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Abstract

Abstract

Using the Physical Vapor Transport method, single crystals of Cd2Re207 have been grown, and

crystals of dimensions up to 8x6x2 mm have been achieved.

X-ray diffraction from a single crystal of Cd2Re207 has showed the crystal growth in the (111)

plane. Powder X-ray diffraction measurements were performed on ^^O and ^^O samples, however no

difference was observed. Assigning the space group Fd3m to Cd2Re207 at room temperature and

using structure factor analysis, the powder X-ray diffraction pattern of the sample was explained

through systematic reflection absences.

The temperatiure dependence of the resistivity measurement of ^^O has revealed two structural

phase transitions at 120 and 200 K, and the superconducting transition at 1.0 K.

Using Factor Group Analysis on three different structiures of Cd2Re207, the number of IR and

Raman active phonon modes close to the Brillouin zone centre have been determined and the results

have been compared to the temperature-dependence of the Raman shifts of ^^O and ^*0 samples. Af-

ter scaling (via removing Bose-Einstein and Rayleigh scattering factors from the scattered light) all

spectra, each spectrum was fitted with a number of Lorentzian peaks. The temperature-dependence

of the FWHM and Raman shift of mode Eg, shows the effects of the two structurjil phase transitions

above Tc.

The absolute reflectance of Cd2Re207 - '^O single crystals in the far-infrared spectral region

(7-700 cm~^) has been measured in the superconducting state (0.5 K), right above the supercon-

ducting state (1.5 K), and in the normal state (4.2 K).

Thermal reflectance of the sample at 0.5 K and 1.5 K indicates a strong absorption feature close

to 10 cm~^ in the superconducting state with a reference temperature of 4.2 K.

By means of Kramers-Kronig analysis, the absolute reflectance was used to calculate the optical

conductivity and dielectric function. The real part of optical conductivity shows five distinct active

phonon modes at 44, 200, 300, 375, and 575 cm~' at all temperatures including a Drude-like

behavior at low frequencies. The imaginary part of the calculated dielectric function indicates a

mode softening of the mode 44 cm~' below Tc.





Contents iii

Contents

Abstract ii

Contents iii

List of Tables v

List of Figures vi

Acknowledgements viii

1 Crystal Growth 1

1.1 Introduction 1

1.2 Crystal Growth 2

1.2.1 Stoichiometry Calculations 6

2 Crystal Structure 7

2.1 determination of number of molecules in the unit cell 9

3 X-ray Diffraction 11

3.1 DifiEraction pattern from single crystal and powder samples 12

3.2 Peak intensity sind structure factor 14

3.3 Experiment 18

3.3.1 Single crystal XRD 18

3.3.2 Powder XRD 22

4 EdS 25

4.1 Theory of EDS 25

4.2 Experimental results 26

5 Electrical Resistivity 28

5.1 Overview 28

5.2 Resistivity of a bar sample 29

5.3 Van der Pauw Method 30

5.3.1 /-Function 31

5.4 Experiment 35

5.4.1 Sample Preparation 35

5.4.2 Measurement 35





Contents iv

6 Raman Scattering 41

6.1 Introduction 41

6.2 Theory of Raman scattering in solids 43

6.3 Scaling and base-line correction 45

6.4 Symmetry and determination of nimiber of vibrational modes in crystals 48

6.4.1 Crystallographic Point Groups [1] 49

6.4.2 Crystal systems [2] 50

6.4.3 Crystallographic space groups [3] 50

6.4.4 Character table and normal vibrational modes [4] 51

6.4.5 Wyckoff positions £ind multipUcity 53

6.4.6 Active IR and Raman modes in the Cd2Re207 crystal 53

6.5 Experimental results 58

7 Fourier Tremsform IR Spectroscopy 64

7.1 Introduction 64

7.2 Mathematical concepts of FTIR 67

7.3 Spectral Resolution and Cut-OfF Frequency 68

7.4 FTIR Advantages 69

8 Optical Properties of Solids 75

8.1 Interaction of Light with SoUds 75

8.2 The Lorentz Oscillator 76

8.3 The Drude Oscillator 78

8.4 The Combined Drude and Lorentz Oscillators 78

8.5 Optical Functions 79

8.6 Optical Conductivity of a Superconductor at low Frequencies 80

8.7 Kreuners-Kronig Integrals 80
8.8 Extrapolations for Reflectance 81

8.9 Numerical Integration of the Phase-Shift Equation 82

8.10 Experiment 83

8.10.1 sample preparation 83

8.10.2 The ^He Cryostat 85

8.10.3 Spectrometer 86

8.10.4 Data Collection 88

8.11 Experimental Results 89

8.11.1 Thermal Reflectance 89

8.11.2 Absolute Reflectance 96

8.11.3 Optical Conductivity 96

8.11.4 Dielectric function 102

9 Conclusions 106

A Fitting Program for /-Function 109

B Evaluation of d{u) from K-K Integrals 112

Bibliography 116





List of Tables

List of Tables

3.1 Systematic reflection conditions in the space group Fd3m 18

3.2 The setting parameters for the X-ray experiment 20

3.3 Single crystal XRX) and Lattice parameter for Cd2Re207, ^^O 22

3.4 Powder XRD and Lattice parameter for CdaRejOT, ^^O and ^^O 24

5.1 Comparing the calculated ffu from Lorentzian fit (eq.5.11) with actual fact, (eq.5.9) 34

6.1 The character table for Oh point group 52

6.2 Predicted IR and Raman active modes for the Cd2Re207 crystal at temperatures T
> 200 K (phase I, Fd3m) by the FGA technique 55

6.3 Predicted IR and Raman active modes for the Cd2Re207 crystal at temperatures 120

K < T < 200 K (phase II) by the FGA technique 56

6.4 Predicted IR and Raman active modes for the Cd2Re207 crystal at temperatures T
< 120 K (phase III, I4i22) by the FGA technique 57

6.5 Raman shift for the ^^O and ^*0 samples at 275 Kelvin 62

8.1 Different optical components for different working frequency ranges 87





List of Figures vi

List of Figures

1.1 The electrical tube furnace used for the crystal growth 2

1.2 The schematic diagram of the growth facilities 2

1.3 Temperature profile versus distance from the center of the tube furnace 3

1.4 Quartz Tube 3

1.5 The N2-Dry-Box 4

1.6 Temperature profile versus time for the growth experiment 5

1.7 The grown Cd2Re207, ^^O single crystal 5

2.1 Ideal cubic pyrochlore structure alonge the (110) axis 8

2.2 Unit cell of the pyrochlore Cd2Re207 8

2.3 Sample prepared for measuring the mass density of the crystal Cd2Re207 10

3.1 Brag diftaction from atomic planes 11

3.2 The schematic diagram of an X-ray diffractometer 12

3.3 The visualization of diffraction using the Ewald sphere 14

3.4 Ewald sphere and the powder diffraction cones 15

3.5 Stage goniometer 19

3.6 Incident and reflected angle in X-ray diffraction 20

3.7 The physics department X-ray diffractometer 21

3.8 X-ray diftaction from single crystal Cd2Re207, ^^O 21

3.9 Powder X-ray diffraction results for Cd2Re207, ^^O and ^^O 23

4.1 Principle of EDS 26

4.2 EDS result for the Cd2Re207 (^^O) sample 27

4.3 Photograph of the Cd2Re207 (^^O) sample taken at the SEM 27

5.1 Low-temperature resistivity of normal metals and superconducting metals 29

5.2 Resistivity measurement for a rectangular sample 29

5.3 An arbitrary Sample and electrical contacts according to van der Pauw method ... 30

5.4 Lorentzian fit {ffu) and /-function {fact.) are plotted as a function of ^S£R .... 32

5.5 The error(%) between fact- and ffn 32

5.6 The variation of j^^'*^^ with temperature 33

5.7 Sample prepared for the resistivity measurement 36

5.8 The sample placed on the Bolometer stage in the Cryostat, in order to do resistivity

measurement 36

5.9 The schematic diagram of the resistivity measurement 37

5.10 Temperature dependence of the d.c. resistivity for Cd2Re207, ^^ 39

5.11 Specific heat C as a function of temperature 39

5.12 The resistivity of Cd2Re207, ^^O close to Tc 40





List of Figures vii

6.1 Illustration of the Rayleigh scattering and the Stokes and anti-Stokes scattering in

Raman effect 42

6.2 Effect of scaling and base line correction on the Raman spectrum (^^O ,50kelvin) . . 46

6.3 Effect of scaling and base line correction on the Raman spectrum (^^O ,225kelvin) . 47

6.4 Temperature-dependent Raman spectra of single crystal Cd2Re207 (^^O ) 59

6.5 Temperatiure-dependent FWHM and Raman shift associated with mode Eg of single

crystal CdaRcaOT (^^O
) 59

6.6 Temperature-dependent Raman spectra of single crystal Cd2Re207 (^*0 ) 60

6.7 Temperature-dependent FWHM and Raman shift associated with mode Eg of single

crystal Cd2Re207 (^*0
) 60

6.8 Raman spectrum ('^O, 225K) and fitting with Lorentzian peaJcs 61

6.9 Raman spectrum (^^O, 50K) and fitting with Lorentzian peaks 62

6.10 Comparing Raman shift of the ^^O and ^*0 samples at 275 Kelvin 63

7.1 Simplified optical layout of a typical FTIR spectrometer 66

7.2 Interferogram consisting of all modulated cosine waves. The greatest amplitude oc-

curs at the point of zero path difference (ZPD). Ref. [5] 66

7.3 Power spectra at 0.5K before gold evaporation in 5-22 cm~^ 71

7.4 Power spectra at 0.5K before gold evaporation in 10-60 cm~^ 72

7.5 Power spectra at 0.5K before gold evaporation in 10-240 cm~^ 73

7.6 Power spectra at 0.5K before gold evaporation in 40-700 cm~^ 74

8.1 The sample and the reference mirror mounted on a wedge shaped piece made of Copper 83

8.2 The position of the sample and the reference mirror in the ^He cryostat 83

8.3 The scheme of the ^He cryostat 84

8.4 A photograph of the Bruker and the ^He Cryostat 86

8.5 Thermal Reflectance of the sample Cd2Re207, '^O before and after gold evaporation

at low frequencies 91

8.6 Smoothed Thermal Reflectance using eq. 8.42 in the range 7-24 cm~^ 92

8.7 Smoothed Thermal Reflectance using eqs. 8.43 and 8.44 in the range 7-24 cm"^ . . 93

8.8 The smoothed thermal reflectance using eqs. 8.44 and 8.44 in the superconducting

state (0.5 K) together with the error bars 94

8.9 Thermal Reflectance at 0.5 K and 1.5 K with respect to 4.2 K over the entire range

of the experiment 95

8.10 Absolute reflectance of the Cd2Re207 sample in the range 7-700 cm~^ 97

8.11 Experimentad and extrapolated absolute reflectance of Cd2Re207 98

8.12 The frequency-dependent optical conductivity of Cd2Re207 at 0.5, 4.2, 24 K 99

8.13 The frequency-dependent optical conductivity of Cd2Re207 at 0.5, 4.2, 24 K and

phonon modes. Arrows show positions of phonon modes 100

8.14 The extrapolated optical conductivity of Cd2Re207 to the static linut 101

8.15 The frequency-dependent real part of dielectric function of Cd2Re207 at 0.5, 4.2, and

24 K, over the entire spectral range 103

8.16 The frequency-dependent real part of dielectric function of Cd2Re207 at 0.5, and 4.2

K, in the range 0-50 cm~^ 104

8.17 The frequency-dependent imaginary p«irt of the dielectric function of Cd2Re207 at

0.5, 1.5, 4.2, and 24 K, in the range 0-50 cm"^ 105





Acknowledgements viii

Acknowledgements

I would like to express my gratitude to all those who gave me the possibility to complete this thesis.

First and foremost, I would like to sincerely thank my supervisor, professor Fereidoon S. Razavi,

for his guidance throughout my graduate studies.

I am deeply indebted to my co-supervisor professor Maureen Reedyk whose help, stimulating

suggestions and encouragement helped me during the research for and writing of this thesis. Three

m«iin parts of this thesis including Optical Properties, Raman Spectroscopy, and Resistivity Mea-
surement of the sample, have been supervised by her. She looked closely at the final version of the

thesis for scientific and also for English style and grammatical errors, correcting all and offering

suggestions for improvement. I am fortunate to learn from such a great mentor who exhibits ex-

ceptional qusdities as a scientist and, more importantly, as a person.

I would like to extend a special thanks to professor Shyamal K. Bose, chair of the physics depart-

ment at the time. I appreciate the opportunity I have had to learn from his lectures in Advanced
Quantum Mechanics and Advanced Statistical Physics.

I would like to thank Michelle Przedborski whose program, assisted me to measiure the temperature-

dependence of the resistivity of the sample.

Thanks to Dr. David A. Crandles and Dr. Thad Harroun for responding to my questions.

I would like to thank Glenda Hooper for the EDS results.

I would like to express my gratitude to my schoolmates and friends, past and present, who
have really created an enjoyable work environment. A sincere thanks to Shaiiab Jamali, Anthony
Madabuonu, Sarah Kefayati, Patrick Reuvekamp, Mohammad Sedigh Ghamari, Brad Dempsie, and
Panteha Razavi.

I also would hke to thank the departmental administrative assistant and staff.

I would Uke to theink the members of the Electronics shop. Machine shop, and Glassblowing

shop for their support.

A very special thanks to my wife. I could have never made it this far without such a loving

wife. I am blessed to have such a wonderful wife who has been unconditionally supportive, even

as I struggled. She has eilways beUeved in me and always lent a listening ear in my most difficult

moments. I am proud to share this moment with her.





Chapter 1. Crystal Growth

Chapter 1

Crystal Growth

1.1 Introduction

Because materials in their crystalline forms, exhibit different optical, electrical and magnetic prop-

erties and in many cases improved properties over randomly arranged materials, most studies in

experimental Condensed Matter Physics deal with crystalline samples. In science crystals are de-

fined as ordered arrangements of atoms or molecules, on the contrary, amorphous materials (also

said to be glassy) are defined as disordered arrangements of atoms or molecules.

The crystal growth process starts with the nucleation stage. Several atoms or molecules in a

supersatmated vapor or liquid start forming clusters; the bulk free energy of the cluster is less

than that of the vapor or Uquid. A cluster of radiiis smaller than a critical radius r' will evapo-

rate (or dissolve in the solution) but a cluster of radius greater than r* will become stable, and
will increase its size by the addition of other atoms. The crystal growth process is a slow mech-
anism and depending on the size of crystal can take several months. Moreover, experiments have

shown that most of atoms and molecules can be grown in different crystal structures under different

growth conditions and by different methods, for example Carbon can be crystallized in diamond or

graphite structure. Thus one must be careful in choosing the growth conditions and growth method.

There are some stamdard crystal growth methods which have been widely used to grow high

quality solid materials for yeaurs including Physical Vapor Transport (PVT) , Physical Va-
por Deposition (PVD) , Chemical Vapor Deposition (CVD) , Molecular Beam Epitaxy
(MBE)

,
and the Bridgman and Czochr£dski techniques. To grow a crystal with specific physicsd

properties and crystal structiure we should be aware that not all of the above growth methods can

be efficient and cost effective . Fortimately, there are standard crystal growth methods for a wide

variey of materials which can found in articles and books and have been already tried and verified

by other people. It is however sometimes necessary to manipulate the growth conditions to eichieve

the best quaUty.
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1.2 Crystal Growth

Single crystals of Cd2Re207 (*®0) were grown using the Physical Vapor Transport method [6], and

crystals of dimensions up to 8x6x2 mm were achieved. The crystal size was large enough to carry

out optical reflectivity measurements conveniently on the sample. For the growth 0.634 gr of reac-

tant Cd (99.99%) and 1.366 gr of reactant Re207 (99.99%) were sealed in an evacuated quartz tube

(see section 1.2.1 for detailed sample stoichiometry calculations). The quartz tube was then placed

in a horizontal tube furnace (Lindberg Heavy Duty, fig. 1.1) with the reactants (charge) at the hot

zone of the furnace. By setting up the furnace temperature at a temperature high enough (966 °C)

[6] to have all reactants melted and vaporized, single crystals were formed inside the quartz tube

(fig. 1.2) at the cold zone of the furnace (766 °C) after 6 and 1/2 days.

In this method we took advantage of the natural temperature gradient of a horizontal tube

furnace. The temperature at the central zone of the furnace is maximum and decreases toward the

ends. The temperature at the cold zone was chosen to be 20% less than that at the hot zone (i.e.

766°C). To find the appropriate length of the quartz tube, it was necessary to find the temperature

profile with distance inside of the furnace while the furnace temperature was set at 966 °C. In order

to do this, the temperature controller was set at 966 °C and left for a couple of hours imtil the

furnace temperature became stable. Then, the temperature inside the ceramic tube was measured

at each 0.5cm step from the center of the furnace toward one end by using an S-type thermocouple

probe (%10 Rhodium vs. Platinum) and a millivoltmeter. Fig. 1.3 shows the result of this measure-

ment. In this figure we can see that the furnace temperature is rather stable until 10cm away from

the center and then it decreases to 766°C at 25cm from the center. As it was mentioned earlier, a

temperature gradient of 200°C was our target, therefore from graph 1.3, the required length of the

quartz tube was determined to be 25cm.

\
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Figure 1.5: The N2-Dry-Box. A box with a nitrogen atmosphere free of oxygen and moisture, used

for weighing and transferring reactants into the Quartz tube.

grammed according to the temperature-time profile (fig. 1.6) that will be discussed later. The
quartz tube was taken out of the furnace after 6 1/2 days and quenched in the air. Although it was

expected to have some tiny single crystals stuck to the quartz wall, just three large crystals were

grown at the end of the tube. This result shows us that the growth conditions were chosen properly.

The success in the process of growing a high quality crystal depends not only on the tempera-

ture gradient but also on the temperature profile versus time, that is: 1- At what rate should the

temperature go up to 966°C?, 2- How long should it stay at this point to have all reactants melted,

vaporized and transfered into the solid crystalline phase at the cold zone?, 3- At what rate should

the temperature decrease? Fig. 1.6 shows how the temperature controller (Omega) was set to con-

trol the temperature at the charge position over the course of time. As we can see from this graph,

the temperature controller was programmed to bring up the temperature from room temperature to

966°C in 6hrs in the first step, stabilize the temperature at 966°C for 96hrs (4 days) in the second

step, bring down the temperature to 766°C in 6hrs in the third step and stabilize the temperature

at 766°C for 48hrs (2 day) in the fourth step. It should be mentioned that the temperature at

the growth point (cold zone) for each step was measured by the S-type thermocouple probe, and

it turned out to be 750°C and 420°C at the steps 2 and 3 respectively. At the end of step 4, the

quartz tube was quenched in the air. This could prevent possible atomic relocations.

Fig. l.T.a shows a cubic cell which is cut and shown in the (111) direction. Fig.l.T.b shows one

of the grown crystals in (111) direction. Both figures (a and the b) show a regular hexagon. This

is a good visual comparison which can be used to identify the direction of the growth. In section

3 we will see that the X-ray result from a single crystal of the sample shows just those diffractions

from planes parallel to the (111) direction. The X-ray result and fig. 1.7 confirm that our crystal

has grown in the (111) direction.
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Plan* (111)
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Figure 1.7: Fig.a shows (111) plane of a cubic cell. Fig.b shows the grown Cd2Re207, ^^O single

crystal. It is purple in color with the dimensions of 8x6x2 mm.





Chapter 1. Crystal Growth

1.2.1 Stoichiometry Calculations

Based on chemical reaction 1.1:

2Cd + ReaOy —> CdaReaOr (1.1)

and molar atomic mass of Cd and molar molecular mass of ReaOy and Cd2Re207:

Mcd = 1 12.41 Igr, Mife = 186.207gr, Mo = 15.999gr,

Mcd,Re,(h = 709.229gr, Ur^.o, = 484.410gr

we can calculate the ratio of vaolai mass of each reactant to the molar mass of resultant:

J'^f'i = 0.317,

A^fia£j_ ^ 0.683,
Mcd2Re^O^

The appropriate mass of Cd for making 2 grams of Cd2Re207 will be:

2 * 0.317 = 0.634gr

The appropriate mass of Re207 for making 2 grams of Cd2Re207 will be:

2 * 0.683 = 1.366gr
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Chapter 2

Crystal Structure

Single crystals of Cd2Re207 contain Cd"""^ ions with an electron configmation [Kr]5s^4cP and Re"*"^

ions with a [Xe]4f^*5(P electron configuration. Cadmium and Rhenium are transition metals which

are located in coliunns 12 and 7 of the periodic table respectively. The crystal structure of the

Cd2Re207 resembles a so-called pyrochlore lattice, that is, a three-dimensional corner-shared tetra-

hedral network of Re"*"^ (fig. 2.1). Cd takes an eightfold Oxygen coordination and Re takes a sixfold

Oxygen coordination [7].

Fig. 2.2.a shows the imit cell of the p5TOchlore Cd2Re207. There are eight molecules per unit

cell, which means 16 atoms of each Cd and Re and 56 Oxygen atoms. Each molecule in the imit cell

resembles a CaF2 crystal structure (fig. 2.2.b) with an anion-deficient fluorite. The CaF2 structure

is cubic with four molecules in the cell. In the CaF2 structure, Ca"*"^ ions occupy the lattice points

of a face-centered cubic (fee) structure and there are eight F~ ions within the fee cell which occupy

the lattice points of a simple cubic (sc) structure. With analogy to the fluorite structure, cations

Cd"*"^ and Re+^ occupy the positions of the cation Ca"*^^ in the fee arrangement and anions 0~^

occupy the position of the anion F~ with one vacajicy in the sc arangement. The Cd"*"^ ion in the

pyrochlore Cd2Re207 crystal structure with a smaller oxidation nmnber (2) retains a bigger ionic

radius and it gets an eightfolded oxygen coordination number, while Re"*"^ with a larger oxidation

number (5) retains a smaller ionic radius and it gets a sixfold oxygen coordination nimaber. The
unit cell of a pyrochlore structxure can be considered as eight Cd2Re207 cells stacked as octants of

a cube. In fig. 2.2 only two of the eight octants are shown to make it easier to visualize the relative

positions of the three types of atoms. These octants are not similar and can be labeled as I and

II. They differ firom one another in the position of the oxygen vacancy and the relative positions of

ions Cd"*"^ and Re"*"^. The octant on the lower left is type I and the other one is type II. The type

I cube has Cd^^ ions located on face diagonals from the lower left corner with the oxygen vacancy

opposite this corner. The diagonally opposite type II cube is the mirror image of the type I cube.

