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Announcements	  
§ PS2	  due	  Monday	  10.40am	  
§  No	  lecture	  Monday	  

§  Put	  your	  HW	  in	  box	  outside	  John’s	  office	  (2278	  GGB)	  
§  Use	  the	  Xme	  to	  work	  on	  the	  video	  assignment!	  

§  Later	  lecture	  schedule	  to	  be	  revised	  
§  Sign	  up	  for	  video	  topic	  no	  later	  than	  Monday	  
§ Project	  descripXon	  coming	  next	  week	  
§ March	  will	  be	  a	  busy	  month	  (project	  proposal,	  PS3,	  video,	  
exam)	  
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Recap:	  electrosta?cs	  in	  solu?on	  

Israelachvili,	  Mulvaney.	  
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Stabiliza?on	  of	  colloids:	  DLVO	  theory	  

Mulvaney.	  
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Example:	  interac?on	  between	  a	  pair	  
of	  Au	  par?cles	  

Mulvaney.	  
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Diffuse	  layer	  and	  Stern	  layer	  

Hiemenz	  and	  Rajagopalan.	  

§  Zeta	  potenXal	  is	  typically	  
measured	  	  

§  Think	  about	  slip..	  
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Overlapping	  double	  layers	  in	  a	  nanogap	  

Oh	  et	  al.,	  IEEE	  MEMS	  03.	  
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Nanofluidic	  transistors	  

Karnik	  et	  al.,	  Nano	  LeEers	  5(5):943-‐948,	  2005.	  
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Today’s	  agenda	  
§  Surface	  plasmon	  resonance	  (SPR):	  basic	  theory	  and	  
effects	  of	  parXcle	  size	  and	  shape	  

§ Example	  applicaXons	  of	  SPR	  and	  surface-‐enhanced	  
spectroscopy	  

§ Plasmon-‐induced	  heaXng	  of	  metal	  nanoparXcles	  
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Today’s	  readings	  
Nominal:	  (ctools)	  
§ Kelly	  et	  al.,	  “The	  opXcal	  properXes	  of	  metal	  
nanoparXcles:	  the	  influence	  of	  size,	  shape,	  and	  dielectric	  
environment”	  

§ Murray	  and	  Barnes,	  “Plasmonic	  materials”	  
§  Sriturvanich	  et	  al.,	  “Flying	  plasmonic	  lens	  in	  the	  near	  field	  
for	  plasmonic	  nanolithography”	  

§ Recommended	  references	  
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Surface	  plasmons:	  a	  hot	  topic	  

Surface Plasmon Nanophotonics 3

approaching fundamental physical limits. Several current technological challenges
may be overcome by utilizing the unique properties of surface plasmons. Thanks
to many recent studies, a wide range of plasmon-based optical elements and tech-
niques have now been developed, including a variety of passive waveguides, active
switches, biosensors, lithography masks, and more. These developments have led
to the notion of plasmonics, the science and technology of metal-based optics and
nanophotonics.12

The growth of the field of plasmonics is clearly reflected in the scientific literature.
Figure 1.1 shows the annual number of publications containing the words “surface
plasmon” in the title or the abstract. Since 1990 the annual number of papers on
surface plasmons has doubled every five years. This rapid growth is stimulated by the
development and commercialization of powerful electromagnetics simulation codes,
nanofabrication techniques, and physical analysis techniques, providing researchers
and engineers with the necessary tools for designing, fabricating, and analyzing the
optical properties of metallic nanostructures. A major boost to the field was given by
the development of a commercial surface plasmon resonance (SPR) based sensor in
1991. At present an estimated fifty percent of all publications on surface plasmons
involve the use of plasmons for biodetection.

Most recently, metal nanostructures have received considerable attention for their
ability to guide and manipulate “light” (SPPs) at the nanoscale, and the pace of new
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Figure 1.1. The growth of the field of metal nanophotonics is illustrated by the number of scientific articles
published annually containing the phrase “surface plasmon” in either the title or abstract (based on data
provided on www.sciencedirect.com).

Brongersma	  and	  Kik	  (Editors),	  Surface	  Plasmon	  Nanophotonics,	  Springer,	  2007.	  



©2010	  |	  A.J.	  Hart	  |	  12	  

What	  is	  a	  plasmon?	  

