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ABSTRACT

THE ROLE OF THE LOCAL STRUCTURE IN ELECTRONIC PROPERTIES
OF VARIOUS MATERIALS

By

Hyunjeong Kim

The atomic pair distribution function (PDF) technique is used to study the local
structure of CeTeg in the incommensurate charge density wave (IC-CDW) state at
300 K to understand the true nature of its IC-CDW and the local structure of a
B-Zn4Sbg, well known for a phonon-glass thermoelectric material, to search for the
structural origin of its very low thermal conductivity. The PDF is obtained via Fourier
transformation of neutron or x-ray powder diffraction data that include both Bragg
and diffuse intensities. Having long been used to study liquids and amorphous mate-
rials, now the PDF technique is frequently applied to highly crystalline materials to
investigate structural defects and disorders that play an important role in fascinating
properties of modern complex materials.

The local structure of CeTes in the IC-CDW state has been obtained using the
PDF analysis of x-ray diffraction data. Local atomic distortions in the Te-nets due
to the CDW are larger than observed crystallographically, resulting in distinct short
and long Te-Te bonds. Observation of different distortion amplitudes in the local
and average structures are explained by the discommensurated nature of the CDW
since the PDF is sensitive to the local displacements within the commensurate regions
whereas the crystallographic result averages over many discommensurated domains.
The result is supported by STM data. This is the first quantitative local structural
study within the commensurate domains in an IC-CDW system.

A study of the local atomic structure of the promising thermoelectric material 3-
Zny4Sbs, using the PDF analysis of x-ray and neutron diffraction data, suggests that

the material is nanostructured. The local structure of the 3-phase closely resembles
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that of the low-temperature o phase, the crystallographic structure of the (-phase
being an average over different local domains of a-like structure. The a structure
contains ordered zinc interstitial atoms which are not long-range ordered in the (-
phase. A rough estimate of the domain size from a visual inspection of the PDF is
< 10 nm. It is probable that the nano-scale domains found in this study play an

important role in the exceptionally low thermal conductivity of 3-ZngSbg.



To my father, Young-Ho Kim
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Chapter 1

Introduction

1.1 Structure property relationship

The importance of the structure-property relationship of materials can never be em-
phasized enough. Even with same elemental atoms, the difference in their spatial
arrangements leads to completely different properties. Good examples are diamond

and graphite (Figure 1.1). Even though both of them are made of carbon atoms, they

Diamond Graphite & C-nanotube

AVE.

(a)

*

7

Figure 1.1: Various materials made of carbon atoms; (a) diamond, (b) graphite, and
(c) carbon nanotubes.
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possess completely different electronic and physical properties. Diamond is transpar-
ent, hard, and insulating, while on the contrary graphite is black, soft, and conducting.
These remarkable differences arise due to the way atoms are arranged in each material,
i.e. their structure. Diamond has a so called diamond structure that can be depicted
as two fcc structures displaced from each other by one-quarter of a body diagonal
(Figure 1.1 (a)). Graphite forms a layered structure where hexagonally structured
carbon sheets are stacked perpendicular to the basal plane (Figure 1.1 (b)). Each
carbon atom is covalently bonded to four other surrounding carbon atoms in the di-
amond structure, leading to all electrons being localized, whereas three in graphite,
leading to one electron per carbon atom being delocalized. A more modern example
is that of the carbon nanotube (Figure 1.1 (c)). It is a tube made of a graphene
sheet (one layer of graphite) and has a diameter of close to 1 nm with a tube length
many thousands of times longer. Depending on the way it is wrapped (the chirality
of the tube) its bandgap varies and as a consequence its electrical property dramati-
cally changes from metallic to semiconducting [1]. As seen from this simple example
of carbon based materials, structure determination is a fundamental step towards

understanding properties of any material.

