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Abstract. A brief review of the state of the art in theoretical
and experimental studies of the optical properties of metal
particles with dipole and multipole plasmon resonances is
presented. Metal spheres, nanorods, spherical and elliptic
metal nanoshells are considered. The tuning of plasmon
resonances of nanoparticles by varying their size, shape,
structure, and dielectric environment is described. A large
amount of spectrophotometric data on dimensional character-
istics of gold colloidal particles is critically analysed and a
new calibration of the dependence of their average size on the
extinction plasmon resonance wavelength is proposed. A
drastic difference between gold and silver colloids in the
region of small deviations of their form from spherical is
discussed. An example of the excess over not only the
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Rayleigh limit for the scattering depolarisation factor for
dielectric needles (1/3) but also over the plasmon-resonance
limit for metal thin rods (3/4) is presented for the first time.
The multipole properties of nanorods and universal linear
wavelength scaling of multipole resonances are considered
depending on the axial ratio of nanoparticles. The outlook for
modern trends in biomedical applications of nanoparticles
with plasmon resonances is discussed.

Keywords: nanoparticles, nanorods, nanoshells, plasmon resonance,
absorption and scattering of light, Mie theory, T-matrix method,
multipole plasmon resonances, biomedical applications of metal
nanoparticles.

1. Introduction

Extensive studies of gold and silver nanoparticles with
plasmon resonances (PRs) in modern nanobiotechnology
[1, 2] resulted in the appearance of a new research field —
plasmonics [3]. The use of nanoparticles of noble metals for
analytic purposes in biosensorics [4] and genomics [5], for
the visualisation of cellular structures [6] (including cancer
cells [7, 8]), the targeted delivery of drugs [9], the enhance-
ment of an immune response [10], and the photothermolysis
of cancer cells [11—14] is based on a combination of the
molecular biological ‘recognition’ (a probe molecule + a
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target molecule) and the unique optical properties of these
nanoparticles in the visible and IR spectral regions observed
upon excitation of localised plasmons [15].

In nanobiotechnology metal nanoparticles are used with
recognising biomacromolecules attached to their surface by
means of physical adsorption or covalent coupling (for
example, single-stranded oligonucleotides, antibodies, etc.).
Such nanostructures are called bioconjugates [1] or simply
conjugates, while the attachment of biomacromolecules to
the nanoparticle surface is often called ‘functionalisation’
[16]. Thus, a probe conjugate molecule is used for unique
coupling with a target, while a metal core is applied for
visualisation of the interaction in diagnostics with the help
of resonance light scattering in dark-filed microscopy [17], as
a contrasting agent in optical coherence tomography (OCT)
[18] or for thermal photodestruction of cancer cells due to a
rapid heating of nanoparticles by laser pulses [19].

Nanostructures used in biomedicine [1, 2, 20] should
have optical resonances within the transparency window
of biological tissues [21]. The spectral tuning of PR nano-
particles and the relation between their absorption and
scattering coefficients are controlled by the choice of a metal
and by varying the size, shape, and structure of nano-
particles [1, 22—25]. Until recently, nearly spherical
colloidal gold nanoparticles were used in most applications
[10, 26]. The rapid development of the technology of
synthesis of nanoparticles for the last 10—15 years
[2, 27, 28] has provided wide possibilities for researchers,
beginning from the use of gold nanorods [29-37] and
nanoshells [38—41], which are well known now, and ending
by exotic structures such as nanorice [42], nanostars [43],
nanonecklaces [44], and nanocages [45].

A small size of nanoparticles compared to the wave-
length of visible light allows one to use in many cases the
dipole approximation developed in classical works of
Rayleigh [46] and then generalised by Mie [47] for colloidal
spherical gold particles and by Gans [48] for metal rods. We
consider the application of this approximation for the
description of optical properties of PR nanoparticles,
including the universal description of multilayer shells based
on the principle of dipole equivalence [49] and compara-
tively little-known properties such as the depolarisation of
scattered light by gold nanorods [50] or silver particles [51].
Because the results of simulation of the optical properties of
nanoparticles considerably depend on the permittivity and
its size dependence (in particular, due to quantum effects),
we discuss this question in more detail than is usually done
in physicochemical papers on the optics of metal nano-
particles.

As the size of nanoparticles is increased (the equivolume
diameter is ~ 50 nm), their absorption and scattering
spectra exhibit a quadrupole resonance [52—54]. In partic-
ular, this resonance for nanorods is located, as a rule,
between usual short-wavelength and long-wavelength dipole
resonances. For submicron nanorods, the structure of the
visible spectrum is determined namely by multipole reso-
nances [55—157]. Moreover, the multipole description is
necessary in some cases even when the nanostructure size
is small compared to the wavelength of light. An example of
such unusual collective behaviour is the case of metal
bispheres [22, 58, 59], when the dipole approximation for
each individual particle of size 10—30 nm is absolutely
accurate, while for contacting or closely spaced spheres
the multipole expansion converges very slowly and requires

a very large number (more than 30) multipoles for simu-
lations of spectra. Unlike dipole plasmons, the
investigations of multipole resonances began only in the
last years, and therefore we believe that it is expedient to
discuss this topic in this review.