There are four of each type I and II, and they are not in adjacent cells. The two vacancies decrease

the cordination number of ion Re"*"^ [9].

The space group of the pyrochlore Cd2Re207 at room temperature is Fd3m (Hermann-Mauguin

symbol) or O^ (Schoenflies symbol) [8], one of the 36 crystal space groups in the cubic structm-e (See

section 6.4.3 for a description of crystallographic space groups). This space group is indexed as 227

out of 230 of crystallographic space groups. The four characters (F,d,3,m) in the Hermann-Mauguin
presentation of the pyrochlore crystal structure denote the most importfint symmetry presented in

the structure [3]: F denotes the presence of symmetry operations of an fee structure and d denotes

the presence of the 1/4 face diagonal glide plane (This is one type of a glide plane observed in

diamond type crystal strucutres symbolized as d). 3m {an abreviation of m3m), denotes that Fd3m
has £ill symmetry opperations of point group m3m in the Hermann-Mauguin system (or Oh in the

Schoinflies notation). As will be shown in chapter 5, there are two further structural phase transi-

tions which occur at temperatiu-es 200 K and 120 K. The space groups which have been attributed

to these two structures are I4m2 (body-centered tetragonal) and I4i22 (body-centered tetragon«il)
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Figure 2.1: Ideal cubic pyrochlore structure alonge the (110) axis showing Re-0(1)6 octahedra and

the A-cation. Cd-0(2) bonds are also shown. (After Knee et al.[8])

(a)

>«5»*!(

(t*«^

I
C4 A «• A. 1 o

Figure 2.2: Unit cell of the pyrochlore Cd2Re207. Fig.a shows a CaF2 crystal structure which

accounts for a basis of atoms. Fig.b shows the unit cell of the pyrochlore Cd2Re207
crystal structure. The unit cell contains eight Cd2Re207 molecules. (Source: Fig.a from

ICDD and Fig.b from reference [9])
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respectively [8].

The space group and the attributed symmetry operations are the essential knowledge that we
should have of a crystalline solid when we want to predict the number of normal modes in Raman
scattering and optical absorption of the sample (see chapter 6). It is also a powerful tool to identify

the extinction rules for the X-ray diffraction from the sample, i.e. which planes reflect the X-ray

beam and which ones do not, especially when the unit cell has a large number of atoms or molecules

such as the psrochlore Cd2Re207 (for this, see chapter 5).

2.1 determination of number of molecules in the unit cell

By measuring the mass density of a crystalline sample and knowing or measuring the lattice pa-

rameter we can always find the number of atoms or molecules in its conventional unit cell, as follows.

To measure the mass density of the grown Cd2Re207 (^^O), one rather big sample was selected.

To find the volume of the sample, the sample was ground and pohshed to a rectangular prism
,

with these dimensions: 4.53x2.97x1.73 mm (fig. 2.3). The sample's weight was 0.1955 gr. For

the measurement of length a micrometer with an accuracy of ±0.01 mm and for the measurement
of weight a digital balance with an accuracy of ±0.0001 gr were used. Thus, mass density of the

sample is:

m = 1.955 X 10-^ jfc5

V = 4.53 X 2.97 x 1.73 x lO'^m^ = 2.327559 x lO-^m^

^ p = — ^ 8399.3564 kg/m^ (2.1)

To find the amount of error in calculating p we can take the derivative of equation p — — and
replace the differential from each variable by the error of that variable and also change the negative

sign to positive sign, so we will get:

vAm + mAu
^P= y-2 (2.2)

We can also find Au in the same way. Therefore if v=x.y.z then Au will be:

Av = y.z.Ax + x.z.Ay + x.y.Az (2.3)

By substituting Ax = Ay = A2 = 10"^ m, Am = 10"^ kg, and the sample's dimensions and
weight into equations 2.2 and 2.3, Ap will be found as: Ap « 100 kg/m^. Thus from eq. 2.1 we
can write:

p = (8399 ± 100) kg/m^ (2.4)

Mass density can also be defined as:

P = -(r (2.5)
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Where n, M and V„ are number of molecules in the unit cell, mass of one molecule and volume

of the unit cell, respectively. As we can see from page 6, the molar molecular mass of Cd2Re207
(•^)is 709.229gr, therefore, the mass of one molecule of Cd2Re207 (^^O) is:

Molar mass 709.299 gr
, , „„^ „, „ 94

,

, .M = -; T-, ;— = r-^^^..^ .^o-. = 1.1778185 x 10"^^ kg. 2.6
Avogadrds number 6.022142 x 10^3 ^

^
'

Our X-ray analysis from a single crystal Cd2Re207 sample shows that the unit cell of Cd2Re207

is a simple cubic with the lattice parameter a=10.28 A° (see chapter 3). From this result we can

calculate the volume of unit cell.

K = (10.28A°)^ = 1.086374 x lO^^^ m^ (2.7)

Thus, the mass density of the Cd2Re207 sample can be calculated from relations 2.5, 2.6 and 2.7

as:

n.l.l778185x 10-24% _^^ , ,
„

" = 1.086374 X 10-^'
,„»'' = lOM-" %/»= (2-8)

As the mass density does not change for a large or small volume of the sample, the mass density

calculated from its physical volume should be equal to the mass density calculated from its unit

cell volume. For this, we can equate relations 2.4 and 2.8 to get:

oQQQ
-I- 1 nn

1084.n = (8399 ± 100) ^n= — = 7.748 ± 0.092 (2.9)

From the above equation we can see that number of Cd2Re207 molecules per unit cell can vary

from 7.656 to 7.840. These numbers that we calculated for our sample are very close to the 8

molecules per unit cell of the perfect pyrochlore crystal structure as it was shown in Fig. 2.2. A
likely source for this error can be the sample's volume measurement, as it might not have been

ground to a perfect rectangular prism, although SEM imaging has also revealed vacancies in this

sample, Fig. 4.3.

H——^—

™f •4 *-

Figure 2.3: Sample prepared for measuring the mass density of the crystal Cd2Re207.
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Chapter 3

X-ray Diffraction

X-rays are electromagnetic waves in the wavelength range 1-100 A. X-ray tubes generate X-rays by

bombarding a metal target with high-energy (10 - 100 keV) electrons that knock out core electrons.

An electron in an outer shell fills the hole in the inner shell and emits an X-ray photon. A common
target is Cu, which has a strong K^-X-ray emission at 1.54056 A.

When a crystal is exposed to X-ray (Fig.3.1) atoms or molecules (scatterers) scatter X-rays,

primsirily through their outer shell electrons. A regular array of scattered spherical waves cancel

one another out in most directions (destructive interference), but they add constructively in a few

choice directions, determined by Bragg's law:

2 d sin{e) ^ n X, (3.1)

where n is any integer, d is plane's spacing, and A is the X-ray wavelength. The integer n is

known as the order of reflection. Its value is taken as 1 in all calculations, since orders higher

than one (n>l) c£in always be represented by first order reflections (n=l) from a set of different

crystallographic planes with indices that are multiples of n. Thus eq. 3.2 can be written as:

2dsin{e)= A (3.2)

Figure 3.1: Brag diffraction from atomic planes.

Fig 3.2 shows the schematic diagram of an X-ray diffreictometer (XRD). The XRD technique

takes a single crystal or powdered sample in a holder, which is illuminated with a fixed wavelength

X-ray and the intensity of the reflected radiation is recorded using a goniometer by a movable Geiger

counter. The crystal and counter are gradually rotated, and a diffraction pattern is produced after
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Diaphragm #
Collimator

Monochromator

Crystal

Sample

\

\'
Analyzer

Crystal

Figure 3.2: The schematic diagram of an X-ray diflfractometer

a full scan. Each diffraction occurs as waves interact with a regular structure whose repeat distance

is about the same as the X-ray wavelength and corresponds to one set of evenly spaced planes

within the crystal. As the crystal is gradually rotated, previous reflections disappear and new ones

appear. This data is then analyzed to calculate the lattice parameters (a,b,c).

We can find a relation between d-spacing and lattice parameters for each Bravais lattice. For

instance, in the case of the orthorhombic crystal system the d-spacing can be written as:

1 /i2 P
cP

Where h, k, I are Miller indices of atomic planes.

From Elquations 3.2 and 3.3 we can write:

62
(3.3)

/i2 A;2 /2 2
. ,,,

For a simple cubic structure where o = 6 = c, eq. 3.4 reduces to:

1
a

2sin{d)
xVi^TWTP

(3.4)

(3.5)

3.1 Diffraction pattern from single crystal and powder
samples

A useful visual representation of the phenomenon of diffraction has been introduced by Ewald
^

. His explanation of the diffraction phenomenon eases the visualization of the three-dimensionsd

diffraction patterns from single crystals as well as powder diffraction patterns. In his picture, the

'Peter Paul Ewald a German physicist. He is very famous for using the concept of reciprocal lattice in x-ray

diffraction.
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diffraction happens when the difference between the incident and scattered wave vectors (Ivj and

Kd respectively) becomes equal to one of the reciprocal lattice vectors G/,jw. That is:

Kd — Kj = Ghki (3.6)

Thus, considering that Kj and Kd have identicsd lengths ( elastic diffraction) regardless of the

direction of Kj (Kj is fixed), their ends are equidistant from a common point and all possible

orientations of Kj depict a sphere in three dimensions (Fig. 3.3).

Consider a stationary single crystal, in which the orientation of the basis vectors of the reciprocal

lattice is established by the orientation of the corresponding crystallographic directions with respect

to the external shape of the crystal. Thus, only a few, if any, points of the reciprocal lattice will

coincide with the surface of the Ewald sphere when a randomly oriented single crystal is irradiated

by monochromatic x-rays. This occurs because first, the sphere has a constant radius determined

by the wavelength, and second, the distribution of the reciprocal lattice points in three dimenssions

is fixed by both the lattice parameters and the orientations of the crystal.

The resultant diflFraction pattern may reveal just a few diffraction peaks. However, When the

crystal is rotated, many more reciprocal lattice points will be placed on the surface of the Ewald

sphere and new diftactions can happen. After a semicirclular rotation of the crystal a full map
of the diffraction of all planes will appear in three dimensions as points around the single crys-

tal which can be imagined as stars in an astronomical globe. Those points which are located on

the intersection of a horizontal plane and the globe are related to each other in a simple way:

they are reflections from all parallel planes with different interplanar d-spacings. For example if

a single crystal is irradiated by the X-ray beam on its (111) surface, we should expect to detect

those diffraction points from all planes such as (111), (222), (333) and so on in a fully scanned pat-

tern, of coiurse, only if the crystal symmetry extinction rules allow such diffractions (see section 3.2).

It can proved that for aH. kind of Bravais lattices:

dhki = —=f (3.7)

I
Ghki

I

Ekjuation 3.7 relates the magnitude of the reciprocal vector (| Ghki I) to the interplanar d-

spacing. Each time that a new Ghki vector becomes arranged on the Ewald's sphere, we will get a

diffraction point. Thus in an XRD pattern from one of the crystal surfaces of a single crystal, each

diffraction point corresponds to a set of equally-distant planes with a specific interplanar d-spacing.

Of course this set of planes satisfies the crystal sjonmetry extinction rules.

A different situation is observed in the case of diftaction from powders or from polycrystalline

specimens, i.e. when multiple single crystsJs (crystallites or grains) sire irradiated simultaneously

by a monochromatic incident beam. When the number of grains in the irradiated volume is large

and their orientations are completely random, the number of the reciprocal lattices is large as well.

Thus the ends of the identical reciprocal vectorsGhw, become arranged on the surface of the Ewald's

sphere in a circle perpendicular to the incident wavevector (Fig. 3.4) as opposed to appearing just

as one single point in a diftaction pattern from a single crystal. Thus, in an XRD pattern from a

powder sample, all diffraction points from each single crystal are mapped onto the intersection of a
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Figure 3.3: The \TsuaJization of diffraction using the Ewald sphere with radius 1/A and the two

dimensional reciprocal lattice with unit vectors a* and b*. The origin of the reciprocal

lattice is located on the surface of the sphere at the end of Kq. Diffraction can only be

observed when a reciprocal lattice point, other than at the origin, intersects the surface

of the Ewald sphere. The two wavevectors Kq and Ki are identical in length, which is

the radius of the sphere. The unit cell of the reciprocal lattice is shown using double

hnes.(After V. K. Pecharsky and P. Y. Zavalij [10])

horizontal plane and the Ewald sphere. In another word, all diffractions which are permitted by the

crystal symmetry of a specific crystalline sample will appear in an X-ray diffration from a powder

sample, on the contrary, the XRD pattern from a single crystal depending on which crystal's surface

is illuminated, contains only a allowed few peaks .

While the XRD from a single crystal reveals more information about the crystal growth planes

and growth quality, the XRD from a powder sample can provide useful information about the

atomic concentration and also the crystal structure and crystal symmetry. A Single crystal X-ray

diffraction pattern can also reveal some symmetry elements which are hidden in a powder pattern.

3.2 Peak intensity and structure factor

From Bragg's law (eq. 3.2) we can only find the scattered angle of the X-ray beam from planes

with a specified interplanar d-spacing. This equation does not provide any information about the

intensity of the scattered waves. Numerous factors can affect the peak intensities. These factors

can be grouped as i) - structural factor, which is determined by the crystal structure; ii) - specimen

factors owing to its shape and size, grain size and distribution, microstructure and other parame-

ters of the sample, and iii) - instrumental factors, such as properties of radiation, type of focusing

geometry, properties of the detector, sUt and so on. The two latter group are less important than

the first fsictor, and we are not going to discuss them here.

When the unit cell contains only one atom, the resulting diffracted intensity is only a function of

the scattering ability of this atom. However, when the unit cell contains many atoms and they have

differing scattering abifities, the amplitude of the scattered wave is given by a complex function,

which is called the structure amplitude or structure factor and or sometimes scattering ampUtude
in some text books . The structure factor function, mathematically relates the XRD pattern to

relative positions of the atoms in the unit cell and also their abilities to scatter X-ray waves (fj).
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Figure 3.4: The schematic of the powder diffraction cones produced by a polycrystalline copper

sample using Cu Kai radiation. Each cone is marked with the corresponding triplet of

Miller indices. (After V. K. Pecharsky and P. Y. Zavalij [10])

The ij function, called the atomic form factor, is the result of interaction of the electromagnetic

field and the dipolc moment of the charge distribution aroimd each atomic site.

To gain insight into the structure factor we notice that the scattering phenomenon is a result

of an interaction between the X-ray waves and the electron concentration n{~rj) surrounding each

atom j. Moreover a crystal is a periodic array of N unit cells, therefore, in a perfect crystalline

structure we can define the total structure factor Fg as N times bigger than the structure factor

5g of one unit cell, such that:

^G=^%-
It can be shown (chapter 2, Kittel [11]) that 5g can be writen as:

(3.8)

(3.9)

where in the equation above, ~rj is the spatial coordinate of atom j, G is the reciprocal lattice

vector, the sum is over the s atoms of the basis in the unit cell, and the atomic form factor fj is

the Fourier transform of the electron concentration nj{~p j) , where '^j = ~r — ~r j, associated with

each atom j of the unit cell and is defined as:

fj = JdVnj{-^j)e-'^-^'. (3.10)

By considering a conventional simple cubic primitive cell (sc) as the unit cell and writing vectors

Gand "?j in terms of sc basis vectors:

~rj = {xji + yjj + Zjk)a, (3.11)
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and — 2ir - - -

dj = — (/ii + fcj + /k), (3.12)

Then eq. 3.9 can be rewriten as:

s

S^ = Y^ fj
e-*2"('«i+*»i+'*i). (3.13)

Eq. 3.13 gives ns a simple way to calculate the structure factor 5g for all 14 Bravsiis lattices.

For example for a simple cubic structre which has only one atom in its primitive cell located at the

origin (0,0,0), we will get: 5g = 1 ( atomic form factor / was omitted as it is constant for all the

atomic sites in the unit cell). Therefore all possible combinations of h,k,l, aie allowed for the sc

structiure with one atom in the basis.

One more example which is related to the pyrochlore structure is the structure factor for an fee

structure. We will show here that for an fee crystal structure, the systematic absences occur for

those planes with a mixed combination of odd and even numbers of Miller indices h,k,l. There are

four atoms in the conventional simple cubic unit cell of the fee structure where their coordinates

with respect to the origin of the unit cell £ire:

(0,0,0); |(1,1,0); |(1,0,1); |(0,1,1) (3.14)

By substituting the atomic sites ixj,yj,Zj) from relations 3.14 into eq.3.13 we obtain:

5g = 1 + e-''(''+*) + e-*"('=+'^ + e-''(*+') (3.15)

In deriving eq. 3.15 we again assumed that fj was constant for all atomic sites and was ommit-

ted from the calculation. We can check using eq. 3.15 that 5g, for the fee structure, is zero for

all {h, k, I) planes with a mixed combination of even and odd numbers of h, k, I and, it is 2 for all

{h, k, I) plane with all even or odd numbers of h, k, I.

It would however be a tedious job to find the structure factor for a crystal structiue with a large

number of atoms in the unit cell simply by substituting the atomic coordinates into eq. 3.13. For

example the pyrochlore CdaRegOy with eight molecules in its simple cubic unit cell has 88 atoms

( 56 Oxygen atoms and 16 atoms of each Cd and Re). For an easier way of finding the systematic

reflection absences, we look at the symmetry operations in the unit cell which either leave atoms

in their places or transform them into similar atomic positions within the unit cell. There are a

small number of symmetry operations within a unit cell for which the identical atoms in a crystal

structure can be mapped into one another, but just three of them give rise to systematic absences

in X-ray diflfration patterns. These symmetry operations are translational symmetry, glide plane

symmetry and screw axis symmetry. Under each symmetry operation, as we will show later for

example for a 4i screw axis, we can find an extinction rule for the reflection of crystollographic

{h,k,l) planes in the XRD pattern. Therefore, when the space group symmetry is known, it is

quite easy to predict which types of reflections can and which ones cannot be observed. The above

mentioned crystallographic symmetry operations can be decribed as follows[10]:

1. TVanslational symmetry. Two identiceil atoms with this symmetry with respect to each

other can be mapped into one another through a translation in space.
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2. Glide plane symmetry. Two identical atoms with this symmetry with respect to each other

can be mapped into one another through reflection from a plane following by a tremslation

parallel to the plane's surface. The allowed translations are 1/2 or 1/4 of the length of the

basis vector, parallel to which the shift occurs. This restriction gives rise to just three types

of glide planes to be existed. Type one contains glide planes a, b, and c which after reflecting

in the plane translate an object by 1/2 of the length of the a, b, c basis vectors, respectively;

type two is glide plane n, which after reflecting in the plane translates an object by 1/2 of the

length of the diagonal between the two basis vectors located in the plane parallel to n; and

finally type three is ghde plane d, which after reflecting in the plane translates an object by

1/4 of the length of the diagonal between the two basis vectors located in the plane parallel

tod.

3. Screw axis symmetry. Screw axes perform a rotation simultaneously with a translation

along the rotation axis. Crystallographic screw axes include only two-, three-, four-, and

six-fold rotations. In this case translations , t, are also limited to a few fixed values, which

depend on the order of the axis, and axe defined as t=k/N, where N is axis order, and k is an

integer number between one and N-1. The symbol of the screw axis is constructed as N^. For

example a 4i screw axis means a four-fold axis with a parallel translation of 1/4 of the axis

of rotation. Under these restrictions, there exist only 11 crystallographic screw axes.

Each symmetry operation can be represented in its matrix form A and by which identical atomic

sites can be related through a simple relation as:

where 1^^ and ~rj are the coordinates of two identical atoms.

(3.16)

As was described in chapter 2, the space group of the pyrochlore Cd2Re207 is Fd3m. In this

space group, the main s3Tnmetry operations are [3]:

1. ice-type translational symmetry operation.

2. 43 screw axis.

3. ghde plane d. Orientation of plane is (100). The glide vector is b/4±c/4.

4. ghde plane d. Orientation of plane is (110) or (110). The gUde vector is a/4±b/4±c/4.

The reflection condition for the translational symmetry which resembles an fee structure was

adready obtained in eq. 3.15. We now want to show how to derive the reflection condition which

comes from a 4i screw axis in this space group [3]

.

The matrix forms (Ai and A2) of the two sjTnmetry operations for every pair of the symmetri-

cally identical atoms which are translated into one another through a 43 screw eixis, paurallel to the

X-axis, are [3]:

Ai =

/ 1 \
10
10

\ 1 /

and Ao =

/ 1 3/4 \0-10
0-10

\ 1 y

(3.17)
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By substituting Ai and A2 from relation 3.17 tind "?j from eq. 3.16 into eq. 3.9 and also using

the Euler's formula:

e" = COST -\-isinx (3.18)

we will derive:

% ^ \cos[2'K{hx)] + cos[2n{hx) + 3^/i]| + i isin[2'n{hx)] + sin[27r(/n) + 3^/i]| . (3.19)

We can check from the above equation that the sums of cosines and sines for all Miller indices

in the form of (/i, 0, 0) will be zero except when h — An. (h can not be an odd nimiber because two

other numbers are even numbers , i.e. 0,0)

By following the same procedure for a glide plane d in space group Fd3m, we can derive a

complete set of systematic reflection absences in a powder XRD pattern from substances which

crystalize in Fd3m space group. Table 3. 1 summarizes the result of these calculations.

Symmetry type
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sample holder is moved horizonteally, using adjusment screws, until the vertical line of the cross

hair on the goniometer stage eyepiece can be seen touching the sample's surface. This procedure

should be done in two orientations (0 and 180°) of the sample until a minimal difference between

two orientations is achieved.

The manual goniometer was then placed on the top of the automatic gonimometer of the X-ray

machine and secured in place. The detector, amplifier, and goniometer motion controller electronic

units were tiurned on. The X-ray gun's electronic unit was then turned on and adjusted such that:

I=30mA and V=30kv, where I and V are the current going through the filament and the applied

voltage across the anode and cathode in the X-ray gun respectively. There are four angles 9. Q,

<t> and K which can be set through the remote controller. Angle 6 is the angle between the axis of

the Geiger detector (Fig. 3.6) and the X-ray beam-axis (in this machine the symbol 9 was chosen

incorrectly, instead, it should be 29), Q is the angle between the axis of the X-ray beam and the

crystal surface, and a and k are two other angles by which the crystal can be rotated about the x and

y-axis. Setting fi = 5°, was increased until a high reflection signal was detected. The amphtude of

the detected signal was recorded, and then the X-ray gun was turned off and a small displacement

was applied to the sample and again the reflection signal was measured. This procedure (moving

back and forth the sample in the normal direction to its surface) was repeated until we obtained

the highest possible signal from the sample. There are four other parameters which can influence

the signal intensity. Using the remote controller, the two angles (j) and k and also the beam shape

were adjusted for achieving the highest intensity of the reflected signal. The X-ray Beam width was

selected to be 2mm.