Kelly	  et	  al.,	  J.	  Phys.	  Chem.	  B	  107:668,	  2003.	  

should also note that several books and reviews have been
published recently on subjects closely related to those considered
in this paper.5

II. Plasmon Resonances for Small Spherical Particles
A. Dipole Plasmon Resonances. When a small spherical

metallic nanoparticle is irradiated by light, the oscillating electric
field causes the conduction electrons to oscillate coherently. This
is schematically pictured in Figure 1. When the electron cloud
is displaced relative to the nuclei, a restoring force arises from
Coulomb attraction between electrons and nuclei that results in
oscillation of the electron cloud relative to the nuclear frame-
work. The oscillation frequency is determined by four factors:
the density of electrons, the effective electron mass, and the
shape and size of the charge distribution. The collective
oscillation of the electrons is called the dipole plasmon
resonance of the particle (sometimes denoted “dipole particle
plasmon resonance” to distinguish from plasmon excitation that
can occur in bulk metal or metal surfaces). Higher modes of
plasmon excitation can occur, such as the quadrupole mode
where half of the electron cloud moves parallel to the applied
field and half moves antiparallel. For a metal like silver, the
plasmon frequency is also influenced by other electrons such
as those in d-orbitals, and this prevents the plasmon frequency
from being easily calculated using electronic structure calcula-
tions. However, it is not hard to relate the plasmon frequency
to the metal dielectric constant, which is a property that can be
measured as a function of wavelength for bulk metal.
To relate the dipole plasmon frequency of a metal nanoparticle

to the dielectric constant, we consider the interaction of light
with a spherical particle that is much smaller than the wave-
length of light. Under these circumstances, the electric field of
the light can be taken to be constant, and the interaction is
governed by electrostatics rather than electrodynamics. This is
often called the quasistatic approximation, as we use the
wavelength-dependent dielectric constant of the metal particle,
εi, and of the surrounding medium, εo, in what is otherwise an
electrostatic theory.
Let’s denote the electric field of the incident electromagnetic

wave by the vector Eo. We take this constant vector to be in
the x direction so that Eo ) Eox̂, where x̂ is a unit vector. To
determine the electromagnetic field surrounding the particle, we
solve LaPlace’s equation (the fundamental equation of electro-
statics), ∇2! ) 0, where ! is the electric potential and the field
E is related to ! by E ) -∇!. In developing this solution, we
apply two boundary conditions: (i) that ! is continuous at the
sphere surface and (ii) that the normal component of the electric
displacement D is also continuous, where D ) εE.
It is not difficult to show that the general solution to the

LaPlace equation has angular solutions which are just the
spherical harmonics. In addition, the radial solutions are of the

form rl and r-(l +1), where l is the familiar angular momentum
label (l ) 0, 1, 2, ...) of atomic orbitals. If we restrict our
considerations for now to just the l ) 1 solution and if Eo is in
the x direction, the potential is simply ! ) A r sinθ cosφ inside
the sphere (r < a) and ! ) (-Eor + B/r2) sinθ cosφ outside
the sphere (r > a), where A and B are constants to be
determined. If these solutions are inserted into the boundary
conditions and the resulting ! is used to determine the field
outside the sphere, Eout, we get

where R is the sphere polarizability and x̂, ŷ, and ẑ are the usual
unit vectors. We note that the first term in eq 1 is the applied
field and the second is the induced dipole field (induced dipole
moment ) REo) that results from polarization of the conduction
electron density.
For a sphere with the dielectric constants indicated above,

the LaPlace equation solution shows that the polarizability is

with

Although the dipole field in eq 1 is that for a static dipole, the
more complete Maxwell equation solution shows that this is
actually a radiating dipole, and thus, it contributes to extinction
and Rayleigh scattering by the sphere. This leads to extinction
and scattering efficiencies given by

where x ) 2πa(εo)1/2/λ. The efficiency is the ratio of the cross-
section to the geometrical cross-section πa2. Note that the factor
gd from eq 3 plays the key role in determining the wavelength
dependence of these cross-sections, as the metal dielectric
constant εi is strongly dependent on wavelength.
B. Quadrupole Plasmon Resonances. For larger particles,

higher multipoles, especially the quadrupole term (l ) 2)
become important to the extinction and scattering spectra. Using
the same notation as above and including the l ) 2 term in the
LaPlace equation solution, the resulting field outside the sphere,
Eout, now can be expressed as

and the quadrupole polarizability is

with

Note that the denominator of eq 8 contains the factor 3/2 while

Figure 1. Schematic of plasmon oscillation for a sphere, showing the
displacement of the conduction electron charge cloud relative to the
nuclei.