1.1.1 Average vs local structure

Great endeavors have been made in developing techniques to investigate the struc-
ture of materials. Among them crystallography has reigned as the most powerful
structural determination tool for crystalline materials for the past century. The core
assumption of crystallography is that, in crystals, arrays of atoms are repeated and
ordered infinitely in space (an ideal crystal) and it greatly simplifies the problem:
the spatial arrangement of only a few atoms (the asymmetric unit) must be deter-
mined. Analysis on observed Bragg peak positions and intensities in x-ray diffraction

patterns specifies all the necessary information for reconstructing the structure of a
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Figure 1.2: Average vs local structure. Assume the system consists of nanoscaled
domains and blue atoms are ordered in a certain direction in each domain. The
local structural probing techniques resolve the ordering of blue atoms whereas the
crystallography provides a somehow different structure. This figure is in color.

given material, such as the atomic positions in the unit cell, atomic parameters, and
symmetry elements present in the structure. However, in practice an ideal crystal
does not exist due to inevitable defects and impurities and therefore long-range order
extends over ~ 103 to ~ 1020 atoms [2]. Imperfections in real crystals induce small
perturbations of nearby atoms and therefore crystallographically determined atomic
positions are the average atomic positions and the structure is often called the average
structure.

There are several cases where crystallography fails. For amorphous materials,
where atomic order only persists over a few atomic distances, a broad intensity distri-
bution rather than many sharp Bragg peaks is presented in their diffraction patterns.
Therefore, crystallography cannot be used and different techniques are needed that
are sensitive to short range structural order. When nanoscale local ordering exists,

crystallography leads to somehow different structures. For example, Figure 1.2 shows



a system consisting of many nanoscale domains. In each domain the blue atoms are
ordered but the orientation of the ordering is random. Local structural probes will
reveal the structure inside domains (local structure), i.e. ordering of blue atoms.
On the contrary, crystallography averages over all the domains resulting in different
structures, for instance, a higher symmetry structure with a large atomic displacement
parameter or many possible sites with partial occupancies for blue atoms. Therefore,
the average structure in this case may not explain all the electronic and physical

properties of this system.

1.1.2 Importance of local structural studies

Over the past few decades the field of Materials Science has been experiencing a
tremendous evolution; it has been possible to design, synthesize and control new
functional materials at the nanometer level. Such new complex materials, sometimes
called nanostructured materials [3], are often chemically and structurally complex,
and often lack long-range order or are structurally disordered. Mounting evidence
suggests that their structures, defects, and interactions on nanometer length-scales are
intimately connected to their remarkable properties. Therefore, in order to optimize
or enhance properties, precise structural determination on the atomic scale, i.e. local

structure determination is essential for nanostructured materials.

1.2 Charge Density Waves

Metals with a highly anisotropic crystal and electronic structures, so called “quasi-
one-dimensional” or “low dimensional”, exhibit various broken symmetry ground
states: superconducting, spin density wave, and charge density wave states [4]. Among
these the charge density wave state, in which translational symmetry is broken, is of-

ten found in organic and inorganic materials having linear chains or two-dimensional



layers as fundamental structural units displaying various transitions from metal to

nonmetallic states.