Except the optics of individual particles, the collective
behaviour of the interacting PR particles is of great interest
for nanobiotechnology [2, 60]. The analysis of its features
includes the study of various structures, beginning from one-
dimensional chains [22, 61— 65] with unusual optical proper-
ties [66], which raised recent polemics in the literature
[67—69]. Another example is the optics of two-dimensional
arrays [70—74], in particular, clusters of spherical particles
on a substrate [75] and two-dimensional planar ensembles
formed by usual gold or polymer-coated spheres [22],
bispheres [2, 76], nanocavities [77, 78] or nanorods [79, 80].
The unusual properties of monolayers of silver nano-
particles in a polymer film [81] and on a glass substrate [82,
83] have been recently discovered. The collective optical
properties of such nanostructures have been explained in
detail based on the rigorous solution for interacting
particles on a substrate [84] only recently [85]. Let us
emphasise once more that the specific features of the
collective behaviour of interacting nanoparticles are man-
ifested already in a simplest model of two metal spheres and
the nanostructure + molecule system [86, 87].

The optical properties of three-dimensional metal clus-
ters [88—91] are of great interest for nanobiotechnology
from different points of view. First, they are closely related
to the SPIA (sol-particle-immunoassay) method [92], which
is used in different variants for the quantitative assay of
proteins (first of all, antibodies) [93—97]), lectins [98],
nucleic acids [99], and other biomolecules [10]. Second,
the enhanced absorption of light by particle clusters in the
near-IR region is an important factor determining the
efficiency of phototherapy of cancer cells [14, 100]. Third,
three-dimensional clusters have the local structural aniso-
tropy [14, 101-103], and therefore the aggregation of
nanoparticles is sometimes accompanied by the unusual
transformation of absorption spectra, in particular, by the
appearance of a resonance long-wavelength peak
[22, 104—-109]. Taking into account that the optics of
interacting nanoparticles and clusters is a separate and
quite broad field, we will not discuss collective effects in this
review.

2. Surface plasmon resonances of metal
nanospheres. The dipole approximation

The absorption and scattering spectra of metal nano-
particles exhibit resonance UV-VIS bands, which are
absent in macroscopic samples. The nature of these bands is
related to the collective behaviour of conduction electrons
in the light wave field. In the electron gas of metals, as in a
plasma, collective plasma oscillations can be excited at
frequency w, in the visible region [110]. An elementary
quantum with energy A, is called a plasmon [15]. Because
plasmons are the result of quantisation of classical plasma
oscillations, their properties can be derived from Maxwell’s
equations [15, 110].

Collective fluctuations of the electron density on the
boundary of a usual dielectric with the positive permittivity
and a metal with the negative permittivity are called surface
plasmons [15]. The excitation of surface plasmons by light is



506

N.G. Khlebtsov

called a surface plasmon resonance (SPR) for planar
structures with travelling waves and a localised surface
plasmon resonance (LSPR) for metal nanoparticles [111].
These excitations are related to evanescent surface electro-
magnetic waves, which are not necessarily localised on the
interface. Note that the generally accepted definition of the
LSPR of metal nanoparticle is absent in the literature. Thus,
for example, these resonances are assigned in [110] to the
resonances of normal modes corresponding to the vector
harmonics in the multipole description of optical properties
of a particle at virtual (complex) frequencies. In [107], SPRs
are called ‘the surface modes of collective oscillations of an
electron plasma appearing in small metal particles’. The
word ‘localised’ is absent in this definition. It was directly
pointed out in recent review [25] that ‘the clear and general
interpretation of SPRs in metal nanoparticles is not avail-
able today’.

The elementary classical description of a PR in a small
metal sphere is as follows [2, 15, 110]. The electric field of an
electromagnetic light wave displaces the cloud of free
electrons and produces uncompensated charges near a
particle surface and corresponding returning forces. As
mentioned above, the optical resonance related to these
oscillations is called the LSPR. The term ‘surface’ is used,
first, because the returning force is caused by the polar-
isation of the particle surface. Second, the radial component
of the electric field E” inside the particle changes as "'
[110], so that it is stronger localised near the particle surface
(for r = @) with increasing the mode order (n > 1).

In the general case, the eigenfrequency of such a
‘collective’ oscillator does not coincide with the wave
frequency and is determined by many factors, including
the concentration and effective mass of conductive elec-
trons, the shape, structure, and size of particles, interaction
between particles, and the influence of the environment.
However, for the elementary description of the optics of PR
nanoparticles it is sufficient to use a combination of the
usual dipole (Rayleigh) approximation and the Drude
theory [110]. In this case, the absorption and scattering
of light by a small particle are determined by its electrostatic
polarisability oy, which can be calculated by using the
optical permittivity &(w) [or &(1)], where w is the angular
frequency and 1 is the wavelength of light in vacuum. For a
small sphere of volume V' and radius « in a homogeneous
dielectric medium with the permittivity ¢, we have
:3_stsm:a3sfsm’ )
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and the integrated absorption, scattering, and extinction
cross sections are [58, 112]
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where k = 2158;1/ 2/1 is the wave number in the medium.
Note that the expressions for cross sections contain not the

electrostatic polarisability but the renormalised polarisabil-
ity [113]
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where the function ¢(ka) takes into account the radiative
decay [114]:
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For very small particles, Eqn (3) is reduced to the known
approximations [88, 115]:
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Note that the optical theorem can be satisfied only by
using the renormalised polarisability [110]. The appearance
of the additional imaginary term in the dominator of
Eqn (5) is related to the inverse action of the scattered
field on an oscillating dipole, i.e. to the work of radiative
forces resulting in the decay of oscillations [114]. Various
modifications of the polarisability in the DDA method (see,
for example, [116]) were discussed in detail in PhD thesis
[117].

