
Optical Properties of Metallic Systems 

A Thesis presented for the degree of 

Doctor of Philosophy 

by 

Martin Giles Blab er 

B. Sc. Hons. (Nanotechnology): University of Technology, Sydney 

Institute for N anoscale Technology 

Department of Physics and Advanced Materials 

Faculty of Science 

University of Technology, Sydney 

March 2010 



To my parents 



Certificate of Originality 

I certify that the work in this thesis has not previously been submitted for a degree 

nor has it been submitted as part of the requirements for a degree, except as fully 

acknowledged within the text. 

I also certify that the thesis has been written by me. Any help that I received 

in my research work and the preparation of the thesis itself has been acknowledged. 

In addition, I certify that all information sources and literature used are indicated 

in this thesis. 

A part of section 2.3 contains data submitted as part of the requirements of a 

previous degree, and is acknowledged in the text. The remainder of chapter 2 as well 

as chapters 3 and 4 are based on articles written by me under the guidance of my 

supervisors, with the notable exception of sections 3.1 and 3.2 which are based on an 

article largely prepared by Matthew Arnold, of which I am a co-author. Chapter 5 

presents my understanding of the background theory used in later chapters. Where 

the derivation of a particular author has been followed closely it is noted in the text. 

Chapters 6 and 7 are also based on articles written by me under the guidance of my 

supervisors. 

Martin Giles Blaber 

Production Note:

Signature removed prior to publication.



Acknowledgements 

Firstly, and foremost , I would like to thank my supervisors Prof. Mike Ford and 
Dr. Matthew Arnold. Their support over the last three years has been no less 
than amazing. A warm thanks to Prof. Mike Cortie, Director of the Institute for 
Nanoscale Technology (INT) at the University of Technology, Sydney (UTS), which 
supported me both financially, and by providing a lively and thought provoking 
place to work. INT also provided funding for all of the conferences I've attended. 

I must thank Burak Cankurtaran and Rainer Hoft for teaching me much of what 
I know about density functional theory, and also Meredith Jordan for answering 
my silly questions and George Bacskay for allowing me to sit in on his quantum 
chemistry lectures at the University of Sydney. 

Thanks to Andrew McDonagh, for providing a wealth of information regarding 
chemistry. 

Past and present UTS grad students, Nadine Harris , Dakrong Pissuwan, Dylan 
Riessen, Vijay Bhatia, Tim Lucey and Supitcha Pew; thanks for putting up with 
me. 

I would also like to thank Paul West, Vladimir Shalaev and Alex Kildishev 
from Purdue University, for showing me around their nanofabrication facility, and 
many usefull discussions on alternative materials for plasmonics. And also Kevin 
MacDonald from the University of Southampton for helpful suggestions regarding 
one of the manuscripts this work is based on. 

Finally, Jonathan Edgar and Jana Krcmafova for enjoining me to maintain some 
semblance of sanity over the years, with many entertaining discussions , unlimited 
caffeine, and above all, friendship. 

Computing Facilities were provided by the Australian Centre for Advanced Com-
puting and Communication (ac3) in New South Wales and the National Computing 
Infrastructures (NCI) national facility at the Australian National University (ANU). 
This work was supported financially by the Australian Research Council (ARC) , the 
Institute for N anoscale Technology, the Department of Physics and Advanced Ma-
terials and the University of Technology, Sydney. 



Contributing Publications 

Publications that contributed to this work. (In order of publication) 

(Pl) MG Blaber, N Harris, M J Ford, and MB Cortie, Proceedings of the IEEE: In-
ternational Conference on N anoscience and Nanotechnology, page 561 ( 2006). 
"Optimisation of absorption efficiency for varying dielectric spherical nano-

particles" 

(P2) M G Blaber, M D Arnold, N Harris , M J Ford, and M B Cortie, Physica B 
394, 184 (2007). 
"Plasmon absorption in nanospheres: A comparison of sodium, potassium, 

aluminium, silver and gold" 