Figure 3.5: Stage goniometer. It was used for center-alignment of the sample and the manual

goniometer. This alignment is necessary especially if the crystal is rotated too much in

the X-ray diffraction measurement, in which case it would shift out of the x-ray beam

direction.

There is a program installed on the PC attached to the XRD instrument, called Goniometer
Digital, which establishes the connection between the computer and the goniometer electronics

and the Geiger amplifier unit. Table 3.2 shows a list of the main parameters which were entered

into this program.

Fig. 3.7 shows the Physics department X-ray difi^ractometer. In this figure, important features

of this instrument are labeled. Before turning on the XRD machine, one should do three most
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Reflected X-ray beam

Sample

Figure 3.6: Incident and reflected ajigles in X-ray diffraction. These angles are labeled as Q and 6.

Angle
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Figure 3.7: The physics department X-ray diffractometer.
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Figure 3.8: X-ray diffraction from single crystal Cd2Re207, O at room temperature
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Miller indices 2^(ICDD) 26 {^^O) Lattice parameter Lattice parameter

ICDD result measured for ^®0

(hkl) (degree) (degree) (A) (A)

(Til) Ibm 1496 1022 1025

(222) 30.27 30.30 10.22 10.21

(333) 46.12 46.14 10.22 10.21

(444) 62.96 63.04 10.22 10.21

Table 3.3: Single crystal XRD and Lattice parameter for Cd2Re207, ^®0 at room temperature.

The ICDD Coliunn has been taken from the International Center for Data Diffraction

database (ICDD). Peak positions were obtained with Origin 6.0.

3.3.2 Powder XRD
We carried out powder X-ray diffraction measurements on two different samples Cd2Re207 (^^O)

and Cd2Re207 (^*0) separately, and compared the results. The procedure was as follows.

One small piece of each Cd2Re207 crystal was taken. Using mortar and pestle, first the sample

was broken into small pieces with a pounding motion as the sample is a hard material. Then using

a circular motion, the sample was ground to a fine powder. When the powder was very fine it began

to coat the inside of the bowl. A small piece of glass (approximately 10x10 mm) was cut from

a quartz glass microscope cover slip so that it covered the X-ray sample holder. A small amount

of the prepared fine powder was then gently transfered to the cover slip glass. A drop of acetone

was used to smooth the powder and stick it to the cover slip glass surface for vertical mounting.

This procedure was repeated imtil the glass surface was lightly sprinkled with the powder. For the

Bragg law to be satisfied, the tiny firagments must be in random orientation. Therefore, making a

fine powder of the sample and preparing a fine film on the glass surface is very important to get a

full set of all allowed Bragg reflections. The cover slip was then fixed to the sample holder from its

other side with double sided tape so that it was kept parallel and was firmly attached to the sample

holder. The procedure for the alignment of the powder sample to the center of the goniometer,

and also refinement of the instrument are the same as for the case of the single crystal. Moreover,

singles CI and 9 were chosen from table 3.3 as before.

Fig. 3.9 shows the results of powder X-ray diffraction measurements from two different samples

Cd2Re207 (^^0) and Cd2Re207 ('^O) at room temperature. All reflections comply with the reflec-

tion conditions from the pyrochlore crystal structure listed in table 3.1. For example all reflections

from (hkl) planes are a full set of either odd or even numbers such as (111) or (222). Reflections

from planes (400) and (800) satisfy the condition: (hOO) : h=4n. Planes (840) and (440) satisfy

the reflection condition: (hkO) : h+k=4n, and finally, planes (311), (622), (551) and (662) satisfy

the condition (hhl) : h-|-l=2n. It should be noted that for all cases, Miller indices are permutable.

For example the planes (622), (262) and (226) sire allowed to reflect the X-ray beam with the same

probabiUty. The condition (h00):h=4n is a specific reflection condition by which there is no (hOO)

reflection lines such as (200) or (600).
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Figiiro 3.9: Powder X-ray diffraction results for Cd2Re207 , '^O and Cd2Re207 ,
^^0 at room

temperature.
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Chapter 4

EdS

4.1 Theory of EDS
Energy dispersive X-ray analysis, also known as EDS, EDX or EDAX, is a technique used to identify

the elemental composition of a sample or a small area of interest on the sample [12]. During EDS, a

sample is exposed to highly energetic electrons inside a scanning electron microscope (SEM). These

electrons coUide with the electrons within the sample, causing some of them to be knocked out of

their orbits. This interaction places the atom in an excited (unstable) state. The atom "wants"

to return to a groimd or unexcited state. One way for an atom to return to groimd state is for

an electron in a higher orbital to "fall" into the vacant shell and take the place of the displaced

electron. When this occurs, energy is lost and a single X-ray is emitted (Fig. 4.1).

The electronic orbits of each element are relatively unique and thus the set of X-ra}^ emitted

from these electron interactions are also fairly characteristic with respect to both energy and wave-

length for each element. For example, if an incident electron strikes an inner K shell electron and

knocks it out of its orbit, an L shell electron will drop into the K orbit and emit a Kq X-ray of some

diagnostic energy and wavelength; there is a lower probability that an M shell electron will drop in,

yielding a K^ X-ray. Similarly, an L shell electron may be displaced by the incident electron and

be replaced by an M shell, and in this case emits an La X-ray. One interesting aspect is that even

though the energy required to displace a K shell electron is greater than that for an L or M shell

electron, the yield of Kq X-rays is sJways much greater than Lq or M^ X-rays. This is because the K
orbit is much smaller (closer to the nucleus) and thus the statistical likelihood of a collision is greater.

Elements of increasing Z give off a greater variety of X-rays, for they have more electrons in a

greater number of orbits about their nucleus. The potential overlap of resultant peaks with those

of other elements constitutes the source of one potential problem in interpreting X-ray spectra.

X-rays have characteristic energies/wavelengths and can be detected using a solid state energy

dispersive spectrometer (EDS) detector. By placing a suitable X-ray detector coupled to a set of

electronic components (amplifiers, counters, analog-digital converters) and a computer, one can

detect and analyze X-rays emitted from a sample undergoing electron illumination. The resulting

X-ray spectrum can be displayed according to energy. These data can then be either analyzed to

give an indication of which elements occur in a sample (qualitative), or in a much more rigorous

process, a precise and accurate (quantitative) chemical analysis. In practice, EDS is most often

used for qualitative elemental analysis, simply to determine which elements are present and their

relative abundance.

EDS can be applied in conjunction with SEM suialysis. SEM (Scanning Electron Microscopy)

is an important tool for materials and failure analysis. SEM can also provide high magnification,

high resolution images of samples at magnifications up to 50,000x.
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Figure 4.1: Principle of EDS. An electron from a higher shell (for exajnple the L shell) falls in a

vacated lower shell (for example the K shell) and the atom emits x-ray radiation (K^)

as of result, after atom is bombarded by highly energetic electrons. (Adopted from ref.

[13])

4.2 Experimental results

Fig. 4.2 shows the EDS result from the Cd2Re207 (^^O) sample. In this figure, the first peak Al-K^

comes from elemental Aluminum , one of the materials used internally in the SEM equipment. From

this Figure we can see that Cadmium has shown two peaks Cd-L^ and Cd-L^i; and Rhenium has

shown 5 peaks Re-M^, Re-L^, Re-L^i, Re-L^, Re-L-^i. For Rhenium, Re-M^ peak has the biggest

intensity. This result confirms the presence of Cd and Re in the sample.

Fig 4.3 a,b show the SEM pictures from the Cd2Re207 (^^O) sample. Fig. 4. 3.a shows the

sample in the (110) direction. In this figure, we can see that there are some vacancies in the sample,

and also the crystal is made of many aligned single crystal units. These units do not have the same

dimensions; their dimension in one directions can vary from ss 2 fim for the smallest one to a; 10

fim for the biggest one.
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Figure 4.2: EDS result for the Cd2Re207 ('^O) sample, taken with the SEM facility at Brock

University, Canada.

(a) (b)

Figure 4.3: Photograph of the Cd2Re207 (*^0) sample taken at the SEM facility at Brock Univer-

sity, Canada. Photographs a and b show the sample with 25.2x and 1500x niaguihcation

respectively. Photograph b shows the growth in the (110) direction.
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Chapter 5

Electrical Resistivity

5.1 Overview

The electrical resistivity, denoted as ^ in most places, is a measure of how strongly a material

opposes the flow of electric current. The resistivity of different materials at room temperature can

vary by over 32 orders of magnitude from strongly insulating matrials such as Teflon (ie. 10^"* - 10^^

J7-cm) to highly conducting materials such as Silver (ie. 10~® J7-cm).

The electrical resistivity of a conducting material can vary strongly with the temperature, and

this is because of the temperature-dependence of the physical mechanisms through which charge

carriers * are scattered or decelerated in a conducting material or created and annihilated in a

semiconducting material ^.When it is compared with electronic scattering theories, the electrical

resistivity as a function of temperature cein provide a great deal of information concerning the scat-

tering mechanisms that are most dominant in a specific crystal structiure. It is «ilso a widely used

probe to identify the superconducting temperature Tc of superconductors.

The electron-electron, electron-phonon and electron-impurity interactions are three important

phenomena that give rise to the electrical resistivity in most normal metals. Matthiessen's rule says

that all of these different mechanisms can be suirmied up to get the total resistance as a function

of temperature [11].The resistivity of normal metals usually decreases as temperature decreases,

while it behaves as a Unear function of temperature near room tempeature, as a function of T^ at

temperatures less than the Debye temperature due to the electrons scattering off of phonons and

as a function of T^ for even lower temperatures due to electron-electron interactions. [14].

p{T) = Pirnj, + aT^ + bT^ + cT (5.1)

Fig. 5.1.a displays the resistivity behavior of a normal metal at very low temperature [15].

In this figure we can see the T^ behavior of the restivity and also we can see that the resistivity

approaches a constant value po at K. The latter case arises due to domination of the impurity

contribution over the phonon contribution to the resistivity when all vibrations disappear at K.

Therefore, different samples of a material will show different resistivity close to K.

The resistivity for superconducting metals behaves as that for the normal metals above T^ as

discussed earlier. But, it shows an anomaly for non-metal superconductors (such as Cd2Re207

which will be shown later) above Tc. However, the resistivity drops abruptly in almost eill super-

conductors at the trainsition temperature Tc.

'Charge carriers are electrons in most normal metals while semiconductors are exceptional with electrons and

holes as their carriers

*We should consider only electrons as the chau-ge carriers for our study. As the CdjReaOy crystal is a poor metal

with p w 300 /iH-cm at T=300 K and becomes a good metal with ^ w 15 /ufi-cm at T < 20 K
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P.

(a) (b)

Figure 5.1: (a) Low-temperature resistivity of a normal metal (p(T) = po + aT^). (b) Low temper-

ature resistivity of a superconducting metal (in zero magnetic field), containing non-

magnetic impurities. At Tc, p drops abruptly to zero [15].

Fig. 5.1.b displays the resistivity of a superconducting metal versus temperature in a region

containing Tc [15]. Above Tc the resistivity has the form characteristic of a normal metal, p{T) =

po + aT^.

5.2 Resistivity of a bar sample

For a bar sample with a cross-sectional area of A and length of /, p is given by

A
Rx

I

(5.2)

where R is the electrical resistance of a uniform specimen of the material and it is measured in

an electrical configuration such as Fig. 5.2. This figure shows one type of four-contact resistivity

measurement configuration where current is driven through the contacts a and b while voltage is

measured across contacts c and d located on another surface of the sample(it will be shown later

that in Van der Pauw method these contacts should be placed on the edge of one of surfaces of the

specimen). The electrical resistance is given by

Figure 5.2: Resistivity measurement for a rectangular sample. Current is applied through the con-

tacts a and b, and voltage is measured through contacts c ajid d. A is the cross

sectional-area of the sample and / is the sample's length across which voltage is mea-

sured.
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R=j (5.3)

Thus, from equations 5.2 and 5.3, p will be

P = jj (5.4)

Clearly this method demands a rigid sample geometry and contact placement, which is often not

feasible in cases where extremely small single crystals are used. A technique that allows resistivity

measurements to be carried out on arbitrarily shaped samples was developed by L.J. Van der Pauw

(1958) [16]. This method of resistivity measurement demands some conditions on. the sample and

contacts which are feasible on most solid samples. A formal discussion of this technique is provided

in the next section.

5.3 Van der Pauw Method

The van der Pauw Method is a commonly used technique to measure the sheet resistivity of a

materiaJ. The method was first proposed by L.J. van der Pauw in 1958 [16, 17]. In his articles he has

shown that for a flat sample of arbitrary shape the specific resistivity can be measured regardless

of knowing the current pattern if the following conditions are fulfilled:

1- The contacts are at the circumference of the sample.

2- The contacts are sufficiently small.

3- The sample is homogeneous in thickness.

4- The surface is free of isolated holes.

One further condition that comes from his described model is that the sample thickness must

be much less than the width and length of the sample. Fig.5.3 shows a fiat sample of a conducting

material of arbitary shape with successive contacts A, B, C and D fixed on arbitary places along

the circmnference such that the above mentioned conditions 1 to 4 are fulfilled.

Figiure 5.3: A sample of arbitrary shape with four small electrical contacts at arbitrary places along

the circumference.

We define the resistance Rab,cd as : Rab,cd = '^^^'^' ^
, where Iab is the current that enters the

sample through the contact A and leaves it through the contact B; and V© — Vc is the voltage drop
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between the contacts C and D. Similarly the resistance Rbc,da is defined as: Rbc,da — '^^"^^
It

can be proved [16, 17] that for a sample with the above conditions 1 to 4, the following relation

holds between the reisistances Rab,cd and Rbc,da-

exp{-nRAB,CDd/p) + exp{-TrRBc,ADd/p) = 1 (5.5)

Where p and d are the resistivity and thickness of the sample respectively. If d, Rab,cd and

Rbcda are known then equation 5.5 yields ein equation in which p is the only unknown variable.

In general, p can not be expressed in known functions explicitly. However, it can be shown [17]

that if p is taken as:

Trd Rab,cd + Rbc,da , /c /.\

^~hi2 2
•'

^
''

Then equation 5.5 reduces to:

I
Rab,cd - Rbcda ^X * arccoshl'-^^^ } . (5.7)
Rab.cd + Rbc,da m 2

I

Equation 5.7 proposes that / is a function such that f=f{^^^)- The function /, also, can

not be expressed in known functions explicitly. However its use in comparison to equation 5.5 is

that, it can be solved numerically. In section 5.3.1 we have listed the numerical values of / in table

5.1 and shown that just a single Lorentzian function can reperesent adequately the function / while

^'^^'^^ varies in a hmited range. The proposed fitting function can be used in a computer program,

in order to faciliate the calculation of p. Therefore, once the resistances Rab,cd and Rbc,da are

measured, the function / can be obtained from the equation 5.7 numerically and from there, after

substituting the / value, sample thickness d and the resistances Rab,cd, Rbc,da in equation 5.6,

the resistivity p will be obtained.

5.3.1 /-Function

If one divides the left side of equation 5.7, both numerator and denominator, by Rbcda and puts

in the result x = *°'^'' one obtains:
"BC,DA '

--^=!.arccosh{'^\ (5.8)

1x + 1 hi2 1 2

As stated earlier, there is no analytical answer for / in terms of variable x, but after rearranging

the equation above, x can be expressed as:

1 + tA; * arccosh
In 2

f exp(l^) \

^ = „„„ (5-9)

1 — r^ * arccosh
In 2 {=^}

Equation 5.9 can be solved numerically and then / can be plotted with respect to x. In figure

5.4 a plot (shown with dots) is given of / as a function of x in a semi-Logarithmic scale. This graph

reveals that / decreases firom 1 Logarithmically. Therefore, although one can fit / with a power

series of x with a minimum error in a short range of x , the result will deviate drastically beyond

the fitting borders. Prom this reason, one suitable fitting function to / can be a power series of





Chapter 5. Electrical Resistivity 32

1.1
-l





Chapter 5. Electrical Resistivity 33

to the actual function (eq.5.7) suitably. One should notice that to get a real answer for / from

equations 5.9 and 5.11, x should never be less than one, however, if that happens then x should be

taken as: i = p^^.

Although fjit was fitted to fact, in 1 <x = ^S^£R< lOO, graph 5.4 shows us that they are

consistent even when ^^-^'^ approaches 1000. To illustrate how the error changes, graph 5.5 has

been plotted. This graph shows us that the error is small with a little fluctuation while ^^-^^ is

in the interval of 1 to 100, and it will increase to ^ 3.5% while p^^'^° —» 1000. Table 5.1 compares
Hbc.i

Rab.c
the f/it with fact, numerically and from that, it can be seen that if 1 < ^b.cd ^ jqq ^j^^j^ ^^ ]\a.ve an

error of not more thaxi 0.25%, however, the error decreases to 0.068% for
-^^^^ ^ i and it increases

Hbc.da

to 3.6% at ^^^=1000, furthermore, it grows up to 9.02% at ^^^ = 7083. To use the proposed

Jfit in a computer program, one should, first of all, define one's desired accuracy of /, and then limit

the ^^'^'^ ratio to a number extracted from either graph 5.5 or table 5.1. For example in an ex-

periment that the resistivity is measured as a function of temperature and we would like to have an

error in the calculation of / not bigger than 2.05%, from table 5.1 it can be seen that
RAB.t

Rai
Rbcda should

be less than 508.02 and for those temperatures that p"^"*^" > 508.02 the data can not be considered.^ Kbc.da ~

Fig. 5.6 shows the variation of ^'^•^'^ occuring in the measurement of the resistivity of the

Cd2Re207, '^O sample. This result shows that the ^'^^•^° ratio flactuates up to 80, therefore we

would not have an error bigger than 0.2% in / if the equation 5.11 is used. It also shows that the
ab.cd

fa^^JQ i^ag more stabihty for the temperatures more than 50 Kelvin.

IX 150 200 250

Temperature (Kelvin)

Figure 5.6: The variation of ^"^^'^^ with temperature resulting from the resistivity measurement of

the Cd2Re207, '^O sample.
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5.4 Experiment

5.4.1 Sample Preparation

In order to use the van der Pauw technique to measure the surface resistivity p, the sample and

contacts should fulfil the four van der Pauw requirements (page 30). The resistivity measurement

was carried out after completing the optical reflectivity measurements. Since the sample had been

ground and polished with adequate thickness d w 1.0 mm for the optical reflectivity measurements,

it was not necessary to redo this step for the resistivity measurement and the seunple was taken

directly to the contact preparation as it follows:

First, the sample was mounted on top of a piece of microscope cover shp, and then the cover slip

was mounted on a small copper plate both using 5 minute epoxy glue (Fig. 5.7). The microscope

cover slip acts as an electrical insulator between the sample and the copper plate, and the copper

plate acts as a supporting substrate plus it brings the sample and the Cryostat into thermal contact.

A mask was prepared from Almninum foil, such that, it covered the sample except four small points

located on the circmnference of the sample. Carefully, the whole area was covered with masking

tape except the holes. Using an evaporator, a thin layer of Chromium followed by a thin layer of

Gold was coated on the sample. Four pieces of gold wire (Alfa Aesar, diameter « 12.7 ^m, and

Length « 1.5 cm) were cut and soldered to the sample using Indium shot. When all four gold wires

were attached to the sample, the gold wires from the other end were soldered to the Indium solder

posts where the copper wires are connected (Fig. 5.7). It is necessary to have the gold wires cut

long enough at room temperature since they contract at low temperature, and consequently, the

contjicts may be removed or loosened. For all of the contacts, the contact resistance was measiured

and on average a result of « 0.5 CI was obtained at room temperature. The prepared supporting

substrate with the sample moimted on top of it ready to go into the ^He Cryostat for the resistivity

measurement can be seen in fig. 5.7

5.4.2 Measurement

Since the superconducting transition temperature Tc of Cd2Re207 is wl Kelvin, the sample has

to be cooled down under 1 Kelvin in order to see the phase transition. In Fig. 5.8 we can see

that the sample is placed on the Bolometer stage in the ^He Cryostat and hooked up electrically

to a 4-pin connector. The Bolometer stage temperature can be brought down to 0.37 Kelvin. It

is very important to cover up the bolometer stage with its fid, otherwise there will be difficulty

with bringing down the temperature below 1 Kelvin. The procedure for reaching 0.37 Kelvin is as

described in section 8. For the resistivity measurement, the '*He bath is approximately half-filled,

otherwise it teikes 4 to 5 days to reach room temperature. After cooUng down the Bolometer stage

to 0.37 Kelvin, the Bolometer stage is connected to the ''He bath slightly by closing the Bolometers'

refrigerator and charcoal pump switches loosely. This helps to bring up the seimple temperature to

the ''He bath temperature (4.2 Kelvin) slowly. Once the Bolometer stage stabilized at 4.2 Kelvin,

liquid Nitrogen was removed from the liquid Nitrogen bath to speed up the process of warming

up. As the Helium bath evaporated, the Cryostat was allowed to reach room temperature over two

days. During this time the resistivity of the sjimple was measured.





Chapter 5. Electrical Resistivity 36

Figure 5.7: Sample prepared for the resistivity measurement. The gold wires can not be seen as

they are extremely thin.

^He Cryostat

Figure 5.8: The sample plax;ed on the Bolometer stage in the Cryostat, in order to do resistivity

measurement.
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^He Cryostat

Liquid Nj Liquid «He Vacuum

a- Sample
b- Bolometer Stage

c- Refrigerator Heat Switch

d- Charcoal Pump Heat Switch
e- 'He CtMrcoal Pump
f- Liquid 'He Bath

g- Liquid N^ Bath
h- Radiation shield

I- Electrical wires from sample

]• Dewar Case
k- Electrical Connector
I- IEEE Connectors

Figure 5.9: The schematic diagram of the resistivity measurement

Fig. 5.9 shows a schematic diagram of the resistivity measurement. A computer program writ-

ten by Michelle Przedborski aided us to run the experiment. This program uses our proposed model

for the / function (eq. 5.11). This program communicates through GPIB ports with a digital pro-

grammable Nano-Voltmeter (HP 34420A), Current Source (Keithley 220), Temperature Controller

(Liikeshore DRC-910A) and Switch Acquisition (HP 34970A) modules. The voltage reading and

current source wires axe connected through the programmable switch acquisition module (PSAM)
to the sample, and their configuration is set in the PSAM by receiving command codes from the

program. The electrical wires connected to the sample have to be configured in a certain pattern.

