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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 CeTe3 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

fi-Zn4Sb3, 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 CeTe3 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-

Zn4Sb3, using the PDF analysis of x-ray and neutron diffraction data, suggests that

the material is nanostructured. The local structure of the fl-phase closely resembles



 
2
A
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that of the low-temperature a phase, the crystallographic structure of the ,B-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 [3-

phase. A rough estimate of the domain size from a visual inspection of the PDF is

,S 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 fi-Zn4Sb3.



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 C-nanotube
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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 (0)). 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



~1 nm

 
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

020 atoms [2]. Imperfections in real crystals induce smallextends over ~ 103 to ~ 1

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 = EF and the conduction electron density is uniform

in space, p(r) = p0 (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 if = 21: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) = p0 + p1 cos(2k}:~ - 77+ (,0) (blue line

in the lower part of Figure 1.4) and this is called the charge density wave (CDW).

The magnitude of wavevector I: = 2]:F determines the period of the charge density

wave A = 27r/2kF: 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 I: = 2%}? is called CDW wavevector, q-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 u2 [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 EF 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 /\= 27r/2kF (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 6' 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 +kF and the other at -—kF (the upper part of Figure 1.3). Both states will be

gapped with a single CDW wavevector If = 2]:F (the upper part of Figure 1.4). The

Fermi surface for non-interacting metallic chains that are placed parallel to each other

along the 6 direction is of two parallel lines shown in Figure 1.5 (a). In this case, each

state of +19F on the Fermi surface has a corresponding state with opposite momen-

tum wave vector —kF and all these paired states are separated by one nesting vector

2131;. 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 T0DW- The material is a metal above the transition while it is

a semiconducor below TCDW-

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 is a rational number, the charge density wave is called a commensurate charge

density wave (C—CDW). If A/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-TaSe2 [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 (0) can also give the average incom-

mensurate charge density wave.
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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 CumTiSez [11]. They

observed a new superconducting state emerging near x=0.04, with a maximum tran-

sition temperature Tc of 4.15 K at :1: = 0.08. The phase diagram of CuxTiSez, which

resembles that of high-Tc copper oxide superconductor very closely, is shown in Fig-

ure 1.7. The reason why superconductivity arises from the CDW state in TiSe2 by

Cu intercalation has not yet been understood [11].

CDW states are often observed in a form of ”charge ordering” in high-TC 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-Tc 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-NbSe2 by us-

ing Angle-resolved photoemission spectroscopy (ARPES) [16]. 2H-NbSe2 exhibits

11
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Figure 1.7: Phase diagram of CuxTiSeg. Open and filled circles represent the CDW

and superconducting transition temperature, respectively. The inset shows the crystal

structure of CumTiSeg 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 N 33 K and the superconducting transition at T = 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 It 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

13



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 = SW, (1.2)

where S is the Seebeck coefficient 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

ZT = S 0T, (1.3)

K.

 

where S, T, a, and it 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 reducing the electrical conductivity, i.e. to produce strong scattering of

phonons, but not electrons. Therefore, an ideal thermoelectric material is often said
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to be “phonon-glass” and “electron-crystal” [29].

1.3.2 High ZT materials: Structure and thermoelectric prop-

erties

The excellent overview on this topic comes from the review paper by G. S. No-

las et al [30].

Skutterudites have a cubic structure where eight MX6 octahedra are corner-shared

creating a large void at the center of the cubic lattice (Figure 1.8 (a)). This large void

can be filled with a large atom (lanthanide, actinide, alkaline-earth, alkali, thallium,

and Group IV elements) resulting in composition R2M8X24, where typically M=Co,

Rh, or Ir and X=P, As, or Sb [30]. Good thermoelectric properties of Skutterudites

are due to the guest atoms occupying large voids, often called “rattler” atoms. These

rattler atoms act as strong phonon scattering sources greatly reducing the lattice

thermal conductivity [31]; for example, only five percent of Ce introduced in CoSb3

reduces the thermal conductivity to almost a half of the value of pure CoSb3 [32].

The ZT value of 1.2 ~ 1.4 at 900 K was reported in CeFe4_xCoa,-Sb12 [32].

Half-Heusler alloys possess a structure closely related to the structure of full

Heusler alloys (XY2Z), which is constructed with four interpenetrating fcc sublattices

mutually shifted along the body diagonal by a one-quarter distance [33]. The struc-

ture of half-Heusler alloys can be obtained by removing one of two Y sublattices from

the full Heusler alloy resulting in the chemical formula XYZ, where X=transition or

rare earth metal, Y=transition metal, and Z=semiconductor or non-magnetic metal

atoms (Figure 1.8 (b)). Their narrow bands with heavy carrier mass, which eventu-

ally lead to a large thermopower, made them recognized as potential thermoelectric

materials [33]. However, effective reduction of their high thermal conductivity is a

great challenge to achieve high ZT. Sb—doped ZrNiSn alloys where Pd atoms are

partially substituted in the Ni sublattice exhibit ZT m 0.7 at 800 K [34].
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Figure 1.8: (a) Crystal structure of skutterudite where corner-shared MX6 octahedra

create a large void (green shaded area) at the center of the cubic cell. M and X atoms

are depicted in red and blue colored circles, respectively. Adapted from [30]. (b)

Structure of half Heusler alloys (XYZ). Blue, red, and green circles represent X, Y,

and Z atoms, respectively. (c) Crystal structure of the Type I clathrate. Atoms that

form a framework structure are in blue and guest atoms are in orange and purple.

This figure is in color. Adapted from [30].
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In clathrates, the tetrahedrally bonded unit of Ge, Si, or Sn atoms forms a frame-

work structure creating large cages [30] (Figure 1.8 (c)). The type I group of clathrates

with a general formula A513%]B56] , where AII=Ba or Sr, BIII=A1 or Ga, and

BIV=Si, Ge, or Sn show favorable thermoelectric properties. Large-amplitude vibra—

tion of A” BHI-BIVatoms residing inside the cages of the framework efficiently

scatter long wavelength phonons resulting in a very low “glass-like” thermal conduc-

tivity [35]. The ZT value of 0.7 for BagGa16Ge30 at 700 K and 0.87 for BagGa16Si30

at 870 K are estimated from low-temperature thermal transport measurements [35].

Chalcogenide materials have been extensively studied to search for new high per-

formance thermoelectric materials. Notable classic thermoelectric chalcogenides are

Bi2Te3 and PbTe. PbTe shows a maximum ZT ~ 0.8 at around 770 K [30]. TlgBiTe6

is one of new high ZT materials (ZT ~ 1.2 at 500 K) crystalizing in a tetragonal

structure (Figure 1.9 (a)) [36]. Bi3+ and Tl1+ atoms are randomly distributed on

the 4c site (depicted in orange circles in Figure 1.9 (a)) and this mixed valence site

presumably induces strong phonon scattering resulting in the extremely low thermal

conductivity of 0.39 Wm"’1K—1 at 300 K [36]. Another example is CsBi4Te6. It has

a layered anisotropic structure composed of [Bi4Te6]1_ slabs alternating with layers

of 03+ ions (Figure fig;ch1;chalcogenides (b)) [30]. Doping with SbI3 or Sb enhances

its ZT value up to 0.8 at 225 K [37]. Good thermoelectric properties below 300 K

makes CsBi4Te6 an excellent candidate for low-temperature thermoelectric applica-

tions. ab — initio electronic structure calculations suggest that a very narrow energy

gap and a large anisotropy in the carrier effective masses play an important role in

high ZT of CsBi4Te6 [38].

1.3.3 Nanostructured thermoelectric materials: ZT > 2

In order for thermoeletric materials to be commercially applicable, such as for a

thermoelectric refrigerator to be competitive with the currently available mechanical
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Figure 1.9: (a) Crystal structure of T19BiTe6. Tl atoms are in dark blue and Te atoms

in light blue. Bi and T1 mixed site (4c) are in orange. (b) Structure of CsBi4Te6.

Yellow, blue, and green circles are Te, Bi, and Cs atoms, respectively. This figure is

in color. Adapted from [30].

refrigerators, a figure of merit (ZT) larger than 3 is required [39, 40]. However, it

is even hard to exceed a ZT value of unity[41] (Figure 1.10). It was more than four

decades ago when a material with ZT ~ 1 was first reported [42]. However, despite

the vigorous search for new high ZT thermoelectric materials, progress on enhancing

ZT values has been slow. Quite recently new systems with ZT > 2 were reported

generating great excitement in the field of thermoelectrics.

Venkatasubramanian et al. synthesized BigTe3/Sb2Te3 superlattices with various

periods and thicknesses of the constituents to study their effects on thermal conductiv-
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Figure 1.10: ZT values of high ZT bulk materials; CsBi4Te6 (black filled

squares), ,3-K2Bi83813 (red filled diamonds), TlgBiTe6 (green open squares), Bi2Te3

(blue open circles), LAST (blue filled squares), LASTT (green filled diamonds),

Na0.95PbZOSbTe22 (red filled squares), TAGS (red open circles), PbTe (blue open

diamonds), Ce0.9Fe3CoSb12 (blue open squares), and SiGe (black open circles) are

specified. This figure is in color. Reproduced with the permission of Prof. Kanatzidis.

ities perpendicular to the interfaces [43] and consequent ZT values [42]. The system is

believed to block phonons but transmit electrons. Interestingly, thermal conductivity

appears to be relatively independent of the thickness of the constituents but depen-

dent on the period. Superlattices with a period of 5 ~ 6 nm exhibits the smallest

thermal conductivity; a factor of 2 smaller than that of a Bi0.5Sb1.5Te3 alloy [43]. A

phase-correlated phonon scattering model was proposed to explain such a low ther-

mal conductivity of this system [43]. A consequent ZT value for the 1 nm/5 nm

BigTe3/Sb2Te3 superlattice exceeds 2 at ~ 300 K (Figure 1.11) [42].

Hsu et al. reported new high ZT bulk thermoelectric materials AngmeTe2+m [44].
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Figure 1.11: ZT value of 1 nm/5 nm p—type Bi2Te3/Sb2Te3 superlattice as a function

of temperature. Notice its conspicuous thermoelectric figure of merit compared to

those of other materials. Adapted from [42].