(P3) l\/I G Blaber, M D Arnold and M J Ford, Journal of Physical Chemistry C 
113, 3041 (2009) . 
"Search for the Ideal Plasmonics Nanosh ell: The Effects of Surface Scattering 

and Alternatives to Gold and Silver" 

(P4) M G Blaber, M D Arnold and M J Ford, Journal of Physics: Condensed 
Matter, 21, 144211 (2009). 
"Optical propeTties of intermetallic compounds from first principles: 

a search for the ideal plasmonic material" 

(P5) M D Arnold and M G Blaber, Optics Express, 17, 3835 (2009). 
"Optical performance and metallic absorption in nanoplasmonic systems" 

(P6) M G Blaber, M D Arnold and M J Ford, Journal of Physics: Condensed 
Matter , 22, 095501 (2010). 
"Designing materials for plasmonic systems: the alkali-noble intermetallics" 

(P7) M G Blaber, M D Arnold and M J Ford, Journal of Physics: Condensed 
Matter , 22 , 143201 (2010). 
"A review of the optical properties of alloys and intermetallics for plasmonics" 



Non-Contributing Publications 

Publications which do not feature in this work. (In order of publication) 

• J A Edgar, HM Zareie, MG Blaber, A Dowd, MB Cortie, Proceedings of the 
IEEE: International Conference on Nanoscience and Nanotechnology, page 32 
(2008). 
"Synthesis of hollow gold nanoparticles and rings using silver templates" 

• N Harris, MD Arnold, MG Blaber, M J Ford, Journal of Physical Chemistry 
c 113, 2784 (2009). 
"Plasmonic Resonances of Closely Coupled Gold Nanosphere Chains" 

• M G Blaber, M .J Ford and M B Cortie in "Gold: Science and Applications", 
edited by C Corti and R Holliday, CRC Press (2010). 
"Chapter 2: The Physics and Optical Properties of Gold" 

• MD Arnold, MG Blaber, M J Ford, N Harris, Optics Express 18, 7528 (2010). 
"Universal scaling of local plasmons in chains of metal spheres" 



Oral Presentations 

(:VIost recent first) 

• M. G. Blaber, M. D. Arnold, M. J. Ford 
Designing Materials for N anoplasmonics 

SMONP 2009 (2009, Melbourne, Australia) 

• M. G. Blaber, M. D. Arnold, M. J. Ford 
Alkali-Nob le intermetallics as replacements for gold and silver 

PECS 8 (2009, Sydney, Australia) 

• M. G. Blaber, M. D. Arnold, M. J. Ford 
Can Metal Alloy.s Advance Plasmonics? 

AIPC 2008 (2008, Adelaide, Australia) 

• M. G. Blaber, M. D. Arnold, M. J. Ford 
Low Loss Optical Alloys for Plasmonics 

ICONN 2008 (2008 , Melbourne, Australia) 

• M. G. Blaber, M. D. Arnold, N. Harris, M. J. Ford, M. B. Cortie 
From Absorption Efficiency to Superlensing: Potassium 

AMN3 (2007, Wellington, New Zealand) 



Poster Presentations 

• M. G. Blaber, M. D. Arnold, M. J. Ford 
The Optical Properties of Alkali Noble Group 3 Alloys 

ICEM 2008 (2008, Sydney, Australia) 

• M. G. Blaber, M. D. Arnold, M. J. Ford 
The Optical Properties of Alkali Noble Group 3 Alloys 

WATOC 2008 (2008, Sydney, Australia) 

• M. G. Blaber, M. D. Arnold, M. J. Ford and M. B. Cortie 
The Optical Properties of Gold Alloys 

Molecular Modelling 2007 (2007, Melbourne, Australia) 

• M. G. Blaber, M. J. Ford, M. B. Cortie 
Plasmon absorption in a gold nanoparticle dimer 

ETOPIM7 (2006, Sydney, Australia) 



Certificate of Originality 

Acknowledgements 

Contributing Publications 

Non-Contributing Publications 

Oral Presentations 

Poster Presentations 

Glossary of Acronyms 

Abstract 

1 Introduction 

2 Nanospheres and Nanoshells 
2.1 Introduction . . . . . . . 

2. 2 Theoretical Background 

2.2. l Spheres . . . . . 