Below, we will not distinguish the electrostatic polar-
isability from the renormalised polarisability. In this
approximation, the extinction of a small particle is deter-
mined by its absorption C,,, = Coy = 4mkIm(o = o) and
scattering can be neglected. One can see from the expres-
sions presented above that the polarisability and optical
cross sections can have a strong resonance under the
condition

e(wp = 0g) = &(4 = —2¢p,. (6)

max max)

The PR frequency can be estimated from the elementary
Drude theory [110] for the permittivity of a bulky metal

2
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where ¢, is the contribution of interband electronic
transitions; , is the frequency of volume plasma
oscillations of free electrons; 7y, is the volume decay
constant related to the electron mean free path /4 and
the Fermi velocity vg by the expression y, =/,/vg. By
combining these relations, we obtain
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where the resonance plasmon frequency g, and the
corresponding wavelength /1, are determined by the
equations

Wmax = Wy = Wy [Sib + 2'9111]71/29

©)
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Here, A, = 2mc/w, is the wavelength of volume oscillations
of an electron plasma [110]. Expression (8) near the
resonance frequency is reduced to the Lorentzian profile
obtained in pioneering papers [118] and [119]
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Equation (10) determines the very first (n=1) dipole
resonance of a spherical particle. Except this dipole
resonance, higher multipoles and corresponding multipole
(quadrupole, etc.) resonances can be also excited. For each
multipole mode the resonance condition exists, which is
similar to (6) and corresponds to the resonance of the
quadratic polarisability, etc. [111]. For spherical particles,
these conditions correspond to the resonance conditions for
the partial Mie coefficients [110] w, = wp[sp + &m(m + 1)X
n’l]fl/ 2, where 7 is the mode (resonance) number.

To understand the physics of LSPRs, it is important to
distinguish two possible scenarios of excitation of higher
resonances. The first case corresponds to small but non-
spherical particles of irregular or uneven shape, when the
distribution of induced surface charges is strongly inhomo-
geneous and does not correspond to the dipole distribution.
This inhomogeneous distribution generates higher multi-
poles even in the case when the system size is certainly much
smaller than the wavelength of light. Prominent examples
are cubic particles [25] or two contacting spheres [59]. As
mentioned above, the field distribution near a particular
contact point is so inhomogeneous that multipole expan-
sions converge very slowly or diverge at all.

The second scenario of excitation of higher multipoles is
realised with increasing the particle size, when the transition
from the quasi-stationary to radiative regime is observed,
and the contribution of higher spherical harmonics should
be taken into account in the Mie series (or another multipole
expansion). For example, while the extinction spectrum for
a spherical silver particle of diameter 30 nm is completely
determined by the dipole contribution and has one reso-
nance, the spectrum of a sphere of diameter 60 nm exhibits a
distinct high-frequency quadrupole peak in addition to the
low-frequency dipole peak. This analysis will be generalised
to small nonspherical and multilayer particles in section 4.

3. Optical permittivity of small metal particles

3.1 Size correction of the Drude model

The classical description of the interaction of an electro-
magnetic wave with atoms of a particle is based on the
phenomenological approach with the use of the dielectric
function (optical permittivity) (), which enters Maxwell’s
equations and boundary conditions. The spectral depend-
ence of ¢ is usually tabulated for massive samples. As the
particle size is decreased to the value comparable with the
electron mean free path (a~[,), deviations of the
phenomenological dielectric function &(w, a) of the particle
from the bulky values ¢(w) = ¢(w,a > I,) can be expected.
Of course, the classical description becomes problematic in
itself for very small particles (see below). Nevertheless, it
seems reasonable to include dimensional effects to the
corrected size-dependent dielectric function in the classical
description based on the Drude model.

The above-mentioned dipole approximation combined
with the Drude model gave a satisfactory agreement
between the measured and calculated PR positions for
alkali metals (sodium particles in a NaCl crystal), but
the experimental resonance width (from 0.05 to 0.6 eV)
considerably exceeded the calculated width (0.02 eV). Doyle

[118] assumed that experimental resonance widths corre-
spond to the electron mean free path (3.6—1.2 nm) limited
by the collisions of electrons with the particle boundary. In
other words, the macroscopic electron mean free path in a
bulky sample should be replaced by the particle size.

The dielectric functions of colloidal gold particles of
average sizes 26—30, 13—15, and 3-4 nm were first
measured in [120]. The real and imaginary parts of &
were obtained from spectrophotometric measurements of
absorption in a sol and interferometric measurements of its
refractive index. The authors of [120] found that the
dielectric function for the smallest particles considerably
differed from the macroscopic dielectric function and
explained this by the limitation of the electron mean free
path in accordance with the concept of Doyle.

Beginning from these pioneering studies, the concept of
the limited electron mean free path was systematically
developed for colloidal silver particles, particles on sub-
strates and embedded into bulk solid matrices
[15, 121-126], for gold particles deposited on a glass
substrate [127], aluminium particles in a KBr matrix [128],
and for theoretical simulations of absorption of light in
silver shells with a dielectric core [129]. Despite some small
differences in treatments, the general recipe for the
inclusion of macroscopic tabulated data and size effects
to the size-dependent dielectric function consists in the
following [15, 122, 127, 130]. Let ¢,(w) be the macroscopic
dielectric function, which can be found in the literature
from measurements with massive samples [131]. Then, the
size-dependent dielectric function of a particle is

e(w,a) = g () + Ae(w, a), (11)
where the correction Ag(w,a) takes into account the
contribution of size-dependent scattering of electrons to
the Drude part of the dielectric function described by the
expression

Ag(w,a) = sk],)r(w) — 8pDr(w7 a)

2
S S —" - (12)
o(w+ip) oo +iy,)

Here, y, =14 ! is the volume decay constant®; 7, is the
electron free path time in a massive metal; w,, is the plasma
frequency for a particle of diameter a (we assume below
that o, >~ op);

Yo =Tp =7+ 7 =7p+ Avp/Legr (13)

is the size-dependent decay constant equal to the inverse
electron mean transit time 7, "in a particle; Ly is the
effective electron mean free path; y, is the size-dependent
contribution to the decay constant; and A is a dimension-
less parameter determined by the details of scattering of
electrons by the particle surface (which is often simply set
equal to 1).