Refer to fig. 5.3 contacts A, B, C and D on the sample were connected to pins 1, 2, 4, and 3 of a

D-shape conector on the back of the switch acquisition unit respectively. A predefined current (2.5

mA) is applied to the A-B contacts on the sample and the voltage drop across the C-D contacts

is measured fig. 5.3. With too much current, the superconductivity property disappears (as the

sample warms up) and with low current, the so-called electrical and electrostatic noises dominate

over voltage signal. Therefore, the current was chosen high enough to keep the superconductiv-

ity property of the sample and yet low enough to obtain less flactuation in voltage readings. For

the resistance configuration {Rab,cd), this process has to be repeated for the two possible current

polarities and finaly an average of two values is calculated to determine Rab,cd- The benefit of

doing this is that any offset voltages, such as thermoelectric potentials due to the Seebeck effect,

will be c£uicelled out. The same process is carried out for measuring Rbc,da- We can see that

the advantage of using the PSAM manifests itself here. At this stage ^^^'"^^
is calculated and the

/-fimction is obtained from eq. 5.11. Finally the sample resistivity is calculated from eq. 5.6 and

stored in a data file as a function of the temperature read from the temperature Controller.

Fig. 5.10 shows the temperature dependence of the d.c. resistivity between 0.37 Kelvin and
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room temperature for the sample. As we can see from this graph the d.c. resistivity stays nearly

constant above 200 Kelvin at 370 /ifi-cm. A good metal such as copper has p ss 1.7 /xfi-cm at

room temperature with a linear decrease as temperature drops. The resistivity of Cd2Re207 at

these temperatures is thus not that of a typical good metal. There is also peculiar behavior of p at

T51 ss 200 Kelvin and Ts2 « 120 Kelvin, where p at Tgi and Ts2 shows a sudden drop and abroad

hump respectively. Temperature-dependent studies of Raman scattering [18, 8] ( see also Chapter

6), X-ray diflbraction [19] and nuclear quadrupole resonance [20] from this compound confirm that

of both temperatures, the single crystal Cd2Re207 undergoes two structural phase transitions, one

from cubic to tetragonal at Tsi and another one from tetragonal to tetragonal with lower degree of

symmetry at Ts2- One possible explanation for these transitions can be the existance of a strong

correlation between thermal phonons in this compound. As we know the lattice energy in non-

magnetic and non-ionic crystals, such as this compound, is a direct function of lattice vibrations.

The lattice vibrations or thermal phonons are dependent on temperature as well. Therefore in this

type of crystal the lattice energy varries with temperature as the number and energy of thermal

phonons vary. Moreover a strong correlation between thermal phonons can cause the lattice energy

be an indirect function of this interaction, and one direct result of that can be the optimization of

the lattice energy with respect to temperature. Specific heat measurement is a useful probe to see

how the lattice energy changes with temperature. The result of specific heat measurements of this

compound [21] has revealed that there is a cusp-like peak at 200 Kelvin and a rather small change at

120 Kelvin, (Fig. 5.11). These indicate that the variation of lattice energy with temperature at 120

and 200 Kelvin complies with the reduction of symmetry (see Chapter 6) in which more phonons

are active and also it complies with resistivity which is a direct result of e-e and e-phonon scatterings.

Fig. 5.12 shows that the superconductivity occurs at 1.0 Kelvin. Our result is in good agreement

with results obtained by other groups for this compound [22, 23]. Although it is not fully understood

why Cd2Re207 becomes a superconductor, from the above discussion one possibilty is the phonon

- phonon interaction. From this figure, the dc resistivity right above Tc, diminishes with a slope of

335 /ifi-cm/K.
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Chapter 6

Raman Scattering

6.1 Introduction

Raman scattering is an inelastic scattering of electromagnetic fields oflF vibrating molecules. The

origin of Raman scattering dates back to a theoretical paper by A. SmekaJ in 1923 [24]. He studied

the scattering of light by a system with two quantized energy levels and predicted the existence of

sidebands in the scattered spectrima. This effect was subsequently observed in Raman's laboratory

(Raman and Krishman 1928 [25]); it was found that the light scattered by liquids such as benzene

contains sharp sidebands in pairs symmetrically disposed around the incident frequency with shifts

identical to the frequencies of some of the infrared vibrational lines. At much the same time, Lands-

berg and Mandelstam (1928) discovered a similar phenomenon in quartz. This inelastic scattering

of light by molecular and crystal vibrations is now known as the Raman effect. It is caused by

modulation of the susceptibihty ( or, equivalently, polarizability) of the medium by the vibrations.

In a solid, atoms are bound together via electrical forces. Much of space in a solid is occupied

by outer shell electrons auround nuclei. Any distortion in electronic clouds moves nuclei from their

equilibrium positions producing a vibration in the whole volume of solid through Coulomb's restor-

ing force. With each vibration is associated an energy Ei. The vibrational energy like any other

form of energy can be quantized in discrete energy levels. At temperature T, the population N{Ei)

of the vibrational energy level Ei obeys the Boltzman statistical distribution:

N{Ei) = iVoe-^*/*^ (6.1)

Where k is Boltzman's constant and A'^o is the population of the ground state.

Through the process of scattering (different from absorption), a photon interacts with these

quantized energy levels via three possible ways:

1. Rayleigh scattering (Elastic scattering). The system is excited, by a photon of frequency uq,

from its ground state Eq to a upper energy level Ef and decays back to the ground state after

some time. The Energy conservation law demands that the incident and scattered photon

have the same frequency i/q

huo = Ef-Eo (6.2)

2. Raman scattering, Stokes line (Inelastic scattering). The system is excited, by a photon

of frequency i/q, from its ground state Eo to a upper energy level Ef and decays hack to the

energy level Ei (above ground state) after some time. Energy conservation demands that the

scattered photon is emitted at a frequency Ws lower theui the incident frequency uq

hi/s = Ef - El = h{i/o - fa) (6-3)
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number of vibrational modes and their IR and Ramem activities.

The theory of Raman scattering in solids have been studied by many authors. In the following

section, a semi-classictil model of this subject adopted from two references; '^ Light Scattering in

solids //" by M. Cardona [26] and "Scattering of Light by Crystals" by W. Hayes & R. Loudon [27],

will briefly be discussed.

6.2 Theory of Raman scattering in solids

The contents of what is presented here, are applicable to crystalline solids and do not include amor-

phous solids.

The theory of Ramsai scattering in solids can be thought of as a generalization of light scattering

from single molecules. In fact a crystal can be considered a very large molecule. For this reason, it

is customary to study the latter case in the first step and generalize it to solids by substituting the

molecular terms with their solid's counterparts.

When a molecule is exposed to light, regardless of its infra-structure, it can be considered as an

electric dipole vibrating via the oscillating electric field of the incident light. Consider a detector

located at angle 6 and distance r from the axis of the molecular dipole. The amount of light de-

tected depends on many factors although primarily, the solid angle through which light falls on the

detector and the frequency interval of measurement. Based on this, a useful mathematical defini-

tion namely Spectral Differential Cross Section {(fa/dU du) has been introduced in the theory of

Ught scattering. That is, the probability of detecting photons in the solid angle dfi and firequency

interval dw by the detector.

For a single molecular dipole, the Classical Electrodynamics predicts the differential cross section

dtr/dfi as:

do^ cj"* ,^ ^ ,, ,„ ^.

Where cq is the dielectric constant of vacuum, c is the speed of light in the medium and e, and

Bl are the imit vectors representing the polarization of the scattered and incident light respectively.

Also, a in this equation is the polarizabilty tensor of the molecule.

There are two changes in eq. 6.5 by which we can bridge from light scattering from single

molecules to light scattering in solids. First, the soUd's counterpart of the molecular polarizability

tensor (a) is the electric susceptibilty tensor of a solid (x)- But we can not simply replace a with x-

In fact eq. 6.5 is applied for an elastic scattering, that means, the incident and scattered light have

equal frequencies u. In other words, for the elastic scattering, the induced polarization P follows

the incident field El linearly as

P=eoxEL (6.6)

Where x is the first-order tensor of the medium, gives rise to the Rayleigh scattering.
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For the Raman scattering, the effect of the excitations is to modulate the wavefunctions auid

energy levels of the medium. The changes in these quantities are lineax in X{f,t) (the vibrational

displacement) to the first order in perturbation theory, and their eflfect is represented macroscopi-

cally by an additional contribution to the susceptibility. Therefore the polarization P induced by

the incident field can be written as:

P=eo{x + x'X).Er. (6.7)

Where x' is the second-order susceptibility tensor of the medium, and gives rise to the Raman
scattering. In some text books this quantity can be found as the derivative of the polarization

vector or the derivative of the polarizabiUty tensor with respect to the vibrational coordinate.

In the equation above X is the vibrational displacement or amplitude. The quantum mechanical

equivjilence of this quantity is the vibrational amplitude operator X. Therefore to drive the spectral

differential cross section for the Raman scattering in solids, a in eq. 6.5 should be replaced with

XX. (For the saJce of simplicity the prime has been omitted from x' •)

Moreover we notice that in a solid, local dipoles are in thermal fluctuations, therefore the

absolute value sign on the right side of eq. 6.5 should be replaced by a spatial avarage of this term

over the entire volume of the solid exposed to light. Making these changes in eq. 6.5 we obtain two

equations:

d(T u'
A

dn {Antoyc*

and

\e,.x.eL\''(xX^) (Stokes), (6.8)

d(T u
-r:r-7\es.X-eL?ix'^X) (AntiStokes)

.

(6.9)
dn {Aneoyc*'

"'^
^' V /

In the equations above (XX^j and (X^X) are the so called quantum-mechanical power spectra.

The fluctuation-dissipation theorem proved by Landau and Liftshitz (1969), gives the following

expressions for these two functions:

(xXt) = ^ {n{u;,) + 1)} g^iu) , (6.10)

and

(^X^x)^^n{u,)g,{uj). (6.11)

Where n{u!ff) is the Bose-Einstein factor for thermally excited oscillators and is expressed as:

n(u)„) = 77 77-7=^—7 - (6.12)

In the equation above, ks is Boltzman's constant, T is the sample temperature and w,, is the

frequency of the phonon which is identical with the Raman shift.
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In equations 6.10 and 6.11, function p<,(u;) is the line shape of each oscillation. Usually, it is

considered as a Lorenzian distribution function

where T^ is the FWHM of the above Lorentzian function. It is also the diimping constant of

the oscillation.

By substituting (XXM from eq. 6.10 into eq. 6.8 and changing u to u^, we can derive the

spectral differential cross section for the Stokes Une

^'^ ^''-
|e«.x.eiP{«M + l)}5.M- (6.14)

We should notice that to derive eq. 6.14 from eq. 6.8 we have changed da/dCl to cPa/dCldu,.

The reason for this transformation comes from this fact that in eq. 6.8 the line shape has been

assumed to be sharp for the elastic scattering from a molecuar dipole, however by introducing the

Qaiuj) function for the inelastic scatteing, the line shape is not sharp anymore and the cross section

should be written as (Pcr/dUduJs.

Regardless of constants, eq. 6.14 can be written as:

ocuUes.X-eL\''{n{u,) + l)}9A^s). (6.15)
dflduja

In the equation above, the first term uj denotes that each scattered frequency Wg shows the so

called Rayleigh scattering. The second term \es -x clI^, is in fact, the projection of the polarizabil-

ity tensor x in molecular vibration direction e, and the direction of the polarization of the scattered

hght Ci,. This term predicts whether a certain vibration is allowed or not. For example if it happens

that BsX-^L = 0, Ught wiU not be scattered for those e^ and bl directions. This topic will be

discussed in detail for solids in the next section. The third term relates the spectral differential

cross section to the population of vibrational modes, and the last term as mentioned before is the

line shape of scattering at each frequency Us- Usueilly, in Raman scattering we are concerned with

the second and last term, especially when we study the temperature-dependent Raman scattering.

For this reason, the Rayleigh scattering and Bose-Einstein factors should be removed from data to

reveal the two other factors.

6.3 Scaling and base-line correction

In this thesis the Stokes line of Raman scattering from two samples Cd2Re207 C^O) and Cd2Re207

(*^0) at different temperatures have been collected and eq. 6.15 has been used for scaling the results.

For this reason data have been multiplied by

1 1

{n{u}„) + 1) uji {n{u„) + 1) (wo - uj„)*
(6.16)
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Raman Shift (cm')

Figure 6.2: Effect of scaling and base line correction on the Raman spectrmn (^^O, 50K)

Fig.a Raw data. Fig.b Scaled data. Fig.c Base-line-corrected scaled data

where ujq is the frequency of the incident light and u,^ is the Raman shift. By substituting eq.

6.12 into the relation above and doing some simplifications and also considering that a;o=6328.2 A°

(a He-Ne laser used as the Raman source), the scaling factor from relation 6.16 becomes

(15802 - uj„)-^ {1 - exp(-1.441 * lO"" *a;^/T)}
,

where the Raman shift uj„ is in cm~^ and temperature T is in Kelvin.

(6.17)

In fig. 6. 2. a, we CEin see the raw Raman scattering data from the sample Cd2Re207 (^^O) at

T=50k. Fig. 6.2.b shows the same data after scaling with relation 6.17. Fig. 6.2.C shows the

result after doing base-line correction on the scaled data. In this figure we can see that all modes

above 200 cm" ' have distinctly grown. The base-hne correction has been done using OPUS software.

Fig. 6.3 shows the result of scaling and base-line correction on Raman scattering data from the

sample Cd2Re207 ('*0) at T=225k. From this figure we can see that modes at 436 and 648 cm~^

can be clearly distinguished after scaling and base-line correction, however, they show very weak

activity in the raw data. The data correction with scaling not only removes the Rayleigh scattering

and Bose-Einstein factors , but also facilitates the fitting procedure by enhancing the amplitudes

of modes.
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Raman Shift (cm')

Figure 6.3; Effect of scaling and base line correction on the Raman spectrum ('*0, 225K)

Fig.a Raw data. Fig.b Scaled data. Fig.c Base-line-corrected scaled data
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6.4 Symmetry and determination of number of

vibrational modes in crystals

ClassiciJly, the vibrations of molecule can be described in terms of normal modes. These modes can

be seen with IR or Raunan spectroscopy for example. As a help to calculate the number of vibra-

tional modes, it is convenient to determine the number of degrees of freedom available to vibration.

As a generalization any molecule consisting of N atoms will have 3N degrees of freedom. Three

degrees are translational freedoms. There are also three degrees of rotational freedom for non-linear

molecules and two degrees of rotational freedom for linear molecules. This leaves 3N-b degrees

of vibrational freedom for linear molecules and ZN-6 degrees of vibrational freedom for non-linear

molecules.

Similarly, in a crystal containing p atoms in the primitive cell and N primitive cells, there are

3pN degrees of freedom. With p atoms in the primitive cell and N primitive cells, there are pN
atoms. Each atom has three degrees of freedom, one for each of the x, y, z directions, making a total

of 3pN vibrational modes for the crystal. Of these 3pN vibrational modes, there are 3iV acous-

ticsdly vibrational modes and (3p-3)iV optically vibrational modes [11]. Because of the periodic

natiure of crystals, all of these vibrational modes axe accomodated in the first Brilliuon zone [11].

The optically vibrational modes (optical phonons) are those phonons with some value of energy at

the Brillouin zone center or F point (at the F point, the momentum of a phonon is zero according

to P = hK where K = 0). These phonons can be created by photons. In this process the law of

momentum conservation is satisfied as photons carry a small amount of momentum which can be

neglected. On the contrary the accoustic vibrational modes (accoustic phonons) are not created at

the F point, as they have zero energy at this point.

In Far-IR absorption or Raman scattering spectroscopy of crystals, we are dealing with optical

phonons at the F point or very close to it (i.e. phonon's momentum K ^0). In these two processes,

not all but just a small number of the (3P-3)iV optical phonons can be created. In Raman or IR

spectroscopy, there is great interest in predicting the number of phonon modes. Setting up the La-

grangian for the atomic vibrations in a unit cell caji be ended up with the solution for the number

of phonon modes and their frequencies, but in most cases especially for unit cells containing a large

number of atoms it is a very difficult task.

A serious work for predicting the nmnber of normal modes in crystals at the Brillouin zone

center using a simple method was presented by Rousseau, Bauman and Porto in 1981. In their well

known article "Normal Mode Determination in Crystals" [28], they have connected the nuclear site

symmetry in each crystallographic space group with the possible vibrations for each site. Although

the mathematical concept of this work is rather complicated, the tables provided in this article have

facilitated it tremendously for some one who wants to predict the number of phonon modes if the

space group of the crystal, number of atoms and their positions in its unit are known. In this thesis,

this method has been used to enable us to predict the number of IR and Raman active modes in

the pyrochlore superconductor Cd2Re207.

The basic tools for using and understanding the tables in this article are familiarity with the

crystallographic point groups, crystallographic space groups, character tables and normal vibra-

tional modes and Wyckoff positions of atomic sites. In the following sections, a brief introduction

to each topic will be given.
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6.4.1 Crystallographic Point Groups [1]

An infinite perfect crystal is an orderly arrangement of sites each occupied by one or more atoms.

In e€ich site containing atoms there is a set of symmetry operations, called site S3anmetries, through

which identicsil atoms are mapped into each other to be indistinguishable from the initial state. Each

set of symmetry operations forms a crystallographic point group which is identical to one of the

molecular point groups for single molecules. For this reason, in order to study the crystal symmetry

one should be familiar with the molecular symmetry first. There are five different symmetry elements

necessary to completely specify the symmetry of all possible molecules in three dimensions:

1. The identity operation, given the symbol E.

2. Proper rotation axis of order n, given the symbol Cn.

3. A plane of symmetry, given the symbol a.

4. An inversion center, given the symbol i.

5. Improper rotation (or rotation-reflection) axis of order n, given the symbol S„.

Each of the elements E, <r, i generates one operation, but C„, S„ can generate a number of

operations. For example the C3 element generates C3 and C^s operations. Each molecule makes

up a geometrical shape with a degree of symmetry. Generally the set of symmetry operations of

any geometrical shape forms a mathematical group, which obeys four rules [1]:

i. The product of two members of the group, and the square of any member, is also a member of

the group.

ii. There must be an identity element within each group.

iii. Combination must be associative, i.e. (AB)C=A(BC).

iv. There must be an inverse for each member; i.e. AA~^=E.

The molecular symmetry operations (which are made up of the symmetry elements listed in 1 to

5) can be grouped into infinite classes where the symmetry operations in each group satisfy the four

rules of a mathematical group (i to iv). However, in crystallography the symmetry operations axe

restricted to be compatible with the discrete translation symmetries of a crystal lattice. This crys-

tallographic restriction of the infinite families of general point groups results in 32 crystallographic

point groups [3] . Each crystallographic point group containing a set of symmetry operations, can

be identified by a symbol that has been termed as Schoenflies notation ^ The notation involves

the most important symmetry elements in the point group. For example, the planar BCI3 molecule

belongs to the C3„ point group, indicating a three-fold vertical rotation axis and three vertical

mirror planes as major symmetry elements in the molecule.

^Arthur Moritz Schoenflies (1853 - 1928) was a German mathematician, known for his contributions to the

application of group theory to crystallography, and for work in topology [29].
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6.4.2 Crystal systems [2]

The crystal species, in terms of their external symmetries, are classified into seven crystal systems

neimely 1- Cubic, 2- Tetragonal, 3- Orthorhombic 4- Hexagonal, 5- Monoclinic, 6- Triclinic, 7-

Trigonal. In each crystal system, the imit cell centering might be found in one or more of these

types

1. Primitive (P), one atom within the unit cell.

2. Body-centered (I), Two atoms within the unit cell.

3. Face-centered (F), four or two atoms within the unit cell.

4. Base-centered (A, B, C)

In crystallography there are only fourteen combinations of the seven crystal systems with the

possible unit cells which give rise to 14 Bravais lattices. In this classification of the crystals, each

lattice is identified by the type of unit cell.

6.4.3 Crystallographic space groups [3]

There are two possible ways to describe an infinite perfect crystal. One prescription is that an

infinite perfect crystal is an orderly arrangement of infinite nimiber of atoms or molecules in three

dimensions and another one is that £in infinite perfect crystal is an orderly arrangement of unit cells.

In the latter case, one crystal is minimized to its building block (i.e. the unit cell), and proposes

that it is not necessary to look at the whole crystal instead the unit cell is important. The unit

cell has all symmetry properties that a crystal has, however it has much smaller dimensions. Since

studying a small unit cell is much easier than an infinite number of atoms and also since it has all

of the information about the symmetry of a crystal, the unit cell has been taken as an identifier of

a crystal structure in crystallography.

The atoms within a unit cell are related by the familiar point group symmetry operations,

discussed earlier, in addition to screw axis and gUde plane operations. A screw axis symmetry

operation is a rotation followed by a translation along the axial direction. A glide plane symmetry

operation is a reflection across the plane followed by a translation along the plane.

The 14 Bravais lattices (i.e. unit cells) and 32 crystallographic point groups in addition to screw

axis and glide plane symmetry operations build up 230 crystallographic space groups (actually the

tjTJe of unit cell determines which of the 32 point groups is applicable to a particular crystal). Each

space group has a set of symmetry operations which obey the four rules of a space group ( see page

49). The symmetry operations of a space group describes the type of a unit cell.

Prom this classification, it can be easily inferred that for each space group, each point within

the unit cell belongs to one of the 32 crystallographic point groups. In other words, in each space

group for each site within the unit cell there is a set of symmetry operations. This is a clue how the

space group of a certain crystal cem be found. That is, the set of symmetry operations for each site

within the unit cell should be identified. The most common technique for doing this rather tough

job is powder X-ray diffraction. Based on the fact that the reflections appeared in a powder X-ray

pattern for each space group obey a certain rule, named systematic conditions (see page 14), the
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space group can be nailed down to some of the space groups with the same systematic conditions.