Eout ) Eox̂ - REo[ x̂r3 - 3x
r5
(xx̂ + yŷ + zẑ)] (1)

R ) gda
3 (2)

gd )
εi - εo

εi + 2εo
(3)

Qext ) 4xIm(gd) (4)

Qsca )
8
3 x

4|gd|
2 (5)

Eout ) Eox̂ + ikEo(xx̂ + zẑ) - REo[ x̂r3 - 3x
r5
(xx̂ + yŷ +

zẑ)] - %Eo[xx̂ + zẑ
r5

- 5z
r7
(x2x̂ + y2ŷ + xzẑ)] (6)

% ) gqa
5 (7)

gq )
εi - εo

εi + 3/2εo
(8)

Feature Article J. Phys. Chem. B, Vol. 107, No. 3, 2003 669
§ Plasmons	  are	  electromagneXc	  charge	  density	  waves	  

§  Surface	  plasmon	  resonance	  (SPR)	  occurs	  when	  a	  resonance	  
of	  the	  charge	  density	  wave	  matches	  the	  frequency	  of	  the	  
driving	  field	  
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Visualizing	  SPR	  

Brongersma and Kik (Editors),	  Surface Plasmon Nanophotonics,	  Springer,	  2007.	  

4 Pieter G. Kik and Mark L. Brongersma

inventions in the area has accelerated even further. In 1997 Junichi Takahara and
co-workers suggest that metallic nanowires enable the guiding of optical beams with
a nanometer scale diameter,13 in 1998 Thomas Ebbesen and coworkers report on
the extraordinary optical transmission through subwavelength metal apertures, and in
2001 John Pendry suggests that a thin metallic film may act as a “perfect lens”.14,15All
these findings have motivated a tremendous amount of new research, captured in a
number of exciting review articles.16,17 It should be noted that the brief overview
provided here cannot do justice to all the different research directions the field of
Plasmonics. Rather than making an attempt to be exhaustive, we have tried to present
a short historical perspective including the fundamentals and some of the current hot
topics. In the following section we highlight the various topics covered in this book.
Together, these represent the true state-of-the art in the field of plasmonics.

1.4. THIS BOOK

This book contains seventeen chapters broadly divided into five major topical areas,
which are indicated in boldface below. Although, all the chapters are self-contained,
the topical areas help to provide connections between the different research directions.

Surface plasmon excitations in isolated and periodic metal nanostructures are
discussed in the first two chapters. This section forms a solid basis for understanding
several concepts used throughout this book.

Chapter 2 deals with the optical near-field and far-field properties of isolated metal
nanoparticles and periodic metal nanoparticle arrays (Fig. 1.2). First, a qualitative
introduction to surface plasmon excitations in metal nanoparticles is given and their
resonant behavior is discussed in detail. In the latter part of the chapter, the properties

Figure 1.2. Optical near fields of metal nanoparticle chains (Chapt. 2) with a grating constant of 400 nm.
The chains are excited under total internal reflection from the right at 800 nm. The image was taken using
a photon scanning tunneling microscope. The circles indicate the nanoparticles.

OpXcal	  near	  fields	  of	  metal	  nanoparXcle	  chains	  
with	  a	  graXng	  constant	  of	  400	  nm.	  The	  chains	  
are	  excited	  under	  total	  internal	  reflecXon	  from	  
the	  right	  at	  800	  nm.	  The	  image	  was	  taken	  
using	  a	  photon	  scanning	  tunneling	  microscope	  
(STM).	  The	  circles	  indicate	  the	  nanoparXcles.	  
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Absorp?on	  and	  scaQering	  

Bohren	  and	  Huffman,	  AbsorpXon	  and	  scaEering	  of	  light	  by	  small	  parXcles,	  Wiley	  and	  Sons,	  1983.	  

A particle with optical constants εp and μp is 
embedded in a medium with optical constants 
εm and μm, and illuminated by a plane wave, 
which generates an electric field E1 and a 
magnetic field H1 inside the particle. The 
particle radiates a scattered field in all 
directions, which leads, together with the 
applied fields, to an electric field E2 and a 
magnetic field H2 outside of the particle.

"Cross	  sec?ons":	  



©2010	  |	  A.J.	  Hart	  |	  15	  

Exact	  solu?on	  for	  a	  sphere:	  Mie	  theory	  

Bohren	  and	  Huffman,	  AbsorpXon	  and	  scaEering	  of	  light	  by	  small	  parXcles,	  Wiley	  and	  Sons,	  1983.	  

1.2 Linear optical properties

E ,H1 1

! "p p,

! "m m,

R

E ,H2 2

Figure 1.1: Sketch of the problem as it is treated in section 1.2.1. A particle with
optical constants �p and µp is embedded in a medium with optical constants �m and
µm, and illuminated by a plane wave, which generates an electric field E1 and a
magnetic field H1 inside the particle. The particle radiates a scattered field in all
directions, which leads, together with the applied fields, to an electric field E2 and a
magnetic field H2 outside of the particle.

gold) of nanoscopic dimensions. The ultrafast dynamics of metal nanopar-
ticles, the particle’s electronic and acoustic response in the first nanosecond
after a photon is absorbed, is treated in section 1.3.