2.2.2 Concentric Shells 

2.2.3 Surface Scattering . 

2. 3 N anospheres . 

2.4 Nanoshells .. 

2.4. l Shells: Without Surface Scattering 

2.4.2 Shells: With Surface Scattering . 

2.4.3 Nanoshells: Optimum Geometries 

2.5 Conclusions . . . . . . . . . . . . . . . 

3 The Plasmonic Performance of Metals 
3.1 Introduction ....... . .... . 

3.2 Geometry Specific Quality Factors . 

3. 2 .1 N anoparticle Resonances 

3.2.2 Plasmonic Superlens . . 

3.2.3 Surface Plasmon Polaritons 

Contents 

11 

iii 

IV 

v 

VI 

vii 

xv 

xvii 

1 

3 

3 
6 

6 

7 
8 

10 

11 
12 

15 

15 

17 

19 

19 

21 

21 

23 

24 



3.3 Generic System Quality Factors . . . 
3.4 The Ideal Plasmonic Material ... . 

3.4.1 Model Interband Transitions . 

3.5 Conclusions ...... . 

3.6 References for Figure 3.9 

4 Optical properties of metallic materials 
4.1 Introduction . . . . . . . . . . . . 

4.2 The Optical Properties of Alloys . 
4.2.1 Noble Metal Alloys . . . 

4.2.2 Transition Metal Alloys 
4.2.3 Summary of Alloys ... 

4.3 Intermetallic Compounds . . . . 

4.3. l Alkali Metal Binary Intermetallics . 
4.3.2 Noble Metal Binary Intermetallics . 
4.3.3 Group 13 Binary Intermetallics . 
4.3.4 Other Binary Intermetallics . . . 
4.3.5 Ternary Intermetallic Compounds 

4.4 The Optical Properties of Silicides ... . 
4.5 High Pressure Materials ... . . . . . . 

4.6 Liquid Metals and Glassy/ Amorphous Materials 
4.6.1 Liquid Metals . . . . . . . 

4.6.2 Amorphous/Glassy Alloys 
4.7 Conclusions ...... ..... . 

5 Optical Response from First Principles 

5 .1 Introduction . . . . . . . 
5. 2 The Dielectric Function . 

5.3 The Many Body Problem 
5.4 Density Functional Theory . 

5.4.1 Hohenberg-Kohn Theorems 
5.4.2 Kohn-Sham Formalism . . . 

5.4.3 Exchange-Correlation Potentials . 
5.5 Numerical Considerations 

5.5.1 Pseudopotentials 
5.5.2 Basis Sets . . . . 

CONTENTS 

27 

30 

31 

37 

39 

40 

40 
43 
43 

45 
45 

45 
45 

46 
48 
50 
50 
52 

55 

57 

58 
59 
61 

64 

64 

66 

71 

73 
74 

76 

79 

80 
80 
85 



CONTENTS 

5.5.3 Structural Optimisation . . . . . . . . . . . . . . . . . 89 
5.5.4 Phonons and Density Functional Perturbation Theory. 90 

5.6 A Comparison of Calculated Dielectric Functions 
5.6.1 SIESTA . . . . . . . . . . . . 
5.6.2 Spin-Orbit Coupling in Gold . 
5.G.3 Gold: Permittivity including local fields and electron-phonon 

92 
92 
93 

scattering. . . 94 
5.7 Concluding Remarks 95 

6 Optical Alloys 96 
6.1 Introduction . 96 
6.2 Method . . . 97 
6.3 Optical Properties of intermetallic compounds 99 

6.3.1 Noble-Group 13 compounds . . . 99 
6.3.2 Alkali-Noble-group 13 compounds . 101 
6.3.3 Alkali-noble compounds . 104 

6.4 Conclusions . . . . . . . . . . . . 109 

7 The Alkali-Noble Intermetallics 111 
7 .1 Introduction . . 111 
7.2 Method . 112 
7.3 Results . . 116 

7.3.1 The Performance of Local Surface Plasmon Modes. . 118 
7.3.2 The Performance of Propagating Surface Plasmon Modes . 121 