Appropriately doped m = 18 n-type semiconducting sample exhibits a ZT value of

~ 2.2 at 800 K [44]. It crystallizes in an average NaCl structure with Ag, Pb, and

Sb atoms occupying the Na site and Te atoms the Cl site. However, high resolution

transmission electron microscopy [45] and the atomic pair distribution function [46]

studies revealed that the material is not a solid solution between AngTe2 and PbTe

but Ag-Sb rich nanosized clusters (2 ~ 4 nm in size) are randomly embedded in the

PbTe matrix (Figure 1.12). These naturally occuring nano—clusters seem to be formed

in order to reduce the Coulombic energy of the system: isoelectrically substituted Ag+

and Sb3+ ions tend to be close to each other for overall charge balance of the system

segregating from PbZT-rich region [44]. Electronic structure calculations suggest that

the microstructured Ag—Sb atoms may play an important role in its high power fac-

tor [47]. In addition to this, nanoscale clusters may also increase phonon scattering

resulting in remarkable thermoelectric properties in AnglSSbTego [45, 46].
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Figure 1.12: High resolution transmission electron microscopy image of Ag—Sb—rich

nano—cluster embedded in the PbTe matrix in Ang18SbTe20 (region enclosed by

white line). The typical cluster size is 2 ~ 4 nm. Adapted from [44].

While searching for p—type thermoelectric materials which are equally efficient

to Anglgstego, Androulakis et al. studied the p—type Ag(Pb1_ySny)meTe2+m

series [48]. The materials exhibit very low thermal conductivities which show no sig-

nificant dependence on either the change in m and/or y, or the introduction of point

defects. High—resolution transmission electron microscopy images revealed striking

compositional fluctuations between Ag, Sb, and Pb/Sn with a length-scale of ~ 3 nm

and nanocrystals with 5 ~ 20 nm size in several samples of Ag(Pb1_ySny)meTe2+m

(Figure 1.13). The exceptionally low thermal conductivity, and consequently high

ZT, of Ag(Pb1_ySny)meTe2+m is most likely due to these nanometer-scale inho-

mogeneities.

One of the main reasons that nanostructured thermoelectric materials exhibit

exceptionally high ZT values is their greatly reduced thermal conductivities which

are much lower than those found in alloys. In alloys atomic substitutions scatter

the short-wavelength acoustic phonons but the mid-to long-wavelength phonons stay
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mostly unaffected conducting heat [40]. Do nanostructures really effectively scat-

ter the mid—to long-wavelength phonons and lead to very low thermal conductivity?

Kim et al. closely examined the changes in thermal conductivity of In0_53Ga0.47As

when ErAs nanoparticles, of various sizes, were embedded [41]. They found that re-

duction in thermal conductivity of the sample with small size nanoparticles was not

as significant as one with larger size verifying that the size of nano particles should

be sufficiently large enough to scatter the mid— to long—wavelength phonon. In other

words, point defects are not large enough to efficiently scatter such phonons. The

largest reduction was found in the sample where 1 ~ 4 nm sized nanoparticles were

randomly distributed. Compared to In0_53Ga0_47As, the thermal conductivity was

reduced by almost a factor of 2 and the resulting ZT is increased more than a factor

of 2. This study confirms that nanostructuring is an important component for high

thermoelectric efficiency, especially to achieve very low thermal conductivity, in those

extraordinary thermoelectric systems.

 

Figure 1.13: Compositional fluctuations between Ag, Sb, and Pb/Sn with a length-

scale of ~ 3 nm (wavy pattern) in Ag0.5PbGSn2Sb0.2Te10 captured by high-resolution

transmission electron microscopy. ZT value of ~ 1.45 was reported in this composi-

tion at 627 K. Adapted from [48].
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1 .4 Thesis layout

This thesis is organized as follows: The next chapter provides a brief introduction into

the atomic pair distribution function (PDF) technique and x-ray and neutron powder

diffraction experiments. The rapid acquisition pair distribution function technique

for synchrotron x-ray based powder diffraction experiment is also discussed. Chapter

3 presents detailed local structural studies on CeTe3 to understand the true nature

of incommensurate charge density wave in CeTe3 at 300 K. This is followed by the

local structural studies on phonon—glass thermoelectric materials B—Zn4Sb3 to search

for the structural origin of its very low thermal conductivity. Finally, in Chapter

5 concluding remarks are accompanied with comments on possible future research

avenues for the local structural studies of this class of novel charge density wave and

thermoelectric materials, which concludes the thesis.
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Chapter 2

The Atomic Pair Distribution

Function Technique

2.1 The atomic Pair Distribution Function

Emerging functional materials often exhibit physical and structural complexity. Un-

usual properties of those materials are often closely related to their structural disor-

der [49, 50] or the information that we are interested in is usually the local atomic

arrangement of such a system [3]. Therefore, techniques that probe local structure

such as extended x-ray absorption fine structure (EXAFS) [51] or nuclear magnetic

resonance (NMR) [52] are important tools to study these new materials. In this work

we used the reduced atomic pair distribution function (PDF) technique, which is a

local structural probe based on total scattering approach [49].

The pair distribution function is a one-dimensional interatomic distance distri-

bution function which gives the probability of finding atom pairs separated by a

distance r [49]. Figure 2.1 (a) depicts a model the two-dimensional square lattice

with the lattice parameter of 2 A. The corresponding pair distribution function (ra-

dial distribution function, R(r) in this case) is shown in the Figure 2.1 (b). The way

to understand the PDF is as follows: first select an reference atom V (one indicated
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Figure 2.1: (a) A two-dimensional square lattice with lattice parameter of the 2 A and

(b) the corresponding radial distribution function R(r). The first peak in R(r) cor-

responds to correlations between the reference atom, which is crossed in red, and its

nearest neighbor atoms, which coincide with the red circle in (a). The second peak

is the second neighbor shell (yellow circle), and so on. This figure is in color.

26



by a cross in Figure 2.1 (a)), then gradually increase the radius of inspection from

the reference atom, if atoms (u) are found at a given radial distance TV”, a peak

appears in the distribution function at that distance. For example, the red circle in

Figure 2.1 (a) coincides with the four first nearest neighbored atoms which are 2 A

apart from the reference atom and the corresponding peak appears at 2 A in the

pair distribution function. The same procedure is repeated for all the atoms in the

system as a reference and then average is taken to obtain the distribution function.

In the square lattice example, because there is no structural distortion or disorder,

the pair distribution function obtained from a single reference atom is the same as

the averaged one.

There are several forms of the pair distribution function. The atomic pair density

function p(r) is given by

p()—— 1009(7‘ 6(7‘ — rug) (2.1)   
V M

where p0 is the number density in the system of N atoms, 6 is a Dirac delta function.

7",,#=|ru -— r#] is the distance separating the uth and uth atoms. The function g(r) is

called the atomic pair distribution function. It sums over all the atoms in the sample.

The radial distribution function R(7‘), that was used for the example above, is related

to 90") by

R('r) = 47rr2pog(r). (2.2)

The integrated area of the R(r) peak yields the corresponding coordination number,

or number of neighbors at that distance. The reduced pair distribution function,

C(r), is one of widely used correlation functions. It is defined as

C(r) = 47rrp0(g(r) — 1). (2.3)
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The advantage of the reduced pair distribution function is that it is directly obtained

form the Fourier transform of the total scattering structure function S(Q) which is

measured quantity. For the sake of clarity, throughout this thesis the atomic pair

distribution function (PDF) indicates the reduced pair distribution function G(r)

unless it is specified.

2.2 PDF as a technique of choice

As mentioned earlier, it is of interest to understand the role of the local structural

disorder or order which persists on a length scale less than 10 nm. Examples of

such systems are structure of a nanostructured bulk materials where domains of local

structural order exist over nanometer-length scales without destroying the average

structure, the substructures of chemical species intercalated inside the pores of meso-

porous materials, and the structures of nanoparticles [3]. Local structural probes such

as NMR [52] and EXAFS [51] are often used to obtain the local structural information

of these material. However, these methods are only feasible to explore local environ-

ments up to approximately 5 A or less. Therefore, they do not provide intermediate

range structural information. However, the PDF, which is another often used local

structural probe, can provide further information as demonstrated in Figure 2.2.

2.3 Obtaining the experimental PDF

Similar to crystallography, the PDF makes use of scattering intensities from x—ray

or neutron experiments. What we collect in a diffraction experiment is photon or

neutron counts as a function of diffraction angle, or energy, or time of flight (please

see Section 2.3.3) and so on, which will be converted to a Q value. Q is the magnitude

of the diffraction vector or the momentum transfer Q and for the elastic scattering
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Figure 2.2: PDF provides both short and intermediate range order structural infor-

mation.

case it is defined by

411’ sin 0

c2: IQI = lki-kfl = T. (2.4)

where k,- is the wavevector of the incoming beam, kf is the wavevector of the scattered

beam, A = 27r/|k,-| = 27r/|kf|, and 0 = 20/2 where 20 is the angle between the

incident and diffracted beams. A scattering event occurs when a particle interacts

with a potential. X—rays and neutrons interact relatively weakly with atoms and the

scattering amplitude for elastic scattering is given by

fk'iikf (49, ¢) = (f eik’i'rU(r)eTikflrd3r). (2,5)

The brackets indicate a time average. U(r) is the scattering potential of the sample

and thus can be written as a superposition of the potentials from each atom,

N

U<r> = Z Ua(Ra), (2.6)



where N is the total number of scatterers and Ra = r — ra. r and ra denote the

observation-point with respect to the origin and the scatterer (a) position with respect

to the origin, respectively. Then the scattering amplitude (Equation 2.5) becomes

fakfw. a5) = Z Ua(Q)<6iQ'ra), (2.7)

where Ua(Q) is the Fourier transform of the atomic potential. The scattering in-

tensity I(Q), which is obtained from the experiment, is the square of this scattering

amplitude. For the case of a sample with one type of atom,

1(Q) = U2<Q)<ZeiQ‘(ra‘”e)>. (2.8)

0.5

Thus the scattering intensity (Equation 2.8) is the product of the square of the atomic

potentials U(Q) (the form factor) and a term which depends only on the arrangement

of atoms, the structure function,

5(Q) = <ZeiQ"r‘-’“rfil>. (2.9)
01.6

It is convenient to normalize S(Q) by dividing by N (31(Q) = S(Q)/N) and define

a coherent structure function as

_ 51(Q) _<b2>—<b>2

_<b>2 <b>2 ’

 

S(Q) (2.10)

where the form factor in the case of neutrons U(Q)=b (scattering length) was used

and < b > represents a compositional average of the scattering length of the sample.