1.2.1 Origin

It was Peierls (1955) who first pointed out that the one-dimensional metal is unsta-
ble against a periodic deformation of the lattice [5]. The upper part of Figure 1.3
shows the conduction band for a one-dimensional periodic array of atoms with lattice
parameter a (blue circles in the lower part of Figure 1.3). At T = 0 the band is
filled up to the Fermi level E = E'r and the conduction electron density is uniform
in space, p(r) = pg (blue line in the lower part of Figure 1.3). It can be noticed
that the electronic energy of the system can be lowered by opening up a gap at the
Fermi level (the upper part of Figure 1.4). A gap at the Fermi level can be opened
by introducing a periodic potential such as a periodic lattice distortion with wave
vector k = 2k F (blue circles in the lower part of Figure 1.4). The presence of a gap
at the Fermi level modifies the dispersion relation and this leads to a position depen-
dent conduction electron density. More specifically, the conduction electron density
becomes sinusoidally modulated over space, p(r) = pg + p1 cos(2k},~ -7+ ) (blue line
in the lower part of Figure 1.4) and this is called the charge density wave (CDW).
The magnitude of wavevector k = 2k F determines the period of the charge density
wave A = 27/2kp, which is same as that of the lattice distortions. The direction
of the wavevector determines the direction in which the charge density wave devel-
ops. Hence the wavevector k =2k F is called CDW wavevector, g-vector, or nesting
vector. It seems like the charge density wave can occur in any materials. However
this is not the case. The distortions in the lattice also leads to an increase in elastic
energy. For small lattice distortions u, the single-particle gap A is proportional to u,
the electronic energy gain is proportional to u21n(u), and the elastic (strain) energy

loss is proportional to u? [6]. Therefore, in order to have a total energy gain, many
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Figure 1.3: Conduction band (upper part) of a linear chain of atoms (blue circles in
the lower part) with a period a. At T = 0 the band is completely filled up to the
Fermi energy Ep and the corresponding conduction electron density is constant in
space (blue line in the lower part). This figure is in color.
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Figure 1.4: A one-dimensional metal is unstable against a periodic deformation of its
lattice with the period of A= 27/2kp (blue circles in the lower part). This lattice
deformation opens up a gap at the Fermi level (upper part) and consequently leads to
a lowering of the electronic energy of the system. The charge density of the conduction
band exhibits a periodic modulation with the same wavevector as the periodic lattice
deformation (blue line in the lower part). This sinusoidally modulated charge density
is called the charge density wave. This figure is in color.
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Figure 1.5: Fermi surface of (a) non-interacting metallic chains along ¢ direction
placed parallel to each other along b direction and (b) three-dimensional free electron
gas. This figure is in color.
states on the Fermi surface should be gapped with a single CDW wavevector. For
a one-dimensional metallic chain the Fermi surface consists of two points: one state
at +kp and the other at —kp (the upper part of Figure 1.3). Both states will be
gapped with a single CDW wavevector k = 21;1: (the upper part of Figure 1.4). The
Fermi surface for non-interacting metallic chains that are placed parallel to each other
along the b direction is of two parallel lines shown in Figure 1.5 (a). In this case, each
state of +kp on the Fermi surface has a corresponding state with opposite momen-
tum wave vector —kp and all these paired states are separated by one nesting vector
2k 7~ Therefore, the entire Fermi surface is said to be nested and will be gapped by
the formation of the charge density wave. Figure 1.5 (b) shows the case for a three-
dimensional free electron gas. The Fermi surface now becomes a sphere and only two
states will be gapped with one wavevector (red arrow). Formation of a charge density
wave is not favorable for this case. The occurrence of charge density waves depends
highly on the topology of the Fermi surface of materials and the preferred topology
(parallel sections of Fermi surface sheets), where many states on the Fermi surface
are nested, is often found in low dimensional systems.

At finite temperature normal electrons are excited across the single-particle gap

screening the electron-phonon interaction. This yields the reduction of the gap and



of the magnitude of the lattice distortion. Eventually it leads to the second-order
Peierls transition at T pyyy. The material is a metal above the transition while it is

a semiconducor below T pyy .

1.2.2 Commensurate and incommensurate CDWs, and dis-

commensuration

Depending on the ratio between the wavelength, A, of the charge density wave and
of the underlying lattice, a, charge density waves can be categorized in two ways. If
A/a is a rational number, the charge density wave is called a commensurate charge
density wave (C-CDW). If \/a is an irrational number it is called an incommensurate
(IC-CDW). C-CDW and IC-CDWs are shown in Figure 1.6(a) and (b), respectively.
The occurrence of C- and IC-CDW depends on band filling.

