8

PbTe a champion thermoelectric material possesses low lattice thermal
conductivity of ~ 2.4 W/mK at room temperature.®® The main contributing factor for such
low lattice thermal conductivity is the large anharmonicity as observed from the Inelastic
Neutron Scattering (INS) measurements.®” The INS measurements further revealed a new
phonon mode at high temperatures, indicating dynamic symmetry breaking.%® Bozin et.
al., while investigating the emergence of local structural dipoles in PbTe on heating,
observed a local symmetry breaking in the high temperature region through X-ray Pair
Distribution Function (PDF) measurements. Temperature dependent X-ray PDF
measurements from 15 K to 500 K revealed a drastic drop in the intensity of the nearest
neighbour peak (i.e., the closest Pb-Te bond distance) with warming and cannot be
accounted for using only Debye-Waller effects. This decrease in the intensity is also
accompanied by peak asymmetry (Figure 1.4b), which increases from 15 K to ~ 250 K,
above which it saturates (Figure 1.4c). The non-Gaussian peak asymmetry is indicative
of several, incompletely resolved local short and long bonds within an average high
symmetric PbTe. Local structural analysis using PDF exhibits that although PbTe at high
temperatures is globally cubic, but locally it remains in an off-centered position along
(100) crystallographic direction. This locally off-centered Pb?* cation explains the high
lattice anharmonicity and its consequent low s in PbTe.*> The magnitude of this local
off-centering increases with increase in temperature reaching a peak value of 0.24 A

(Figure 1.4d). The transition from high symmetric structure to low symmetric structure
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on warming termed as emphanisis explains in part the origin of lattice anharmonicity in
PbTe. Similar experiments indicate that this lowering of thermal conductivity due to local
off-centering of an atom (or atoms) is not an exception for PbTe but is much wider spread
as seen for other promising thermoelectric materials like PbS, PbSe, SnTe, a-MgAgSh
etc.4® 88589, 90 1n my thesis, | have investigated several materials which show local
distortion, thus impeding the thermal flow in materials. The role of local distortion and
emphanisis are discussed in chapter 3.2 of part 3, chapter 4.1 and 4.2 of part 4, chapter

5.1 and 5.2 of part 5, of my thesis.
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Figure 1.4. (a) Potential energy versus displacement of Ag, Bi and S in AgBiS,. Nearest
neighbour peak of PbTe at 15 K (top) and 500 K (bottom). Clear non-Gaussian peak
asymmetry is observed for the 500 K PDF data. (b) Temperature dependent variation in
the peak asymmetry of the nearest neighbour peak. (c) Temperature dependent local
displacement of Pb along the (100) direction. (d) Anomalous phonon hardening of the
new optical mode in PbTe. (a) Reproduced with permission from ref. 79 © 2019 American
Chemical Society. (b - d) Reproduced with permission from ref. 49 © 2021 Royal Society
of Chemistry, which copyrighted from ref. 45 American Association for the Advancement
of Science.
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1.2.6 Part-Crystalline Part-Liquid States

A perfect thermoelectric material system is the one which can provide a facile
conduction of electrons (or holes) while simultaneously blocking out the thermal
propagation; commonly termed as “Phonon Glass Electron Crystal (PGEC)” as envisaged
by Slack.®! For PGEC to be implemented, a material must embody seemingly two distinct
sub-lattices (one glass like and one metal like sublattice) into one. Materials with
significant bonding hierarchy like those of clathrates and Zintl compounds can be
visualized to be PGEC type of compounds.®? Another class of compounds which can be
termed as PGEC are those which comprises of liquid like mobile superionic cations held
inside a rigid anionic framework.* These mobile cations flow unhindered throughout the
lattice causing extensive phonon damping, while the stiff anionic sub-lattice provides a
conduit for electron flow. CuzsX (S, Se, Te)***8 and their derivatives AgCuX (S, Se,
Te)*1% which undergo a low symmetric — ordered to high symmetric — disorder
transition exhibits such part liquid and part crystalline state in their high temperature
superionic phase. A case in point, AgCuTe which undergoes phase transition from
hexagonal (P3m1) to cubic (Fm3m) around 460 K show ultra-low s value of 0.2 W/mK
at the high temperature superionic phase.’®* At room temperature hexagonal phase, the
compound comprises of significant chemical bonding inhomogeneity which lowers its
room temperature «iat to ~0.35 W/mK. This bonding heterogeneity is accompanied by the
soft vibrations of Ag and Te atoms as seen from theoretical phonon calculations.
However, on phase transition above 460 K, the structure shifts to cubic Fm3m where the
Ag*/Cu® are weakly bonded and flows seamlessly through the lattice. These mobile
liquid-like Ag*/Cu® ions subdue the phonon mean free path and dampens the heat flow,
which is evident from their temperature independent low xja of ~0.2 W/mK in the
temperature range of 450 — 723 K. However, cubic AgCuTe despite of possessing partly
liquid state comprising of the cations, it also contains a rigid anionic framework of Te.
This rigid Te framework provides a conducive platform for the carriers to flow
unhindered which is evident from their relatively superior electrical conductivity, thus
approaching a PGEC system. Chapter 4.3 of part 4 of my thesis involves discussion

regarding the low «iat in part crystalline part liquid AgCus.
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1.3. Application of Low Lattice Thermal Conductive Metal

Chalcogenides in Thermoelectric Energy Conversion

In this part we will delve into the practical aspects of having low thermal
conductive materials in thermoelectrics. First, we will briefly discuss about what do we
mean by thermoelectrics and its relevance in the present scenario, followed by why low
lattice thermal conductivity is pivotal to high performing thermoelectrics and finally the
other important parameters to optimize to obtain high thermoelectric performance.

1.3.1. Brief Introduction into Thermoelectrics

The advent of technological modernization and improvement in the standard of
living has coincided with the burgeoning increase in energy consumption, bulk of which
are fulfilled using rapidly dwindling non-renewable energy resources. Overcoming such
energy dilemma led to exploration of alternative sustainable energy sources, and
thermoelectricity is being increasingly viewed as an essential piece to this energy
puzzle. 20 21 62,102,103 Thermoelectric material which can generate electricity through a
temperature gradient directly (Figure 1.5a), is a clean energy conversion process, whose

performance is guided by its figure of merit zT, defined as:1%
=227 (L.1)

where, o, S and T denotes electrical conductivity, Seebeck co-efficient, and absolute
temperature respectively, while k denotes the thermal conductivity of the material. Quest
for high performing thermoelectric materials have traditionally relied on either improving
the power factor (6S?) or decreasing the thermal conductivity ().

While the phenomenon of thermoelectricity is already 200 years old, as Seebeck
first observed it in 1821, the figure of merit equation was defined much later in 1911,
with first generation thermoelectric devices having zT ~ 1.0 being furnished only in 1950s
and 1960s.1% 1% This followed by a period of relatively stagnant improvement in this
field until 1990s, after which following the new ideas brought forward by Hicks and
Dresselhaus, significant breakthroughs have been achieved in this field. The last couple

of decades oversaw second and third generation of thermoelectric materials with
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efficiency exceeding 15% and is largely due to our improved understanding of the

electrical and phonon transport properties.%
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Figure 1.5. (a) Schematic illustrations of a thermoelectric (TE) module for active
power generation-Seebeck effect (left) and refrigeration-Peltier effect (right). (b) TE
figure-of-merit (zT) as a function of temperature and year illustrating important
milestones. (b) Reproduced with permission from ref. 20 © 2016 American Chemical
Society.

Band engineering approaches such as band flattening,'°” band convergence, % 10
introduction of resonant levels,*% ' mobility and carrier concentration engineering,*'?
113 quantum confinement!* etc. has been successfully applied to improve the power factor
of a thermoelectric material. While on the other hand, phonon suppressing techniques like
point defect/alloy scattering,'> ¢ introduction of nano-precipitates,*” 18 all-scale
hierarchical architectures'*® 129 and intrinsic phonon scattering techniques*?* etc. are also
being employed efficiently. The present approaches to engineer high performance
thermoelectric material revolve around the simultaneous optimization of both electronic
and phonon transport.19 122 \With the help of the advanced approaches, rational designing
of several state-of-the-art thermoelectric materials have been possible which includes Bi.-
ShyTes, 118 123, 124 ppTe 111, 119, 125 g Te 108, 115,126 (5aTe 41, 127-129 Gpge 130-134 Clathrates
and skutterudites,® 67135 half-Heuslers,'*% 3" CupxSe!®: 13 etc., most of which has peak
zT values > 2 at high temperatures (Figure 1.5b).

Despite of having made such progress in achieving high thermoelectric figure of

merit, the potential application of these materials in thermoelectric energy generators
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(TEGSs) have somewhat been restricted due to their poor energy conversion efficiency.

The power generation efficiency, 1, of TEGs is given by:?*

_ Tp—Tc V1+ZT-1 e V1+ZT-1 (1.2)
Th \/1+Z7_"+7T,—’Cl \/1+Z7‘"+I—Z '

where, Th, Tc and T denotes temperatures of the hot-side, cold-side and average
temperature of Th and Tcrespectively. ZT of a material is defined as:?!

JplzT ar
Th—T¢

ZT =

(1.3)

The above equation indicates that if a high zT value is achieved over a wide range of
temperature, a high average zT (ZT) can be obtained, and as a consequence an efficient

thermoelectric material can be furnished.

1.3.2. Relation Between Low Lattice Thermal Conductivity and

Thermoelectric Figure of Merit

One of the customary approaches to high performance thermoelectrics is by
reducing the thermal conductivity of the solids.'* In general, for solids, total thermal
conductivity (kwot) mainly constitutes of three parts, viz., the electronic thermal
conductivity (ker), the lattice thermal conductivity (kiat), and the bipolar thermal
conductivity (xp). With the aid of Wiedemann—Franz—Lorenz law, kel = LoT, for the

. - . 52 1 .
electronic thermal conductivity, zT can be re-written as zT = - [—KlatJrkbl. Here, L is
1442

Kel
the Lorenz number, and the values mostly lie in the range of 1.6 to 2.5 x 107® V2 K2,
Materials exhibiting low «iat, and low b iS paramount in order to achieve high TE
performance, while a high e augurs well as it corresponds to high power factor.!*
Contributions from k, comes only at elevated temperatures and in very narrow-gap
semiconductors, being almost negligible in room temperature conditions. Thus, exploring

new strategies to maximize the suppression of «iat IS crucial for a better TE performance.
For bulk materials, x;q: = éCVUé?T' provides proper description to the lattice thermal

conductivity. Thus, to minimize the kiat, ONe has to engineer materials which decrease the
specific heat (Cv), the group velocity (vq) or the phonon relaxation time (z). Typically, in
thermoelectrics, the phonon relaxation time is the most focused variable to tweak and
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achieve desirable kiat via extrinsically introducing 0D point defects, 1D dislocations or 2D
grain boundaries or fine precipitates (Figure 1.6). Each of these defects enhances the
phonon-scattering process and decreases the relaxation time (t) and thereby decreasing
the «iat.>*! Each of the aforementioned processes has their own frequency (o) dependence.
For example, the OD point defects scatters the high frequency phonons (trp ~ ®™); 1D
dislocation scatters the mid frequency phonons (toc ~ @ for dislocation cores and Tps ~
o for dislocation strains); 2D interface scattering originating from grain boundaries or
precipitates are effective for the low frequency phonons (Tinter ~ ©°).14! The Umklapp
process**? which is ubiquitous has a relaxation time, tu ~ o, thus being effective in
scattering the phonons of all frequencies. Callaway devised a phenomenological model
considering all the contributions arising from the microstructural effects on phonon

scattering at various length scales.'*® The model which is given as,# 144

_ kg kB;T 3 GD/T xtet
Kiae = g (50) Jo " 700 i dx (1.4)

acts as a guide to quantitatively access the contributions arising from each micro-
structural effect. kg in equation (1.4) corresponds to Boltzmann’s constant; Ij, T and tc
denotes Plank’s constant, absolute temperature and total relaxation time respectively. tc
corresponds to the individual relaxation time via the relation tc ™= tu™+ tpp ™+ 105+ T0c”
L+ Tinter ™+ ..., where 1u, TpD, Tos, Toc and Tinter COrresponds to relaxation times arising from
the contributions of Umklapp scattering, point defects, dislocation strain, dislocation

cores and interface scattering respectively.
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Figure 1.6. A simple schematic to explain the various routes to suppress xiat in the crystal
system. Reproduced with permission from ref. 141 © 2018 John Wiley and Sons.

Apart from the extrinsic approaches to reduce the thermal conductivity, rational

unearthing of materials with intrinsically low lattice thermal conductivity is an intriguing
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and efficient prospect. Since electrons and phonons propagate within the same sublattice,
suppressing the phonon transport also handicaps the electron mobility. Thus materials
with innate «iat Offer an independent control to achieve high TE performances without
having to compromise on the electrical mobility which is beneficial in maintaining high
power factor.!?! The factors which influences intrinsic lowering of i are explained in

section 1.2.

1.3.3. Additional Factors to Improve Thermoelectric Figure of Merit
From equation (1.1) it is clear that improving zT can also be achieved by
improving the power factor (cS?) of a material. Power factor (cS?) is a purely electronic
property, governed by materials’ electronic structure and scattering mechanism.
Strategies to enhance power factor include: a) engineering of carrier-concentration (nn)
through chemical doping,'*® b) enhancement of the effective carrier mass (m*) and
Seebeck coefficient (S) via the convergence of multiple valence/conduction band
extrema,’9® 110146 or distortion of the density of states near Fermi level by resonance
impurity levels,!tt 126147, 148 anqd ¢) enhancement of carrier mobility (1) by modulation-
doping.1*% 10 Here, 1 will summarize the most recent approaches of designing high-

performance Thermoelectric materials.

1.3.3.1. Carrier Concentration Optimization

The fundamental challenge of designing high zT thermoelectric materials is strong
interdependence of ¢, S and « through carrier concentration, n (Figure 1.7) which can be
optimized by controlling the doping level. The maximum zT value arises in the carrier
concentration range of 10*°-10%! cm3, which falls in between metals and semiconductors
- that is concentration typically found in heavily doped semiconductors (i.e. degenerate
semiconductor).® However, carrier concentration (nu) increases rapidly with rising
temperature, following the power law of T%2. Although conventional doping is effective
to tune room temperature carrier optimization, it is difficult to achieve optimum carrier
concentration at high temperature. Thus, the maximum theoretical zT cannot be fully

realized at every working temperature. An effective solution to this issue is the use of
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functionally graded doping, by integrating two or multiple segments with dissimilar np.
The modifications to the conventional doping method to include temperature-dependent
doping behaviour are helpful to acquire larger average zT values which are especially

important for technological applications.
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Figure 1.7. (a) Schematic diagram showing the dependence of ZT (~zT) and its
parameters (electrical conductivity o, Seebeck coefficient S, power factor S?s, electronic
thermal conductivity xel, lattice thermal conductivity xiar and total thermal conductivity,
k) on carrier concentration n. (b) Strategies for stabilizing the optimal carrier
concentration. Reproduced with permission from ref. 20 © 2016 American Chemical
Society.

1.3.3.2. Resonance Level

The concept of resonance level was first proposed in 1950.1°2 Resonance level
originates from the coupling between electrons of a dilute impurity with those of the
valence or conduction band of the host solid near its Fermi level.!>® Thus, resonance
dopant creates an excess density of states near the valence or the conduction band edge
of the host compound (Figure 1.8a) and results in higher effective mass, m* and thereby
enhances Seebeck coefficient, according to Mott expression (Equation 1.15).14

_ kg, (dln(o(E))]
S= — — kBT {T}E_E

3 q

= LF

_ m kg 1 dny(E) | 1 du(E)
T 3 ¢q kepT {nH dE + u dE }E=EF (1.5)
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Here, o(E) is the electrical conductivity determined as a function of the band filling or
Fermi energy, Er (o(e) = nn(E)qu(E)) and nu(E) (nH(E) = g(E)f(E)), the carrier density at
the energy level, E (here q is the carrier charge, and «(E) is the mobility as a function of
energy, f(E) is the Fermi function, g(E) is density of state).

When electronic scattering is independent of energy, o(E) is just proportional to
the density of states (DOS) at E. Based on the above expression it is clear that the system
with rapid change in DOS near Er is expected to have large Seebeck. Pisarenko plot
represents the dependence of Seebeck on carrier concentration. A significantly higher S
value than what a Pisarenko plot gives the indication of resonance level formation (Figure
1.8b).1* Group-111 (mainly Al, In and TI) dopants form resonance level in PbTe.!%
Heremans, et. al., demonstrated experimentally that Tl doping improves S of PbTe by
resonance level formation and thereby achieved the double value of zT, as seen in Figure
1.8c.1t
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Figure 1.8. (a) Schematic diagram of resonance level in the valence band. Schematic
diagram of density of state (DOS) of the valence band of pristine sample (dotted black
line). Tl-doped PbTe shows asymmetric distortion of DOS (blue line) near Fermi level.
(b) Pisarenko relation of Seebeck coefficient vs hole concentration, p for PbTe (solid line)
at 300 K compared to the results on TI-PbTe sample. Significantly large S value in TI-
doped PbTe confirmed the presence of resonance level. (c) The temperature dependent
zT values for Tlo.o2Pbo.gsTe (black circles) and Tlo.01PbogeTe (blue squares) compared to
that of a reference sample of Na-PbTe (purple diamonds). Figure 1.8 is taken from ref.
150 which obtained copyrights from ref. 111.

1.3.3.3. Band Convergence

Multiple pockets in valence or conduction band extreme give rise to high Seebeck
coefficient because these valleys (separate pockets of Fermi surface with the same
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energy) have the effect of producing large effective mass (m*) without explicitly reducing
1, @S Seen in equation 1.6.109. 110,146
m* = N5/3m;‘; (1.6)

Where Ny represents orbital degeneracy and my” represents single valley density of state
effective mass of degenerate valleys. Thus, effective doping to energetically align the
electronic bands for a higher degree of band degeneracy lies at the core of the band-
convergence scheme. The aim is to enhance the Seebeck coefficient without substantially
degrading the o. When the system is heavily doped, overall effective mass can be
enhanced through carrier redistribution to multiple valleys, thus results in high Seebeck
coefficient. Since carrier mobility will be unaffected in this process, valence band

convergence gives rise to significantly high ¢S and zT in carrier optimized system.
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Figure 1.9. (a) Relative energy of the valence bands in PbTeo.gsSeo.15. At, 500 K the two
valence bands converge, resulting in contributions from both the L and X' bands in the
transport properties. (b) Temperature dependent zT of p-PbTe1.xSex materials doped with
2 atom % Na. Reproduced with permission from ref. 109 © 2011 Nature Publishing
Group.

Pei et al. have demonstrated the band convergence of at least 12 valleys in doped
PbTe1.xSex alloys, leading to an extraordinarily high zT value of 1.8 at about 850 K, as
seen in Figure 1.9.2%° Alloying Se reduces the energy difference between the L and ~
bands of the PbTe making the two bands effectively converged. Hence enhancement in

Ny from 4 (for L band) to 12 (for X band) results in an increase in m” and Seebeck. A
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similar result was observed in PbTe, after it was alloyed with wide band gap
chalcogenides (MgTe, CaTe, BaTe).

Recently, an innovative strategy of slight-symmetry reduction has been adopted
to realize band convergence in GeTe. Detailed electronic structure analysis of GeTe
demonstrate that rhombohedral distortion of GeTe along the [111] crystallographic
direction (along the L point of BZ) splits up the 4 L pockets of cubic GeTe (Fm3m) into
3L +1Z pockets in rhombohedral GeTe (R3m) and 12 X pockets of cubic GeTe into 6 X
+ 6 n pockets in rhombohedral GeTe.'?> ©** Thus manipulation of the degree of the
rhombohedral distortion (also referred as slight symmetry reduction) can result in band
convergence of L and X bands. Ina recent report by Li et al., it has been shown that slight
symmetry reduction of cubic GeTe towards rhombohedral symmetry by Pb and Bi doping
causes an effective valence band (L and X bands) convergence, resulting in a high zT of
~2.4 in rnombohedral phase of Pb and Bi codoped GeTe at 600 K.12% 154

1.4. Experimental Methods
1.4.1. Synthesis

The successful utilization of thermoelectric devices depends critically on the
synthesis techniques. A great majority of chalcogenides known to date have been
synthesized by sealed-tube reactions in vacuum (107% - 107 Torr) either by employing
high-temperature melt cooling or alkali metal polychalcogenide fluxes A2Qn (Q =
S/SelTe) at low temperatures. In high temperature vacuum sealed tube melting reaction,
appropriate quantities of starting materials (mostly in their elemental form) are heated
above the melting point of the desired product in absence of air, followed by cooling of
the subsequent reaction mixture at a specific cooling speed depending upon material’s
nature  (congruent/incongruent). Products of the reactions are generally
thermodynamically stable polycrystalline or single-crystalline ingots.

For single and highly oriented crystals, one of the common approaches is to use
the vertical Bridgman technique. The core principle behind the Bridgman method is the
directional solidifying of the compounds by translating the compound from a hot zone
where it has been kept above the melting temperature to a cold zone of the furnace which

is below the melting temperature of the compound. Initially the polycrystalline material
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in a tapered shaped high vacuum sealed ampoule is melted fully in the hot zone and then
slowly translated towards the cold zone with a speed of ~1mm/hr. Single crystal generally
starts to grow along a certain direction once it starts to solidify from the pointed portion
of the tapered ampoule. Sometimes a seed of the single crystal with specific orientation
Is kept at the bottom of the crucible from where the crystal growth starts. My thesis

involves use of both furnace melting and Bridgman technique for material synthesis.
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Figure 1.10. (a) Photograph of SPS-211Lx instrument. The inset image shows
sitering chamber. (b) Schematic illustration of a spark plasma sintering equipment.
(c) Possible electric current path through powder particles inside the die. (d) The
temperature image on powder particles surface. Contact surface temperature (T1)
differs significantly from average temperature (T).1*’

The Spark plasma sintering (SPS) is newly developed technique for the syntheses
and processing of thermoelectric materials employing ON-OFF pulse DC voltage /

current (Figure 1.10).25%57 This is considered as an energy-saving sintering technology



Part 1 29

due to its short processing time and a small number of processing steps. The SPS process
is based on the electrical spark discharge phenomenon. Application of a high energy, low
voltage spark pulse (spark discharge) momentarily produces a local high temperature
state (several to ten thousand degree) in the gap between the particles of a material via
joule heating (Figure 1.10c, d). This results in vaporization and melting of the powder
particles’ surfaces and formation of constricted shapes or “necks” around the contact area
between the particles. These constricted shapes gradually develop and plastic
transformation progresses during sintering, resulting in a sintered material with density
of > 97%. By application of voltage and current repeatedly with this ON-OFF, the
discharge point and the Joule heating point (locally high-temperature generation field)
move throughout the sample, resulting in less power consumption and efficient sintering.
Since only the surface temperature of the particles rises rapidly by self-heating, particle
growth of the starting powder materials is controlled. Therefore, a precision sintered
compact is manufactured in a shorter time. At the same time, bulk fabrication of particles
with an amorphous structure and crystalline nanostructure formation are now possible
without changing their characteristics. Vaporization, melting and sintering are completed
in short periods of approximately 5-20 minutes, including temperature rise and holding
times. SPS sintering temperatures range from low to over 2000 °C which are 200-500 °C
lower than with conventional sintering.

In order to prepare high performance thermoelectric materials, we have done
spark plasma sintering (SPS) of the melt grown ingots in SPS-211Lx, Fuji Electronic
Industrial Co., Ltd (Figure 1.10a). The SPS process and geometrical configuration of the
punches, mould and powder are illustrated in Figure 1.10. Powders to be consolidated,
are placed in a die and heated by applying the electric current. The melt grown ingots
were first ground into fine powders using a mortar and pestle to reduce the grains size in
an inert glove box. This powder was then pressed into cylindrical shape by SPS method
(SPS-211Lx, Fuji Electronic Industrial Co., Ltd.) at specific temperature and pressure
under vacuum (Figure 1.10a). Highly dense (~ > 98% of theoretical density) disk-shaped
pellets with ~ 10 mm diameter and ~ 10 mm thickness were obtained.
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1.4.2. Characterizations

I have used the following characterization techniques for my thesis works.

1.4.2.1. Powder X-ray Diffraction (PXRD)

Powder X-ray diffraction is the most commonly used technique in solid state
inorganic chemistry and has many uses from analysis and assessing phase purity to
determining the structure. In this thesis, lab source X- ray have been used for structural
characterization. In the laboratory, X-rays are generated in a cathode tube. In this
technique, a tungsten filament was heated to produce electrons and electron beam was
then accelerated towards an anode by applying a voltage (~ 30 - 40 kV). When electrons
have sufficient energy to dislodge inner shell electrons of the target material,
characteristic X-ray spectra are produced. These spectra consist of several components,
the most common being Ka and Kf. Kea consists, in part, of Kaa and Kaz. Ko has a
slightly shorter wavelength and twice intensity than Kao. The specific wavelengths are
characteristic of the target material (Cu, Fe, Mo, Cr). Cu is the most common target
material use for laboratory X-ray. To produce monochromatic X-rays, it is required
filtering out Ky radiation by foils or crystal monochromators. For Cu radiation, a sheet of
Ni foil is a very effective filter, but it is difficult to remove Ka, from Ko because of close
wavelength. The filtering process in laboratory X-ray leads to a reduction in intensity and
hence it is difficult to detect low-intensity peaks in laboratory X-ray diffraction. In
addition, it is difficult to distinguish peak splitting when peaks appear closely.

X-ray diffraction obeys Bragg’s law, which states that constructive interference
would occur if the path difference between the X-rays scattered from parallel planes were
an integer number of the wavelength of radiation. If the planes of atoms, separated by a
distance d, make an angle & with the incident beam, then the path difference would be
2dsind. So, for constructive interference, the Braggs law must be satisfied

i.e. ni=2dsingn=1,2,3, .7
/= wavelength of the X-ray radiation

In this thesis, room-temperature PXRD experiments on the samples are carried

out using Bruker D8 diffractometer and Rigaku SmartLab SE. High temperature PXRD

experiments were done Rigaku using Smart-lab X-ray diffractometer using Cu-Ka
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radiation having wavelength 1.5406 A. Samples were placed on a glass plate sample

holder during measurement.

1.4.2.2. X-ray Pair Distribution Function (PDF)

Pair distribution function (PDF) analysis is a powerful technique for probing
atomic-scale disorder that cannot be detected using traditional diffraction methods.'*®
Unlike other crystallographic methods, PDF analysis is a total scattering technique, which
means that both Bragg and diffuse scattering are included. The PDF reveals both the long-
range periodic structure (Bragg reflections) and the local structure imperfections (diffuse
component of the diffraction pattern).®

Temperature dependent X-ray PDF data was collected using finely ground powder
in beamline P02.1, PETRA IlI, DESY, Hamburg. Synchrotron beam of fixed energy
(energies are given at respective chapters) and spot size 0.5 X 0.5 mm? was used to collect
data.!>® From the coherent part 1°°"(Q) of the measured total diffracted intensity of the

material, the total scattering structure function, S(Q), is obtained as

1°0h(Q)= L CilFi (@)
S = —75crer 1 (1.8)

where the coherent intensity is corrected for background and other experimental effects
and normalized by the flux and number of atoms in the sample. Here ci and fj are the
atomic concentration and X-ray atomic form factor, respectively, for the atomic species

of type i. The momentum transfer, Q, is given by:

Q =4n sinB/L (1.9)
Via Fourier-transforming the expression Q[S(Q)—1], we obtain:
G(r) =27 Q[S(Q) — 1]sinQ (r)dQ (1.10)
Where G(r) is the atomic pair distribution function, which is also defined as:
G(r) = 4mr[p(r) — po] (1.11)

Where p0 is the average atomic number density, p(r) is the atomic pair density, and r is a
radial distance. The function G(r) gives information about the number of atoms in a
spherical shell of unit thickness at a distance r from a reference atom. Finally, the
experimental G(r) can be compared and refined against the theoretical G(r) from a

structural model, given by:
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F(0)uf (0
G(r) = 4mrp0 = 1 3,3, ((f) (0)(>2)” 5(r — Ty (1.12)

2D image plate data was collected using a Perkin-Elmer detector which was processed
using Fit2D or DAWNSci'® software to obtain the scattering intensities S(Q) in the Q-
space. The pair distribution G(r) was then obtained by Fourier transformation of the
scattering structure function F(Q) = Q[S(Q) - 1] using PDFgetX2'®! or PDFgetX3'2
software. Finally, the modelling and refinement of G(r) was done using the software
PDFgui.'®

1.4.2.3. Inelastic Neutron Scattering (INS)

Inelastic neutron scattering (INS) is a spectroscopic technique, widely used in
solid state chemistry and condensed matter physics and is primarily based on analysing
the energy of neutrons before and after they have been scattered by a material. The main
measurable quantity is the energy change of the incident radiation, reflecting an excitation
of the material under investigation. Typically, energy transfer of several meV takes place,
which arises due to the atomic vibrations. Thus, INS gives an amplitude-of-motion and
neutron incoherent cross section weighted phonon density of states. INS is used to
characterize chemical bonds in both bulk as well as on the surface of a material.

In solid state chemistry and condensed matter physics, using neutron as a probe
as a significant advantage as it can be used to measure the nature of atomic and molecular
motions through INS, in which the neutron exchanges energy with the atoms in a material.
When an incident neutron is scattered by a crystalline solid, it can either absorb or release
an amount of energy equal to a quantum of phonon energy, hv. This gives rise to inelastic
coherent scattering in which the neutron energy before and after the scattering differ by
an amount, hv (i.e., energy transfer). In most solids v is a few meV. Because neutrons
used for INS also have energies in the meV range, scattering by a phonon causes an
appreciable fractional change in the neutron energy, allowing accurate measurement of
phonon frequencies. For INS, the neutron has different velocities, and thus different
wavevectors, before and after it interacts with the sample. To determine the phonon
energy and the scattering vector, Q, one need to determine the neutron wavevector before

(ki, i = initial) and after (k, f = final) the scattering event. Several different methods are
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available but for our measurement we have used Time-Of-Flight neutron spectrometer at
the ISIS pulsed neutron source (Figure 1.11).

The advantage of INS compared to the related Raman scattering (i.e., inelastic
photon scattering) and infrared spectroscopies (IR absorption and reflectivity) is its
independence on optical selection rules.’®* Moreover, phonons (lattice vibrations) in
metals cannot readily be detected by IR techniques,'®® and Raman scattering from metals
is weak due to the screening of electromagnetic radiation by quasi-free electrons.'®* In
contrast, neutrons do not interact with electrons and sample the entire Brillouin zone
(different k-vector and momentum transfer), while Raman and IR are restricted to the
zone center (I'-point). INS is particularly sensitive at low energy transfers, which is

difficult for infrared spectroscopy.

Pulsed polychromatic w Pulsed monochromatic

beam beam E; k;
[T BEE o R %
neutron i R § ; gl
‘ ‘ ‘ ha sample
SO‘”CQ gﬁg’ g-f% gﬁg’ @ g@%" %  nd ‘
R.

pPaaas

Fermi

& o
; ‘&N
chopper & <
!
ISy

(5

Figure 1.11. Schematic of the Time-of-Flight neutron spectrometer. Here the incident
neutron energy is selected by the rotation frequency w of the Fermi chopper (which
consists of curved neutron-absorbing blades) and its phase delay relative to the source
emission. The final energy can be computed from the time of arrival of the scattered
neutron pulse at the detector.

1.4.2.4. Raman Spectroscopy

Raman spectroscopy is one of the vibrational spectroscopic techniques used to
provide information on molecular vibrations and crystal structures. This technique is
based on inelastic scattering of monochromatic light. A change in the molecular
polarizability with respect to the vibronic coordinate is required for a molecule to exhibit
Raman effect. Normally, a laser source Nd-YAG with a fixed wavelength of 532 nm, an
Argon ion laser source at 514 nm or He-Ne laser at 633 nm is used as light source. The
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laser light interacts with molecular vibrations, phonons or other excitations in the system,
resulting in the energy of the laser photons being shifted up or down. The shift in energy
gives information about the vibrational modes in the system. Low temperature Raman
spectroscopic measurements were carried out on pellet shaped samples using Horiba
Jobin-Yvon LabRAM HR evolution Raman spectrometer with 1800 gr/mm and Peltier
cooled CCD detector.

1.4.2.5. Transmission Electron Microscope (TEM)

TEM is one of the important tools in material science for characterization of the
microscopic structure of materials. A TEM image represents a two-dimensional
projection of a three-dimensional object. TEM operates on the same basic principles as
the light microscope, however, uses electrons as “light source” that makes it possible to
get a resolution of about thousand times better than a visible light microscope. Instead of
glass lenses focusing the light in the light microscope, the TEM uses electromagnetic
lenses to focus the electrons into a very thin beam. The electron beam then travels through
the specimen you want to study. When the electron beam passes through an ultra-thin
specimen, it gets absorbed or diffracted through the specimen. Some of the electrons are
scattered and disappear from the beam depending on the density of the material present
on the focused region. A “shadow image” is formed by the interaction of the electrons
transmitted through the specimen focused onto a fluorescent screen or a photographic
film or by a sensor such as a charge-coupled device (CCD). TEM study allows to focus
electron beam to any part of specimen and electron diffraction data from a different area
of the specimen can give us more details about the accurate local structure of the sample.
The details of TEM instrument where used are given in the respective chapter.

1.4.2.6. Field Emission Scanning Electron Microscope (FESEM)

A FESEM is used to visualize topographic details of the sample surface. Similar
to TEM, FESEM microscope also uses electrons as a light source. Electrons are ejected
from a field emission source and accelerated in a high electrical field gradient. These
electrons (termed as primary electrons) produce a narrow scan beam within the high

vacuum column, which bombards the sample material. The incident electrons cause
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emission of electrons from the sample due to elastic and inelastic scattering. The angle
and velocity of these secondary electrons produced by inelastic collision of accelerated
electrons with sample atoms relate to the surface structure of the object. High-energy
electrons those are produced by an elastic collision of a primary electrons with atom’s
nucleus of the sample are termed as backscattered electrons (BSE). Larger atoms (with a
high atomic number, Z) have a higher chance of producing elastic collisions because of
their greater cross-sectional area. Thus, a "brighter" BSE intensity correlates with higher
average Z in the sample, and "dark™ areas have lower average Z. BSE images are very
helpful for obtaining high-resolution compositional maps of a sample. The details of

FESEM instrument where used are given in the respective chapter.

1.4.2.7. Energy Dispersive X-ray Analysis (EDAX)

EDAX is an analytical technique used for elemental composition analysis of the
sample. EDAX makes use of the X-ray spectrum emitted by a solid sample bombarded
with a focused beam of electrons. For EDAX analysis, an X-ray detector is generally
integrated with FESEM instrument. Its characterization capabilities are due in large part
to the fundamental principle that each element has a unique atomic structure allowing a
unique set of peaks on its electromagnetic emission spectrum. In my Ph.D., FESEM

images in back scattered electron (BSE) mode and normal mode were taken using ZEISS
Gemini attached to JEOL (JEM2100PLUS) FESEM instrument.

1.4.2.8. Positron Annihilation Spectroscopy (PAS)

PAS is a nondestructive nuclear solid state technique commonly used for defects
and voids study in materials. It is a powerful technique to study open volume defects like
dislocation, agglomerates, and vacancies at ppm concentration. Positrons (e*) is an
antiparticle of the electron (&) having exactly equal rest-mass of the electron (511 keV)
but with a positive charge. One can obtain positrons from the " decay of radioactive
isotopes such as ?Na, %*Cu, and 8Co. In my work, 22NaCl has been used as positron
source. Positrons injected from a radioactive source get thermalized within 1-10 ps and
annihilate with a nearby electron inside the material, normally (379 out of 380 cases)

emitting two exactly opposite 511 keV gamma rays, in the center of mass frame.
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The positron lifetime is inversely proportional to the electron density at the
annihilation site. Hence by measuring the positron lifetime (sub nano-second) one can
study the electron density distribution in the studied material. Naturally, the lifetime of
positrons annihilated at defects is larger compared to the annihilation of positron in the
bulk of the material, since the electron density is lower at such defects and positrons
survive relatively longer time before annihilation. Therefore, the measured positron
lifetime at defects indicates the nature and type of the open volume and the corresponding
intensity (weight of that particular lifetime in the overall spectrum) represents the relative
abundance of such defect sites in the studied material.

The other PAS technique is to measure the Doppler broadening of the electron-
positron annihilated y-ray (511 keV) line shape (DBEPARL) with a high purity
germanium (HPGe) detectors. The basic concept is that although before annihilation
positrons are thermalized but the electron has some energy and the corresponding
momentum is pei. Thus, the electron-positron pair has some momentum which is
translated as a Doppler shift to the 511 keV y-rays by an amount (= AE = p.c/2) in the
laboratory frame, where pv is the component of pe along the direction of measurement.
Contributions from all possible peis are convoluted in the DBEPARL spectrum which
looks like an inverted parabola with the centroid at 511 keV (per = 0). The region close to
the centroid is formed due to positron annihilation with very low momentum electrons.
In the open volume defects, it is more probable for a positron to find a nearly free electron
(per ~ 0), the wave function of which are spatially extended. The core electron wave
functions are localized and do not span inside the open volumes. Therefore, a more
sharpened DBEPARL spectrum represents sample with high concentration of open
volume defects. The wing region of DBEPARL spectrum (away from centroid with a
higher value of p.) carries the information about the annihilation of positrons with the
core electrons (which are element specific). De-convolution of DBEPARL spectrum is
not straightforward thus ambiguous and in general, a simple methodology is adopted to
understand the element specific changes in the wing region of the spectrum. Area-
normalized DBEPARL spectrum of a high purity material, either Al, Si single crystal or
a single crystal of the respective material is recorded in the same detector assembly. The

ratio of counts at each energy is taken and the so-called “ratio curve” is formed. The peak



Part 1 37

and dip positions in this ratio curve represent more or less annihilation (respectively) with
the electrons of nearby momentum region. The Compton continuum of 1276 keV gamma
ray, simultaneously emitted with a positron from the ?Na radioactive source, enhances
the background counts in the wing region of the spectrum and thereby blurred the peak
or dip shapes as well as positions. Two HPGe detector in coincidence successfully
suppresses this Compton continuum and the chemical sensitivity of ratio curves with high
precision can be achieved. In general, defects modify thelocal electronic configuration
and hence, an intimate relationship is found between PAS parameters (PAL and
DBEPARL) and electronic properties of a material. % 17 The experimental details about

the positron annihilation spectroscopy have been given in the relevant chapter.

1.4.2.9. Optical Bandgap

In my thesis work, the diffuse reflectance method has been used for the
determination of band gap of the solid powdered materials. Diffuse reflectance is an
excellent sampling tool for powdered crystalline materials. When light shines onto a
powder sample, two types of reflections can occur. Some of the light undergoes specular
reflection at the powder surface. Diffuse reflection happens when radiation penetrates
into the sample and then emerges at all the angles after suffering multiple reflections and
refractions by sample particles. A diffuse reflection accessory is designed to minimize
the specular component. To estimate optical energy difference between the valence band
and conduction band, optical diffuse reflectance measurements have been done with
finely ground powder at room temperature using FT-IR Bruker IFS 66V/S spectrometer
and Perkin-Elmer Lambda 900, UV/Vis/NIR spectrometer. Absorption (a/A) data were
estimated from reflectance data using Kubelka—Munk equation:

alA=(1-R)?/(2R) (1.13)

where R is the reflectance, o and A are the absorption and scattering coefficients,

respectively. The energy band gaps were derived from a/4 vs E (eV) plots.

1.4.2.10. Differential Scanning Calorimetry (DSC)
DSC is a thermo-analytical technique in which the difference in the amount of

heat required to increase the temperature of a sample and reference is measured as a
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function of temperature. Both the sample and reference are maintained at nearly the same
temperature throughout the experiment. The basic principle underlying this technique is
that when the sample undergoes any physical transformation such as phase transition,
melting etc, amount of heat flow required to maintain both of them at the same
temperature will be different. When the amount of heat required for the sample is lesser
than the reference, the process is termed as exothermic. Endothermic process requires a
higher amount of heat flow to maintain the temperature. By observing the difference in
heat flow between the sample and reference, differential scanning calorimeters are able
to measure the amount of heat absorbed or released during such transitions.

DSC data were collected using TA INSTRUMENT Differential Scanning
Calorimeter (DSC Q2000) in N2 atmosphere. The temperature range has been given in

the relevant chapter.

1.4.2.11. Hall Effect

The Hall effect describes the behavior of the free carriers in a semiconductor when
applying an electric as well as a magnetic field along the perpendicular direction.'®® Thus,
measurement of the Hall voltage is used to determine the type of charge carrier present
in the system, the free carrier density and the carrier mobility. When a current-carrying
semiconductor is kept in a magnetic field, the charge carriers of the semiconductor
experience a force in a direction perpendicular to both the magnetic field and the current.
At equilibrium, a voltage appears at the semiconductor edges. The ratio of the induced
voltage to the product of the current density (I/t, where | is applied current and t is sample
thickness) and the applied magnetic field (B) is defined as Hall coefficient (Rn) (Equation
1.14 and 1.15).

Ry== (1.14)

ny = — (1.15)

- Rye
where, e is the charge of an electron (1.602 x 10'° C). In this thesis Hall measurement
has been done in an inhouse equipment developed by Excel instrument. We have used a

four-contact Hall-bar geometry and a varying magnetic field up for the measurements.
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1.4.3. Thermoelectric Measurements

1.4.3.1. Electronic Transport

The power factor of the zT expression depends on the product of the Seebeck
coefficient and the electrical conductivity. The Seebeck coefficient is the ratio of a
resulting electric field gradient to an applied temperature gradient. In a typical
measurement, the temperature is varied around a constant average temperature and the
slope of the voltage (V) vs. temperature difference (AT) curve gives the Seebeck
coefficient (the slope method) or just V/AT is measured (single point measurement).
Either a specific temperature difference is stabilized before each measurement (steady-
state), which takes longer, or measurements are conducted continuously while the
temperature difference is varied slowly (quasi- steady-state). Little difference was found
between steady-state and quasi-steady-state measurements when good thermal and
electrical contact is ensured. The employed temperature difference should be kept small,
but too small will lead to decreased accuracy. Usually, 4 - 20 K (or 2 - 10 K) is appropriate
for the full temperature span.