The classical value of the effective electron mean path
for a sphere is L. = a (isotropic scattering) or %a (diffuse
scattering) [132]. According to numerous experimental and

*The term volume refers here to a parameter measured for massive
samples.
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theoretical studies [15], the surface scattering constant A
depends on a material but not on the particle size. Note here
important study [133] where approaches [120] and [134] were
developed for determining the dielectric function of silver
particles of different sizes by measuring their extinction in
the region from 1.5 to 4.5 eV. The author of [133] used the
modified Kramers—Kronig relation and determined scatter-
ing constants 4 and ‘volume’ dielectric functions for gold
and silver, which provided accurate fitting for resonance
wavelengths and differed from tabulated data [135]. The
value 4 = 0.7 found for gold was consistent with estimates
obtained by other authors. However, the value 4 =2
obtained for silver was considerably higher than quan-
tum-mechanical estimates (see below). This discrepancy
can be explained by surface effects from adsorbed molecules
(see section 3.3).

It is important to note that correction function (12) does
not change the contribution &,(w) of interband transitions,
which seems to be justified because the contribution of d-
electrons to the absorption by many metals (for example,
gold) is independent of the particle size down to several
nanometres. In any case, interband transitions begin con-
tribute to the dielectric function at photon energies
hw > hoy,. The separation of contributions from free
and bound electrons to the dielectric function of very small
gold particles was recently discussed in [136]. Two models
for coupled electrons were analysed to obtain the agreement
with experimental extinction spectra of very small particles.
In the first model, the decay constant of interband tran-
sitions and the energy gap were used as fitting parameters,
while in the second model the size-dependent density of
electronic state was used. It was shown that both models
reproduced spectra for particles of size down to 1 nm.

3.2 Size-dependent dielectric function of nonspherical
and inhomogeneous particles

Consider now the application of the modified Drude model
to nonspherical particles. In [132], the general phenomeno-
logical geometrical approach was developed for calculating
Ly and the relation

Ly =4V/S (14
was obtained, where ¥ and S are the particle volume and
surface area. Equation (14) can be applied to homogeneous
particles of any shape. It should be emphasised that (14)
determines the isotropic electron mean path even for a
certainly anisotropic (nonspherical) particle. For nonspher-
ical particle (for example, ellipsoids), the mean electron
transit time can be set equal to

3 3
‘Cp_l:th;lEyp:Zypi’ ?piEVb+2UF/X[, (15)
i=1

i=1

where x; is the characteristic diameter of a particle in the
direction i. However, as far as we know, approach (15) was
never used.

For particles with a dielectric core and a metal shell, the
analytic expression [129]

Loy = s[2(a/s) — 1]/ (16)

was proposed, which was used to simulate the optical

properties of glass containing silver particles with a
dielectric core. In Eqn (16), @ and s are the shell external
radius and thickness, respectively. We used in our paper
[138] the expression [137]

(1=x)(1 —x?%)
41+ x?)

1 —x
n b
1 +x

1 X
Lo=a| ——-—2—
eff = 4 1+x2 2

a—=s

X =

)

a

obtained for the case of isotropic scattering. For thick
shells, expressions (16) and (17) give close results (Lgy ~ ),
while for thin shells Eqn (16) gives overestimated values of
Leg [138].

Results [132] were applied to inhomogeneous particles of
the type of Au/Ag nanorods or Au/Ag [139]. If a particle
contains several layers and interfaces, the decay constant is

i i Ué i Ué
i — F_ A:S..,
Yp = Vb T I Yo + av, Ej i

(18)

where v} is the Fermi velocity for the ith metal; S;; is the
interface area between metals i and j; and A4; are the
corresponding scattering constants. The decay constant for
a particle as a whole is found as the mean-weighted values
of all the contributions. Although this model is a purely
phenomenological formal generalisation of (14) without a
reliable substantiation, the authors of [139] showed that it
explains a strong broadening of single-particle spectra of
Au(core)/Ag(shell) nanorods compared to Ag/Au rods.

3.3 Surface chemical effects

Although many optical properties of small spherical
particles can be explained with the help of simple models
considered above, there exist considerable discrepancies
between the properties of hydrosols (especially, in the case
of silver) and sols in other solvents or composites in a solid
matrix, which are related to the presence of a double ionic
layer at the metal —water interface. Surface physicochemical
effects such as cathode and anode polarisation, chem-
isorption, etc. were discussed in detail in review [140]. These
effects can cause the shift of the absorption band of metal
colloids, which depends on electrochemical processes at the
interface.

As mentioned in section 3.1, the scattering constant for a
silver hydrosol considerably differs from its typical value
(about 1) for other colloids. It was assumed in theoretical
paper [141] that an increase in A can be explained by the
influence of the surface layer of adsorbed molecules on the
plasmon decay rate. It is accepted at present that the value
of A depends on a metal and its local physicochemical
environment. Thus, it was shown in [126] that the doping of
a SiO, matrix with 2-nm silver particles leads to almost
threefold increase in the resonance width compared to the
case of free particles. This result shows unambiguously that
the resonance width is determined by chemical surface
effects and can be explained by the Persson model [141]
taking into account size and quantum effects. Unfortu-
nately, it is unknown usually which and how many water
ions and molecules are adsorbed on the surface of particles
prepared by one or another method.
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In summary, we can say that the width of the resonance
of particles deposited on a substrate or doped into a matrix
should be interpreted carefully because a purely dimensional
broadening can be weaker than other mechanisms and can
be masked by the decay caused by surface chemical effects.