An average incommensurate charge density wave can also be formed from com-
mensurate domains separated by domain walls called discommensurations. When the
incommensurate wave vector is close to a low-order commensurate one it is referred
to as nearly commensurate (NC-CDW), as shown in Figure 1.6 (c). The NC-CDW
picture was first proposed by McMillan in order to explain the IC-CDW to C-CDW
transition in 2H-TaSeq (7, 8]. McMillan (7, 8] and Moncton et al. [9] noticed that the
free energy of the IC-CDW could be lowered by distorting the plane wave. The energy
of the CDW is lowered when it is “in phase” with the lattice. For example, if the
peak of the CDW is placed between atoms, then the bond charge would be maximized
gaining in bonding energy. For the uniform IC-CDW portions of the CDW will be in
the proper phase with the lattice producing bonding charge whereas other portions of
the CDW will be out of phase contributing to antibonding [7, 8]. Therefore, for the
uniform IC-CDW the bonding energy averages out to zero. One can lower the energy
by distorting the uniform CDW. One way is to modulate the phase of the CDW to

increase the width of the in-phase region and decrease the width of the out-of-phase
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Figure 1.6: Various charge density waves. Depending on band filling, (a) commensu-
rate charge density wave or (b) incommensurate charge density wave is developed. In
addition to uniform incommensurate charge density wave (b) commensurate charge
density wave domains separated by domain walls (c) can also give the average incom-
mensurate charge density wave.



region. This will gain bonding energies at the expense of phase-modulation energy [8].

1.2.3 CDW state in complex materials

It has been widely believed that at low temperature the charge density wave state
competes with the superconducting state [10]. Both states occur because of Fermi
surface instabilities and electron-phonon coupling [11]. There are several CDW ma-
terials which are also superconducting [12, 13, 14, 15]. It was reported that applying
pressure or doping a material reduced the CDW transition temperature and increased
the transition temperature of the existing superconducting state. This is indicative
of the competition between two states. Morosan et al. studied the suppression of the
CDW transition in TiSeg by intercalating Cu atoms yielding CuzTiSeq [11]. They
observed a new superconducting state emerging near x=0.04, with a maximum tran-
sition temperature T¢ of 4.15 K at £ = 0.08. The phase diagram of Cu;TiSe9, which
resembles that of high-T¢ copper oxide superconductor very closely, is shown in Fig-
ure 1.7. The reason why superconductivity arises from the CDW state in TiSeq by
Cu intercalation has not yet been understood [11].

CDW states are often observed in a form of ”charge ordering” in high-T, cop-
per oxide superconductors. Both conventional CDW and superconducting transitions
open up an energy gap in the single particle energy spectrum at the Fermi level but
their physical properties are very different. If those two ground states coexist, they
are believed to occur in different parts of Fermi surface sheets [16]. Understanding the
relation between CDW and superconducting states is an important prerequisite to re-
solve remaining challenging issues in high-T¢ superconductivity [17], where the CDW
state as well as spin-density-wave order/antiferromagnetism are also found. Very re-
cently, Kiss et al. explored the energy and momentum distribution near the Fermi
surface of a quasi-two-dimensional transition-metal dichalcogenide, 2H-NbSey by us-

ing Angle-resolved photoemission spectroscopy (ARPES) [16]. 2H-NbSeg exhibits

11
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Figure 1.7: Phase diagram of CuzTiSea. Open and filled circles represent the CDW
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and superconducting transition temperature, respectively. The inset shows the crystal

structure of CugTiSey with Cu, Ti, and Se atoms in red, blue, and orange color,

respectively. At x=0.11, the chemical phase boundary is reached. This figure is in
color. Adapted from [11].
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the CDW transition at T ~ 33 K and the superconducting transition at 7' = 7.2 K.
In their study CDW-induced electronic structural changes were observed at specific
Fermi surface crossing points in k space which were connected by the CDW wavevec-
tor obtained from neutron and x-ray diffraction experiments. Very interestingly, they
also found that the largest superconducting gap were developed at the same k points
concluding that charge order can boost superconductivity in an electron-phonon cou-

pled system providing a new insight into the competing ground state picture.