In the present thesis, temperature dependent Seebeck coefficient measurement has
been done using the most popular commercial instruments ULVAC ZEM 3 RIKO using
off-axis 4-point geometry under low-pressure helium (He) atmosphere (Figure 1.12a) and
Linseis LSR-3. In the off-axis, 4-point geometry, the thermocouples, and voltage leads
are pressed against the sides of the sample (Figure 1.12b). The instrument uses slope
method to extract the Seebeck coefficient from steady-state measurements. In the slope
method, the measured raw data is corrected for constant offset voltages by using the slope
of several (AT, V) points for extracting the Seebeck coefficient. The typical sample for
measurement has a rectangular shape with the dimensions of ~2 mm x 2 mm x 8 mm
and AT values 5, 10, 15 K have been used in the measurement. The error in the
measurement is ~ 5%. In a typical measurement, the sample is set in a vertical position
between the upper and lower electrode blocks in the heating furnace. For temperature
dependent measurement, the sample was first heated to a specified temperature using an
infrared (IR) furnace. Thereafter a temperature gradient across the sample was created by

heating the lower part of it by a heater. Seebeck coefficient is measured by measuring the
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upper and lower temperatures T1 and T2 with the thermocouples pressed against the side

of the sample, followed by measurement of voltage (AV) between the same wires on one

e 1 Heating furnace
-

side of the thermocouple.!®®

. _> Upper block
/—'I Thermocouple

Constant Sample temperature T1
enstan Current  Sample |
)/ (S electrode — T

power supply Sample temperature T2

[
/ dV,dE

Differential temp Digital multi-meter | Lower block

temp controller

controller-Constant-current-supply

Temperature difference
setting heater

Figure 1.12. (a) Photograph of sample-chamber in ULVAC-ZEM3 apparatus. (b)
Schematic of UIVAC-ZEM 3 four-probe measurement system.

The electrical conductivity, o is measured using the four-probe method.
Temperature dependent o has been measured concurrently during Seebeck measurement
in ULVAC ZEM 3 RIKO. For the measurement, a constant current | is applied to both
ends of the sample to measure the voltage V between the thermocouples. By knowing
resistance of sample, R (R = V/I), we can calculate o from resistivity (o) of the sample

using following equations:

(1.16)
o= - (1.17)

where A is sample cross section and | is the distance between probes.

1.4.3.2. Thermal Conductivity

The flash diffusivity method most frequently is used for the determination of
thermal conductivity (k) of material. Non-contact, non-destructive, easy sample
preparation, applicability for a wide range of diffusivity values with excellent accuracy
and reproducibility makes this method more advantageous than direct method. In the flash
diffusivity method, the thermal conductivity is calculated as k = DCpp, where D is thermal

diffusivity, p is density, and C, is the constant pressure heat capacity. In this method, the
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sample is mounted on a carrier system, which is located in a furnace. After the sample
reaches a predetermined temperature, a short heat pulse from a pulsed laser is applied to
one side of a thin sample, resulting in homogeneous heating. The relative temperature
increase on the rear face of the sample is then measured as a function of time by an IR
detector. The temperature will rise to a maximum, after which it will decay. The time for

the temperature to increase to half-maximum, t,,,, is used to calculated the thermal

diffusivity using equation 1.18

2

D =0.1388 x — (1.18)

l
t1/2

where D is thermal diffusivity in cm?%/sec, | is the thickness.!"

Detector

Iris

Signal (a. u.)

Furnance

Laser

(b)

Xenon Flash

Figure 1.13. (a) Photograph of NETZSCH LFA-457 instrument. (b) and (c) Schematic of
LFA- 457 diffusivity measurement apparatus.

In this thesis, temperature dependent thermal transport measurement has been
done using the most popular NETZSCH LFA-457 instrument in N2 atmosphere (Figure
1.13). The samples were coated with a thin layer of graphite (~ 5 um) in order to enhance
the absorption of laser energy and emission of IR radiation to the detector. It also

increases the signal to noise ratio. The error for the x measurement is ~ 5%. The samples



42 Part 1

were placed inside SiC sample holder to mount on carrier system (Figure 1.13c). A Nd-
Glass pulsed laser source of wavelength 1054 nm has been used for all the measurement.
To measure the increased temperature on the rear face of the sample a liquid N2 cooled
InSb IR detector has been used. The density (p) was determined using the dimensions and
mass of the sample and Cp, was derived indirectly using a standard sample (pyroceram).
The thermal diffusivity data were analyzed using a Cowan model with pulse correction
to account for heat losses on the sample faces.!"

1.5. Scope of the Thesis

Metal chalcogenides constitute one of the most important classes of materials with
a rich structural diversity and plethora of diverse transport properties. In my Ph.D. work,
I have synthesized and investigated the phonon transport properties of various metal
chalcogenides, gained an in-depth understanding of their diverse structure (on both local
and global scales) and their structure-property relationships. Finally, | have probed their
applicability in thermoelectrics. Apart from the present introductory part (part 1), my
thesis work is divided into four parts (2-5), containing two chapters each for part 2, 3 and
5, while part 4 contains 3 chapters.

Thermoelectric materials which can convert heat energy to electricity rely on
crystalline inorganic solid state compounds exhibiting low phonon transport (i.e. low
thermal conductivity) without much inhibiting the electrical transport. Suppression of
phonons traditionally has been carried out via extrinsic pathways, involving formation of
point defects, foreign nanostructures, and meso-scale grains, but the incorporation of
extrinsic substituents also influences the electrical properties. Crystalline materials with
intrinsically low lattice thermal conductivity (xiat) provide an attractive paradigm as it
helps in simplifying the complex interrelated thermoelectric parameters and allows us to
focus largely on improving the electronic properties. In Part 2 of my thesis, | have
investigated the origin of intrinsically low «iat in binary 1IA-VIA Selenides TISe and
InSe. Although Tl and In are from the same group of the periodic table, where In lies just
above TI, the crystal structure and chemical bonding characteristics of TISe and InSe are
vastly different. TISe resides in a 1-D Zintl type structure (space group 14/mcm) with Tl

showing a mixed oxidation state of +1 and +3. TI" remains weakly bonded in a slightly
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distorted Thomson cubes formed by a covalently bonded tetrahedra of formed by trivalent
TI (TIP*) and Se, i.e., (TISe,)? . This TI* due to its weak bonding interaction with the
covalent moiety vibrates with a much larger amplitude, reminiscent of the guest rattlers
in clathrates and skutterudites. This intrinsic rattling dampens the phonon flow through
the material and as a result low «iat 0f 0.43 W/mK at 523 K is observed for TISe. InSe
interestingly crystallizes as a 2-D layered hexagonal structure having space group
P6;/mmc (B-InSe). The layers in B-InSe are stacked along the crystallographic c-
direction having two sub-layers of Se-In-In-Se sequence and the sub-layers are separated
by a van der Waals (vdW) gap. Perpendicular to c-direction, InSe are covalently bonded.
The vdW gap between two layers attenuates the phonon flow along the crystallographic
c-direction while phonon flows unimpeded perpendicular to the c-direction. As a result,
low kiat Of 1.26 W/mK is achieved along the layer stacking direction (|| to ¢ axis) while a
high kiat of 10.43 W/mK is achieved perpendicular to the layer stacking direction at room
temperature and having an anisotropic thermal ratio of ~8.25 at 298 K.

Part 3 of my thesis involve gathering experimental evidences to elucidate the
origin of intrinsically ultralow «is in ternary chalcogenides. In this chapter we have used
state-of-the-art techniques like pair distribution function (PDF) and inelastic neutron
scattering (INS) to explain the cause for low st in TlInTe2 and AgShSe,. TlInTez is a
TISe type Zintl compound and shows low kit 0f ~0.5 W/mK at 300 K. Similar to the TISe
structure here TI* resides in a slightly skewed Thomson cage formed by
(InTe,)n"tetrahedra. Through PDF analysis we have revealed the presence of bonding
heterogeneity with TI-Te is weakly bonded while In-Te forms a strong covalent bonding.
Absence of uniform bonding in the structure hinders the phonon flow though the material.
Furthermore, atomic displacement parameter (U) reveals an enhanced thermal vibration
for Tl despite it being a much heavier element. This indicated the presence of intrinsic
rattling nature of Tl atoms in this material. Such rattlers induce very low energy optical
modes, and through INS we have visualized the presence of several low energy optical
phonon density of states (< 100 cm™). These low energy optical modes are known to
scatter the heat carrying acoustic phonons and this results in dampening the phonon flow
through the material; ultimately resulting in low kiat. AgSbSe2 which resides in fairly

simple rock-salt type structure also show low kit 0f 0.36 W/mK at 711 K. The reason
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behind such low it is attributed to the presence of 5s? lone pair of electrons of Sb which
stereochemically expresses itself along a certain crystallographic direction, thus Sb
residing in a distorted environment and inducing significant lattice anharmonicity. We
have directly evidenced the presence of locally distorted cation environment in AgSbSe>
from PDF analysis, which arises due to the stereochemically active lone pair of Sh. Our
analysis revealed that the globally rock-salt AgSbSe: is off-centered locally along the
crystallographic (100) direction a factor of ~ 0.2 A. Such local off-centering is known to
dampen the phonon flow and is the primary reason for low «jat in AgSbSes.

Part 4 involves the potential application of metal selenides with low «ja for
potential thermoelectric applications. Here we have studied the origin of low thermal
conductivity and the thermoelectric properties of quaternary chalcogenides. Two of the
studied compounds, i.e., AgPbBiSes and (SnSe)os(AgShSe2)os resides in a rock-salt
lattice with all three cations sharing the Na position. The ki Of both the material is found
to be ultra-low ~0.5 W/mK at 300 K. First-principles calculations augmented with low
temperature heat capacity measurements and the experimentally determined synchrotron
X-ray pair distribution function (PDF) reveal bonding heterogeneity within the lattice and
lone pair induced lattice anharmonicity in AgPbBiSes. Both of these factors enhance the
phonon—phonon scattering, and are thereby responsible for the suppressed «iat. AS
material with low «iat is beneficial for thermoelectrics, optimization of the electrical
properties was performed by aliovalent halide doping, and a promising thermoelectric
figure of merit (zT) of 0.8 at 814 K was achieved for AgPbBiSez97l0.03. In the case of
(SnSe)o.s(AgShSez)os, PDF analysis revealed that the local structure deviates from the
overall average cubic rock-salt structure of the compound with warming, a rare
phenomenon which is termed as emphanisis. This emphanisis is due to the local off-
centering of Se along [111] crystallographic direction. This disrupts the periodicity of the
lattice which hinders phonon flow, thus resulting in low «iat. This low «iat is highly
favourable for thermoelectrics and a p-type zT of 0.77 at 725 K is achieved which on
optimization of the electrical conductivity via Ge doping increases to >1 at 706 K for
(SnSe)os(AgSb1-xGexSez)os (x = 0.06). Extrinsic stoichiometric modifications via
dopant/alloying etc. not only influences the kit but influences the electronic transport also
as seen in the above compounds. In AgCuS, we have modulated the electronic transport
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via extrinsically removing a fraction of Ag or Cu form AgCuS. AgCuS which at high
temperature behaves as part-crystalline part-liquid materials shows intrinsically low «iat
due to the mobile movement of the cations. However, it shows a change in the conduction
switching from p-type to n-type near the vicinity of orthorhombic (B) to rhombohedral
(o) phase transition. This transition is accompanied by a colossal change in the Seebeck
co-efficient. Here through creating off-stoichiometric ratio of Ag and Cu in AgCus, we
were able to manipulate the p-n-p transition in AgCuS. We have observed that Cu is much
efficient in arresting the conduction switching than Ag. This work establishes the role of
externally created vacancy in modulating the electronic transport in a material. All the
off-stoichiometric compounds show ultralow «ist due to the presence of mobile cations
which are known to impede phonon transport.

While part 4 gave an indication that materials with low it can be used in
thermoelectrics, in part 5 we have synthesized high performing IVA-VIA based
thermoelectric materials though lowering their xia. PbTe is a front runner as a high
performing thermoelectric material, but most of their development has been in p-type
materials. The development in high performing n-type PbTe thermoelectric is lacking
behind due to its simple conduction bands as compared to its rich valence bands. Also
given the complex interrelation ship among in the zT equation (1.1), simultaneous
enhancement of power factor and lowering of «iat is extremely difficult. We have been
able to address this issue to a certain extent via Gd doping in PbTe. Gd doping in PbTe
enhances the electron effective mass via flattening of the conduction band, which
significantly improves the Seebeck coefficient. Gd is found to remain in an off-centered
position inside the rock-salt PbTe lattice, which increased the lattice anharmonicity and
induces a low energy nearly flat optical phonon mode that drastically increases the
phonon scattering rate and lowers lattice thermal conductivity to 0.78 W/mK. As a result,
we achieved a high zT of 1.65 at 678 K for Pb1xGdxTe1yly (X = 0.33%, y = 1%). In case
of SnTe, we have observed that with 30 mol% Ge alloying, the zT reaches an impressive
value of 1.6 at 721 K. Here, the high zT is the resultant of engineering the ferroelectric
transition to near room temperature. GeTe which favours a rhombohedral structure at
room temperature is found to remain in an off-centred position in rock-salt SnTe. Here,

we have performed temperature dependent (250 — 603 K) PDF analysis and found that
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below the ferroelectric transition temperature, Ge remains off-centered by ~ 0.25 A, while
after the transition such local distortion decreases with temperature but remains intact up
to higher temperatures. This local off-centering is found to be the driving force in
lowering the «iat to an ultralow value. This low «iat induces the high thermoelectric
performance in Sno.70Geo.30Te.

In part 6 we have summarized all the chapters and provided a brief outlook into
the looked into the future directions in optimizing thermoelectric performance via tuning
the Kiat.

To summarize, the initial part of my thesis involved understanding the origins of
low thermal conductivity in simple binary compounds though theoretical calculations and
indirect experimental methods (part 2). Being an experimental chemist, | then worked in
the pursuit of obtaining direct evidence, which induces low k.t in material (part 3). I have
then investigated the potential of having low «iat solids in thermoelectrics (part 4).
Finally, I have demonstrated how low kit can be instrumental in realizing high
thermoelectric performance in IVA — VIA compounds (part 5). The whole work is then

summarized briefly along with future outlook (part 6).
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Chapter 2.1

Ultralow Thermal Conductivity in Chain-like T1Se Due
to Inherent TI* Rattling"

Summary

Understanding the mechanism that correlates phonon transport with chemical bonding
and solid-state structure is the key to envisage and develop materials with ultralow
thermal conductivity, which are essential for efficient thermoelectrics and thermal
barrier coatings. We synthesised thallium selenide (T1Se), which comprised of intertwined
stiff and weakly bonded substructures, exhibits intrinsically ultralow lattice thermal
conductivity (xiat) 0f 0.62 - 0.4 W/mK in the range 300 to 525 K. Ultralow xiat Of TISe is a
result of its low energy optical phonon modes which strongly interacts with the heat
carrying acoustic phonons. Low energy optical phonons of TISe are associated with the
intrinsic ratter-like vibration of TI* cations in the cage constructed by the chains of
(TlSe,)r~, as evident in low temperature heat capacity, terahertz (THz) time-domain
spectroscopy and temperature dependent Raman spectroscopy. Density functional
theoretical (DFT) analysis reveals the bonding hierarchy in TISe which involves ionic
interaction between TI*-Se while TI**-Se bonds are covalent, which causes significant
lattice anharmonicity and intrinsic rattler like low energy vibrations of TI*, resulting in
ultralow Kiat.

M. Dutta, S. Matteppanavar, M. V. D. Prasad, J. Pandey, A. Warankar, P. Mandal, A. Soni, U. V.
Waghmare and K. Biswas. J. Am. Chem. Soc., 2019, 141, 20293-20299.
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2.1.1. Introduction

Heat is the primary channel for drainage of unutilized energy, thus, it” s effective
management through thermoelectrics,* thermal barrier coatings and refractories* relies
on the solid-state materials that obstruct the heat transport efficiently, by virtue of their
ultralow thermal conductivity (k). Thus, understanding the mechanism of thermal
transport and the ability to tune its transport by tailoring the chemical bonding and solid-
state structures stand crucial to develop energy efficient materials.®> Within the kinetic
theory, the lattice thermal conductivity («iat) is described as kit =1/3Cwl, where Cy is the
specific heat at constant volume, v is the group velocity of phonon and | represents the
phonon mean free path. Most common studies to reduce the kit of a material have largely
focussed on deploying features that are “extrinsic” to the material, for example through
solid solution point defects, nano and meso-scale structuring of the lattice, all of which
reduce the phonon relaxation time and impede the heat flow.5® Although the
aforementioned strategies lower the kit of @ material, they often adversely affect the
electrical mobility. It is thus desirable to uncover “intrinsic” lattice dynamical features of
a material to cause ultralow it without compromising its efficiency of the electrical
conduction.

Rigorous probes into the lattice dynamics and phonon-transport mechanisms have
unearthed various avenues to lower the kit of a material.> Accommodation of guest atoms
into the cage-like structural voids of compounds like clathrates® and skutterudites?® leads
to low frequency rattling-like motion of the guest atoms, thus lowering the «iat. Likewise,
Zintl compounds like InTe,** TlinTez!?, Tl3VSes'® and NaCoO,* also contain intrinsic
rattling cations within a rigid anionic framework. Fluid-like movement of cations in a
stiff crystalline matrix also causes lowering of kiat as seen in the cases of “Phonon Glass-
Electron Crystal (PGEC)” compounds such as CuzSe,’® CusShSes,*® AgCrSe;!’ and
AgCuX (X =S, Se and Te)!® 1°, Large lattice anharmonicity, which often arises from
participation of ns? lone pairs of an atom also shown to induce phonon obstruction and
hence lowering the xic of a compound.?® 21 Compounds with two dimensional (2D)
layered structure such as SnSe,® 22 BiSe,?® and GeSe?* contain different bonding
environments in between the layers and intra layers, coupled with lone pair led

anharmonicity display innate ultralow «at. Thus, exploring new compounds with
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intrinsically low «iat and understanding of their chemical bonding and lattice dynamics
which influence the phonon transport are essential to develop new thermoelectrics and
thermal barrier coatings.

Herein, we have synthesized a simple binary Zintl compound TISe, which shows
intrinsically ultralow «iat 0f 0.62-0.4 W/mK in the range 300 to 525 K. To comprehend
the cause for the ensuing ultralow «iat and its relationship with the lattice dynamics and
chemical bonding, we have carried out low temperature heat capacity measurements, THz
time-domain spectroscopy (THz-TDS), temperature dependent Raman spectroscopy and
augmented our observations with density functional theoretical (DFT) analysis. Low
temperature heat capacity, THz-TDS and Raman spectroscopy revealed the presence of
low frequency optical phonon modes which hinder the acoustic phonon transport and
lowers the kiat. TISe exhibits fascinating hierarchical bonding environments. Presence of
distinct TI* and TI** cations in different crystallographic positions and their interactions
with the neighbouring Se atoms reveal a great deal of bonding heterogeneity (weak and
strong bonded substructures) in the lattice. Weakly bonded TI* resides in the cage-like
channel constructed by the chains of (TISe,)n~, which exhibits intrinsic anharmonic
rattling dynamics that provides significant phonon damping. First-principles DFT
calculations reveal bonding heterogeneity in the system arising from different bonding
interactions between TI*-Se (ionic) and TI**-Se (covalent) as well as high degree of
anharmonicity within the lattice. Phonon density of states (PhDOS) further reveals the
presence of low frequency optical modes mainly constituted of “rattler-like” T1* cation
which corroborates our experimental findings. We believe that our findings and
conclusions are not system specific and are inclusive of a wide range of materials with

significant bonding hierarchy that show such impressive intrinsically ultralow «iat.

2.1.2. Methods

Synthesis. High quality crystalline TISe prepared by modified Bridgman technique. Used
stoichiometric quantities of high-purity T1 (99.999 %) and Se (99.999 %) (total weight of
5g) in a quartz ampoule, sealed during high vacuum of 107 torr. The contents were heated
up to 773 K in 6 hr, soaked at this temperature for 6 hr and cooled to crystallization

temperature 673 K in 3 hr and soaked for 20 hr and further cooled to room temperature
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in 6 hr. The obtained product was then finely ground and then Spark Plasma Sintering
(SPS) was performed. The Sample was taken in a graphite die of 10 mm diameter. The
die was then heated to 523 K in 5 mins; kept at that temperature for 5 mins and then
cooled to room temperature in 10 mins. The pressure was maintained at 3.9 kN throughout
the sintering process.

Powder X-ray diffraction (PXRD). PXRD measurements were recorded on Bruker D8
diffractometer using Cu Ko (A= 1.5406 A) radiation. Rietveld refinement was carried out

using Full prof program.

Thermal conductivity. The thermal diffusivity, D, was measured between 300 K and
525 K using laser flash diffusivity technique in Netzsch LFA-457 instrument. The thermal
diffusivity was measured along the parallel and perpendicular to the spark plasma
sintering pressed direction. Disc-shaped pellets with ca. 10 mm x 2 mm dimensions were
used for thermal transport measurement. Total thermal conductivity (x) was estimated
using the relation, x = D x Cp X p, where p is the density (99%) of the sample and Cp is
the specific heat capacity at constant pressure measured with respect to Pyroceram
reference-standard in Netzsch LFA-457 instrument. Lattice thermal conductivity (kia) is
extracted by subtracting electronic thermal conductivity (ike) from total thermal
conductivity. ke is calculated using the Wiedemann Franz law, kel = LoT, where o is the
electrical conductivity and L is the temperature dependent Lorentz number. L is
calculated using Single Parabolic Band (SPB) model?®. Assuming SPB model Lorenz

number (L) is given as:

_ (kB 3Fe(F (M) —4F1 ()
L= (e) 20 (2.1.1)

Where, n is the reduced chemical potential and can be obtained by fitting the experimental
Seebeck coefficients. kg represents Boltzmann constant and Fn(n) is the '™ order Fermi

Integral.

Electronic properties. Electrical conductivity (o) and Seebeck coefficient (S) were
simultaneously measured along the SPS pressing direction under He-atmosphere from
300 K up to 525 K using ULVAC-RIKO ZEM-3 instrument. Rectangular bar shaped
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samples (ca. 2x2x8 mm?®) cut from cylindrical samples were used for the electrical

measurements.

Band gap measurement. Finely ground sample was used to obtain the optical band gap
of the synthesized samples. The optical band gap was estimated in a FT-IR Bruker IFS
66V/S spectrometer within the range of 6000 — 400 cm™. Absorption (o/S) data were
derived using Kubelka-Munk equation: a/S=(1-R)?/(2R), where R is the reflectance, a
and S corresponds to absorption and scattering coefficient, respectively. The energy band

gaps were deduced from o/S vs Eg (eV) plot.

Raman spectroscopy. Raman measurement was conducted in back scattering geometry
using Horiba Jobin-Yvon LabRAM HR evolution Raman spectrometer with 1800 gr/mm
and Peltier cooled CCD detector. Temperature dependent Raman measurements were
performed using Montana cryostat in the range of 4 - 300 K, using 532 nm Unpolarized
excitation laser. Raman spectroscopy measurements have been done with the

collaboration of Prof. A. Soni of Indian Institute of Technology (11T), Mandi.

THz time-domain spectroscopy (THz-TDS). We have used home-built THz time-
domain spectrometer of Prof. P. Mandal of I1ISER, Pune, India to record the THz spectrum
of TISe in reflection geometry. The spectrometer is based on a 4 mJ ultrafast (50 fs)
amplified laser system. The details of our THz set-up are described elsewhere.?® 2’ The
use of air-plasma as the THz generation source and employing air-biased coherent
detection (ABCD) scheme enables us to extend the spectral function of the sample.?® In
the present experiment, time-domain range from 0.5 THz to 15 THz. An enclosure
continuously purged with dry nitrogen gas avoids THz absorption by water vapour
present in ambient air.

In reflection geometry, the reflected THz waveforms are collected and analyzed
to determine the dielectric THz waveforms reflected from a Reference (high resistivity
silicon) and the sample (TISe pallet) are collected in normal incidence. Fourier
transformations of the reference and sample THz waveforms and use of Fresnel equation

(Eq. 2.1.2) for reflection yield the complex refractive index of the sample.
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Here, Esample(w) and E,;(w) are the reflected THz electric fields in frequency domain
from sample and reference (silicon), respectively. fisgmpie, ns; and ng;,- are complex/real
refractive indices of sample, reference, and dry air, respectively. High resistivity silicon
and dry air are nearly non-absorbing media with their refractive indices (ng; = 3.45 and
ngr = 1) constant over the frequency range of this study. Complex refractive index is
written as, figgmpe = 1 + ik, where n is the real part of the refractive index and k is the
extinction coefficient of the sample. Absorption coefficient (a) is obtained from the
relation, ¢ = 2. w. k/c, where w is the angular frequency and c is the speed of light. THz-
TDS measurements have been done with the collaboration of Prof. P. Mandal of IISER,

Pune.

Computational methods. Electronic and phonon properties are calculated based on the
first-principles pseudo potentials within density functional theory (DFT) as implemented
in Quantum Espresso code.?® In DFT calculations, we employed generalized gradient
approximation (GGA) to the exchange correlation energy functional and used norm-
conserving pseudopotentials to treat the interactions between ionic cores and valence
electrons, and a plane wave basis with an energy cutoff of 60 Ry (240 Ry) in the
representation of the Kohn-Sham wave functions (density). Brillouin zone of the
tetragonal unit cell is sampled with a uniform 12x12x12 k-point mesh which is in
accordance with Monkhorst-Pack®® scheme. The discontinuity in the occupations number
of electronic states near the gap was smeared with Fermi-Dirac distribution functions with
a broadening of keT = 0.003 Ry. Optimized lattice parameters are in agreement with the
experimental values. Theoretical calculations have been done with the collaboration of
Prof. U. V. Waghmare of INCASR, Bangalore.

Calculation of minimum thermal conductivity (kmin). Minimum thermal conductivity

was calculated using Cahill’s model®! which is given by:
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1/3
Kmin =5 (5) kaV 2320, + ) (2.1.3)

where kg denotes Boltzmann constant, V being the average volume per atom, and v; (1486
m/s and 2101 m/s) and v, (3471 m/s) denotes mean speed of sound in transverse and
longitudinal directions obtained from theoretical calculations by deducing the slope of
longitudinal and transverse acoustic phonons in the I'-X direction. For I'-X direction, Kmin
value is found to be 0.41 W/mK. For I'-Z direction the v; (568 m/s and 568 m/s) and v
(4378 m/s) values lead to kmin Value of 0.32 W/mK.

2.1.3. Results and Discussion

TISe is a low-dimensional semiconductor with a band gap (Eg) of 0.67 eV (Figure
2.1.1a) belongs to the TIQ (Q =S, Se, Te) family of compounds and possesses chain-like
Zintl structure.® This semiconducting compound®?® ** has been earlier studied for y-ray
detectors.®® Highly oriented polycrystals of TISe were synthesized using a modified
Bridgman technique, then dense pellet (~99 %) was further prepared by spark plasma
sintering (SPS). Figure 2.1.1b shows the Rietveld refinement of the PXRD pattern at room
temperature. TISe procures tetragonal symmetry having space group I4/mcm and the
obtained lattice parameters a = b = 8.01171 (3) A; ¢ = 6.96665 (2) A; unit cell volume =
447.172 (2) A3.%2 The refinement parameters are given in Table 2.1.1.

TISe is a mixed valent compound, i.e., TI* TI¥* (Se?"),, the univalent and trivalent
thallium ions occupy two crystallographically inequivalent sites (Figure 2.1.1c, d). The
TI®* cations form covalent (sp®) Tl — Se bonds and are located at the center of (TISe,)?~
tetrahedra, which are linked by joint horizontal edges and form linear chains along the c-
axis (Figure 2.1.1c, d). TI** can only donate 3 electrons per tetrahedra; and as a result, the
tetrahedra remains in the form of anionic chains of (TISe,)"~. The TI**-Se distance of
2.69 A nearly matches the sum of the covalent radii of TI** (1.49 A) and Se (1.17 A) with
the Se — T1 — Se angle being 115° thus imparting a high degree of covalency in the TI®*-
Se bond. However, the TI* with a 6s? lone pair in 4a Wycoff position is surrounded by
eight Se atoms, which form slightly deformed cage like Thomson cubes and are skewed
by a small angle. To maintain the charge balance, this Tl atom donates one electron and
remains in +1 oxidation states. TI*— Se distance is 3.43 A that is close to the sum of the
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ionic radii of TI* (1.59 A for CN = 8) and Se? (1.98 A), which indicates towards a weaker
electrostatic interaction between TI* and (TISez)™ tetrahedra. The presence of bonding
hierarchy (strong and weak bonding) within a lattice can be an excellent motivation to

obtain low «iat in TISe.

(a) ' ' ( b) . - Observed
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- —— Difference
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along z-direction
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Figure 2.1.1. (a) Band gap of TISe. (b) Rietveld refinement of the PXRD of TISe. (c)
Structure of TISe viewed down the c-axis. (d) TI" rattles in the channel. Yellow, orange
and green balls represent TI*, TI** and Se atoms respectively.

Figure 2.1.2a shows the kit of TISe for both the directions, i.e., parallel (||) and
perpendicular (L) to spark plasma sintering (SPS) pressing direction. Total thermal
conductivity k (Figure 2.1.2b) is similar to kit (Figure 2.1.2a) as the thermal transport is
dominated by phonons rather than charge carrier in TISe. The heat capacity estimated

using a reference Pyroceram is given in Figure 2.1.2c. Measurement in both directions
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show intrinsically low kst within the temperature range of 300 — 525 K and is found to
be ultralow compared to other state of the art low i, materials (Figure 2.1.2d).% 223 36-38
kit OF TISe varies slightly from 0.63 W/mK at 300 K to 0.43 W/mK at 523 K for ||
direction, whereas for L direction it varies from 0.67 W/mK at 300 K to 0.59 W/mK at
525 K, lying close to the theoretical minimum thermal conductivity (kmin) 0f 0.41 W/mK
obtained using Cahill’s formulation as given in equation 2.1.3.3! Small i difference
between the || and L direction is due to anisotropy arising from 1D chain like structure of
TISe.

Table 2.1.1. Rietveld refined structural parameters.

Space group: 14/mem; a=b =8.01171 (3) A; ¢ = 6.96665 (2) A; unit cell volume
=447.172 (2) A3Rwp=10.1 and 4* = 6.88
Atom X y z Occupancy Wyck. Uiso (A2)
Se 0.18063 | 0.68063 | 0.00000 1.053 8h 0.015
TI(1) 0.0 0.0 0.25 1.000 4a 0.026
Tl (2) 0.0 0.5 0.25 0.991 4b 0.023

In order to determine the underlying cause of the low «ia, We have investigated
the nature of chemical bonding in TISe through visualization of charge density and
electron localization function (ELF) (Figure 2.1.3a, b respectively). These real-space
functions within DFT can provide a lucid understanding of the nature of bonding. In
Figure 2.1.3a, two features are evident: firstly, the overlapping charge density of TI** and
Se? indicates covalent bonding that builds the edge sharing tetrahedra. Secondly, TI*,
having spherical charge density (due to 6s? lone pair), electrostatically (ionic) interacting
with the surrounding chains of (T1Se,);n~. The ELF (Figure 2.1.3b), which accounts for
the degree of electron localization due to Pauli repulsion, shows a symmetrically localized
state of lone pair around TI" in the channel, resulting in a weak electrostatic interaction

with the (TISe,)n~ tetrahedra. The asymmetric lobe-shaped electron clouds near the Se
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atoms resulted from the hybridization with TI** indicating a covalent interaction between
TIE* and Se?.
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Figure 2.1.2. (a) Lattice thermal conductivity (kia) @and (b) total thermal conductivity (k)
of TISe measured (||) and (£) to SPS pressing directions. (c) T dependent Cp, measured
using Pyroceram standard and Dulong-Petit calculated Cp. (d) Comparative plot of kiat
vs. Temperature with some well-known ultralow thermal conductive compounds.
References imported for the plot are SnTe,! PbTe?, BiSe?®, GeTe%, CoShs¥ and
MgAgSh.

The Rietveld refinement of the PXRD pattern revealed higher atomic
displacement parameters (ADPs) of Tl atom (Table 2.1.1) as compared to Se. ADPs give
a qualitative idea of the mean displacement of atoms from its mean Wycoff position. The
potential energy vs. displacement plot for each atom (Figure 2.1.3c) reveals that TI* by
virtue of their weak electrostatic interaction with the (TISe,);~ tetrahedra, shows a

shallow potential in both x and z-directions. TI** and Se? which are covalently bonded to
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each other shows much deeper potentials which resonates with the charge density
function and ELF (Figure 2.1.3a, b respectively). The flat potential vs. displacement

indicates “rattler-like” motion of the TI" in the cage.
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Figure 2.1.3. Isosurface of (a) electronic charge density plotted at isovalue of 0.0225 and
of (b) electron localization function (ELF) of TISe at isovalue of 0.85. Grey balls signify
Tl atoms while green balls represent Se atoms. (c) Plot of total energy governing the
dynamics of atomic displacements along x and z-directions.

To investigate into the mechanism for ultralow kit in TISe, we have performed
low temperature (2-120 K) heat capacity (Cp) measurements. As the temperature
decreases, Cp of TISe decreases gradually and no anomalies associated with any structural
transitions are observed (Figure 2.1.4a). Figure 2.1.4b presents the Co/T vs. T2 plot within
the temperature range of 2-22 K. Debye model, which accounts largely for acoustic
phonon modes with longer wavelength, is found to be a poor descriptor for the obtained
data. Hence Einstein oscillators were incorporated to get a proper fitting. A combined

Debye-Einstein'? 2 model is given as:

O,

Zo ot BT+ S| An(0,)" () (2.1.4)
)

Eqg. 2.1.4 provides contributions arising from the electronic and phonon regions
quantitatively where the first and second term of above equation denotes the electronic
and Debye lattice contribution with = C-(12n*Naks/5)-(®p) 3, where Na is Avogadro
Number, ks is Boltzmann constant and ®p is Debye temperature, respectively. The

parameter C is assigned as C = 1 — >n An/3NR, where N being number of atoms per
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formula unit and R is the gas constant (8.314 J/mol. K). The last summation term signifies
the Einstein oscillator modes where A,, being the pre-factor of n'" Einstein mode. A total
of 3 distinct oscillators having characteristic temperatures of @g1 = 43.46 K, @2 = 22.74
K and @3 = 73.41 K were required for a proper description of the data. These Einstein
modes (&1, Oe2 and Og3) are attributed to the low-energy optical modes originating from
feebly TI*-rattlers. These Einstein oscillators couple with heat-carrying acoustic phonon
modes decreasing the group velocities of the latter and thereby suppressing «iat. All the
obtained fitting parameters are given in Table 2.1.2. Inset of figure 2.1.4b shows the Cy/T®
vs. T plot. A broad boson like peak around 9K that can be fitted only with combined
Debye — Einstein model corroborates the existence of Einstein oscillators in the sample.
This Boson like peak is indicative towards the presence of excess optical phonon density
of states (PhDOS).® The Debye temperature (®p) derived from the lattice contribution is
found to be 217 K.
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Figure 2.1.4. (a) Temperature dependent heat capacity (Cp). (b) Debye-Einstein fit of
Cp/T vs T2 along with individual contributions of low energy Einstein modes. Inset of
Figure b shows Boson like peak and can only be fitted using a combination of Debye and
Einstein model.

We have complimented our experimental observations with first-principles DFT
calculations to gain insight into the relevant phonon scattering mechanisms. An important
indicator of rattler atoms is the presence of a non-dispersive (flat) band(s) in phonon

dispersion along high symmetry directions in the Brillouin Zone (BZ). T1Se exhibits such
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non-dispersive bands at fairly low frequencies (Figure 2.1.5a) indicating the presence of
rattling atom in the system. In full relaxed structure of TISe (atomic positions and lattice
constants, black lines), this rattler band is weakly unstable having imaginary frequency
of ~10.2 THz (Figure 2.1.5a), which gets stabilized in the optimized structure at 1 GPa
(red lines). This imaginary frequency indicates that ambient TISe structure is at the brink
of lattice instability (Figure 2.1.5a, b), and the rattler modes must have large Gruneisen
parameter. From the frequencies of phonons (see Table 2.1.3), we find that low energy
optical phonons at 0.51 THz (~17 cm™) and 0.65 THz (26 cm™) at P = 1 GPa constitutes
of flat bands. These values are in reasonable agreement with their values estimated from
model fit to the measured heat capacity. Highest frequencies of vibrations of TISe at P =
0 GPaand P =1 GPaare 6.12 THz and 6.21 THz respectively. Partial phonon density of
states (Figure 2.1.5c) reveal the dominance of TI" vibrations at low frequencies, whereas,

in the moderate to high frequency range, vibrational activity of Se atoms is prominent.

Table 2.1.2. Parameters obtained after C, fitting using 3 Einstein Oscillators.

Parameters Values
y/Jmol?t K2 0.00483 + 9.91E-4
B /10* I molt K* 1.32 + 2.95E-3
Oe/K 43.46 £ 2.32
BOe2/K 22.74 £ 1.46
Oes/K 73.41+4.72
A1 9.38+1.32

A 1.08 £ 0.29

Az 11.57 +0.82
Op (K) 217 K

R? 0.99999

v 7.25E-7
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Figure 2.1.5. (a) Phonon dispersion of TISe at P = 0 GPa and P = 1 GPa. (b) Avoided-
crossing between branches of TA and TO phonons highlighted in the low frequency
phonon dispersion along I to X, marking symmetry labels of phonons at I', (c) Partial
phonon DOS of TISe, showing dominance of TI™ (blue) displacements in the low frequency
vibrations. (d) Gruneisen parameters corresponding to the TA phonon branch (P = 1
GPa) of TISe. (e) Sensitivity of dispersions of TA branch to the change in volume.

It is important to note that the two Eq modes marked at 26 cm™ and 44 cm™ in
Figure 2.1.5b correspond to the peaks in the PDOS of TI* and TI** ions (Figure 2.1.5c)
respectively for P = 1 GPa. Interestingly, their frequencies match closely with the
measured Eg modes in Raman spectrum at room temperature (Figure 2.1.7a).
Visualization of their eigen vectors (in Figure 2.1.6f, j) shows displacements of TI* and
TI¥* atoms in the a-b plane, which may cause significant anharmonic phonon scattering
of acoustic modes.

Azymode marked at 17 cm™ involves dominant z-displacements of TI* atoms along
with collective anti-parallel displacements of chains of (TlSe,)y~ tetrahedra. In contrast,
A>g mode at 22 cm™ involves axial rotations of tetrahedral chains and displacements of
TI* in z-direction. Vibrations in the low frequency range, up to w(Eg) = 26 cm™ involve

displacements of TI* atoms are along z-direction. Thus, flat bands containing z-polarized
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Aoy and Ag as well as those containing ab-polarized Eg modes are responsible to low «iat
of TISe. A strong acoustic-optic hybridization is observed here which manifests as
avoided-crossing and are responsible for low kit in TISe which is akin to some known

clathrate compounds®® 40,

Table 2.1.3. Calculated zone centre phonon frequencies of TISe.

0 GPa 1 GPa
S. Mode Freq. Mode Freqg. (THz)
No. (THz)
1 Az -0.0656 Az 0.1854
2 = 0.1898 Eu 0.2108
3 Ay 0.3085 Ay 0.5152
4 Eq 0.4866 Aog 0.6547
5 Asg 0.7735 Eq 0.7702
6 Eu 1.0804 Eu 1.2607
7 Eq 1.3273 Eq 1.3144
8 Azg 2.0915 Azg 2.3686
9 Eu 2.4182 Eu 2.5184




Chapter 2.1 79

10 Big 2.6219 Big 2.7618
11 Bag 2.8815 Bzg 2.8737
12 Az 4.2950 Az 4.3368
13 B 4.3106 B 4.3442
14 Eq 4.4984 Eq 4.5926
15 Axg 5.1316 Aig 5.1186
16 = 5.2448 E. 5.3162
17 Bzg 6.1214 Bzg 6.2193

To assess anharmonic contributions of phonons in the flat band to thermal
transport, we calculated mode Gruneisen parameters using phonon dispersions of TISe
determined at three different crystal cell volumes. Gruneisen parameter, y, of each phonon
mode [q; p] (q is the wave vector and p is the phonon polarization index) is a measure of

its volume dependence, which is calculated using finite difference formula:

_ VvV owp@ _ 14 AD (q)
W@ = - 25T = T mar @@ G e@ @19

where V is the unit cell volume, o is the phonon frequency, D is the dynamical matrix,
and e is the eigen vector. The calculated y of phonons in the flat band are shown in Figure
2.1.5d along with the phonon branches corresponding to three unit cell volumes used in
the calculation. Throughout I'-X-M-I" line, mode v is significantly high and it shows
anomalously high values in M-T line (y ~140). The striking sensitivity of this particular
flat band to the change of unit cell volume (Figure 2.1.5e) explains the unusually high

values of the mode y which originated from the weak electrostatic interaction of TI" in
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T1Se. Mention must be made that mode y for other phonon branches are calculated to be
less than 5. Such large values of y mean the acoustic modes couple strongly with TO
phonons in the flat band, which affect the acoustic phonon propagation, thereby lowering

the thermal conductivity of TISe.

Figure 2.1.6. Eigen vector visualizations for the phonon modes at I" point for 1 GPa case
calculated using optimized lattice constant. Grey balls signify TI*, Gold balls represent
TI®* whereas Green balls signify Se atoms.

Finally, we have visualized these low energy optical modes using THz-TDS and
Raman spectroscopy. To understand the phonon dynamics and possibly the role of TI*
rattler at atomic level, we have performed the THz-TDS at room temperature and Raman
spectroscopic measurements at varied temperatures (4-300 K). The group theoretical
analysis for TISe (space group 14/mcm (Dan®)) reveals seventeen normal modes of
vibrations active at Brillouin zone center which have been classified by following
irreducible representation:

['=Aig+ 2A2 + Big+ 2Bog + 3Eg + B1y + 3Az + 4E,
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among these modes, only seven modes, namely, Aig, B1g, 2B2g and 3Eg are Raman active.
On the other hand, seven modes (3A2y and 4E,) are THz active. The centrosymmetric
TISe should have mutually exclusive Raman and THz (IR) active vibrational normal
modes. Hence, the Raman and THz spectral analysis are complementary to each other,

enabling us to observe all low frequency optical phonons.
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Figure 2.1.7. (a) Raman spectrum at 300 K with their corresponding peaks assigned. (b)
THz-TDS spectrum of TISe at room temperature in reflection geometry. (c) Temperature
dependent Raman spectra and (d) Normalized intensity of the first 3 low energy Raman
peaks.

Room temperature Raman spectra for TISe is shown in Figure 2.1.7a, where these
seven modes have been presented at ~ 28 cm™ (Eg), ~ 38 cm™ (Eg), ~ 92 cmt (Byg), ~ 140
cm(Ey), ~ 158 cm™ (A1g), ~ 168 cm™ and ~ 203 cm™ (Bzg). The Raman data is taken at
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an excitation of 532 nm. Figure 2.1.7b shows the broadband (0.6 to 7.5 THz) THz-TDS
spectrum of TISe collected at room temperature in reflection geometry. We observe
several broad peaks below 4 THz (133 cm™) and a strong peak at 4.6 THz (153 cm™).
The frequencies of the observed optical modes (possible assignments are in Figure 2.1.7b)
are in reasonable agreement with the DFT prediction. THz spectrum shows additional
peaks (~ 2.2 THz and ~ 3.7 THz) than the number of allowed transitions within the
frequency range, which is attributed to the large anharmonicity of the lattice that may lead
to the violation of the transition selection rules.

Temperature dependent Raman spectra from 4 K to 300 K are shown in Figure
2.1.7c. Peak intensities of the Raman modes are normalized with the intensity of Ag
modes. The low frequency modes i.e., E; ~ 28 cm™ and Eq ~ 38 cm™ are in good
agreement with our DFT calculations and heat capacity data, which also complements the
THz-TDS findings. The normalized intensity (area under the curve) of both these low
energy phonon modes are shown to increase with increasing the temperature (Figure
2.1.7d). The increase in relative intensities of the low frequency modes confirms the
enhancement in the phonon population which in turn gives higher scattering of the
acoustic phonons and thereby reducing «iat of TISe, significantly.