For this purpose, a full list of space groups «ind their systematic conditions can be found in "Inter-

national Tables for Crystallography. Vol. A, Space-group symmetry". The systematic conditions

are the direct result of the calculation of structure factor for e«ich space group. A further ansilysis

can be done by four-circle X-ray diffiractometer, neutron scattering or electron scattering [30].

The two most commonly used standsirds for the designation of the 230 three dimensional space

groups are the Hermann-Maguin «ind Schoenflies conventions. The Hermann-Maguin system uses

four symbols to uniquely specify the group properties of each of the 230 space groups. The first

symbol is a single letter (P, I, R, F, A, B or C) which refers to the Bravais lattice type. The
remaining three letters refer to the point group of the crystal. The Schoenflies conventions are also

recognized by atoms. However, in the literatiure there is less veu-iation in the application of this

standard for space groups. The Schoenflies convention is, in fact, less precise than the Hermeinn-

Maguin in that the complete symmetry characteristics of the crystal are not encoded in the space

group designation. The Schoenflies notation is widely used to describe crystallographic point groups

rather space groups. However, in order to be able to read the tables of crystallography, one should

be familiar with both of these notations.

6.4.4 Character table and normal vibrational modes [4]

Any kind of vibration in a molecule or unit cell can be constructed in terms of a set of fundamental

vibrational modes. These fundamental vibrational modes , called irreducible representations, re-

duce any possible vibrational motion of a molecule or unit cell from its Reducible representation

to the Irreducible representation. The set of irreducible representations of each crystallographic

point group represents all fundamentail vibrations which can exist in that group.

Because each crystallographic point group is identified by its symmetry operations, for each

group a Character table has been made, in order to show the char«icters of the irreducible rep-

resentations of the group (i.e. normal vibrational modes) and their activities ( i.e. IR or Ramem
activity).

Table 6.1 shows the character table for the O/, point group. On the top left of the table, the

name of the point group is given in its Schoenflies notation. Along the top are given the symmetry

elements. Along the left are the vibration types or species which correspond to the irreducible rep-

resentations. Below each symmetry element there is a nmnber which is attributed to its irreducible

representation, representing the trace of a matrix which transfers the normal vibrational coordinates

belonging to each atomic site in a molecule or unit cell to the initial state under that symmetry

element. The chau-acter imder the identity symmetry element (E) is the same as the degenersicy of

the vibration of the indicated type, 1 for singly, 2 for doubly and 3 for triply degenerate vibrations.

For nondegenerate vibrations, -f 1 is for synmietrical and —1 is for antisymmetriceil vibrations. For

example Aig, Eg, Fig are singly-, doubly- and triply- degenerate modes respectively, and i4i„ is an

antisymmetrical singly mode, from table 6.1.

In the last two columns of the character table 6.1 which plays an important role in our discussion,

are given the IR and Raman activity of each mode. A vibrational mode is IR active if one or more

of the three components of translation are listed in the row of that species in the character table.

This is because the dipole moment and the translation of the center of gravity are both vectors £ind
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hand, a doubly degenerate mode such as £'p or a triply degenerate mode such as F2g do not show

a polarization-dependence in the Raman scattering.

6.4.5 WyckofF positions and multiplicity

One of the most useful pieces of information contained in the International Tables of Crystallography

are the WyckoflF positions. The Wyckoff positions tell us where the atoms in a crystal can be found.

The letter is simply a label and has no physical meaning. They are assigned alphabetically from

the bottom up (a, b, c, d, ...). in a WyckofiF table, each Wyckoff letter is accompanied with a

symmetry group symbol and a multiplicity number. The symmetry group symbol tells us about

the symmetry elements of the position upon which an atom resides. The multiplicity number tells

us how many atoms are generated by sjonmetry if we place a single atom at that position. For

example from the Wyckoff table for the space group Fd3m, in the pyrochlore Cd2Re207 crystal,

0(1) resides on the fc^^{48) position. The / symbol is the Wyckoff symbol, the Cj^ symbol is the

site symmetry which is one of the 32 crystallographic point groups and the 48 is the maximum
number of atoms which can reside on this site. This means that the site symmetry C2„ in space

group FdSm can accomodate 48 atoms all with the same site symmetry. All atoms with the same

site symmetry vibrate with the same frequency because each one of them has the same environment

in the crystal. Thus, our knowledge of site symmetry for each group of atoms in the unit cell of a

crystal eases the prediction of number of vibrational modes tremendously.

6.4.6 Active IR and Raman modes in the Cd2Re207 crystal

Using sJl information provided in the previous sections, we can now follow the prescription given

by Rousseau, Bauman and Porto [28] named Factor Group Aneilysis (FGA)or Nuclear Site

Group Analysis to find the number of active IR and Raman modes in the Cd2Re207 crystal. The
structursil characterization of the Cd2Re207 crystal has revealed that the crystal structure of this

compound transforms from FdSm to I4m2 at 200 K, and from /4m2 to /4i22 at 120 K [19, 8]. For

each structure we should perform a separate calculation to find the number of Raman and IR active

modes. Let's start with the crystal structure in space group FdSm.

Since the space group describing the crystal for this case is FdZm (or Ol with Schoenflies sym-

bol), we should consult table 32A in reference [28] to find the maximiun points in each WyckofiF

position in this space group. Here is the result:

oo[iCi(192)]-hoo[/i4(96)] + oo[5cf(96)] + oo[/c^„(48)]+oo[ec3„(32)] + (d+c)D3d(16) + (6+a)Td(8)

(6.18)

There are eight Cd2Re207 molecules per unit cell in the pyrochlore structure (Fig. 2.2). That

meajis, there are 16 atoms of each Cd and Re and 56 atoms of oxygen in the unit cell. Site DsdilG)

can accommodate two sets of 16 equivalent points at WyckoflF positions d and c. Therefore Cd emd

Re atoms, 16 for each one, reside on sites d and c. 48 atoms of 56 oxygen atoms (01) reside on site

C2„(48), the remjiining 8 oxygen atoms (02) reside on Td{8).

Knowing the site symmetry for each group of atoms, we can consult table 32B in reference

[28] to find the irreducible representation for each one. For example for the site symmetry Ta the

irreducible representation is
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Irreducible representation forO(2) = Fi„ + F2g (6.19)

This metins that for 0(2), there are two vibrational modes (Fi„ and F^g). Both of these modes

are triply degenerate but with diflFerent symmetry. Now the question is whether these modes show

any IR or Raman activity or not. This question is answered in the character tables. The E series

tables in reference [28] are repUcas of the character tables. From table 32E in reference [28] or from

table 6.1 in this thesis, we c«in see that mode Fiu is an IR active mode and mode F2g is a Raman
active mode. Therefore site 0(2) has one triply degenerate IR and one triply degenerate Raman
active mode.

Table 6.2 contains the result of FGA for all site synmietries of Cd2Re207 in space group Fd3m.

From this table we can see that there are six Fi„ modes which are IR active, where three of them

belong to 0(1) and the remaining three modes belong to Cd, Re and 0(2) separately. This means

that, four IR active modes , in total, can be seen in an IR absorption spectrum of the sample at room

temperature. Similarly, from this table we can see that, there are four Raman active modes which

can be seen in a Raman scattering spectrum of Cd2Re207 at temperatures T > 200 K (phase I).

Three of them are associated with vibrations of 01 and one mode is associated with vibration of 02.

Yamaura and Hiroi (2002) have determined the Wykoflf positions and their allocation numbers

of Cd, Re and O in a unit cell of the Cd2Re207 crystal in the two different space groups I4m2 and

I4i22 [19]. Using their results and consulting tables 12A, 12B and 12E for the space group /4m2

and tables 14A, 14B and 14E for the space group /4i22, and using the same procedure as that

for the space group FdSm we c£in determine the niunber of active IR and Raman modes for the

Cd2Re207 crystal at temperatures 120 k < T < 200 K (phase II) and T <120 K (phase III). Tables

6.3 and 6.4 show these results.

From table 6.3, ten IR and seventeen Raman active modes can be predicted for phase II. Modes

B2 and E are active in both IR and Raman spectroscopy. Also, From table 6.4 ten IR and eighteen

Raman active modes can be predicted for phase III. In this phase mode E is active in IR and Raman
spectroscopy.
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6.5 Experimental results

Polarized Raman scattering spectroscopy from samples of Cd2Re207 containing ^^O and the isotope

*^0 have been performed at the Max Plank Institute in Germany. Each experiment has been done

at different temperatures from 25 Kelvin to 275 Kelvin and in two different polarization configu-

rations: z(xx)z and z(xy)z, in order to investigate the difference in the temperature-dependence of

modes and also the crystal structure transition between these two samples. In this thesis, only data

associated with the z(xx)z configuration have been used. The data have been scalled using eq. 6.17.

A further base-line correction was carried out on the data using OPUS software (software used to

run a BRUKER FTIR spectrometer).

Temperature-dependent resistivity results show that single crystal Cd2Re207 undergoes two

structural phase transitions, one at 120 Kelvin and another one at 200 Kelvin (see chapter 5) . This

characteristic of this compound has been observed via Raman spectroscopy as well.

Fig. 6.4 shows temperature-dependent Raman spectra of the ^^O sample. As we can see firom

this figure, the first structural transition happens at 125 Kelvin where upon increasing temperature

mode Ai is suppressed clearly. This is also clear from the appearance of a large number of active

modes at 75 Kelvin compared with 125 Kelvin. Another structural transition happens at 200 Kelvin.

This is clear from a sudden softening (decrease in Raman shift) of modes E^, and Aig. To show these

structural phase transitions for more clearly, two more graphs have been prepared (Fig. 6.5). In this

Figure the lower and the upper panels show the temperature-dependent Raman shift and FWHM
of mode Eg respectively. From the upper panel we can see that there are two points of inflection

one located at 200 Kelvin and another one located at 120 Kelvin. From the lower panel we can

see that there are two broken lines one located at 200 Kelvin and another one located at 100 Kelvin.

Fig. 6.6 shows the temperature-dependent Raman spectra of the ^^O sample. From this Figmre

we can see that, there is no sudden relocation of modes E^ and Aip as was the case for ^^O. But

there is a mode suppression for Ai at 125 Kelvin. From this Figure, we can also see that two more

modes, located at 220 and 226 cm~^) on the side band of the central peak located at 205 cm~^, have

appeared at 25 kelvin, a feature which is not seen for the ^^O sample. To show the structural phase

transition for this sample more clearly, two more graphs have been prepared (Fig. 6.7). In this

figure the bottom and the top graphs show the temperature-dependent Raman shift and FWHM
of mode Eg respectively. From the lower pemel, it can be clearly seen that at 200 and 120 Kelvin

the concavity of the graph changes.

Peak characterization has been performed by fitting an appropriate number of Lorentzian peaks

(eq. 6.13) to each spectrum with OPUS software. Figures 6.8 and 6.9 show the results for two

fittings. Fig. 6.8 shows the spectrum of Cd2Re207 (^®0 ) at 225 Kelvin. From this figure we can

see that the spectrum has been constructed by foiu: Lorentzian peaks. This result is consistent

with the prediction of FGA (Table 6.2). Fig. 6.9 shows the spectrum of Cd2Re207 ('^O ) at 50

Kelvin. From this figiure we can see that the spectnmi has been constructed by thirteen Lorentzian

peaks. There can also be seen two more peaks on the spectrum which are not fitted (because

of their low intensities). From the FGA prediction (Table 6.4), for single crystsd Cd2Re207 with

crystalline structiu-e /4i22 there should be eighteen Raman active modes but this spectrum shows

fifteen Raman active modes. It is possible that esich of the modes located at 332, 654 and 724 are

in fact double, because of their rather leirge widening. In this case the number of modes appeared
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Raman Shit (on ')

Figure 6.4: Temperature-dependent Raman spectra of single crystal Cd2Re207 ('^0 ).

T«iip«ratura (k)

Figure 6.5: Temperature-dependent FWHM and Raman shift associated with mode Eg of single

crystal CdzRezOy C^O ).
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Raman Shift (cm '

)

Figure 6.6: Temperature-dependent Raman spectra of single crystal Cd2Re207 (^^O ). Two more

modes (shown in a circle) appeared at 25 Kelvin close to the central peak at 205 cm~\
not seen in the spectrum of Cd2Re207 (^^O ).
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Figure 6.7: Temperature-dependent FWHM and Raman shift associated with mode Ep of single

crystal CdzReaOT (^^O ).
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Figure 6.8: Blue line shows the Raman spectrum of Cd2Re207 (^*0, 225K), after ScaUng and base

line correction. Red line shows the constructed graph with four Lorentzian peaks .

in the spectnun will be equal to eighteen complying with the FGA prediction.

Fig. 6.10 compares the Raman spectrum of sample ^^O with the Raman spectnun of sample
**0 both taken at 275 Kelvin. There are four modes observed in both samples which are in good

accord with the FGA result presented in Table 6.2. All modes associated with 0(1) and 0(2) in

the '^O sample show a shift to lower frequencies in the '*0 sample.

Using a simple harmonic oscillator model associated with the oscillation of each oxygen, the

frequency of oscillation can be written as:

27r y 771(180)

(6.20)

(6.21)

Dividing eq. 6.21 by eq. 6.20 we will get

/(ISO) = /(>60)

mne(160)
0.942809/(160) (6.22)

m(i8o)

Using the equation above, the oscillation frequency of each mode in the '^O sample can be

calculated from that of the sample '^O. Table 6.5 provides a summary of these results in addition

to the observed Raman shifts in each sainple . The characterization of each mode has been done
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Figure 6.10: Figure at the top shows Raman shift of the ^^O sample and Figure at the bottom

shows Raman shift of the ^^0 sample. Both spectra have been taJcen at 275 Kelvin.

From this Figure we can see the relocation of four modes in the ^*0 sample in relation

to that. of the '^O sample. (Mode assignments have been taken from Ref. [18]).





Chapter 7. Fourier JYansform IR Spectroscopy 64

Chapter 7

Fourier Transform IR Spectroscopy

7.1 Introduction

The science known as spectroscopy is a branch of physics that deals with the study of the radiation

absorbed, reflected, emitted, or scattered by a substance as a function of energy. Although, strictly

speaiking, the term radiation only deeds with photons, spectroscopy also involves the interactions

of other types of particles, such as neutrons, electrons, and protons, which are used to investigate

matter.

The infrared radiation is that part of the electromagnetic spectrum between the visible and mi-

crowave regions. The infrared portion of the electromagnetic spectrum is divided into three regions;

the near-, mid- and far- infrared, named for their relation to the visible spectrimi. The far-infrared,

mid-infrared and neair-infrared electromagnetic waves, classified conventionally into 10-400 cm~^,

400-4000 cm~* and 4000-14000 cm~^ subregions respectively. The far-infrared lying adjacent to

the microwave region, has the lowest energy and may be used for phonon spectroscopy. The mid-

infrared is widely used to study the fundamentail vibrations of bonds in organic compounds. The
mid-infrared can also give rise to overtone (integral multiples of the fundamental vibrational fre-

quencies) and combination (combination of fundamental vibrational frequencies) excitations. The
ne«u:-infrared may be used to excite valence electrons between low level electronic energy bands in

soUds.

Atoms in solids vibrate at frequencies of approximately 10^^-10^^ Hz [31] or equivalently 30-800

cm~^. Thus, vibrational modes can be excited to higher energy states by the far-infrared radiation.

In this thesis, the electromagnetic waves lying between 7-700 cm~^ (the far-IR extending slightly to

the mid-IR) have been used to determine the reflectance of the Cd2Re207 at three temperatures;

0.5K (superconducting state), 1.5K (right above superconducting state) and 4.2K (normal state).

The reflectance IR spectroscopy involves collecting reflection information from the sample as a

function of the frequency of incident IR radiation and analyzing it in the form of a spectrum. It is

of great interest to collect the reflectance of the sample at several temperatiures in order to observe

the variation of activity of the phonon modes and changes in electronic structure. Generally speak-

ing, to find the reflectance of a sample, the reflection of the sample should be recorded in terms of

photon energy either discretely or continuously.

In the discrete regime, known as conventional dispersive spectroscopy, light emitted from an

IR source is collimated and directed to a monochromator. The monochromator divides the incom-

ing IR radiation into its constituent components either by a dispersion mechanism through one or

more dispersive prisms, or by a diffraction mechanism from one or more diffraction gratings. The
dispersed IR beam, then, is allowed to pass through a narrow slit. By rotating the dispersive or

diflfractive element, each wavelength can be selected individually within a bandwidth. The outcom-
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ing IR beam from the monochromator is then used to irradiate the sample emd finally the reflected

or transmitted Ught from the sample is directed towards a detector and its intensity is recorded by

a computer controlling the whole system. This method has two major problems. First of all, the

level of hght intensity decreases after each pass through a slit (usually there are two slits; in and

out). Secondly, each scan may take several minutes (and usually because of low signal to noise ratio

in the Far-infrared one may need to have htmdreds of scans to eliminate noise appearing in the data).

In the continuous regime, FTIR spectroscopy, light emitted from an IR source is coUimated and

directed to a Michelson interferometer. In the first stage, hght with intensity !„ is divided into two

wavefronts with almost equal intensities by a beamsplitter (one is reflected from and the other one

is transmitted by the beamsplitter). The two wavefronts, after reflection from two mirrors in two

perpendicular arms, travel back to the beamsplitter and recombine with each other. One mirror is

fixed and the other one can be moved. For a simplified situation where the source is monochromatic,

depending on the optical path difference between the two recombined wavefronts, the light intensity

can vary from zero (for two out of phase wavefronts) to lo (for two in phase wavefronts). When
the moving mirror travels in either direction by the distance 1/4 A, the optical path (beamsplitter -

mirror - beamsplitter) is changed by 2 (1/4) A, or 1/2 A. The two beams are 180° out of phase with

each other, and thus interfere destructively. As the moving mirror travels another 1/4A, the optical

path difference is now 2 (1/2) A, or A. The two beams are again in phase with each other and result

in another constructive interference. When the mirror is moved at a constant velocity, the intensity

of radiation reaching the detector varies in a sinusoidal manner to produce the interferogram output

shown in Fig. 7.1. The interferogram is the record of the interference signal. It is actually a time

domain spectrum and records the detector response changes versus time within the mirror scan. If

the sample happens to absorb at this frequency, the amplitude of the sinusoided wave is reduced by

an amount proportional to the amoimt of sample in the beam.

Ebctension of the same process to all component frequencies results in a more complex inter-

ferogram, which is the summation of all individual modulated waves, as shown in Fig. 7.2. In

contrast to this simple, symmetric interferogram, the interferogram produced with a broadband IR
source displays extensive interference patterns. It is a complex summation of superimposed sinu-

soidal waves, each wave corresponding to a single frequency. When this IR beam is directed to the

sample, the emiplitudes of a set of waves are reduced by absorption if the frequency of this set of

waves is the same as one of the characteristic frequencies of the sample.

The interferogram, is sampled at small, precise intervals during the mirror scan. The sampUng
rate is controlled by an internal, independent reference, a modulated monochromatic beam from a

heliimi-neon (He-Ne) laser focused on a separate detector. The interferogram contains information

over the entire IR region to which the detector is responsive. A mathematical operation known
as Foiuier transformation converts the interferogram (a time domain spectrum displaying intensity

versus time within the mirror scan) to the final IR spectrum, which is the familiar frequency domain

spectrum showing intensity versus frequency. For this reason, this technique has been termed as

Fourier Transform IR spectroscopy or shortly FTIR.

The time needed for each scan in this technique can be a fraction of second. Thus, it is possible to

do more scans in a shorter period of time compared to the conventional dispersive IR spectrometers.

The scanning time varies with the distance that the movable mirror travels and that depends on

the desire resolution. The higher the resolution, the farther the mirror should move. On the other
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hand, because of the absence of any slit in the FTIR instrument, this technique provides a higher

signal to noise ratio compeired to that from the conventional dispersive IR spectrometers. For these

two advantages, mainly, this technique has been adopted by many scientists for IR spectroscopy.
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Figure 7.1: Simplified optical layout of a typical FTIR spectrometer. (Reprinted by permission of

Nicolet Instrument Corporation.)
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Figure 7.2: Interferogram consisting of all modulated cosine waves. The greatest ampUtude occurs

at the point of zero path difference (ZPD). Ref. [5]
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7.2 Mathematical concepts of FTIR

The mathematical approach to derive the necessary formula for FTIR spectroscopy, traditionally,

starts from evaluating the intensity of the interference of two electromagnetic waves with the same
frequencies and extending it to a continuous regime [32].

The intensity /of the interference of two plajie waves with intensities /i and I2 (same frequencies)

can be expressed as

I = Ii + l2 + 2^/hl^cos<j) (7.1)

where angle <p is the phase angle difference between two plane waves and can be expressed in

terms of wave vector k and optical path difference x as

(p - k.x (7.2)

Assuming /i=/2=/o/2, eq. 7.1 can be writen as

I = 1^(1 + cos k.x) (7.3)

Similarly, for a polychromatic continuous source containing an infinite number of plane waves

while X is constant for all plane waves, the resultant intensity is a sum over all wavevectors k and

it can be written as

/•oo

/(x)= / I{k){l + cosk.x)dk (7.4)
Jo

After doing some simple mathematical steps, eq. 7.4 can be written as

1 f°°

I{x)^-^J ^Iik)e""^dk (7.5)

Eq. 7.5 can be recognized as the Fourier transform of the intensity spectrum I{k) of a broad

band light source over the fc-space. The inverse Fourier transform of equation 7.5 can be written as

I{k)
1 r°°

=
-^J ^I{x)e~"''dx (7.6)

Eq. 7.6 demands that the movable mirror move from —00 to +00, a condition which is im-

practical. To overcome this obstacle, a technique named apodization (foot removing), introduces

a new function in eq. 7.6. This function not only solves the problem of the limits of integrating

but it also smooths data at the boundaries.There are several apodization functions that have been

introduced by several workers. A commonly used function in IR Fourier transform spectroscopy is

the triangular apodization function

H^„),^- S -A<x<A
p^,

Otherwise

Where A is the optical path difference (OPD) from zero path difference (ZPD).

Using eq. 7.7, eq. 7.6 can be modified as
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m = ^£^ nx) (1 - ^) e-'>- dx . (7.8)

Eq. 7.8 gives the basic mathematics to extract the intensity spectrum I{k) (or power spectrum)

from the interferogram I{x). in practice, the interferogram I{x) is registered from the detector

signal during sc«inning of the movable mirror and software calculates I{k) from equation 7.8. De-

pending on the desired resolution, I{k) is calculated in different steps of frequency k. For example,

in an experiment with a desired resolution of 0.5 cm~^, I{k) is evaluated at each 0.5 cm~* frequency

step.