If a small particle is illuminated by light, its electrons are set in an oscil-
latory motion, which generates radiation. This process is called scattering. If
the particle transfers the energy of the exciting light to another energy source,
e.g. heat, the light is said to be absorbed.

A basic absorption experiment consists of a light source and a detector
placed in the path of the source. A sample containing the particles under
study is then placed in the optical path, which causes a part of the light to be
rejected from the detector. The total extinction of the light beam by the sample
contains contributions of both scattering and absorption, and the extincted
energy is the sum of the absorbed and scattered energy.

1.2.1 An exact solution

Solving the problem of absorption and scattering of light by a small particle
involves solving Maxwell’s equations with the correct boundary conditions.
We use the general formulation of the problem as shown in Fig. 1.1. Assum-

13



©2010	  |	  A.J.	  Hart	  |	  16	  

Exact	  solu?on	  for	  a	  sphere:	  Mie	  theory	  
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Exact	  solu?on	  for	  a	  sphere:	  Mie	  theory	  

Meindert	  Alexander	  van	  Dijk,	  Nonlinear-‐opXcal	  studies	  of	  single	  gold	  nanoparXcles,	  	  
Ph.D.	  Thesis,	  Leiden	  University,	  2007.	  

1 Gold nanoparticles

A B

Figure 1.3: Extinction, scattering and absorption spectra of a particle with a radius
of 10 nm (A) and a radius of 30 nm (B). In both cases, the refractive index of the
environment is 1.5. Note that for the 10-nm particle, the scattering cross section
nearly vanishes, and as a result of that, the absorption and extinction cross sections
are approximately equal.

refractive index of the medium nm in which it is embedded. Figure 1.3 shows
examples of these spectra for two differently sized particles, R = 10 nm and
R = 30 nm, embedded in a medium of nm = 1.5. All spectra have a rela-
tively broad resonance around λ = 550 nm, caused by the collective plasma
oscillations of the free electron gas. The resonance is red- shifted for larger
particles, and the scattering peak generally lies further to the red than the
absorption peak. Also, especially the absorption spectra are highly asymmet-
ric, showing a plateau for low wavelengths, due to absorption by the bound
(d-band) electrons. Fig. 1.4 gives a closer look at how the absorption cross
section depends on size (Fig. 1.4A) and the refractive index of the environ-
ment (Fig. 1.4B). The absorption cross section increases with size as R3. If the
size of the particle becomes comparable to the wavelength of the light inside
the metal, the phase of the electric field can no longer be considered uniform
over the particle. This induces a retardation effect, which results in a red shift
of the surface plasmon resonance.

1.2.2 Simplifying matters

Although Mie theory gives an exact solution for any spherical particle, it can
in some cases be useful to obtain simpler formulas for the cross sections using
some approximations. We can make life easier if we only consider particles
that are small compared to the wavelength of the light with which they are
excited. In this regime, which is called the Rayleigh limit, we require for the

16
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Effect	  of	  size	  and	  surroundings	  
1.2 Linear optical properties

n = 1.0

1.1

1.2

1.3

1.4

1.5

R=15 nm

20 nm

25 nm

30 nm

40 nmA B

Figure 1.4: Absorption spectra for increasing radius with nm = 1.5 (A), and for in-

creasing refractive index with R = 30 nm (B).

size parameter x = kR that

|m|x � 1 . (1.9)

We can now derive expressions for the absorption, scattering and extinc-

tion cross sections via two approaches. One is to make a power series expan-

sion of the full Mie solution and reduce the solution to only the first term. A

different approach, which leads to the same result, is to consider the particle

to be an ideal dipole. We will first place a spherical particle in a static field to

show that the field it induces is the same as that of an ideal dipole. Then we

will replace the static field by a plane wave to calculate the cross sections.

If we start with a spherical particle with dielectric function � in a uniform

electric field E0, we can define scalar potentials V1 inside and V2 outside the

sphere

E1 = −∇V1

E2 = −∇V2

(1.10)

where

∇2V1 = 0

∇2V2 = 0
(1.11)

and the boundary conditions (at r = R) in this problem are

V1 = V2

�p
δV1

δr
= �m

δV2

δr
.