3.4 Quantum-size effects

The unique properties of metal particles are of great interest
in connection with an old problem: how many atoms
determine the properties of a massive sample?

A typical nanoparticle can be treated as a cluster
containing a comparatively small number of atoms, from
a few atoms to 10°. Such clusters occupy the intermediate
position between atoms and small molecules, which require
a complete quantum-mechanical description, and massive
materials described by classical electrodynamics with con-
stitutive equations. Thus, metal particles are mesoscopic
objects of size lying between microscopic and macroscopic
scales. Because of this, they demonstrate new properties
[142], in particular, the discrete spectrum of electronic states
and the coherent motion of electrons moving thorough a
system without inelastic scattering changing the phases of
wave functions. In the language of quantum mechanics, a
metal particle located in an external field acquires collective
electronic excitations, which are called surface plasmons.

The most important question that should be answered
by the quantum-mechanical description concerns the applic-
ability of the modified Drude model (section 3.1). As
pointed out in pioneering paper [143], the interpretation
of a surface plasmon width in terms of the mean free path is
not quite correct due to the appearance of quantum levels,
which are determined by the boundary conditions on the
surface. By using the theory of a linear response and the

fluctuation-dissipative theorem, the authors of [143]
obtained the expression
3 Vg hu)o
_ 22 2o 19
=7, g< or ) (19)

for the size-dependent contribution to the decay constant
[see Eqn (13)], where g(x) is a decaying function of the
plasmon energy %w, normalised to the Fermi energy ¢g, and
g(0) = 1. The unexpected result was that ab initio analysis
gave the same law y, ~ 1/L ~ 1/a as that based on simple
physical [15] and even geometrical [132] considerations.
After pioneering paper [143] (which contained many
approximations), several refinements were published (see,
for example, [141, 144] and references in [15, 133]), but all
these studies invariably gave the law y; ~ 1/Lyy ~ 1/a with
small corrections. In fact, all the quantum theories gave the
decay law (13), but with different constants A.

From the physical point of view, the size-dependent
decay constant (19) is the result of transformation of a
surface plasmon to a particle—hole pair via the Landau
decay mechanism, which dominates for particles of diameter
1-10 nm [145]. For large particles, the decay and broad-
ening of plasmon lines are mainly determined by the
interaction of plasmons with the electromagnetic field. It
follows from Eqn (4) that the contribution of the radiative
decay changes proportionally to a particle volume [15]. It is
for this reason that the radiative decay can be neglected for
particles of diameter smaller than 10 nm, while for particles
of diameter smaller than 0.5 nm the interaction of a surface
plasmon with an ion lattice can lead to the decay of the

collective excitation, whereas the Landau decay is inefficient.

Except surface scattering, there exist other quantum
effects [146], which we will not consider in our brief review.
Experimental data and theoretical calculations for nano-
shells [147, 148] and rods [149] (see also references in
[15, 150]) prove the validity of using classical electrody-
namics combined with the size-dependent dielectric
function. We agree with the opinion of the authors of
[110] that the optics of PR particles can be described
adequately in terms of classical electrodynamics supple-
mented by a ‘correctly’ constructed dielectric function,
which can also include, in particular, quantum effects. It
is also interesting to note that plasmons in metal nano-
structures reveal some analogy with the electronic wave
functions of simple atomic and molecular orbitals [151]. Tt
was acknowledged comparatively recently that this analogy
and the concept of ‘plasmon hybridisation’ [152] can be
efficiently used for constructing nanostructures and under-
standing their properties.

3.5 Experiments with individual particles

As long as particles were studied experimentally in solid
matrices [15, 110, 153], colloidal solutions [140, 118121,
128, 130, 133, 138, 154], suspensions of nanoshells (silicon
dioxide/gold) [155, 156] or on substrates [15, 126, 127, 129],
a certain consensus existed among most of the researchers
that the dielectric function should be corrected (as described
above) and that such a correction together with the
appropriate solution of Maxwell’s equations (the Mie
theory [47, 110], DDA [115-117, 157] or the T-matrix
method [158]) gives a satisfactory agreement between
experimental and calculated absorption and scattering
spectra.

However, the possibilities of these experiments with
ensembles of particles were considerably restricted by an
inhomogeneous broadening due to polydispersity and poly-
morphism of the particles. It was shown recently that the
resonance scattering spectra of individual particles can be
recorded by using dark-filed microspectrophotometry
[17, 159]. This approach completely eliminates the inhomo-
geneous broadening of an ensemble of particles and allows
one to probe ‘pure’ decay mechanisms [160]. Thus, it was
shown in [161] that the width of the scattering resonance of
gold nanorods was much smaller than the width of the
spectrum of an ensemble of particles and the spectrum of
equivolume spheres and was close to the spectral width
calculated from permittivities of bulky gold samples.
Because excitation of interband transitions in gold requires
energy exceeding 1.8 eV, it was predicted that the non-
radiative decay in nanorods and nanospheres will be weaker
for plasmon energies E,.; < 1.8 eV. However, the increasing
radiative decay in the case of large spheres is considerably
stronger than this effect of interband transitions and leads to
a greater linewidth. Thus, the high Q factor of the lon-
gitudinal resonance of nanorods is explained by a drastic
weakening of both interband and radiative decay. An
important result of paper [161] was that surface scattering
did not contribute considerably to the broadening of the
scattering spectrum compared to usual expected estimates
[161].