2.1.4. Conclusion

Simple binary Zintl-type TISe is a mixed valent compound, i.e., TI* TI** (Se*")q,
possessing noticeable bonding hierarchy in structural sublattices, exhibits ultralow lattice
thermal conductivity (kiat) of 0.62 - 0.4 W/mK in the range 300 to 525 K. Low lying
optical phonon modes generated by intrinsic TI™ rattling within the one-dimensional
channel formed between the chains of (TISe,)n~ significantly hinders the movement of
the heat carrying acoustic phonons and thereby obstruct the heat conduction.
Anomalously high lattice anharmonic interaction between acoustic modes and the rattler
TO modes is evident in high Gruneisen parameter arising from the freely vibrating TI*
rattler. Eigen displacements analysis of TA and TO phonons indicated avoided crossing
between themselves, which indicates rattling dynamics. Finally, to shed light on inherent
TI* rattling, room temperature THz-TDS measurement and temperature dependent

Raman spectroscopic measurements have been performed, which demonstrate the
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presence of several low energy optical modes. The lowest frequency optical modes
correspond to the caged intrinsic TI" rattler and their intensity increases with the increase
in temperature which provides additional channels for phonon scattering. Our findings
provide a strong viewpoint to unearth and design materials with bonding hierarchy and

lattice anharmonicity which can exhibit intrinsically ultralow «iat.
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Giant Anisotropy in Layered InSe: Coexistence of
High and Low Lattice Thermal Conductivity'

Summary

Heat conduction through a material is subjected to decades of research, mostly due to
their vast applicability in both ends of the spectrum. High thermal conductive compounds
are useful for heat sinks, heat radiators, while the low thermal conductive compounds are
useful for thermoelectrics and thermal insulators. In crystalline insulators, the heat
conduction is mainly carried out via quantized lattice vibrations (phonons), and thus
understanding the nature of their propagation is imperative to formulate useful thermal
management modules. Herein, we have investigated the nature of lattice thermal
conductivity (kiat) In a highly oriented B-InSe. f-InSe which is a layered material, shows
very anisotropic kiat When measured in the layer (10.43 W/mK at 295 K) and across the
layer directions (1.26 W/mK at 295 K) with an anisotropic ratio of 8.25 at 295 K.
Theoretical calculations revealed the presence of weak inter-layer bonding and low cut-
off frequency of the acoustic modes for such low kia in the cross-plane direction. Sound
velocity measurements corroborated the theoretical findings with high average sound
velocity (3181 m/s) in the in-plane direction as opposed to 2037 m/s in the cross-plane
directions. Phonon mean free path calculation revealed that most of the phonons gets
scattered when traversing the interlayer vdW barrier of [-InSe, while in the in-plane
direction, the phonon conducts seamlessly. All these factors collectively lower the kiat in
the cross-plane direction as compared to the in-plane direction of f-InSe, and causes
such anisotropy in the lattice thermal conductivity.

M. Dutta, K. Pal, S. Matteppanavar, A. Warankar, P. Mandal and K. Biswas. Manuscript under

preparation.




90

Chapter 2.2




Chapter 2.2 91

2.2.1. Introduction

Layered materials are subjected to rigorous investigation due to their unique
bonding environment which brings up intriguing electronic, optical, mechanical and
thermal properties.! Moreover, these 2D materials offer great flexibility which can be
used in wearable electronics.? These materials are generally held up by weak van der
Waals (vdW) interaction, which can be exfoliated and can be studied as single 2-
dimensional (2D) materials. Recently, the layered materials like BiSbTe,® Bi,Tes,* SnSe,’
SnS,° InsSes’ etc. shown superior thermoelectric performance owing to their distinctive
electronic and thermal transport properties. Particularly these materials have shown
anisotropic lattice thermal conductivity (kiat) With particularly very low thermal transport
in the cross-plane direction.® ® These low «x Materials are subjected to rigorous
investigation owing to their vast applicability ranging from refractories, thermal
insulators'® to thermoelectrics!3. Hence, the atomic insights into the lattice thermal
transport of these 2D materials warrants thorough examination.

Indium selenide (InSe), a 111A — VIA based mono-chalcogenide have been under
comprehensive scrutiny for nearly 50 years due to their outstanding optoelectronic
properties,* 1> exceptionally high plasticity,’® bendable photodetectors,'’ 2D
ferromagnets,® photovoltaics,® magneto-optical effects or field effect transistors®. InSe
has also been investigated in energy management application like thermoelectrics, mainly
due to its potential as a flexible and wearable thermoelectric material.?!?* Recent
theoretical investigations on monolayer InSe indicated that the thermoelectric figure of
merit (zT) of InSe can reach up to 1.6 with optimum carrier concentration.?> However,
the low room temperature carrier concentration (~ 3.2 x 1012 cm™) of pristine bulk InSe,
limits its zT performance.?® 224 Several works on InSe focussed on improving the carrier
concentration of InSe via external doping, but with only limited success.?!-24 26-29
Recently, it has been shown the presence of dynamic carrier transport property in bulk -
InSe where the carrier concentration increases with increase in temperature.? This is due
to the presence of amphoteric In atom, residing as In* and In®*. With thermal activation
the In* coverts into In®* and releases two electrons in the matrix, thus increasing the carrier
concentration from 3.2 x 103 cm™ to 6.2 x 10*® cm in 300 — 723 K temperature range.?
Although thorough investigation into the electronic properties of InSe has been done via
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both experimental and theoretical means,® 3! similar insights into the phonon transport
properties of bulk InSe are missing and to achieve superior thermoelectric properties in
InSe it is imperative to understand its structure-thermal property relationship.

Herein, we have investigated the phonon transport property of highly oriented j3-
InSe crystals in the in-plane (L to c-axis) and cross-plane (|| to c-axis) directions. B-InSe
is a layered hexagonal compound comprised of quadruple layers (QL) of Se-In-In-Se
separated by a vdW gap growing along the crystallographic c-direction. The «iat Of InSe
along the in-plane direction is found to be high ~10.43 W/mK at 295 K while in the cross-
plane direction, the kiat iS almost 8.25 times less, having a value of ~1.26 W/mK at 295
K. Theoretical investigations revealed the strong charge overlap between the intralayer
In-Se and In-In bonding while the interlayer bonding is found to be very weak.
Furthermore, from the phonon dispersion, the cut off frequency for the acoustic mode
along the cross-plane direction is very low at 18 cm™ while along the in-plane direction
the cut off frequency is found to be 62 cm™. Both these calculations indicate the role of
anisotropic phonon propagation in InSe. These theoretical calculations are backed up by
experimental sound velocity calculations where very low average sound velocity of 2037
m/s is obtained in the cross-plane direction compared to almost twice the value in the in-
plane direction. The calculated phonon mean free path (MFP) is found to be much lower
(~12.90 A) in the cross-plane direction as compared to the in-plane direction (68.35),
indicating that most of the phonons gets scattered while crossing the interlayer vdwW
barrier. Finally, we observed the presence of very low frequency vibrational modes below

4 THz which scatters the heat carrying acoustic phonons and results in low it In InSe.

2.2.2. Methods

Synthesis. Highly oriented InSe single crystals were prepared by dual zone vertical
Bridgman technique. Used stoichiometric quantities of high purity In (99.99%, Alfa
Aesar) and Se (99.9999%, Alfa Aesar) (total weight of 10 g) in a tapered quartz ampoule,
sealed during high vacuum of 107 torr. The contents were heated up to 773 K in 12 hours,
kept at this temperature for 20 hours, ramped to then ramped to 1223 K in 8 hours,
followed by dwelling at this temperature for 44 hours, and then cooled to 998 K in 24

hours. The melt was then passed through a temperature gradient from 998 K to 848 K at
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a speed of 1.5 mm/hr. Finally, the sample was slowly cooled to room temperature in 43
h.

X-ray diffraction (XRD). Room temperature XRD measurements of InSe are Rigaku
SmartLab SE diffractometer using Cu Ka (A= 1.54059 A) radiation.

Optical Band gap measurements. To estimate the optical band gap, diffuse reflectance
measurements were carried out using a PerkinElmer Lambda 900 UV/Vis/near-IR
spectrometer in reflectance mode. Absorption (o/S) data were calculated from the
reflectance data by using the Kubelka—Munk equation: a/S = (1 — R)%/(2R), in which R is
the reflectance, and « and S are the absorption and scattering coefficients, respectively.

The energy band gaps were derived from /S vs. E (nm) plots.

Thermal conductivity. The thermal diffusivity, D, was measured between 290 K and
615 K using laser flash diffusivity technique in Netzsch LFA-457 instrument. Disc-
shaped and square pellets were used for thermal transport measurement for cross-plane
and in-plane directions respectively. Total thermal conductivity (ktt) was estimated using
the relation, k = D x Cp X p, where p is the density (> 97%) of the sample and C, is the

heat capacity (Cp, = 0.257 J/gK) estimated using Dulong-Petit limit.

Electronic properties. Electrical conductivity (o) and Seebeck coefficient (S) were
simultaneously measured under He-atmosphere from 290 K up to 615 K using ULVAC-
RIKO ZEM-3 instrument.

Sound Velocity Measurements. The longitudinal (vi) and shear (vs) sound velocities
were measured using Epoch 650 Ultrasonic Flaw Detector (Olympus) instrument with

the transducer frequency of 5 MHz.

Computational details. All density functional theory (DFT) calculations were performed
using the Vienna Ab-initio Simulation Package (VASP).3> %3 We used the VASP supplied

potentials for In (4d* 5s? 5p'), and Se (4s? 4p*) which were constructed using the
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projector augmented wave (PAW) method.®* 3> We utilized the PBEsol*® generalized
gradient approximation (GGA)®" to the exchange-correlation energy functional. All
calculations were done using a kinetic energy cut-off of 520 eV. We used a k-point mesh
of 16 x 16 x 4 for the relaxation of the cell parameters using the primitive unit cell of the
beta phase (Space group: P6s/mmc, No. 194) of InSe. The optimized lattice parameters
(a=4.01 A, ¢ =16.98 A) agree very well with the experimentally reported values (a=4.05
A, ¢ = 16.93 A) with the changes being smaller than 1%. We calculated the phonon
dispersion of InSe within a finite-displacement method using the Phonopy*® code, where
the atom-displaced supercell configurations were generated using 4x4x1 supercell
(containing 128 atoms) of the primitive unit cell (with 8 atoms). We have used 4x4x4
k-point grid for the calculations of interatomic force constants (IFCs) before determining
the phonon dispersion. We calculated the bulk (B) and shear (G) moduli using Voigt’s
formula®® utilizing the elastic tensor obtained from VASP. Theoretical calculations are
done in collaboration with Dr. Koushik Pal, INCASR, India.

THz Time-Domain Spectroscopy. We have performed THz-Time Domain
Spectroscopy (THz-TDS) of InSe in reflection geometry at room temperature. This
technique is based on the ultrafast laser system which consists of Ti:Sapphire oscillator
(Tsunami) and regenerative amplifier (Spitfire Pro), both from Spectra Physics, Newport.
In our home-built setup, amplified laser pulses have peak wavelength around 800 nm with
pulse repetition rate of 1 KHz, average pulse energy of ~4 mJ (equivalent to total power
of 4 W) and pulse width of ~50 fs. Nearly half of the power, ~2 W has been used to
generate and detect THz pulses.*

THz pulses are produced in air plasma by focusing fundamental wavelength of
800 nm and its BBO crystal generated second harmonics (400 nm). THz radiations along
with many other parts of electromagnetic radiations are produced in air plasma. High
resistivity (HR) silicon wafer (resistivity > 10* Qm) is used to separate THz frequencies
from rest of the other electromagnetic frequencies. Detection of THz pulses is done by
Air Biased Coherent Detection (ABCD) technique. In our setup, we could detect

broadband THz spectrum ranging from 0.5 to 15 THz by this method. THz generation
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and detection path has been continuously purged with dry nitrogen gas to avoid THz
absorption in water vapour present in ambient air.

To find complex refractive index of InSe in THz frequency range, THz Time-domain
spectroscopy (THz-TDS) in reflection geometry with normal incidence mode was carried
out. THz pulses, reflected from HR silicon (used as reference) and sample (InSe) are
collected in time domain. Fresnel equation for reflection in normal incidence is used to

find complex refractive index of InSe. It is given by following equation,*! 42

Nsample "air

ESample(w) __ TsampletNair 291
: — Tsampte® 2.2.1)
Egi(w) si—Mair

NgitNgir

where, Esample (w) and E; (w) are Fourier transforms of time-domain THz electric fields,
collected in normal reflection from sample and silicon (reference), respectively. fisgmpie.
ng and ng;, are complex/real refractive indices of sample, reference and dry air,
respectively. Refractive indices of HR silicon and dry air (mainly containing N2 gas)
remain constant over studied THz frequency range (ng; = 3.45 and ny;,- = 1). Complex
refractive index is written as, figgmpe = n + ik, n is the actual refractive index and k is
extinction coefficient of sample. Absorption coefficient () is obtained by the
relation, ¢ = 2. w. k/c, where w is the angular frequency and c is the speed of light. THz-

TDS measurement is done in collaboration with Prof. P. Mandal, IISER, Pune.

2.2.3. Results and Discussion

Highly oriented crystals of InSe are grown via vertical Bridgman technique.
Figure 1a shows the X-ray Diffraction (XRD) data of InSe measured along the in-plane
direction layer direction and cross-plane direction and can be indexed for the B-InSe
phase. The compound when measured along the cross-plane direction (|| to c-axis) shows
highly intensified (0, 0, I) peaks, while the intensity of the same peaks gets subsided when
measured along the in-plane direction (L to c-axis) (Figure 1a). This indicates the

formation of highly oriented B-InSe, with layers stacked along the crystallographic c-axis.
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Figure 2.2.1. (@) XRD of p-InSe measured along parallel (||) and perpendicular (1)
direction to the crystallographic c-axis. (b) Optical band gap of p-InSe.

B-InSe is a layered compound and crystallises in a hexagonal crystal lattice having
the space group P6s/mmc with an optical band gap of ~1.17 eV (Figure 1b). Here each
layer is made up of quadruple Se-In-In-Se bonds and are separated from each other by a
vdW gap of ~ 0.8 nm (Figure 2a).'® The layers are stacked parallel to each other in a
honeycomb lattice, with the subsequent layers are rotated by 60° (Figure 2b). The thermal
conductivity of B-InSe when measured in the in-plane and cross-plane direction are found
to show highly anisotropic transport (Figure 3a). The «iat iS then derived using the relation
Klat = K — Kel, Where electrical thermal conductivity, kel (Figure 3b) can be extracted using
the Wiedemann-Franz law kel = LoT (L being the temperature dependent Lorenz number
obtained by fitting the Seebeck coefficient to the reduced chemical potential, ¢ is the
electrical conductivity and T is the absolute temperature). Very low value of el indicate
that kiat is the primary carrier of heat across the material. The kst of B-InSe is found to be
high having a value of ~10.43 W/mK at 295 K when measured 1 to the c-axis (i.e., in-
plane direction) and decreases with increase in temperature to ~4.36 W/mK at 610 K
(Figure 3c). However, the kit When measured || to the c-axis shows very low value of 1.26
W/mK at 295 K, which decreases to ~0.68 W/mK at 610 K, lying very close to the

theoretical minimum thermal conductivity (kmin) of 0.573 W/mK (derivation of Kmin IS
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discussed later) and are consistent with previous report (Figure 3c).*® The anisotropic
ratio between the two measured direction is found to be very high around 8.25 at room
temperature (Figure 3d). To investigate the nature of lattice thermal conductivity in -
InSe, we have looked into the temperature dependence of kiat. The «iat IS found it to be
linear when plotted against 1/T, indicating that Umklapp scattering is the dominant
mechanism** and there are no significant other phonon-scattering mechanisms present

along both the directions (Figure 4).

Se
@ 5 (b)

Layer direction

I > b 60° rotation

Figure 2. Crystal structure of B-InSe (space group: P6s/mmc) (a) along the cross-plane
layer stacking direction and (b) along in-plane direction.

To understand the nature of the chemical bonding in this compound, we
performed the analysis of (i) interatomic force-constants (IFCs) which we obtained from
our harmonic phonon calculations and (ii) electronic charge density distributions obtained
from static DFT calculations. From iso-surfaces of the charge density (Figure 5a), we see
that In and Se atoms have strong overlap of charge clouds along the direction of their
bonding, indicating covalent bonding between them. Surprisingly on the other hand, we
found similar charge overlapping and directional covalent bonding between the two In
atoms within a layer. Our bonding analysis is consistent with a previous electronic

structure study of InSe.3! Due to the presence of vdW gap between two quadruple layers,
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Figure 2.2.3. Temperature dependent (a) total thermal conductivity (kwt), (b) electrical
thermal conductivity (xel), (C) lattice thermal conductivity (xia) and (d) anisotropy of
thermal conductivity between two directions of S-InSe.

no charge density appears between them as expected. To quantify the strength of the
chemical bonds within a quadruple layer, we plot the IFCs between nearest neighbor
atoms in Figure 5b, which shows that In-In bond has the highest value of the IFCs (-5.8
eV/A?), indicating very strong bonding between them. On the other hand, the IFCs
between In and Se are marginally smaller (-5.4 eV/A?), indicating the relatively weaker
bond strength between In-Se. As practically there is no bonding between the quadruple
layers, the IFC for intralayer Se atoms are very small (-0.5 eVV/A?). Such a large difference
of interlayer and interlayer bonding strengths and a very strong In-In bonding within a
layer strongly influence the thermal transport properties of the compound. The absence
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of strong connectivity between the quadruple layers makes the crystal structure elastically
soft as revealed by our calculations of bulk (24 GPa) and shear modulus (G = 14 GPa),

which are quite low.

1.4

(a) 10l —@— | to ¢ axis (b) —— || to c axis
— 1.2+
X
E 8 <
= £
el 21.0}
¥§
4l 0.8}

16 20 24 28 32 36 16 20 24 28 32 36
1000/T (1/K) 1000/T (1/K)

Figure 2.2.4. I/T dependence of kiat in the (a) in-plane direction (L to c-axis), and (b)
cross-plane direction (|| to c-axis).

To understand how the disparate bond-strengths and soft elasticity of InSe affect
its vibrational properties, we have calculated and analyzed its phonon dispersion and
density of states. The calculated phonon dispersion (Figure 5c) exhibits soft acoustic
phonon branches with frequency below 20 cm™ along I'-A direction in the Brillouin zone,
which in real space correspond to parallel the layer direction in the crystal structure. Such
low frequencies of the acoustic phonons originate from the weak bonding between the
quadrupole layers. On the other hand, along the I'-M direction that corresponds to in-
plane layer direction in the crystal, the frequencies of the acoustic phonon branches
become much higher (> 60 cm™) due to relatively much stronger intralayer bonding which
is dominated by In-In bonds. Due to this strong hybridization, there is a strong overlap of
phonon contributions originating from In and Se in the low-frequency range up to 100
cm (Figure 5d). As a result, the lattice heat propagates quite well within the quadruple
layer and parallel to the layer direction in InSe, resulting in a high lattice thermal
conductivity (xiat). On the other hand, due to very weak bonding between the quadruple
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layers, the transport of heat is severely impeded by the vdW gap, resulting in a much

lower «iat along the layer direction.
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Figure 2.2.5. (a) Iso-surfaces of electronic charge density (colored in blue) shown in the
unit cell of f~InSe. (b) Second order interatomic force constants for the nearest neighbour
atom pair in the crystal structure of f-InSe. (c) Phonon dispersion and (d) atom-resolved
phonon density of states f-InSe. In and Se atoms are denoted by the pink and green
spheres, respectively.

This large anisotropy in xiat can also be rationalized by the different values of
sound velocities when measured along the different direction. Since the acoustic phonons
determine the sound velocities, there is a large difference of sound velocities along the
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in-plane and cross-plane directions which corroborate to the high cut-off frequencies in
the acoustic phonon branches. The experimental sound velocity along the in-plane
direction is measured to be ~4473 m/s and 2900 m/s along the longitudinal (vi) and shear
(vs) directions. While the cross-plane direction, the vi and vs is found to be very low ~
3028 m/s and 1844 m/s respectively. The average sound velocity (vae) calculated using

the equation,*

-3 (2.2.2)

vave vl—3+2vs—3
is found to be ~3181 m/s along the in-plane direction, while along the cross-plane
direction it is almost halved to ~2037 m/s, thus corroborating the theoretical cut-off

frequencies. The minimum thermal conductivity calculated using the formula,*

3 /m\1/3
Kmin = 5 (E) an2/3vave (2.2.3)

2 \6

is found be 0.573 W/mK and 0.895 W/mK in the in-plane and cross-plane directions,
respectively. Here kg is the Boltzmann constant and n is the number density of the
compound. The phonon mean free path (1) calculated using the equation,*’
Kiae = 5 CyVavel (2.2.4)

where, Cy is calculated as pCp (p is the sample density, 5.6 g/cm® and C, is the specific
heat capacity). The phonon mean free path is calculated to be ~ 68.35 A and ~12.90 A
along the in-plane and cross-plane directions, respectively. The high phonon mean free
path (~ 17 times than that of a = b = 4.005 A) along the in-plane direction means the flow
of heat through the plane is seamless and corroborates with our high «iat value in that
direction. While the phonon mean free path along the cross-plane direction is less than
the lattice parameter along the c-direction (16.640 A) which means most of the phonons
gets attenuated in the interlayer barrier and hence the heat flow through this direction is
found to be very limited.

Room temperature Terahertz-Time Domain Spectroscopy (THz-TDS) of B-InSe
has been performed to experimentally investigate its vibrational characteristics. THz
radiation mainly detects IR active optical phonon modes in semiconductor. For B-InSe,
we observe several absorption peaks below 5 THz indicating the presence of multiple soft
phonon optical modes (Figure 6). These optical phonon modes can couple with the heat
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carrying acoustics modes and scatter them, thereby lowering the «iat of B-InSe as

observed.
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Figure 2.2.6. THz-TDS spectrum of InSe at room temperature in reflection geometry.

2.2.4. Conclusion

B-InSe shows highly anisotropic kit due to their highly strong bond overlap within the
layers, whereas in between layers only weak vdW type interaction is present. The
presence of such bonding heterogeneity is observed from charge density functional
analysis and IFC values. Phonon dispersion indicated the presence of anisotropic cut-off
frequencies of acoustic modes with high cut-off (> 60 cm™) frequency is observed in the
in-plane layer direction and low cut-off frequency (< 20 cm™) is observed in the cross-
plane direction. These are further corroborated using the sound velocity measurements
and phonon mean free path calculations. Phonon mean free path revealed very high
phonon mean free paths along the layers while traversing the layers, the phonon mean
free paths are found to be very low (~ 12.90 A). Further we have observed the presence
of very soft phonon modes through THz-TDS measurements. All these findings are
suggestive of a very anisotropic phonon conduction through p-InSe and indeed we found

an anisotropic ratio of 8.25 at room temperature along the two directions. The «iat is found

to have a high value of 10.43 W/mK at room temperature when measured 1 to the c-axis,
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while || to the c-axis the kit found to be low, around 1.26 W/mK at room temperature.
The anisotropic kiat in B-InSe arises due to the interlayer barrier between two layers which

impedes the lattice vibrations and thus limiting its Kiat.
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Evidence of Highly Anharmonic Soft Lattice
Vibrations in a Zintl Rattler?

Summary

In this chapter, we present lattice dynamics associated with the local chemical bonding
hierarchy in Zintl compound TlIinTez, which cause intriguing phonon excitations and
strongly suppress the lattice thermal conductivity to an ultralow value (0.46 - 0.31 W/mK)
in the 300-673 K. We established an intrinsic rattling nature in TlinTe2 by studying the
local structure and phonon vibrations using synchrotron X-ray pair distribution function
(PDF) (100-503 K) and inelastic neutron scattering (INS) (5-450 K), respectively. We
showed that while 1D chain of covalently bonded [InTe,];" transport heat with Debye
type phonon excitation, ionically bonded Tl rattles with a frequency ca. 30 cm™ inside
distorted Thompson cage formed by [InTe,];;". This highly anharmonic Tl rattling causes
strong phonon scattering and consequently phonon lifetime reduces to ultralow value of
ca. 0.66(6) ps, resulting in ultralow thermal conductivity in TlInTex.

M. Dutta, M. Samanta, T. Ghosh, D. J. Voneshen and K. Biswas. Angew. Chem. Int. Ed., 2021, 60,
4259-4265.
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3.1.1. Introduction

Heat propagation in crystalline solids is a coveted research area for its wide-
ranging applications from heat dissipation in miniaturized electronic devices and
photovoltaics to the use of ultralow thermal conducting materials in thermoelectric energy
conversion,® thermal barriers* or refractories. Primarily for energy applications like
thermoelectrics, the main pre-requisite of a material is to achieve low thermal
conductivity without compromising the electrical properties, i.e., to limit the flow of heat
via lattice (or phonon) vibrations.> The magnitude of such lattice vibrations in a material
is determined by their short and long range chemical bonding interactions, and thus
understanding the nature of bonding and lattice dynamics together with their influence on
phonon transport is essential to explore and design new crystalline solids with low lattice
thermal conductivity (kia).® Traditionally, external inclusion of nano/meso precipitates or
all-scale hierarchical nano-structuring are employed to lower «iat, Which comes at a cost
of deteriorating charge carrier flow to some extent.”®

Slack envisioned a material system called “Phonon Glass Electron Crystals
(PGEC)” in which the electronic and phonon transports are essentially decoupled such
that the material provides a smooth conduction pathways for electrical charge carriers
while effectively blocking the heat carrying phonons.® Recently, it has been realized that,
rather than extrinsic (nano/meso-structuring) phonon transport manipulation strategies,
the deployment of intrinsic material properties to block heat transport is effective to
achieve PGEC like properties.® This leads to a recent surge in the discovery of
intrinsically low thermal conducting materials. Various intrinsic effects like
stereochemically active lone pairs,!! inherent bonding heterogeneity,'?* layered 2D
structures like SnSe,>17 SnS,*® BiSe!® and BiTe?’, complex crystal structures,: 22
ferroelectric instability?®>?* or part crystalline-part liquid states®>?’ etc. have been
employed to achieve an intrinsically low kiat. LOW thermal conductivity has been observed
in skutterudites?® and clathrates®® *° wherein a host element rattles independently in an

oversized cage.
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Zintl compounds like InTe,3 TISe,® NaCo0:** and TlInTe**% possesses
intrinsically low «ist. These compounds have covalent (stronger) and ionic (weaker)
substructures within them. The presence of such hierarchically bonded sublattices makes
Zintl compounds ideal for intrinsically ultra-low thermal conductivity. TlInTez has been
recently found to possess intrinsically low kiat.* Room temperature kit of TlInTez is ~
0.46 W/mK which further decreases to ~ 0.31 W/mK at 673 K, lying close to its
theoretical minimum of thermal conductivity (kmin). TIInTe2 undergoes both electronic
and structural phase transitions above room temperature.” 3 Furthermore, TlInTe; also
shows a pressure induced semiconductor to semimetal and semimetal to superconductor
transitions.®® Therefore, fundamental understanding of the local structural evolution of
TlInTe, with temperature and its correlation with low energy phonon modes are critical
in understanding the intrinsically low «ia of TlInTes.

Herein, we investigate the fundamental origin of the ultra-low «xja in the Zintl
compound TIInTe.. We have performed temperature dependent (100 K — 503 K)
synchrotron X-ray atomic Pair Distribution Function (PDF) and Inelastic Neutron
Scattering (INS) analysis to uncover the relationship between local structure and lattice
dynamics for the experimentally observed intrinsically low kit in TIInTe,. Our analysis
of local crystal structure of TlInTe> using PDF reveals that all the constituent atoms have
anisotropic thermal vibrations. However, Tl atoms vibrate at a greater amplitude
indicating the rattling behaviour inside the Thomson cage created by [InTe,],"
tetrahedra. We have observed the presence of bonding heterogeneity (coexisting covalent
and ionic bonding) which further aids to the lowering of k. The analysis of thermal
vibration of Tl atoms indicates that its rattling behaviour generates low energy Einstein
mode around ~ 30 cm™X. We have experimentally verified the presence of such low energy
phonon modes using temperature dependent neutron-weighted phonon density of states
(PhDOS) by INS. We have observed several low energy peaks in PhDOS at ~28 cm™, 45

cm* and 77 cm which are responsible for such low kit of TlHinTe2.4%*3 These modes
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broaden dramatically on heating, confirming the presence of strong phonon-phonon

scattering.

3.1.2. Methods

Synthesis. Synthesis of polycrystalline TlInTe; ingots were done via melting
stoichiometric amounts of high purity Thallium (TI), Indium (In) and Tellurium (Te) (12
g total weight) in high vacuum (10 torr) sealed carbon-coated quartz tube. These
ampules were then heated to 1123 K in 7 hr, subsequently soaked for 10 hr and then

cooled to room temperature in 15 hr.

Synchrotron X-ray Pair Distribution Function (PDF). For performing synchrotron X-
ray PDF, samples were finely ground with agate mortar pestle and then filled in capillary
of 0.6 mm diameter. Both ends of capillaries were sealed using adhesive. Low
temperature measurements (100 — 400 K) are done using Cryostream, and for high
temperature measurements (293 — 503 K), hot air blower was used. Perkin Elmer image
plate detector was used to record the diffraction data. To subtract the background, data
sets of empty capillaries was performed. Dark measurement prior to each data collection
was done and Lanthanum Hexaboride (LaBs) was taken as standard for calibration. The
energy of the beam was fixed at 59.83 keV was used.

G(r), which tells us about the probability of finding nearest neighbour bonding at
a certain distance r in the material, was obtained via Fourier transformation of scattering
structure function, F(Q)*

G(r) = % fQ"fan(Q) sinQr dQ (3.1.1)

where Q represents the momentum transfer of the scattering particle. F(Q) is obtained
from scattering data and is related to structure function S(Q) as F(Q) = Q[S(Q)-1].

Simulation of the experimental PDF data was done using PDFgui* software. All
the datasets from 100 K — 503 K were initially modelled using a tetragonal 14/mcm model.

The refinement parameters were the scale, correlation parameter, lattice parameter, and
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the thermal displacement values. The first peak of the G(r) vs r plot represents the nearest
atom - atom correlation, the second peak corresponds to second nearest atom-atom
distances and so on.

For calculating 0 and 0p, the experimental PDF data is fitted using 14/mcm space
group of TlInTe> with isotropic atomic displacement parameter (Uiso). The Uiso values
were refined considering the constraint that Uiso of In and Te is equal but different from
that of TI. PDF data is taken in beamline P02.1, PETRA I11, Germany.

Inelastic Neutron Scattering (INS). 10 g of polycrystalline TlInTez was wrapped in thin
Al foil and formed into an annulus approximately 2 mm thick with an outer diameter of
45 mm. This was mounted inside a top-loading CCR with hot stage (5 - 450 K) on MARI.
MARI is a Time-Of-Flight neutron spectrometer at the ISIS pulsed neutron source. MARI
was set up with the Gd chopper running at 200 Hz allowing for two incident energies of
35 meV and 6 meV to be measured simultaneously. Data collected was reduced with the
Mantid package*® and analysed with custom python scripts.

For each temperature measured, a corresponding empty sample can was also
measured. This empty can was subtracted from the data after scaling to 95 % of its original
value (this scaling was determined by the strength of the Al Bragg reflections) to account
for the increase in scattering when the rather absorbing sample is removed from the can.
A linear scaling factor is reasonably appropriate as the majority of the Al scattering is not
from the sample can but the cryostat tails. This approximation breaks down at very low
or high 20 where scattered neutron could pass back through the sample. For this reason,
data integrations have excluded the very lowest angle detectors. This linear scaling is still
an approximation and leads to a slight over-subtraction at large energy transfers where
scatting from the sample can is then strongly absorbed by the sample.

Phonon scattering grows in intensity as the square of the momentum transfer Q
and so the data was divided through by this. The Debye-Waller factor also applies to
phonon scattering causing a drop-in intensity with Q. Due to the anisotropic

displacements and the large differences between sites this was not possible to correct for.
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No further corrections were applied to data which was subsequently fitted. The
intensities of the middle peak (~ 45 cm™) were not well behaved at high temperature. For
the phonon density-of-states, the data was also multiplied through by the energy the
scattering was observed at and corrected for Bose statistics.

To extract a scattering rate from the fitted data the 5 K data was assumed to be the
resolution function. Additional broadening at higher temperature was assumed to arise
from phonon-phonon scattering and for the widths to add in quadrature. The phonon
scattering was then given by:

Oscat = 0F — 0. (312)

With errors calculated as

L +| Aog | ==, (3.1.3)

2 2 2 2
JUT—USK JUT—‘TSK

where oz Is the width at base temperature, o the width at higher temperatures and Ao;

AOgcqr = Aoy

is the error in the corresponding parameter. The INS measurements are done in
collaboration with Dr. D. J. Voneshen at MARI, ISIS-RAL, UK.

3.1.3. Results and Discussion

TlInTe> has a body-centred tetragonal crystal structure with space group 14/mcm
at ambient conditions. The tetragonal structure comprises tetrahedral [InTe,],™ 1D
chains propagating along the crystallographic c-direction (Figure 3.1.1).3* Each
tetrahedron is connected to another one via corner shared Te atoms, while the In* reside
in the middle of the tetrahedra. The In-Te bond distance is around 2.82 A, which is close
to the sum (2.80 A) of covalent radii of In (1.42 A) and Te (1.38 A). The TI" reside in the
4a Wycoff position and are surrounded by 8 Te atoms, forming a slightly deformed
Thompson cage (Figure 3.1.1a). The TI-Te bond distance is around 3.59 A, much larger
than the sum (2.83 A) of covalent radii of T1 (1.45 A) and Te (1.38 A), but close to their
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ionic bond distance of 3.71 A [ionic radius (rion) Of TI" is 1.64 A; rion of Te? is 2.07 A].
The presence of such heterogeneous bonding environment (i.e., the presence of both
covalent and ionic bond) is known to lower the lattice thermal conductivity due to
enhanced phonon scattering.!? Furthermore, in TlInTe., the TI* contains a 6s? lone pair of
electrons which further enhances phonon scattering due to lone pair induced anharmonic

lattice vibration.

Figure 3.1.1. (a) Room temperature tetragonal crystal structure (space group: 14/mcm)
of TlinTe> viewed along c-axis. Dashed lines signify weak electrostatic interaction
between Tl and Te. (b) Room temperature tetragonal crystal structure of TlinTe;
exhibiting In-Te polyhedra encompasses weakly bonded Tl in the lattice.

X-ray atomic Pair Distribution Function (PDF) analysis, being a total diffraction
technique, provides information for both the local (diffuse diffraction) and average
(Bragg diffraction) structure of a material and is ideal to study rattling and anisotropic
thermal vibrations.*” We have analysed the synchrotron X-ray PDF data of TlInTe; in the
temperature range of 100 K — 503 K. Figure 3.1.2a represents a typical PDF data (G(r)
vs. r) of TlInTe; taken at 300 K and the fit using the 14/mcm space group The first few
peaks in Figure 3.1.2a in the low r range (r < 5 A) provides information about the local
structure while the peaks in the high r range describes the average structure of TlIinTex.
Absence of any significant peak anomaly and overall good fitting (Rw = 0.108) of the
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Figure 3.1.2. (a) Synchrotron X-ray PDF data of TlinTe2 at 300 K fitted using 14/mcm

space group. (b) and (c) Temperature dependent G(r) of TlinTe for the first few peaks.
(d) Normalized peak intensity for the first three peaks. (e) The In-Te chemical bonding
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environment contributing to the first peak in G(r). (f) The TI-Te chemical environment
majorly contributing to the second peak in G(r). The third peak has major contributions
from TI-In correlations.

PDF data over a wide r range using the 14/mcm space group confirms that the compound
is indeed pure TlInTe, with body-centred tetragonal structure. Figure 3.1.2b, c, exhibit
the temperature dependent (100 K — 503 K) PDF data of first few peaks (r <5 A) which
provides information for the temperature evolution of the local crystal structure of the
compound. The first peak at around 2.82 A corresponds to the nearest neighbour In-Te
correlation. This bond is formed by In and Te in the [InTe,],™ tetrahedra as shown in
Figure 3.1.2e. The second peak at ~3.6 A corresponds mainly to the nearest neighbour
TI-Te bond (Figure 3.1.2f). The third peak at 4.24 A is predominantly constituted by
nearest-neighbour In and Tl interactions. Decrease in peak intensity and increase in peak
width with increasing temperature is observed for all these local structural peaks which
can be attributed to the increased thermal vibrations. The intensity of the second and third
peaks, however, decreases much faster than the first peak with increasing temperature
(Figure 3.1.2d). The sharp decrease in intensity of the second peak as compared to the
first peak is a direct consequence of the heterogeneous bonding environment within
TlInTe,. The nearest neighbour In-Te bond has a strong covalent character and thus,
shows a higher resistance to change with increase in temperature. Whereas, the nearest
neighbour TI-Te bond being weaker (ionic) in nature, vibrates with greater intensity as
temperature increases. This direct evidence of bonding heterogeneity obtained from
temperature dependent PDF data confirms the theoretical observations obtained from
charge density and electron localization function (ELF).3* Such bonding heterogeneity
leads to enhanced phonon scattering and results in low kiat in TlHInTe..

To investigate the nature of atomic vibrations in TlInTe, we have critically
examined the local crystal structure of the compound. The refinement of synchrotron X-
ray PDF data of TlinTe. at 300 K for the whole range evidence that all the constituent
atoms, TI, In and Te vibrate anisotropically. This is in contrast to the earlier reports



Chapter 3.1 121

obtained from Rietveld refinement of room temperature powder X-ray diffraction data
from laboratory diffractometer, which showed anisotropic vibration only for Tl while
vibration of In and Te remained isotropic in nature.>* The room temperature atomic
displacement parameter (U) of Tl along the crystallographic c-direction (Uz3) is found to
be 0.038 A2, whereas the values along the crystallographic a- and b-directions (U11 = Uz,)
are found to be 0.035 A2. Similarly, at 300 K, the Us3 values for In and Te are 0.015 A2
and 0.014 A? respectively, whereas the U1z = U, values are 0.021 A? and 0.022 A?
respectively.

To further understand the nature of atomic vibration in TlInTez, we have modelled
the first two G(r) peaks at room temperature (local structure) using two different models.
Firstly, we used anisotropic U values only for Tl (Us3 = 0.074 A?and U1 = Uz = 0.027
A?) while keeping the atomic vibration of In (U1 = U2 = U3z = 0.016 A?) and Te (U1 =
U2z = Uss = 0.023 A?) isotropic as reported in the previous Rietveld refinement of room
temperature PXRD data.®* The resultant fit is shown in Figure 3.1.3a, which exhibits that
this model gives reasonably accurate description of the second peak, which is dominated
mainly via TI-Te correlations. However, fit of the first peak, which is dominated by the
nearest neighbour In-Te bonding, is poor. The fit improves considerably when we remove
the restriction of isotropic vibration for In and Te and replacing the isotropic values with
the anisotropic values obtained from the PDF fitting over the whole r range (Figure
3.1.3b). The Rw value also decreases from 0.148 for the first model to 0.117 in the second
one, indicating a better fit when anisotropic thermal vibration is considered for all the
constituent elements. The temperature evolution of Ry for the whole structural fitting (i.e.,
2.2 -20 A) is shown in Figure 3.1.3c, exhibits a gradual increase of Rw with increasing
temperature. Ry increases monotonously from 0.079 at 100 K to 0.140 at 503 K. The
gradual increase of Rw in the 100 K to 503 K temperature range with increasing
temperature is an indication that the structure is slowly deviating from its tetragonal
symmetry, however, we have not observed any local symmetry breaking within this

temperature range.
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To further investigate the origin of such increase, we have divided the PDF spectra into
two parts: 2.2 — 5 A and 5 — 20 A and estimated the Ry value for these two regions
separately keeping all the refined parameters constant as obtained from whole structural
fitting (i.e., 2.2 — 20 A). We observed that for the 5 — 20 A range (Figure 3.1.3c) which
provides information for the average structure, the Ry values remains quite low and varies
from 0.07 at 100 K to 0.11 at 503 K, indicating that the average structure remains in the
tetragonal 14/mcm symmetry. However, Ry, in the 2.2 —5 A range increases greatly from
0.12 at 100 K to 0.21 at 503 K (Figure 3.1.3c). Such an increase in Ry value for the local
geometry of TlInTez has a marked effect on the total structural modelling (i.e., 2.2 — 20
A) and the increase in its Rw value (Figure 3.1.3c) is mainly attributed to the rapid increase
in the Rw value of the local structure. High Rw value for the low r range peaks (2.2 -5 A)
indicates that the crystallographic information obtained from the fitting of the average
structure are a poor descriptor of the local structural features. It infers that the effects of
temperature evolution on the low r range peaks position, intensity and width is much
stronger and asymptotically different as compared to the average structure. It likely
entails that either the crystal structure is locally perturbed as observed previously in well-
known thermoelectric compounds like PbQ (Q = S/Se/Te),*® 49 SnTe* etc. or the atomic
species vibrate with greater anharmonicity within the lattice. Since we have not observed
any peak asymmetry with increase in temperature which is an indicator for local structural
distortion, it is likely that the high Rw values for first few peaks are due to the enhanced
anharmonicity within the lattice. The increase of Rw with increasing temperature then
signifies that the anharmonicity increases with increasing temperature which also
corroborates with the rapid decrease (increase) in the peak intensity (width) for the second
peak as shown in Figure 3.1.2b, c. This evidence of significant anharmonicity is also in
accordance with the theoretical prediction of a high Gruneisen parameter.3* 3
Temperature evolution of lattice parameters show a monotonous increment with
increasing temperature throughout the whole temperature range of 100 - 503 K (Figure
3.1.4a). The lattice parameter along the crystallographic c-direction increases from 7.17

A at 100 K to 7.20 A at 503 K. Similarly, along the crystallographic a- and b-axis (a =b
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for the tetragonal structure of TlInTe,) the lattice parameter varies from 8.43 A to 8.54 A

within the same temperature range.
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Figure 3.1.3. Local structural (2.5 A - 4 A) modelling of 300 K synchrotron X-ray PDF
data considering (a) anisotropy in the vibration of Tl only, and (b) anisotropic vibration
for all the constituent elements TI, In and Te. (c) Temperature dependent goodness of fit
(Rw) for local (2.2 — 5 4), average (5 — 20 A) and total (2.2 — 20 A) structural X-ray PDF
data. Atomic displacement parameters of (d) Tl, (e) In and (f) Te along crystallographic
a, b (U1 = U22) and ¢ (Uza3) directions.
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The temperature dependent U values for Tl, In and Te is shown in Figure 3.1.3d -
f. At 100 K, the TI vibration is nearly isotropic having value of 0.013 A2 The low
temperature isotropic nature of TI vibration is in accordance with the spherical 6s? lone
pair of electrons around T1 obtained from ELF.3* This further confirms that T1 resides in
an isotropic void created by the Thompson cages of [InTe,]," tetrahedra and all the TI-
Te bonds are equal in distance. With increase in temperature, U becomes gradually
anisotropic with Uss showing slightly higher values as compared to U11 = U2 (Figure
3.1.3d) in the temperature range of 100 — 393 K. However, as the temperature increases
above 393 K, Tl atom shows a greater degree of thermal vibration along the
crystallographic a and b-axis as compared to the crystallographic c-direction (Figure
3.1.3d). The thermal expansion along a-(b) direction is also higher compared to c-
direction as seen from the temperature dependent a/c ratio (Figure 3.1.4b), which also
corroborates with higher U11 = U, values for Tl at high temperatures (393 — 503 K) as
compared to Usz value (Figure 3.1.3d). Due to thermal expansion, the electrostatic
repulsion between Tl and Te ions weakens which results in a higher rate of thermal
vibration along the crystallographic a- and b-axis, whereas the propensity of TI* to
migrate along c-axis increases. This migration will lead to TI" - TI" electrostatic repulsion
along this c-directional Tl chain and might be the reason for the rate of decrease in the
increase of Uz value at high temperatures. In and Te also show anisotropic values with
U1 = U2z being higher than Uss (Figure 3.1.3¢, f). The higher value of Uiz = U2 as
compared to Uzs for In and Te is due to the absence of bonding of [InTe,]," tetrahedra
along the crystallographic a- and b-axis, whereas it forms a 1D linear chain along the
crystallographic c-axis. This anisotropic thermal vibration along with bonding
heterogeneity of TlInTe, observed directly from PDF measurements explain the reason
for low and anisotropic thermal conductivity observed in this compound.