(1.12)

17

Meindert	  Alexander	  van	  Dijk,	  Nonlinear-‐opXcal	  studies	  of	  single	  gold	  nanoparXcles,	  	  
Ph.D.	  Thesis,	  Leiden	  University,	  2007.	  
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Normal	  modes:	  dipole	  and	  quadrupole	  

Kelly	  et	  al.,	  J.	  Phys.	  Chem.	  B	  107:668,	  2003.	  
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Near	  fields	  at	  planar	  surfaces	  
	  

Barnes	  et	  al.,	  Nature	  424:824-‐830,	  2003.	  

experience many periods of the textured surface and thus display the
PBG phenomenon. We also note with interest that recent develop-
ments in the fabrication of periodic nanostructures via self-assembly
offer the prospect of easily producing SP PBG substrates to act as pho-
tonic substrates on which to define SP photonic circuits.

At frequencies within a bandgap, the density of SP modes is zero—
no SP modes can be supported. However, at the band edges, the SP
mode dispersion is flat and the associated density of SP modes is high,
corresponding to a high field enhancement close to the metal surface.
Further, the nature of this flat band means that such modes can be
excited by light that is incident over a wide range of angles, making
them good candidates for frequency-selective surfaces. Flat bands are
also associated with the localized SP modes of metallic nanoparti-

cles23,24. The frequency and width of these modes are determined by
the particle’s shape, material, size and environment23,25,26,  and for this
reason they are being pursued as tags for biosensing27,28 and as sub-
strates for SERS29 and potentially as aerials for fluorophores30,31. The
interaction between two or more nanoparticles can lead to still further
levels of field enhancement32–34,  with even more dramatic effects asso-
ciated with hot spots in random structures35. 

Mapping surface plasmons and developing components
The properties of SP devices are intimately linked to the activity and the
distribution of SPs on the metal surface. Much is still not known about
the relationship between surface topology and the nature of the SP
modes, and so a more detailed study of the details of this SP activity is
vital. Because of the way SPs are confined to the surface and because of
the subwavelength nature of the structures and fields involved, one
cannot rely on traditional far-field techniques. Instead near-field tech-
niques3,36 such as photon scanning tunnelling microscopy (PSTM) are
typically employed to map the fields on the metal surface, for example,
those of the SP waveguide in Fig. 1. A PSTM is basically a collection
mode scanning near-field optical microscope where the sample lies on a
glass prism, which enables one to shine light in total internal reflection.
The nanometre size tip, mostly obtained  by pulling an optical fibre,
which may eventually be coated with a metal, frustrates the total reflec-
tion when scanning close to the surface and thereby maps the near-field
intensities.

Surprisingly, as we enhance the capabilities of near-field techniques
further to map the SP fields into the subwavelength regime we come up
against an interesting variant of Heisenberg’s uncertainty principle.
Applied to the optical field, this principle says that we can only measure
the electric (E) or the magnetic field (H) with accuracy when the volume
!l3 in which they are contained is significantly smaller than the wave-
length of light in all three spatial dimensions. More precisely,
Heisenberg’s uncertainty principle binds E and Hof the optical wave to
!l through the cyclic permutation of their vector components (i,j),

"Ei"Hj!#c2/2!l4. (3)

As volumes smaller than the wavelength are probed, measurements
of optical energy become uncertain, highlighting the difficulty with per-
forming measurements in this regime. 

insight review articles
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SPs at the interface

between a metal and

a dielectric material

have a combined

electromagnetic wave

and surface charge

character as shown in

a. They are

transverse magnetic

in character (H is in

the y direction), and

the generation of

surface charge

requires an electric

field normal to the surface. This combined character also leads to the field component perpendicular to the surface being enhanced near the

surface and decaying exponentially with distance away from it (b). The field in this perpendicular direction is said to be evanescent, reflecting the

bound, non-radiative nature of SPs, and prevents power from propagating away from the surface. In the dielectric medium above the metal,

typically air or glass, the decay length of the field, !d, is of the order of half the wavelength of light involved, whereas the decay length into the

metal, !m, is determined by the skin depth. c, The dispersion curve for a SP mode shows the momentum mismatch problem that must be

overcome in order to couple light and SP modes together, with the SP mode always lying beyond the light line, that is, it has greater momentum

