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Figures

9.1 Nanoparticles

9.1.1 Introduction

Fig. 9.1. Dark field image (130170 um) of light scattered from silver particles with an
average diameter of 35 nm. Reprinted with permission from reference [1], © 2003 American
Chemical Society.



9.1.2 Mie theory examples
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Fig. 9.2. Extinction coefficient as a function of wavelength, A, for a 60 nm sphere made of
gold (solid line), silver (long dashes), copper (short dashes) or aluminum (dot dashes) in air.
The extinction is dominated by the dipole resonance. (Mathematica simulation)
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Fig. 9.3. The field intensity, |E|?, in the vicinity of a 60 nm silver sphere in air at the reso-
nance wavelength of 367 nm when excited by a plane wave of unit amplitude traveling in the
-z-direction and polarized along the x-direction. The refractive index for silver in this Mie
calculation is 0.189 + 1.622i.
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Fig. 9.4. Electric field components along the x-axis in Fig. 9.3(b). |E| (dotted) and |E,| (solid
line) nearly overlap, while |E,| (dashed) is much smaller. (Mathematica simulation)
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Fig. 9.5. Field amplitude on the surface of a nanosphere centered on the origin where the
surface intersects the x-axis for a 60-nm diameter gold (solid line) and silver (dashed) sphere
in air as a function of wavelength, A. The incident beam is travelling in the z-direction and is
polarized in the x-direction. (Mathematica simulation)
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Fig. 9.6. Near field coefficient for a 60-nm diameter gold (solid line) and silver (dashed)
sphere in air as a function of wavelength, A. (Mathematica simulation)
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Fig. 9.7. Extinction coefficient as a function of wavelength, A, for silver spheres of diameters
20 nm (solid line), 60 nm (long dashes), 120 nm (short dashes), 240 nm (dot dashes) and
300 nm (medium dashes) in air. The 120-nm diameter sphere exhibits a broad dipole
resonance at ~430 nm and a narrower quadrupole resonance at ~355 nm. (Mathematica
simulation)
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Fig. 9.8. Extinction coefficient as a function of wavelength, A, for silver spheres of diameters
20 nm (solid line), 60 nm (long dashes), 120 nm (short dashes), 240 nm (dot dashes) and
300 nm (medium dashes) in air. The 120-nm diameter sphere exhibits a broad dipole
resonance at ~430 nm and a narrower quadrupole resonance at ~355 nm. (Mathematica
simulation)
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Fig. 9.9. The field intensity, |E|?, in the vicinity of a 120 nm silver sphere in air at the
guadrupole resonance wavelength of 360 nm when excited by a plane wave of unit ampli-
tude traveling in the -z-direction and polarized along the x-direction. The refractive index of
silver is 0.196 + 1.533: at this wavelength.
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Fig. 9.10. Extinction coefficient as a function of wavelength, A, for copper spheres embedded
in dielectrics with indices of refraction of 1.0 (solid line), 1.3 (long dashes), 1.5 (short
dashes), 1.7 (dot dashes), 1.9 (medium dashes) and 2.1 (dots). (Mathematica simulation)
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Fig. 9.11. Near field scattering coefficient as a function of wavelength, A, for copper spheres
embedded in dielectrics with indices of refraction of 1.0 (solid line), 1.3 (long dashes), 1.5
(short dashes), 1.7 (dot dashes), 1.9 (medium dashes) and 2.1 (dots). (Mathematica

simulation)

A (pm)




7 i ‘

6 \ = n=1.0
] F \ n=15
R \ — 21
3 4 \
5, \

3r -
= [
E 2: \Q\\

F \\\\~
1t S ]

0.00 0.02 0.04 0.06 0.08 0.10
X ()

Fig. 9.12. Field along the x-direction excited by a plane wave incident upon a 60-nm copper
sphere centered at the origin at a wavelength of 623 nm for refractive indices of the surround-
ing medium of 1.0 (solid), 1.5 (long dashes) and 2.1 (short dashes). (Mathematica simulation)
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Fig. 9.13. Scattering diagrams for gold spheres of various diameters in water at a wave-
length of 550 nm. The scattering pattern for light is shown for the plane through the center of
the sphere which contains the incident wave vector and that is either perpendicular (solid
line) or parallel to (dashed) the incident polarization, as well as the average of these two
patterns (dotted). (Mathematica simulation)



9.1.3 Quasistatic approximation
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Fig. 9.14. Plot of the field enhancement factor, 3|e'/e"|, as a function of wavelength, a, for
gold (solid line), silver (long dashes), copper (short dashes) and aluminum (dot dashes).