To further elucidate the rattling behaviour of Tl atoms in TlIinTez, we have
critically examined the temperature dependence of the isotropic thermal displacement
parameter of TI. If an atom resides in an oversized cage, it often resembles to that of an

Einstein oscillator. These Einstein oscillators vibrate independently to one another and
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with identical frequency.®! For such quantized oscillators, temperature dependence of U

at high temperature is given by:>

U = h2T
iso (4m2mKp62)

where, m, h, kg and O corresponds to reduced mass, Plank constant, Boltzmann constant

(3.1.4)

and Einstein temperature, respectively. Temperature dependence of Uiso for Tlin TlInTe;
exhibits linear behaviour with a slope of 1.277 x 10 A%/K and an intercept of almost zero
(Figure 3.1.4c). Zero intercept signifies the lack of any static disorder in the Tl sublattice.
From the linear temperature dependence of Uiso, we obtained 0g ~ 43(2) K (~ 30(1.4) cm
1y, which corresponds to E1g mode obtained from theoretical prediction and it is highly Tl
rich in nature.®® Similarly, using Ui, = 3h%T/(4n’mxgB3) for the [InTe,];™
tetrahedra, where m is the average mass, Debye temperature (6p) of 136.7 1(7) K is
obtained which is in fair agreement to theoretically calculated 0p value of 146.7 K.3® This
confirms that while the vibration of the [InTe,]," tetrahedra which forms the Thomson
cage is correlated in nature giving rise to the Debye type phonon excitation in TlinTey,
the localized rattling of Tl atoms residing inside those Thompson cages generates soft and

highly anharmonic vibrations.
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Figure 3.1.4. (a) Temperature dependent lattice parameter of TlinTe, obtained from
fitting of PDF data (average structure). (b) Ratio of lattice parameter along
crystallographic a- (b-) direction with respect to crystallographic c-direction. (c) Linear
fitting for Uiso values of Tl and the [InTe,];,;" Thompson cage.
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Such localized rattling of Tl atoms should give rise to enhanced phonon density
of states (phDOS) at low energies with highly anharmonic phonon modes. To
experimentally uncover the presence of such low energy modes, we have performed a
temperature dependent Inelastic Neutron Scattering (INS) experiment.>> Neutron-
weighted phDOS over the whole frequency region is shown at Figure 3.1.5a at 5 K. Figure
3.1.5b exhibits the low energy neutron-weighted phDOS from 5 K to 450 K range using
neutrons with an incident energy of 280 cm™. The overall features of the neutron-
weighted phDOS compare favorably with the previous theoretically calculated phDOS of
TlinTe; (Figure 3.1.5¢).% However, this data does not have sufficient resolution to probe
the very low energy parts of the DOS (elastic FWHM = 8 cm™). An additional incident
energy of 48 cm™ was also used with much better resolution (elastic FWHM = 2.4 cm™),
however no additional peaks were observed above background. At 5K, there are 3
separate peaks in the neutron-weighted phDOS below 100 cm™? (Figure 3.1.5). The first
low energy peak in neutron weighted phDOS is found at 28.3(4) cm®, which corresponds
well to the O value of 30(1.4) cm™ obtained from the temperature dependent Uiso of Tl in
PDF data indicating the dominant contribution in the low energy phDOS peak comes from
the Tl rattlers.
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Figure 3.1.5. (a) The neutron-weighted DOS measured on MARI at 5 K. (b) Temperature
dependence of the low energy neutron-weighted phonon DOS. (¢) Comparison of
observed DOS from INS with calculated DOS®® of TlInTex.
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Temperature evolution of neutron-weighted phDOS (Figure 3.1.5a) exhibits that
the low energy phonon modes broaden dramatically with increasing temperature and by
450 K there are only a few distinct features remaining. There is also significant drop in
peak intensity (after correction for Bose statistics) which is likely due to the Debye-Waller
factor. Attempts to correct the data with a single isotropic Debye-Waller factor produced
unphysical results which is in line with the PDF results. In an attempt to quantify the
evolution with temperature, the data, prior to conversion to phDOS were integrated from
2.75 t0 6.75 A and fitted. At each temperature, a one-sided exponential convolved with
a Gaussian was used to approximate the shape of the elastic line, and three Gaussians
each Bose weighted to appear on both the energy gain and energy loss sides. At 5 K these
Gaussians were centered at 28.3(4), 45(1) and 77.2(3) cm™ respectively. Figure 3.1.6a
shows the evolution of peak position with temperature. Generally, phonons would be
expected to soften with increasing temperature, however, in the presence of anharmonic
potentials they can harden. Here, we have observed slight hardening in the case of 45 cm’
! mode which is consistent with previous predictions of mode hardening in guest field
clathrate rattlers.>® Furthermore, the shifts in the other two modes although in the
conventional direction, are large at around 8% by 450 K.

If there were strong phonon-phonon scattering one might expect that the phDOS
would show significant broadening as the temperature is increased. This broadening could
be related to phonon-phonon scattering rates, however, in a powder dataset the large
number of different values and their overlap make extraction very challenging. We have
assumed that additional broadening from phonon scattering can be described by adding
Gaussian widths in quadrature where the underlying resolution is given by the widths
obtained at 5 K (see methods for detail). The extracted broadening from phonon-phonon
scattering (Ogcq¢) iS shown in Figure 3.1.6b. When allowed to vary freely the 45 cm™
mode loses significant intensity and narrows with increasing temperature in an unphysical
manner. Thus, its width was constrained to not fall more than 10 % below its 5 K value

(corresponding to the size of error in this parameter). Even so, by 450 K its intensity
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(Figure 3.1.6c) is behaving unphysically and so no attempt to extract a width has been

made for this mode at any temperature.
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Figure 3.1.6. (a) The shifts in peak position with increasing temperature. The
temperature dependence of extracted (b) broadening (FWHM) (c) amplitude and (d)
phonon lifetimes.

From the widths extracted for the other two modes however, it is possible to
compute a typical phonon lifetime. The inverse lifetime (t) is obtained by
1 = 2.355M0cat (3.1.5)
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Applying this to our results at 300 K we find phonon lifetime of 0.66(6) ps for the
28 cm™ mode. Phonon lifetime estimated from the average sound velocity obtained from
phonon dispersion of TlinTe; is found to be 0.72 ps,* which is similar to that of the
measured value from INS. Phonon lifetime for the two modes (28 cm™ and 77 cm™) along
with their temperature dependence shown in Figure 3.1.6d. This is much shorter than the
observed values in other thermoelectric materials.>* Given the rather simplistic
assumptions, it is also in remarkable agreement with the previous theoretical results.%
The ultra-short phonon life time is indicative of strong anharmonic phonon-phonon
scattering and would explain the ultralow lattice thermal conductivity of TlIinTex.

3.1.4. Conclusion

In conclusion, we have investigated the temperature dependent structural
evolution of TlInTez in terms of its local bonding environment and experimental phonon
density of states to uncover the origin of its ultralow thermal conductivity. Our
microscopic insights into the TlInTez crystal structure using synchrotron X-ray PDF
analysis revealed the presence bonding hierarchy between TI-Te and In-Te, anisotropic
vibration of atoms and enhanced anharmonicity. Local structural analysis yielded the
information regarding enhanced anharmonic vibration of Tl atoms which is associated
with its rattling characteristics. Neutron-weighted phonon DOS obtained from INS
measurements further confirmed the presence of low-lying phonon modes and their
mode-hardening with increasing temperature evidenced for the presence of high
anharmonicity in TlInTe.. The temperature dependent X-ray PDF and INS investigations
provided conclusive evidence for the origin of low thermal conductivity in Zintl TlInTex.
Thus, critical examination of chemical bonding, local structure and experimental
determination of phonon DOS should be the way forward to explore the fundamental

origin of low thermal conductivity in crystalline material.
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Local Cation Off-centering Induces Glass-like Thermal
Conduction in AgSbSe;*

Summary

Lattice vibrations or phonons are one of the major thermal conductors in a crystalline
solid. The magnitude of lattice vibrations in a solid is ensured by its periodicity and
chemical bonding, thereby, understanding the relationship between local vs. global
structure and lattice dynamics is critical in achieving intrinsically low thermal
conductivity, which is essential for thermoelectrics, thermal barrier coating and optical
phase-change applications. In this chapter, we demonstrate a local cationic off-centring
within the global rock salt structure of AgSbSe; by using the total structural analysis
through temperature dependent (100 — 300 K) synchrotron X-ray pair distribution
function (PDF) experiments, which unravel the fundamental origin of its “glass-like”
lattice thermal conductivity (kiat) (~0.4 W/mK at 300 K). The cations (Ag/Sb) are distorted
along the crystallographic (100) direction by a factor of ~ 0.2 A locally, which averages
out as rock-salt structure on the global scale. Phonon dispersion based on density
functional theory (DFT) shows the presence of weakly imaginary phonon modes
signifying that the structure is unstable in its high symmetric rock salt form and validating
our experimental results. Electron localization function (ELF) revealed that the local
structural distortion arises from the 5s? lone pairs of Sh. Raman spectroscopy exhibits
the presence of forbidden low energy Raman modes, concurring with local structural
distortion in global cubic structure. Thereby, the low kia in AgSbSe> originates from the
local off-centering of cations driven by the presence of stereochemically active 5s? lone
pair of Sb within the global rock salt structure and its significantly high lattice
anharmonicity.

M. Dutta, M. V. D. Prasad, J. Pandey, A. Soni, U. V. Waghmare and K. Biswas. Manuscript under

preparation.
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3.2.1. Introduction

Heat propagation through a material is one of its fundamental properties and has
a wide array of applications. Inorganic solids with low thermal conductivity find its
usefulness in thermoelectrics,'® phase change memory devices® and thermal insulators’
while high thermal conductivity are useful as heat sinks in photovoltaics and electrical
devices.® ° For thermoelectrics, one key requirement is to have a crystalline
semiconductor with ultralow lattice thermal conductivity, which is achievable via limiting
the heat transport through lattice vibrations (phonons).> ° The extent of heat carried by
these phonons is related to the chemical bonding interactions within the material and the
periodicity of the lattice. In absence of homogeneous chemical bonding or lack of local
periodicity, the phonon propagation gets hindered and consequently lowers the thermal
conductivity. Hence, to interpret the origin of low lattice thermal transport in a crystalline
solid, atomistic insights into the local and global structure and their chemical bonding
interactions stands crucial. !+ 12

Conventionally lowering of the lattice thermal conductivity (kiat) iS mainly
focused on minimising the phonon propagation via externally incorporating point defects,
nano/meso structures, hierarchical architectures etc.!% 316 which although impedes
phonon propagations but also has detrimental effect on carrier mobility (u). Thus, to
overcome such adverse effects it is essential to furnish compounds which by their own
structural design shows intrinsically low «iat. In this regard several intrinsic approaches
have been implemented like introducing bonding hierarchy,” 8 rattling of guest atoms
in filled Skutterudites and clathrates,'® 2 liquid like cationic motion inside a rigid anionic
framework,?! 22 presence of high anharmonicity in 2D layered structure® 2% and intrinsic
rattler atom in Zintl compounds?®-2°. All of these approaches are governed by the presence
of crystallographic inhomogeneity with rigid and soft bonding interactions.*? Other
intrinsic phenomena like resonant bonding,'® lone pair induced anharmonicity,0-32
ferroelectric instability, locally distorted lattice framework34-3° also shown to efficiently
constrain the phonon propagation and thereby lowering the «iat. Crystalline compounds
with site disorder like those of rock-salt I-V-VI2. chalcogenides(l = Cu, Ag or alkali metal,

V = As, Sh, Bi, VI = S, Se, Te) contains high lattice anharmonicity induced by the
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presence of positionally disordered atoms and electrostatic repulsion of the cationic ns?
lone pair of electrons. %43

I-V-VI> compounds are regarded as one of the promising candidates to achieve
high thermoelectric performance by virtue of possessing such low intrinsic a3l 4042 44
4 AgShSe; a globally rock-salt cubic material, belongs to this family exhibits
exceptionally low st 0f 0.42 — 0.36 W/mK at 295 - 710 K and excellent thermoelectric
properties for a Te free material.*" %4 The low «ia in this compound was previously
attributed to the high anharmonicity generated due to the presence of 5s? lone pair on
Sb.3! The presence of ns? lone pair induces significant electrostatic repulsion to the
bonding pairs formed by Sb — Se. Popular thermoelectric material PbQ (Q = S, Se, Te)
crystallises as similar rock-salt structure that shows high anharmonicity and subsequent
low xia arising from the presence of 6s? lone pair of electrons on Pb. Recently, it has been
found that PbQ shows “emphanitic behaviour” indicating the formation of locally
distorted low symmetric structure inside a globally high symmetric rock salt structure on
warming.3* 3% Presence of such local distortion is known to impede the phonon transport
and thereby lowering the kiat in PbQ. AgSbhSe> which is globally iso-structural to PbTe,
contains 5s? lone pair of electrons on Sb and exhibits a much greater lattice
anharmonicity,3! thus making it essential to probe into the local structural environment of
AgSbSe; and understand the underlying correlation between bonding and heat flow in
this compound.

Herein, we report fundamental origin of the ultralow lattice thermal conductivity
of AgShSe; by performing the complete structural (local and global) analysis using
synchrotron X-ray Pair Distribution Function (PDF) analysis. The average structure of
AgSbSe; do reside in a high symmetric rock salt structure (space group, Fm3m), but the
local structure of AgShSe; is distorted to a lower symmetric structure. Local structural
analysis disclose that the cations (Ag/Sb) are off-centred from their mean position along
(100) direction by a factor of ~ 0.20 A. Phonon dispersion of AgSbSe, from the first
principles density functional theory (DFT) exhibits imaginary phonon mode at L-point of
the Brillouin Zone (BZ), indicating that the structure is unstable in its high symmetric
rock salt form. Analysis of the double-well potential involving this imaginary mode

reveals that the instability is caused by pair-wise interactions of Ag-Se and Sh-Se bonds.
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Stereochemically active 5s? lone-pair of Sb visualized using electron localization function
(ELF) is found to responsible this local structural distortion. Furthermore, such local
distortions are verified through Raman spectroscopic measurements, wherein we have
observed several low energy optical phonon modes which ideally should be Raman
inactive in nature. The presence of such local distortion in AgSbSe; disrupts the facile

conduit required for the phonons to propagate and as a result leads to lowering of its kjat.

3.2.2. Methods

Synthesis. High quality polycrystalline AgSbSe, were prepared by vacuum sealed
melting process. Stoichiometric quantities of silver (Sigma Aldrich, 99.99%), antimony
(Alfa Aesar 99.9999%) and selenium (Alfa Aesar, 99.9999) (total weight of 6 g) were
taken in a quartz ampoule, sealed during high vacuum of 10 Torr. The contents were
then slowly heated up to 673 K over 12 h, then heated up to 1123 K over 4 h, soaked for
10 h, and subsequently cooled to room temperature in 15 hours. The melt was shaken

multiple times during the reaction process to ensure homogeneity.

Pair Distribution Function (PDF). X-ray PDF was performed on P02.1 beamline of
Petra 11, DESY, Germany.>® The samples were finely ground using agate mortar pestle
and the powder crystals were then filled in a capillary having diameter of 0.6 mm and is
sealed on ends using adhesive. Cryostream was used for the temperature dependent
measurement within the range (100 K — 300 K). The Perkin Elmer detector was placed at
~ 230 mm from the sample and data sets were obtained at regular interval of 20 K. A dark
measurement was performed prior to every data set, and to obtain the background data
sets from empty capillary was taken after each sample. Lanthanum Hexaboride (LaBs)
was used as a standard for calibration purposes in our experiment. The beam spot size
had a dimension of 0.5 x 0.5 mm? and a fixed energy of 59.83 keV was used.

Processing and normalization of data provided us with G(r), which gives the
probability of finding nearest neighbour atoms at a distance r in the material. G(r) is
obtained via Fourier transformation of scattering structure function F(Q), using the

formula®
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G(r) = % Jo. F(Q)sinQrdQ (3.2.1)
Where Q is the momentum transfer of the scattering particle. F(Q) is related to structure
function S(Q) which is attained from proper correction of scattering data via the relation
F(Q) = Q[S(Q)-11.

Modelling of the PDF data was performed using PDFgui®®> software. All the
datasets from 100 K — 300 K were initially modelled using a rock-salt cubic model. The
refinement parameters were the scale, lattice parameter, and the Uiso values. The first peak
of the G (r) vs r plot represents the nearest atom - atom distance, similarly the second
peak corresponds to second nearest atom distances (i.e., cation - cation or anion - anion
distance) and so on.

For investigating the local off-centering of cations, only scale, peak correlation
factor and co-ordinates were refined. Other parameters like the lattice parameters and Uiso
etc. obtained from cubic fit were fixed. The r range was taken between 2.5 - 4.5 A. PDF

measurements were done at beamline P02.1, PETRA Ill, DESY, Germany.

Powder X-ray diffraction (PXRD). Room temperature PXRD measurements were

recorded on Rigaku SmartLab SE diffractometer using Cu Ko (A= 1.5406 A) radiation.

DFT calculation details. Phonon properties are calculated using first-principles pseudo
potentials within density functional theory (DFT) as implemented in Quantum Espresso®?
code. In DFT calculations, we employed a local density approximation (LDA) to the
exchange correlation energy functional and used projector augmented wave (PAW)
pseudo-potentials to treat the interactions between ionic cores and valence electrons, and
a plane wave basis with an energy cut off of 50 Ry (200 Ry) in representation of Kohn-
Sham wave functions (density). Brillouin zone of the tetragonal unit cell is sampled with
a uniform 6 x 6 x 6 k-point mesh. The discontinuity in the occupation numbers of
electronic states near the gap was smeared with Fermi-Dirac distribution function with a
broadening of keT = 0.003 Ry. Our optimized lattice parameters are in reasonable
agreement with the experimental values. Theoretical calculations are done in
collaboration with Prof. U. V. Waghmare, INCASR, India.
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Eigen vector modulation. Since the unstable phonon modes appear at L-point [0, 0, 1/2]

of primitive cell of Fd3m structure, we calculated its potential energy surface by
A

[Nam;

phase, Na is the number of atoms in the supercell, m; is the atomic mass, q is the g-point

displacing atoms by Re[exp (iD)ejexp (q.rﬂ)] where A is the amplitude, @ is the

specified, rj is the position of the j atom in the I unit cell, and g is the j"™ atom

component of eigenvector. We used Phonopy®* tool to modulate the eigen vector.

Thermal conductivity. The thermal diffusivity, D, was measured between 290 K and
723 K using laser flash diffusivity technique in Netzsch LFA-457 instrument. Disc-
shaped pellets with ca. 10 mm x 2 mm dimensions were used for thermal transport
measurement. Total thermal conductivity (x) was estimated using the relation, k =D x Cp
x p, where p is the density (> 98%) of the sample and Cy is the heat capacity (C,) estimated
using the reference Pyroceram. Lattice thermal conductivity (xiat) is extracted by
subtracting electronic thermal conductivity (ker) from total thermal conductivity. e is
calculated using the Wiedemann Franz law, ke = LoT, where o is the electrical
conductivity and L is the temperature dependent Lorentz number obtained by fitting the
Seebeck coefficient to the reduced chemical potential *°. Low temperature thermal

conductivity data was extracted from a previous report.3!

Electrical properties. Electrical conductivity (o) and Seebeck coefficient (S) were
simultaneously measured under He-atmosphere from 290 K up to 823 K using ULVAC-
RIKO ZEM-3 instrument. Rectangular bar shaped samples (ca. 2x2x9 mm?) were used

for the electrical measurements.

3.2.3. Results and Discussion

Polycrystalline AgSbSe; is synthesized via high temperature melting process
under vacuum (~ 10 Torr) in sealed fused silica tube and is found to crystallise in face-
centred cubic (Fm3m) NaCl type average structure. Powder X-ray diffraction (PXRD)
confirms the formation of pure crystalline AgSbSe, as we have not detected any

secondary peaks within the instrumental detection limit (Figure 3.2.1a). The cations Ag
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Figure 3.2.1. Room temperature PXRD data of AgSbSe>. (b) Rock-salt type structure of
AgSbSe». (c) Ag/Sb octahedrally coordinated with 6 Se atoms.

and Sb in AgSbSe; reside in the (0, 0, 0) crystallographic site in a random positional
disorder, and are surrounded by 6 Se atoms (which take up the (1/,, 1/,, 1/,)
crystallographic position) in an octahedral fashion (Figure 3.2.1b, c¢). The occurrence of
such positionally disordered cations induces additional phonon scattering via site
scattering mechanism and are beneficial in lowering of the kiat Of @ material.” Indeed it
is found that pristine AgSbSe, shows ultralow «iwt and it within the measured
temperature range (Figure 3.2.2). The «iat of AgSbSe; is found to be 0.42 — 0.36 W/mK
in the temperature range of 295 — 711 K and lies close to the theoretical minimum thermal

conductivity (kmin) calculated using the Cahill’s model which is given by, %
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3 1/3
Kmin =2 (3) " kgn3vy, (3.2.2)

where, kg is the Boltzmann constant, n is the number density of atoms and vm is the mean

sound velocity calculated using the formula,

O R S— (3.2.3)

v 3 vt}
where vi (vi = 3433 m/s) and vt (vi = 1362 m/s and vio = 2105 m/s) are the longitudinal
and transverse sound velocities, respectively. kmin for AgSbSe> using equation (3.2.2) and
(3.2.3) is found to be 0.355 W/mK, thus making the «iat to be “glass-like”. This indicates
that the thermal conductivity of globally crystalline AgSbhSe, resembles to that of
amorphous compounds which are devoid of long-range periodicity. This necessitates
investigating the periodicity of AgSbSe> in atomic scales to explain such glass-like «iat

phenomenon.

(@) 0.7 (b)
0.81 —o— Ref. No. 31
0.6 —o— measured
. SZ0.6—
é 0.5 £
= 0.4+ % 20.41 Wmo—o—o
= %
I R A -9 -
0.3 Kmin 0.2
0.2 T T T T T 0.0 T T T T T
300 400 500 600 700 0O 150 300 450 600 750
T (K) T (K)

Figure 3.2.2. (@) Temperature dependent total thermal conductivity (x) of AgSbSe. The
low temperature data (below 250 K) are taken from supplementary reference 31. (b)
Temperature dependent lattice thermal conductivity (xiat) of AgSbSe..

Pair distribution function (PDF) analysis of synchrotron X-ray data provides
bonding and structural information in both local and global length scales® and hence is a
powerful tool to study the detailed structure of AgShSe> which can reveal the actual origin
of its glass-like kiat. Figure 3.2.3a (top) shows the synchrotron X-ray PDF data (G(r) vs.
r) of AgShSe; up to a radial distance of 20 A at 300 K. The blue circle represents the
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experimental data, which have been fitted using a cubic Fm3m model and is shown by
the red line. The difference between experimentally obtained PDF data and simulated
data is given by the green line offset at some distance for clarity (Figure 3.2.3a (top)).
The partial simulated profile of the atom-atom correlation is given in Figure 3.2.3a
(bottom). It is evident from Figure 3.2.3a (bottom) that the first peak corresponds to
nearest Ag (Sb) — Se correlation while the second peak corresponds to Ag (Sb) — Sb (Ag)
or Se — Se correlation and so on. The information regarding the local structural
environment is contained within the first few peaks (generally r < 5 A), while peaks at
high r range provide us with the global structural information. From Figure 3.2.3a two
things become evident: (1) experimental data at high r values (r > 4.5 A) provides an
excellent agreement to the simulated curve, indicating that AgSbhSe, do remain in average
cubic structure (Figure 3.2.3b). (2) The first peak which correspond to nearest cation —
anion correlation is asymmetrical and do not agree with the simulated curve of rock salt
cubic model (Figure 3.2.3c). These findings are also corroborated by the goodness of fit
(Rw) values which provides a gquantitative parameter to the nature of the refinement.
Refinement of the total PDF data at 300 K (Figure 3.2.3a), using the conventional cubic
Fm3m vyielded a decent Ry value of 11.14% having lattice parameter value of ~ 5.79 A,
and isotropic atomic displacement parameter (Uiso) value of ~ 0.036 A% and 0.047 A? for
cation Ag/Sb and anion Se respectively. When simulated for the global structure (4.5 A
< r < 20 A) with all the refined parameters constant to that obtained from the total
structural refinement, this Ry value decreases to 4.56 % (Figure 3.2.3b), concurring with
the global average cubic structure of AgSbSe; as obtained from the laboratory PXRD data
(Figure 3.2.1a). The Ry value for the local structure (r < 4.5 A), using the same cubic
model is found to be as high as 23.92 %, implying that the cubic model is insufficient to
explain the crystallographic information contained in the local geometry of AgSbSe>
(Figure 3.2.3c). The first peak shows a clear asymmetry and can be inferred as
incompletely resolved short and long cation-anion bond lengths (Figure 3.2.3c). Such
asymmetry in the nearest neighbour peak indicates that the octahedra around the central
atom might remain distorted contrary to the ideal octahedron as shown in Figure 3.2.1b.
Such distortion in the octahedra arises from the off-centering of the central ion from its

mean position and can give rise to enhanced anharmonicity in the lattice.>®



147

Chapter 3.2

o observed
—— difference

11.14%

R =

e ®)
s
RS

e an
P e SSSS
SIS
SasSS—
IR

.i..s..‘
.....:.a
O ——
s asssewuRSRRSS
(=<

.
i

— fitting

I ——
T
S
s e _
S
S
.

——
st S

B s

% ettt

e
S
e S PSS
553

PPN

o 2
e o
B aaeoa=a=s==ccoe e

N,

AR
caasaaasaas l‘ CEEEEeeT TS
asaasasa e

NS
N

e
%@m&a e
e S

s

Bwwes > R

Ag (Sh) - Se Se - Se

— Ag (Sh) - Sb (Ag)

10 12 14 16 18 20

8

6

r ()

23.92%

4.0

3.5

r ()

3.0

4.56%

R =

< MO N H O

4.5

25

6 8 10 12 14 16 18 20

r (R)

(PDF) plot of AgSbSe; at 300 K fitted

1on

distribution funct

against the cubic Fm3m model for the total structure (2.2

-ray pair

Figure 3.2.3. (a) X

- 20 A) (top) and partial PDF

(bottom). PDF plot of AgSbSe at 300

10ns

lated plot for different atom-atom correlat

Simu

—20 A), and (c) local

K fitted against the cubic Fm3m model (b) average structure (4.5

structure (2.2 -4.5 A).



148 Chapter 3.2

4
—— 100K
—— 120K
—— 140K
r‘(\ —— 160K
S —— 180K
= —— 200K
10 —— 220K
240 K
260 K
—— 280K
—— 300K
-2 . r r r r r r T T T T
25 30 35 40 45 6 8 10 12 14 16 18 20
r (R) r (R)
30 5.81 0.05
25 (b) 5.80- () (d) o°°
090000000000 ' o 00
204 @ 22-204 5.79 09 _0.044 0%°
. 9 22-45R| & 2° b °® °
S 15; @ 45-20R& | 5781 °°o° = ° 0
o] 99900000000 577] @9 2003 @ AUSH e
@ Se 0®
5] 90000000000 5.76+ °o°
o (] R — 002l ®
100 150 200 250 300 100 150 200 250 300 100 150 200 250 300
T (K) T (K) T (K)

Figure 3.2.4. Temperature dependent (a) Experimental G(r) plots for low r (2.2 — 4.5 A;
left) and high r (4.5 — 20 A; right), (b) goodness of fit (Rw%), (c) lattice parameter, and
(d) isotropic atomic displacement parameter (Uiso) of AgSbSez. (b - d) is obtained from
refinement of the X-ray PDF data (2.2 - 20 A) with cubic Fm3m model.

Temperature dependent (100 K — 300 K) PDF data is shown in Figure 3.2.4a. The
peak asymmetry is evident from the first peak in Figure 3.2.4a (left) and persists up to
room temperature. The decrease in intensity with temperature is due to increased thermal
motion of the atoms (Figure 3.2.4a). The Ry value for total scattering (2.2 A < r <20 A)
remains almost identical from 11.29 % at 100 K to 11.14 % at 300 K (Figure 3.2.4b) when
fitted with cubic model. Similarly, for the global structure (4.5 A < r < 20 A) Ry values
ranges from 5.23 % at 100 K to 4.56 % at 300 K. The Rw value for low r range (2.2 — 4.5
A) ranges from 23.12% to 23.92% at 100 K and 300 K respectively (Figure 3.2.4b) using
the same cubic model. Only a slight change in the Rw value with temperature infers that
the structure does not undergo any temperature dependent structural phase transition
locally or globally within the measured temperature range (Figure 3.2.4b). Temperature
dependent lattice parameter (a) obtained via refining the total structure (2.2 A < r < 20

A) using the cubic model is found to increase with increase in temperature (Figure 3.2.4c).
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The lattice parameter increases from 5.77 A at 100 K to 5.79 A at 300 K and can be
attributed to normal thermal expansion and no anomaly has been found to suggest any
phase transition within this temperature. Uiso is also seen to increase with increase in the
temperature when refined using cubic model for the full r range (2.2 — 20 A). Se atoms
as predicted possess greater Uiso compared to Ag/Sb, due to its lighter atomic mass. Uiso
of Se increases from 0.035 A? to 0.047 A? in the temperature range of 100 — 300 K,
whereas Uiso of Ag/Sh increases from 0.021 A? to 0.036 A2 within the same temperature
range (Figure 3.2.4d). The increase in Uiso with increase in temperature for all atoms is

expected as with warming thermal vibration enhances too.

(b)

© Ag/sb

25 30 35 40 45 O Se
r (R)

Figure 3.2.5. (a) Refinement of the X-ray PDF data using undistorted Ag/Sb cations at
300 K. (b) Co-ordination around the undistorted Ag/Sb with corresponding bond
distances. (c) Refinement of the X-ray PDF data using Ag/Sb cations displaced along
(100) direction at 300 K. (d) Co-ordination around the (100) distorted Ag/Sb with
corresponding bond distances.
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Figure 3.2.6. (a) Refinement of the 300 K X-ray PDF data using Ag/Sb cations displaced
along (110) direction. (b) Co-ordination around the (110) distorted Ag/Sb. (c)
Refinement of the 300 K X-ray PDF data using Ag/Sb cations displaced along (111)
direction. (d) Co-ordination around the (111) distorted Ag/Sh.

To elucidate the local structure (r ranging from 2.2 — 4.5 A) of AgShSe, several
prototypical models by off-centering Ag/Sb from their mean position were used and
fitted. Figure 3.2.5a represents the simulated curve at 300 K wherein Ag/Sh are kept
undistorted in their mean position. In this model, all the six (Ag/Sh)-Se bonds are identical
having bond distance of ~2.89 A (Figure 3.2.5b). As expected, the simulated curve in
figure 3.2.5a, shows a single symmetrical Gaussian curve peaking at ~2.89 A indicating
same bonding environment along all sides of the octahedron as seen in Figure 3.2.5b. On
off-centering the Ag/Sbh cations along (100), the simulated data undergoes dramatic

improvement and reasonably describes the asymmetry observed in the experimental first
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peak (Figure 3.2.5c). Off-centering the cations along (100), i.e., along the corner of the
(Ag/Sb)-Ses octahedron leads to one short (~2.69 A), one long (~3.10 A) and 4 medium
(~2.90 A) sized bonds (Figure 3.2.5d). Off-centering the cations along (110)
crystallographic direction, i.e., towards the edge of Ag/Sh-Ses octahedron, lead to
formation of 2 short (~2.69 A), 2 long (~3.11 A) and 2 medium (~2.91 A) sized bonds.
Similarly, off-centering along (111) direction, i.e., along the face of the Ag/Sh-Ses
octahedron, lead to formation to 3 shorter (~2.73 A) and 3 longer (~3.09 A) bonds.
Although the simulated curve for both (110) and (111) cation displacement improves the
first peak (Figure 3.2.6a, c) fitting but is little worse compared to (100) cation
displacement. The visualization of the distorted octahedron along (110) and (111) is
given in Figure 3.2.6b, d, respectively. The Ry values for these four models at 300 K are
given in figure 3.2.7a. It is clearly evident from the Rw values that off-centering the
cations along (100) crystallographic direction provides the best description of the local
environment of AgSbSe, as compared to other models. The Rw value of (100) off-
centering is found to be 8.90% at 300 K, which is significantly lower than that of the
undistorted cubic AgSbSe; (Rw = 23.92%). Displacing Ag/Sb along the other two
crystallographic directions, viz., (110)and (111) lead to Rw values of 11.23% and
13.09% respectively at 300 K (Figure 3.2.7a). It implies that the displacement of Ag/Sh

is likely to be along (100) direction locally, i.e., along the corner of the octahedron.
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Figure 3.2.7. (a) Goodness of fit (Rw%) obtained for AgSbSe; for the undistorted and
cation distorted models for the first two peaks. Temperature dependent (b) goodness of
fit (Rw%) for (2.2 A <r < 4.5 R), and (c) magnitude of cation off-centering, for the locally
distorted AgSbSe; along (100) direction.
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To investigate the temperature evolution of local displacement of Ag/Sh, we have
performed fitting of temperature dependent (100 — 300 K) X-ray PDF data (2.2 A < r <
4.5 A) by the distorted model (along (100)) of local structure. It has been found that the
Rw values decreases from 11.17 % at 100 K to 8.90 % at 300 K (Figure 3.2.7b). The cation
displacement along (100) direction remains almost temperature independent with slight
increase from 0.19 A at 100 K to 0.20 A at 300 K (Figure 3.2.7¢). Such independent off-
centering of cations with temperature suggest that the off-centering of Ag/Sh is static and
persists even up to high temperatures. Such local off-centering gives rise to significant
lattice anharmonicity®® ¢ within the lattice and is responsible for the lowering of Kiat in
AgShSey. It is to be mentioned that Ag and Sb by virtue of having similar X-ray scattering
factors are difficult to differentiate using the conventional PDFgui suite. Individual
displacement of Ag and Sb lead to almost identical results to that of combined
displacement of Ag and Sh. Hence, such individual PDF fitting data are not shown as it
cannot be established with upmost certainty as to which cation is responsible for the off-
centering from PDFgui alone.

In order to unravel which of Ag and Sb cations drive the local structural symmetry

breaking of AgShSe,, we have calculated its phonon spectrum using first-principles DFT.

Phonon dispersion of Fd3m AgSbSe; (Figure 3.2.8a) exhibits weakly unstable doubly
degenerate modes at L-point at frequency w =0.86i THz (29i cm-1), in agreement with
earlier calculations.3! These indicate that AgSbSe; is unstable in the reference high
symmetry structure, and is likely to distort to a lower symmetry structures. To further
understand the nature of this phonon instability, we have calculated potential energy
surface of L1 mode as a function of normal mode amplitude, n, by simulating a 2x2x2
supercell. With increase in n, the potential energy decreases and clearly exhibits an
anharmonic double-well form (Figure 3.2.8b) with a minimum energy of -2.9 meV/unit
cell. To identify the interatomic interactions governing this instability, we determined
energetics of distortions corresponding to different components of the L1 instability
(Figure 3.2.8b). We find that off-centering distortions corresponding to displacements of
Ag-Se and Sb-Se pairs (orange and magenta lines) exhibit the double-well character,
whereas the individual atomic, and Ag-Sb pairwise off-centering displacements are stable

with a parabolic energy well. This shows that the cation-anion interactions cause the
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anharmonic energy profile and in contrast to halide perovskites (CsSnBrs),” where the

Cs atom’s off-centering alone results in an anharmonic double-well potential.
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Figure 3.2.8. (a) Calculated phonon dispersion of AgSbSe; in Fd3m structure (left),
along with phonon density of states on the right, Unstable phonon modes (given as w<(0)
at L point [0, O, 1/2] of the Brillouin Zone (BZ) reveal structural instability of
Fd3m AgShSe,. (b) Potential energy of structural distortions driven by the unstable mode
at L point calculated with 2 x 2 x 2 supercell as a function of normal mode amplitude.
Strain-phonon coupling given by the changes in phonon frequencies with hydrostatic
strain (c). Contour maps of electron localization function (ELF) of (d) undistorted and
(e) Sb off-centered structures of AgSbSe,. Contour levels shown are between 0 (blue) and
1 (red) to poorly localized and highly localized electronic regions, respectively. The grey,
orange and green spheres represent Ag, Sb and Se atoms respectively.

To assess the strength of anharmonic interactions further, we determined the

frequency of unstable mode, w, at different hydrostatic strains, e.(Figure 3.2.8c). Our
estimate of the strain-phonon coupllng, used as a measure of anharmonicity, is 831

cm, which is comparable to that in hlghly anharmonic compounds like SnTe.5!
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To gain insights into role of chemical bonding of AgShSe>, we examine the
electron localization function (ELF) of the two structural models. First is the undistorted
AgSbSe, model through which the Sb atoms are displace by 3% along [100] direction but
keeping the cell parameters unchanged. In the first case, 5s% lone pair localized with
spherical symmetry around Sb atoms indicating no stereochemical activity (Figure
3.2.8d). In the Sb off-centered distorted structure (Figure 3.2.8e), we find formation of
localized lone pair along the off-centering displacements of Sh atoms, indicating that the
stereochemical activity results in lone pair - bond pair repulsion and local off-centering
of Sb in AgSbSe>. This off-centering of Sb in the SbSee octahedra will result in formation
of short and long Sh—Se bonds, and such local bonding heterogeneity will have a ripple
effect on the neighbouring octahedra of AgSes, as they share the same Wycoff position.
This might be the reason we see slight stabilisation of Ag-Se bonding interactions with
increasing 77 while Sb-Se bonding exhibits much deeper anharmonic well, indicating that

the instability originates from the lone pair of Sh (Figure 3.2.8b).

S0K

Normalized Intensity (arb. units)

50 100 150 200 250
Raman Shift (cm™)

Figure 3.2.9. Temperature dependent Raman spectra of AgSbSe, from 50 to 250 K.
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Figure 3.2.10. (a) X-ray PDF data plotted for locally distorted Ag/Sh cations in the low
r (2.2 — 4.5 A) range and undistorted Fm3m structure in the high r (4.5 — 20 A) range.
Excellent fitting in both the regions indicates a local structural distortion within an
average cubic AgSbSez. (b), (c) Structure for distorted and undistorted AgSbSe:
respectively.

Temperature dependent (50 — 250 K) Raman spectroscopy was performed for
further insight into the structure of AgSbSe. (Figure 3.2.9). Raman measurements
revealed several low energy modes (< 100 cm™) which the factor group analysis of the
average cubic structure indicates that they should be Raman inactive. The presence of
such low energy Raman forbidden modes indicates that the local structure deviates from
the average cubic symmetry and concords with our PDF and theoretical observations. The
appearance of these modes resembles the Raman spectra of CsPbBrs, where such low

energy modes indicate the presence of locally non-cubic phases which on average appears
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cubic in nature.®” %2 The high energy modes at ~118 and ~130 cm™ shows vibration of Se
atoms with A; and Ez symmetry, respectively. Phonon modes at ~ 157, 195 and 215 cm-
! represent vibration of Sb - Se bond.®3 The presence of such low frequency optical modes
are beneficial for achieving low «iat as they couple with the heat carrying acoustic phonons

and thereby enhances the phonon-phonon scattering.

3.2.4. Conclusion

Finally, it can be said that although AgSbSe: attains a global cubic structure,
locally it remains distorted along (100) crystallographic direction. Such local off-
centering is a result of the stereochemically active 5s2 lone pairs on Sb%*, which exerts
repulsive effect on the Sh-Se bonds and thus distorting the SbSes octahedron. This lone
pair induced off-centering is found to affect the neighbouring AgSes octahedra as well,
resulting in local displacement of Ag. This Sb (Ag) off-centering results in local bonding
heterogeneity with shorter and longer Sb-Se (Ag-Se) bonding pairs. A complete picture
of AgSbSe> can be understood on compiling the 2 models: local (100) distorted model (r
< 4.5 A) and cubic global model (4.5 A < r < 20 A) as shown in Figure 3.2.10. The
excellent agreement of both local and global peaks exemplifies the local displacement of
Sb/Ag within the average cubic sublattice. Raman analysis concords the presence of such
locally distorted asymmetry in AgSbSe> though the presence of several low energy
Raman inactive modes. This local distortion induces a significant lattice strain, and in
conjunction with the high anharmonicity and low energy optical phonon modes enhances
the phonon scattering which ultimately results in the intrinsically ultralow lattice thermal
conductivity of AgShSe,. Our findings open up a new paradigm for understanding how
the local structure influences the thermal property of a material and should be considered
as an essential criterion when establishing structure-property relationship of

thermoelectric material.
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Bonding Heterogeneity and Lone Pair Induced
Anharmonicity Resulted in Ultralow Thermal
Conductivity and Promising Thermoelectric Properties
in n-type AgPbBiSes’

Summary

Efficiency in generation and utilization of energy is highly dependent on materials that
have the ability to amplify or hinder the thermal conduction processes. A comprehensive
understanding of the alliance between chemical bonding and structure impacting lattice
waves (phonons) is quintessential to furnish compounds with ultralow lattice thermal
conductivity (xiat) for important applications such as thermoelectrics. In this chapter, we
demonstrate that n-type rock-salt AgPbBiSes exhibits ultra-low xiat of 0.5-0.4 W/mK in
the 290 - 820 K temperature range. We present detailed analysis to uncover the
Sfundamental origin of such low ia. First-principles calculations augmented with low
temperature heat capacity measurements and experimentally determined synchrotron X-
ray pair distribution function (PDF) reveal bonding heterogeneity within the lattice and
lone pair induced lattice anharmonicity. Both of these factors enhance the phonon-
phonon scattering, and are thereby responsible for suppressed kia. Further optimization
of the thermoelectric properties was performed by aliovalent halide doping and a
thermoelectric figure of merit (zT) of 0.8 at 814 K was achieved in AgPbBiSez 710,03 Which
is remarkable among n-type Te free thermoelectrics.