(#kSP) than a free space photon (#k0) of the same frequency $.
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Surface plasmon basics
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Figure 2 SP photonic bandgap. The
SP dispersion curve shown in Box 1
was directly imaged using a modified
prism coupling technique. a, The
dispersion curve (here shown as
inverse wavelength versus angle) for
a flat surface is shown in the upper
picture; here dark regions correspond
to coupling of incident light to the SP
mode, and the colours are produced
on a photographic film by the
wavelength of the light used. b, If the
metal surface is textured with a two-
dimensional pattern of bumps on an
appropriate length scale (roughly half
the wavelength of light) as shown in
this SEM, a bandgap is introduced
into the dispersion curve of the
associated SP modes. Bar, 0.7 %m.
c, The bandgap is clearly seen in the
lower picture where there is a spectral
region in which no SP mode (as
indicated by the dark regions) exists.
Also note the distortion of the SP
mode and the edges of the bandgap.
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This is not as serious a limitation as one might imagine, because,
although we would often like to measure the optical energy (for which
we need to know both the electric and magnetic field strengths), many
optical interactions are dominated by just one of the fields, and so map-
ping just one of them on a subwavelength scale can  provide invaluable
new insights. For example, most PSTM tips provide images that are
proportional to the mapping of the distribution of |E|2 in the near-field
zone36. Surprisingly, SPs with circular symmetry, sustained by a suit-
able metal coating of the tip, played a crucial role in the recent demon-
stration37 that the distribution of |H|2 associated with the optical wave
can also be detected. Not only does this provide new possibilities for
SPs, but it also enhances their role in  such phenomena as the magneto-
optic Kerr effect38,39 in extending the realm in which SPs have impor-
tant photonic applications.

Near-field mapping techniques such as PSTM have been essential
for the development of SP devices such as waveguides and other compo-
nents.For example, they were used to map the field distribution associ-
ated with an SP waveguide based on a metal stripe40–42 that is illustrated
in Fig. 1. Other strategies for waveguiding have also been explored, for
example, using a well defined stripe defect on a periodically modulated
photonic surface, with the defect acting as a guide43. It was recently
pointed out that SP waveguides can be obtained by exploiting rough-
ness-induced Anderson localization, which inhibits SP propagation. In
this case, waveguides are formed by channels flattened across an other-
wise rough metal film44. Waveguides can also be made of aligned metal
(for example, gold) nanoparticles: a recent PSTM study has demon-
strated the feasibility of laterally squeezing the optical near field by cou-
pling localized SPs of an ensemble of linearly aligned gold
nanoparticles45, which suggests another approach to SP guiding46. 

By making use of advanced lithographic techniques to texture the
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a

b

Bragg
reflecting
zone

Figure 3 Surface plasmon Bragg reflector. a, An example of integration involving a
Bragg reflector on a SP waveguide is provided by carving a series of slots with suitable
sizes and separations in a gold stripe supported on a glass substrate, as shown on the
SEM image (a) of a stripe similar to the one introduced in Fig. 1 (courtesy of E. Devaux,
Université Louis Pasteur, France, and J. C. Weeber, Université de Bourgogne, France).
White bar, 30 !m; black bar, 2.5 !m. The incident SP, with three maxima (see Fig. 1),
is excited by total internal reflection illumination as described in the legend of Fig. 1. The
SP propagates from the left to the right until it reaches the Bragg reflecting zone
(indicated by the blue squares). The mirror effect is clearly observed in the PSTM image
(b) as the interference between incident and reflected SPs. To the right of the mirror zone,
the intensity falls dramatically to a value not detectable by the PSTM tip. Bar, 2.5 !m.

Periodic texturing of the metal surface can lead to the formation of

an SP photonic bandgap when the period, a, is equal to half the

wavelength of the SP, as shown in the dispersion diagram (a). Just

as for electron waves in crystalline solids, there are two SP standing

wave solutions, each with the same wavelength but, owing to their

different field and surface charge distributions, they are of different

frequencies. The upper frequency solution, "#, is of higher energy

because of the greater distance between the surface charges and

the greater distortion of the field, as shown schematically in b. SP

modes with frequencies between the two band edges, "# and "–,

cannot propagate, and so this frequency interval is known as a stop

gap. By providing periodic texture in two dimensions, SP propagation

in all in-plane directions can be blocked, leading to the full bandgap

for SPs. At the band edges the density of SP states is high, and

there is a significant increase in the associated field enhancement.
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Surface plasmon bandgaps 
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There are three characteristic length scales that are important for

SP-based photonics in addition to that of the associated light. The

propagation length of the SP mode, $SP, is usually dictated by loss in

the metal. For a relatively absorbing metal such as aluminium the

propagation length 2 !m at a wavelength of 500 nm. For a low loss

metal, for example, silver, at the same wavelength it is increased to

20 !m. By moving to a slightly longer wavelength, such as 1.55 !m,

the propagation length is further increases towards 1 mm. The

propagation length sets the upper size limit for any photonic circuit

based on SPs. The decay length in the dielectric material, $d, is

typically of the order of half the wavelength of light involved and

dictates the maximum height of any individual features, and thus

components, that might be used to control SPs. The ratio of $SP:$d

thus gives one measure of the number of SP-based components

that may be integrated together. The decay length in the metal, $m,

determines the minimum feature size that can be used; as shown in

the diagram, this is between one and two orders of magnitude

smaller than the wavelength involved, thus highlighting the need for

good control of fabrication at the nanometre scale. The

combinations chosen give an indication of range from poor (Al at

0.5 !m) to good (Ag at 1.5 !m) SP performance.