For the case of the powder diffraction experiments, the scattering is isotropic and

the directional informaion is lost. Now S(Q) is the normalized, measured, scattering

intensity from a powder sample and it is called the total scattering structure function.
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Figure 2.3: An example of the reduced total scattering structure function F(Q) =

Q[S(Q) — 1]. Neutron powder diffraction data of AgZO, which shows a huge negative

thermal expansion effect, were collected at 300K. There are two pronounced features

in this F(Q); Bragg intensities which give the average structural information and

diffuse intensities that provide the local deviations from the average structure.

Finally we obtained the PDF by Fourier transformation of F(Q) = Q[S'(Q) — 1],

Ge) = :— /0 Q[S(Q)—1]sinQrdQ. (2.11)

An example of F(Q) from neutron powder diffraction data is shown in Figure 2.3.

It contains two types of features: sharp well defined peaks (Bragg intensities) and

diffuse background under or between the Bragg peaks (diffuse intensities). In crys-

tallography, only Bragg intensities and positions are treated to determine the average

structure and diffuse intensities are discarded as a background. However, completely

ignoring diffuse scattering is throwing away valuable structural information, since dif-

fuse scattering arises from any temporary or permanent breakdown of space group
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symmetry [53]. Therefore, it provides information about the local structural devia-

tions, especially deviations that are locally correlated, from the average structure [49].

As it is seen from Equation 2.11, the PDF is obtained by sine Fourier transform of the

entire F(Q), hence it treats both Bragg and diffuse scattering intensities eventually.

For this reason, the PDF is called the total scattering technique [49].

The diffuse scattering in powder diffraction data is almost Q-independent (Fig-

ure 2.3); at low-Q region diffuse scattering lies underneath the Bragg peaks and it

remains and becomes significant at high-Q region where Bragg peaks are diminished

due to the Debye-Waller factor which reflects the effect of atomic motion due to

thermal or zero-point quantum vibrations. For the PDF analysis, it is important to

have signal at high Q (Q 2 25 A—l) with good statistics, since it determines the real

space resolution in the PDF. The higher the Qmax used, the better two closely placed

PDF peaks would be resolved. Therefore, the advent of synchrotron based x-ray and

spallation neutron sources, that generate high energy, flux beams, made it possible

to measure highly accurate PDFs [49].

2.3.1 X-ray powder diffraction

Production of x-rays

Most commonly used radiation source for powder diffraction measurements is x-ray.

Typical wavelengths of the x-rays range from ~ 0.1 to ~ 100 A [2]. Most of the time

the x-rays available in a laboratory are generated in an x-ray tube. The tube is usually

made of glass and an anode and cathode are placed inside of the vacuumed glass tube.

Electrons are emitted from the electrically heated tungsten filament cathode and an

electrostatic potential (30 to 60 kV) applied between the cathode and the anode

accelerates those electrons towards the anode. The typical current is 10 ~ 50 mA [2].

The high-energy electrons bombard a metal target (such as copper, molybdenum, or

silver) knocking out electrons from inner shells of atoms in the metal target. The
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Table 2.1: X-ray energies (Kal emission energies), wavelengths, and Qmax values for

laboratory x—ray sources. The Qmax values are calculated with a maximum accessible

scattering angle of 160°. fl-filter elements for each source are also listed. Adapted

from [49].

 

 

Source E0 (keV) A (A) Qmax (A—l) fl-filter element

Cu 8.05 1.538 8.0 Ni

Mo 17.48 0.708 17.5 Nb, Zr

Ag 22.16 0.559 22.0 Rh

 

x-rays are produced when outer shell electrons drop down filling those empty states.

Characteristic lines found in a typical x-ray emission spectrum are Koz (L shell —> K

shell) and K6 (M shell -—> K shell). Characteristics of commonly used laboratory

x-ray sources are summarized in Table 2.1.

High flux and high energy synchrotron x—rays are favorable for the PDF studies.

In synchrotron rings electrons or positrons are moving in a circular orbit through

magnetic fields at relativistic velocities. The x-rays are produced due to the acceler-

ation of electrons or positrons towards the center of the ring [2] and emitted in the

tangential direction to the charged particle orbit. Quite a wide energy range of x-rays

up to the MeV range are produced with high intensities allowing to select nearly any

desired wavelength very easily.

Collimation and Monochromatization

The process of selecting electromagnetic waves with parallel or nearly parallel prop-

agation vectors (collimation) is required to reduce angular divergence (dispersion) of

the primary x-ray beam. The angular divergence often leads to broad and asymmet-

ric Bragg peaks [2]. Collimation can be achieved by placing a slit between the x-ray

source and the sample. The dimensions of the source, the size, and the placement of
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the slit determines the angular divergence of collimated beam. Additional collimation

can be achieved by placing another slit further on the way of the beam.

Monochromatization, the process to convert polychromatic radiation into a single

wavelength, is necessary to avoid a high background due to white radiation and mul-

tiple Bragg peaks from each set of crystallographic planes. The way to eliminate K6

radiation from laboratory x-ray is placing a filter that can absorb K6 radiation. The

6-filter makes use of the x—ray absorption properties of chemical elements. When x-

rays travel through the matter, they are partially transmitted and partially absorbed.

The absorption will be maximized if the x—ray energy (wavelength A) match to excita-

tion energy of K electrons of the atoms in the matter. In general the 6—filter is made

of a material whose element has one atomic number less than the anode material in

the periodic table. The most commonly used 6-filter elements for laboratory x-ray

sources are listed in Table 2.1. Disadvantages of 6-filters are that they do not elim-

inate K6 intensity completely, thus leave a considerable amount of white radiation

after filtering, and also they reduce the intensity of Ka line.

More complex but much improved way of monochromatizing x-rays is use of single

crystal monochromators. It takes advantage of diffraction from a high-quality single

crystal. The x-rays in divergent beam reach the monochromator with slightly different

incident angles (61 g 6 g 92). They are reflected at the crystal surface according to

Bragg’s law;

2d sin 6 = nA (2.12)

where d is the interplanar distance of the crystal, 0 is the incident angle and A is the

wavelength. Therefore, of the x—rays with an incident angle 61 (02) only a particular

wavelength A1 (A2) is diffracted with the angle 01 (92). Shorter wavelength x-rays

fall into the low Bragg angle range and longer wavelengths are found at the high

Bragg angles. Monochromatic beam in a desired range can be easily selected by a

slit properly placed in the path of x-rays reflected by a crystal monochromator and
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the wavelength resolution can be improved by using diffraction from two or more

monochromators in a sequence. Commonly used crystal monochromators are made

of pyrolitic graphite, Si, Ge, or LiCl [2]. Both collimation and monochromatization

should be done with the minimal loss of intensity.

Detection of x-rays

The detection is based on the ability of x—rays to interact with matter and to produce

certain effects or signals, for example to generate particles, waves, electrical current,

etc., which can be easily registered. Detectors can be classified as point detectors and

line or area detectors depending on whether the detector is capable of resolving the

location where the photon has been absorbed in addition to counting the number of

photons. A point detector, such as gas proportional counter, scintillation and solid-

state detectors, registers only the intensity of the diffracted beam, one point at a time.

Thus, to examine the distribution of the diffracted intensity as a function of Bragg

angle using a point detector, it is necessary to perform multiple point measurements

at varying Bragg angles. Line or area detectors support spatial resolution. They

are similar to photographic film whose entire area is exposed simultaneously. Three

types of line and area detectors are commonly used in powder diffraction experiments:

position sensitive (PSD), charge coupled devices (CCD), and image plates (IPD). The

former is a line detector and the latter two are area detectors. Both line and area

detectors can measure diffracted intensity at multiple points at once and thus, a single

measurement results in the diffraction pattern resolved in one or two dimensions,

respectively. All of the X-ray powder diffraction experiments for this thesis are carried

out using an image plate detector. Detailed experiment setup is described in the

following section.
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2.3.2 Rapid Acquisition Pair Distribution Function (RAPDF)

technique

As the atomic scale structural information becomes essential to understand interest-

ing properties of emerging functional materials, demand on powder diffraction data

that are feasible for the PDF analysis hugely increases. Studies on nano-crystalline

and crystalline materials often require high real-space resolution PDFs (high Qmax

value) and point detectors are usually used in the conventional PDF measurements.

Since data are collected over wide angular ranges and good statistics at high Q re-

gions are essential for the PDF analysis, each measurement requires generally at least

eight hours of data collection times for conventional experimental setup, even with

synchrotron x-rays [54]. This extremely slow data collection process was overcome by

combining synchrotron radiation with a two—dimensional image plate detector. This is

so called the rapid acquisition pair distribution function (RAPDF) technique, which

greatly reduces the data collection time by three to four orders of magnitude [54].

The typical RAPDF setup is illustrated in Figure 2.4. The heart of the RAPDF tech-

nique is making use of an area detector that can measure the entire scattering range

simultaneously and can readout collected information rapidly. A Mar345 image plate

detector, a round disk with usable diameter of 345 mm is often used. The RAPDF

technique also makes it possible to do parametric PDF studies with very dense data

points [55].

2.3.3 Neutron powder diffraction

Beams of neutrons are often used as a probe in PDF experiments. From quantum

mechanics, neutrons behave as waves with de Broglie wavelength A:

A = _ (2.13)

mu
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Figure 2.4: The RAPDF experimental setup. It utilizes a two-dimensional image

plate detector with synchrotron radiation source that overcomes the issue of long

data collection time of the conventional method [54]. The image plate is mounted

orthogonally to the beam path with the beam centered on the image plate.

where h is Planck’s constant (h=6.626x10_34 J-s), m is the neutron’s rest mass

(m=1.6749x10‘27 kg), and v is the neutron’s velocity. For example, a neutron

moving with a constant velocity v = 3000 m/s will also behave as a wave with

A=1.319 A.