M. Dutta, K. Pal, U. V. Waghmare and K. Biswas. Chem. Sci., 2019, 10, 4905-4913.
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4.1.1. Introduction

Almost all energy conversion processes liberate heat as its universal by-product
of varying degrees. Minimizing this waste heat is thus of paramount importance, and a
prime criterion for inhibiting such waste heat liberation is to have compounds that
obstructs heat propagation. Hence compounds with innate low lattice thermal
conductivity (kiat) are an intriguing prospect in this regard and can be utilized in the field
of thermoelectrics,® Typically, in crystalline solids, phonons and free charges are the
primary carriers of heat. Since charge carriers are essential for efficient electrical
conduction, inhibiting the phonon propagation intrinsically is a primary pathway to
reduce thermal conductivity, and is fostering significant attention towards developing
materials with innately low ijat.*

Investigations into the phonon-transport processes in solids with intrinsically low
kiat led to unearthing of various avenues to enhance the phonon scattering processes.
Skutterudites® and clathrates® accommodate rattling guest atoms in hollow structural
cages, thereby decreasing the kiat. Similarly, Zintl chalcogenides are known to contain
weakly bonded rattling cations within a rigid covalent anionic sublattice.”° Dynamical
movement of cations in a crystalline matrix also causes lowering of it via thermal
damping effects.1%1* Site disorder and stereochemically active ns? lone electron pairs
causes lattice anharmonicity, thus lowering the xiat.1* *° Also, layered compounds are also
known to have intrinsic ultralow x> ' Several extrinsic approaches were also
demonstrated to lower it Of the compounds viz. alloying, nano/meso structuring etc.,'”
19 hut they come with a caveat of having to compromise on the electrical mobility. Thus,
to develop compounds with intrinsically low ki, a thorough investigation and
fundamental understanding of their chemistry amongst bonding, lattice dynamics and
thermal transport mechanisms is essential.

Herein, we observe ultralow kiat Of c.a. 0.5 to 0.4 W/mK for n-type AgPbBiSesin
the temperature range of 290 K — 823 K. AgPbBiSez adopts rock-salt type structure where
the Ag/Pb/Bi cations remain statistically disordered in the 4a Wykoff position while the
4b Wykoff site is taken up by the anion Se.?® Thermoelectric properties of the few
compounds from AgPbBiQs (Q = S/Se/Te) were previously measured in only low
temperatures (2 - 300 K), but the zT remains very low and fundamental reasons behind
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low xiat Was not explored in detail. 2% 2! To investigate the origin of low kit Of AgPbBiSes,
we have performed low temperature heat capacity measurements, which reveal Einstein
modes and hence the presence of low lying optical phonon. Using first-principles (DFT)
calculations, we show a remarkable crystallographic inhomogeneity associated with
distinct bonding environments of the statistically disordered cations (Ag/Pb/Bi)
coordinated with anions (Se). We also find high mode Gruneisen parameters (Y3, ~ 20),
which are measure of lattice anharmonicity, and trace their origin to the presence of 6s2
lone pairs on Pb and Bi. Pair distribution function (PDF) derived from the experimentally
obtained synchrotron X-ray diffraction patterns enabled us to determine the bonding and
lattice environment in terms of nearest neighbour atoms in real space, and obtain valuable
microscopic insights into the mechanism behind low «iat. Results of the PDF analysis
corroborate our theoretical inferences of bonding heterogeneity and presence of lone
pairs, which are responsible for inhibition of the heat carrying acoustic phonons.

Demonstrating the low thermal conductivity, which is a prerequisite to realization
of high thermoelectric performance, we have optimised the thermoelectric figure of merit
(zT) of this n-type AgPbBiSes via aliovalent halogen doping. We have observed a further
reduction in the xjat 0Of AgPbBISes to 0.23 W/mK at 823 K, which is attributed to point
defect scattering. As a result, we report a two-fold increase in the zT from 0.43 for pristine
AgPbBiSes at 818 K to 0.8 for AgPbBiSez9710.03 at 814 K.

4.1.2. Methods

Reagents. Elemental silver (Sigma Aldrich, 99.99%), Lead (Alfa Aesar, 99.999%),
bismuth (Sigma Aldrich, 99.999%), selenium (Alfa Aesar, 99.9999%) and BiX3 (X= ClI,
Br, I; Sigma Aldrich, 99.99%) were used as starting materials for the synthesis, without

further purification.

Synthesis. Stoichiometric ratio of the reagents was taken to prepare ~10 g crystalline
ingots of AgPbBiSez and AgPbBiSes.yXy (X = Cl, Br, I and y = 0.03 for Cl and I, 0.02 for
Br). The reagents were poured into 8 mm inner diameter quartz ampoules and
subsequently flame-sealed under high vacuum of 10 Torr. The vacuum-sealed ampoules
were then heated gradually to 723 K in 12 h to minimize Se evaporation, followed by
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heating up to 1223 K in 5 h. It was then soaked at that temperature for 10 h with constant
shaking to ensure homogeneity in the sample. The following melt compound was then
cooled slowly to room temperature in 15 h. Upon cooling the ingots obtained were cut
into disk (having dimensions of 8 mm diameter and 2 mm thickness) and parallelepiped
(~ 2 x 3 x 8 mm?) shapes. The disk-shaped samples were used for thermal diffusivity
measurements and the parallelepiped shaped samples were used for electrical transport

measurements.

Powder X-ray Diffraction (PXRD). PXRD of the finely ground samples was done in
Bruker D8 diffractometer instrument with Cu Ka (A= 1.5406 A) being the radiation

source, for all the as-synthesized samples.

Thermal conductivity. Disk shaped samples were used for the measurement of thermal
diffusivity (D) via laser flash technique in Netzsch LFA 457 instrument under N
atmosphere. The obtained diffusivity was then used to measure the thermal conductivity
of the samples using the formula k = DC,p, where p is the density of the measured
samples and C, is the heat capacity using Dulong-petit limit. All the measured samples
have density greater than 94 %. The minimum lattice thermal conductivity is calculated
via diffusion method?? using the formula kaifr ~0.76n?3kgvs, where n stands for number
density of atoms, kg is the Boltzmann factor and vs is the mean velocity of sound derived
from experimental heat capacity measurements (1710 m/s). The final value of xqift IS
found out to be 0.206 W/mK for undoped AgPbBiSes.

Electrical properties. Parallelepiped shaped samples were used for electric transport
measurements. All the samples were measured under He atmosphere in ULVAC-RICO
ZEM3 instrument. Both Seebeck coefficient and Electrical conductivity were measured

simultaneously within the temperature range 290 K — 823 K.

Hall measurement. Room temperature hall measurement was performed in an in-house
set up under a varying magnetic field of 0.0 — 0.57 T. The samples used are bar shaped

and the current used is 75 mA.
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Band gap measurement. Finely ground sample was used to obtain the optical band gap
of the synthesized samples. The optical band gap was estimated in a FT-IR Bruker IFS
66V/S spectrometer within the range of 6000 — 400 cm™. Absorption (a/S) data were
derived using Kubelka-Munk equation: a/S=(1-R)%(2R), where R is the reflectance, o
and S corresponds to absorption and scattering coefficient, respectively. The energy band

gaps were deduced from o/S vs Eg (eV) plot.

X-ray Pair Distribution Function (PDF). For performing X-ray PDF, the samples were
finely ground using agate mortar pestle and the powder crystals were then filled in a
capillary having diameter of 0.6 mm and is sealed on ends using adhesive. The capillaries
then mounted on an instrument holder which is placed right in between the beam source
and the image plate. Cryostream was used for the temperature dependent measurement
within the range (100 K — 400 K). The Perkin Elmer detector was placed at 230 mm from
the sample and data sets were obtained at regular interval of 50 K. A dark measurement
was performed prior to every data set, and to obtain the background data sets from empty
capillary was taken after each sample. Lanthanum Hexaboride (LaBs) was used as a
standard for calibration purposes in our experiment. The beam spot size had a dimension
of 0.5 x 0.5 mm? and a fixed energy of 59.83 keV was used.

Processing and normalization of data provided us with G(r), which gives the
probability of finding nearest neighbor atoms at a distance r in the material. G(r) is
obtained via Fourier transformation of scattering structure function F(Q), using the
formula®

Gy == o F(Q)sinQrdQ (4.1.1)
Where Q is the momentum transfer of the scattering particle. F(Q) is related to structure
function S(Q) which is attained from proper correction of scattering data via the relation
F(Q) = Q[S(Q)-11.

Modelling of the PDF data was performed using PDFgui®* software. All the
datasets from 100 K — 400 K were initially modeled using a rock-salt cubic model. The
refinement parameters were the lattice parameter, and the ADP values. To minimize the

correlation among the ADPs, first ADPs of all the cations (i.e., Ag/Pb/Bi) on the same



Chapter 4.1 173

crystallographic sites were taken same and are refined. It was then followed by individual
refinement of ADPs of the distinct atoms.

For investigating into the off-centering of the cations, ADPs obtained from cubic
fit were fixed. The r range was taken 2.5 A to 3.5 A. The peak here corresponds to the
nearest cation to anion distance (i.e., a/2, a corresponds to lattice distance). The
parameters refined were lattice parameters and the cations position in <111> direction.
PDF data is taken in beamline P02.1, PETRA Il1, Germany.

Computational Methods. Our first-principles calculations are based on density
functional theory (DFT) using the Vienna Ab-initio Simulation Package (VASP).?>26 The
potential energy of the interaction between ionic core of an atom and valence electrons
was treated within the projected augmented wave (PAW)?’ method. Exchange and
correlation energy of electrons was included within a generalized gradient approximated
(GGA)? and functional parametrized by Perdew, Burke and Ernzerhof.?° Expansions of
electronic wave functions in plane wave basis was truncated with cut-off energy of 520
eV. Brillouin Zone (BZ) integrations were sampled on a uniform mesh of 8x8x8 k-points,
and discontinuity in occupations numbers of electronic states near across the gap was
smeared with Fermi-Dirac distribution functions with a broadening of keT = 0.04 eV. To
model AgPbBiSes (in which Ag, Pb and Bi are statistically disordered at the cations sites)
in our DFT calculations, we constructed an isotropic supercell containing 6 atoms (3
cations and 3 anions). This supercell basically consists of three primitive unit cells of a
face centered cubic lattice. As there are three cations (Ag, Pb, and Bi) in the crystal
structure, and three cation sites in our supercell, there would be a total six possible
configurations. After fully optimizing all the structures, we found them to be iso-energetic
(the energy difference between any two structure is less than 10° eV/f.u.). We took one
of the structures to do further calculations. As phonon frequencies obtained using this
supercell revealed imaginary phonon modes at several points (including the zone center
i.e., I') in the Brillouin zone, we distorted the crystal structure by displacing atoms along
the eigen vectors of the unstable phonon mode at I and relaxed atomic positions (the

internal degrees of freedom the supercell. We used this relaxed supercell (which stabilizes
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the I'-point phonons) in further calculations to determine the electronic structure and
lattice dynamical properties of AgPbBiSes.

Phonon dispersion of AgPbBiSes was determined using finite-displacement
method using Phonopy® and VASP calculations on (2x2x2) supercell containing 48
atoms. Gruneisen parameter (y) measures the degree of lattice anharmonicity in a
material. We estimated mode Gruneisen parameter (yqv) of AgPbBiSesz using a central
difference formula and phonon frequencies calculated at volumes (1.02V, and 0.98Vo)
around the equilibrium volume (Vo) of the supercell. While we included the effect of spin-
orbit coupling (SOC) in the calculations of electronic structure, phonon frequencies were
obtained without including the SOC in our calculations. To check the convergence of the
phonon frequencies with respect to the supercell size, we took 3x3x3 supercell (with 162
atoms) and the same convergence criteria as above with a slightly reduced k-point grid
(2x2x2). The changes in the phonon frequencies are not very significant particularly for
the acoustic phonon branches. Hence, all the further calculations were performed using
the (2x2x2) supercell. This work is done in collaboration with Prof. U. V. Waghmare of
JNCASR, Bangalore.

4.1.3. Results and Discussion

High quality pure crystalline ingots of AgPbBiSes were synthesized via melting
process under high vacuum of 107 Torr. Figure 4.1.1a shows le Bail refinement of the
powder-XRD data obtained in an in-house X-ray diffractometer (Cu Ka; A = 1.5406 A)
with a cubic rock-salt model, which validates that AgPbBiSes procures NaCl structure
(space group, Fm-3m). The anion 4b Wycoff site is occupied by the Se atoms whereas
the cation 4a Wycoff site is occupied by three cations in a statistical disorder (i.e., Ag, Bi
and Pb) as shown in Figure 4.1.1b. The presence of 3 cations at the 4a Wyckoff site results
in a greater degree of cation disorder in the crystal system. The global structure is
apparently similar to LAST (AgPbmSbTez+m i.e. PbTe rich),* where 3 cations Ag/Pb/Sb
in same site provides enhanced scattering of phonons. Here too in Te free AgPbBiSes, the
positionally disordered cations in the same position expected to result in lowering of
thermal conductivity to a certain extent via site scattering mechanism. Figure 4.1.1c

depicts the temperature dependent total thermal conductivity («tt) and kiat Of AgPbBiSes.
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The «iat 1s found to be ultra-low and remains almost flat within the measured temperature
range with values from 0.50 W/mK at 296 K to 0.41 W/mK at 818 K. The value although
is ultra-low but is found to be higher than the minimum «ja (0.206 W/mK) derived using
diffusion model?? as well as from Cahill’s formulation (0.327 W/mK)3? which enhances
the scope for further lowering of the «iat. The electronic contribution to the kot i found to

be very less and is given in Figure 4.1.1d.
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Figure 4.1.1. (a) Le Bail refinement of the powder XRD pattern of AgPbBiSes. (b) Rock-
salt structure of the compound AgPbBiSes. Red, sky blue, blue, and yellow atoms
represent Ag, Pb, Bi and Se respectively. (c) Temperature dependent total (black) and
lattice (red) thermal conductivity of pristine AgPbBiSes. (d) Temperature dependent xel
data for pristine AgPbBiSes.

For a better comprehension of this underlying ultralow lattice conductivity in

AgPbBiSes, we have measured low temperature Heat Capacity Cp (~ 2 K to ~ 200 K;
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Figure 4.1.2a). Figure 4.1.2b represents Cy/T vs T? plot with temperature ranging from 2
K to 30 K. Modelling the plot using only Debye modes was insufficient, thus it was
imperative to incorporate the Einstein oscillators for a proper analysis of the data. The

combined Debye-Einstein model® %2 (Eqgn. 4.1.2) is as follows.

9En

Cp e T

L=yt pT7+ 5| 4065 (T

. ; (4.1.2)

0k,
()
This combined Debye-Einstein model is composed of three terms. The
temperature independent part of the Eqn. 1, i.e., Y"signifies electronic contribution. The

second term S corresponds to contributions arising from Debye modes where,

B =B. (12”4"’/4"3/5) (6)"? (4.13)

Na, kg and Op represents Avogadro number, Boltzmann constant and Debye temperature
respectively. The term B in Eqn. 4.1.3 isgiven by, B=1-),A,/3NR, where N and R
represents number of atoms per formula unit and universal gas constant (8.314 J.mol1.K-
1Y respectively. The final term takes care of the Einstein oscillators, where A, is the
Einstein pre-factor to the n' Einstein mode (Ogn). A minimum of 2 Einstein modes along
with the Debye modes were mandatory for a better fitting of the low temperature C, data
(Figure 4.1.2b). The individual contributions of each term are also plotted in Figure
4.1.2b. The fitting parameters that are obtained are provided in Table 4.1.1. The Debye
Temperature (Op) derived for AgPbBiSes is found to be 172 K. The characteristic
temperature of the Einstein modes estimated from the fit are ©g1 = 35.6017 K (~ 24 cm’
Yy and Ok = 74.47509 K (~ 51 cm™) which indicates the presence of low-lying optical
modes. These low lying optical modes are pivotal for low kiat as they hinder the thermal
flow via coupling with the heat-carrying acoustic phonons. We have determined the mean
velocity of sound (vs) using the formula k30, = h(6m?n)/3v,,% where n is the number
density of atoms and 7# is the reduced Plank constant. The average or mean velocity of
sound is derived to be ~ 1710 m/s.
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Figure 4.1.2. (a) Temperature dependent heat capacity. (b) Cp/T vs. T2 plot within the 2—
30 K range. The red line is the fit produced using the combined Debye—Einstein model.
The individual contributions from electronic (y), Debye (5) and the two Einstein terms
(E1 and E2) are also plotted.

Table 4.1.1. Parameters obtained after fit in Co/T vs T2 plot.

Parameter Values

Y/ Jmol*K? 0.01333

B/ Imol 1K 1.81949 x 10
Oe/K 35.6017
Oe2/K 74.47509

Aq 4.3697

A 21.80491

R? 0.99974

N 1.31538 x 10°°

To learn further about the bonding environment and atomic dynamics within the

crystal structure and their role in suppressing the it Of AgPbBiSes, we now present

results of first-principles density functional theoretical (DFT) calculations using the

Vienna Ab initio Simulation Package (VASP).2% 2 For the calculations, we took one of
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Figure 4.1.3. Six possible configurations of AgPbBiSes where the cations are disordered.
Our DFT calculations show that all the structures are energetically same. Silver, blue,
violet and green spheres represent Ag, Pb, Bi and Se respectively.

six possible structures to do further calculations. We provide the lattice vectors, atomic
positions and all six configurations of AgPbBiSes in Figure 4.1.3. We analyse chemical
bonding environment in AgPbBiSesz with real space charge density and electron
localization function (ELF) created from a supercell containing three primitive fcc unit

cell (Figure 4.1.4). Charge density analysis (Figure 4.1.4b) reveals that electronic clouds
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of more electropositive Bi atoms strongly overlap with Se, suggesting a strong covalent
character of bonding between them. On the other hand, the electronic clouds around less
electropositive Ag and Pb cations overlap relatively weakly with the anions, indicating
weaker bonding. Co-existence of such strong and weak bonding and cationic disorder
give rise to crystallographic heterogeneity, resulting in low lattice thermal conductivity
in materials.” & 163 To demonstrate the impact of bonding heterogeneity on the dynamics
of the atoms, we calculated the potential energy (Figure 4.1.5a) landscape of atomic
displacements around their equilibrium positions in x-, and z- directions. A shallow
potential well of displacements of Ag atoms (see Figure 4.1.5a) signify the fact Ag atoms
are loosely bound to the lattice, and their vibrations give greater dynamic structural
disorder and entropy. Due to their relatively stronger bonding, Bi and Pb and Se atoms
have deeper potential energy wells than that of Ag (Figure 4.1.5a). Larger amplitudes of
atomic vibrations of Ag atoms than of Pb, Bi and Se are also evident in visualization of
Eigen vectors of lowest energy optical phonons at I" point (Figure 4.1.6). The
visualization of the Eigen vectors at 30 cm™ and 50 cm™ (Figure 4.1.6) shows a greater
vibration of Ag, which indicates that Ag is loosely bound to the lattice as compared to
other cations that lead to the origin of these low lying optical phonons. These low energy
Ag vibrations can be compared to the low lying optical modes derived from low
temperature heat capacity (Cp) data.

We now present the crystal orbital Hamilton population (COHP) analysis, in
which the energy of electronic states of a crystal is partitioned into pairwise orbital
interactions, enabling quantification of the role of atomic orbitals in chemical bonding.>>
% Moreover, the integrated COHP (iCOHP) gives the contribution of a chemical bond to
the band energy, indicating its strength.” 3 Here, we have used the LOBSTER code®
COHP analysis of different nearest neighbor pairs of atoms of AgPbBiSes. We find that
the nearest neighbor Ag-Se interaction results in the weakest peak (Figure 4.1.5b) in
COHP curves below the Fermi level, showing weaker interaction of Ag than the other
cations. As expected, the integrated COHP for Ag-Se interaction is the smallest (see area
under the curves in Figure 4.1.5c) confirming the weakest binding of Ag atoms to the
lattice of AgPbBiSes.
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Figure 4.1.4. (a) Supercell containing three primitive fcc unit cells i.e., six atoms (Ag

(cyan), Pb (violet), Bi (red) and three Se (green) atoms). (b) Total charge density of
AgPDbBiSes visualized at an iso-value of 0.03 (minimum and maximum iso-values being -
0.04 and 1.17, respectively) showing strong overlap of charge densities between Bi and
Se atoms, relatively weak overlap between Pb and Se atoms, and almost no overlapping
between Ag and Se atoms. (c) Electronic localization function (ELF) visualized at 91 %
of the maximum iso-surface value reveals lone pair electrons around Pb and Bi atoms.
(d) Potential energy curves of the constituent atoms in AgPbBiSes as a function of
displacement around their equilibrium positions along the x- and z-direction.

Visualization of electron localization function (Figure 4.1.4c) shows the presence
of lone pairs around Bi and Pb atoms. Lone pairs are known to play important role in

reducing the kst in many well-known thermoelectric materials.** *° To quantify this effect
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of the lone pairs in AgPbBiSes, we calculated the mode Gruneisen parameters (Y7)
whichare measure of the degree of anharmonicity in a lattice. They specifically give the
third order interaction between phonons and acoustic waves (primary carriers of heat).
Very high values of Y7, ~ 20 (Figure 4.1.7a) of the lowest energy optical phonon and of
phonons in the acoustic branches (Figure 4.1.7b), along several high symmetric directions
(e.g., I'-K1, I'-K2 and I"-K3) in the Brillouin zone indicate strong scattering of acoustic
phonons by inhomogeneous strains associated with cationic disorder. Projected phonon
density of states, DOS (Figure 4.1.8a) reveals that low frequency optical modes (< 50
cm') are dominated by vibrations of Ag atoms followed by the contributions from Pb
and Bi atoms. This is also evident in the atom projected phonon dispersion curves (Figure
4.1.9). The role of the cations in the optical-acoustic phonon scattering processes is
evident from the avoided crossing between the branches of acoustic and low frequency
optical modes in the phonon dispersion (Figure 4.1.7c). Thus, lone pairs of Bi and Pb
atoms cause strengthening of their bonds with Se by off-centering, and consequent
weakening of Ag-Se bonds. This results in a combination of chemical and structural
heterogeneity at atomic scales, leading to suppression of relaxation times of acoustic

phonon scattering and hence low kit Of AgPbBIiSes.

5 r
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Figure 4.1.5. (a) Crystal orbital Hamilton population (COHP) and (b) integrated COHP
(iCOHP) for the nearest neighbour atomic pairs of AgPbBiSes. The smaller peak in (a)
below the Fermi level and smallest area under the curve in (b) of Ag—Se interaction shows
that the Ag atoms have the weakest bonding to the lattice.
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<

34 cm-1

Figure 4.1.6. Visualizations of the atomic vibrations for the phonon modes at I" point
calculated at the optimized lattice constant. Red, Yellow, Cyan and Blue symbolizes Ag,
Se, Pb and Bi respectively.

Calculated phonon dispersion (Figure 4.1.8b) shows that the cut-off frequencies
of the acoustic modes are quite low (< 50 cm™!), suggesting low sound velocity that
further contribute to lowering thermal conductivity in AgPbBiSes, through quadratic
dependence (within the kinetic theory): k;,; = 0.33C,v2t. Here, C, corresponds to heat
capacity at constant volume, vs is the average sound velocity and z denotes phonon
relaxation time. In Table 4.1.2, the cut-off frequencies for the longitudinal (LA) and two
transverse (TA1 and TA2) acoustic modes for the in-plane and out-of-plane directions in
the Brillouin zone are listed. The low cut-off frequency points are due to the presence of
heavy atoms and the bonding inhomogeneity amongst them. Average sound velocity (vs)

1

(2+2) . which agrees well with

v V¢

of AgPbBiSes is 1860 m/s, calculated using v, = %

the sound velocity (1710 m/s) derived from the Cp, measurements. We estimated the
longitudinal (vi = 3310 m/s) and transverse (v¢ = 1610 m/s) sound velocities of this

compound through the relations:
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where B, G, p denotes the bulk modulus, shear modulus and density of the material

respectively.
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Figure 4.1.7. (a) Mode Gruneisen parameter (yq), calculated for the four lowest

frequency phonon branches along high symmetric directions in the Brillouin zone. Very

high values of yq (~ 20) of the acoustic modes indicate the lattice anharmonicity in

AgPDbBiSes induced by the cation disorder in the unit cell as well as by the electrostatic
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repulsions of their lone pairs. (b) Zoomed in frequency of the first four phonon bands (3
acoustic and 1 optical phonons). (c) Strong anharmonicity leads to enhanced scattering
rate in the lattice, which is also manifested by the avoided crossing between the acoustic
(blue line segment) and low frequency optical (red line segment) modes.
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Figure 4.1.8. (a) Atom projected phonon density of states reveals that low frequency
optical modes (<50 cm™) originate largely due to the vibrations of the Ag atoms followed
by contributions from Pb and Bi atoms. (b) Phonon dispersion of AgPbBiSes showing that
the acoustic branches have low cut-off frequencies (<50 cm™).

In mixed-valence systems, phonon scattering is enhanced by the electron charge
transfer which contributes to further reduction of klat.20 To unravel if there is any charge
transfer occurring in AgPbBiSe3, we calculated the dynamical (Born effective) charges
(Z*), and find significant deviations from the nominal valence charges of each atom: (Ag:
Z*wx(yy) = 2.3, Z*7; = 2.1; Pb: Z*xxyy) = 4.3, Z*22 = 5.1; Bi: Z*xx(yy) = 6.4, Z*;; = 5.9; Se:
Z*wyy) = -6, Z*2; = -1.6). Such anomalously large positive charges of the cations and
negative charges of the anions indicate dynamical (hopping) transfer of electronic charge
from cations to the anions during polar vibrations.

An in-depth experimental analysis of the structure for this ensuing low «at IS
complicated due to presence of disordered cations which might induce lattice strain. It
infers that the local bonding environment might be different from the average/global
structure. Hence it is paramount to augment the traditional crystallographic measurements
with local structure measuring techniques. Atomic pair distribution function (PDF)

specializes in providing both diffuse scattering (which gives information regarding the
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Figure 4.1.9. Atom projected phonon dispersion curves show that while (a) Ag, (b) Pb
and (c) Bi atoms primarily contributes to the low frequency (< 50 cm~) optical phonon
branches, (d) Se atom being the lightest element mainly involved in the high frequency (>

50 cm~’) phonon modes in the spectrum.

Table 4.1.2. Cut off frequencies of different in-plane and out-of-plane directions in
AgPbBiSes

AgPbBiSes (o/ cm™)

TA1l TA?2 LA
I-K1 21 27 34
I'-K3 27 35 42
I'-K5 19 31 37
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Figure 4.1.10. (a) Temperature dependent atomic PDF G(r) plots of AgPbBiSes. (b) G
(r) plot which depicts the nearest atom-atom bond distances (part (a)). The peaks marked
as 1,2 and 3 corresponds to cation - anion, anion - anion (or cation - cation) and cation-
anion distances as shown in (c) of the figure. (d) Temperature dependent Ry obtained
from refinement of PDF data using undistorted cubic Fm3m model.

structure at an atomic level) and Bragg scattering (which provides information regarding
the global atomic structure), thus providing us microscopic insights into the role that the
structure Figure 4.1.10a depicts the temperature dependent synchrotron X-ray PDF data
from 100 K 400 K at an equal interval of 50 K as a function of r (in A). A decrease in
intensity and broadening of the peaks were observed, which is normally due to the
enhanced thermal vibrations with increasing temperature. The PDF data is fitted with a
cubic Fm3m model which is given by the red curve in Figure 4.1.10b. The residual of
the experimental and simulated profile is given below in green. The first peak of the G (r)

vs r plot represents the nearest atom - atom distance, similarly the second peak
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corresponds to second nearest atom distances (i.e., cation - cation or anion - anion
distance) and so on (Figure 4.1.10c). The goodness of fit (Rw) of the temperature
dependent PDF data when fitted using the cubic model of AgPbBiSes is shown in Figure
4.1.10d.

Table 4.1.3. Temperature dependent ADP values.

T (K) Uiso values (A?)
Ag Pb Bi Se

100 0.02662 0.01278 0.01277 0.02063
150 0.03042 0.01467 0.01467 0.02321
200 0.03431 0.01688 0.01686 0.02587
250 0.03816 0.01917 0.01931 0.02871
300 0.04191 0.02145 0.0216 0.0316
350 0.04605 0.0239 0.0239 0.03476
400 0.04981 0.02605 0.02606 0.03725

The temperature dependent lattice parameter, a are given in Figure 4.1.11a and is
shown to linearly increase with temperature. The thermal parameter (Uiso) obtained from
the refinement clearly shows a higher ADP values for Ag compared to Se, with Bi and
Pb having the lowest ADP values (Figure 4.1.11b). ADPs of Pb is actually almost same
as that of Bi and as a result ADPs of Bi overlaps with that of Pb. The similar ADP values
of both Pb and Bi is due to similar size among them and the values are presented in Table
4.1.3. The high ADP values of Ag compared to other atoms corroborates with the
theoretical prediction that the Ag atoms are loosely bonded in the crystal lattice and
contributes to the anharmonicity and thereby suppressing iat. Figure 4.1.12a, b represents
first peak (which provides information of the nearest atom-atom correlations) and total
peak fitting using the cubic model respectively at 100 K. It can be clearly seen that
although the total average structure gives a good fit to the cubic model, the first peak



188 Chapter 4.1

which corresponds to the nearest anion to cation distance (i.e., at a distance of a/2) could
not be properly fitted using the cubic model. To understand the local dynamics of the
structure and subsequently their role in the low st Of the compound, we tried to refine
the first peak as it tells us about any local distortion in the system. We have observed that
the best fit is possible when the cations are displaced from their native place in the <111>
direction.

Although the first peak gave a very good account for the local distortion, the
overall fitting was worse compared to the cubic model as evident from the corresponding
Rw values. Figure 4.1.12c, d shows the fitting using the locally distorted cubic structure,
for the first atom-atom correlation and the total fit respectively. It has been observed that
by distorting Pb and Bi to a higher degree compared to Ag, the nature of the first peak
fits better. Figure 4.1.13a shows first peak fitting at 100 K and can be compared with the
first peak fitting at 400 K (Figure 4.1.13b). The fitting of the first peak at these two
temperatures (100 K and 400 K) were possible by off-centering Pb and Bi by 0.047 A at
100 K and by 0.21 A at 400 K. Ag gets off-centered to a lesser degree from 0.018 A to
0.06 A at 100 K and 400 K respectively. The higher magnitude of off-centering in Pb and
Bi might be due to the presence of 6s? lone pair electrons, which is similar to that of PbTe
and PbS, where it was argued that the stereochemical activity of 6s? lone pairs of Pb?*
contributed to the off-centering of Pb and subsequent suppression of the «iat.2® Thus, lone
pairs of Bi** and Pb?* can be presumed to play a prominent role in suppressing «ia: Via
inducing strong lattice anharmonicity.

Hence, it can be argued that the low xiat in AgPbBIiSes is a combination of bonding
heterogeneity whereby Ag being loosely bonded are effective in scattering heat carrying
phonons as well as due to lone pairs of electrons on Pb and Bi which induces
anharmonicity in the lattice.

Since materials with low kiat has its usefulness in waste heat management, we have
further improved the thermoelectric figure of merit in this n-type AgPbBiSes; via
aliovalent halogen doping. Thermoelectric figure of merit (zT) of thermoelectric mater

ials is determined using the formula,

T =257 (4.1.4)
K
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where, ¢ and S represents electrical conductivity and Seebeck coefficient respectively. K
is the thermal conductivity which constitutes of electronic («kel) and lattice (Kiat)
contributions, i.e., kK = kel + kiat. PXRD of all the halide doped compounds can be indexed
according to the cubic rock-salt structure (Figure 4.1.14a) and shows no presence of
second phase peaks within the detection limit.

Band gap measurement reveal that n-type AgPbBiSes has a band gap (Eg) of 0.46
eV which is consistent with the earlier reported Eq of 0.48 eV.?° Halide doping in
AgPbBiSes do not show any significant change in band gap as shown in Figure 4.1.14b
and the band gap values are given in Table 4.1.4. Electronic structure (Figure 4.1.15a) of
AgPbBiSes determined from DFT calculations including spin-orbit coupling reveals that
it possesses a small Eq of 0.14 eV. Theoretical calculations are known to underestimate
band gaps of the compounds and thus shows lower value compared to the experimentally
observed band gap. Atom projected electronic density of states (Figure 4.1.15b) and
projected electronic structure (Figure 4.1.16) shows that while valence bands just below
the Fermi level are primarily constituted of orbital contributions of the Se atoms, the

conduction bands above the Fermi level have contributions from all the atoms.
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Figure 4.1.11. Temperature dependent (a) lattice parameter (a) and isotropic thermal
parameters obtained from the full fitting the undistorted cubic Fm3m model.
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Figure 4.1.14. (a) PXRD pattern of halogen doped compounds. All the compounds
pertain rock-salt cubic structure. (b) Bandgap of the pristine and doped AgPbBiSes.
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Table 4.1.4. Band-gap values for the pristine and doped AgPbBiSes.

Compound Band gap (eV)
AgPbBiSes 0.46
AgPbBIiSe2.97Clo.03 0.42
AgPbBiSe2.9sBro.o2 0.50
AgPbBIiSe2.9710.03 0.52

Electrical transport measurement has been performed for all the samples within
the temperature range of 290 K — 823 K. Electrical conductivity (o) as expected, increases
with halogen doping as it imparts an extra electron and can be understood via simple
valance counting. For pristine AgPbBiSes, the electrical conductivity at room temperature
value is 63 S/cm and rises slightly up to 72 S/cm at 818 K (Figure 4.1.17a). Cl doped

AgPbBIiSe2.97Clo.03 contributes the most in enhancing the electrical property. Doping with
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Cl increases the electrical conductivity to 263 S/cm at 297 K and 240 S/cm at 813 K
compared to the pristine AgPbBiSes which has considerably lower ¢ (Figure 4.1.17a).
Doping with Br and | increases the electrical conductivity too but is considerably less
compared to Cl (Figure 4.1.17a). The difference in electrical conductivity with various
doping is due to the respective size of the halogens. Cl whose size is smaller and similar
to Se as compared to Br and I, thereby CI goes easily to Se lattice and impart the extra
electron with better efficiency than Br or I. The carrier concentration and mobility of the
doped AgPbBiSes are presented in Table 4.1.5 also resembles to the electrical
conductivity trend. The carrier concentration for pristine AgPbBiSes at room temperature
is 1.44 X 10% cm, which increases to 1.34 X 10'° cm™ for AgPbBiSe297Cloos (Table
4.1.5). Similarly, seebeck coefficient (S) value measured for pristine AgPbBiSes is -131
MV/K at 296 K which increases to -204 pV/K at 770 K (Figure 4.1.17b). The negative
sign in Seebeck coefficient value corresponds to n-type conduction which is also
corroborated from the Hall measurement data. The S value decreases with the doping
concentration which is in line with the electrical conductivity and carrier concentration
(n) trend. The electrical conductivity and seebeck co-efficient results in a power factor of
1.09 pW/cmK?at 296 K and increases to 2.71 pW/cmK?2 at 818 K for pristine AgPbBiSes
(Figure 4.1.17c). The power factor of the doped compounds are understandably higher
compared to the pristine sample with maximum power factor of ca. 5.15 pW/cmK?at 813
K for the Cl doped AgPbBiSe297Clo.03 (Figure 4.1.17c) is obtained.
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Figure 4.1.15. (a) Electronic structure of AgPbBiSes calculated with spin—orbit coupling
(SOC) shows that it is a small band gap semiconductor with multiple bands near the
Fermi level. (b) Projected density of states reveals that the valence and conduction bands
around the Fermi level mainly constitute bonding and anti-bonding states arising from
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the hybridization of atomic orbitals between Bi and Se atoms. While Ag atoms have the
weakest bonding in the lattice, the bonding between Pb and Se atoms are also relatively
weak.
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Figure 4.1.16. Atom projected electronic structure of AgPbBiSes reveals that while the
valence bands just below the Fermi level have highest contributions from the Se atoms,
the conduction bands just above the Fermi level have larger contributions coming from
the Bi atoms. Ag and Pb atoms have little contributions to the bands in the vicinity of the
Fermi level suggesting that they do not actively participate in bonding.

Table 4.1.5. Carrier concentration and mobilities for the pristine and doped AgPbBiSes.

Carrier concentration Mobility, pn
Compound
(cm3) x 108 (cm?V-1St)
AgPbBiSes 1.32 298
AgPbBIiSe2.97Clo.03 13.63 120
AgPbBiSe2.98Bro.o2 6.84 191
AgPbBiSe2.9710.03 5.29 197
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Figure 4.1.17d and 4.1.17e depicts total thermal conductivity and lattice thermal
conductivity for the doped compounds. It has been observed that the lattice thermal
conductivity of the halogen doped AgPbBiSes decreases from 0.6 W/mK at 290 K to
around c.a. 0.23 W/mK at 823 K. The decrease in the lattice thermal conductivity
compared to the pristine counterpart is due point defects arising from halogen doping

which scatters the high frequency phonons.
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Figure 4.1.17. Temperature dependent (a) electrical conductivity, (b) Seebeck co-
efficient, (c) power factor, (d) thermal conductivity, (e) lattice thermal conductivity and
(f) thermoelectric figure of merit (zT) for pristine and halogen doped AgPbBiSes.

The thermoelectric figure of merit (zT) which takes into account the power factor
and the thermal conductivity is found to be 0.43 for pristine AgPbBiSez at 818 K and it
increases almost two-fold to 0.8 at 814 K in AgPbBiSe2.9710.03, which is considerably high
in n-type Te free compounds (Figure 4.1.17f). For comparison, n-type AgBiSe, have a
peak zT of ~0.9 at 810 K*° and n-type (GeSe)o.s0(AgBiSe2)oso exhibits a zT of 0.45 677
K*. n-type BiSe have achieved a zT of 0.8 at 425 K via Sb substitution®®. Polycrystalline
n-type PbSe on the other hand achieved a peak zT of ~ 1.8 at 723 K for PbSeo.998Bro.002-
29%Cu,Se*?. Although PbSe based n-type thermoelectrics provide a much better zT, it is
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worth noting that it took almost a decade to reach this type of zT values in PbSe. Our
compound AgPbBiSes on the other hand is in its nascent stage and with further

optimization of its electronic properties, higher zT can also be achieved in AgPbBiSes.

4.1.4. Conclusion

AgPbBiSes exhibits ultralow lattice thermal conductivity in the temperature range
290 - 823 K. Low temperature heat capacity experiment proved the presence of low lying
optical phonon modes which are pivotal in scattering the heat-carrying acoustic phonons.
Theoretical probe into the phonon mechanism using first principles DFT calculations
revealed high degree of anharmonicity arising from the chemical disorder of cations. The
compound possesses bonding inhomogeneity wherein the Ag atoms are weakly bonded
as compared to Pb and Bi in the lattice. Electron localization function analysis reveals the
presence of 6s? lone pairs in Pb and Bi which induce strong variation in chemical bonding
of cations, and hence the lattice anharmonicity. Thus, the synergistic presence of bonding
heterogeneity and lattice anharmonicity arising from 6s? lone pairs of Bi and Pb fosters
low lattice thermal conductivity of 0.5 W/mK at 296 K which further decreases to c.a. 0.4
W/mK at 818 K. Further reduction of this low thermal conductivity and enhancement in
the power factor in n-type AgPbBiSes compound have been strategized by halogen
substitution, and we achieve a high zT of 0.8 at 814 K in AgPbBiSe2.¢710.03. We hope that
this fundamental understanding of the lattice thermal conductivity and its interplay with
the structural aspects, chemical bonding and lattice dynamics will guide in designing and

furnishing new materials having low intrinsic thermal conductivity.
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Emphanisis in Cubic (SnSe)os(AgSbSe)os: Dynamical
off-centering of Anion Leads to Low Thermal
Conductivity and High Thermoelectric Performance?

Summary

The structural transformation generally occurs from lower symmetric to higher
symmetric structure on heating. However, the formation of locally broken asymmetric
phases upon warming has been evidenced in PbQ (Q=S, Se, Te), a rare and unusual
phenomenon called emphanisis, which has significant effect on their thermal transport
and thermoelectric properties. (SnSe)o.s(AgSbSe2)os exhibits in rock-salt cubic average
structure, with the three cations occupying the same Wycoff site (4a) and Se in the anion
position (Wycoff site: 4b). Using synchrotron X-ray pair distribution function (XPDF)
analysis, in this chapter, we show that the local structure of (SnSe)os(AgSbSez)os
gradually deviates further from its overall average cubic rock-salt structure with
warming, which resembles to the emphanisis. The local structural analysis indicate that
Se atoms remain off-centered position by a magnitude of ~0.25 A at 300 K along the [111]
direction and the magnitude of the distortion is found to increase with increasing the
temperature. This provides three short and three long M—Se bonds (M = Sn/Ag/Sb) within
the average rock-salt lattice, which hinders the phonon propagation and lowers the
lattice thermal conductivity (ki) 10 0.49 — 0.39 W/mK in the 295 — 725 K range. Phonon
dispersion based on density functional theory (DFT) shows highly anharmonic low
energy optical modes which are primarily contributed by the localized Ag and Se
vibrations. Emphanisis induced low xiax and favourable electronic structure with multiple
valence band extrema withinin close energy concurrently give rise to a promising
thermoelectric figure of merit (ZT) of ~1 at 706 K in p-type carrier optimized Ge doped
new rock-salt phase of (SnSe)o.s(AgShSe2)o.s.

M. Dutta, K. Pal, M. Etter, U. V. Waghmare and K. Biswas. J. Am. Chem. Soc., 2021, 143, 16839-16848.
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4.2.1. Introduction

Structural transformation is an intrinsic property of a material and is subjected to
huge introspection in chemistry due to its fundamental interests in both academic and
applied fields. Typically, the structural transformation occurs from a low symmetric
ground state to a higher symmetry state upon heating.! This happens because as the
temperature increases, the system favours a more disordered state, i.e., a high symmetric
phase.? 3 However, recently it has been observed in few high symmetric materials, the
formation of locally broken asymmetric phases upon warming, an unusual phenomenon
called “emphanisis”.*® Emphanisis means transformation of a high symmetric to a lower
symmetric structure with warming, which is driven largely by the presence of
stereochemically active lone pair of electrons as seen in the case for IV-V1 chalcogenides
like PbQ (Q=S, Se, Te),* > 7 SnTe® or in perovskite halides like CsSnBrs etc.® ° Such
local off-centering of atoms creates multiple short and long bonds in its local environment
thereby inducing a local aperiodicity which impede the phonon propagation, thus leading
to low lattice thermal conductivity (Kiar).10*

Such materials exhibiting low kit are essential for thermal management
applications like thermoelectrics,®>%° thermal barriers,?® thermo-galvanic cells?! etc and
hence rigorous investigations are being pursued to understand the nature of phonon
propagation in solids. Conventional approaches to lower kiat Of material includes external
doping/alloying,?> % introducing nanoprecipitates into the parent matrix®* 25, forming all-
scale hierarchical architectures®® or through intrinsic phonon propagating pathways?’ like
bonding hierarchy,? intrinsic ratting®® * or lone pair induced anharmonicity®! etc. SnSe
for example consists of stacked layers along the crystallographic a-direction which
consists of weak intralayer bonding. Such weak bonding disrupts the phonon flow and
ultimately decreases the phonon group velocity, thereby lowering the iat.%2%> AgShSe;
which comprises of 5s? lone pair on Sb, induces significant lattice anharmonicity which
disrupts the phonon propagation.3: % 37 Both these compounds, SnSe and AgSbSe; are
found to possess intrinsically ultralow xit 0f < 0.5 W/mK throughout the measured
temperature. Both SnSe and AgShSe; are predicted to have distorted polyhedron around
them mainly to accommodate the active lone pair of electrons on Sn?* and Sb3* cations.3

3 Thereby, temperature dependent local vs. global structure, thermal conductivity and
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thermoelectric properties investigations of the compounds in compositions (SnSe)i-
«(AgShSe2)x* *° and more importantly in (SnSe)os(AgSbSez)os (i.e., SnSe:AgShSe; =
1:1) is worth exploring.