(Mathematica simulation)

9.1.4 Ellipsoidal particles

Fig. 9.15. Ellipsoidal particle with axes dimensions 2a, 2b, and 2c.
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Fig. 9.16. Shape factors for (left) prolate spheroidal particles with the minor axes, y and z,
equal in length, and (right) oblate spheroidal particles with major axes, y and z, equal in
length. (Mathematica simulation)
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Fig. 9.17. The field enhancement factor for a spheroid, ¢, is computed as a function of the
aspect ratio at a wavelength of 800 nm for gold (solid line), silver (long dashes) and alu-
minum (short dashes). (Mathematica simulation)
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Fig. 9.18. The geometric field enhancement factor, y, demonstrating the lightning rod effect
for a prolate spheroid, is plotted as a function of the aspect ratio. (Mathematica simulation)

9.1.5 Localized surface plasmon damping

Relative Transmission

Fig. 9.19. The squares are the experimental transmission efficiency for a single 20 nm gold
particle in TiO,. The dotted line is the far field optical density for the composite film (arbitrary
units). The solid line is the scattering efficiency from Mie theory. Reprinted with permission
from T. Klar, M. Perner, S. Grosse, G. von Plessen, W. Spirkl, and J. Feldmann. Phys. Rev.
Lett. 80 4249 (1998) . © 1998 by the American Physical Society. [24]



9.3 Nanoshells
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Fig. 9.20. Extinction coefficient of a Au NP in air as a function of wavelength, A, for particle
diameters of 40 nm (solid), 80 nm (long dashes), 120 nm (short dashes), 200 nm (dot
dashes), 300 nm (medium dashes) and 400 nm (dots). (Mathematica simulation)

Fig. 9.21. Hybridization diagram exhibiting the SP modes of a nanosphere and nanovoid
which interact in a nanoshell to produce two new modes at a higher and lower energy. From
E. Prodan et al., Science 302 (2003) 419. Reprinted with permission from AAAS. [42]
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Fig. 9.22. Extinction coefficient, Qey, for a Au nanoshell surrounding a 120-nm silica core

immersed in water for shell thicknesses of 5 nm (solid line), 7 nm (long dashes), 10 nm
(short dashes) and 20 nm (dot dashes) as a function of wavelength, A. (Mathematica
simulation)

gl Il
i / ,A | Core radius
67 ' ', —-.~~ — 55nm
- s ” —
s "‘, \“ P )(__?w\-: ~ ] 75 nm
o 4 P Lot '\ ~ = 95nm
EPN ‘AU NN[==
I 17 \ NG
27 / l"; \, \‘ |
05 06 07 08 09 10 11 12
A (um)

Fig. 9.23. Extinction coefficient, Qqy, for a 13-nm Au nanoshell surrounding a silica core

immersed in water for core thicknesses of 55 nm (solid line), 75 nm (long dashes), 95 nm
(short dashes) and 115 nm (dot dashes) as a function of wavelength, A. (Mathematica
simulation)
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Fig. 9.24. Extinction coefficient, Qey, for Ag nanoshells of radii 10 nm (solid), 30 nm (long

dashes), 60 nm (short dashes), 90 nm (dot dashes) and 120 nm (medium dashes) in vacuum
with fixed ratio of 1.1 of the shell-to-core radii as a function of wavelength, A. (Mathematica

simulation)
L AN UakN
I \. .
i I v
6 I * ,
L I\ :\_ | Coreradius
i l’ H \\ // \ \\\ 1| == 10nm
I " ! A % \ 1 |==30nm
g 4 17 ‘\ K AS - 60Nnm
o 11/ \ \ \ ]
H ‘l,'/ \ \, \\ 1= 90nm
2 [ i/ \\ N 1 |==120nm
N, \ 4
I / ;5,/ \ \\ \\.\
[ ~— / - // / Seo ~]
O \:__’; h \' — ~.-'—-———

0.5 0.6 0.7 0.8 0.9 1.0 11
A (um)

Fig. 9.25. Scattering coefficient, Qs, for Ag nanoshells of radii 10 nm (solid line), 30 nm

(long dashes), 60 nm (short dashes), 90 nm (dot dashes) and 120 nm (medium dashes) in
vacuum with fixed ratio of 1.1 of the shell-to-core radii as a function of wavelength, A.