Box 2
Surface plasmon length scales

Aluminium at 0.5 µm
Silver at 1.5 µm

10 nm 100 nm 1 µm 10 µm 100 µm 1 mm

!m

!d

"

!sp
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Rough	  surfaces:	  
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The	  dielectric	  func?on	  of	  an	  electron	  gas	  
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The	  Drude	  model	  for	  free	  electrons	  
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Solve	  for	  dielectric	  constant	  



©2010	  |	  A.J.	  Hart	  |	  24	  

Solve	  for	  dielectric	  constant	  
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Compared	  with	  real	  data	  

14 Electromagnetics of Metals
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Figure 1.1. Dielectric function ε(ω) (1.27) of the free electron gas (solid line) fitted to the
literature values of the dielectric data for gold [Johnson and Christy, 1972] (dots). Interband
transitions limit the validity of this model at visible and higher frequencies.

frequencies the applicability of the free-electron model breaks down due to
the occurrence of interband transitions, leading to an increase in ε2. This will
be discussed in more detail in section 1.4. The components of the complex
refractive index corresponding to the fits presented in Fig. 1.1 are shown in
Fig. 1.2.

It is instructive to link the dielectric function of the free electron plasma
(1.20) to the classical Drude model [Drude, 1900] for the AC conductivity
σ (ω) of metals. This can be achieved by recognizing that equation (1.16) can
be rewritten as

ṗ = −p
τ

− eE, (1.28)

where p = mẋ is the momentum of an individual free electron. Via the same
arguments presented above, we arrive at the following expression for the AC
conductivity σ = nep

m
,
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Figure 1.2. Complex refractive index corresponding to the free-electron dielectric function in
Fig. 1.1.
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The	  importance	  of	  the	  plasma	  frequency	  

Kreibig	  and	  Vollmer,	  OpXcal	  properXes	  of	  metal	  clusters,	  Springer,	  1995	  pp.	  14	  –	  25.	  
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The	  Lorentz	  model	  
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Nanosphere	  lithography	  

Murray	  and	  Barnes,	  Advanced	  Materials	  19:3771-‐3782,	  2007;	  	  van	  Duyne	  et	  al.,	  Northwestern.	  
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SPR	  tuning	  via	  nanosphere	  lithography	  

Haynes	  and	  Van	  Duyne,	  J.	  Physical	  Chemistry	  B	  105:5599:5611,	  2001.	  
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Effect	  of	  shape	  (Ag	  “nanoprism”)	  

Kelly	  et	  al.,	  J.	  Phys.	  Chem.	  B	  107:668,	  2003.	  
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Effect	  of	  environment	  (dielectric)	  

Van	  Duyne	  et	  al.	  
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Effect	  of	  par?cle	  coupling	  

Merlein	  et	  al.,	  Nature	  Photonics	  2:230-‐233,	  2008.	  
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rupole mode,27,51 and cannot be explained by the dipolar
interaction model.
The shift in the plasmon extinction maximum is plotted

against the interparticle edge-to-edge separation gap for the
parallel polarization in Figure 3a. Note that the plasmon
maximum for s) 212 nm (particles spaced enough to assume

minimal coupling) has been used as the reference for
calculation of the shift. Because these spectra are from an
ensemble of particle pairs rather than single particle pairs,
the data point for s ) 2 nm was not included due to the
significant dispersion in the lithographic fabrication of such
a small gap. The plot of the plasmon shift versus the

Figure 1. Representative SEM image of the array of nanodisc pairs used in the present study, having an interparticle edge-to-edge separation
gap of 12 nm, showing the homogeneity of the sample. The inset shows a magnified image of a single nanodisc pair clearly showing the
interparticle gap. Each nanodisc has a diameter of 88 nm and thickness of 25 nm. Images of arrays with other interparticle gaps are not
shown.