Here, we demonstrate that (SnSe)o.s(AgShSe2)o.s exhibits overall average rock-salt
structure, but its local structure is found to deviate from the average structure by analysing
the temperature dependent X-ray Pair Distribution Function (XPDF). The local structure
distortion shows significant effect on its thermal transport and thermoelectric properties.
(SnSe)o.s(AgSbSe2)os exists in rock-salt cubic average structure, with the three cations
occupying the same Wycoff site (4a) and Se in the anion position (Wycoff site: 4b). The
local structural analysis indicate that Se atoms remain off-centered position by a
magnitude of ~0.25 A at 300 K along the [111] direction and the magnitude of the
distortion is found to increase with increasing the temperature. This increase in the local
distortion of Se with increase in temperature, lowers the local symmetry with warming,
which resembles to a rare phenomenon called “emphanisis”. This local off-centering of
Se leads to local bonding hierarchy with three short and three long M — Se bonds (M =
Sn/Ag/Sb) within the average rock-salt lattice, which hinders the phonon propagation and
lowers the lattice thermal conductivity (kiat) to an ultralow value. First principal density
functional theory (DFT) based phonon calculations exhibit low energy optical modes
which are primarily contributed by Ag and Se vibrations. Furthermore, the lattice is
characterised by a high degree of anharmonicity as seen from very high mode-Gruneisen
parameters. All these factors lead to enhance phonon scattering in (SnSe)o.s(AgSbSe2)os,
which decreases its «iat t0 0.49 — 0.39 W/mK in the 295 — 725 K temperature range.
Combined with a favourable electronic band structure with multiple valence band
extrema having very little energy off-sets (AE ~ 15 meV), (SnSe)os(AgShSe2)os shows a
good themoelectric power factor of 5.27 pW/cmK?2 at 725 K, and a p-type zT of 0.77 at
725 K. With further optimization via Ge doping, a high zT of ~1 is found for
(SnSe)o.s(AgSb1-xGexSe2)os (x = 0.06) at 706 K which is significant for a lead free new

Se based thermoelectric material.
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4.2.2. Methods
Synthesis. High quality polycrystalline (SnSe)os(AgSbSe2)os and its derivatives were

prepared by vacuum sealed melting. Used stoichiometric quantities of high-purity Sn (>
99.99%, Alfa Aesar), Ag (99.99%, Sigma Aldrich), Sb (Alfa Aesar 99.9999%), Ge
(Sigma Aldrich 99.999%) and Se (99.9999%, Alfa Aesar) (total weight of 7 g) in a quartz
ampoule, sealed during high vacuum of 107 torr. The contents were heated up to 723 K
in 12 hours, then ramped to 1223 K in 5 hours, followed by dwelling at this temperature
for 10 hours, and then cooled to room temperature in 12 hours. The as-synthesized

samples were then cut into appropriate shapes for transport measurements.

Powder X-ray diffraction (PXRD). Room temperature PXRD measurements of finely

ground samples were recorded on Rigaku SmartLab SE diffractometer using Cu Ko (A=

1.54059 A) radiation.

Thermal conductivity. The thermal diffusivity, D, was measured between 290 K and
730 K using laser flash diffusivity technique in Netzsch LFA-457 instrument. Disc-
shaped pellets with ca. 8 mm x 2 mm dimensions were used for thermal transport
measurement. Total thermal conductivity (xtt) was estimated using the relation, x = D X
Cp x p, where p is the density (> 97%) of the sample and Cp is the heat capacity (Cp)
estimated from the Dulong Petit limit. Lattice thermal conductivity (kiat) is extracted by
subtracting electronic thermal conductivity (ke) from total thermal conductivity. «el is
calculated using the Wiedemann Franz law, ke = LoT, where o is the electrical
conductivity and L is the temperature dependent Lorenz number obtained by fitting the
Seebeck coefficient to the reduced chemical potential.?®

Electronic properties. Electrical conductivity (o) and Seebeck coefficient (S) were
simultaneously measured under He-atmosphere from 290 K up to 730 K using ULVAC-
RIKO ZEM-3 instrument. Rectangular bar shaped samples of dimension 9 mm x 2 mm x

2 mm were used for the measurements.
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Hall Measurements. Room temperature hall measurement was performed for all the
samples in an in-house set up under a varying magnetic field of 0.0 — 1.0 T. The samples used

are bar shaped and the current used is 100 mA.

X-ray Pair Distribution Function (XPDF). For performing synchrotron X-ray PDF,
samples were finely ground with agate mortar pestle and then filled in capillary of 0.6
mm diameter. Both ends of capillaries were sealed using adhesive. Perkin Elmer image
plate detector was used to record the diffraction data. To subtract the background, data
sets of empty capillaries was performed. Dark measurement prior to each data collection
was done and Lanthanum Hexaboride (LaBs) was taken as standard for calibration. The
wavelength of the beam was fixed at 0.20742 A. The data was taken in P02.1 beamline
of PETRA III, DESY, Germany.*

G(r), which tells us about the probability of finding nearest neighbour bonding at
a certain distance r in the material, was obtained via Fourier transformation of scattering
structure function, F(Q)*2

G(r) = % Jo. F(Q)sinQrdQ (4.2.1)
where Q represents the momentum transfer of the scattering particle. F(Q) is obtained
from scattering data and is related to structure function S(Q) as F(Q) = Q[S(Q)-1]. Initial
data reduction was done using DAWN*® and PDFgetx3** softwares.

Simulation of the experimental PDF data was done using PDFgui* software. All
the datasets from 100 K — 400 K were initially modelled using a cubic Fm3m model. The
refinement parameters were the scale, correlation parameter, lattice parameter, and the
thermal displacement values. The first peak of the G(r) vs r plot represents the nearest
atom - atom correlation, the second peak corresponds to second nearest atom-atom

distances and so on.

Computational details. All density functional theory (DFT) calculations were performed
using the Vienna Ab-initio Simulation Package (VASP).*® 47 We used the PBEsol*®
generalized gradient approximation (GGA)* to the exchange-correlation energy
functional and the projector augmented wave (PAW)> °! potentials for Ag (4p® 4d*° 5s?
), Sn (4d*° 5s2 5p?), Sh (5s? 5p®) and Se (4s? 4p*). To model the disordered structure of
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(SnSe)o.5(AgSbSe2)os, we used a special quasi random structure (SQS) of the compound
generated with the ATAT code® using a 54 atom supercell having 9 Sn, 9 Ag, 9 Sb and
27 Se atoms. We calculated the electronic structure and density of states of
(SnSe)o.s(AgSbSe2)os using the SQS structure. While doping with Ge, we substituted 1
Ge (2 Ge) atoms with 1 Sb (2 Sb) atoms in the 54 atom SQS structure, that leads to 3.7%
(7.4%) doping concentrations of Ge at the cation sites. We used a kinetic energy cut-off
of 400 eV and a k-point mesh of 6 x 6 x 6 for all calculations.

To calculate the phonon dispersion, we used an ordered structure of
(SnSe)os(AgSbSe2)os having 6 atoms (1 Ag, 1 Sn, 1 Sb and 3 Se atoms) since the
calculations of the phonons using the 54-atom disordered structure would be
computationally very expensive. All the structures were fully relaxed before calculating
their electronic structures (that include spin-orbit coupling) and phonon dispersions (that
does not include spin-orbit coupling). The phonon dispersions were calculated using
2x2x2 supercell (containing 48 atoms) of the ordered structure (having 6 atoms) using
Phonopy.>® We determined the mode Griineisen parameters of (SnSe)os(AgSbhSez)os
using a finite difference method where we have calculated the phonon frequencies of the

compound at two different volumes (1.02Vo and 0.98Vo, Vo being the equilibrium unit

dinwgy
dlnv

Grineisen parameter, unit cell volume, and frequency of a phonon mode at wavevector q

cell volume) and utilized the formula y,, = - , where yq, V and wg, denote

for branch v, respectively. Theoretical calculations are done in collaboration with Prof.
U. V. Waghmare, INCASR, India.

Calculation of minimum thermal conductivity: Minimum thermal conductivity of
(SnSe)o.s(AgSbSez)os is calculated via diffuson process using the formula,>

Kairr = 0.76n*3kpvgy, (4.2.2)
where kg is the Boltzmann constant, n is the number density and vave is the mean sound

velocity calculated using the formula®®

3
-3 -3
vy 420,

(4.2.3)

Vave =

where, v and vt is calculated theoretically to be 3890 m/s and 2020 m/s respectively. The

average sound velocity (vave) is calculated to be 2260 m/s.



208 Chapter 4.2

4.2.3. Results and Discussion
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Figure 4.2.1. (a) Room temperature PXRD of (SnSe),, ;(AgSbSe,), ;. (b) Rock-salt cubic

structure of (SnSe), s(AgSbSe,),, 5. (c) Temperature dependent total thermal conductivity
(x,,) and lattice thermal conductivity (x,,) of (SnSe),, s(AgSbSe,),, ;.

Polycrystalline ingots of (SnSe)os(AgSbSez)os were synthesized via melting of
individual elements in sealed quart tube at high vacuum (~ 10~ Torr). Room temperature
powder X-ray diffraction (PXRD) data indicates that the as synthesized compound can
be indexed using rock-salt cubic structure (space group; Fm3m), with no observable
secondary phase impurities (Figure 4.2.1a). The cation site is occupied by Sn/Ag/Sb in a
positional disorder while the Se atoms takes up the anion position (Figure 4.2.1b). The

presence three distinct atoms in the same position generates a greater degree of disorder
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in the system which should provide enhanced phonon scattering. The total thermal
conductivity (kot) is found to be 0.52 W/mK at 295 K and decreases very slightly with
temperature, with value reaching up to 0.45 W/mK at 579 K (Figure 4.2.1c). The lattice
thermal conductivity (kiat) Which is derived using the formula Kjat = ktot — Lo T (L = Lorenz
number), is found to be 0.49 W/mK at 295 K and decreases slightly with increase in
temperature to 0.39 W/mK at 725 K (Figure 4.2.1c), lying higher than the minimum
thermal conductivity (kgitf) of 0.286 W/mK calculated using the diffuson model.>*

N\ 400 K

M

i:; M 300 K
M 200 K

r (R) r (R)
Figure 4.2.2. Temperature dependent XPDF data of (SnSe)o.5(AgShSez)o.s.

To elucidate the structural origin of low «xiat in (SNSe)os(AgSbSe2)os, we have
analysed its crystal structure using synchrotron X-ray Pair Distribution Function (X-PDF)
in the temperature range 100-400 K (Figure 4.2.2). Figure 4.2.3a represents the X-PDF
plot of (SnSe)os(AgShSe2)os up to 20 A at 400 K, fitted with a rock-salt cubic model. The
blue open circles represent the experimental data which has been fitted with a simulated
profile given by red line. The residual between the experimental and simulated curve is
given by green line and has been offset for clarity. The individual contributions of cation—
anion pairs as obtained from the above fitting is also shown in Figure 4.2.3b. Being a total
scattering technique X-PDF provides information regarding both local structure as well
as the average structure of a solid.>® Thus, for an in-depth understanding of the chemical
bonding in (SnSe)os(AgSbSez)o.s, we have separated the X-PDF data into two sections:
(1) The first two peaks (r = 2.0 — 4.66 A) which will provide information regarding local
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O experimental
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Figure 4.2.3. (a) XPDF data of (SnSe)o.5(AgSbSe2)os at 400 K fitted with cubic rock-salt
model. (b) Individual atom-atom pair correlations at 400 K. (c) XPDF of

(SnSe)o.s(AgShSez)o s divided into two parts signifying local (left) and average (right)

structure.

bonding interactions (i.e., local structure), and (2) the high r peaks (r =4.66 — 20 A), which
provides information regarding the average structure (i.e., global structure) of
(SnSe)o.s(AgSbSez)os as shown in Figure 4.2.3c. From Figure 4.2.3c it is evident that
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although the high r peaks provide a good description of the rock-salt structure, the
experimental low r peaks deviate significantly from the simulated profile for the rock-salt
cubic model. This is further verified from the goodness of fit (Rw) value. The Ry value
for high r peaks (r = 4.66 — 20 A) is 0.079 compared to 0.124 for r = 2.0 — 4.66 A at 400
K. Furthermore, clear asymmetry in the first peak (signifying the first co-ordination
sphere) can be observed, which seems to become more prominent with warming (Figure
4.2.4). Such asymmetry has been attributed to multiple unresolved long and short bond
lengths present between the atoms. This local structural distortion can give rise to

additional phonon-phonon scattering, which can reduce the «iat Of this material.

2.5 3.0 3.5 2.5 3.0 3.5

2'(0) T=300K 2_(d) T = 400K

2.5 3.0 3.5 2.5 3.0 3.5

Figure 4.2.4. First peak XPDF data showing increase in peak asymmetry with
temperatures at (a) 100 K, (b) 200 K, (c) 300 K and (d) 400 K.
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Figure 4.2.5. (a) Temperature dependent goodness of fit (Rw) value obtained from the
rock-salt modelling of the XPDF data of (SnSe)o.s(AgShSez)os for different r range. (b)
Goodness of fit (Rw) value for the local structure (r = 2.0 —4.66 A) of (SnSe)o.s(AgSbSez)o s
at 100 K with Se being off-centered along the different crystallographic directions. (c)
Temperature dependent Ry value for the local structure (r = 2.0 — 4.66 A) for undistorted
and [111] distortion of Se from its mean position. (d) Magnitude of Se distortion along
[111] direction.

Temperature dependent (100 — 400 K) total X-PDF data (r = 2.0 — 20 A) fitted
using rock-salt model indicated that the overall structure becomes more cubic with the
increase in temperature as evident from the Ry data (Figure 4.2.5a). The Rw value
decreases from 0.101 at 100 K to 0.087 at 400 K. The lattice parameter and the atomic
displacement parameters obtained through cubic fitting are found to increase with
temperature as expected (Figure 4.2.6). Ry values for the low r peaks (r = 2.0 — 4.66 A)
and high r peaks (r = 4.66 — 20 A) however shows contradictory trend (Figure 4.2.5a).
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The Rw values for the average structure, r = 4.66 — 20 A, is found to vary from 0.101 at
100 K to 0.079 at 400 K, indicating the structure globally becomes more symmetric with
temperature. However, for the local structure i.e., r = 2.0 — 4.66 A, the Rw values increases
from 0.101 at 100 K to 0.124 at 400 K, thus suggesting that the local structure deviates
from the high symmetric cubic phase on warming (Figure 4.2.5a). Ideally, a structure
transforms from low symmetric ground state to high symmetric state on warming,
however, the evolution of the local structure from high symmetric phase to low symmetric
phase on warming is rare and unusual, and is termed as “emphanisis”.* Recently
emphanisis is seen for Pb Chalcogenides, where the Pb?* is found to off-center with
temperature.*® Such local off-centering is known to disrupt the phonon flow through a

material and lower the lattice thermal conductivity.'*4 28
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Figure 4.2.6. Temperature dependent (a) lattice parameter, and (b) isotropic atomic
displacement parameters (Uiso), of (SnSe)o.s(AgShSe2)o.s obtained from cubic fitting of the
XPDF data.

To investigate the local environment of (SnSe)os(AgSbSez)os (r = 2.0 — 4.66 A)
we have off-centered the anion Se along different crystallographic direction ([100], [110]
and [111]) as shown in Figure 4.2.7. The off-centring of Se is motivated by phonon
dispersion of (SnSe)o.s(AgSbSez)os (discussed later). The simulation becomes instantly

better for all the three distorted models compared to the undistorted case as is apparent
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Figure 4.2.7. Representative diagram of the octahedral co-ordination of Se, where the Se
is present in the (a) undistorted position, (b) distorted along [100] direction, (c) distorted
along [110] direction and (d) distorted along [111] direction.

from their Rw value (Figure 4.2.5b). The Ry value of undistorted model at 100 K is 0.101
which decreases to 0.077, 0.055 and 0.051 for [100], [110] and [111] respectively at 100
K (Figure 4.2.5b). This indicates that the Se atom is most likely off-centered along [111]
direction and this local off-centering appreciably describes the peak asymmetry found for
the nearest atom pair correlation compared to the undistorted peak (Figure 4.2.8a, b). The
simulated profiles of the local structure for the other two models, i.e., along [100] and
[110] directions are given in Figure 4.2.8c, d. Off-centering of Se atom along [111]
direction will lead to formation of 3 short and 3 long bonds, thus resulting in a local
structural distortion in the lattice which can disrupt the phonon transport. Temperature
dependent analysis of the local structure (r = 2.0 — 4.66 A), indicate that the [111]
distorted structure provides better description to the peak asymmetry throughout the

measured range. Temperature dependent Ry values corroborates with the observed
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improvement in the fitting (Figure 4.2.5c). The Se atom is found to off-center by ~0.21
A at 100 K which increases to ~0.26 A at 400 K (Figure 4.2.5d). This increase in the
magnitude of off-centering for Se with increasing temperature indicates that the local
structure is slowly deviating from the rock-salt structure on warming, thus showing
“emphanitic” behaviour. The presence of such off-centering and consequent local
bonding heterogenecity is a determining factor for low «iar as observed for
(SnSe)os(AgShSez)os.

a O experimental " b O experimental
difference j 3 difference

I —— simulated

I —— simulated

20 25 30 35 40 45 20 25 30 35 40 45
r (R) r (R)

(C) O experimental (d) O experimental

— difference — difference
I —— simulated = simulated

p ~— ~— ~ —
20 25 3.0 35 40 45 20 25 3.0 35 40 45
r (&) r (R)

Figure 4.2.8. XPDF fitting of the local structure (r = 2.0 — 4.66 A) of (SnSe)os(AgShSe2)os
at 100 K for (a) undistorted Se, (b) distortion of Se along [111] direction, (c) distortion
of Se along [100] direction and (d) distortion of Se along [110] direction. The first peak
asymmetry can be accounted for using the distorted model.
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Figure 4.2.9. Phonon dispersions and atom-resolved phonon density of states for (a, b)
the optimized and ordered structure of (SnSe)o.s(AgSbSez)os and (c, d) the isotropically
strained (compressive) ordered structure of (SnSe)os(AgSbSe2)os. (€) Calculated mode-
Gruneisen parameters and (f) harmonic interatomic force constants for the nearest
neighbor atoms. Visualizations of some of the low-frequency optical phonon modes are
shown in (g) and (h), where the red arrow indicates the direction and magnitude of the
displacement of an atom.

To further understand the origin of the ultralow kiat (SNSe)o.s(AgSbSe2)os, we have
analysed its lattice dynamics. The calculated phonon dispersion at the optimized lattice
constants (Figure 4.2.9a) exhibits a localized low-frequency optical phonon branch (~30
cm) that primarily originates due to the vibrations of Ag and Se atoms (see phonon
density of states in Figure 4.2.9b). The low-frequency localized phonon modes can
effectively scatter the heat-carrying phonons, inducing a low «iat in crystalline solids.>” %8
Interestingly, the low-energy phonon branch also exhibits damped phonon vibrations at
the zone boundary (S and Z points) at very low-frequency (~ 4 cm™) which becomes
effective in reducing xiat 0f (SnSe)os(AgSbSez)os in the similar way the overdamped
phonons induce ultralow «iat in CsPbBrs.>® This 4 cm™ mode involves vibration of Se
atom, which prompted us to off-centre Se during XPDF analysis. In addition, another
group of localized phonon modes appear at a slightly higher energy (~ 55 cm™) which

primarily involve the vibrations of Ag atoms. The low-energy optical phonon branch near
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55 cm™ exhibits a strong strain-phonon coupling, where the phonon modes are
significantly hardened after the application of 2% compressive strain on the unit cell
volume of the optimized cell (Figure 4.2.9¢). This indicates that this low-frequency
phonon modes are strongly anharmonic which has been verified by calculation of mode
Gruneisen parameters (yqv) that reveals high values (~ 80) of yq for the acoustic and low-
energy optical phonons (Figure 4.2.9¢e). Since the phonon scattering rates (inversely
proportional to the phonon lifetime) increase with the inverse square of yqy,% the presence
of such a strong anharmonicity attributes to ultralow «iat In (SnSe)os(AgSbSe2)os. Even
after the application of strain, the localization of the phonon modes persists in

(SnSe)os(AgShSe2)os as seen in the phonon density of states in Figure 4.2.9d.

Figure 4.2.10. Analysis of chemical bonding on the SQS of (SnSe)o.s(AgSbSe2)os. (a) Iso-
surfaces of electron localization function (visualized on at an iso-value which is 77% of
the maximum) reveal the lone pair of electrons (5s2) around Sh atoms. (b) Iso-surfaces of
total charge density plot visualized at an iso-value of 0.04 (minimum=-0.05, maximum =
2.28) which reveals stronger Sb-Se bonding compared to Ag-Se and Sn-Se bonds due to
relatively stronger overlap of the charge densities between Sb and Se atoms. Colour code:
Sn — Cyan, Ag — Purple, Sb — Green, Se — Brown.
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To quantify the bond-strengths, we have analysed the harmonic interatomic force
constants (IFCs) between the nearest-neighbour pair of atoms in the structure of
(SnSe)os(AgShSe2)os, which shows (Figure 4.2.9f) that Ag and Se have the weakest
bonding compared to Sh-Se and Sn-Se bond strengths. The IFC values are further
corroborated from the charge density and electron localization function plot (ELF), where
stronger overlap between Sb-Se evidence for its high IFC value (Figure 4.2.10). Ag is
found to have weaker interaction with Se and hence corresponds to the low IFC values.
These analyses rationalize the appearance of the low-frequency and localized phonon
modes contributed by Ag and Se in the phonon dispersion of (SnSe)os(AgSbhSe2)os.
Finally, we show atomic displacement pattern for (i) the damped phonon mode (4 cm™)
at S point where only the Se atoms vibrate (Figure 4.2.99g) and (ii) localized phonon mode
(12 cm™) at T point in Figure 4.2.9h, where the Ag atoms have the largest displacements.
Such localized phonon modes are the strong source of phonon-scattering processes in a
material.>” %8 Hence the presence of such localized low frequency optical modes, high
anharmonicity within the lattice and local off-centering of Se atom contribute heavily to
scatter the heat carrying acoustic phonons and as a result low it IS observed for
(SnSe)o.s(AgSbSez)o.s.

Since crystalline materials with low it are highly advantageous for
thermoelectrics, we have measured the electrical properties of (SnSe)os(AgSbSe2)os.
Electrical conductivity (o) of (SnSe)os(AgSbSez)os is found to be 66 S/cm at room
temperature which increases to 90 S/cm at 725 K (Figure 4.2.12a). It has a room
temperature p-type carrier concentration (n) of 1.82 x 10® cm™. The Seebeck co-efficient
(S) is found to be 194 pV/K at 295 K which increase to 242 pV/K at 725 K (Figure
4.2.12b). The positive S values indicate that hole is the majority carrier which is consistent
with our Hall data. As a result, a decent power factor of 5.27 pW/cmK? is obtained at 725
K (Figure 4.2.12c). The thermoelectric figure of merit (ZT) of (SnSe)os(AgShSe2)os is
found to be 0.77 at 725 K which is mainly due to its low kit and favourable electrical
transport values (Figure 4.2.12f).

To improve the thermoelectric properties of (SnSe)o.s(AgSbSez)os, we have doped
Ge into the lattice. Room temperature PXRD indicates the presence of no impurity phases

with Ge doping within the instrumental detection limit (Figure 4.2.11). With Ge doping
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the o of the compound increases from 66 S/cm for pristine (SnSe)os(AgShSe2)os to 361
S/cm for (SnSe)os(AgSbixGexSe2)os (x = 0.08) at room temperature (Figure 4.2.12a).
The p-type carrier concentration also similarly changes from 1.82 x 10 cm™ for
(SnSe)o.s(AgSbSez)os to 6.25 x 10'° cm™ for (SnSe)os(AgSbixGexSez)os (X = 0.10)
(Table 4.2.1). The S value decreases from 194 uV/K for pristine (SnSe)o.s(AgSbSez)os to
78 UVI/K for (SnSe)os(AgShixGexSe2)os (x = 0.08) (Figure 4.2.12b) and is in line with
the conductivity trend. As a result of the improvement in the ¢ value, a high power factor
of 7.88 uW/cmK? is obtained for (SnSe)os(AgShixGexSez)os (x = 0.06) at 706 K (Figure
4.2.12c).

(SnSe), (AgSb, Ge Se,) .
x=0.10
S e
S x = 0.08
N —A A 8 -
= X = 0.06
E N JL l A A
B x =0.05
T
= x = 0.04
b
g - A ~ 0 01
X =0U.
) s i A A
c
= Xx=0.0
. L P
] | . L * l

20 30 40 50 60 70
26 (°)

Figure 4.2.11. Room temperature PXRD of (SnSe)os(AgSh1xGexSe2)os (x = 0.0 — 0.10).
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Figure 4.2.12. Temperature dependent (a) electrical conductivity (o), (b) Seebeck co-
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conductivity (xiat) and (f) thermoelectric figure of merit (ZT) of (SnSe)o.s5(AgShixGexSe2)os
(x = 0.0 — 0.10).
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Table 4.2.1. Room temperature carrier concentration and mobility for (SnSe)o.s(AgSbi-
xGexse2)0_5.

Compound Carrier concentration Mobility
(SnSe)os(AgSb1xGexSez)os (x 101%) cm?® (cm?/Vs)
X =0% 1.82 22
X=1% 2.70 17
X =4% 3.31 24
X =5% 3.71 26
X = 6% 4.13 26
X =8% 5.62 40
X =10% 6.25 35
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Figure 4.2.13. Spin-orbit coupled electronic structures and density of states of disordered
(a, d) SngAgeSheSez7, (b, €) SngAgeShsGei1Ses7, and (c, f) SneAgeShrGe2Sez7. The dashed
line in the figures at 0 eV denotes the Fermi level. The density of states at the Fermi level
increases as the Ge-doping concentration increases, leading to an enhancement of the
hole concentration and electrical conductivity.

To understand the role of Ge in (SnSe)os(AgSbSe2)os, we have calculated the
electronic structure of (SnSe)os(AgShSez)os and Ge doped (SnSe)os(AgShSez)os. The
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DFT-calculated electronic structure for pristine (SnSe)o.s(AgShSe2)os exhibits a small
direct band gap (~41 meV, Figure 4.2.13a), where the valence bands are dominated by
contributions from the Ag and Se atoms and the conduction bands primarily consists of
the Sn, Sb and Se atoms (Figure 4.2.13d). The top valence band exhibits multiple band
extrema (along the I'-X, T'-R, and I'-N lines) within a very small energy window (~ 15
meV) that can lead to effective band convergence and hence, a high Seebeck coefficient
(194 pV/K at 300 K) was observed in the experiment. However, the electrical
conductivity of the pristine samples remains low. In order to boost the electrical
conductivity (a), (SnSe)o.s(AgSbSez)os was doped with Ge, which introduced holes into
the system and enhanced its o significantly. Our calculations show that upon doping with
1 Ge atom instead of Sb in the calculated unit cell of (SnSe)os(AgSbSez)os, the Fermi
level is pushed inside the valence band (Figure 4.2.13b). This strongly increases the
density of states (DOS) at the Fermi level (Figure 4.2.13e), which increases its ¢ as is also
observed from our experimental data (Figure 4.2.12a). The projected DOS also shows
that the contributions from Ge atoms are delocalized around Fermi level, which becomes
quite effective in enhancing the hole concentrations and electrical conductivity.
Increasing the Ge inclusion to 2 atoms further pushes the Fermi level deeper into the
valence band (Figure 4.2.13c), amplifies the electronic DOS at the Fermi level (Figure
4.2.13f), which are consistent with our experimental observations. However, the Seebeck
coefficient of the doped samples decreases due to the increase in carrier concentration.
Overall, the ensuing power factor of Ge-doped (SnSe)os(AgShSez)os increases
significantly due to the large enhancement of its electrical conductivity with doping.
The total thermal conductivity of Ge doped (SnSe)o.s(AgShSez)os is found to
increase on Ge doping. The «wt increases from 0.52 W/mK for pristine
(SnSe)o.s(AgSbSez)os to 0.80 W/mK for (SnSe)os(AgSbixGexSez)os (x = 0.10) at room
temperature (Figure 4.2.12d) and is mainly due to the enhanced contribution of electronic
part of the thermal conductivity («er). The xiat remains almost same with Ge doping with
room temperature Kot Value remains between 0.49 to 0.59 W/mK for all the Ge doped
(SnSe)os(AgShixGexSez)os (x = 0.05) samples (Figure 4.2.12e). The thermoelectric
figure of merit (ZT) reaches a high value of 1.04 at 706 K for 6 mol% Ge doped
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(SnSe)o.s(AgShi-xGexSez)os, which is significant for a lead free Se based thermoelectric
material (Figure 4.2.12f).

4.2.4. Conclusion

In conclusion, globally rock-salt (SnSe)o.s(AgShSez)os exhibits rare emphanitic
behaviour, wherein the Se atoms gets locally distorted along [111] direction from its
parent position. Through synchrotron X-ray PDF total scattering we observed that local
distortion of Se is found to increase with increase in temperature indicating that the local
structure further deviates from its global cubic structure with warming. Phonon dispersion
revealed the presence of localized low frequency optical modes which are mainly
comprised of Se and Ag atoms, which aids in scattering the phonon transport through the
lattice. The crystal lattice is also composed of a high degree of anharmonicity and bonding
heterogeneity, both adds to additional phonon scattering and thus decreasing the kjat. AS
a result, ultralow «iat OF 0.49 — 0.39 W/mK in 295 — 725 K range has been achieved in
(SnSe)o.s(AgSbSe2)os. Electronic band structure calculations via DFT shown the presence
of multiple bands near the valence band maxima with very little energy offsets (AE =0.15
eV) which are found to beneficial for enhanced electronic transport. As a result, a
promising thermoelectric figure of merit (ZT) of ~0.77 is obtained at 725 K for
(SnSe)os(AgShSez)os. Further optimization of electrical properties via Ge doping led to
increase in the electrical conductivity which enhanced the zT value to 1.04 at 706 K for
(SnSe)o.s(AgShi-xGexSez)os (x = 0.06).
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Tuning of p-n-p-Type Conduction in AgCusS through
Cation Vacancy: Thermopower and Positron
Annihilation Spectroscopy Investigations’

Summary

Understanding the complex phenomenon behind the structural transformations is a key
requisite to developing important solid-state materials with better efficacy such as
transistors, resistive switches, thermoelectrics, etc. AgCusS, a superionic semiconductor,
exhibits temperature dependent p—n—p-type conduction switching and a colossal jump in
thermopower during an orthorhombic to hexagonal superionic transition. Tuning of
p—n—p-type conduction switching in superionic compounds is fundamentally important
to realize the correlation between electronic/phonon dispersion modulation with changes
in the crystal structure and bonding, which might contribute to the design of better
thermoelectric materials. In this chapter, we have created extrinsic Ag/Cu non
stoichiometry in AgCuS, which resulted in the vanishing of p—n—p-type conduction
switching and improved its thermoelectric properties. We have performed the selective
removal of cations and measured their temperature-dependent thermopower and Hall
coefficient, which demonstrates only p-type conduction in the Agi1-xCuS and AgCu1-xS
samples. The removal of Cu is much more efficient in arresting conduction switching,
whereas in the case of Ag vacancy, p—n—p-type conduction switching vanishes at higher
vacant concentrations. Positron annihilation spectroscopy measurements have been done
to shed further light on the mechanisms behind this structural transition-dependent
conduction switching. Cation (Ag*/Cu®) non stoichiometry in AgCuS significantly
increases the vacancy concentration, hence, the p-type carriers, which is confirmed by
positron annihilation spectroscopy and Hall measurement. The Ag:—xCuS and AgCu1—xS
samples exhibit ultralow thermal conductivity (~0.3—0.5 W/mK) in the 290—-623 K
temperature range because of the low-energy cationic sublattice vibration that arises as
a result of the movement of loosely bound Ag/Cu within the stiff S sublattice.

M. Dutta, D. Sanyal and K. Biswas. Inorg. Chem., 2018, 57, 7481-7489.




232 Chapter 4.3




Chapter 4.3 233

4.3.1. Introduction

Structural phase transformations remain one of the most intrigued phenomena for
the modern day inorganic and solid state chemistry, primarily because it acts as a podium
for furnishing materials with a plethora of novel physical properties,® viz.
superconductivity,? superionic conduction,®® the photoelectronic effect,” & optical
storage,® giant magnetoresistance,® p-n and p-n-p type conduction switching,® 1**°and
thermoelectricity.® 1620 Apart from the changes in crystal structure, phase transformation
also lead to changes in the orientation of electron clouds which in turn influences their
spin states. These deformations result in evolving of the electronic structures and phonon
dispersions. Among these novel attributes, temperature-dependent p-n-p type conduction
switching is relatively unexplored and can potentially find its usage in temperature
controlled diode and transistor devices, which can operate efficiently and reversibly near
room temperatures.?:

Silver and copper chalcogenides, chalcohalides, and halides have garnered
interest over the past few years due to their tendency to exhibit mixed ionic and electronic
conduction in the superionic phases. * 1* 22 These compounds are composed of cationic
and anionic substructures which are weakly coupled. Structural transition of these
compounds leads to a superionic phase at high temperatures which can primarily be
attributed to the formation of a substructure of mobile cations. AgCusS belongs to these
family, and shows several temperature dependent structural transitions.*® 2 Recently we
have shown that AgCuS undergoes a p-n-p type conduction switching coupled with a
colossal change of thermopower in the vicinity of orthorhombic to hexagonal structural
transition.'® The switching of conduction type can be attributed to the change in electronic
structure and the Ag vacancy concentration during the first superionic structural transition
at ~ 360 K. Room temperature orthorhombic phase, f-AgCuS (Cmc2;) is composed of
distorted hexagonal close packing (hcp) of sulphur atoms (Figure 4.3.1).2% The Cu atoms
lie within the distorted hcp S layer and form three co-ordinated structure. Ag atoms form
loosely bound face-centered-cubic (fcc) framework, alternating with those of CusS, which
are bonded to two S atoms with near-linear geometry (Figure 4.3.1).2 Hexagonal (a phase
at 361 K) and cubic (0 phase at 439 K) are the high-temperature superionic phases with

space groups P6s/mmc and Fm3m respectively. AgCuS undergoes structural phase
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transformations at 361 K (f—a) and further at 439 K (a—9). The high temperature
hexagonal (a) phase composed of partially disordered Ag and Cu, with S atoms
preserving the hcp sublattice (Figure 4.3.1).2* The cubic (5 phase) phase is the other high-
temperature structure where all the cations (Ag*/Cu®) are randomly distributed at
tetrahedral and octahedral sites of the rigid S fcc sublattice (Figure 4.3.1).2% In general,
anion sublattice lattice is crystalline, while cation mobilizes with increase in temperature,
akin to liquid-like disorder within the crystalline chalcogenide/chalcohalide framework,
which leads to p-n and p-n-p type conduction switching and important thermoelectric
properties in AgCuS, AgCuSe, AgioTesBrzand AgBiSe,. 10 12-14

Orthorhombic (B) Hexagonal (a) Cubic ()

Figure 4.3.1. (a) Temperature-driven structural transformations for AgCuS. AgCuS
undergoes phase transition from an ordered orthorhombic phase to a partially cation-
disordered hexagonal phase to finally a fully cation-disordered cubic phase.

Tuning of p-n-p type conduction switching in superionic compounds is
fundamentally important to realize the correlation between electronic/phonon dispersion
modulation with the change in crystal structure and bonding, which might furnish
designing better thermoelectric materials. Recently, tuning of p-n-p conduction switching
in AgCusS has been performed by reducing the grain size to nanoscale, which opens up
the band gap and increases the Ag vacancy concentration, thereby alters the conduction
switching.? Interestingly, in AgBiSe,, the p-n-p conduction switching vanishes for its
bulk counterpart.l” Crystallite size here plays a prominent role in conduction switching as
it modifies the electronic structure. Tuning of conduction switching has also been seen in
anion substituted Agi0TesBrs,?® where the substitution influences the carrier transport and

electronic structure, which lead to a shift in the phase transition temperature. p-type
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conduction in S-AgCusS results due to intrinsic Ag vacancy, which provides an effective
path for the Ag* ion migration during superionic phase transition.®* The presence of
hybridized Cu-S orbitals in the intermediate semi-metallic electronic structure state
contributes to n-type conduction, which is responsible for the p-n-p type conduction
switching in AgCuS.'® Purposeful creation of non-stoichiometry or cation (Ag*/Cu*)
vacancy may result in a change in p-n-p type conduction switching in AgCuS. The
findings will not only help us to gain insight into the pertinent mechanism for the
conduction switching but also show its usefulness in developing better thermoelectric
materials.

Herein, we demonstrate an innovative way to tune p-n-p conduction in AgCus,
whilst trying to keep the grain size intact. Ag vacancy concentration and Cu-S hybridized
states are pivotal for p-n-p conduction switching in AgCuS. Thus, we intentionally
created extrinsic Ag and Cu vacancies in AgCuS in order to tune the conduction
switching. In the case of Ag vacancies, the p-n-p conduction switching vanishes at
Ago.ssCuS whereas, for Cu, p-n-p vanishes even at only 1 mol% Cu vacant samples.
Nature of the vacancy and relative concentrations with increasing respective cation
(Ag*/Cu™) non-stoichiometry in AgCuS has been analyzed by the positron annihilation
lifetime and shape parameter (S). Increase in the positron annihilation lifetime and
decrease in S parameter with the increase in Ag*/Cu* vacancy concentration indicates the
enhancement of p-type carrier in non-stoichiometric AgCuS, which was also further
confirmed by the Hall measurement at room temperature. Change in thermopower (AS)
during orthorhombic to hexagonal superionic transition decreases with increasing cation
deficiency. Superionic phase transition temperature is independent of vacancy
concentrations in AgCuS which is confirmed by differential scanning calorimetric (DSC)
analysis. All the samples exhibit ultralow thermal conductivity (~ 0.3 — 0.5 W/mK) in the
temperature region of 290 K — 623 K which is due to the dynamic movement of the cations
within the rigid anion sublattice. The AgossCuS exhibits a maximum thermoelectric

figure of merit (zT) of ~ 0.15 which is significantly higher than that of pristine AgCus.
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4.3.2. Methods
Starting materials. Elemental Ag (> 99.99 %, Sigma Aldrich), Cu (99.999 %, Alfa

Aesar) and S (99.999 %, Alfa Aesar) were used in stoichiometric amounts for the
synthesis of the compounds. They were used as obtained and no further purification has

been done.

Synthesis. Ingots (~ 7g) of Agi-xCuS (x = 0.01, 0.1 and 0.15) and AgCu1xS (x = 0.01,
0.02 and 0.04) were prepared by taking stoichiometric amounts of Ag, Cu and S. They
were transferred in quartz ampoules and subsequently flame-sealed under high vacuum
(~ 10° Torr). These vacuum sealed ampoules were then heated slowly up to 773 K over
12 hours to minimize any sulfur evaporation, and then gradually heated to 1223 K in 5
hours followed by soaking for 24 hours and finally air-quenched to room temperature.
Each ingot was subsequently cut and polished into a parallelepiped (~ 2 X 3 X 8 mm?)
and thin coin shaped (8 mm diameter and 2 mm thick) samples for performing electrical

transport and thermal diffusivity measurements respectively.

Powder X-ray diffraction (XRD). The samples were finely ground using an agate
mortar and were used for powder X-ray Diffraction. Powder-XRD was done under room
temperature conditions using Cu Ko radiation source (A = 1.5406 A) on a Bruker D8
diffractometer. Temperature dependent powder-XRD was carried out using Rigaku
Smart-lab X-ray diffractometer, the radiation source being Cu Ka (A = 1.5406 A). The
temperature ramp rate during heating and cooling cycles were kept at 5 K/min with an
additional 2 min for steadying the temperature. The scanning rate was kept at 1° per
minute. Temperature dependent powder XRD was done with the help of Prof. R. Ranjan

from 11Sc, Bangalore.

Seebeck coefficient and electrical conductivity. Seebeck coefficients and electrical
conductivity of the samples were measured from room temperature to 550 K under helium
atmosphere using ULVAC-RIKO ZEM-3 instrument.
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Thermal conductivity. Thin coin shaped samples were used for thermal diffusivity, D
measurements in Netzsch LFA 457 under N2 atmosphere. The total thermal conductivity
was then calculated using the equation xtwta= DCpp, where p is the density of the measured
samples. C;, is the heat capacity which is obtained using the reference pyroceram. All the
samples have density greater than 96% of the theoretical density.

Hall measurement. Parallelepiped shaped samples were used for hall measurement. The
measurement was carried out in an in-house set up developed by Excel Instruments, using
a varying magnetic field of 0.0 - 0.57 T and a dc current of 50 mA. For high temperature
measurements the ramp rate was kept at a steady 1 K/min, with a fluctuation limit of 1 K

during the measurements.

Differential scanning calorimetry (DSC). Finely powdered samples were used for DSC
measurements. The measurements were carried out on TA DSC Q2000 instrument with

a heating rate of 5 K/min within the temperature range 290 K to 550 K.

Positron annihilation spectroscopy (PAS). Positron annihilation measurements have
been carried out using a 22NaCl source (strength ~ 10 pCi) and sealed in a thick nickel
foil (1.5 um). The sealed source has been placed amidst two identical plane faced samples
(8 mm diameter X 1 mm thick pellet) for both the positron annihilation lifetime (PAL) as
well as Doppler broadening measurements. The PAL have been calculated with a
conventional fast-fast coincidence assembly which comprises of two gamma-ray
detectors (25 mm long and 25 mm tapered to 13 mm diameter BaF scintillator, optically
coupled with XP2020 Q photomultiplier tube) and two differential discriminators having
constant fraction (Fast ComTech; model 7029A) which has time resolution (full width at
half maximum) of ~220 ps measured by the prompt gamma ray of %°Co source.
Approximately ten million coincidence counts have been detected and recorded in a
multichannel analyzer. The recorded lifetime spectrum has been examined using the
computer code PATFIT-88 with proper source corrections. Doppler broadening of
positron annihilation radiation (DBPAR) experiment has been carried out at room
temperature by a single HPGe detector (Efficiency: 12 %; Type: PGC 1216 sp of DSG,
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Germany) which have an energy resolution of 1.15 keV at 514 keV of 8Sr. The DBPAR
spectra have been recorded in a dual ADC based multi-parameter data acquisition system
(MPA-3 of FAST ComTec, Germany). The Doppler broadening of annihilation at 511
keV y-ray spectrum has been examined by evaluating the line-shape parameters (S-
parameter).?” 2 The S-parameter is defined as the ratio of counts in the central area under
the photo peak (| 511 keV - E, | < 0.85 keV) to the whole area under the photo peak (|
511 keV - E, |<4.25 keV). The S-parameter mainly tells us about the fraction of positrons
that are being annihilated by the lower momentum electrons with reference to the total
electrons annihilated. The contribution of the S-parameter is crucial because of the
occurrence of open volume defects where the positrons get annihilated. The PAS

measurements were done in collaboration with Dr. Dirtha Sanyal of VECC, Kolkata.