Recently experiments [161] were repeated with rods of
sizes varying in a considerably broader range [162] (in
addition, the line broadening mechanisms were studied
for individual ‘nanocells’ [163]). It was found that the
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linewidth of resonance scattering was determine by the
competition between the radiative decay and surface scatter-
ing of electrons. Plasmon resonances for thin rods were
broadened due to surface scattering, whereas for thick rods
the radiative decay dominated. Thus, the measured line-
width consisted of three contributions: the volume
contribution I'y, the surface scattering of electrons Iy
[164], and the radiative decay I',,q [164]:

UF
Ly

F:Fb+rsurt‘+rrad57b+A + AV, (20)

Here, the volume contribution can be expressed in terms of
the volume dielectric function [15]

2e5(wo)
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Iy = @n

and ¢j, denote the derivatives of the real and imaginary
parts of the dielectric function of a massive sample.
Equation (20) with 4 =0.3 [165] and k=3x 10"’
fs~' nm™ [161, 166] gave reasonable agreement with
experimental values (note, however, that the value of 4
obtained for gold spheres in [133] was 0.7). Although the
authors confirmed the presence of the surface scattering
mechanism for thin rods, it was assumed that details of the
interface structure (i.e. the presence of an adsorption layer)
were not important. We suppose that this hypothesis should
be verified.

It is pertinent to make here an important remark. It
would be erroneous to consider Eqn (20) as the guidance for
the modification of the volume dielectric function, i.e. to
include all the three mechanisms to the modification of
&(2,a). It is important to understand that the radiative decay
is included into (20) only within the framework of the dipole
model. If the optical properties of an individual nanorod are
calculated rigorously electrodynamically (for example, by
the T-matrix method), the mechanism of radiative decay will
be included to the spectrum automatically, so that the
dielectric function should be corrected only for surface
scattering.

Data [161, 162] for gold nanorods do not answer
unambiguously the question about the role of surface
scattering. This also concerns gold nanoshells. Indeed,
measurements with suspensions [155] showed that surface
scattering is the main source of line broadening. However,
the width of single-particle spectra [167] was well explained
by the Mie theory with volume constants (i.e. not using the
dimensional correction). Our experiments [156] showed the
presence of two competing broadening mechanisms for
nanoshells. In the case of thick gold layers, the main
mechanism is related to the inhomogeneous broadening
caused by polydispersity. However, in the case of thin shells,
the surface scattering of electrons makes the main con-
tribution.

Thus, the data obtained both for nanorods and nano-
shells are somewhat contradictory. It seems that this
problem requires further experimental studies because the
thicknesses of nanoshells in [167] and nanorods in [161] were
too large for observation of the limitation of /. In addition,
single-particle experiments in the region of small sizes
(where the most interesting effects should be expected)
are strongly complicated due to weak scattering, which is

proportional to the square of the particle volume. For this
reason, alternative approaches based on absorption spectra
were recently developed [168—171]. In particular, the
authors of [172] have managed to record the absorption
spectra of individual particles of size down to 5 nm. These
experiments revealed unambiguously a considerable con-
tribution of surface electron scattering to the broadening
mechanism. Similar experiments were recently performed
for gold ellipsoids [173].

Thus, in our opinion, the inclusion of effects of the
limitation of the electron mean free path to the Drude model
and the use of the classical electrodynamics of individual or
interacting particles form a reliable basis for the construc-
tion, prediction, and applications of PR nanostructures.

3.6 Tabulated and model dielectric functions

Several data sets for the optical constants of gold films
[174, 175] and a single-crystal sample [176] were reported in
the literature. The most comprehensive set satisfying the
Kramers—Kronig relations was presented in [177]. We used
in our papers the so-called second set of constants [177],
which was matched with data presented in [178]. At present
the most popular data set is based on measurements
performed in [135] and included to the handbook [131].
Figure 1 shows the spectral dependences of the real and
imaginary parts of the refractive index taken from different
sources, together with a spline obtained by analogy with
[130]. In particular, spline nodes for wavelengths 210.4—
469.9 nm were taken from [175], for 480—640 nm — from
[176], and for 657.4— 1605 nm — from tables [135]. The most
critical is the PR region, and we used data [176] according
to recommendations [119] and our own observations [130]
showing that constants from [176] give the best agreement
between experimental and calculated positions of resonan-
ces for carefully measured particle parameters. In our
opinion, the data from [175] are most reliable for the short-
wavelength range (see Fig. 1), whereas in the region 650—
1600 nm we used data from [133].

Ren Imn

300 500 700 900 Z/nm

Figure 1. Spectral dependences of the real and imaginary parts of the
refractive index of gold [135] (), [174] (2), [175] (3), [176] (4), [177]
(5),[178] (6). The solid curves show spline interpolations (see the text).

According to (12), the correcting addition includes the
real and imaginary parts. However, it was found in a
number of papers [110, 130, 134, 154] that to obtain the
best fit of spectral measurements, it is necessary to correct
only the imaginary part, although this recipe, strictly
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speaking, is not compatible with the Kramers—Kronig
equations. By following [138], we used the expression

s—‘+As()—‘+Aip I i3
2 = € a) = &y L \ 2mc ip .