Pulsed neutrons can be produced by a spallation method. In this method high

energy protons (~ 1 GeV) bombard a target of a heavy metal such as tungsten or

uranium and neutrons from the nuclei of the target element are knocked out. These

neutrons are fast with the energy of several MeV and slowed down by a moderator

which is usually made of water or organic solid or liquid methane [49]. This process

yields neutron pulses with an energy spectrum in the thermal and epithermal ranges.

The shape of the neutron spectrum is characterized by measuring vanadium which
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Figure 2.5: Geometry of the time-of-flight experiment setup. M, S, and D indicate a

moderator, powder sample, and detector, respectively. L0 is the length of the path

that neutrons travel from the moderator to the sample and L1 is that of scattered

neutrons flight from the sample to the detector. Credit: E. S. BoZin.

scatters neutrons incoherently. Scattering data using these pulsed neutrons are col-

lected using the time-of-flight (TOF) method. The neutrons having different energies

(wavelengths) have different velocities. Therefore, neutrons in a pulse arrive at the

sample (S in Figure 2.5) at different times and scattered neutrons with different wave-

lengths also reach a detector (D in Figure 2.5) at different times. In this method, a

detector fixed at a certain angle 26 with respect to the incident beam (Figure 2.5)

can provide a complete powder diffraction intensity profile (intensity vs Q) since A is

varying in Bragg’s law (Equation 2.12) for this setup. If the total traveling length of

the neutrons leaving the moderator is L = L0 + L1, using Equation 2.4 the magnitude

of the diffraction vector Q can be obtained by the equation,

 

_ 2mNL

[Q] = Q sin6 (2.14)

where t is the time of flight over the path L and mN is the neutron mass. In
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Figure 2.6: A two-dimensional image dataset from the RAPDF experiment (left).

The dataset is converted to intensity vs 26 format (right).

principle a single detector can be used for the experiment but filling more solid angle

with detectors greatly increases efficiency of the data collection.

2.4 Data processing, analysis, and modeling

2.4.1 RAPDF data processing

An example of two-dimensional image data obtained from the RAPDF experiment is

shown in Figure 2.6. Silicon is routinely measured to obtain calibration parameters

such as the sample to detector distance. Several datasets were combined, averaged,

and converted to intensity versus 26 format using the Fit2D program [56], where 26 is

the angle between the incident and diffracted x—rays. Signal from an empty container

is also measured as a background. The measured background is subtracted from the

data and standard corrections such as multiple scattering, polarization, absorption,

Compton scattering, and Laue diffuse scattering are applied [49] using the PDFgetX2

program [57]. The corrected dataset is further processed to obtain the reduced total

scattering structure function F(Q) and finally F(Q) is sine Fourier transformed to
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get the atomic pair distribution function G(7‘)

2.4.2 Neutron data processing

In order to take the length of the measurement and the fluctuations in neutron spec-

trum into account each data set is normalized by the total integrated intensity. Back-

grounds from a vanadium sample container and the sample environment are measured

and subtracted. Standard corrections such as multiple scattering, absorption, inco-

herent and inelastic scattering are made [49] and then the corrected intensities are

divided by the intensity of vanadium standard to correct for the incident spectrum.

The reduced total scattering structure function F(Q) is obtained from properly nor-

malized corrected intensities and the PDF, G(r), is obtained via Fourier transform of

F(Q) This procedure is done using the program PDFgetN [58].

2.4.3 Structural modeling

Structural information is extracted from the experimental PDF performing a full pro—

file real space refinement [59]. The least square method based program PDFFIT2 [60]

and PDFgui [61] are used for structural modeling. Initial values for structural pa-

rameters such as space group, lattice parameters, fractional atomic coordinates are

obtained from literature or Rietveld refinement on Bragg intensities. Then those pa-

rameters are refined until the model provides the best agreement to the data i.e. the

difference between the calculated and the experimental PDFs becomes minimal for a

given refinement range. The model PDF is calculated according to the equation

R r

Gcalc(r) = f” ) — 47rrp0, (2.15) 
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where

 as) = f; E”: M“ 6(r — W), (2.16)

b,- is the scattering length of the ith atom, and < b > is the average scattering power

of the sample. The sum goes over all the pairs of atoms in the sample [59]. Each

contribution given by 6(r — TV“) is convoluted with a Gaussian accounting for the

displacements [60]. The goodness of fit is indicated by the weighted agreement factor

 

N . . _ 7..
Ru): Zi=1w(ri)lGobs(Tz) Gcalcl zll2, (2.17)

\ Zerl 000603,,306

 

 

where Gobs and acute are the observed and calculated PDFs and w is the weighting

factor, w(rz-) = 1/02(ri), where a is the estimated standard deviation on the ith data-

point at position rz- [49]. The refinement result on the 300 K neutron nickel PDF is

shown in Figure 2.7 and refinement parameters are summarized in the Table 2.2.

The initial structure was taken from the literature and space group Fm3m was kept

during the refinement. The refinement range was 1.5 < 7‘ < 10 A. The final R41,

value is small and the refined value of the isotropic displacement parameter (Uiso) is

reasonable for 300 K data. These indicate that the average and local structures of Ni

Table 2.2: Refined structural parameters for Ni. The neutron PDF was obtained at

300 K. Qmax of 27 A"1 was used and the refinement range was 1.5 < 7‘ < 10 A.

 

 

initial values refined values

a (A) 3.52 3.5296(5)

Um (A?) 0.0086 0.0045(1)

Rm N/A 0.05531
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Figure 2.7: Structural modeling on the experimental neutron Ni PDF obtained at

300 K. Blue open circle and red line represent the experimental and calculated PDFs,

respectively. The difference between two PDFs is plotted below them (green line).

This figure is in color.

agree.
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Chapter 3

Local structure of CeTe3 in Charge

Density Wave state

H. J. Kim, C. D. Malliakas, A. T. Tomié, S. H. Tessmer, M. G. Kanatzidis, and

S. J. L. Billinge, Local atomic structure and discommensurations in the

charge density wave of CeTe3, Phys. Rev. Lett. 96, 226401 (2006).

3. 1 Introduction

Incommensurate charge density waves (IC—CDWs) are a fundamental property of low-

dimensional metals [4] and also underly the novel properties of correlated electron

oxides such as cuprates in the pseudo-gap state [62, 63, 64], and manganites at high

doping [65]. Knowing the nature of local atomic displacements (Peierls distortions)

in the IC-CDWs is crucial to understand such factors as electron-lattice coupling [66],

yet this information is difficult to obtain quantitatively. Here we solve this problem

by taking the novel approach of using a local structural method, the atomic pair dis-

tribution function (PDF) technique [49], to determine the local atomic displacements

with high precision in the system CeTe3. IC-CDWs, and the underlying atomic dis-

placements, can be uniform incommensurate modulations or locally commensurate

waves separated by narrow domain walls, known as discommensurations [7], where
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the phase of the wave changes rapidly. Here we show that the IC—CDW in CeTe3

is discommensurated and obtain for the first time the quantitative local atomic dis-

placements within the commensurate domains.

3.1.1 Discommensurations in IC-CDW

In the case of incommensurate CDWs, superlattice peaks observed crystallographi-

cally yield the average distorted structure. Except in the cases where the domains are

periodically arranged, giving rise to satellite peaks [67], it is not possible to determine

whether the underlying CDW is truly incommensurate or forms a discommensurated

structure with commensurate regions separated by domain walls [7]. A number of

techniques have been successful at differentiating between the truly incommensurate

and discommensurated cases. The earliest verification of a discommensurated phase

came from photoemission spectroscopy evidence that the Ta 4f states in 1T-Ta82 had

the same splitting in the commensurate and nearly-commensurate states [68]. Photoe-

mission is a local probe and found distinct Ta environments rather than a broad con-

tinuum expected from a purely incommensurate state. Similarly, another local probe,

nuclear magnetic resonance (NMR), found distinct Knight-shifts for three Se sites in

the incommensurate state of 2H-TaSe2, similar to the commensurate phase [69, 70].

High resolution atomic imaging methods have also contributed to this debate. The

strain fields due to the domain walls were observed in dark field transmission elec—

tron microscopy (TEM) measurements [71]. Interestingly, atomic resolution images

in real-space have difficulty in resolving discommensurated domains [72, 73, 74, 75].

However, Fourier analysis of scanning tunneling microscopy (STM) images can be a

reliable measure, as discussed in detail by Thomson et al. [76].

As in the case of the NMR and photoemission studies, the PDF approach described

here makes use of the fact that the local structure deviates from the average in

the discommensurated case. By comparing atomic displacements determined from
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Figure 3.1: The crystal structure of CeTe3 with the square Te net where the charge

density wave occurs. The reduced unit cell on the Te net is indicated by the red

dashed box. This figure is in color.

the PDF with those determined crystallographically we establish the presence of

commensurate domains, but crucially, also obtain quantitatively the atomic structure

within these domains. This novel approach is here applied to the incommensurate

phase of CeTe3.

3.1.2 Average structure and CDW state of CeTe3

In its undistorted form, CeTe3 takes the NdTe3 structure type with space group

Cmcm [77]. It forms a layered structure with ionic [Ce2:”‘l'Te22_]2+ layers sand-

wiched between two Te‘ layers (Figure 3.1). These sandwich layers stack together

with weak van der Waals forces to form the 3-dimensional structure. Te ions in

the Te‘ layers form a square-net with 3.1 A Te—Te bonds. These Te-Te bonds are

too long to be considered normal bonds and the true underlying structure of CeTe3

seems not to be unraveled completely with Cmcm structure. The electronic bands

crossing the Fermi level are Te p—bands from the 2D square nets [78] and the CDW
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forms in these metallic layers. In the CDW state an incommensurate superlattice is

observed [78, 79], with a wavevector characteristic of a strong Fermi-surface nesting

vector in the electronic structure [80, 81, 82, 83].

This is a surprisingly stable and simple single-q IC-CDW state in an easily cleav-

able 2D square net making the RETe3 (REzRare Earth) systems ideal for studying

the IC-CDW state [78]. The atomic distortions giving rise to the superlattice have

been solved crystallographically from single crystal x-ray diffraction data [79]. The

incommensurate wavelength of the distortion is close to 25a/7, where a is the lattice

parameter of the undistorted phase. The distorted structure is in the Ama2 space—

group [79]. From the crystallography alone it is not possible to determine whether

this distorted structure is truly incommensurate or whether discommensurations form

between short-range commensurate domains.