Figure 2. (a,c) Microabsorption and (b,d) DDA-simulated extinction efficiency spectra of Au nanodisc pairs for varying interparticle
separation gap for incident light polarization direction (a,b) parallel and (c,d) perpendicular to the interparticle axis.
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8a A	  plasmon	  ruler	  

§ Closer	  =	  red-‐shir	  
§ PolarizaXon	  is	  important	  

Nano	  LeE.,	  Vol.	  7,	  No.	  7,	  2007	  
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Single	  molecule	  Raman	  spectroscopy	  
(SERS)	  à	  hotspots!	  

Van	  Duyne	  ,	  et	  al.;	  Aroca,	  et	  al.	  
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Biomolecular	  sensing	  

Choi	  et	  al.,	  Collids	  and	  Surfaces,	  A	  313-‐314:655-‐659	  2008.	  
hEp://www.biosensingusa.com/ApplicaXon101.html	  	  

Biacore:	  commercial	  SPR	  instruments	  
hEp://www.biacore.com/lifesciences/technology/introducXon/data_interacXon/index.html	  	  	  
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Biomolecular	  sensing	  
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Biomolecular	  sensing	  
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Plasmon-‐induced	  crystal	  growth	  @hotspots	  

Jin	  et	  al.,	  Science	  294:1901-‐1903,	  2001.	  
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Emergence	  of	  a	  bimodal	  size	  distribu?on	  

Jin	  et	  al.,	  Nature	  425:487-‐490,	  2003.	  
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Plasmonic	  “lithography”	  

Srituravanich	  et	  al.,	  Nature	  Nanotechnology	  3:733-‐737,	  2008.	  	  
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Plasmonic	  lenses	  
PaEerns	  in	  TeOx	  photoresist)	  
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Ultrafast	  laser	  hea?ng	  via	  SPR	  
Timescales	  of	  interac?ons:	  	  

§  Photon-‐electron	  ∼pulse	  width	  

§  Electron-‐electron	  ∼100-‐500	  fs	  
§  Electron-‐phonon	  ∼1-‐10	  ps	  
§  BallisXc	  phonon	  ∼10-‐100	  	  ps	  
§ Diffusion	  ∼100	  ps	  
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The top part of Figure 3 shows the TEM image of the
rods produced38 under the best experimental conditions
that gave us the best rod distribution. From the TEM
images, the distribution of the aspect ratio (the ratio of
the length to the width) of the rods can be determined
and is shown in the top right part of Figure 3. In general,
this method produces rods of widths ranging between 17
and 20 nm and lengths ranging from 40 to 200 nm.

As was discussed in the Introduction, reducing noble

metals to the nanometer length scale is associated with
observing the intense surface plasmon absorption in the
visible region of the spectrum. Using Maxwell’s equations,
Mie19 was able to derive the absorption probability due
to this electronic motion in spherical particles. The shape
dependence of the surface plasmon absorption was
studied by Gans.39 Using his equations for rod-shaped
rods, the simulated absorption of the rods is shown in
Figure 3d as a function of the aspect ratio.40 The observed

FIGURE 3. (a) TEM image of gold nanorods synthesized electrochemically in micellar solution38 under the best conditions. (b) Size distribution
of the nanorods. (c) Absorption spectrum of these nanorods. (d) Simulated spectra of nanorods of different aspect (length to width) ratios.

FIGURE 4. “The lightning gold nanorod”.42 Because of the intense surface plasmon absorption of gold nanorods, the electric field of the
incoming exciting light and that of the fluorescence light are greatly enhanced. This leads to an increase in the quantum yield of the fluorescence
by a factor of over a million! (A-a, A-b) Dependence of both the position of the wavelength maximum and the quantum yield of the fluorescence
on the rod dimension. This dependence is found42 to fit theoretical models,63 as shown in (B) and (C).

Properties of Metals Confined in Time and Nanometer Space El-Sayed

260 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 34, NO. 4, 2001

Applica?on:	  Gold	  nanorods	  for	  
tumor	  hyperthermia	  with	  pulsed	  lasers	  

Controlled size Tunable absorption spectra 

SelecXvely	  bound	  to	  
tumors,	  and	  then	  heat	  
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Coa?ng	  the	  nanorods	  
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Ultrafast	  absorp?on	  and	  cooling	  from	  laser	  
pulse	  
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Measuring	  the	  effect	  of	  the	  bilayer	  with	  SPR	  

Bilayer	  forms	  with	  increased	  
concentraXon	  

Bilayer	  decreases	  G,	  red-‐shirs	  
the	  longitudinal	  SPR	  

Schmidt	  et	  al.,	  Journal	  of	  Physical	  Chemistry	  C,	  112(35),	  13320-‐13323,	  2008	  