7.4 Local Field Effects . 123 
7.5 Conclusions . . . . . 123 

8 Concluding Remarks and Future Work 125 
8.1 Concluding Remarks . . . . . . . . 125 
8.2 Future Work ........... . 

8.2.1 CsCl Binary Intermetallics 
. 126 
. 126 



List of Figures 

2.1 The optimised absorption efficiency of free electron metal nanospheres. 12 
2.2 Optimised absorption spectra for nanoshells. . . . . . . . . . . . . . . 13 

2.3 Local surface plasmon quality factor calculated for various metals 

from experimental optical data. . . . . . . . . 13 

2.4 Optimised absorption efficiency for nanoshells including surface scat-
tering. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 

3.1 Operating point and loss in metals . . . . . . . . . . . . . . . . . . . 20 

3.2 Comparison of general metric for the resonance quality of a nanoshell 
with the retarded solution. . . . . . . . . . . . . . . . . . . . . . . . . 23 

3.3 Comparison of general metric for the resonance quality of an ellipsoid 
with the retarded solution. . . . . . . . . . . . . . . . . . . . . . . . . 24 

3.4 Comparison of metals using general metrics for the resolution of single 
and multi-layer superlenses. . . . . . . . . . . . . . . . . . . . . . . 25 

3.5 Permittivity dependence of the resolution of multi-layer superlenses. 25 
3.6 Depiction of the geometry of commonly studied waveguiding structures. 26 
3. 7 Propagation constants for various SPP geometries. . . . . . . . . . . . 27 

3.8 Transverse field penetration into the dielectric as a function of prop-
agation length. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 

3.9 Periodic table of the elements coloured by maximum local surface 

plasmon quality factor. . . . . . . . . . . . . . . . . . . . 
3.10 Surface plasmon quality data for alkali and noble metals. 

29 
31 

3.11 Surface plasmon quality data for group 13 and some transition metals. 32 
3.12 Permittivity of silver and gold . . . . . . . . . . . . . . . . . . . . . . 33 

3.13 The effect of Band distribution on local surface plasmon quality factors 35 
3.14 The effect of the number of electrons involved in interband transitions 

on local surface plasmon quality factors . . . . . . . . . . . . . . . . . 36 

3.15 The effect of the ratio of optical gap to plasma frequency on local 
surface plasmon quality factors. . . . . . . . . . . . . . . . . . . . . . 37 

3.16 The effect of the ratio of optical gap to plasma frequency on surface 
plasmon polariton quality factors. . . . . . . . . . . . . . . . . . . . . 38 

4.1 Quality factors for iron silicides . . . . . . . . . . . . . . . . . . . . . 54 



LIST OF FIGURES 

4.2 Local surface plasmon quality factors for group 5 transition metal 
silicides. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 

4.3 Experimental imaginary permittivity of cobalt silicides in various sto-
ichiometries. . . . . . . . . . . . . . . . . . . . . . . . . . 

4.4 The effect of pressure on the plasma frequency of metals. 
4.5 Optical data for solid and liquid sodium .. 
4.6 Optical data for solid and liquid aluminium 
4. 7 Optical data for solid and liquid gallium 
4.8 Optical data for solid and liquid sodium 
4.9 Optical data for some metallic glasses .. 

5.1 Imaginary permittivity of gold using a local numerical orbit basis set: 
comparison with experiment. . . . . . . . . . . . . . . . . . 