In conclusion of this section, we point out an extremely
important case when the analytic approximation of the
Drude type (12) should be used instead of tabulated data.
Such a situation appears, for example, in the finite-differ-
ence time-domain method (FDTDM) [179] because the
relation between the instant values of the induction and
field strength is given by the convolution integral [114]. This
convolution could not be calculated at each step in the
FDTDM without an analytic solution. This solution can be
obtained only by using a few simple models for the spectral
dependence of the dielectric function, including the Drude
formula. Different authors present different values of
parameters in the Drude formula for metal particles. For
example, according to [180], the interpolation of data [135]
for gold is obtained for &, =9.5, w, =8.95¢V, and y, =
0.0691 eV. For silver, the values of constants in the Drude
formula were [180]: &, =350, w,=9.5¢€V, and y,=
0.0987 eV. According to data [181], the Drude formula
approximates measurements [135] for gold for ¢, = 12.0,
op =9.49 eV, and y, = 0.0708 eV. We used in our calcu-
lations the values [127] w, = 8.55 ¢V and 7, = 0.1 V.

(22)

4. Optical properties of dipole particles
with plasmon resonances

4.1 Dependence of resonances of colloidal gold
and silver on the particle size

Colloidal gold is known from antique times [27], although
the scientific studies of these nanoparticles were pioneered
by Faraday [182], Zsigmondy [183], Mie [47], and Svedberg
[184]. All aspects of the physical chemistry of colloidal gold
were considered in comprehensive review [27]. The history
of studies and main results on the optics of colloidal silver
were discussed in review [153]. Because the main aspects of
the optics of gold and silver colloids were considered in

detail in the literature [110, 140], we do not present here the
well-known spectra (with resonances near 520 and 400 nm
for gold and silver colloids) and their dependences on the
particle size and the refractive index of the environment.
Instead, we will discuss only some questions of practical
interest or controversial questions.

Let us analyse the dependence of extinction on the
particle diameter d =2a. In this paper, the dispersion
medium is water with the refractive index n,,(1) calculated
by the expression from [130]. The main parameters are the
efficiency factor Qg sa Or optical density 4., and the
intensity of scattering at 90° at a constant weight concen-
tration ¢ of particles:

A = 0.651 o & (23)
p d
1> 1168y, (ka, 0 = 90°
Iog(7) = 0.651 <= | 16Sulka, ), (24)

pd 3(ka)?

where p is the metal density; Quq = Cox/ma’ is the
extinction efficiency; Sy;(ka,6) is the normalised intensity
of scattering at 90° (the first element of the Mueller
scattering matrix [110]); and k =2mn,/A is the wave
number in water. The expression in square brackets is
normalised so that it is equal to the normalised scattering
cross  section Qg = Cyu/ma’ for Rayleigh particles.
Expression (23) was also used to calculate the integrated
scattering Ay, from Q. ,. When it was necessary to
compare the efficiencies for individual particles, we used
parameters Qe sca-

Figure 2 presents the dependences of the resonance
extinction and scattering intensity on the diameter of silver
and gold particles. For a constant weight concentration of a
metal, the maximum extinction was achieved for silver and
gold particles of diameter ~ 20 and 70 nm, respectively. The
maximum specific scattering per unit metal mass was
achieved for silver and gold particles of diameter 40 and
~ 100 nm, respectively. Figure 2b presents the relation
between integrated scattering and total extinction. Small
particles mainly absorb light, whereas large particles mainly
scatter it [185]. The contributions of integrated scattering

A I
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0.8 0.4
0.4 0.2
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Figure 2. Dependences of the optical density of suspensions and the intensity of scattering at 90° on the particle diameter at constant weight
concentrations of gold (57 pg mL™") and silver (5 pg mL™") (a) and dependences of the integrated scattering and extinction cross sections on the

particle diameter at the extinction resonance wavelength (b).
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and absorption to extinction become equal when the
diameters of silver and gold particles are equal to 40 and
80 nm, respectively.

Although the most reliable measurements of particle
sizes are provided by transmission electron microscopy
(TEM), it is convenient to have in practice a simple and
convenient method for rapid control of particle sizes. In our
opinion, usual absorption spectroscopy is such a method.
Figure 3a illustrates the principle of measurements by the
dependence of the resonance extinction and scattering
wavelengths on the diameter of gold and silver particles.
The size dependence of the resonance wavelength is
determined by the size dependence of the optical constants
of nanoparticles in the region of small sizes and by the
contribution of higher multipoles with the dominating
scattering for particles of diameter exceeding 40 nm. In
particular, a drastic change in the size dependence in the
region d < 10 nm for extinction resonances of gold (see
insert in Fig. 3a) confirmed in experiments [130] is related to
the size dependence of optical constants. The wavelengths of
extinction and scattering resonances for silver virtually
coincide, whereas scattering resonances for gold are shifted
to the red with respect to extinction resonances, as follows
both from calculations (Fig. 3a) and experiments [186—188].

Based on the dependences of the type presented in
Fig. 3a, we proposed [130] the calibration curve for deter-
mining the size of spherical gold particles of diameters 5—
50 nm obtained by the citrate Frens method [189]. The
reliability of this calibration was confirmed by other authors
in independent experiments [190, 191]. Figure 3b presents a
new calibration curve based on our experimental data
[37, 130] and experimental data obtained by other authors
[192—-199] in the range of particle diameters from 3.5 to
100 nm. The new calibration is described by the equation