3.2 Experimental details

The X—ray PDF experiment was conducted on a fine powder of CeTe3 prepared as

described in Ref. [79]. CeTe3 powder was loosely packed in a flat plate with thickness

of 1.0 mm sealed with kapton tape. Care must be taken when grinding this material or

turbostratic disorder is introduced, significantly modifying the stacking of the layers.

Powder diffraction data were collected at 300 K at the 6-IDD station of MUCAT

at the Advanced Photon Source (APS) at Argonne National Laboratory. The X—ray

energy used was 130.001 keV (A=0.0953715 A). Data were collected in rapid acquisi-

tion pair distribution function (RA-PDF) mode [54] using a circular image plate (IP)

camera Mar345, 345 mm in diameter. The camera was mounted orthogonally to the

beam path with a sample-to—detector distance of 217.685 mm which was determined

by calibrating with a silicon standard sample [54].

In order to avoid saturating the detector, measurements were made for between

150 and 200 seconds, repeated three times to improve counting statistics. An example
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of the raw data on the image plate is shown in Figure 3.2. The data were combined

and integrated using the program FIT2D [84]. Various corrections were made to

the data using the program PDFgetX2 [57], such as subtraction of background and

container, Compton and fluorescence scattering, geometric corrections, absorption,

and so on, as described in reference [49]. The properly normalized total scattering

function, 8(6)), [49] was obtained and truncated at Qmax of 25 A—1 before Fourier

transforming to obtain the PDF, G(r) = % f6” Q[S(Q)—1]sin(Qr)dQ. The structural

modeling was carried out using the program PDFFIT2 [60].

 1 1

Figure 3.2: Raw Image plate data of CeTe3 at 300 K.

47



 

    
2.5 3 3.5

r (K)
  

Figure 3.3: (a) The x-ray PDF of CeTe3 at 300 K. (b) The first peak of the experi-

mental PDF of CeTe3 is enlarged. The shoulder due to the Peierls distortions in the

Te nets is indicated by an arrow.

3.3 Results

The PDF of CeTe3, measured at room temperature, is shown in Figure 3.3 (a). The

excellent signal to noise ratio of the data is evident from the negligibly small ripples

on the base line of the PDF below 2.5 A compared to the PDF peaks. The PDF

gives the probability of finding an atom at a distance-r away from another atom.

The nearest neighbor peak around 3.1 A comes from the Te—Te bond in the nets and

the Ce—Te bond in the intergrowth layers. This is shown on an expanded scale in

Figure 3.3 (b). A shoulder, indicated by an arrow, is evident on the low—r side of

the peak. This feature is robust; it is much larger than the statistical and systematic

errors and is reproduced in measurements of isostructural compounds NdTe3 and

PrTe3.

Figure 3.4 (a) shows the fit to this peak of the undistorted crystal structure model

(Cmcm), where only symmetry allowed atomic positions and isotropic thermal fac-

tors were refined. The result clearly does not explain this shoulder which originates

from short Te-Te bonds in the Te-net. Surprisingly however, the PDF calculated

from the distorted structure determined crystallographically [79] also does not ex-
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Figure 3.4: The first peak of the experimental PDF of CeTe3 (blue circles) is plotted

with the calculated PDF (red line) from various models: (a) the undistorted crystal

structure model (Cmcm), (b) the distorted-crystallographic model, and (c) the local

structural model determined from a PDF refinement over the range 2.5 < r < 6.37 A.

The difference between the experimental and calculated PDFs is plotted below the

data in each panel (green line). The shoulder due to the Peierls distortions in the

Te-nets is indicated by an arrow. This figure is in color.

plain this shoulder well. In this case the atoms were fixed at the crystallographically

determined positions and isotropic atomic dislpacement parameters (Uiso) were re-

fined. This resulted in a better fit to the first peak (Fig. 3.4 (b)); however, the

fit is not ideal and required a large value of U130 for the Te atoms in the nets

(U130 = 0.0152(2) A2). The value was two times larger than Uiso of the Ce and

Te atoms in the ionic [Ce23TTe22T]2+ layers (0.0077(2) A2 and 0.0080(2) A2 for

U130 of Ce and Te atoms, respectively). U,so values from the PDF refinements using

three structural models are summarized in Table 3.1.

The large fluctuation in the difference curve in Figure 3.4 (a) arises because the

real distribution of Te-Te bond-lengths in the data is broader than in the undistorted

model. This fluctuation in the difference curve is smaller in Figure 3.4 (1)) because the
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Table 3.1: Isotropic atomic displacement parameters (U230) from refined three struc-

tural models. Uiso is in the unit of A2.

 

Undistorted Distorted-crystall. Local

 

Ce 0.00821 . 0.00769 0.00691

Te in [Ce23+Te22—]2+ layers 0.00671 0.00804 0.00685

Te in Te-nets 0.01869 0.01523 0.00692

 

distortions of the Te net in the Ama2 crystallographic model result in a broader Te-Te

bond-length distribution. However, clearly the distorted-crystallographic model still

has a Te-Te bond-length distribution that is narrower than in the data. We therefore

refined the Te-net distortions directly in the PDF by allowing the atomic positions in

the model to vary. The model was constrained to have the Ama2 symmetry and the

same unit cell was used as in the distorted crystallographic model. The refinement

result for 2.5 < r < 6.37 A is shown in Figure 3.4 (c). As well as giving a significantly

better fit to the low—r region of the PDF, this refinement resulted in much smaller

and more physical thermal factors on the planar Te ions (Table 3.1).

3.4 Discussion

The model of the local structure refined from the PDF gives a broader range of Te—Te

bond lengths (from 2.83 A to 3.36 A) than the crystallographic distorted model (from

2.94 A to 3.26 A). It is also interesting to see the shape of the bond-length distribu-

tions for the Te-Te bonds in the Te-nets from these two models. These are shown in

Figure 3.5. The blue solid line shows the bond-length distribution refined from the

PDF and the red line is the distribution from the crystallographic model [79]. For

direct comparison the distributions are plotted using the same thermal broadening

of 0.007 A2. The distorted-crystallographic model has broad, but symmetric and
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Figure 3.5: Bond-length distributions in the Te—nets refined from the PDF over var-

ious r—ranges (blue line) (a) rmax=637 A (b) rmax=6.37 A (c) rmax=14.5 A (d)

rma$=27.1 A. The rmm value was fixed to 2.5 A for all the cases. The bond dis-

tribution from the distorted crystallographic model (red line) is plotted in (a), (c),

and (d) for comparison. In (b) the bond distribution of the local structural model

(rma$=6.37 A) is fit with two Gaussians. The fit is shown as a red line and the two

Gaussian sub—components in green lines. This figure is in color.

51





 

(a)

   
0.00006

 

 

(C) (d)

 

   17A,“- ooooooo

Figure 3.6: (a) Gaussian like bond-length distribution is found in (b) uniform in-

commensurate charge density waves whereas (c) bimodal bond-length distribution is

found in (d) commensurate charge density waves. The circles indicate the position

of bonds in the underlying lattice and the sinusoidal waves represent the spatial dis-

tribution of conduction electron charge density. The color of the circles indicates the

length of the bond; shorter bonds in dark colors and longer bonds in light colors. In

the case of the uniform IC-CDW the phase of the CDW with respect to the lattice,

which modulates the bond—length, varies continuously giving rise to a broad distri—

bution of bond-lengths. In C-CDW the wave is in—phase with the lattice yielding a

limited number of bond—lengths. This figure is in color.

Gaussian bond-length distribution coming from the continuous distribution of Te-Te

bond lengths in the average IC—CDW (Figure 3.6 (a—b)). On the other hand, the local

structure refinement (rmag; = 6.37 A) yields a bond-length distribution that is clearly

bimodal and is separated into distinct “short” and “long” Te—Te distances. This is

emphasized in Figure 3.5 (b) where we show a fit of two, well separated, Gaussian
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curves to the PDF-refined bond-length distribution. This behavior is characteris-

tic of oligomerization with Te forming bonded and non-bonded interactions with its

neighbors in the net [85] that would be expected in a commensurate structure (Fig-

ure 3.6 (c-d)). Since we know that the modulation is incommensurate on average, this

is strong evidence that the structure consists of commensurate domains separated by

discommensurations. As rmam in the PDF-refinements is increased the PDF refined

distribution crosses over towards the crystallographic result and by rmam = 27.1 A,

resembles it rather closely (Figure 3.5 (d)).

We have applied STM on the exposed Te net of a cleaved single crystal of CeTe3,

grown according to the method described in Ref. [79]. Measurements were done at

300 K in the constant current mode of the STM. Data were acquired with a bias

voltage of 100 mV and with a tunneling current of 0.6 nA. Figure 3.7 (a) shows a rep-

resentative atomic resolution image with the CDW modulation clearly visible oriented

at 45° to the net. To investigate the images for discommensurations, we examine the

corresponding two-dimensional Fourier transform, shown in Figure 3.7 (b). As indi-

cated by the labels, in addition to the fundamental CDW peak (1), four more peaks

lie along the CDW direction (2—5). Although the transforms of real space images

resemble diffraction data, symmetry requirements intrinsic to diffraction data do not

apply. As demonstrated by Thomson and co—workers, the Fourier transforms of STM

images that exhibit true discommensurations always have extra peaks in proximity

to the fundamental CDW peak [76]. This arises from the fact that a discommen-

surate CDW can be expressed as the product of a uniformly incommensurate CDW

and a modulation envelope [76]. The wavelengths of the envelope are given by the

differences in the wave vectors of closely spaced peaks. The longest such wavelength

in our images is 38 A, corresponding to peaks 2—3 and 3-4 in the Fourier transform,

indicating that a discommensuration separation of this length-scale exists. This is

consistent with the refined PDF behavior which crosses over from the local to the
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Figure 3.7: (a) A representative STM image from the Te net showing the CDW.