5.2 Effect of spin orbit coupling on the band structure of gold. 
5.3 Optical Response of gold. . ................ . 

56 
57 
59 
60 
61 
62 
63 

93 
94 
95 

6.1 Crystal Structure of Noble-Group 13, Alkali-Noble and Alkali-Noble-
Group 13 compounds. . . . . . . . . . . . . . . . . . . . . . . . . . . 99 

6.2 Interband transition spectra for various noble-group 13 compounds. 
Due to uniform broadening over the entire spectrum the transition 
probability at zero energy is positive. . . . . . . . . . . . . . . . 100 

6.3 Experimental imaginary permittivity of Li2Agin and Li2Cdin. . . . . 102 
6.4 Interband transition spectra of all the A2 compounds. White bars 

indicate the position of the plasma frequency. The magnitude of c" 
has been truncated to 20 to aid visibility. . . . . . . . . . . . . 103 

6.5 Interband transition spectra of all the Alkali-Noble2 compounds. . . 103 
6.6 Comparison of the plasma frequency as calculated by the random 

phase approximation (RPA) and that calculated by the standard 
Drude free-electron gas formalism. N = noble, G = group 13. 104 

6.7 Optical properties of (A) the alkali Ag and (B) the alkali Au com-
pounds. Vertical lines represent the position of the plasma frequency 
for those compounds with wP < 6.0eV .................. 105 

6.8 Imaginary permittivity in alkali-noble compounds with band edge to 
plasma frequency ratio better than gold. 106 

6.9 Band diagram for alkali Ag compounds. 107 
6.10 Band diagram for alkali Au compounds. 
6.11 Transition diagram of KAg . . . . . . . . 

. 107 

. 108 



LIST OF FIGURES 

7.1 The real part of the permittivity including the intraband contribution 

for the alkali-noble interrnetallics including local field effects. . .... 117 
7.2 The interband contribution to the imaginary part of the permittivity 

for the alkali-noble interrnetallics including local field effects. . .... 118 
7.3 The resonance quality of a localised surface plasmon as a function of 

the real permittivity from first principles. . . . . . . . . . . . . . ... 119 

7.4 Comparison of calculated local surface plasmon quality factors for 
the alkali-noble binary intermetallics with the most favourable exper-
imental values for silver. . . . . . . . . . . . . . . . . . . . . . . . . . 121 

7.5 The resonance quality of a surface plasmon polariton as a function of 

the real permittivity from first principles. . . . . . . . . . . . . . . . . 122 

7.6 Comparison of the effect of local fields on the maximum interband 
transition with the minimum interstitial electron density for the alkali 
noble intermetallics .. 124 

8.1 Plasma Frequency, wp, for non-noble-gas binary compounds in the 
CsCl structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127 

8.2 Optical Gap, wg , for non-noble-gas binary compounds in the CsCl 
structure. Only compounds that are metallic, and have an optical 
gap above 1 eV are shown ......................... 128 



List of Tables 

2.1 Optical data used for the addition of billiard scattering to the bulk 
experimental permittivity. . . . . . . . . . . . . . . . . . . . . . . . 9 

2.2 Shell geometries for optimised absorption efficiency with and without 

3.1 

3.2 
3.3 

4.1 

6.1 

surface scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 

Optical Constants of some alkali, noble and group-13 metals, includ-
ing the residual low frequency term caused by interband transitions 33 
Drude parameters for Ag, Au, Al, Na and K . . . . . . . . . . . . . 38 
References for the optical properties of the elements presented in Fig-
ure 3.9. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 

Optical constants of various transition metal silicides . . . . . . . . . 53 

Plasma frequency and secondary band edge of noble-group 13 com-
pounds. . .................... . 

6.2 Band edges for selected metals and compounds. 
6.3 Band edges for selected metals and compounds. 

101 
105 
106 

7.1 Calculated lattice constants of Alkali-Noble intermetallics. . .... . 115 
7.2 Optical and Electronic data for the alkali noble intermetallics. Tern-

perature dependent quantities are given at 300K. 
7.3 Optical data for the alkali-noble intermetallics and gold. 
7.4 The effect of the inclusion of local fields on the magnitude of the band 

116 
120 

edge in the alkali-noble intermetallics. . . . . . . . . . . . . . . . . . . 123 



Glossary of Acronyms 

AE All-Electron 
BE Band Edge/Optical Gap 
CG Conjugate Gradients 

DFPT Density Functional Perturbation Theory 
D FT Density Functional Theory 
DOS Density Of States 
DZP Double-( plus Polarisation 
EEL Electron Energy Loss 