(Mathematica simulation)
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Fig. 9.26. Dipole scattering diagram for a gold nanoshell with an 11 nm thickness on a silica
core with a radius of 60 nm in water at a wavelength of 830 nm. The scattered irradiance is
shown as a function of scattering angle for the plane of the incident wavevector that is
perpendicular to the incident polarization vector (solid line), and that contains the incident
polarization vector (dashes). (Mathematica simulation)

100 oo\ |

Irradiance

0 50 100 150
Scattering angle (°)

Fig. 9.27. Quadrupole scattering diagram for a gold nanoshell with a 15 nm thickness on a
silica core with a radius of 135 nm in water at a wavelength of 800 nm. The scattered
irradiance is shown as a function of scattering angle for the plane of the incident wavevector
that is perpendicular to the incident polarization vector (solid line), and that contains the
incident polarization vector (dashes). (Mathematica simulation)
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Fig. 9.28. Magnitude of the electric field at the surface of a silver nanoshell on a silica core
as a function of core radius and shell thickness at a wavelength of 1064 nm. Reprinted with
permission from J. B. Jackson, S. L. Westcott, L. R. Hirsch, J. L. West and N. J. Halas. Appl.
Phys. Lett. 82 #2, 257 (2003). Copyright 2003, American Institute of Physics. [34]

9.4 Other nanoparticle shapes

9.4.1 Nanodisks

Substrate

Fig. 9.29. Geometry of the gold disks and the incident plane wave with an electric field, E,
and wavevector, k, in the FDTD simulations.
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Fig. 9.30. Comparison of (left) experiment and (right) FDTD simulation for extinction, absorp-
tion, and scattering efficiencies of 20 nm thick gold nanodisks on a substrate of glass in air
with diameters of (a) and (b) 38 nm, and (c) and (d) 530 nm. There are no adjustable parame
ters in the FDTD simulations. (a) and (c) reprinted with permission from C. Langhammer, B.
Kasemo and |. Zoric. J. Chem. Phys. 126 194702 (2007), © 2007 American Institute of
Physics. [62]
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Fig. 9.31. Near field intensity for 20 nm thick gold nanodisks on a substrate of glass in air
with (a) a diameters of 38 nm and a frequency of 2.25 eV, (b) a diameter of 530 nm and a
frequency of 1.9 eV, and (c) a diameter of 530 nm and a frequency of 0.67 eV. The FDTD
cell size is (2 nm)® for the smaller disk and (4.0 x 2.5 x 4.0) nm? for the larger disk.



9.4.2 Nanorods
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Fig. 9.32. Geometry of nanorods for FDTD simulations.
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Fig. 9.33. (a) Extinction, and (b) scattering coefficients, and (c) peak field intensity for gold
nanorods of 20 nm diameter and various lengths as a function of frequency in a medium with
index 1.5. The peak scattering coefficient for the 20 nm nanorods occurs at a frequency of
2.3 eV butis only 0.042 and so does not show up on this scale. (FDTD simulations)
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Fig. 9.34. (a) Extinction and (b) scattering coefficients, and (c) peak field intensity for gold
spheres of various diameters as a function of frequency in a medium with index 1.5. (FDTD
simulations)
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Fig. 9.35. Experimental measurements of the full width at half maximum linewidth of the
LSPR for gold nanorods of various aspect ratios and spheres of various diameters.
Reprinted with permission from C. Soénnichsen, T. Franzl, T. Wilk, G. von Plessen, J. Feld-
mann, O. Wilson and P. Mulvaney. Phys. Rev. Lett. 88 077402 (2002). © 2002 by the
American Physical Society. [25]
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Fig. 9.36. |E|? field intensity in the vicinity of a gold nanorod with a diameter of 20 nm and a
length of 80 nm, embedded in a dielectric with index 1.5, and at a frequency of 1.38 eV (A =
900 nm). (FDTD simulations)
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Fig. 9.37. (a) Qex and (b) peak |E|? field intensity for gold nanorods with a volume of 7900
nm3for several different aspect ratios as a function of wavelength, A. The length of the rod
varies from 100 nm to 30 nm, while the diameter of the rod varies from 10 nm to 18 nm. The
surrounding dielectric is air. (FDTD simulations)

9.4.3 Nanotriangles

“4edgelengﬂ+__

truncation

Fig. 9.38. Dimensions used for modeling triangular nanopatrticles.
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Fig. 9.39. (a) Extinction spectra for equilateral silver triangles in water with edge length of
100 nm, thickness of 16 nm, and three different edge truncations, and (b) peak field intensity
within the water. (c) Field intensity contours for the untruncated triangle at a wavelength of
780 nm. The incident plane wave is polarized along the z-direction. (FDTDsimulations)
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Fig. 9.40. (a) Extinction efficiency and (b) peak field intensity comparison of a 75 nm diame-
ter silver disk and an equilateral silver triangle with a 100 nm edge length, both 16 nm-thick
and surrounded by water as a function of wavelength, A. (FDTD simulation)



Fig. 9.41. Comparison of surface charge density for triangles and disks of identical cross
section. The greater separation of surface charge for the triangular NP leads to a longer
resonant wavelength.