On the expanded image, the network of Te bonds is superimposed. (b) The Fourier

transform of the STM data. To achieve a high signal-to-noise ratio, the transform

represents the average of 24 images (each image was 27 x 27 nm). The unprocessed

transform image shows enhanced noise along the vertical axis, an artifact due to

the scan direction. This noise was removed to better resolve the peaks near the

origin. The square Te net gives rise to four distinct peaks (L), with peaks related to

the CDW oriented at 45°, as indicated by the arrow. The fundamental CDW peak

(corresponding to a wavelength of z 15 A) and the A/2 harmonic are labeled 1 and

3, respectively. Peaks 2 and 4 are in close proximity to 3, implying a characteristic

discommensuration length of 38 A, as described in the text. Peak 5 corresponds to

the diagonal of the Te net. This component may be enhanced due to the underlying

crystal structure; the CDW—lattice interaction may also enhance this peak. This

figure is in color.
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average behavior for a refinement range of around 27 A (Figure 3.5), which would be

expected to occur at around, or a little above, the radius of the local domains.

As well as the bond-length distributions, the local and average structure refine—

ments allow us to study the patterns of atomic displacents due to the IC-CDW. The

average structure refinement [79] results in an almost perfectly sinusoidal pattern of

bond-lengths, with the wavelength of the CDW (Figure 3.8 (a)), clearly identifying

these as Peierls distortions. The local structural model was refined in the same unit

cell and space-group, but results in a much more square-wave like distribution, consis-

tent with the distinct short and long Te-Te distances described above (Figure 3.8 (b)).

Figure 3.8 (c) shows the pattern of Te-Te short-bonds, as defined in the Figure cap-

tion, that results when the short distances determined from the PDF data are plotted

in the unit cell. In this way, the Peierls distortions are seen to result in oligomers, or

short segments of bonded Te atoms, in the Te net. In this picture, the discommen-

surations occur when the pattern of oligomers has defects. This is a common picture

in the chemistry literature [86, 79], though we note that this picture is not supported

by the crystallographic results shown in (Figure 3.8 (a)) and needed the application

of a local structural method to show that it has a physical reality beyond its heuristic

value.

3.5 Summary

The refined parameters of the low-rm“; PDF refinements yield quantitatively the

atomic displacements within the commensurate domains. This is the first demonstra-

tion of the use of the PDF to obtain quantitatively the atomic displacements (Peierls

distortion) within the commensurate domains of a discommensurated IC—CDW. This

opens the way to a quantitative first principles calculations and a better microscopic

understanding of the IC—CDW state.
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Figure 3.8: Te-Te bond length deviation from the average value as refined crystal-

lographically (a) and from the PDF (b). The deviation Tbond — r0 is defined such

that r,- is the Te-Te bond length of the ith bond (bond—index i) in the unit cell and

r0 = 3.1 A. (6) Schematic of the arrangements of “short” Te—Te bonds within the unit-

cell coming from the PDF refinements and highlighting the formation of oligomers.

Red (blue) lines and markers are ”short-bonds” lying in the top (bottom) row of

the unit cell. Short bonds are defined as those whose length lies within the yellow

band in (b). This yellow band is centered at the position of the first Gaussian of the

bimodal distribution in Figure 3.5 (b) and has a width of one standard deviation of

that Gaussian. This figure is in color.
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Chapter 4

Local Structure of Zn4Sb3 in the 6

phase

H. J. Kim, B. S. Boiin, S. M. Haile, G. J. Snyder, and S. J. L. Billinge, Nana-scale a-

structural domains in the phonon-glass thermoelectric material 6-Zn4Sb3,

Phys. Rev. B 75, 134103 (2007).

4. 1 Introduction

Only a few materials exhibit the thermoelectric figure of merit ZT larger than unity

and one of those is the 6 phase of p—type semiconductor Zn4Sb3. This narrow gap

semiconductor was discovered in the 19603 [87] and later identified as a thermoelectric

material [88]. Ever since then, it has been considered as a state-of-the—art thermo-

electric material [87].

4.1.1 Origin of high ZT and phase transitions in Zn4Sb3

Zn4Sb3 exhibits a high thermoelectric performance between 450 K and 670 K (Fig-

ure 4.1) and its ZT value exceeds unity above 540 K [89]. Even though the thermo—

electric power factor S20 in this temperature range is not so significant compared to
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Figure 4.1: Temperature dependence of ZT value of various thermoelectric materials.

Adapted from [89].

that of other thermoelectric materials [90], its very low thermal conductivity, which is

comparable to that of glass (Figure 4.2), makes it an excellent thermoelectric material.

The typical thermal conductivity value of glass is S, 1 Wm‘1K_1 [91]. Since it ex-

hibits good electron conductivity and very low thermal conductivity simultaneously,

Zn4Sb3 is considered as a electron crystal-phonon glass thermoelectric system.

Three modifications of Zn4Sb3 are known: a, 6, and 'y-Zn4Sb3. Below ~ 260 K it

is in the or phase (Figure 4.3) and the 6 phase appears between 260 K and 765 K [88].

The 7 phase is stable in 765 K < T < 857 K [92]. The high ZT values are only found

in the 6—phase. Both phase transitions ((1 —+ 6 and 6 —> y) accompany structural

changes. The average structure of a- and 6—Zn4Sb3 is low symmetric triclinic (CI

space group in monoclinic cell) [87] and high symmetric rhombohedral (R30 space

group) structure [93, 92, 89], respectively. These structures will be explored in detail

in the next section.
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Figure 4.2: Temperature dependence of thermal conductivity of various thermoelec—

tric materials. Adapted from [89].
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Figure 4.3: Resistance of Zn4Sb3 as a function of temperature. The inset is a zoom

in the a —+ 6 phase transition region ~ 260 K. Adapted from [92].
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Figure 4.4. The crystal structure of Zn4Sb3. (a) Project down the c axis of the

crystal structure of 6—Zn4Sb3 in space group R3c. There are three distinct atomic

positions, 36Zn(1)b, 18Sb(1 ), and 12Sb(2). Ionic state for each site is Zn2+, Sb3_,

and Sb24_ in dimers for 36Zn(1)b, 18Sb(1), and 12Sb(2), respectively. Possible Zn

interstitial sites in the interstitial model are indicated with yellow small circles. (b)

The interstitial atoms have full occupancy and become ordered in the a-phase (yellow

circles). To help with comparison, only a part of a triclinic supercell is shown. This

figure is in color.

4.1.2 Proposed structural models for 6—Zn4Sb3

The lack of long range order in glass or amorphous structures significantly reduces

mean-free paths of phonons by producing strong phonon scattering and consequently

very low thermal conductivity is obtained. Electrons are also scattered strongly by

the disordered structure resulting in very low electrical conductivity. Therefore, glass

is not a good candidate for thermoelectric materials. It is quite amazing that such a

low thermal conductivity can be obtained in a crystalline material which still retains

good electrical conductivity. Many efforts have been made to search for the structural

origin of the exceptionally low thermal conductivity of 6—Zn4Sb3. Several structural

defects have been proposed to exist in the rhombohedral R3c structural framework

(Figure 4.4 (a)) such as Zn and Sb mixed sites [93] and an occupational deficiency on

Zn sites [92]. More recently, interstitial Zn atom defects are reported [89, 94]. Inter-

stitial Zn atoms are randomly distributed over multiple crystallographic sites in the

crystal structure of 6—Zn4Sb3 (small yellow circles in Figure 4.4 (a)). Three 6-phase

structural models are summarized in Table 4.1. Soon after the discovery of intersti-
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Table 4.1: Site occupancies (fraction) for various 6—Zn4Sb3 structural models based

on the R3c structural framework.

 

 

model Zn(1) (36f) Sb(1) (18c) Sb(2) (12c) Zn—interstitial (36f)

Mixed occupancy 1 0.898b 1 0

0.11Zn

Vacancy 0.90 1 1 0

Interstitial 0.90 1 1 0.17

0.046Zn(2)

0.056Zn(3)

0.063Zn(4)

 

tial defects in the 6 phase, superlattice peaks due to the ordering of Zn intersitial

defects were observed in the a phase [87, 95]. Ordered interstitials quadruple the cell

along the [011] direction of the rhombohedral cell. A part of the supercell is shown in

Figure 4.4 (b). In this structure, all the sites are fully occupied including interstitial

sites (yellow circles). The Zn substructure of the or phase is strongly locally deviated

from that of the 6 phase whereas the Sb substructures differ only fractionally [87].

The mechanism and true nature of this order-disorder (a —-> 6) transition, which

takes place at rather low temperatures and turns out to be reversible, is still not fully

understood [87].

4.2 Experimental details

4.2.1 Experiment and data process

Two Zn4Sb3 samples (I and II) were prepared at different times by direct reaction

of the elements. The phase purity of each sample was checked by powder x-ray

diffraction and scanning electron microscopy with energy dispersive spectroscopy. No

traces of ZnSb or Zn were found by either method.
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Figure 4.5: The reduced total scattering structure function, F(Q) of Zn4Sb3 obtained

from neutron data at (a) 15 K (a phase) and (b) 300 K (6 phase).

Neutron powder diffraction measurements were carried out on the NPDF (Neutron

Powder Diffractometer) at the Lujan Center at Los Alamos National Laboratory.

About 8.0 g of powder sample I was sealed in a cylindrical vanadium can under

helium exchange gas. Data were collected using a displex closed cycle refrigerator at

15 K and 300 K. Using the program PDFgetN [58] various corrections [49] including

background subtraction (empty vanadium can) were made and the neutron PDFs

were obtained by Fourier transform of the reduced total scattering structure function,

F(Q) (Figure 4.5) up to Qmaz of 30 A-l.

X-ray powder diffraction data for sample II were collected at room temperature

and over a range of temperatures to 150 K at the 6—IDD station of MUCAT beamline

at the Advanced Photon Source at Argonne National Laboratory. The sample was

ground using a mortar and pestle, sieved through a 400-mesh sieve, and then loaded

in a flat-plate aluminium sample holder with thickness of 1.0 mm sealed with kapton

tape. The x—ray energies were 87.005 keV (A = 0.14248 A) for the 300 K data and

' 129.77 keV (A = 0.095541 A) for the low temperature measurements. Data were

collected using the rapid acquisition pair distribution function (RAPDF) technique,

which utilizes a two—dimensional image plate detector (Mar345) 345 mm in diame-

ter [54]. The camera was mounted orthogonally to the beam path. The sample-to—
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detector distance for each experiment was determined by calibrating with a silicon

standard sample: 210.00 mm and 218.87 mm for 87.005 keV and 129.77 keV, respec-

tively. Low temperature measurements were carried out by using low temperature

displex with a mylar heat—shield and kapton windows. An empty sample holder under

the 300 K and low temperature setup was measured for background. Upon reaching

the target temperature, the system was allowed to equilibrate for 10 minutes prior

to data collection. In order to avoid saturation of the detector, sample was exposed

to x-ray beam for 10 seconds (120 seconds) and it was repeated eight times (seven

times) to improve the counting statistics for 300 K (low temperature) measurements.