4.3.3. Results and Discussion
Non-stoichiometric Ag:1xCuS (x = 0.01, 0.1 and 0.15) and AgCu1xS (x = 0.01,

0.02 and 0.04) were synthesized by vacuum sealed tube melting reaction of Ag, Cu and
S. Figure 4.3.2a and b, show the powder X-ray diffraction pattern of AgixCuS (x = 0.01,
0.10 and 0.15) and AgCu1xS (x =0.01, 0.02 and 0.03) samples respectively. The samples
were found to procure orthorhombic S-AgCus structure (Cmc21) in low concentration of
Ag/Cu vacancy. When the Ag/Cu vacancy concentration is increased significantly, we
observe minute second phase of Cu.S (P432:2, marked in asterisk, Figure 4.3.2a and b)
along with B-AgCus. It has been observed that for both the cation (Ag*/Cu*) deficient
samples, interestingly CuzS gets isolated as the minor second phase, where the common
perception is that in case of AgCu1xS, Ag2S or elemental Ag should contribute to any
second phase.

Further, temperature dependent structural transition in non-stoichiometric Agi-
xCuS (x = 0.01, 0.15) and AgCuixS (x = 0.01, 0.02) has been studied via DSC
measurement (Figure 4.3.3a and b). The heating curve of DSC shows a strong peak
around 369 K which corresponds to the first high temperature orthorhombic to hexagonal
(f—a) phase transition. The peak around 404 K could be attributed to the low-
temperature boundary region for the second high-temperature hexagonal to cubic (a—0)
phase transition.?® Although on hindsight a—3 transition shows no peak in the Ag
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deficient Ag:1xCuS, zoomed in version of Ago.9eCuS and Ago.ssCuS DSC Data around
404 K suggests that there is a presence of the a—¢ transition peak (Figure 4.3.3a, inset).
The DSC data further provides information that there is no shift in the transition
temperature with varying vacancy concentration. This finding is of fundamental interest
as it shows, unlike AgioTesBrs where the transition temperature shift with anion
substitution,? here the transition is immune to vacancies. The presence of a peak at 369
K depicts that the phase transition does take place in all the samples, but with an increase
of Ag vacancy in AgixCuS which imparts p-type conduction, the formation of semi-
metallic states are not enough for the change in conduction switching. In case of AgCus-
xS samples, although the (f—a) transition takes place at around 369 K as shown in the
DSC plot, the absence of Cu-S hybridized bonds becomes a contributing factor for the
tuning of p-n-p conduction switching. The cooling data shows a peak around 440 K for
AQ1xCu$S and 425 K for AgCu1-xS samples. These peaks can be attributed to the (a—0)
phase transition. The peak around 380 K is two-phase boundary region of the (a—?d)
transition. The region in between the aforementioned two peaks (425 K and 380 K) in the

cooling cycle contains both hexagonal («) and cubic (0) forms.
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Figure 4.3.2. (b and c) Powder XRD patterns for the different Ag and Cu-deficient
AgCus, respectively. Extra peak(s) (marked by asterisks) at higher deficiencies is (are)
due to the presence of CusS.
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Figure 4.3.3. DSC curves for (a) Agi—xCuS (x = 0.01 and 0.15) and (b) AgCu1-xS (x =
0.01 and 0.02). There is no apparent shift in the phase transition temperature in any of
the vacant samples. The inset of part a contains zoomed-in versions of hexagonal to cubic
phase transitions around 404 K. Temperature-dependent heating and cooling powder
XRD data for (c) Ago.ssCuS and (d) AgCuoesS. Both samples show reversible phase

transitions. The peak marked with an asterisk (*) in part a is due to the presence of a
CuyS second phase.

To further corroborate the DSC findings, the temperature dependent powder-XRD
has also been carried out to provide conclusive evidence of the phase transition taking
place in the cation vacant samples. We have performed temperature dependent powder-
XRD for two samples i.e., Ago.ssCuS and AgCuo.0sS (Figure 4.3.3c and d). The presence
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of different phases with changes in temperature provides us conclusive proof of the phase
transformations in these cation vacant samples. For both the samples we have observed
temperature dependent phase transitions from orthorhombic (room temperature) to
hexagonal (~370 K) to a mixture of hexagonal and cubic (~423 K) to finally fully cubic
phase. The heating and cooling cycles prove that the phase transitions in cation (Ag*/Cu™)
vacant AgCu$S samples are reversible in nature, which complements our DSC results. For
the silver vacant sample (i.e., Ago.ssCuS), we observe that the presence of minor second
CuS phase which do not undergo any noticeable phase transition within the measured

temperature range.

Table 4.3.1. Room temperature Carrier Concentrations for the Different Cation (Ag* and
Cu*) Vacant Compounds.

Sample Carrier concentration (cm-3)

AgCusS 1.3 x 10%
Ago.ssCUS 1.09 x 106
Ago.soCUS 1.27 x 107
Agdo.gsCuS 1.02 x 107
AgCuo.99S 7.11x10%
AgCuogsS 9.26 x 10%°
AgCuo.g6S 5.37 x 10%°

The p-type conduction in the orthorhombic phase is due to the intrinsic Ag
vacancies which act as an effective route for the hopping of the Ag* ions to these inherent
vacant positions.’® Here, we have extrinsically created Ag vacancies by using
stoichiometric amounts of Ag, Cu and S in the appropriate ratio to form compounds with
the nominal composition of Agi1xCuS (x = 0.01, 0.10 and 0.15). The motive behind this
was to create more vacancies for the Ag™ions to migrate, which may tune the conduction

switching property in AgCuS. As it has already been understated that Ag vacancies are
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responsible for the p-type conduction in S-AgCuS at room temperature, thus creating
more such vacancies will lead to predominantly p-type conduction throughout the
temperature range. We have measured the carrier type and concentrations of Agi-xCuS
samples by Hall coefficient measurement at room temperature (Table 4.3.1). Pristine
AgCusS exhibits p-type carrier concentration of 1.3 X 10 cm, which significantly
increases to 1.27 X 10" cm in Ago.sCus.
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Figure 4.3.4. Temperature-dependent Seebeck coefficient values for (a) Agi-xCu$S (where
x = 0, 0.01, 0.10, and 0.15). The p—n—p-type conduction switching is tuned and
eliminated at x = 0.15. Temperature-dependent Seebeck coefficient values for (b)
AgCu1-«S (where x =0, 0.01, 0.02, and 0.04). Here the p—n—p-type conduction switching
vanished at low deficiencies only. (c) Change in the thermopower (4S) versus vacancy
concentration. A4S decreases with increasing vacancy.

Figure 4.3.4a shows the temperature dependent thermopower (S) for the Agi1xCuS
samples. The room temperature Seebeck coefficient value decreases from 719 uV/K in
pristine AgCuS, to 378 uV/K for AgossCuS (Figure 4.3.4a). Such decrease in
thermopower with the increase in the Ag vacancy concentration in Agi.xCuS, can be
attributed to the increase in the p-type carrier concentrations (Table 4.3.1). With an initial
increase in temperature, thermopower increases gradually followed by a sudden colossal
jump (AS = 1737 uV/K) accompanying with it the change in conduction type from p- to
n-during orthorhombic to hexagonal superionic transition (~367 K) in pristine AgCusS.
Further increase in the temperature, the thermopower reverts back to p-type and stays p-
type throughout afterwards. With the gradual increment in Ag vacancy, the change in
thermopower (AS) during the superionic phase transition decreases (Figure 4.3.4c). This

decrease in the change of AS value can be attributed to the increase in p-type carrier
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(Table 4.3.1) which nullifies some of the effective n-type carriers during the phase
transition. For the Ago.ssCuS sample, the absence of such p-n-p type conduction switching
is observed and the compound remains predominantly p-type throughout the measured
temperature. Although there is a slight drop in the thermopower at the vicinity of the
orthorhombic (f) to hexagonal (o) phase transition, the drop is not sufficient enough to
cause a change in the conduction type. The hump around 450 K in the thermopower value
for Ago.ssCuS is most likely due to the pronounced effect of hexagonal (o) to (hexagonal
(o) + cubic (0)) to finally fully cubic (6) phase transition, which is present in other samples
too but the hump is not as prominent as that of Ago.ssCuS, which is not clear at this
moment. Thus, we were able to tune the p-n-p type conduction switching in AgCusS to

fully p-type conduction via non-stoichiometric AgixCus.
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Figure 4.3.5. Temperature dependent Hall coefficient (Rn) data for (a) Pristine AgCus,
(b) Ago.ssCuS and, (c) AgCuo.g6S. Pristine AgCuS undergoes change in conduction from
p-type to n-type and then back to p-type, whereas (b) and (c) do not undergo change in
conduction.

We have conducted temperature dependent Hall measurements for both the
pristine AgCuS and Ago.ssCuS sample (Figure 4.3.5 a, b). We have seen a similar trend
in sign of Hall coefficient (Rn) which gives the indication regarding the nature of
conduction in a material. In case of pristine AgCuS, the Ry is initially positive (p-type
conduction), then changes to negative (n-type) during the f—a phase transition and revert
back to positive value (p-type). In the case of cation vacant Ago.ssCusS, the R is remains

positive (p-type) within the measurement range indicating that Ago.ssCus is a fully p-type
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conductor which supports the temperature dependent Seebeck coefficient data. The

temperature dependent carrier concentration data is given in Table 4.3.2 and Table 4.3.3.

Table 4.3.2. Temperature dependent carrier concentration for pristine AgCuS. Carrier
type p denotes hole conduction, whereas n denotes electron conduction.

Temperature (K) Carrier E::r?]%e)ntration Ct:%(reier
299 1.3 x 10% p
323 1.86 x 10%° p
353 5.13 x 10 n
363 2.46 x 10 n
373 2.16 x 10 p
423 2.22 x 108 p

Table 4.3.3. Temperature dependent carrier concentration for Ago.ssCuS

Temperature (K) Carrier Con%entratlon Carrier

(cm®) type
299 1.02 x 10V )
323 1.5x 10V )
353 216 x 10% )
363 1.54 x 10V )
373 1.26 x 1016 )
423 7.82 x 1016 0

Hybridized Cu-S orbitals in AgCuS forms the semi-metallic intermediate
electronic state during orthorhombic (f) to hexagonal (&), which provides n-type
conduction at ~ 365 K.*3 To understand the role of Cu vacancy, we extrinsically created

Cu vacant samples by using stoichiometric amounts of Ag, Cu and S in the appropriate
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ratio to form compounds with the nominal composition AgCu1xS (x = 0.01, 0.02 and
0.04). Interestingly, Cu non-stoichiometry does not increase much the p-type carrier
concentration in AgCui1xS compared to that of Ag vacant samples (Table 4.3.1). For
example, the p-type carrier concentration of 5.37 X 10 cm was obtained in AgCuo.ssS,
which is much lower as compared to that of Ag:xCusS.

Figure 4.3.4b shows the temperature dependent thermopower (S) for the AgCus.-
xS samples. Unlike the Ag vacant samples, where the tuning of the conduction switching
was possible to attain only at higher vacancy (e.g., Ago.ssCuS), here we observed
complete loss of p-n-p type conduction switching at lower Cu vacanciesi.e., in AgCuo.g9S.
This can be attributed to the fact that the hybridized Cu-S states are the prime factor for
the formation of n-type semi-metallic state electronic during the (f—a) phase transition,
which can be perturbed by creating a small amount of Cu vacancy. Moreover, partial
density of states in electronic structure clearly showed that the Cu 3d orbital resides near
the Fermi level during the p-n conduction switching,** making the contribution from Cu
towards the conduction switching is much more prevalent than its Ag counterpart in Agi-
xCuS. Since the Cu 3d orbitals reside so close to the Fermi level, that a little perturbation
in them might hinder the overlapping of the valence and conduction bands during the
phase transition, which actually makes AgCui«S a fully p-type semiconductor. Typically,
AgCuo.gS exhibits S value of 733 uV/K at room temperatures remains p-type throughout
and have a S value of 630 uV/K at 550 K. Here the change is thermopower with increasing
vacancy is much more gradual. The AS value for AgCuo.99S is 500 pV/K, which decreases
gradually to 422 pV/K for AgCuoeS (Figure 4.3.4c). Temperature dependent Hall
coefficient data of AgCuo.6S is also consistent with the observed Seebeck coefficient,
which confirms that AgCuo.ceS is indeed a fully p-type semiconductor (Figure 4.3.5c).
The temperature dependent carrier concentration data is given in Table 4.3.4.

Although the presence of minor second phase of Cu»S in the non- stoichiometric
AgCusS could contribute to the tuning of p-n-p transition as significant amount of it is
present in high cation (Ag*/Cu™) vacant samples, it is to be noted that in AgCuo.90S, the
presence of Cu.S do not inhibit the change in conduction type. In case of AgCuo.g9S, p-n-
p conduction switching vanishes although there is no such Cu.S phase is observed. Thus,
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the presence of Cu>S might not play a profound role in the tuning of the p-n-p type

conduction switching.

Table 4.3.4. Temperature dependent carrier concentration for AQCuo.96S

Temperature (K) Carrier E::r?](_:sgntration Carrier type
299 5.37 x 10%° p
323 3.26 x 10%° p
353 1.3 x 106 p
363 2.43 x 10 p
373 7.98 x 10%° p
423 6.23 x 10%° p

AQ1xCuS (x = 0.01, 0.10 and 0.15) and AgCuixS (x = 0.01, 0.02 and 0.04)
samples exhibit ultralow thermal conductivity (ktot) 0f 0.3 - 0.5 W/mK in the 290 K — 623
K range, which is slightly lower than that of pristine AgCusS (Figure 4.3.6a and b). The
total thermal conductivity is given as a summation of both electrical and lattice thermal
conductivity (kwot = xiat + LoT, where L is the Lorenz number). Since the electrical
conductivity (o) of the samples are very low, the total conductivity is effectively
comprised of lattice thermal conductivity (kiat). A rational explanation for such a low
thermal conductivity is probably due to the effective phonon scattering by the mobile
cations which shows dynamic disorder inside the rigid sulphur sub-lattice. With the
increase of vacancy the relative ease of hopping increases which might be the possible
reason for having lower thermal conductivity than that of pristine AgCusS. Also, the
previous first principle calculations on AgCusS provides us with phonon dispersion plot
which reveals a distinct separation of the two energy modes.'® The low lying phonon-
modes are primarily constituted of the loosely bound cations. This low lying acoustic
phonon modes is indicative of the softness of AgCuS and hence the low thermal

conductive nature. Since the electronic transport is governed predominantly by the rigid
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sulfur sublattice and the low thermal conductivity is due to loosely bound cation
sublattice, an effective decoupling has been observed between the electrical and phonon
transports in AgCus, which is essential for thermoelectrics. With the increase in vacancy,
the electrical conductivity too increases, due to the apparent increase in p-type carrier
concentration (Table 4.3.1), which results in a thermoelectric figure of merit (zT) of ~
0.15 at 445 K for the AgossCuS sample. For the AgCuo.eS sample, a zT of ~ 0.12 is
achieved at 400 K. The zT of ~ 0.15 in AgossCuS and ~ 0.12 in AgCuo.06S is observed
which is due to the low kst and increase in carrier concentration of the samples.

Positron annihilation spectroscopy (PAS) has been a cornerstone in recent history
for characterizing and identifying the chemical nature of the defects in different solids.*?
13,2730 The positron annihilation lifetime (PAL) and Doppler broadening (DB)
measurements of the Ag:1-xCuS and AgCuixS samples are the two principal techniques;
one probe the electron density distribution whilst the other probes the electron momentum
distribution in the studied material. Structural phase transitions in different sulfide
samples using these two positron annihilation techniques have been studied
successfully.t® %

We have characterized all the as synthesized samples (Ago.ssCuS, Ago.ooCus,
Ago.9oCuS, AgCuo.geS, AgCuo.esS and AgCuo.oeS) by positron lifetime spectroscopy and
Doppler broadening of positron annihilation radiation spectroscopy. The entire lifetime
spectrum has been analyzed by PATFIT 88 program with proper source correction. The
best fit of the spectrum (variance of fit < 1 per channel) is with three lifetime components
fitting, having a long lifetime of 1.3 ns with 4 % intensity. This lifetime component is due
to the formation of positronium at the surfaces or at the void spaces inside the sample.
Figure 4.3.7a represents the positron annihilation lifetime spectrum for Ago99CuS and
AgCuo.96S samples. The shortest lifetime component (t1) of about 156 ps, is attributed to
the free annihilation of the positron. The intermediate lifetime component (t2) is due to
the positron annihilation at defect sites. In the present studies, the intermediate lifetime
(t2) component is in the range of 321 + 5 to 347 £+ 5 ps with the relative intensity of 43 to
53 %.
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Figure 4.3.6. Temperature-dependent total thermal conductivity plots for (a) Ag-deficient
Ag1-xCuS samples and (b) Cu-deficient AgCu1-xS samples. Temperature dependent (c)
electrical conductivity (o) and (d) thermoelectric figure of merit (zT) for AgossCuS and
AgCuo.06S samples.

Figure 4.3.7b represents the variation of T2 with the stoichiometric ratio of Ag and
Cu (i.e., Ag/Cu) in AgCus sample. It has already been observed earlier that for a high-
quality crystalline ingot of AgCusS, the value of 12 is about 272 ps, and had been identified
as Ag vacancy.'® It is interesting that 1> is minimum around Ag/Cu ~ 1. Upon decreasing
the Ag/Cu ratio to values less than unity, 12, there is a gradual increase from 343 ps for
Ago.99CUuS to 346 ps for Ago.goCuS and then slightly decreases to 339 ps for Ago.ssCus,
while the increment of 72 is relatively faster in case of Cu vacant samples (320 ps for
AgCuo.geS to 339 ps for AgCuo.geS). The increase of T2 suggests the agglomeration of
cation defects at a particular defect site and hence increases of positron lifetime value,
which indicates towards an increase in cation vacancy in Ag:ixCuS and AgCuixS
samples. The intensity of the intermediate positron lifetime (12), is directly proportional
to the defect concentration, is also plotted for all the samples (inset of Figure 4.3.7b). This
also suggests that the cation defect concentration is more when the stoichiometry is
changed in either way. Average positron lifetime and the bulk positron lifetime were
further calculated using the formula <t> = (11X Iy + 12 X 12)/(I1+12) and 18 = (l1/71 + l2/12)
Lx (1.+ 1) respectively and plotted against the stoichiometry as Figure 4.3.7c. The nature

of both the graphs is similar and as typical, the value of 1 is more than <t>, indicating
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the presence of a vacancy defect in the sample, which increases with increasing the non-
stoichiometry in AgCus that has a significant impact on the vanishing p-n-p conduction

switching in Ag1-xCuS and AgCu1S samples.

10°
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£ 7
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Figure 4.3.7. (a) PAL spectrum for Ago.g9CusS (red dots) and AgCuo.g6S (black dots). The
red and black fitting lines are used to obtain different lifetime components for the two
samples, respectively. Vacancy-dependent (b) t values due to the formation of
positronium at larger voids. (inset) Plot of 12 (%) with respect to the cation (Ag* /Cu™)
vacancies. Vacancy-dependent (c) average lifetime ((z)), and bulk lifetime (z8). (d)
Variation of the DBPAR line-shape parameter (S parameter in PAS) with the
stoichiometric ratio of Ag and Cu (Ag/Cu) in AgCus.
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Doppler broadening of positron annihilation radiation (DBPAR) line shape
parameter, S-parameter (defined in experimental section), provides us a quantitative idea
about the number of positrons being annihilated with the lower momentum valence
electrons. Figure 4.3.7d shows the variation of S parameter of the different samples
plotted against their stoichiometry. With the corresponding increase of vacancies (due to
the change of stoichiometry, i.e., Ag1-xCuS or AgCu1«S) the S-parameter value increases
drastically compared to that of the pristine AgCuS and then it varies only slightly with
increase in vacancy concentration in nonstoichiometric samples. The initial drastic
increase in S-parameter in nonstoichiometric sample is due to the formation of vacancies,
which is expected.?” The consequent slight change in S-parameter in cation vacant
samples can be ascribed to saturation trapping of positrons which can be activated with
even a few atomic percent of vacancies. The lifetime (t2) of the cation (Ag/Cu) vacant
samples is in the range of 320 to 345 ps, which can mainly be attributed to the formation
of vacancy clusters, unlike the lifetime of pristine AgCuS (~ 272 ps), which is mainly due
to the innate Ag vacancies. The 1:% plot against cation (Ag*/Cu®) vacancies (inset of
Figure 4.3.7b) shows the increase in cation defect concentration with increase in vacancy.
The slight decrease in S-parameter for nonstoichiometric samples can thus be a
combination of certain factors along with cation vacancy like formation of vacancy

clusters, saturation trapping and diffusion of positrons to grain boundaries.

4.3.4. Conclusion

Cation (Ag and Cu) vacancies in AgCusS tune the temperature dependent p-n-p
type conduction switching and the samples remain p-type, which indeed improve the
thermoelectric performance. Cu non-stoichiometry proved to be more detrimental to the
p-n-p conduction switching than Ag vacancies. Cu non-stoichiometry disrupts the
hybridized Cu-S orbitals which are pivotal for the formation of intermediate n-type semi-
metallic state and subsequent electronic band overlap, which is the key for the p-n-p
conduction switching in AgCuS. Thus, the vacancy induced disappearance of p-n-p
conduction switching can be due to a combination of a couple of contributing factors: (a)

Excess Ag vacancies impart p-type conduction to the material, and (b) perturbation of
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Cu-S n-type semi-metallic state by formation of Cu non-stoichiometry, which enables the
compounds to remain p-type throughout the measured temperature range. Ag*/Cu”
vacancy increases the p-type carrier concentration, which provides a boost to the electrical
transport. Further, Ag:ixCuS and AgCuixS samples demonstrate ultralow thermal
conductivity due low energy soft phonons arises from hopping of cations within the rigid

anion sublattice.
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Discordant Gd and Electronic Band Flattening
Synergistically Induce High Thermoelectric
Performance in n-type PbTe'

Summary

p-type PbTe is the most sought-after material in thermoelectrics due to its ultrahigh
thermoelectric figure of merit (zT), but the performance of n-type PbTe is lacking behind
due to the simplicity of its conduction band compared to rich valence bands. In this
chapter, we have synergistically enhanced the Seebeck coefficient and lowered the lattice
thermal conductivity of n-type PbTe by Gd doping, which resulted in high thermoelectric
performance. Gd doping in PbTe enhances the electron effective mass via flattening of
conduction band which significantly improves the Seebeck coefficient. Gd is found to
remain in an off-centered position inside the rock-salt PbTe lattice, which increased the
lattice anharmonicity. Density functional perturbation theory (DFPT) calculations
indicate that Gd induces a low energy nearly flat optical phonon mode which drastically
increases the phonon scattering rate and lowers lattice thermal conductivity to 0.78
W/mK. As a result, we achieved a high zT of 1.65 at 678 K for Pb1xGdxTe1-yly (x = 0.33%,
y = 1%).

M. Dutta, R. K. Biswas, S. K. Pati and K. Biswas. ACS Energy Lett., 2021, 6, 1625—1632.
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5.1.1. Introduction

The current technological advancement allows us to convert only a fraction of
resources into efficient energy (like electricity) and a major part (~65%) is lost as heat
during the conversion. Thermoelectric materials which can directly and reversibly
convert waste heat to electricity, are thus seen as a potential candidate in energy
management.’® The performance of the thermoelectric materials is given by its

2
dimensionless figure of merit, zT, which is expressed as zT = %T; o, S and « being

electrical conductivity, Seebeck coefficient and total thermal conductivity respectively.
While o is governed by charge carriers in a material, the thermal conductivity propagates
due to both charge carriers (ie) and lattice vibrations («ia). The complicated inter-
relationship of the thermoelectric parameters (o, S and «e) lends a major bottleneck in
improving zT. Hitherto, most of the improvements in thermoelectric materials have
primarily focused on balancing these interdependent parameters.! Several state of the art
strategies like electronic band flattening,® ’ band convergence,® ° charge carrier
optimization,***? resonant states,'* 4 band alignment,'> 1 mobility enhancement,’: 18
effective mass engineering,® 1° 20 slight symmetry reduction? # etc. have been
effectively carried out to improve the power factor (652) of a material.?® Similarly,
lowering the it Of a material also garnered several novel approaches, e.g. phonon
scattering by point defects,® ?* 2 nano precipitates,*> 26-28 all scale hierarchical phonon
scattering,?®-3! and intrinsic phonon prohibiting pathways,*? which have been successfully
implemented till date.

PbTe adopts a rock salt structure, which is known for its unprecedented p-type
thermoelectric performance in temperature range of 700 — 950 K. High performance in
p-type PbTe originates due to its intrinsic low thermal conductivity arising from
significant lattice anharmonicity and presence of unique electronic band structure.® The
valence band (VB) of PbTe comprises of two neighboring bands L and X which have very
little energy off-set (AEL- x = 0.15 — 0.20 eV)® and thus effective valence band
convergence has been realized in p-type PbTe to improve upon its thermoelectric
performance.® %3034 On the other hand, conduction band (CB) of PbTe comprises of only

asingle L band and thus it is lagging to match the performance of its p-type counterpart.3*
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% The presence of lower degenerate valleys in CB as compared to VB generates
intrinsically low n-type Seebeck coefficient values and thus poses a greater challenge to
improve its n-type thermoelectric performance. %

Recent progress on n-type PbTe primarily focusses on optimizing charge carrier
concentration and mobility® 17 18 3637 “simyltaneously modulating the electronic and
thermal properties in PoTe-Cu,Te!’, PbTe-AgShSe,®, enhancing band effective mass as
in case of Pho.ossShoo12Te-GeTe,® PhoosGaooTe-GeTe?® and PbTe-MnTe®. Similarly,
nano-structuring to reduce kit and simultaneously improve electronic properties is also
observed In and Sb co-doped PbTe,?® PbTe-PbS’ etc.®® 40 However, simplicity of the
conduction band and a large band offset between two neighboring conduction band (AEL-
s ~ 0.45 eV) prohibited n-type PbTe to be as efficient as its p-type counterpart.®® 3

Herein, we demonstrate superior n-type thermoelectric performance for Gd doped
PbTe in the temperature range of 295 — 823 K. Pb1xGdxTe (x = 0.33%) exhibits an zT of
~ 1.2 at 783 K and subsequent n-type electrical transport optimization with iodine (I)
doping, the maximum zT reaches to a high value of ~ 1.65 at 678 K for Pb1.xGdxTe1.yly
(x = 0.33%, y = 1%), which is among the highest value reported for n-type PbTe. Gd is
an n-type dopant and even 0.25 mol% Gd doping on PbTe increases the n-type carrier
concentration to 1.46 x 10 cm™. Electronic structure analysis through Density
Functional Theory (DFT) shows that on Gd doping the principal band gap at L point
opens up along with formation of a non-interacting nearly flat conduction band which
increases the band effective mass (m*). Atom projected electronic density of states
(pDOS) reveals that the non-interacting band is contributed from the hybridized state of
Gd which enhances the Seebeck coefficient in Gd doped PbTe. Furthermore, Gd is seen
to remain in an off-centered position in the PbTe lattice due to discordant nature of Gd in
the octahedral coordination, which creates significant lattice anharmonicity. Phonon
dispersion revealed the presence of low frequency nearly flat optical localized phonon
mode. Both these effects, i.e., the presence of locally off-centered Gd in PbTe and the
formation of low energy localized phonon mode synergistically aid in enhancing the
scattering of acoustic phonons. This significantly lowers the kiat 0f Pb1.xGdxTe (x =
0.33%) to 0.79 W/mK at 735 K. Low «iatin n-type Gd and | co-doped PbTe coupled with

the electronic structure modification results in superior thermoelectric performance and
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importantly an impressive average zT (zTave) Of 1.15 is obtained in the temperature range
of 423 - 823 K.

5.1.2. Methods

Synthesis. High quality crystalline PbTe and Gd and | co-doped PbTe were prepared by
vacuum sealed melting followed by spark plasma sintering (SPS) method. Used
stoichiometric quantities of high-purity Pb (99.999%, Alfa Aesar), Te (99.999%, Sigma
Aldrich), Gd chips (99.99%, Sigma Aldrich) and Pbl, (99.9%, Sigma Aldrich) (total
weight of 8 g) in a quartz ampoule, sealed during high vacuum of 107 torr. The contents
were heated up to 1323 K in 12 hr, soaked at this temperature for 12 hours, and cooled to
room temperature in 12 hr. The obtained product was then finely ground and SPS was
performed to solidify. The sample was taken in a graphite die of 10 mm diameter. The
die was then heated to 600 °C in 12 mins; kept at that temperature for 5 mins and then
cooled to room temperature in 12 mins. The pressure was maintained at 45 MPa

throughout the sintering process.

Powder X-ray diffraction (PXRD). Room temperature PXRD measurements were
recorded on Rigaku SmartLab SE diffractometer using Cu Ko, (A= 1.5406 A) radiation.

Thermal conductivity. The thermal diffusivity, D, was measured between 290 K and
823 K using laser flash diffusivity technique in Netzsch LFA-457 instrument. Disc-
shaped pellets with ca. 10 mm x 2 mm dimensions were used for thermal transport
measurement. Lattice thermal conductivity (kiat) IS extracted by subtracting electronic
thermal conductivity (ke) from total thermal conductivity. Electrical and thermal

transport properties were measured in same direction.

Electronic properties. Electrical conductivity (o) and Seebeck coefficient (S) were
simultaneously measured under He-atmosphere from 290 K up to 823 K using ULVAC-
RIKO ZEM-3 instrument. Rectangular bar shaped samples (ca. 2x2x9 mm?) cut from

cylindrical samples were used for the electrical measurements. The best sample is further
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measured in Linseis LSR-3 instrument for reproducibility in the same temperature range.

Electrical and thermal transport properties were measured in same direction.

Band gap. Finely ground sample was used to obtain the optical band gap at room
temperature. The optical band gap was estimated in a FT-IR Bruker IFS 66V/S
spectrometer within the range of 6000 — 400 cm™. Absorption (a/S) data were derived
using Kubelka-Munk equation: a/S=(1-R)%(2R), where R is the reflectance, o and S
corresponds to absorption and scattering coefficient, respectively. The energy band gaps
were deduced from o/S vs Eg (V) plot.

Field emission scanning electron microscopy (FESEM). FESEM images in back
scattered electron (BSE) mode and normal mode were taken using ZEISS Gemini SEM

— Field Emission Scanning Electron Microscope.

Transmission electron microscopy. The transmission electron microscopy (TEM)
image of the sample were taken using a JEOL (JEM3010) instrument (300 kV
accelarating voltage) and the high resolution TEM (HRTEM) images was taken using
JEOL (JEM2100PLUS) instrument (200 kV accelarating voltage).

Theoretical Methods. First principle based density function theory (DFT) has been
performed to study structural relaxation and electronic structure property calculations
using the Quantum Espresso package.*! The Kohn-Sham equations are solved using a 70
Ry plane wave basis states with the projector augmented wave (PAW) method*? and the
generalized gradient approximation®® is employed. The total energy and ionic forces are
converged to within 108 eV and 0.025 eV/A, respectively. A uniform grid of k-mesh in
the Brillouin zone of 4000 k-points has been considered for electronic structure
calculations. The sharp discontinuity of the electronic states near the Fermi level are
smeared out with the Fermi-Dirac distribution function with broadening of 0.003 Ry. We
consider 3x3x3 supercell of PbTe containing 54 atoms (Pb27Tez7) and one Pb substituted
with Gd atom (Pb2sGdiTez7) for electronic structure calculation. In order to incorporate

relativistic effects because of the presence of heavy metals in the supercell, we include
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spin-orbit coupling (SOC) in the band structure. Our calculated electronic band dispersion
obtained using PBE-SOC functional matches well consistently with previous DFT results
on controlled PbTe.® To access the bond strength and bonding interaction, we execute
crystal orbital Hamiltonian population (COHP) analysis between the pairwise orbitals
corresponding to Te-Gd atoms in the crystal structure of Gd doped PbTe. The phonon
dispersion calculation of PbTe and Gd-doped PbTe unit cells have been carried out using
density functional perturbation theory (DFPT) formalism implemented in Quantum
Espresso. A strict energy convergence of 10° eV has been used to obtain phonon
frequencies accurately. We calculate phonon group velocity (9;4)using the equation,
Yiq =V (Eiq)/h. For phonon calculations, we have considered a 2x2x1 supercell
(primitive cell of PbTe contains 2 atoms). Therefore, we have obtained the phonon
dispersion curve for 8 atoms in the constructed 2x2x1 supercell. It contains 24 phonon
modes at each g-point: out of the 24 phonon modes, there are 3 acoustic phonon modes
and 21 optical phonon modes present.

For determining the scattering rates, we have used ShengBTE** code which solves
for the scattering rates considering the three phonon scattering processes. The calculation
of scattering process required information of the third-order interatomic force constant
(IFC) matrix along with second-order IFCs. First, we considered an initial 2x2x1
supercell (primitive cell of PbTe contains 2 atoms) containing 8 atoms for second-order
IFC calculations. Then, to calculate the third-order IFC matrix, we have generated a
4x4x1 supercell containing 32 atoms with displaced configurations, using thirdorder.py
utility.* This third-order IFC matrix in conjunction with the second-order IFC matrix are
incorporated in ShengBTE code which solves for the scattering rates using a dense
sampling of g-points spanning over the BZ. Theoretical calculations are done in

collaboration with Prof. Swapan K. Pati of INCASR, Bangalore.

5.1.3. Results and Discussion
High quality polycrystalline Pb1.xGdxTe (x = 0.25 - 0.75%) samples were synthesized

using vacuum sealed tube melting reaction followed by spark plasma sintering (SPS).
Like its parent sample all the doped samples crystallized in rock-salt structure (Figure
5.1.1a). Powder X-ray diffraction (PXRD) of all the samples show no secondary phases
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within the detection limit of the instrument indicating complete solubility of Gd into PbTe
lattice (Figure 5.1.1b). On Gd doping we observe a slightly shift in the PXRD peaks
towards higher 26, indicating decrease in the lattice parameter (Figure 5.1.1c), which is
due to the smaller ionic radius of Gd** (1.07 A) as compared to Pb?* (1.33 A). Field
emission scanning electron microscopy (FESEM) done in back scattering electron (BSE)
mode and transmission electron microscopy (TEM) on Pb1xGdxTe (x = 0.33%) further
confirms the absence of second phase precipitates and it is consistent with our PXRD data
(Figure 5.1.2a and 5.1.3). Elemental colour mapping during Energy dispersive X-ray
(EDAX) of the FESEM imaging shows that all the three atoms i.e., Pb, Te and Gd are
distributed homogeneously over the observed area (Figure 5.1.2c). The d-spacing
obtained from Figure 5.1.3c is found to be 0.33 nm which corresponds to (200) plane in

the rocksalt structure.
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Figure 5.1.1. (a) Rock-salt structure of PbTe. (b) Room temperature powder XRD pattern
for pristine PbTe and Gd doped PbTe. (c) Zoomed (200) peak of PbTe and Gd doped
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samples. Gd doped samples show clear red shift in the 26 value with increasing dopant
concentration. (inset) Variation of lattice parameter of PbTe with Gd doping. (d) Band
gap of PbTe and Gd doped PbTe. The band gap increases on increasing doping
concentration.

Table 5.1.1. Room temperature n-type carrier concentration and mobility of the Pb.
xGdxTe1.yly samples.

Sample Name Carrier concentration Mobility
(cm=x 10%) (cm?2Vv1sT)
X =0.25%, y = 0% 1.46 436
X =0.33%,y =0% 2.97 522
X =0.75%, y = 0% 4.30 396
x=0.33%,y=1% 3.32 263
x =0.33%, y = 2% 3.60 203
X = 0.33%, y = 3% 2.63 197

Gd is a n-type donor with a common oxidation state of +3, and on substituting
Pb?* it will impart an additional electron into the lattice. Previous low temperature
electronic transport measurement on Gd doped PbTe showed similar n-type behavior.*®
47 Increase in the dopant concentration will thus lead to an increase in the n-type carrier
concentration and hence subsequent enhancement in the electrical conductivity (o). On
Gd doping the n-type carrier concentration of PbTe increases from 1.46 x 10%° cm™ for
Pb1xGdxTe (x = 0.25%) to 4.30 x 10'° cm™ for Pb1xGdxTe (x = 0.75%) at room
temperature (Table 5.1.1). Such increase in carrier concentration is also observed in ¢ as
it increases from 1020 S/cm for Pb1.xGdxTe (X = 0.25%) to 2484 S/cm for Pb1xGdxTe (X
=0.33%) and finally to 2731 S/cm for Pb1.xGdxTe (x = 0.75%) at ~300 K (Figure 5.1.4a).
With increasing temperature, we observe that ¢ decreases for all the samples as it is
expected for degenerate semiconductors. Similarly, the Seebeck coefficient (S) for Gd
doped PbTe at ~ 300 K decreases systematically from -111 pV/K for Pb1xGdxTe (x =
0.25%) to -72 uV/K for Pb1xGdxTe (x = 0.75%) (Figure 5.1.4b). The negative sign

indicates its n-type conduction and agrees with the negative Hall coefficients.
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Temperature dependent S increases with increase in temperature with highest S value of
-261 pV/K is obtained for Pb1xGdxTe (x = 0.25%) at 817 K. As a result, we obtained a
high power factor of ~24.7 uW/cmK? at 483 K for Pb1.xGdxTe (x = 0.33%) (Figure
5.1.4c).

Figure 5.1.2. (a) FESEM image in BSE mode obtained for Pb1xGdxTe (x = 0.33%). (b)
FESEM image of Pb1.xGdxTe (x = 0.33%). (c) Representative colour mapping showing
homogeneous distribution of the atoms.

To investigate the cause for such enhanced power factor for Gd doped PbTe, we
plot the room temperature Seebeck coefficient as a function of carrier concentration (n).
The resultant relationship when plotted against theoretical single band Pisarenko plot with
varying effective mass (m*) (m* = 0.30, 0.35, 0.42 mg), indicated an increase in effective
mass with increase in Gd incorporation (Figure 5.1.4d). The effective mass for Pb;.
xGdxTe (x = 0.25%) is ~0.35me, which increase to ~0.45m. for Pb1xGdxTe (x = 0.75%)
and is comparable to PbTe-MnTe,® but higher than PbTe-PbS (~0.32 me),” PbTe:l (~0.25
me),* La doped PbTe (~0.33 m¢),*® PbTe-Cu,Te,}” GeTe alloyed Pho.gssSho.o12Te (~ 0.40
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me)™® etc. This enhanced m* dictates the high Seebeck coefficient for Gd doped PbTe and

influences the n-type thermoelectric performance in PbTe.

Figure 5.1.3. (@) TEM and (b, c) HRTEM images of Pb1xGdxTe (x = 0.33%) showing
absence of any nano precipitates.

To understand how Gd doping influences the electronic transport properties of
PbTe, we have performed DFT analysis of electronic structure. Figure 5.1.5a represents
the electronic band structures of PbTe and Gd-doped PbTe plotted together for
comparison. It is evident that on Gd incorporation the band gap at L point opens up from
0.15 eV to 0.25 eV and is in line with the experimentally observed band gap opening
upon Gd doping in PbTe (Figure 5.1.1d). Experimentally pristine PbTe has a band gap of
~ 0.27 eV which increases to 0.29 eV for Pb1xGdxTe (x = 0.75%). Furthermore, doping
with Gd atoms introduces new features in the electronic band structure which is beneficial
for thermoelectric power factor. We observe non-interacting single band just above the
Fermi level in the conduction band which is nearly dispersionless around I" point and
relatively dispersive along the L — I'direction (red lines, Figure 5.1.5a). In fact, the flat
nature is further verified through the sharp peak observed in the electronic DOS plot
which is shown by the purple arrow in Figure 5.1.5b and resembles to that of Sb and | co-
doped PbTe.?* Here, this non-dispersive band leads to higher Seebeck coefficient.*® 5°
This band flattening is accompanied with an increase in the effective mass (m*) of the
conduction band. Pristine PbTe has an effective mass of ~0.3me which increases to
~0.42m. for Gd doped PbTe and correlates closely with our modelled S vs. n Pisarenko

relationships (Figure 5.1.4d).
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Figure 5.1.4. Temperature dependent (a) electrical conductivity (o), (b) Seebeck
coefficient (S), (c) power factor (0S?) for Gd doped PbTe samples. (d) |S| vs. n plot for
Pb1xGdxTe (x = 0.25 — 0.75%) and Pb1xGdxTeryly (x = 0.33%, y = 1 — 3%) and plotted
against the theoretical Pisarenko plot (solid lines) using single band model with varying

effective masses (m*) of 0.30, 0.35 and 0.42 me and compared with previous results-
PbTe-PbS 7, PbTe:1 *8, PbTe:La % PbTe-CuzTe *', Pho.gssShoo12Te-GeTe *°.

Atom projected electronic density of states (pDOS) for Gd-doped PbTe, revealed
that the conduction bands are contributed by hybridized states of Te-Gd and Te-Pb
bonding, with Pb showing the maximum contribution (Figure 5.1.5c). The electronic
structures are calculated based on energetically most favourable configuration where Gd
atoms are displaced along the crystallographic direction [111] from their ideal octahedral

positions (Figure 5.1.6a). The off-centering of the Gd atom from regular octahedral site
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is around 0.21 A. This tendency of Gd to off-center from the parent Pb position might
arise due to the discordant nature of Gd, which prefers to attain a higher coordination
number (CN) (CN > 6) than possible for rock-salt PbTe (CN = 6).%! Through the off-
center configuration in Gd doped PbTe, the structure further reduces their total energy

significantly by 13 meV which is shown in Figure 5.1.6b.
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Figure 5.1.5. (a) Electronic band structure of PbTe (black) and Gd doped PbTe (red),
containing 54 atoms in the 3x3x3 supercell. (b) Electronic DOS of PbTe and Gd doped
PbTe. The relatively flat nature in the conduction band is further confirmed by a sharp
peak in DOS, marked by a purple arrow. (c) Atom projected electronic density of states
(pDOS).