Figures 7.3 to 7.6 show the power spectra I{k) obtained in different IR regions from the

Cd2Re207 sample at 0.5K before gold evaporation. Each graph contains a couple of power spectra

of the sample and reference mirror. Each power spectrum is an average of 32 scans. From these

figures, it can be seen that, at least visually, there is a good consistency between different scans.

7.3 Spectral Resolution and Cut-Off Frequency

As stated before, the resolution of a measurement is simply given by how far in x we measure. It is

fairly simple to illustrate conceptually how the resolution of a spectrum measured interferometrically

depends on the maximum retardation of the scaji. Suppose that we have two waves with very close

frequencies ki and k2 (or Ui and 1/2) each producing an oscillating interference separately and we
need to know the minimum mirror displacement to distinguish between them. As the mirror travels

from the ZPD to a final point x (measured from the ZPD), each wave produces an oscillating

interference. The OPD is 2nx where n is the index of refraction of medium. For the light traveling

in vacuum n = 1 and 0PD=2x. The superposition of these two oscillating waves is a modulated

wave with a beat frequency of Au. Assume that, the wave with wave vector ki shows n oscillations

and the wave with wave vector k^ shows n' oscillations. The phase angle ^ varies for each wave as

(f>
= n * 2Tr — ki.2x and <(>' — n' * 2n = k2.2x (7.9)

Minimiun spectral resolution is achieved when we detect two full cycles of beat frequency, or

equivalently when:

(t>-<p' ^2*2n (7.10)

Using equations 7.9 and 7.10 and remembering k — 2irv where v is wavenumber, x can be writen

as

Although this conclusion was arrived at intuitively, the answer proves to be approximately cor-

rect [32]. This equation is easy to memorize and it directly relates the minimum distance that the

mirror should move in order to distinguish between two waves with close frequencies vi and 1/3. For

example to get lcm~^ resolution the mirror should travel 1 cm from ZPD point.

Spectral resolution or resolving power {RP) of a spectrometer is defined as:

/IP=A (7.12)
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FVom the condition of Rayleigh criterion for the limit of resolution of some optical instruments,

known as null first derivative condition of Rayleigh criterion (overlapping the maximum of one wave

with the minimum of another wave), the phase difference between two resolved adjacent fringes in

an interferometer can be taken as n

AX
A(f> = Ak.x = 2irAv.x = 27ri-=T- = tt

, (7.13)

where A is the average of the wavelength of the two waves. From equations 7.12 and 7.13 we

can write:

RP=^- (7.14)
A

From eq. 7.14, it can be concluded that, the higher the spectral resolution, the farther the

mirror should move. FVom this equation it is also obvious that the spectral resolution drops as A

increases (i.e. at lareger wavelength the mirror should move farther).

Exaunple: In an inteferomter with RP=10 at A = 1 cm, the distance x from the ZPD that the

movable mirror should move to resolve two waves centered at A = 1 cm with AA = 0.1 cm is:

2x
10 = -— => x = 5cm. (7.15)

1cm

The cut-off frequency is the maximum frequency which can be sampled in FTIR. In fact, the

cut-off frequency on the one hand depends on the optical characteristics of all of the elements which

are used in the FTIR instrument such as the beamsplitter, mirrors and filters; and on the other

hand depends on the sampling rate. The sampling rate is derived from a separate detector which

detects the oscillating fringes from a He-Ne laser (a He-Ne laser emits light with a wavelength of

633 run). When two consecutive pulses (the fringes show a sinusoid of variation) are detected by

the detector it means that the mirror has traveled by half of a wavelength (i.e. 633/2=317 rmi).

In practice a high precision circuit produces a voltage pulse when the pulses go to zero. There is a

fundamental rule called the Nyquist theorem which can be paraphrased to state that a sinusoid can

be restored exactly from its discrete representation if it has been sampled at a frequency at least

twice of its own frequency. Therefore by sampling at each 317 nm step a wave with a wavelength of

633 nm can be restored from its discrete to continuous representation. The equivalent wavenumber

is t'nuix=( 1/633) im[i~^=15797 cm~^ This is the so called cut-off frequency in FTIR spectrometers.

7.4 FTIR Advantages

The most important advantages of an FTIR spectrometer over a conventioned dispersive IR spec-

trometer can be listed as [33]:

1. Better speed and sensitivity (Felgett adv«intage). A complete spectrum can be obtained during

a single scan of the moving mirror, while the detector observes all frequencies simultaneously.

2. An FTIR instrument can achieve the same signal-to-noise (S/N) ratio of a dispersive spec-

trometer in a fraction of the time. The S/N ratio is proportioned to the square root of the

total number of measurements. Because multiple spectra can be readily collected, sensitivity

can be greatly improved by increasing S/N through coaddition of many repeated scans.
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3. Increased optical throughput (Jaquinot advantage). Energy-wasting slits are not required in

the interferometer because dispersion or filtering is not needed.

4. Internal laser reference (Connes advantage). The use of a helium neon laser as the internal

reference in many FTIR systems provides an automatic calibration with an acciuracy of better

than 0.01 cm~^ This eliminates the need for external calibrations.

5. Powerful data station. Modern FTIR spectrometers are usually equipped with a powerful,

computerized data system. It can perform a wide variety of data processing tasks such as

Fourier transformation, interactive spectral subtraction, baseline correction, smoothing, inte-

gration, and library searching.
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20

Wavenumber cm-1

Figure 7.3: Power spectra at 0.5K before gold evaporation from the sample Cd2Re207 using a

Bruker IFS 66v/S FTIR spectrometer. Red line and blue line show power spectra from

IR-Ught reflected from sample and reference mirror respectively in the frequency range

5-22 cm-^
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Figure 7.4: Power spectra at 0.5K before gold evaporation from the sample Cd2Re207 using a Bruker

IFS 66v/S FTIR spectrometer. Red line and blue line show power spectra from light

reflected from sample and reference mirror respectively in the frequency range 10-60

cm~^
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1S0

Wavenumber cm-1

300

Figure 7.5: Power spectra at 0.5K before gold evaporation from the sample Cd2Re207 using a Bruker

IFS 66v/S FTIR spectrometer. Red line and blue line show power spectra from light

reflected from sample and reference mirror respectively in the frequency range 10-240

cm~^.
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Wavenumber cm-1

Figure 7.6: Power spectra at 0.5K before gold evaporation from the sample Cd2Re207 using a Bruker

IFS 66v/S FTIR spectrometer. Red line and blue line show power spectra from light

reflected from sample and reference mirror respectively in the frequency range 40-700

cm~^
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Chapter 8

Optical Properties of Solids

8.1 Interaction of Light with Solids

The study of the interaction of electromagnetic waves with matter provides useful information re-

garding electronic structure and other available excitation energy levels of a material. The optical

property usually available from experiment is the frequency-dependent reflectance or transmittance;

the property most directly related to the electronic structure of a solid is the dielectric function

e(a;). For samples with considerable thickness showing weak optical transmission, it is preferred to

measure the reflectance. However, for thin film samples showing weak reflection, it is preferred to

measure the transmittance. In this thesis focus was placed on determination of the reflectance of

the Cd2Re207 sample in the range of 7-700 cm~^

Although, optics has been developed by adopting quantum mechanical concepts of light and

matter, classical optics using Maxwell's theory can still describe the macroscopic optical properties

of many materials. It is worthwhile to mention that many features of the classical theory of the

interaction of light with matter have quantum mechanical counterparts which are easily understood

as genereJizations of their classical analogs. Maxwell's theory provides us the necessary tool to find

an appropriate model for the dielectric function of insulators and metals. The dielectric function

can be used itself to open up a discussion about the optical properties of soUds or it can be used as

a generator of other optical functions for further discussion.

The classical model of the interaction of light with solids can be explained using Maxwell's

equations and the introduction of the concept of the dipole oscillator and induced polarization (or

equivalently the susceptibiUty tensor) within the matter . In this model, the oscillating electric

field of the electromagnetic field interacts with charge within the matter producing local oscillating

dipoles (the contribution of the magnetic field of the electromagnetic wave is neglected as B=E/c).

The oscillating electric dipole radiates energy as electromagnetic waves within the whole space ^.

Therefore, the local vibrating electric dipoles play an important role in this theory and it seems nec-

essary to have a quick look at different types of dipole oscillations within matter before discussing

the essential formula provided by this model.

The dipole oscillators within a solid can be classified as Lorentz and Drude oscillators. In the

following description of these oscillators, items 1 and 2 explain the Lorentz oscillator and item 3

explains the Drude oscillator.

1. Atomic Oscillators: At optical frequencies the most important contribution is from bound

electrons within the atoms. According to Bohr's atomic planar model, the electron is held

in a stable orbit with respect to the nucleus. The electric field of the electromagnetic wave

^The classical theory of electromagnetic waves applied to accelerating charged particles predicts that the oscillating

electric dipoles radiate energy as electromagnetic waves.
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irradiating the atom distorts the negatively cheirged cloud around the nucleus. The negatively

ch{irged electron cloud and the positively charged nucleus form a temporary electric dipole

with a magnitude proportional to their separation. There are several dipoles within every

atom, so a given atom has many transition frequencies. If the frequency of the electromagnetic

wave which drives the electric dipole coincides with one of the atomic transition frequencies

(the resonance frequency Wo), absorption occurs, otherwise, the atom will not absorb, and the

medium will be transparent.

2. Vibrational or Molecular Oscillators: In ionic optical media, the atoms are positively

and negatively charged, and can vibrate about their equilibrium separation. The absorption

process occiurs when one of the natural frequencies (the resonance frequency uJo) of these local

electric dipoles match up with the frequency of the oscillating electric field of the electromag-

netic wave. These dipole oscillations are associated with lattice vibrations (phonons) , and they

occur at frequencies in the infrared spectral region, compared with the higher frequencies of

the oscillations of the atomic electric dipole oscillators.^

3. Free Electron Response: The electronic and vibrational dipoles considered above are both

examples of bound oscillators. Metal and doped semiconductors, by contrast contain signif-

icant numbers of free electrons which do not experience any restoring forces when they are

displaced from their equilibrium positions. This tjT^e of oscillator (Drude oscillator) is respon-

sible for the optical properties of metals. The Drude oscillator is a Lorentz oscillator (items 1

and 2 above) with Wo =

8.2 The Lorentz Oscillator

The simplest, but general, model to describe the interaction of optical radiation with solids is a

classical model, due to Lorentz, in which it is assimaed that the valence electrons are bound to spe-

cific atoms in the soUd and their transitions can be represented by harmonic oscillators. Therefore,

the solid is considered as a collection of atomic oscillators, each one with its characteristic natural

frequency (uo). If we excite one of these atomic dipole oscillators with its natural frequency, a

resonant process will be produced. From the quantum viewpoint, these frequencies correspond to

those needed to produce valence band to conduction band transitions. The Lorentz model of the

optical absorption process in solids adequately describes the optical properties of insulators.

The first approach to derive the governing equations consists of considering only a unique res-

onant frequency (wo) corresponding to a number of similar oscillators, and finally extending the

model to the entire range of resonsint frequencies in the system under study.

The general motion of a valence electron bound to a nucleus is a damped oscillator, which is

forced by the oscillating electric field of the electromagnetic wave . The motion of such a valence

electron is described by the following differential equation:

mi' -I- rwyr + mUo^T = —eE/oc

,

(8.1)

*In a simple model, the frequency Wo of an electric dipole ocsillator with mass M and strength K can be written

as: Wo = v/-^- The molecular vibration has a frequency less than that of the atomic vibration as the atomic mass

is much larger than that of the electron.
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where m and e are the electronic mass and charge, respectively, suid r is the electron's position

with respect to equiUbrium, 7 is the damping rate and Ejoc is the local electric field acting on

the electron due to the oscillating field of the electromagnetic field within the soUd. The term

m-yr in the equation above represents viscous damping and provides for an energy loss mechanism

through various scattering mechanisms in a solid. The term xawo'^r accounts for the Hooke's law

restoring force and represents the resonance mechanism. The term —eEjoc is the driving electric

force. Assuming that

EjocW = E,oc(a;)e-^'

,

(8.2)

6md

T{t) = T{u})e-^
, (8.3)

the solution of eq. 8.1 is given by

eE,oc(w)/m

The magnitude of the induced frequency-dependent electric dipole moment for N electrons per

imit volmne of the solid is given by

P(a;) = -iVer(a;)

.

(8.5)

The electric displacement D of the medium is related to the electric field E and polarization P
(in SI units) through:

D(a;) = Co + P(w) = e{uj)eo'E{u})

,

(8.6)

where €0 is the electric permittivity of free space and e{ui) is the so-called dielectric function of

the medium.

By combining equations 8.4-8.6 we obtain

e(a;) = 1 - y-^ ^. . , (8.7)
[uj^ - u;2) + 170;

where uil is plasma frequency, which is defined as:
p

iVe2

< = yr- (8-8)p m€o

It should be recalled that the dielectric function e{u}) obtained in eq. 8.7 is a complex quantity

which is defined as:

e = ei + i€2. (8.9)

Using equations 8.7-8.9 and doing some algebra Ci and 62 functions can be derived

u^iu^ - a;2)

and
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'^=(a;2-!^2)2 + ^2^2- (8-11)

In fact the im«iginary part t2 is responsible for the absorption process in the medium.

In the general case of more thaji one resonance frequency, eq. 8.7 is generalized to:

e{uj) = 1 - uiy -r-, A :
, (8.12)

where /, is the oscillator strength for resonance Uoj, represents the fraction of dipoles having

this resonance frequency. From the view of quantum mechanics, fj is the probability of a transition

between two electronic states of the atom separated by an energy hujj, and satisfies:

E/i = l- (8.13)

8.3 The Drude Oscillator

The conduction electrons are mainly responsible for the optical properties of metals. The conduction

electrons in metals are not bound to nuclei which means for metals, the restoring force is zero in

eq. 8.1. For this reason, the Drude oscillator model for metals is obtained directly from the Lorentz

oscillator model for insulators by equating the resonance frequecny Wo to zero in eq. 8.7. Doing

so in equations 8.10 and 8.11 the real and imaginary parts of the dielectric function, ci and €2

respectively, for metals can be derived as

^1^1- ^x:^' (8-14)

and

'^--TTT-^- (8-15)

8.4 The Combined Drude and Lorentz Oscillators

To analyze experimental data, one usually takes the sum model dielectric function which is the

combination of one Drude peak and various Lorentz oscillators [34]:

2 2

where the additional pairameter eoo is the dielectric constant at high frequency, Wp and 7^ in the

Drude term are the plasma frequency and the relaxation rate of the free charge carriers, while uoj

, 7j , and u>pj are the resonance frequency, the daunping, and the mode strength of the Lorentz

oscillators, respectively.
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8.5 Optical Functions

In the general case, the optical functions: index of refraction n, dielectric e, and optical conductivity

(7 are complex quantities

n = ni + m2, e = ei+te2, and a = a\-\-ia2- (8.17)

Using Maxwell's equations and the relations above, we can derive useful relations between op-

tical functions.

The most frequently used relations which are valid for free-electron metsJs and for dielectric

media are:

ti=n\- n|, (8.18)

and

C2 = 2nin2. (8.19)

The optical conductivity and the dielectric function for free-electron metals obey the following

equation

e^\ +— . (8.20)

The electrical conductivity a^c is the zero frequency limit of the optical conductivity which can

be related to the plasma frequency

^dc^-^p^ (8.21)

FVom eq. 8.20, the real part of the optical conductivity can be related to the imaginary part of

the dielectric function

CTi — eotiUJ (8.22)

From eq. 8.15 and eq. 8.22, the spectral behavior of the real part of the optical conductivity for

a metal can be written as

o, = 4^2 (8-23)

In this equation, the origin of the viscous damping term 7 is the ordinary scattering of electrons

associated with electrical resistivity p. Prom this equation we can immediately infer that

u)-+o ' w->o uj^ -\- y

a result which is expected for free-electron metals

CTrfc = lira <7i = lim
^ ^ , (8.24)

Using equations 8.11, 8.16, 8.22, and 8.23, in the general case, the optical conductivity function

for a material showing both the optical behavior of free-electron metals and dielectric substances,

can be witten as
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where a^o is the optical conductivity at high frequency regime where the Drude and Lorantzian

terms vanish.

Most of times we are concerned with the measurement of the reflectance of a material at normal

incidence. Imposing boundary conditions on plane electromagnetic waves at normal incidence on a

surface a quantity called the reflectivity coeflBcient which is a complex number can be derived as a

function of ni, nj

JEJi 1 + n ni + 1 + Z722

where Er and Ei are the electric field of the incident Ught. The intensity of the light is pro-

portional to E • E* and thus the reflectance R, which is the ratio of reflected to incident light

is:

E;.E. _ {l-n,)^ + r4
^-' ' - Et-ErH + n^y + rq

^^'^^^

This result is valid for metals and dielectrics. We should recall that, in the equation above, R,

Til, and 712 are functions of frequency.

8.6 Optical Conductivity of a Superconductor at low

Frequencies

Using London theory, the optical conductivity of a superconductor in the superconducting state in

response to a low frequency electromagnetic field (u) can be given as [35]:

2 2

(Ti = —^(5(u;) + °^
- when huj <^ kgTc (8.28)

where n, is the electron density of the superconducting electrons, 5{uj) is the Dirac delta

fmiction centered at zero frequency, and CTo = nee^/m.e'y where rie is the electron density of the

non-superconducting electrons. This equation maybe useful when the optical conductivity of the

Cd2Re207 sample is discussed in the superconducting state at very low frequencies. Prom this equa-

tion we can immediately derive the optical conductivity of a superconductor in the superconducting

state at very low frequencies as:

ai=^^^^^^6{uj) + ao (8.29)
rrie

8.7 Kramers-Kronig Integrals

In practice what is measured is the reflectance from a material in a short range of frequency while

we are interested in evaluating the real sind imaginary parts of the index of refraction or other

optical functions in the range of measiu-ement. If you only measure R over a small frequency range
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you can not trust a model at higher and lower w's. As we can see from Exj. 8.27, there is only one

function which relates the reflectance Rtorii, and n2 whereas we need two independent equations

to solve for ni, and n^, however, the so-c«illed Kramers-Kronig relations provide a pair of integrals

for the real and imagin2uy part of a function in a dispersive process. The dispersion relations follow

directly from causality, i.e. there is no effect before the cause. For using Kramers-Kronig relations

one can write the reflectivity coefficient in the form of

r = \/R{uj) e**(") = \/R{u) {cose{u) + isine{u})). (8.30)

FVom Kramers-Kronig relations 6{u)), can be expressed as

Solving equations 8.26 and 8.30 for rii and n^ in terms of R{u) and B{ijj) we obtain

TT Jo

\ — R
ni = 7= , (8.32)

l + R- 2\/Rcose

and

2y/Rsine
ria = 7= . (8.33)

\ + R- 2\fRcose

In fact, R{u}) is measured experimentally and d{u) is determined from the experimental re-

flectance via evaluating the integral given in eq. 8.31. Subsequently, ni and n-^ can be determined

from equations 8.32 and 8.33. Knowing rii and n2 , it is stradghtforward to determine ei, €2, and ci

from equations 8.18, 8.19, and 8.20 respectively.

8.8 Extrapolations for Reflectance

To evaluate the phase shift 6 from eq. 8.31, we need to have knowledge of the reflectance over

frequencies the < w < 00. This is experimentally not possible, so extrapolation to frequencies

above and below the experimental range must be made.

For a free-electron metal, in the low frequency regime where a; •< 7 and uj <^ ^, the mediimi

becomes highly reflective £ind a relation called the Hagen-Rubens reflectance can be used to extrap-

olate the reflectance to zero frequency. It is given by

i?^l_2(^)V2 = i_aa;i/2. (8.34)

For a free-electron metal, in the high frequency regime, where w » Wp » 7, the medium becomes

highly transparent and a relation called the high-frequency free-electron reflectance can be used to

extrapolate the reflectance to high frequency. It is given by

R=h'^f = 0^-' (8.35)
lb w

Our resistivity measurement revealed that the Cd2Re207 sample becomes superconducting at

1.0 Kelvin (see chapter 5). In this thesis the reflectance of the superconductor Cd2Re207 at three

temperatures: 0.5 K, 1.5 K, and 4.2 K in the spectral region 7-700 cm~^ has been measured. The
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reflectance has been extrapolated from 650 to 40000 cm~^ using the reflectance measured at 24

Kelvin by another investigator [34] (between 650 and 700 cm~^ the reflectance is not reliable as

it shows too much noise). Using eq. 8.34, the reflectance was extrapolated from 7 cm"' to zero

frequency. Also, eq. 8.35 was used to extrapolate the reflectance from 40000 cm"' to infinity.

The theory which was presented in this chapter is mainly based on lecture notes of Advanced

Condensed Matter Physics, by M. Pleedyk [36] and from the book: Optical Properties of Solids, by

F. Wooten [37].

8.9 Numerical Integration of the Phase-Shift Equation

The integrand of the phase-shift (eq. 8.31) suffers from one point of singularity. Fortunately, this

singularity can be removed from the integrand by applying L'Hopital's rule.

In order to evaluate this integral, the integral was divided into three regions: Low frequency

region, region of measurement, and high frequency region. For the low frequency part, R{uj') was

approximated using eq. 8.34; and a was determined using the reflectance at the first point of the data

set (i.e. 7cm~'). For the high frequency part, R{uj') was approximated using eq. 8.35; and /? was

determined using the reflectance at the last point of the data set (i.e. 40000 cm"'). For the region

of measurement, the integral was evaluated by Simpson's rule, summing trapezoidal areas defined

by pairs of points, where each point equals the value of the integrand for a particular frequency.

Apendix B shows a program written with Mathematica v5.2 to evaluate the phase-shift 9. In this

program the low frequency and high frequency parts of the phase-shift integral do not suffer from

the point of singularity, as long as we are concerned to evaluate the phase-shift 6 and other optical

functions in the region of measurement. In the program, these two integrals have been evaluated

using the predefined functions of Mathematica v5.2. However the point of singularity remains in

place for evaluation of the integral in the region of measurement using Simpson's rule. As mentioned

above, applying L'Hopital's rule at each singular point, the integrand caji be well-behaved

Ln[R{u')/R{uj)]
,

£Ln[R{u;')/R{uj)]
^

^R{u')
,

Setting uj' = oi, the last relation can be written as:

j;;yR{uj')\u'=u

2ujR{uj)

(8.36)

(8.37)

In this relation, the term ^R{ij^)\u'=u) is the slope of the reflectance at point uj which is quite

easily derived from the reflectamce. This relation has been applied to take care of singular points

in the program.