EELS Electron Energy Loss Spectroscopy 
FP Full Potential 

GGA Generalised Gradient Approximation 
JC Johnson and Christy 

LAPW Linearised, Augmented Plane Wave (method) 
LCAO Linear Combination of Atomic Orbitals 

LDA Local Density Approximation 
LDOS Local Density Of States 

PBE Perdew-Burke-Ernzerhof (GGA parameterisation) 
PDOS Projected Density Of States 

P Palik 
PP Pseudopotential 

PW Plane Wave 
PW92 Perdew & Wang 1992 (LDA parameterisation) 

SCF Self-Consistent Field 
SZP Single-( plus Polarisation 

TDCDFT Time-Dependent Current Density Functional Theory 
TDDFT Time-Dependent Density Functional Theory 

WF Weaver and Frederikse 



GLOSSARY OF ACRONYMS 

E Complex permittivity 
I 

E Real part of the permittivity 
II 

E Imaginary part of the permittivity 

Eib Interband contribution to the permittivity 

E00 Core polarizability, ocassionally used to describe residual effects. 
Ei Single particle eigenvalues 
A Wavelength. Also, perturbation parameter 
k Wave vector 

w Angular Frequency ( e V) 

wg Optical gap /band edge ( e V) 
wp Bare or Drude plasma frequency ( e V) 
W 8 Screened plasma frequency ( e V) 

w 11 w at which / is greatest (refers to interband) 
t m ax 

w~i~P w at which QLSP is greatest 
'ljJ Single particle wavefunction 

</> Pseudo atomic orbital , or, generic basis funciton 

PDc DC resistivity (µOcm) 
q Electron momentum. Also, phonon momentum 

Q abs Absorption efficiency 
Q ext Extinction efficiency 

QLSP Local Surface Plasmon quality 

Q sca Scattering efficiency 
Qspp Surface Plasmon Polariton quality 

rJ Optical conductivity 

u Pseudo-wavefunction 

x Size parameter (27rr /A) 



Abstract 

The continuous improvement of nanoscale fabrication techniques will ultimately 
result in a situation where the performance of plasmonic devices is not dependent 

on engineering defects, but rather on the fundamentally limiting behaviour of the 
underlying metals. This thesis addresses the following questions: Are silver and gold 

the best metals for plasmonics? What other materials are available? and finally; 

Can we design better plasmonic materials? 
To answer these questions, classical electrodynamics calculations are performed 

using tabulated dielectric functions from the literature. Starting from a comparison 
of nanoshells made of various free electron metals, it is shown that the low plasma 

frequency metals sodium and potassium perform well. However , these metals are 
not suitable for many common uses of nanoshells. As such, the material choice is 
extended to all non fgroup metals in the periodic table and a variety of additional 
geometries are studied, including nanorods, superlenses and a number of guiding 

structures . It is shown that gold , silver, the alkali metals and aluminium outperform 
all other metals , each over a range of frequencies and permittivities. None of the 
reviewed elements performs better than silver and gold. 

As none of the elements seem to offer any advantage over silver or gold , the 
search is extended to alternative materials with tabluated dielectric functions. A 
review of the plasmonic properties of these materials is presented, including alloys , 

intermetallic compounds , high pressure materials as well as silicides, metallic glasses , 
and liquid metals. It is discovered that liquid sodium outperforms its solid elemental 
counterpart. Additionally, several materials with simple crystal structures seem to 

perform well , but none to the extent of silver or gold. 
The number of compounds for which tabulated optical constants are available 

is severely limited. In order to evaluate the performance of a large number of 

materials , first principles quantum mechanical calculations must be performed. It 
is shown that the plasmonic performance can be approximately gleened from the 

relationship between the optical gap and the plasma frequency. However , in order 
to compare the calculated optical response of materials with experimental data for 

the elements, the Drude phenomenological scattering rate must be known. Here, for 

the first time, calculations of the real and imaginary components of the dielectric 
function including the electron-phonon scattering rate are performed in order to 
gauge the plasmonic performance of materials with no tabulated optical data. 

A list of publications associated with this work is presented on page iv. 
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