One of raw image data sets obtained at 300 K is shown in Figure 4.6 (a).

Two-dimensional data sets corresponding to each temperature were further com-

bined and integrated using the program FIT2D [56] to obtain intensity versus 26

format. Background subtraction and standard corrections [54, 49] were made us-

ing the program PDFgetX2 [57] to obtain F(Q) which was truncated at Qmax of

28 A—1 before performing Fourier transformation to obtain the x-ray PDF. Beyond

that value of Q the signal-to-noise ratio was unfavorable. F(Q) at 300 K is shown in

Figure 4.6 (b).

4.2.2 Structural Modeling

Three structural models based on the R3c framework (mixed occupancy, [93] va-

cancy, [92] and interstitial [89] models) and the a-phase superstructure were used

for this study (Table 4.1). The a-phase superstructure, here named the oz-structural

model, accounts for superlattice peaks arising from ordered Zn interstitial defects

below T m 260 K [87, 95].

The structural modeling was carried out using the program PDFFIT2 [60]. Each

model was taken as an initial structure then lattice parameters, atomic coordinates

and isotropic displacement parameters (U230) were refined using a least squares ap-
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Figure 4.6: (a) An example of a raw image data set of Zn4Sb3 obtained at 300 K and

(b) F(Q) for 300 K x-ray data.

preach until the difference between the experimental and calculated PDFs was mini-

mized. The atomic coordinates were constrained to retain the symmetry of the R3c

space group for the mixed occupancy, vacancy, and interstitial models. For the a-

structural model, the space group CI was used and the atomic coordinates were fixed

to the values from the literature [87]. For all the models only two parameters were

assigned for Uisoi one for Zn atoms and the other for Sb atoms regardless of different

crystallographic sites. The refinement range was 1.5 < r < 20.0 A.
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Figure 4.7: 15 K neutron PDF refinement result. (a) The experimental PDF obtained

at 15 K (blue circles) together with the calculated PDF from the refined a-model

(red line). The difference between the calculated and measured PDFs (green line) is

plotted below the data. (b) Zoom in to the first PDF peak. This figure is in color.

4.3 Results

4.3.1 Local structure of Zme3 in a—phase

The PDF obtained from 15 K neutron data is shown with blue circles in Fig. 4.7. The

excellent signal to noise ratio of the data is evident from the negligibly small ripples

on the base line of the PDF below 2 A, compared to the PDF peaks. The first sharp

peak at 2.7 A derives from the nearest-neighbor pairs of Zn—Zn, Zn—Sb, and Sb—Sb

in the rhombohedral unit cell (Fig. 4.4 (a)). The calculated PDF from the refined

a-structural model (red line) is plotted over the data with the difference (green line)

shown in the curve below it. The refined values of the structural parameters are

summarized in Table 4.2. The model is in excellent agreement with the data without

refinement of atomic coordinates, directly indicating that the local structure agrees

well with the average structure in the a-phase.
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4.3.2 Local structure of Zn48b3 in 6-phase

Now we focus on the PDF of 6-Zn4Sb3. The results of structural modeling on the

neutron PDF at 300 K using the mixed occupancy, vacancy, and interstitial models

are summarized in Table 4.2. Reasonably good fits are obtained from each of the

models (Figure 4.8 (a)~(c)) with agreement factor, EU), [60] of around 0.15 for mixed

occupancy and vacancy models and lower for the interstitial model which has 2 ~ 3

times more refinable parameters. These good fits are obtained at the expense of en-

larged atomic displacement factors on the Zn sites, though the interstitial model does

better in this regard. Enlarged atomic displacement factors may signify the presence

of loosely coordinated “rattler ions” ,[96] or alternatively non-thermal disorder that is

not incorporated explicitly in the models.

The Rf], values in Table 4.2 show how the results changed when Uiso was fixed

to a smaller value of 0.01 A2, a value between the refined 15 K and 300 K values

and appropriate for a temperature in the vicinity of the structural phase transition,

for both Zn and Sb atoms. Now the insufliciency of each model emerges due to the

sharpening of PDF peaks by the small Uiso value (Figure 4.9 (a)~(c)). The results

imply that the local structure of 6—Zn4Sb3 is somehow more distorted than the three

models suggest.

We also tried the a—structural model for the local structure of the 300 K data.

It provides as good a fit as the other models did with just Uiso being refined (Fig-

ure 4.8 (d)). With fewer parameters the resultant Ru) value is comparable to the other

models (Table 4.2). The most interesting result was obtained when Uiso was fixed to

0.01 A2 during the refinement (Figure 4.9 (d)). Even though Uiso was fixed, a good

fit was still obtained; the fluctuation in the difference curve is not significant and most

of all, the R4), value does not change much (Table 4.2) implying that in the 6—phase

the a-like structure is preserved locally. This result suggests that the enlarged Uiso

on Zn sites in the 6-1nodel is due to averaging of different local environments in the
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Figure 4.8: 300 K neutron PDF refinement results. The experimental PDF obtained

at 300 K (blue circles) are plotted with the calculated PDF (red line) from various

refined structural models; (a) mixed occupancy model, (b) vacancy model, (c) inter-

stitial model, and (d) a-structural model. The difference (green line) is plotted below

the data. This figure is in color.
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Figure 4.9: 300 K neutron PDF refinement results with fixed Uiso value of 0.01 A2.

The experimental PDF (blue circles) are plotted with the calculated PDF (red line)

from refined (a) mixed occupancy model, (b) vacancy model, (c) interstitial model,

and (d) a-structural model. The difference (green line) is plotted below the data.

The good agreement in (d) indicates that the a-structural model explains the local

structure of 6-Zn4Sb3 with a smaller value of Uiso whereas other models do not

(a)-(c). This figure is in color.
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Figure 4.10: Comparison of the change in PDF expected as the sample goes from

the a to fl phase. The PDF in the a phase is shown in red line and the fi-phase in

blue circles. The difference is plotted below in green line. (a) The calculated PDFS

based on the average structures. Uz-so used for the calculation is 0.01 A2 for both

interstitial and a-structural models. (b) Experimental x-ray PDFs in fl (270 K, blue

circles) and a (220 K, red line) phases. The observed changes in the local structure

are much smaller than expected from the crystal structure models. This figure is in

color.

cubic model and interstitials are not rattler ions.

As a further check of this hypothesis we measured the temperature dependence

of the local structure through the a-fi phase transition at 260 K. Indeed, there is

no significant change in the x-ray PDF on crossing the transition (Figure 4.10 (b)),

compared to the expected change based on the a and fl models (Figure 4.10 (a)),

indicating that locally the structure is not changing even though there is a change

in the average symmetry at this transition. For the calculation the a-structural and

interstitial models were adopted representing the a and ,6 phase, respectively. Uiso

of 0.01 A2 was used for both models assuming that the thermal effect is relatively

small compared to the structural change in this temperature range.
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4.4 Discussion

4.4.1 What is in the a—structural model?

It is interesting to investigate what aspect of the a-model makes it better for the

low-r region of the PDF of fl-Zn4Sb3 than the interstitial model even though they

have similar numbers of Zn interstitial atoms. The improvement in fit is unlikely to

be explained by the ordering arrangement of interstitial atoms in the a-model since

the defects themselves are only 10 % in the fully occupied R3c framework [89, 87]

and the consequent effect is small in the PDF. The reason seems to lie in the local

coordination of the interstitial atoms in the respective models. The interstitial model

provides possible Zn interstitial sites in a highly symmetric R3c structural frame

(Figure 4.4 (a)) but not their influence of relaxing the positions of neighboring atoms.

Accordingly, large Uiso values are necessary for the interstitial model to get sufficiently

broad PDF peaks. However, the lower symmetry atomic arrangement in the a-model

(Figure 4.4 (b)) correctly captures the perturbed environment of the interstitial atoms.

Since the local structure does not change at the a-fi phase transition the Zn interstitial

defects persist but lose their long-range order forming the a-like domains in the fi-

phase.

When point defects are discovered in a material, particularly charged point de-

fects that require other charge balancing defects, one should expect local structural

distortions or rearrangements that will lead, either to long range order and a super-

structure, or to short-range ordered nanometer size domains that are not detected

with traditional diffraction techniques. In the Zn4Sb3 case, the Zn interstitials order

at low temperature resulting in a new crystallographic phase and a superstructure in

the diffraction pattern [87, 95]. This tendency to order locally will reduce coulombic

and elastic strain energies. At high temperature the defects prefer to disorder to in-

crease the entropy, but the strong tendency towards local ordering persists resulting
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in nanoscale domains, or short-range order with a finite coherence length, such as was

found here.

4.4.2 Domain size estimation

In the fi-phase the local a-like domains must be oriented in such a way that crystal-

lographically the interstitial atoms appear in a randomly distributed way over three

possible interstitial sites in the average R3c structure. However, the similarity of the

local structure suggests that locally the interstitial atoms avoid each other in the

B—phase resulting in short—range defect ordering that resembles the a phase. A pos-

sible picture of fi-Zn4Sb3 structure is depicted in the upper part of Figure 4.11: the

structure consists of many a-structural like domains and the direction of ordering of

Zn interstitial defects in each domain is indicated by the orientation of yellow lines.