In the program of Appendix B, block A is used for importing the reflectance file in the format

of a text file, where the first and second colimin are frequency and the reflectance. There is no

limitation on the number of data points or on the frequency interval between data points. In block

D, all optical functions can be derived and saved in a *.txt file format.
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8.10 Experiment

8.10.1 sample preparation

The (111) surface of the Cd2Re207, '^O sample was polished in three steps. First it was ground

with Emery paper (No. 600) to a flat surface with dimensions: 5.5 x 4.5 mm. In the next step

it was polislicd to a shiny surface with diamond paste, first with the 6 firn and next with the 1

urn grain size. After the final stage, the thickness of the sample was measured and turned out to

be 1 mm. A stainless steel reference mirror was selected with the approximate size of the sample.

Both the sample and the reference mirror were mounted on very small copper screws with 5 minute

epoxy and then they were secured on a wedge shaped holder made from Copper, Fig. 8.1. The main

reason for using the copper wedge is that the incident light which does not irradiate the sample will

be prevented from hitting the bolometer. This is possible by reflecting from the two flat surfaces of

the copper wedge in an off-axis direction.
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Figure 8.3: The scheme of the ^He cryostat of the physics department at Brock university.
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8.10.2 The ^He Cryostat

A ^He Cryostat enabled us to carry out the measurement of the reflectance of the sample at three

temperatures: 0.5, 1.5, and 4.2 Kelvin. This system features two independent ^He refrigerators.

During the experiment one of these refrigerators is used for the IR sensor, and the other one for

cooUng the sample.

We need to use a ^He cryostat for the feur-infrared measurements for two m«iin reasons . First

of all, for the far-infreired detection, we use two silicon bolometers, one working at 4.2 K and the

other at 0.4 K. The bolometer needs to be maintained at these low working temperatures as it can

be sensitive to radiation with energy as small as 10"^^ Joule. For comparison, the ambient radia-

tion at 1 Kelvin calculated from the Stefan Boltzmann law is on the order of magnitude of 10~^^

W-cm~^ . The temperatures used in the experiments were approximately 0.37 and 4.2 Kelvin for

the bolometer stage. These low working temperatures together with selecting a suitable set of far-

infrared filters assure that the recorded signal is mainly due to the IR Ught reflected from the sample.

The second reason a cryostat is used, is to be able to run experiments on the sample at low

temperatures. This goal is achieved by controlling the temperature on the sample stage of the

cryostat, while keeping the bolometer stage at a fixed temperature. A schematic overview of the

^He cryostat is shown in Fig. 8.3.

After installation of the sample and optical filters inside the ^He cryostat, the system is enclosed

emd evacuated using a combination of a rotary pump and a turbo molecular piunp for 2-3 days

until the vacuum in the system reaches its low limit level (i.e. « 5x 10~^). The cryostat has to be

evacuated to thermally isolate the sample and bolometer stage from the case. Then both the N2

and ''He containers are filled with hquid Nitrogen to pre-cool the cryogen vessels. When the system

is equilibriated at «76.8 Kelvin (after « 5 hours), the '*He container is voided amd filled with liquid

*He (temperature 4.2 Kelvin). The first time that we transfer liquid '*He, it is necessary to give

enough time (« 6-8 hours) to the system to equlibriate at 4.2 Kelvin while in latter transfers it is

not necessary to wait.

In the next step, while the bolometer and sample stage pump switches are open and the bolome-

ter and sample stage refrigerator switches are closed, we pump on the liquid ''He bath by use of

a rotary piunp. In this step, two external valves located besides the ^He storage tanks and the

charcoal pumps should be closed. During this time a current not more than 4.5 A is apphed to

both bolometer and sample charcoal pumps and their temperatures are monitored by reading the

resistance of their heating elements via a multimeter attached to a switch box. When the resistances

are approximately 2.3-2.5 KQ (equivalently ss 30 Kelvin) and the temperatiure at both the sample

and bolometer stage is approximately 1.8-1.9 Kelvin, we stop pumping on the ''He bath and the

heater currents aire tm-ned off. Immediately after, the bolometer and sample stage pump switches

are closed and the bolometer and sample stage refrigerator switches are opened. After waiting for

w 1 hour, the temperature at the bolometer stage decreases to « 0.38 Kelvin and settles to w 0.37

Kelvin in 2-3 hours; and the temperature at the sample stage depending on the optical filters used

in the cryostat, decreases to either 0.48 Kelvin or 0.67 Kelvin (see Table 8.1). Once the temperature

of the bolometer and the sample is set to the minimimi amoimt, the green valves eire opened. This

is an important step, because, if the cryostat wsu-ms up without the ^He being able to expand into

the storage tank the high pressure ^He gas may cause the tubing to rupture.
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Reaching these very low temperatures is based on the fact that ^He liquefies at 3.19 Kelvin. The

temperature of the ^He is decreased by pumping on it via the charcoal pump while the charcoal

pump gets cooled due to thermal contact with the ""He bath and adsorbs ^He gradually.

To set the temperature of the sample stage at 1.5 Kelvin, the sample stage pump switch was

opened slightly to reduce the speed of pumping. Usually the sample stage warms up at least three

times faster than the bolometer stage. After waiting 4-6 hours the temperature of the sample stage

reaches to the temperature of the ''He bath. During the optical measurement, for some reason

(possibly a mechanical or thermal shifting) we should never connect the sample stage to the ''He

bath, otherwise, a shift in the spectrum will appear.

The temperature is monitored via a Lake Shore temperature controller (DRC-91CA). There

are three temperature sensors located inside the cryostat: low temperature Germanium resistors

on the sample stage, and the bolometer stage, as well as a high temperature silicon diode on the

sample stage. From the Lake Shore temperature controller, sensor A with program No.6 reads the

temperature at the bolometer stage, sensor A with the program No.7 reads the temperature at the

sample stage, and sensor B with program No.2 reads the temperature of the ''He bath. Sensor A
is calibrated for the temperatures below 6 Kelvin and sensor B is calibrated for the temperatures

above 6 Kelvin.

8.10.3 Spectrometer

A Bruker IFS 66v/S spectrometer was used for the reflectance measurement. The Bruker spectrom-

eter works as a Michelson interferometer (see Chapter 7).The Bruker spectrometer is interfaced with

the cryostat via a brass pipe (Fig. 8.4). The light entering the cryostat can travel either to the

sample or reference mirror. This is accompUshed by using two electronically controlled shutters and

a flip mirror. The beam of light may travel only through one path at a time. The light is then

reflected from the target (sample or reference mirror) to the bolometer. During the experiment, the

Bruker and the brass pipe are under vacuum.

Figiu-e 8.4: The Bruker spectrometer and the ^He Cryostat. In this photograph, we can see that

the Bruker (on the left of the photo) is interfaced with the ^He Cryostat (on the right

of the photo) via a brass pipe.
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8.10.4 Data Collection

The IR light coming from the BRUKER is incident on the sample and the reflected IR light /,„„ is

measured. For the independent reference path, the reflected IR light from the reference mirror Iref

is measured . The Iref is measured to correct any signal shifts due to intensity fluctuation in the

IR source, and sensitivity changes in the detector. In this thesis, the data collected in this step is

referred to as before gold evaporation or briefly before gold ( or 5.G.).

For deriving absolute reflectance, we should coat the sample with gold after completing step

B.C. . Four small pieces of gold wire are twisted around a prepared tungsten filament (the gold

wires should not be loose on the filament). The filament itself is twisted four times around a 1 mm
drill bit. The filament is connected to two screws placed underneath the sample stage cover plate.

This procedure is carefully done before covering up the cryostat. To coat gold, a 1 A current is

apphed for 10 seconds (to the tungsten filament) followed by a 2 A ciurrent for 30 seconds. Although

the procediKe of gold evaporation takes a very short time compared to the other steps of the ex-

periment, it is of crucial importance. If we do not get a good result during the gold evaporation,

the experiment has to be repeated all over again. This coating procedure corrects unwanted scat-

tering due to surface roughness or sample shape. The amount of gold evaporated is small enough

to maintedn the same surface topology of the sample. In this thesis, the data collected in this step

is called after gold evaporation or briefly after gold ( or A.G.).

The reflection data {B.G. and A.G.) were collected from the sample and reference mirror in four

far-infrared spectral regions: 1- 7-22, 2- 10-60, 3- 30-240 , and 4- 40-700 cm-^ In each spectral

region the data were collected at three different temperatures: 0.5, 1.5, and 4.2 Kelvin. For each

spectral region, we used a diflFerent combination of beam-spUtter, set of filters, and IR lamp to

achieve the highest signal to noise . Table 8.1 summarizes this information.

During the numing of the experiment, a program called P£u*allel assisted us in communicating

with the OPUS software (a program which communicates with the BRUKER), and also with the

electrical shutters. The reflection data from the sample and reference mirror were collected in a

predefined block via setting up sequential commands in the program. In the first block (block A) the

data are collected as sam-ref-ref-sam and in the second block (block B) the data are collected as

ref-sam-sam-ref. These blocks are repeated as A-B-A-B for 8-12 times. Finally, the Isamlhef
ratio is calculated for each block separately, and then the average of the ratios is cailculated. This

procedure is repeated over 3-4 days and the average of each day is compared. The final result is

obtained from taking the average of the reflectance of each day.

The absolute reflectance Robs is calculated from the following formula

L hef-B.G. J I. iref-A-G. J

Thermal reflectance Rrh is another useful quantity which can be derived from dividing the

reflectance at two different temperatiues Ti and T2. For substances such as Cd2Re202 with a

phase transition, thermal reflectance can reveal the effect on the reflectsince of the phase transition.

The Cd2Re202 sample is a superconductor below 1 K, and thus we might see features such as phonon
activity of the opening of a gap more clearly in the thermal reflectance of the superconducting state

compared to the normal state at very low frequencies (i.e. below 10 cm— 1). Thermal reflectance is

cadculated from the following formula
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Rth{Tx) = ^f^^ (8.39)

In this thesis, Rth has been obtained at 0.5 K and 1.5 K by dividing the reflectance of the

sample before gold evaporation at 0.5 K and 1.5 K to that at 4.2 K. This thermal reflectance

is cjJled thermal reflectance before gold evaporation. For comparison, thermal reflectance of the

sample at 0.5 K and 1.5 K after gold evaporation has also been obtained. Thermal reflectance after

gold evaporation should not show any temperature dependence.

8.11 Experimental Results

8.11.1 Thermal Reflectance

As stated earUer, thermal Reflectance can be used to compare the properties of the material in two

different states. The optical functions are interdependent, which means a change in the reflectance

is the equivalent of a change in the complex optical conductivity (or the complex refractive index),

which of comse reflects changes in the electron energy states or phonon activity in the material.

In this thesis, thermal reflectance is used to compare the reflectance of the sample in the super-

conducting state (0.5 K) to the reflectance of the sample in the state right above Tc (1.5 K) with

respect to the reflectance of the sample in the normal state (4.2 K).

Fig. 8.5 shows the thermal reflectance result at very low frequencies (7-22 cm~*) of the sample

together with the thermal reflectance of the gold coated sample. Gold is a very good reflector

in the far-infrared with no superconductivity behavior. Thus, the thermal reflectance of the gold

coated sample is a useful probe, which allows us to make a simple comparison between the thermal

reflectance of the sample with that of the gold coated sample. If there is no change in the optical

properties at the two temperatures, the thermal reflectance would be unity for all wavenumbers. If

there is a temperature dependent change above the level of the noise in the absolute reflectance,

this will be seen in the thermal reflectance as a deviation from unity.

As we can see from this figure, all spectra show a 1% oscillation about unity while the thermal

reflectsmce of the sample in the superconducting state before gold evaporation, shows a depression

below 12 cm~^.

BCS theory estimates the zero-temperature energy gap A(0) between the ground state and the

first excited state of the Cooper pairs by a simple formula:

A{0) = ^KBn. (8.40)

We should note that the pairing-energy is twice the superconducting energy gap. At any tem-

perature T below Tc, energy gap can be given by [38],

Solving eq. 8.41 for A(r), the energy gap of the Cd2Re207, '^O sample (with Tc=l K) at

T=0.5K in terms of wavenimiber is 2 A(r — 0.5K) = 2.33 cm~* (i.e. optically we measure 2A).

Since this result is much smaller than the result of the frequency of the feature disccussed above in
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the thermal reflectance, it is unlikely that this feature is a measure of the superconducting energy

gap-

In an attempt to remove the oscillatory noise from the thermal reflectance in order to show this

feature more clearly, two models were used to smooth spectra. In the first model, all spectra were

smoothed with one equation:

Rrh-smi = Rth + 0.85 RTh{l - Rrh)

,

(8.42)

where Rrh-Smi is the smoothed thermal reflectance.

Fig. 8.6 shows the result. From this fig\ire we can see that the oscillatory noise has been removed

from all spectra to a great extent. Although, the depth of the feature has significantly decreased

from 0.955 in the raw data to 0.99 in the smoothed spectra, the result can be useful in order to

show that this feature appears only in the superconducting state. However, it may be possible that

by introducing oscillatory functions into this equation, one obtains a better result from what has

been presented here.

In the second approach to smooth the thermal reflectance, the Fourier components of the oscil-

latory noise (two sine and two cosine functions) in the range 12-24cm~^ were fitted, . The fitting

equation is given by

Rrh-Fit — 0.0+ aisin{kiu} + 6i) + a^ cos{k2UJ + 62) + a^ sin{kiuj + 6^) + a^ cos{kiUJ + 0^) , (8.43)

where ao=0.998727, aj =0.00266205, A;i=24.8907, ^i=2.64913, a2=0.0167795, A;2=15.8323,

02=1.62793, 03=0.0187954, A;3=5.2871, ^3=1.69135, 04=0.00696794, ifc4=5.86323, and ^4=0.530786.

Using Rrh-Fit from the equation above and Krh-Raw (the raw thermal reflectance), the smoothed

thermal reflectance can be given by

RTh-Sm2 = 0.998727 + RTh-Bn^ - Rrh-Fit (8.44)

The result can be seen in Fig. 8.7. This figure shows the result from equations 8.43 and 8.44

together with the raw thermal reflectance in the superconducting state. From this graph we can see

that the oscillation has been removed from the raw spectrum and the feature has kept its shape but

shown a small increase in depth from 0.955 in the raw spectrum to .948 in the smoothed spectrum.

The uncertainty of the optical reflectivity measurement of the sample over the entire experiment

was foxmd to be not more thain 1%. This quantity was obtained by observing the repeatability of

the spectrum over the different runs. Fig. 8.8 shows the smoothed thermal reflectance using eqs.

8.43 and 8.44 in the superconducting state (0.5 K) together with the error bars.

Fig. 8.9 shows thermal reflectance of the sample at two temperatures: 0.5 K and 1.5 K with

respect to the normal state (4.2 K) over the entire range of the measurement. As we can see from

this graph, in addition to the 10 cm~^ feature which was discussed above, there is further structure

near 30 cm~^ which we attribute to a phonon mode which exhibits some temperature dependence.
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Figure 8.5: Thermal Reflectance of the sample Cd2Re207, ^^O before and after gold evaporation

at low frequencies obtained from the reflectance measured in the following states: su-

perconducting (0.5 K), right above superconducting (1.5 K) and normal (4.2 K). All

spectra show on average, a 1% oscillation around 1. For the thermal reflectance in the

superconducting state (shown by red stars), a depression can be seen clearly starting to

develop near 12 cm~^
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Figure 8.6: Smoothed Thermal Reflectance using eq. 8.42 in the range 7-24 cm~^ All spectra show

unity over the frequency range excluding the thermal reflectance in the superconducting

state that shows a dip near 10 cm"^.
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Figure 8.8: The smoothed thermal reflectance using eqs. 8.43 and 8.44 in the superconducting state

(0.5 K) together with the error bars (1%).
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Figure 8.9: Thermal Reflectance at 0.5 K and 1.5 K with respect to 4.2 K over the entire range of

the experiment. In addition to the feature near 10 cm"' an active phonon mode can be

seen at « 30 cm"^
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8.11.2 Absolute Reflectance

As described in section 8.10.4, the reflectivity measurement was carried out on the sample in four

optical regions where each region overlaps with the neighboring region to some extent. The whole

range covers the far-infrared spectral region from 7 to 700 cm~^ For each region the reflectivity

of the sample was measured at three temperatures: 0.5, 1.5, 4.2 K. These measurements were also

carried out on the sample after evaporating a thin layer of gold on the sample. Using eq. 8.38,

the absolute reflectance of the sample was obtained for each range of the measurement. For e«ich

range the absolute reflectance was obtsdned through averaging of the reflectivity measured in many
nms over 3-4 days. Finally the absolute reflectance spectra measured for each range were linked to

each other. Fig. 8.10 shows the result of the absolute reflectance of the sample at 0.5 and 4.2 K
together with the absolute reflectance measured at 24 K by N. L. Wang, et. al. [34]. In this graph.

The absolute reflectance at 1.5 K is not shown, as it is very close to the absolute reflectance at 0.5

K. From this graph, it can be seen that the absolute reflectance of the sample shows the expected

behavior of a metal. That is, it approaches 1 as the frequency of the incident light decreases, and

also increases as the temperature decreases.

8.11.3 Optical Conductivity

In order to do Kramers-Kronig analysis on the sample, the absolute reflectance of the sample was

extrapolated to the reflectance measured from the sample in the range 650-40000 cm~^ at 24 K by

N. L. Wang, et. al. [34], as the reflectivity is expected to be relatively temperature independent at

high frequency. A freeware digitizing program called Enguage was employed to digitize a scanned

picture of the spectrum at 24 K. The result can be seen in Fig. 8.11. From this graph a plasma

frequency can be seen at a freqeimcy close to 15,000 cm"^ a result which will be later confirmed

with the result derived from the re«il part of the dielectric function (ei).

Based on what was discussed in section 8.8, two further extrapolations were carried out on the

spectra at lower and higher frequencies and the final spectra were analyzed with a program (written

by the author of this thesis), in order to derive the spectral response of the optical functions of the

sample. To check the written program and also to see the spectral behavior of the optical functions

in temperatures between 0.5 and 24 K, Kramers-Kronig analysis was carried out on the refiectance

at 24 K and the result was compared with reference [34].

Fig. 8.12 depicts the results for the real pait of optical conductivity at three temperatures

0.5, 4.2 and 24 K. The optical conductivity obtained from our Kramers-Kronig analysis at 24 K is

consistent with the result of reference [34]. From the spectra, we can identify a narrow Drude-like

resonance at zero frequency and a very broad mid-infraxed excitation, that is , it behaves as a real

metal. Real metals exhibit aspects of both the Drude model of free-electron metals and the Lorentz

model of dielectrics.

Fig. 8.13 shows the spectral behavior of the optical conductivity in the range 0-800 cm~^ in

order to identify the IR-active phonon modes. As can be seen, the optical conductivity spectra show

a number of IR-active phonon modes which exhibit more structure as temperature decreases. From
this result, there are four modes at 200, 310, 385, 575 cm~^ which are reported as 170, 280, 372,

570 cm~' in reference [34] respectively. The strong phonon mode appearing at 44 cm~^ is related

to the broad feature near 30 cm~^ in the thermal reflectance spectra of the sample (see fig. 8.9).





Chapter 8. Optical Properties of Solids 97

1 na-





Chapter 8. Optical Properties of Solids 98

1.1

1.0-

0.9-

0.8-

0.7-

0)

^ 0.6-1

TO

^ 0.5
(^

a: 0.4^

0.3-

0.2-

0.1

0.0

0.5 K, Hagen-Rubens

0.5K, Experimental result

0.5K. Extrapolation to 24 K

4.2 K, Hagen-Rubens

4.2K, Experimental result

4.2K, Extrapolation to 24 K

24K, N. L. Wang, et. al.

Free-electron regime

I I I 1 1 1 ii|

1 10

I I 1 1 1 i i | I I I 1 1 1 ii| I I

IX 1000

Wavenumber (cm'^)

I r I ir| I I I I I I ii|
'

I

10000 100000

Figure 8.11: Experimental and extrapolated absolute reflectance of Cd2Re207 in order to be used

for the Kramers-Kronig analysis. A Hagen-Rubens aproximation has been used for

extrapolating the reflectance from to 7 cm"^. The spectra have been smoothly

extrapolated from 650 to 40,000 cm"^ using the reflectance at 24 K from reference

[34]. A free electron approximation has been used to extrapolate the spectra above

40,000 cm"
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Figure 8.12: The frequency-dependent optical conductivity of Cd2Re207 at 0.5, 4.2, 24 K. For all

spectra, it can be seen a narrow Drude-like resonance at zero frequency and a very

broad mid-infrared excitation.
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Figure 8.13: The frequency-dependent optical conductivity of Cd2Re207 at 0.5, 4.2, 24 K and

phonon modes. Arrows show positions of phonon modes.
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Figure 8.14: The extrapolated optical conductivity of Cd2Re207 to the static hmit. The static limit

of the optical conductivity at 4.2 K is 51622 Q~'-cm'"\ which is in good agreement with

the dc resistivity measured from the sample at this temperature (adc=51745 n~'-cm~^)
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Fig. 8.14 shows the extrapolated optical conductivity to u;=0, in order to estimate the static

limit of optical conductivity in the normed state (4.2 K) of Cd2Rje207. As can be seen, the static

limit of optical conductivity at 4.2 K is « 50,000 n~^-cm~* (or more accurately 51622 n~^-cm~^),

which is in good agreement with the dc resistivity measured from the sample at this temperature

(see fig. 5.12. The dc experimental data shows ct=51745 n~^-cm~^) at 4.2 K.

8.11.4 Dielectric function

The real part of the dielectric function shows the dispersion behavior of materials. There are two

aspects of ci which can be derived by plotting eq. 8.10 for an optical material with some resonant

frequencies. First, €i increases with ui. This kind of dispersion is called normal dispersion. Second,

ci decreases with uj at each resonant frequency and again increases with u. This kind of dispersion

is called anomalous dispersion. Thus ei is a good probe to identify the resonant frequencies associ-

ated with electronic energy levels or vibrationed modes (phonons). Fig. 8.15 shows the anomalous

dispersion at 44 cm~^ in Ci. This resonant frequency was also identified in the real part of the

optical conductivity in Fig. 8.13. As can also be seen, ei shows the normal dispersion over the

entire spectral range.