T T T T 6000 . :
124 ( a ) f—w——Edge Length| ( b) f Edge Length
! /\ o 2 5000 —=—100nm
10 | =— 100 nm B ut s 75nm
\ °—75nm S / \ —a—50 nm
8 —&— 50 nm = 4000 \|—v—25nm
1| —+—25nm = * / .
Qo 6] \ ——1 2 30001 s \ |
% % 2000 \ / A
44 N i 1 @ \s <\
A & J N
24, L] 1000 AN
0 , . . '!l:;::l‘l 04 ‘&i m:ﬂ; Dalie A-M.T:!': :::'
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
A (hm) A (nm)

Fig. 9.42. (a) Extinction coefficient, Qey, and (b) peak field intensity as a function of wave-

length, A, for several different edge lengths of an equilateral silver triangle NP with a thick-
ness of 16 nm in water. (FDTD simulation)
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(a) Absorption coefficient, Qaps, (b) scattering coefficient , Qsy, and (c) peak

electric field intensity for 20 nm thick, equilateral gold triangles on a glass substrate in air as
a function of wavelength, A. (FDTD simulations)
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Fig. 9.44. (a) Near field intensity for a gold triangle with a 160 nm side length at a wavelength
of 825 nm through the plane of the triangle at the air-glass interface, and (b) near field
intensity through the center of the triangle at x = 0. The dashed line indicates the air-glass
interface. The incident plane wave is polarized in the vertical direction. (FDTD simulations)
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Fig. 9.45. Intensity map of the electron beam at an energy loss of 1.75 eV as it is rastered
across a silver triangle NP on a mica substrate with an edge length of ~78 nm. Reprinted by
permission from Macmillan Publishers Ltd: Nat. Phys. © 2007. [72]

9.5 Dual nanoparticles

9.5.1 Dual nanodisks

(a) (b)

Fig. 9.46. Surface charge diagram for dual nanodisks excited by an incident field with the
indicated polarization.



i
Q
00

O
00 00—
o0 00 00

Fig. 9.47. Geometry of dual gold disk array where the disk diameter is 150 nm. The period
“a” between rows is 900 nm. The period “b” between columns is 450 nm. There are three
different samples with center-to-center spacing “d” between disks of 150, 300, and 450 nm,
respectively. The former sample corresponds to the disks just touching. The latter sample
corresponds to a square lattice of disks.
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Fig. 9.48. Comparison of the (a,c) experimental, and (b,d) FDTD simulated values for the
extinction coefficient of dual gold disk arrays for incident light polarized (a,b) parallel to, and
(c,d) perpendicular to the dual disk axis. Figs. (a) and (c) reprinted from Opt. Commun., 220
/1-3, W. Rechberger, A. Hohenau, A. Leitner, J. R. Krenn, B. Lambrecht, and F. R.
Aussenegg, "Optical properties of two interacting gold nanoparticles," (2003) 137, © 2003,
with permission from Elsevier.
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Fig. 9.49. Theoretical values for the peak field intensity of dual gold disk arrays for incident
light polarized (a) parallel to and (b) perpendicular to the dual disk axis as a function of gap
between the disks. (c) Theoretical values for the peak field intensity for dual gold disks with
a 10 nm gap and various disk diameters. (FDTD simulations)
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Fig. 9.51. Dimensions of the bow tie NPs.
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Fig. 9.52. (a) Extinction coefficient, Qey, (b) scattering coefficient, Qs, and (c) peak electric
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Fig. 9.53. Electric field intensity (a) in the plane and (b) through a cross section at x = 0 of a
gold bow tie nanoantenna with an edge length of 120 nm, a thickness of 20 nm, and a gap of
10 nm at its resonant wavelength of 820 nm. (FDTD simulations)

Exercises

1. In the introduction of this chapter, it was asserted that silver nanoparticles embedded
in glass impart a yellow color while gold particles impart a red color. Compute the
extinction coefficient for 50 nm spherical silver and gold particles in a medium with a
refractive index of 1.5 to see if this statement makes sense. Note: the wavelength
range of yellow light is ~580-600 nm, and of red light is ~620-780 nm.
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2. For gold nanoshells on a silica core in vacuum, let the outer shell radius be 10%
larger than the core radius. As the core radius is varied from 20 nm to 120 nm what is
the maximum extinction coefficient? How does this compareto silver (see Fig. 9.24)?

Extinction coefficient
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