To further understand the chemical aspect of such Gd off-centering, we perform
Crystal Orbital Hamitonian Population (COHP) analysis between the orbitals of Te and
Gd. COHP is calculated considering the DOS multiplied by the Hamiltonian matrix
element and it indicates degree of covalency and nature of bonding interactions. The
negative value of COHP signifies bonding nature while positive value implies anti-
bonding nature. Figures 5.1.6¢c, d represent the COHP between the orbital of Te and Gd
for both the undistorted (at regular octahedral site) and off-centered site of Gd atom in
the PbTe lattice, respectively. Interestingly, interaction between Te and Gd orbital is
antibonding in nature above the Fermi level when Gd atoms are placed at their undistorted
octahedral site. However, through the off-centering, Gd-Te interaction becomes bonding
in nature which is energetically favorable than the undistorted case. This locally off-
centered Gd atoms increases the lattice anharmonicity and subsequently plays an
important role in reducing lattice thermal conductivity of n-type PbTe significantly

(discussed later).20: 5253
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Figure 5.1.6. (a) Off-centered Gd atom at the distorted octahedral position in PbTe.
Color codes are represented as follows: Pb - Red; Te - Blue; Gd - Green. (b) Energy vs.
Gd off-centering plot showing a minimum energy is obtained when Gd is off-centered by
~0.21 A along [111] direction. Crystal orbital Hamiltonian population (COHP) is plotted
for Gd doped PbTe with (c) undistorted and (d) off-centered Gd atom from the
equilibrium octahedral position.

Table 5.1.2. List of some irreducible g-points and corresponding degenerate vibrational
Eigen values. The g-points are in the unit of 27"; where [ is lattice constant.

qx qy q: wl(cm_l) ) (cm_l)
0.00 -0.57 0.20 38 38
0.00 -0.57 -1.02 41 41

To comprehend the nature of thermal transport in these materials, we have

calculated the phonon dispersion of pristine PbTe and Gd doped PbTe (Figure 5.1.7a, b).

We have observed that Gd atom introduces nearly flat band around frequency ~38 cm™

along I' - Z - R — X directions over the Brillouin zone of phonon dispersion (Figure
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5.1.7b). The low energy nearly dispersionless optical mode reflects weak interatomic
force constant (IFC) and thereby reflects weak bonding between the associated atoms.
These disentangled nondispersive optical phonons mode behave similar to the Kondo-
like phonon mode as seen for type-I Clathrates with Ce and La as guests previously and
are doubly degenerate in nature (Figure 5.1.8).>* These non-dispersive degenerate phonon
modes strongly scatter acoustic phonon modes, and is evident from the phonon-phonon
anharmonic scattering rates, which increases by a few folds (~ 10° 1/ps) at the frequency
~38 cm! (Figure 5.1.7¢). Here, the localized phonon mode shows larger scattering rates
than that of other highly anharmonic compounds.>® ¢ Moreover, we observe avoided
crossing between longitudinal acoustic (LA) mode and low energetic optical mode at 40
cm near high symmetry S point in the phonon dispersion curve (Figure 5.1.7b). Such
avoided crossing is a signature for strong scattering of heat carrying acoustic phonons.
Figures 5.1.9a, b represent phonon DOS for PbTe and Gd doped PbTe. A sharp peak in
density of states near 38 cm™ (black arrow, Figure 5.1.9b) is evidenced due to the
appearance of non-dispersive flat optical phonon mode.

For microscopic understanding of this nearly flat optical phonon band, we
carefully analyse phonon dispersion over the full Brillouin zone. In this regard, the
vibrational frequencies have been accurately calculated using density functional
perturbation theory (DFPT)®" as implemented in Quantum Espresso (QE).* In fact, we
compute vibrational eigenvalues at the particular irreducible g-points depending upon
crystal symmetry. Some of the important vibrational modes for particular g-points are
tabulated in Table 5.1.2. While doping with Gd atom in place of Pb, we encounter two
sets of possible degenerate Einstein modes (w;and w,) at the non-zero g- points.
Interestingly, the Gd atom at the 4a crystallographic site constitutes a non-interacting
hybridized state with Te and Pb atoms and constructs phonon mode which is flat in nature
over the Brillouin zone along I' - Z - R - X directions. These non-dispersive
vibrational modes are degenerate in energy due to specific crystal symmetry for some
particular irreducible g-points. These degenerate vibrational modes are identified as
pseudospins in the Kondo model.*® In the context of the spin Kondo model,> pseudospins
represent spin up and spin down states. Similar to the spin systems, the vibrational

eigenvectors associated to the degenerate eigenvalues have orthogonal to each other.
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These nearly non-dispersive Kondo-like degenerate optical phonon modes strongly
scatter extended acoustics modes, similar to the spin kondo system where localized spin

scatters free electrons and in turn reduces the carrier conductivity.
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Figure 5.1.7. Phonon dispersion for (a) PbTe and (b) Gd doped PbTe. Appearance of a
special band which is represented by black color, reveals nearly non-dispersive nature
along '-Z—R—X directions due to Gd doping. () Anharmonic scattering rates as a
function of frequency at T=700 K has been shown. Very high values of scattering rates
have been observed at frequency ~38 cm™. (d) Phonon contribution to the specific heat
as a function of temperature for pristine and Gd doped PbTe.

The signature of the appearance of the Kondo like non-dispersive mode has also
been verified from the phonon contribution to the theoretical specific heat (Figure 5.1.7d).
In fact, a broad maximum of specific heat curve appears around 121 K which is actually

near to the Debye temperature of PbTe system.®% 61 Interestingly, it is observed that the
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broad maximum of the specific heat sharpened and shifted towards the lower
temperatures as a result of Gd doping. Such behaviours can be explained in terms of
temperature scales where these effects are controlled not by Debye temperature, rather
governed by reduced energy scale >*. Thus, reduced temperature scale strongly enhances
Umklapp scattering that results in limiting the lattice thermal conductivity.

Figure 5.1.8. Eigen vector visualization for degenerate energy modes at 38 cm™ (a and
b) and 40 cm™ (c and d). Color codes are represented as follows: Pb - Red; Te - Blug;
Gd — Green.

To uncover how this localized optical phonon mode affects the thermal transport,
we have calculated the atom projected phonon DOS (Figure 5.1.9¢c). Atom projected
phonon DOS of Gd overlaps significantly with Pb atoms and hybridizes less with Te
atoms at ~ 38 cm™. Furthermore, the eigen mode visualization of this flat phonon mode,
shows significant contribution of the Gd atoms indicating that the chemical origin of this
flat phonon mode arises due to the doping of Gd atom in PbTe (Figure 5.1.8). These

hybridized modes effectively scatter acoustic phonons and reduce lattice thermal
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conductivity significantly. Moreover, this localized optical mode reveals very low group
velocity ~230 m/salong I' - Z — R — X directions (Figure 5.1.9d). The large scattering
rates in combination with low group velocity driven by the low energy localized optical
mode is the primary reason to achieve low lattice thermal conductivity in Gd doped PbTe.
Gd doping further decreases the speed of sound along one of the transverse directions
(v¢2) from 1690 m/s to 1160 m/s (Table 5.1.3). This reduction in vi2 decreases the overall
mean speed of sound of the acoustic phonons from 1570 m/s for Gd doped PbTe
compared to 2035 m/s for pristine PbTe. This reduction in the mean speed of sound along
with the presence of low energy flat optical phonon mode and lattice anharmonicity

induced via Gd off-centering plays a pivotal role in lowering the kiat Of Gd doped PbTe.

Table 5.1.3. Speed of sound of the acoustic phonons

Compound vi (m/s) vel (m/s) vi2 (m/s) Vmean (M/S)
PbTe 2680 2180 1690 2035
PbGdTe 2700 2290 1160 1570

The thermal diffusivity (D) of these Gd doped PbTe samples are shown in figure
5.1.10a. Total thermal conductivity (k) was estimated using the relation, x = D x Cp X p,
where p is the density (> 97%) of the sample and Cp is the heat capacity (Cp) of PbTe
estimated from the relation Cp /ks per atom = 3.07 + (4.7 x 10~* x (T —300))® 6253 and are
shown in Figure 5.1.10b. The total thermal conductivity value at ~300 K for Pb1.xGdxTe
(x =0.25%) is 3.3 W/mK, while for Pb1.xGdxTe (x = 0.33%) and Pb1xGdxTe (x = 0.75%)
the values are 3.5 W/mK and 3.8 W/mK respectively at the same temperature. The
increase in mainly attributed to the increase in the electrical conductivity of the material
with Gd doping, which increases the electrical thermal conductivity («el). «er is calculated
using the Wiedemann Franz law, kel = LaT, where o is the electrical conductivity and L
is the temperature dependent Lorenz number obtained by fitting the Seebeck coefficient
to the reduced chemical potential.®® The temperature dependent Lorentz number and ke
are given in Figure 5.1.10c, d. The lattice thermal conductivity (kia) however, is seen to
decrease initially when Gd doping is changed from 0.25 mol% to 0.33 mol% but increases

for 0.75 mol% doping. xiat for Pb1.xGdxTe (X = 0.25%) decreases from ~2.76 W/mK to
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2.02 W/mK for Pb1xGdxTe (x = 0.33%) at room temperature (Figure 5.1.10e). kiat for all
the samples is found to decrease with increase in temperature. Low «iat 0f 0.78 W/mK is
obtained at 735 K for Pb1xGdxTe (x = 0.33%), which is due to a synergistic effect of off-
centered Gd atom and phonon scattering due to the presence of low energy localized

optical phonon mode.
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Figure 5.1.9. Phonon DOS for (a) PbTe and (b) Gd doped PbTe. Here, a sudden
enhancement in DOS at 38 cm™ which is indicated by a black arrow, appears because of
Gd doping in PbTe. This increment in DOS originated because of a low energy nearly
flat band (shown in black color in Figure 5.1.7b) in the Gd-doped PbTe. (c) Atom
projected phonon DOS. (d) Phonon group velocity vs. g-points. The avoided crossing is
further verified from the phonon group velocity plot where sharp changes in phonon
group velocity is observed in S point. Please note the group velocity is low for flat low
energy Kondo-like optical phonon band (shown in blue color).
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The peak thermoelectric figure of merit (zT) of ~1.2 at 783 K is observed for Pb-
xGdxTe (x = 0.33%) which is a resultant of superior power factor and low «ia (Figure
5.1.10f). Further optimization is done on Pb1.xGdxTe (x = 0.33%) with I co-doping. All
the | co-doped samples are found to crystallize in NaCl type structure with no observable
impurities within the instrument detection limit (Figure 5.1.11a, b). With subsequent Gd
and | co-doping, the band gap is found to increase from ~0.28 eV for Pb1.xGdxTe1yly (x
= 0.33%, y = 0%) to ~0.33 eV for Pb1xGdxTeiyly (x = 0.33%, y = 3%) at room
temperature (Figure 5.1.11b). I co-doping found to decrease the electrical conductivity
but increases the S. Even 1 mol% | doped Pb1xGdxTe (x = 0.33%) reduces the room
temperature ¢ value to 1400 S/cm compared to ~2484 S/cm for Pb1xGdxTe (x = 0.33%)
(Figure 5.1.12a). Additional incorporation of aliovalent | in Te position results in further
degradation of 6. 2 mol% and 3 mol% I doped Pb1xGdxTe (x = 0.33%) shows o value of
~1172 S/cm and 832 S/cm at room temperature respectively (Figure 5.1.12a). This
decrease in ¢ value might arise due to enhanced charge carrier scattering (Table 5.1.1).
The o of these I doped Pb1xGdxTe (x = 0.33%) however decreases with increasing
temperature, hence retaining the degenerate semiconductor properties of PbTe.

The Seebeck coefficient for Pb1xGdxTeryly (x =0.33%, y = 1 - 3%) increases with
increase in'y and is in line with the electrical conductivity trend. The room temperature S
value for Pb1xGdxTe1yly (X =0.33%, y = 1%) is -77 uV/K which increases to -81 uV/K
for Pb1.xGdxTe1yly (X = 0.33%, y = 2%) and finally up to -92 pV/K for Pb1.xGdxTeryly (X
= 0.33%, y = 3%) (Figure 5.1.12b). |S| vs. n Pisarenko plot (Figure 5.1.4d) shows that |
doping do not perturb the conduction band effective m* and it is only essential for
optimizing the n-type carrier concentration (Table 5.1.1), thereby the S and o values. S is
found to increase almost linearly with increase in temperature for all the samples. High
power factor of ~20.3 uW/cmK? is found for Pb1.xGdxTe1yly (x = 0.33%, y = 1%) at 579

K and remains almost flat up to the measured maximum temperature (Figure 5.1.12c).
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Figure 5.1.10. Temperature dependent (a) total thermal conductivity (x), (b) thermal
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thermal conductivity (xa) and (f) thermoelectric figure of merit (zT) of Gd doped PbTe

samples.
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Figure 5.1.11. (a) Room temperature powder XRD pattern of Pb1.xGdxTe1yly samples. (b)
Room temperature band gap of Pb:1xGdxTeiyly samples. The band gap increases on
increasing doping concentration.
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efficient (S), (c) power factor (052) and (d) total thermal conductivity () for PbixGdyTes-
yly samples.

The room temperature thermal conductivity of Pb1xGdxTe1.yly (x =0.33%,y =1
- 3%) decreases dramatically from 3.54 W/mK to 1.51 W/mK fory = 0% and y = 3%
respectively (Figure 5.1.12d). Such decrease in total thermal conductivity is due to the
combination of two effects: first one being significant reduction in the xe and the other
being phonon scattering due to additional point defect scattering from | doping. The
temperature dependent thermal diffusivity, Lorenz number and e are given in Figure
5.1.13a-c. The kiat decreases from ~2.02 W/mK for Pb1.xGdxTe1yly (x = 0.33%, y = 0%)
to ~0.78 W/mK for Pb1xGdxTe1yly (x = 0.33%, y = 2%) at room temperature (Figure
5.1.13d). The «iat reaches an ultralow value of 0.36 W/mK at ~630 K for Pb1.xGdxTe1.yly
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(x = 0.33%, y = 1%), lying above the predicted lower limit «qifr value of 0.157 W/mK
(Figure 5.1.13d).%
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Figure 5.1.13. Temperature dependent (a) Thermal diffusivity (D), (b) Lorenz number
(L), (c) electrical thermal conductivity (xer), and (d) lattice thermal conductivity («iat) for
Pb1.xGdxTe1yly samples.

The maximum zT of 1.54 at 678 K for Pb1xGdxTe1yly (x = 0.33%, y = 1%) (Figure
5.1.14) was found. This high zT is a resultant of the synergistic effect of Gd and | co-
doping, and this effect is found to increase the thermoelectric performance of the n-type
PbTe as compared to their individual contributions as shown in Figure 5.1.14b. The

thermoelectric performance was further verified through repeated cycles and the electrical
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properties were verified using two different instruments (Figure 5.1.15). The peak zT
using Ulvac Riko ZEM-3 and Linseis LSR-3 are found to be 1.54 at 678 K and 1.62 at
683 K respectively (Figure 5.1.14b). Peak zT further improves to ~1.65 at 678 K (Figure
5.1.14Db) if the thermal conductivity is estimated using heat capacity from Dulong-Petit
limit of 0.15 J/gK like determined in other previous n-type PbTe based reports © 172426,
The high zT in the present system is comparable and even higher to other state of the art
n-type PbTe materials. We have achieved a high zTave 0f 1.15 in the temperature range of
423 — 823 K for Pb1xGdxTei-yly (x =0.33%, y = 1%).

5.1.4. Conclusion

In conclusion, Gd doping introduces a non-interacting flat conduction band in n-
type PbTe which increases its band effective mass (m*). The presence of this nearly flat
conduction band distorts the electronic DOS which is beneficial for enhancing the
Seebeck coefficient of n-type PbTe. |S| vs. n Pisarenko plot reveals that the m* increases
from 0.35 me to ~0.45 me with increase in Gd doping (from 0.25 mol% to 0.75 mol%) for
n-type PbTe. Gd found to be favorable when it is locally off-centered from its parent
position by ~ 0.21 A along [111] crystallographic direction in the PbTe lattice, which
creates significant lattice anharmonicity. Phonon dispersion revealed the presence of low
frequency nearly flat optical phonon mode and plays a pivotal role in scattering the heat
carrying acoustic phonons, thus lowering its «iat to a low value. The high thermoelectric
performance of Gd doped PbTe is resultant of high power factor arising due to distortion
of electronic DOS and simultaneous low thermal conductivity due to Gd off-centering
and enhanced scattering due to formation of low energy localized phonon modes. Further
improvement in the zT is obtained via | incorporation in Pb1xGdxTe (x = 0.33%), with 1
mol% | co-doping shows a high peak zT of 1.65 at 678 K and an impressive zTave 0f 1.15

Is obtained in a broad temperature range of 423 — 823 K.
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Local Ge Off-centering in Snp7GepsTe Induces
Ferroelectric Instability and Softens Polar Phonons:
Pair Distribution Function (PDF) Analysis’

Summary

Lowering of optical phonon modes are pivotal for a system to attain low thermal
conductivity as they scatter the heat carrying acoustic phonons. In this chapter, we have
investigated the structure — property relationship of Sno7GeosTe near and above its
ferroelectric transition temperature. Sno.7Geo.3Te which shows a ferroelectric transition
at ~290 K, is found to be locally distorted below 290 K by a greater degree which
decreases after the ferroelectric transition temperature, but nevertheless retains the local
distortion till the measured temperature. Through Synchrotron X-ray Pair Distribution
Function (PDF), we have observed that both the cations remain off-centered along the
rhombohedral [111] direction, which Ge showing a much greater degree of off-centering
in the lattice. We have shown that the local rhombohedral distortions are predominantly
associated with correlated local Ge off-centering which forms a short-range chain-like
structures and scatter acoustic phonons, resulting in an ultralow lattice thermal
conductivity of ~0.67 W/mK.

TA. Banik, T. Ghosh, R. Arora, M. Dutta, J. Pandey, S. Acharya, A. Soni, U. V. Waghmare and K. Biswas.
Energy Environ. Sci., 2019, 12, 589-595. and A. Vasdev,' M. Dutta,' S. Mishra, V. Kaur, H. Kaur, K.

Biswas and G. Sheet. Manuscript under review ('Equal first author).
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5.2.1. Introduction

Innovative design of solid state structures and compositions with low thermal
conductivity is the way forward to high performance thermoelectric (TE) materials, which
offer an environment friendly solution for recovery of waste heat in the form of
electricity.! 2 The crux of improving a material’s thermoelectric performance involves
essentially the optimization of three interdependent material properties: electrical
conductivity (o), Seebeck coefficient (S) and thermal conductivity (xtwt = electronic ()
+ lattice (xi1at) thermal conductivity) which govern the dimensionless thermoelectric figure
of merit, zT = 6S?T /(xiat + xer).2 The reduction in xiat by devising an efficient mechanism
of scattering heat carrying acoustic phonons is one of the most effective and widely used
avenues for high performance thermoelectrics.*® Innovative material design like
broadband phonon scatterings based on extrinsic all-scale hierarchical nano/meso-
architectures® 7 or intrinsic material properties,® e.g., complex crystal structures,® part-
crystalline part-liquid state,’® bonding asymmetry,’* 12 superionic substructure with
liquid-like cation disordering,**'® lone-pair induced bond anharmonicity®® and
anisotropic layered crystal structure!’- ¥ have been employed in the past to achieve low
kiat. However, in many of these approaches like the introduction of nano/meso-
architectures, the reduction in kit comes with a cost of reduced charge carrier mobility
(«) and electrical conductivity.

In this chapter, we provide experimental evidence for local structural distortion
which induces ferroelectric instability in Sno7GeosTe near the room temperature. SnTe
resides in global centrosymmetric rocksalt structure at room temperature but has a lattice
instability originating from resonant bonding*®-?* and undergoes a temperature dependent
paraelectric to ferroelectric transition with rhombohedral (R-3m) structure below 100 K.?°
Ferroelectricity in its rhombohedral phase originates from relative displacements of the
Sn and Te sublattices along [111] direction.??° In the close proximity of the ferroelectric
transition (> Tc), SnTe exhibits softening of the zone centre (I'-point) TO phonon
modes?® 3 and the frequencies of these TO phonons are in fact lower in the cubic phase
compared to that of the rhombohedral phase.?® This ferroelectric instability originated
from local rhombohedral distortion in cubic SnTe, can be employed to further improve
its thermoelectric performance by reducing the xit. However, the ferroelectric phase
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transition in SnTe occurs in a temperature regime of ~ 100 K, making it impractical to
use the associated ferroelectric instability for thermoelectric power generation at high
temperatures.

In this chapter, we have alloyed Ge (30 mol%) in SnTe to strengthen its
ferroelectric instability near room temperatures and achieve soft phonon modes in a wide
range of momenta around ferroelectric instability. Sni.xGexTe exhibits unstable phonon
branches not only at the Brillouin zone center (characteristic of displacive phase
transition), but also wave-vectors in a large domain in Brillouin zone. In real space, this
results in chain like local off-centering of Ge in the cubic SnTe lattice. The analysis of
temperature dependent synchrotron X-ray Pair Distribution Function (PDF) reveals that
although the global structure is cubic, local rhombohedral distortion, primarily created by
Ge off-centering, persists even at the highest temperature studies here. Analysis of the
local structure revealed that the cations are off-centered from their mean position along
the rhombohedral [111] direction. The off-centering of Ge is found to be ~ 0.25 A below
the ferroelectric transition temperature which decreases to 0.10 A after the transition. Sn
however are off-centered by a much lesser degree by ~ 0.07 A below the ferroelectric
transition temperature which reduces after the transition. This local off-centering and the
ensuing ferroelectric instability in Sno7GeosTe scatter heat carrying acoustic phonons,
and thereby reduce the xiatto ~ 0.67 W/mK at 300 K in Sno7GeosTe. The ultra-low «iat,
aids in enhancing the thermoelectric figure of merit and we achieved highest
thermoelectric figure of merit, zT, of ~1.6 at 721 K with carrier optimized Sh-doped
Sno.7GeosTe (Snos7Sbo.13GeosTe).

5.2.2. Methods

Reagents. Tin (Alfa Aesar 99.99+ %), germanium (Aldrich 99.999%), tellurium (Alfa
Aesar 99.999+ %) and antimony (Alfa Aesar 99.999+ %) were used for synthesis without
further purification.

Synthesis. High quality polycrystalline ingots of Sno7Geo.3Te have been synthesized by
melting the stoichiometric amount of Sn, Ge and Te in vacuum sealed (10> Torr) quartz
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tube. The tubes were kept vertically in a box furnace and slowly heated to 900 °C over 12

hrs, then kept for 10 hrs, and cooled slowly to room temperature.

Pair Distribution Function (PDF): For performing X-ray PDF, the samples were finely
ground using agate mortar pestle and the powder crystals were then filled in a capillary
having diameter of 0.6 mm and is sealed on ends using adhesive. The capillaries then
mounted on an instrument holder which is placed right in between the beam source and
the image plate. Cryostream (250 — 300 K) and hot air blower (300 — 600 K) was used for
the temperature dependent measurement. The Perkin Elmer detector was placed at ~230
mm from the sample. A dark measurement was performed prior to every data set, and to
obtain the background data sets from empty capillary was taken after each sample.
Lanthanum Hexaboride (LaBe) was used as a standard for calibration purposes in our
experiment. The beam spot size had a dimension of 0.5 x 0.5 mm? and a fixed energy of
~60 keV was used.

Processing and normalization of data provided us with G(r), which gives the
probability of finding nearest neighbor atoms at a distance r in the material. G(r) is
obtained via Fourier Transformation of scattering structure function F(Q), using the

formula3?

oo

G(r) = E F(Q)sinQrdQ
TJg

Where Q is the momentum transfer of the scattering particle. F(Q) is related to structure
function S(Q) which is attained from proper correction of scattering data via the relation
F(Q) = Q[S(Q)-1]. The data was taken from the beamline P02.1, PETRA IlI, DESY,
Germany.*?

Modelling of the PDF data was performed using PDFgui®3 software. All the
datasets from 250 K — 600 K were initially modeled using a rock-salt cubic model. The
refinement parameters were the lattice parameter, peak shape parameter, scale and the

thermal parameter values.



296 Chapter 5.2

5.2.3. Results and Discussion

Sno7GeosTe is prepared by the high vacuum melting reaction and are found to
crystallize globally in rocksalt cubic Fm3m structure. The cations occupy the 4a Wycoff
site in a positional disorder whereas the anion position is taken up by Te. Differential
Scanning Calorimetry (DSC) measurements revealed an exothermic peak at ~291 K,
signifying the ferroelectric transition temperature in this material. PFM studies confirmed
the presence of local ferroelectric domains in Sno.7Geo.3Te which are suppressed at ~ 300
K. Moreover, DFT calculations strongly suggest the presence of off-centered Ge atoms
which induces ferroelectric instability. This demands investigation to the overall structure
of the compound. Synchrotron generated X-ray pair distribution function (PDF) is a
powerful tool to extract structural information of a compound in both local as well as
global scale. Here to ascertain local ferroelectric domain, we have analyzed the structure
of Sno.7Geo.3Te using PDF analysis.

PDF analysis revealed that Sn0.7Ge0.3Te resides globally in rock-salt cubic
lattice throughout the measured temperature range. When fitted with Fm3m model with
partial occupancy of Sn/Ge in the cation site and Te in the anion site, the total PDF (2.5
— 20 A) near the room temperature ( ~290 K) agrees reasonably well with the simulated
curve (Figure 5.2.1a). An excellent Ry value of ~6.6% at 250 K obtained for the whole
range fitting indicates that the global structure remains unperturbed with Ge alloying in
SnTe (Figure 5.2.1b). With increase in temperature, the Rw value further decreases to
~6.4% at 300 K (Figure 5.2.1c). The temperature evolution (250 - 300 K) of PDF over a
range of 2.5 - 20 A at 10 K intervals is shown in Figure 5.2.2a. As the temperature
increases, the thermal vibrations of atoms inside the lattice increases, which is observed
in the decrease of peak intensities and increase in the peak width. The lattice parameter
of Sno7GeosTe also increases from ~6.165 A at 250 K to ~6.171 A at 300 K (Figure
5.2.2b). The isotropic atomic displacement parameter (Uiso) ranges from 0.030 A? to
0.033 AZ for cations (Sn/Ge) whereas for Te it ranges from 0.019 A? to 0.022 A? for 250
- 300 K region (Figure 5.2.2c). The thermal parameter provides a quantitative description
of the vibrations of the atoms inside the lattice and its increase with temperature concords

with the increase (decrease) in peak width (intensities) with temperature (Figure 5.2.2a).
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Figure 5.2.1. (a) X-ray Pair Distribution Function (PDF) plot of Sno7Geo.3Te measured
at 290 K and is fitted using cubic Fm3m model. (b) Cubic Fm3m structure of
Sno7GeosTe. (c) Temperature dependent Goodness of fit (Rw%) value for the total
structure (2.5 — 20 A) and local structure (2.5 — 3.5 A) of Sno7GeosTe fitted with Fm3m

model.

To unravel the nearest neighbour correlation in Sno7GeosTe, that is the local
bonding between cations (Sn?*/Ge?*) and anion (Te?), we have examined the bonding
characteristics of the first peak (2.5 A < r < 3.5 A). When fitted using cubic model with
parameters obtained from the total PDF fitting, the simulated fit does not correctly
describe the local structural features (Figure 5.2.3a). As shown in Figure 5.2.1c, the Rw
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value for the first peak (2.5 - 3.5 A) of Sno7GeosTe, using an undistorted cubic model is
as high as ~14.2% at 250 K and decreases slightly to 13.5 % at 300 K. Such poor
description of the first peak is most likely attributed to local distortion in Sno.7GeosTe.

On off-centering Sn and Ge from their parent position, the fit for the nearest neighbour
drastically improves (Figure 5.2.3b). The Ry for first peak fitting at 250 K drops to ~6.2%

(from 14.2%), when Sn and Ge are allowed to off-center from their mean position.
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Figure 5.2.2. (a) Temperature variation of PDF plot showing a decrease in intensity with
warming. (b) Temperature dependent lattice parameter. (c) Temperature dependent ADP

values.

Interestingly, we observed that while Sn remains slightly off-centered (~0.07 A)

from its mean position at 250 K, Ge is found to be off-centered by a much greater extent
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(~0.24 A) along the rhombohedral [111] direction in the global cubic SnTe. Such off-
centering of Ge is a resultant of strong stereochemical activity of 4s? lone pair on Ge?*
which exerts a significant repulsion on the neighbouring bond-pairs. Mention must be
made that the lone pair of Ge?* in pure GeTe resides in a global rhombohedral structure
(ferroelectric phase) up to 623 K.3* % Hence, in a symmetrical rock-salt type octahedral
environment (in SnTe present case), the Ge will tend to off-center along the rhombohedral
direction by expressing its 4s? lone pair which we observe in the present PDF experiments
and predicted by DFT calculation. Such locally off-centered Ge cations will induce
charge polarization that can give rise to local ferroelectric instability as seen from PFM

measurements.
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Figure 5.2.3. 300 K PDF first peak fitted using (a) cubic Fm3m model and (b) Distorted
model. (c) Magnitude of locally distortion for Sn and Ge atoms. (d) Temperature
dependent Goodness of fit (Rw%) value for local structure (2.5 — 3.5 A) of Sno7GeosTe
fitted with distorted model.

Temperature evolution of the local structure shows dynamic off-centering of

cations. Ge remains off-centered by ~0.25 A at 270 K and then starts to decrease the off-
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centering near the ferroelectric T. (Figure 5.2.3c), Tc is the ferroelectric transition
temperature) in Sno7GeosTe, whereas Sn distorts only by ~0.07 A along rhombohedral
direction at 250 K. At 300 K Ge and Sn shows local displacement of about 0.11 A and
0.02 A respectively. Low Rw values for locally off-centered Sn/Ge (Figure 5.2.3d)
compared to undistorted Sn/Ge (Figure 5.2.1c) indicates that the structure does reside as
a low symmetric entity locally, although globally it averages out as a symmetrical rock-
salt lattice. Such temperature dependent local distortion corroborates the PFM

observations of local polarization and subsequent ferroelectric instability.

0
@ (b) f
257 o o °
ol ¢ °
9 @ 23-300A
—=15¢ ° 23-38A
@
L o experimental
10 o o @ o 9 09 ° ol difference
51 — fitting
_3 /_\_/_\/_\
0 L 1 Il L 1 1 1
300 400 500 600 2.8 3.2 3.6
T (K) r ()
(C)2 i —a— Sn
—o— Ge

<
O]
o experimental
2 difference 0.04+
T —— fitting
0.02| Ko—o\o__o_o\o
33
28 32 36 300 400 500 600
r (A) T (K)

Figure 5.2.4. (a) Temperature dependent Goodness of fit (Rw%) value for local structure
(2.3-3.8 A) and total (2.3 - 30.0 A) of Sno.7GeosTe fitted with cubic Fm3m model. 600
K PDF first peak fitted using (b) cubic Fm3m model and (c) Distorted rhombohedral
model. (d) Magnitude of locally distortion for Sn and Ge atoms.

To further understand the local structure of Sno.7GeosTe at above the ferroelectric

transition temperature, we have performed PDF analysis from 300 — 600 K for this
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compound. The fit of total structure (2.3 — 30 A) supports the global cubic symmetry of
the structure as observed from their Rw values (Figure 5.2.4a). However, when we looked
into the PDF for the nearest neighbour correlation, we find that the cubic undistorted
model does not describe the experimentally observed data satisfactorily, as evident from
the high Rw values (Figure 5.2.4a). The PDF data fits better when the cations are distorted
along [111] direction, as apparent from the local structural modelling at 600 K (Figure
5.2.4b, c) as well as from their corresponding Rw values. This local rhombohedral
distortion is predominantly created through Ge off-centering along the [111] direction
within the global cubic model, as seen in Figure 5.2.4d. At room temperature, Ge atoms
are off-centered by ~0.10 A, significantly higher than that of Sn atoms (~0.02 A). The
analysis of the temperature evolution of the nearest neighbour correlation exhibits that the
amplitude of Ge off-centering decreases with increasing temperature (Figure 5.2.4d). This
local distortion, however, is sustained much above the ferroelectric transition temperature
(~2Tc), as predicted from the phonon dispersion of Sno.7sGeo2sTe. This persistent local
structural distortion and the associated ferroelectric instability strongly affect the high
temperature thermal conductivity, and thus its overall thermoelectric properties. The
lowering of thermal conductivity due to the presence of off-centered Ge and Hg dopants
has been observed recently in the PbSe system as well.3% 37

5.2.4. Conclusion

In conclusion, we have demonstrated local ferroelectric polarization in
Sno.7GeosTe is caused due to the local local off-centering of Ge?* along the rhombohedral
direction ([111]) in the global rock-salt SnTe lattice, which is confirmed by synchrotron
X-ray PDF investigations. The off-centering of Ge?* is due to its stereochemically active
4s? lone pair of electrons which distorts the local octahedral coordination and forms local
chain type off-centered region in global cubic lattice. We observe that below room
temperature this local off-centering is significant and decreases after the transition but
persist till 2Tc. This local off-centering is the primary driving cause for low Kiat In

Sno7GepsTe
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Summary and Future Outlook?

6.1 Summary

This part summarizes the thesis. The work done in this thesis provides a systematic
pathway to achieve high thermoelectric performance in metal chalcogenides through
manipulating the lattice thermal conductivity (kiat). Since iat Originates due to periodic
lattice vibrations in a crystal, its properties are directly related to the chemical bonding of
a material. Therefore, a detailed knowledge of the solid-state chemistry and keen
chemical intuition is necessary to achieve desirable xiat, which can be used in applications
ranging from thermoelectrics to thermal barrier coatings.

Part 1 of the thesis provides salient structural features that can be manipulated to
achieve low «iat. Our compound of interest revolves around several metal chalcogenides,
chosen primarily because of their vast compositional and structural varieties. In this part
we provide a glimpse into the structural versatilities of metal chalcogenides and their role
in impeding phonon transport. This part provides the nature of phonon transport in a
multitude of different materials with varying bonding characteristics ranging from
anharmonic rattling of atoms, bonding heterogeneity to local off-centering. We further
discuss about the applicability of crystalline materials with low «iat in thermoelectrics and
provide glimpse into additional parameters to optimize to maximise the thermoelectric
figure of merit (zT) value. We finally discuss about the various measurements that has
been performed in order to unearth the origin behind low st materials.

In Part 2, we delve into understanding the nature of xia In simple binary
compounds TISe and InSe. Tl and In both being in the same group (I11A), exhibits
different bonding characteristics with Se and hence, TISe and InSe crystallizes in different
Bravais lattices at ambient conditions. TISe for instance, crystallises in tetragonal 14/mcm
and is a Zintl type compound, with two different subunits (TI" and (T13*Se,)™). The TI*

are loosely bound and resides in a cavity formed by the 1-D chains of (T1Se,)?~. This TI*

A part of this chapter is published in M. Dutta, D. Sarkar and K. Biswas. Chem. Commun., 2021, 57,
4751-4767 (Perspective).
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is weakly bonded to the 1D chains and thus exhibit independent rattling behavior. This
rattling induced low energy optical modes scatters the heat carrying acoustic modes and
thereby lowers the ks to 0.43 W/mK at 523 K.! On the other hand, InSe is a layered
material having space group P6s/mmc. The layers are stacked along the crystallographic
c-direction wherein each layer is separated from each other through van der Waals (vdW)
gap. The thermal conductivity of InSe is found to be highly anisotropic with phonon
transport getting truncated while traversing the vdW gap along the c-axis, while in the in-
plane direction, the phonon transport in much facile due to strong covalent bonding. This
results in a high anisotropic kit ratio of ~8.25 along the different direction at room
temperature in InSe.

In part 3 we have demonstrated how understanding the total structure (a
combination of average and local structure) gives a superior understanding to the origin
of intrinsically low «ist in metal chalcogenides. Herein, aided by the state-of-the-art
synchrotron X-ray pair distribution function (PDF) technique and inelastic neutron
scattering (INS) measurements, we have explained the cause behind low «iat in TlInTe:
(Chapter 3.1) and AgSbSe, (Chapter 3.2). TlinTez, a TISe type Zintl compound having
intrinsically ultralow «iat (~0.5 W/mK at 300 K). Using temperature dependent PDF, we
directly evidenced bonding heterogeneity with In-Te forms a strong covalent bonding
while TI-Te is weakly bonded. We have revealed the rattling vibration of TI™ from its
high atomic displacement parameter (U) value, which has significant impact on the
phonon transport. Furthermore, the rattling is found to be highly anharmonic as observed
from INS measurements and induces low energy phonon density of states (< 100 cm™).
These low energy optical phonon density of states have very low lifetimes, indicating
their interaction with the heat carrying acoustic phonons results in enhanced phonon
scattering, resulting in low .2 Chapter 3.2 demonstrates the glass like thermal
conductivity in AgSbSe. having «iat close to minimum thermal conductivity («min).
Through PDF they have unearth that Sb remains in a locally off-centered position in a
global cubic rock-salt lattice along the crystallographic [111] direction by a factor of ~
0.2 A. This is due to the 5s? lone pair of electrons on Sb which stereochemically express
themselves and thereby distorts the lattice. This local distortion enhances the phonon

scattering and thereby lowers the kiat to glassy limit in AgSbSe:.
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Part 4 of the thesis couples total structural understanding with theoretical outputs
to unearth the origin behind low kst in metal chalcogenides. Here we went a step further
to demonstrate the applicability of low «iat in thermoelectrics. Chapter 4.1 demonstrates
the investigation of low «iat in highly disordered rock-salt structure AgPbBiSes. The
theoretical investigation indicated the presence of bonding heterogeneity with Ag atoms
being weakly bonded to the lattice as compared to the other atoms and 6s? lone pairs of
electrons around Pb and Bi. From PDF analysis, significant local distortion around Pb
and Bi octahedra has been observed attributed to the stereochemical activity of the 6s2
lone pairs of electrons on them. From atomic displacement parameter (U) analysis, we
observe a greater U value for Ag, indicating its weak bonding to the lattice. Both these
factors enhance the phonon scattering and lower the thermal conductivity in AgPbBiSe3
and as a result we obtained a high n-type zT ~0.8 at 814 K for AgPbBiSe2.9710.03.% In chapter
4.2, emphanisis has been observed through PDF, which indicates the formation of low
symmetric structure from high symmetric structure on warming. Similar to AgPbBiSes,
our compound of interest here (SnSe)o.s(AgShSe2)os is found to remain in a rock-salt
crystal lattice with three cations sharing the same position. Theoretical phonon dispersion
indicated the presence of damped phonon modes primarily of Se vibrations. Through
local structural analysis we observed first peak asymmetry in PDF, indicative of local
distortion and this peak asymmetry is found to increase with temperature. Further analysis
revealed that Se resides an off-centered position locally along crystallographic [111]
direction. The magnitude of local off-centering is found to increase with temperature from
0.21 — 0.26 A in the 100 — 400 K range, thus confirming emphanisis. This local off-
centering enhances the phonon scattering and thereby low «iat IS observed in this
compound. Furthermore, Ge doping to modulate the electronic properties have resulted
in an impressive p-type zT > 1 in this material.* In chapter 4.3, we have investigated the
modulation of electronic properties, primarily related to tuning of p-n-p conduction via
externally manipulating the vacancy of Ag and Cu in AgCuS. We observed that Cu is
highly effective in arresting this p-n transition, while the same transition is found to be
robust in respect to Ag vacancy.®

In Part 5, we demonstrated high thermoelectric performance arising due to low

kiat. In chapter 5.1, we discussed about the role of discordant Gd in PbTe. Introducing an
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atomic species to a coordination environment different from its preferred choice could
become a discordant atom in the lattice and consequently, could lead to local structural
distortion. When Gd atoms are incorporated in PbTe, they are found to remain in an off-
centered position by ~0.21 A along the crystallographic [111] direction.® This is because
Gd prefers a higher co-ordination number than the existing 6-atom coordination
environment of PbTe with rocksalt structure. DFT based theoretical analysis reveals that
the interaction between Gd and surrounding Te atoms become bonding in nature when it
is off-centered as opposed to the anti-bonding nature when Gd is in the undistorted
position. This discordant nature of Gd results in low kiat (~0.78 W/mK at 735 K) and high
n-type zT ~1.65 at 678 K in Gd doped PbTe.® In chapter 5.2, the role of Ge in engineering
ferroelectric instability has been investigated. Ge is found to remain locally off-centered
rhombohedrally in Sno.7Geo.3Te which although decreases after the ferroelectric transition
but still persists up to the measured temperature. As a result, ultralow «iat is observed
throughout the temperature range which drives its high thermoelectric performance of 1.6
at 721 K."8

This thesis can be summarized in three categories:
(1) Designing new materials with potentially low «iat, from our knowledge of chemical
bonding and solid state chemistry.
(2) Investigating the origin of low «ist in metal chalcogenides via obtaining a complete
structural information combined with theoretical insights.
(3) Implementing this low «ist materials in thermoelectrics for energy management and

harvesting.

6.2. Future Outlook

Crystalline solids possessing low kit IS advantageous for achieving high
thermoelectric performance.® Manipulation of thermal conductivity using extrinsic route
like introduction of nanoprecipitates,'® or grain boundaries*! are the most acceptable and
successful strategies to lower the «iat. Similarly, tuning the chemical interaction between
atoms through material design like synthesizing compounds having van der Waals
layers,'? liquid-like sublattice,*® intrinsic rattlers? or stereochemically active lone pair of

electrons'* also exhibited impressive phonon blocking attributes. All these factors mainly
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affect the specific heat, the phonon group velocity or the mean phonon free path of a
compound, resulting in lowering of the «at.®

However, new strategies like introduction of ferroelectric instability,” metavalent
bonding, locally distorted structure* also show immense promise in the lowering of «at
through a material. However, they are in the nascent stages and is in need of further
investigations to clearly establish their role in diminishing phonon propagation. This
requires investigating their nature of chemical bonding among the atoms, their atomic
displacement parameter (ADP) and structural uniformity. Analysis of these parameters in
both local and global length scales using advanced techniques like Pair Distribution
Function (PDF), Transmission Electron Microscopy (TEM), Solid state NMR etc. will
advance our understanding and will aid in predicting suitable materials with low thermal
conductivity. Similarly, visualizing the momentum resolved phonon spectra though
Inelastic Neutron/X-ray Scattering (INS/IXS) will also provide crucial information
regarding the behavior of heat flow in a material. Furthermore, integrating of these
techniques with theoretical predictions will be the step forward.

The end goal for attaining intrinsically low «is is to use it for achieving high
thermoelectric performance.'® Although the above strategies mentioned in this chapter in
retrospect should help to accomplish low «iat, but for high thermoelectric performance,
we need a synergy of both low kia and high power factor (6S?). In this regard, low iiat
materials must have favorable electronic band structure for a facile charge carrier
transport. Understanding of electronic transport is another important piece to decipher the
puzzle of obtaining high thermoelectric performance. Furthermore, the material should
be durable and stable unlike superionic Ag based compounds which suffers from Ag* ion
leaching out, must be environmentally benign materials and should be economically
feasible with high material supply. Nonetheless, development of 2D material like SnSe
having record thermoelectric performance (zT ~ 2.6)? provides an important step forward
in fabricating cost-effective, environment benign, efficient thermoelectrics for potential
commercialization. The strategies outlined in this thesis should serve as an indicator to
rationally design and predict materials with low «iat. This in conjunction with the powerful

computational techniques, the next step will be to build up a machine learning based
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materials project to catalogue low «xisr materials which can potentially show high

thermoelectric performance.
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