Using eq. 8.14, at frequencies far above the highest resonant frequency the real part of dielectric

function for metals can be writen as

ei(a;) = 1 - {'^f (8.45)

The high frequency plasma mode for Cd2Re207 is obtained by substituting ei=0 in the equation

above or by locating the zero-crossing feature from Fig. 8.15. From the calculated Ci, the high

frequency plasma mode is: Wp^14708 cm~^ This high frequency mode can be also seen in the

absolute reflectance of the sample, where, the reflectance is minimized (Fig. 8.11).

Fig. 8.16 shows another region of anomalous dispersion for Cd2Re207 occiurred at a; « 10 cm~^
just in the superconducting state.

While the real part of the dielectric function (ei) shows a resonant frequency as an anomalous

dispersion in the spectrum, the imaginary part (€2) shows a resonant frequency as a peak in the

spectnmi. Fig. 8.17 shows the cadculated £2 for Cd2Re207 in the frequency range 0-50 cm~^ at

0.5, 4.2, 24 K. This figure shows the activity of a phonon mode at 44.01 cm~^. As can be seen,

this mode shows a shift to 42.44 cm~^ (1.57 cm~*) through transforming from normal state to the

superconducting state. This shift may be compared to the energy gap of the Cd2Re207, ^®0 sample

(with Tc=l K) at 0.5 K in terms of wavenumber which is 2 • A(0.5) = 2.33 cm~^ .
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Figure 8.15: The frequency-dependent real part of dielectric function of Cd2Re207 at 0.5, 4.2, and
24 K, over the entire spectral range.
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Figure 8.16: The frequency-dependent real part of dielectric function of Cd2Re207 at 0.5, and 4.2K,

in the range 0-50 cm~^ The anomalous dispersion happens at a; % 10 cm~' just in

the superconducting state.
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Figure 8.17: The frequency-dependent imaginary part of the dielectric function of Cd2Re207 at

0.5, 1.5, 4.2, and 24 K, in the range 0-50 cm~^ The observed mode at 44.01 cm"^
shows a shift to 42.44 cm~^ (1.57 cm~^) through transforming from normal state to the

superconducting state. This shift may be compared with the superconducting energy

gap of the Cd2Re207, ^^O sample (with Tc=l K) at 0.5 K in terms of wavenumber
which is 2 • A(r = 0.5K) = 2.33 cm^^ .
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Chapter 9

Conclusions

Prom single crystal X-ray diffraction analysis of Cd2Re207, it is concluded that Cd2Re207 crystals

have grown chiefly in the (HI) direction. In addition, powder X-ray diffraction spectra from the
**0 and ^^O samples do not show any difference in the lattice structure of these two samples. Prom
powder X-ray diffraction spectra, the average of the calculated lattice parameter from each line is

10.28 A «ind 10.27 A for the ^^0 and ^®0 respectively. This small change in the lattice param-

eters from two samples could originate from a systematic error or even from the dissimilarity of

the powder grains. The lattice psirameter calculated from the single crystal X-ray diffraction of

Cd2Re207, *®0 is 10.22 A which is consistent with the ICCD result. Assigning the space group

Fd3m to Cd2Re207 at room temperature and using structure factor analysis, two chief systematic

reflection conditions were derived by which the position of most of the Bragg reflection Unes are

explained in a powder X-ray diffraction spectrum. The first systematic reflection condition dictates

that all reflections from the (hkl) planes are a full set of either even or odd numbers (resembling

fee structure), and the second one demands that all reflections from the (hOO) planes satisfy the

condition: h=4n (resembling a pyrochlore structure).

The temperature dependence of the resistivity measurement of ^^O has revealed two structural

phase transitions at 120 and 200 K, and the superconducting transition at 1.0 K. Prom this result,

the resistivity shows a decrease through lowering the temperature below 200 K, a property of most
metals. However it is constant above 200 K, which indicates that the overall rate of electron-electron

and electron-phonon collisions remains constant above 200K. This feature may be explained in a

way that the rate of occurrence of one of these collision mechanisms decreases in favor of an in-

crease in the rate of occiurence of the other one. The role of phonons in the physical properties

of Cd2Re207 can be imderstood by observing an increase in the number of active phonon modes
through lowering the temperature of the sample, revealed in the temperature-dependence of the

REiman spectrum of this compound.

Applying Pactor Group Analysis (PGA) on three different structm-es of Cd2Re207 (Pd3m, I4m2
and I4i22) at temperatures T> 200 K , 120 K<T<200 K and T<120 K, respectively, the number
of IR and Raman active phonon modes close to the Brillouin zone centre have been determined and
the results have been compared to the temperature-dependence of the Raman shifts of ^®0 and ^*0

samples. The four Raman shifts observed from the ^^0 and ^®0 samples at room temeperature are

in consistent with the PGA prediction (see Pigure 6.8). Furthermore, the eighteen Raman active

phonon modes for the space group I4i22 predicted by the PGA, has been compared with the fifteen

Raman shifts observed in Raman spectrum of the sample at T=50K (see Pigure 6.9). A possible

reason for this difference can be the existance of two phonons at each Raman shift: 332, 654 and
724 cm~^ , as they show rather large widening. In this case the number of modes appeared in the

spectnmi will be equal to the eighteen of the PGA prediction. The temperature-dependence of the

PWHM and Raman shift of mode Ej of ^®0 and ^*0 samples (see Pigures 6.5 and 6.7), show the

effects of the two structiural phase transitions above Tc, where two points of inflection can be seen

in the spectnun, one located at 200 K and another one at 120 K .
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The Raman shifts at 221, 454, 490, and 681 cm"* of the ^^O sample are shifted to 210, 429, 464,

and 645 cm~* of the ^®0 sample at room temperature respectively (see eq. 6.22). The amount of

shift associated with each Raman shift of the ^^0 sample can be derived ft'om its relevant Raman
shift of the ^®0 sample by associating a simple harmonic oscillation to oxygen atoms. This result

indicates that all Raman shifts of Cd2Re207 at room temperature are from the vibration of oxygen

atoms (the Ughtest atom in the lattice).

The absolute reflectance of Cd2Re207 - **0 single crystals from the (HI) plane in the far-infreired

sj)ectral region (7-700 cm~^) has been measured in the superconducting state (0.5 K), right above

the superconducting state (1.5 K), and in the normal state (4.2 K). By means of Kramers-Kronig

analysis, the absolute reflectance was used to calculate the optical conductivity and dielectric func-

tion. The real part of optical conductivity shows five distinct active phonon modes at 44, 200,

300, 375, and 575 cm~^ at all temperatm-es including a Drude-like behavior at low frequencies.

Overall, the optical conductivity at all temeratures shows a Drude-like resonance at zero frequency

and a very broad mid-infrared excitation (resembling a real metal). The static limit of the optical

conductivity at T=4.2 K is 51622 Q~^- cm~\ which is in good agreement with the dc resistivity

measured from the sample at this temperature (o-dc=51745 il~^- cm~^).

The real part of the cedculated dielectric function (ei) shows a high frequency plasma mode at

a;p=14708 cm-^

The imaginary part of the calculated dielectric function (£2) shows a mode softening of the 44

cm"' mode below Tc. At all temperatures, from our results, this mode is not shifted (stable at

44.01 cm"^) unless in the superconducting state in which it is shifted to 42.44 cm~^ This shift

(1.57 cm~') may be compared with the superconducting energy gap of Cd2Re207 at 0.5 K which

is 2 • A(r = 0.5K) = 2.33 cm'^ .

Thermal reflectance of the saimple at 0.5 K and 1.5 K shows two vivid features. First, it shows

a structure near 30 cm~^ which we attribute to a phonon mode which exhibits some temperature

dependence. This phonon mode is attributed to the peak at 44 cm~^ in the €2 spectra. Second, it

shows a strong absorption feature close to 10 cm~^ in the superconducting state with a reference

temperature of 4.2 K.

At this stage we are not sure why exactly the strong absorption feature close to 10 cm~^ hap)-

pens in superconducting Cd2Re207, and more investigations should be carried out to give a reliable

answer. However, one may argue a phonon-induced far-infrared absorption mechanism in super-

conducting Cd2Re207. Phonon-induced far-infrared absorption was first observed by Joyce and
Richards [39] . They observed an increase in absorption due to phonon creation in superconducting

lead at characteristic frequencies in the normal lead and at the frequencies plus 2A in the super-

conductor. This mechanism was then explained on the basis of the phonon generation mechanism
originally proposed by Holstein [40].

In the Holstein process, the energy of the absorbed photon is distributed between an electron-

hole pair and a phonon. According to this theory, which is based on the formalism of second-order

perturbation theory, the absorptivity of metallic conduction electrons can be interpreted in a two

stage process, involving the simultameous absorption (or emission) of electromagnetic energy and
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the absorption (or emission) of phonon. FVom this, it can be inferred that, in a Holstein absorp-

tion process, one photon and one phonon can interact in four ways. From the classical theory, the

available energy to phonons is wKbT, in a momentum-trauisfer process from electrons to lattice

vibrations. Therefore, at low temperatures only low-frequency phonons can exist. However, in the

quantum mechanical treatment of absorption, i.e. Holstein process, a quantum of electromagnetic

energy hui is imparted to electrons, with the result that the energy available for the generation of

phonons is no longer KbT but fkj »KbT. According to BCS theory, the superconducing electrons

pair up into Cooper pairs via phonons with a 2A binding energy. In the result of a Holstein process

in a superconductor, an energy of at least 2A must go to a Cooper pair to break up the pair-bond

[41].

Therefore, if one attributes the Holstein process to feature at 10 cm~^ in superconducting

Cd2Re207, it is expected to see a phonon activity at almost 7.7 cm"^ in normal Cd2Re207 as

2A is 2.33 cm~^ Further improvement in the Far-infrared spectrometer in order to be able to mear

sure the IR light with frequencies as low as 5 cm~^ with at least 1% precision may give a reasonable

answer to this question.
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Appendix A

Fitting Program for /-Function

The code of a program written in " 'Mathemtica" ' language, a fitting and mathematical analysis

software, to find the best Lorentzian fit to the / - fimction in the Van der Pauw method for

detemining the resistivity.

hW

Talael>Taiae[{Ke[-
-£— . lrcCo«kr^^tz& 1

l-T-^.lrcCort[
o.sm L

M^
], f}. It, :u, 1, .•!>]

(Mt»> ((1093.3, 0.26),

(272.922, 0.33)

(117.831, 0.39)

{61.26S7, 0.45)

(35.8782, 0.51)

(22.7465, 0.57)

(15.2192, 0.63)

(10.5544, 0.69)

(7.47811, 0.75)

(5.04556, 0.82)

(3.SS17, 0.88),

(2.36803, 0.94)

hpi' «6ri^lrlc»'

(862.555, 0.27), (690.952, 0.28), (561.105, 0.29), (461.302, 0.3), {383.492, 0.31), (322.037, 0.32),

, (233.238, 0.34), (200.854, 0.35), (174.181, 0.36), (152.026, 0.37), (133.476, 0.38),

, (104.546, 0.4), (93.1937, 0.41), (83.4342, 0.42), (74.9978, 0.43), (67.667, 0.44),

, (55.6504, 0.46), (50.7032, 0.47), (46.3268, 0.48), (42.4403, 0.49), (38.9763, 0.5),

, (33.0983, 0.52), (30.5961, 0.53), (28.3372, 0.54), (26.2922, 0.55), (24.4359, 0.56),

, (21.2052, 0.58), (19.7959, 0.59), (18.5042, 0.6), (17.3179, 0.61), (16.226, 0.62),

, (14.2889, 0.64), (13.4278, 0.6S), (12.6293, 0.66), (11.8876, 0.67), (11.1975, 0.68),

, (9.95416, 0.7), (9.39305, 0.71), (8.86775, 0.72), (8.37525, 0.73), (7.91285, 0.74),

, (7.0688, 0.76), (6.6829, 0.77), (6.31858, 0.78), (5.97416, 0.79), (5.6481, 0.8), (5.339, 0.81),
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mpp «Statl«tlc»' I ,ltMii1>egreMlom'
« Statistics'Daliaeaint

'

h|>2]:* ranl^Mstl. LoiMJieaiIJstniit[valael, Fr<aB->Trws,

SU&lMa-. (tatoatlc, {t, 8.1, i.Z, t.3, 8.4, I.S, i.I, 8.7, •.(, 1.9, 1»,
Ticks -.(tatoMtlc, (8, 8.1, 8.t, 8.3, 8.4, 8.5, 8.6, 8.7, 8.8,8.9, 1)), notItaavB-» ((1, lUt), (8, 1.1)),

.
Rai ,c*

-{ Rk.h
f}]

—— '^-

'•'.

'-^^

X_
^^

*..
1-^,-:

Hjj.:^-,....

ouipij- - Graphics •





Appendix A. Fitting Program for f-Function 110

t<p|« rMdtl.FiB<nt[val«el, «<
b«c

Log[r]' V

Outph («-» 0.115496, b-» 3.21183, c-> 2.83871)

(a, b, c), y]

In|g6)« nnlt9lot<>Loi^.laearPlot[l.llS4»S772ltl5SU3' *
3.2Ut2f»133)74C73' *2.*3*7ISflMt4I73('

Log[T]2 + 3 . 211l2t*133»74C73 - 2

(T, 1, Mt), FraB->Tne, teldLlaea ->(lati]mtic, (•, 1.1, 1.2, 1.3, 1.4, t.S, I.C, (.l, l.l, 1.9, 1)),

Ticks ->(tataMtic, {, 1.1, 1.2, t.S, 1.4, t.S, t.f, 8.1, 8.8, 8.9, 1}}, PloUtaave-. ((1. 188), (8, 1.1)),

riotJoiBed-»Tr«e, riotStrle-> (IIEBColor[l, 8, 8]), Tra

1 — ^.^^^^

o.a :»- —

0.4
^""^

^

0.4 ^::a

o.t

Oui|M]- - Graphics •

mptl^ re>«ll9lot3. Lo<MJ»«rnot[8.11M997728SS38U3' *
3 . 2U8299133974C73 ' * 2 . 83S785918984279(

'

Lo«[r]2 + 3.2111299133974(73'^

{T, 188, 1888), FraiK->Tr«e, GrKl^iaes -»(lat4»BtlC, (8, 8.1, 8.2, 8.3, 8.4, 8.3, 8.t, 8.7, 8.8, 8.9, 1)),

Ticks-. (KatCMtic, (8, 8.1, 8.2, 8.3, 8.4, 8.9, 8.(, 8.7, 8.8, 8.9, 1)), PlotBauve-* {(188, 1888), (8, 1.1)},

notJoiKd-»Tne, PlotStyle-. {ieGBColor(l, 8, 8]), Fr<
Kbcsk

1

o.t

o.«

0.4 -^.^c; — —

O.t

aoo
Ba.e

ou|M)' • Gtapblcs <





Appendix A. Fitting Program for f-Function 111

k>|>n- Skav[res«ltplotl, rasvltvlotl, renltvlotS, Fr—il iiliiil -»( —, til
RiCiift





Appendix B. Evaluation of 9 (uj) torn K-K Integreds 112

Appendix B

Evaluation of 9(uj) from K-K Integrals

"Mathematica 5.2"

"Codes for Kramers-Kronig Integral

and Optical Functions Evaluation"

"Date: July 20, 2008"

Writer: Mojtaba Hajlalamdarl"

Block A

ln[l]:= "Loading Data:"

dat = Import ["E: 0-5k.txt", "Table"]

;

"These values have been set for 0.5 kelvln"

" s is number of data points"

s = 2012

"k la number of data points for

which we would like to calculate optical parameters"

k = 2012

a is the low frequency cofficient(Hagen-Rubens Extrapolation)"

a - .95*10"'

^ is the high frequency coefficient (Free-Electron Regime)

"

/3 - 1.3695442*10^"

In [2]: = End of Block A
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Block B

"Block D is used for testing"

"Evaluation 9 (a) from Kramers-Kronig

integral at Low frequency part (Hagen-Rubens regime)

"

LogfJ;"^
]

Klntegratef '

, {x, 0, dat[[l, 1]]}, AccuracyGoal -» ool

^x'-dat[[j, 1]]' J

"Evaluation 9{<o) from Kramers-Kronig

integral at High frequency part (Free-electron regime)

"

LogF—5i5±_l
«»T ^ ^ r

^*L d«t[[j,2]] J ,,, , . ^ , 1NIntegrate , {x, dat [ [s, 1] ] , oo} , AccuracyGoal - oo

^x2-dat[[j, 1]]2 J

"Evaluation 9 (a) from Kramers-Kronig integral for experimental data'

theta =

For[i = 1, i < s, i++.

If[dat[[i, 1]] ==dat[[j, 1]], theta
dat[[i + l, 1]] -dat[[i, 1]]

dat[[i + l, 2]] -dat[[i, 2]]

2* (dat[[i + l, 1]] -dat[[i, 1]]) *dat[[i, 2]] *dat[[i, 1]]

+ theta, If[dat[[i + 1, 1]] ==dat[[j, 1] ]

,

j^
rd.t[[i.2i] 1

^L <Ut[[j,21] J

rd,t[[i.l,2]l 1

^^l dat[[J,2]] J

dat[[i + l, l]]2-dat[[j, 1]]
=

dat[[i + l, 1]] -dat[[i, 1]]
theta = *

(dat[[i, l]])'-dat[[j, 1]]'

dat[[i + l, 2]] -dat[[i, 2]]

2* (dat[[i + l, 1]] -dat[[i, 1]]) *dat[[j, 2]] *dat[[j, 1] ]

+ theta.

dat[[itl, 1]] -dat[[i, 1]]
theta = *

""«L d«t[[J,211 J

^L d«t[[J,211 J

(dat[[i + l, l]])'-dat[tj, 1]]-

(dat[[i, l]])2-dat[[j, 1]]^

* theta]
]

]

End of Block B
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Block C

Block C ! used for Bvaluatlng 6(0)) from Kramers-Kronlg Integral for wsO-»ao'

Cl«ar[t]

t » {{Frequency, ©}}

{{Frequency, ©}}

Do[{theta = 0, {For[l = 1, 1 < s, I'f-i-,

If[dat[[i, 1]] ==dat([j, 1]], theta =
dat[ti + l, 1]] -dat[[i, 1] ]

dat[[i + l, 2]] -dat[[i, 2]]

2* (dat[[i + l, 1]] -dat[[i, 1]]) *dat[[i, 2]] *dat[[i, 1] ]

*~«l d.t[[J,2]] J

dat[[i + l, l]]^-dat[[j, 1]]^

dat[[i + l, 1]] -dat[[i, 1]]
theta =

+ theta, If[dat[[i + 1, 1]] ==dat[[j, 1] ]

,

rdjtaiiiiii
"*^l <Ut[[j,2]] J

(dat[[i, l]])^-dat[[j, 1]]*

dat[[i + l, 2]] -dat[[i, 2]]

2* {dat[[i + l, 1]] -datt[i, 1]]) *dat[[j, 2]] *dat[[j, 1] ]

+ theta.

dat[[i + l, 1]] -dat[[i, 1]]
theta = *

*~=*L (lat[(j,2]] J

rd.tt[i.i.2iii
*~»l <Ut[[j,2]] J

(dat[[i + l, l]])'-dat[tj, 1]]'

{Tl= {dat[[j, 1]], *

(dat[[i, l]])*-dat[[j, 1]]*

+ theta]
]

]

,

l-a«Vx
"*^L <Ut[{j,2]] J

x2-dat[[j. 1]]'

{x, 0, dat[[l, 1]]}, Accuracy(3oal -* oo] -f

Log[ ^/«'*^
]

Nlntegratef ' -, {x, dat[[s, 11], oo>, AccuracyOoal -* ml + theta
^x^-dat[[j, 1]]^ J

Tl >» B:\testl.dat, AppendTo[t, Tl]}}}, {j, 1, k, 1}]

}.

End of Block C
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Block D

Blosk D la used for axtracting optical function* from 6{u)'

t la th« Matrix of 9{u) , Tha flrat column la tha fraquancy

and tha aacond column la 9. Nota that, tha flrat row la aapty."

t // NatrlxForai

Claar[lndx]

Indx s {{<ri, Indxll, lndx22, el, e2, ol, R, lUxp}}

{{(J, indxll, indx22, el, e2, al, R, Rexp}}

Calculation of optical functiona'

l-dat[[i, 2]]
Do[{n= {dat[[l, 1]], nl

n2

l + dat[[i, 2]] -2*(Vdat[[i, 2]] ) * Coa[t[ [1 + 1, 2]]]

2* (Vdattii, 2]] ) •Sin[t[[i + 1, 2]]]

l*dat([l, 2]] -2* (Vdat[[i, 2]] ) *Coa[t[[i + l, 2]]]

nl' -n2', apa2 = 2*nl*n2, 1.66782 *10-' *dat[ [1, 1]] •apa2.

(1-nl)* +n2'
, dat[[i, 2]]}, AppandTo[lndx, n]}, {1, 1, k, 1}]

(1 + nl)* +n2'

Indx // NatrlxForm;

Do[{al = {lndx[[l')-l, 1]], indx [[1 + 1, 2]]}, al >» E:\raaln.txt}, {1, 1, k, 1}];

Do[{al = {lndx[[i + l, 1]], lndx[[l + 1, 3]]}, si »> E:\imagen.txt}, {1, 1, k, 1}];

I>o[{al = {indx[[l + l, 1]], lndx[[l + 1, 4]]}, al >» Bi\apBilonl.txt}, {i, 1, k, 1}];

Do[{al= {indx[[i + l, 1]], lndx[[i + l, 5]]}, al >» B:\apallon2.txt}, {1, 1, k, 1}];

I>o[{al» {indx[[l + l, 1]], lndx[[i + l, 6]]}, al >» B:\algmal.txt}, {1, 1, k, 1}];

datalgmar Import ["E: test7.txt", "Table"];

End o£ BockD

Block E

Block B la uaad for fitting optical functiona with Druda and Lorantz oaclllators'

dataigma ahould ba loaded^

fl = Flnd7it [dataigma,

«p' • Td • 1. 66782 * 10^' Wpi' * q2 * Ti * 1. 66782 « 10"'

To* +02 («i»-Q2)'+Qa*ri'

End of lock E

{«p. To, Ui. Upi, Ti), q]
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