The rhombohedral fl-structure is incomplete as a local structure as it has atomic dis-

tances that are unphysically short. This work confirms that the actual local structure

contains reasonable atomic distances (such as those in the a-phase with no indica-

tion of a Zn—Zn bond [94]) and that nano-scale domains must exist. We would like

to estimate the domain size, or coherence length, of this local order. At low-r the

PDF is probing below this domain length scale and finds an a-like local structure

(Figure 4.11 (a)); however, the PDF at high-7' (consistent with the average x—ray

diffraction measurements [89]) averages over a longer length scale and results in the

different average structure of fl—Zn4Sb3 (Figure 4.11 (b)). A striking feature found

in a comparison of the 300 K and 15 K neutron PDFs is an inversion of the relative

PDF peak heights in the region between 60-120 A (Figure 4.12). Below 60 A the

PDF peaks in the 15 K data are taller than those in the 300 K data (Figure 4.12 (b)),

as expected due to the reduced thermal motion. However, above 120 A the oppo—

site is observed (Figure 4.12 (d)). If there is no phase change the PDF peaks will

broaden with increasing temperature at all distances-r, but this is not observed. The
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Figure 4.11: A possible picture of ,B-Zn4Sb3 structure. The structure is composed of

many a-like domains with Zn interstitial atoms ordered along the yellow lines. (a)

Local structural probes such as PDF provides a—like structure whereas (b) crystallog-

raphy averages over domains providing three possible Zn interstitial sites with partial

occupancies. This figure is in color.
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Figure 4.12: Comparison of 15 K and 300 K PDFs in different r-regions. (a) Compar-

ison of low— ( 15 K, blue line) and high—temperature (300 K, red line) neutron PDFs of

Zn4Sb3 plotted over a wide range of 7' to 300 A . (b)-(d) are the same data but plot-

ted on expanded r-scales. Note that at low-r the 300 K PDF has broader and lower

peaks, but at high—r the situation is reversed. PDF peaks broaden with temperature

due to increased thermal motion as evident at low-1' (b). The PDF peaks are sharper

and higher at room temperature in the high-r region ((1) because the 300 K data are

from the high—symmetry fl-phase. A rough estimate of the size of the local 0: domains

can be obtained from the where the behavior switches over (0). This figure is in color.

anomalous T—dependence is explained due to the fact that at higher-r the PDF re-

flects the higher symmetry of the fi-structure and higher symmetry results in sharper

PDF peaks. The fact that the low—7‘ peaks broaden with increasing temperature and

do not sharpen at the phase transition is strong evidence that the local symmetry is

lower than the average symmetry. We can roughly estimate the diameter of the lower

symmetry domains from the crossover in peak-broadening behavior. The crossover

happens in the region 60-120 A (Figure 4.12 (c)). We therefore estimate the a-domain

size to be of the order, but probably somewhat lass than, 10 run, where the effects on

the PDF of the higher average symmetry start to dominate. A more thorough study

is necessary to estimate the exact domain size.
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Table 4.3: Comparison of the size of defects and thermal conductivity of nanostruc-

tured thermoelectric systems and fi-Zn4Sb3 at 300 K. The thermal conductivity of

ErAs nanoparticles embeded Inoo53 Gao_47As was reduced by a factor of two compared

to that of In0.53Ga0.47As.

 

 

system defects size thermal conductivity (14)

(nm) (Wm-IK-l)

BigTeg/SbgTeg [42] 1 nm/5 nm N 0.25

Ag(Pb1_ySny)meTe2+m [48] ~ 3 nm ~ 0.7

ErAs/In0.53Ga0_47As [41] 1 ~ 4 nm ~ 3 (x 0.5)

,B-Zn4Sb3 6 ~ 12 nm N 1

 

4.4.3 Possible role of a-structural like nanodomains in ther-

mal conductivity of fl-Zn4Sb3

The PDF study has suggested that the structure of high ZT 6 form of Zn4Sb3 is

composed of nanoscaled a-like domains. Do these nano-domains play an important

role in the low thermal conductivity of fi-Zn4Sb3?

Several recently developed nanostructured thermoelectric systems were introduced

in the section 1.3.3. In all these systems nanoscale structural [42, 41] or compositional

modulations [48] of 1 ~ 6 nm appear to play an important role in huge reduction of

thermal conductivity. Table 4.3 summarizes the size of nanoscale defects and thermal

conductivity found in each system together with fi-Zn4Sb3. Our PDF analysis shows

that the structure of high ZT fl-Zn4Sb3 consists of a-structure like domains with

6 ~ 12 nm size. The compelling similarity in the order of domain size to nanoscale

structural modulations in other high ZT materials (Table 4.3) strongly suggests their

important role in very low thermal conductivity of fl-Zn4Sb3. One different thing

between fl-Zn4Sb3 and other systems here is that fi-Zn4Sb3 is chemically a homo-

geneous material whereas the other nanostructured systems are two-phase systems.
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Figure 4.13: The basal thermal conductivity of 1T-Ta82 as a fimction of temperature.

Open circles represent experimental results and dashed line is electronic contribu-

tion from Wiedeman—Franz law. Estimated lattice contribution is plotted in crosses.

Adapted from [97]

Therefore, phonons are scattered at heterogeneous interfaces in these nanostructured

materials but at domain boundaries in fl-Zn4Sb3. One thing we need to check is how

effectively domain boundaries can reduce thermal conductivity of materials. One

good example to examine this matter is a charge density wave (CDW) system which

has nearly commensurate to commensurate CDW transition. Figure 4.13 shows the

basal thermal conductivity of 1T-Ta82 measured during cooling [97]. Nearly com-

mensurate to commensurate CDW transition occurs at 180 K. Commensurate CDW

domains with ~6 nm in size are separated by domain walls called discommensurations

in the nearly commensurate CDW state, 180 K < T < 350 K. Notice how rapidly

the thermal conductivity of 1T-Ta82 changes at this transition; it is increased by

nearly a factor of two in the commensurate CDW state, T < 180 K. NIiiiez-Regueiro

et al. suggested that the disappearance of defects (discommensurations) in the com-

mensurate CDW state as one possible explanation for this huge change in thermal
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conductivity of 1T—TaSz across the transition.

4.5 Summary

We have investigated the local structure of Zn4Sb3 using the PDF technique. The

result shows that the structure of fl-Zn4Sb3 at 300 K is composed of nanoscaled

a-like domains. Like other recently developed high ZT thermoelectric materials,

the exceptionally low thermal conductivity of ,B-Zn4Sb3 may be attributed to these

nanoscale structural domains.
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Chapter 5

Concluding Remarks

5. 1 Summary

5.1.]. CeTe3

Incommensurate charge density waves (IC—CDW) are a fundamental property of low-

dimensional metals. Knowing the nature of local atomic displacements (Peierls dis-

tortions) in the IC-CDWs is crucial to understand novel properties of many materials,

but this information is difficult to obtain quantitatively. We have applied a local struc-

tural method, the atomic pair distribution function (PDF) technique, to determine

the local atomic displacements in the system CeTe3. IC-CDWs, and the underlying

atomic displacements, can be uniform incommensurate modulations or locally com-

mensurate waves separated by narrow domain walls, known as discommensurations,

where the phase of the wave changes rapidly. The IC—CDWs lie in the nominally

square Te layers in CeTe3. The PDF analysis on 300 K data showed that the Te-

Te bonds found in the square Te layers split into short bonded or long non-bonded

parts. Since this is the characteristic feature of commensurate CDW, the IC—CDW

in CeTe3 at 300 K is discommensurated. This is the first time the quantitative lo-

cal atomic displacements have been obtained within the commensurate domains of a
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discommensurated IC-CDW.

5.1.2 fl-Zn4Sb3

fi-Zn4Sb3 is an excellent example of a “phonon-glass” thermoelectric material but

the mechanism for its low thermal conductivity is not fully established. We used

the atomic pair distribution function (PDF) analysis of x—ray and neutron scattering

data to study the local structure of ,B-Zn4Sb3. We showed that interstitial Zn atoms

not only provide point defects but also force a local structural rearrangement on

the nanometer scale in fi-Zn4Sb3. Locally, the material retains its low-symmetry

low-temperature form and the higher symmetry average structure of fi-Zn4Sb3 is

due to averaging of these nanometer scale local domains. Temperature-dependent

measurements through the 01-6 transition support this picture. We have estimated the

domain size at less than 10 nm from a comparison of low- and high-temperature PDFs

determined over a wide range of 7'. These intrinsically self-organized nano—domains

should effectively scatter the mid— to long-wavelength phonons that are important

for heat transport. Interestingly, the observation of nano-domains in the high ZT

fi-form of the material is consistent with the emerging theme of producing materials

with nanoscale superstructures or defects to efficiently scatter mid— to long-wavelength

phonons to achieve high ZT value.

5.2 Importance of local structures for understand-

ing material properties

The local atomic arrangements of CeTe3 and Zn4Sb3 determined from the PDF anal-

ysis are different from ones that conventional crystallography provides. The local or-

derings extend over nanometer-length scales in both materials forming nano-domains

and crystallography averages out these domains yielding somehow different structures.
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This is not rare [3], but is often found in various materials such as manganites [98, 99],

ferroelectrics [100], thermoelectric materials [41, 44, 46], and so on, and is expected to

play an important role in material properties. Many further detailed research works

using various techniques need to be done on these nano-scaled clusters to understand

their exact role.

5.3 Future Work

5.3.1 Fluctuation effects in RETe3

Large gaps associated with CDWs are found in RETe3 (RE=rare earth). For example

the mean field CDW transition temperature of SmTe3, determined by the gap ob-

tained from Angle-resolved photoemission spectroscopy (ARPES) study, is z 1300 K,

which is larger than its melting temperature, 1096 K [80]. However, in reality the

CDW phase transition occurs at 415 K in SmTe3 where long range order developes

resulting in superlattice peaks. This suggests the importance of fluctuation effects [4]

in this system and the possible existence of short range ordered CDW regions above

415 K. By collecting data in a wide temperature range below and above TCDW and

using PDF analysis, a novel local structure probing method, fluctuation effects and

the developement of CDWs in RETe3 system can be closely investigated.

5.3.2 Nano-domains in fl-Zn4Sb3 in the high T region

It can not be said ”the nano-domains found in this study are directly responsible for

the very low thermal conductivity of fl-Zn4Sb3” at this moment, but we believe that

there must be a close connection between them. fl-Zn4Sb3 exhibits high thermoelec-

tric performance (high ZT values) between 450 K and 670 K. Its ZT value exceeds

unity above 540 K. Therefore, in order to make our argument clear a thorough study

on the evolution of the domain size with temperature up to the high ZT regime (above
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540 K) is required. In addition, more precise ways to estimate the domain size are

necessary. One possible way is to systematically increase the refinement range (fix

7min and vary Tmaxl- The domain size can be determined where refined parameters

start deviated from the trend. However, this requires high computing power and huge

amount of time since refinement should be carried out over a wide r-range using a

large structural model.
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