1.3 Thermoelectricity

1.3.1 Origin

The thermoelectric effect is the direct conversion of a thermal gradient to an electric
voltage and vice versa [18, 19, 20, 21]. They hold great technological promise for
solid-state refrigeration and power generation if the dimensionless figure of merit,

ZT, can be pushed above 3.

Seebeck effect

The Seebeck effect is the conversion of temperature differences directly into electricity.
In 1821 Seebeck found that when a uniform temperature difference AT was kept
between two ends of a metal bar a voltage was produced between two ends [22]. He
also discovered that the temperature difference between two junctions of a closed loop
made of two metals could create a continuous current flow in the loop. This is because
the two metals respond differently to the temperature difference. The Seebeck effect is
the result of two effects: charge carrier diffusion and phonon-drag. The contribution
from phonon-drag, in which phonon-electron scattering tends to push the electrons
to one end of the material (23], is usually small. It is because at low temperature

there are few phonons excited and at high temperature the momentum of phonons is
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passed on to the phonons rather than electrons due to the increase of phonon-phonon
scattering. Most of the time, the charge carrier diffusion is the dominant mechanism
in the Seebeck effect. A constantly applied temperature difference between the two
ends of a metal bar cause hot charged carriers to diffuse from the hot side to the cold
side and cold carriers to diffuse from the cold end to the hot end. If the diffusion rate
of hot and cold carriers were equal, there would be no net flux of charge [24]. However,
those charge carriers are scattered by impurities, imperfections, and phonons and the
energy dependent scattering will lead the hot and cold carriers to diffuse at different
rates [25]. This creates a higher density of carriers at one end of the material, and
produces a potential difference between the two ends. This is called the thermoelectric
voltage since it is created by a temperature difference. This electric field (a potential
difference), however, pushes the hot (cold) charge carriers back to the hot (cold) side.
An equilibrium will be reached when the number of carriers diffusing in one direction
is equal to the number of carriers moving in the opposite direction due to the induced
thermoelectric voltage. For the temperature difference dT' between the two ends of a

metal bar the induced thermoelectric voltage is

dV = SdT, (1.1)

or equivalently

E = SVT, (1.2)

where S is the Seebeck coeflicient or thermoelectric power or thermopower, which
is the measure of the magnitude of an induced voltage in response to a tempera-
ture difference across a given material. The thermopower of a material depends on
impurities, imperfections, and structural changes [25]. Typically metals have small
thermopowers because most of them have half-filled bands where both electrons and

holes participate in the carrier diffusion process. Therefore, their contributions to the
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induced thermoelectric voltage are almost equal and cancel each other making the net
effect small. In contrast, semiconductors can be doped with electrons or holes and
thus can have large positive or negative values of the thermopower depending on the
charge of the excess carriers. Therefore, good thermoelectric materials are typically

heavily doped semiconductors.

Peltier effect

In 1834 Peltier found that when a constant current is made to flow through a closed
loop formed of two dissimilar metals or semiconductors one junction cools off while
the other heats up [26]. The Peltier effect is the reverse of the Seebeck effect and

often used for thermoelectric cooling.

Thomson effect

The Thomson effect is the heating or cooling of a conductor where a net electric
current exists in the presence of a temperature gradient [27]. Depending on the
material, any current-carrying conductor with a temperature difference between two

ends will either absorb or emit heat.

Thermoelectric figure of merit ZT

The thermoelectric performance of a given materials is measured by the thermoelectric

figure of merit ZT defined

2
g7 =T (1.3)

K

where S, T, o, and k denote thermoelectric power, temperature, electrical conduc-
tivity, and thermal conductivity, respectively [28]. A good thermoelectric material
has a large ZT value. The materials challenge is to minimize thermal conductiv-
ity without reduci<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>