34+7.5%x 107X Y, X <23,
d:{ (X —17)"2 ~1]/0.06, X =23, X = Amax =300, (25)

where all the quantities are measured in nanometres.
Expression (25) can be used in a much broader range
(up to 120 nm) than the previous calibration [130]. Note

that the shape of particles of diameter above 40 nm
obtained by the citrate Frens method usually noticeably
differs from spherical. Therefore, empirical calibration (25)
takes into account to a certain degree the shape effect.
Does calibration (25) correspond to the results of the
Mie theory? This question was thoroughly studied in [130],
where its was shown that to obtain agreement between
measurements and calculations in the range of diameters
above 15 nm, it is necessary to take into account the size
distribution of particles and the distribution of particles over
shape factors. The latter effect was first taken into account
in [130] based on the rigorous T-matrix method. In the
region of small particle sizes there exists an anomaly — a
drastic decrease in the slope of the calibration curve, which
is explained, as shown in Fig. 3a (see also [130]) by the size
dependence of the dielectric function of gold particles.
The authors of papers [198, 199] published in 2007
reported that the results of their measurements were
consistent with calculations performed by using the Mie
theory. Figure 4a presents the size dependences of the
extinction resonance wavelength calculated according to
calibration (25) and the Mie theory taking into account
all multipoles. It follows from Fig. 4a, first, that exper-
imental data [198, 199] well agree with our calibration (25)
but are inconsistent, unlike the statement of the authors of
[198, 199], with our calculations by the Mie theory. One can
see that experimental resonance wavelengths from [198, 199]
exceed the wavelengths predicted by the Mie theory. Note
that the authors of [198] calculated spectra by using the
expression from [200] for absorption in the dipole approx-
imation, while the authors of [199] used in calculation the
complete Mie theory. It is known from theory [110] and
measurements of elastic scattering spectra that the consid-
eration of scattering contribution and higher multipoles to
extinction shifts the resonance to the red. For particles of
diameter above 40 nm, the use of the dipole approximation
in calculations should give the understated values of
resonance wavelengths, i.e. the discrepancy between calcu-
lations and measurements should be even greater.
Therefore, the agreement between calculations and measure-
ments in [198] can be only explained by the difference of
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Figure 3. Dependences of the resonance extinction (A5, solid curves) and scattering (/5% , dashed curves) wavelengths on the diameter of gold and
silver particles (a); the calibration curve for measuring the mean diameter of spherical colloidal particles from the PR extinction wavelength (b):
symbols denote experimental data taken from [130] (1), [192] (2-5), [193]1(6, 7), [194] (8), [195] (9), [37] (10), [196] (11),[197] (12),[198] (13), and

[199] ( 14); references according to (2—7) see in [192, 193].
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Figure 4. Dependences of the extinction resonance wavelength on the particle diameter according to measurements [130] (7), [195] (2), [198] (3), [199]
(4), Eqn (25) (5), and the Mie theory (6) (a) and the dependences of the shift Al = ASP — AMie of the resonance wavelength for s-cylinders with
respect to the resonance of spheres calculated by the T-matrix method for particles with the equivolume diameter d,, = 20 — 60 nm; the insert shows
the enlarged part of the initial region and points obtained by the approximation of exprerimental data [192] for particles with d., =20 (1), 30 (2), 40

(3), 50 (4), and 60 nm (5) (b).

optical constants used in [198] from ours. This can also
explain the discrepancy between data [199] and our calcu-
lations by the Mie theory. Another explanation can be the
difference of the dielectric function that we used in
calculations. However, our spline was carefully verified in
[130]. Second, and it is most important, we see that data
[195], which strongly differ from other experimental results
(Fig. 3b) and do not correspond to calibration (25), well
agree with our calculation by the Mie theory. Thus, we
assume that all is determined by the shape of particles. It
seems that the authors of paper [195] have managed to
prepare perfectly spherical monodisperse particles, which
they pointed out themselves. It is for this reason that our
Mie calculations well agree with their measurements. In all
other cases, it is necessary to take into account the deviation
of the particle shape from spherical. For example, Fig. 4b
shows the red shift of the resonance of weakly nonspherical
particles (s-cylinders [37], calculation by the T-matrix
method compared to the Mie calculation) depending on
their equivolume diameter. The insert shows the enlarged
part of the origin of curves together with points obtained by
the approximation of experimental data (Table 1 and Fig. 1
from [192])

1

e= %0 d+1.06,
which were combined with calibration (25). Although we
have not obtained very good agreement between calcu-
lations and measurements, the data presented in Fig. 4b
prove unambiguously that the overstated values of reso-
nance wavelengths are related to the particle shape. In our
opinion, it is for this reason that empirical calibration (25)
and the averaged set of experimental data (Fig. 3b) are
inconsistent with the Mie calculation. In fact, we have made
the same conclusion in [130].

In the region of small particle sizes, the data of [198] are
inconsistent with our measurements and calculations [130].
However, we are sure that our data are reliable because
experimental data presented in [199] are in good agreement
with our first measurements [130] and prove unambiguously

(26)

the presence of the anomaly in the size dependence of the
PR shift discovered for the first time in [130]. Note that
spectrophotometric control of the size of gold particles of
diameter smaller than 5 nm has specific features [130]. This
region was carefully studied in papers [136, 154], where it
was shown that even in this case absorption spectra can be
used as a reliable and convenient tool for determining
particle sizes averaged over the ensemble.

A new method for studying biospecific interactions
involving conjugates of colloidal gold nanoparticles was
developed in [186—188]. The method is based on the
measurements of differential static scattering spectra at
90° with the automatic correction of spectral absorption.
We have shown that the size dependence of the maxima Any
of differential scattering can be used for morphometric
analysis of gold sols and have pointed out considerable
differences between the experimental dependence /e (d)
and Mie calculations. As follows from the above discussion,
these discrepancies are explained first of all by the difference
of the particle shape from spherical. Another important
question is related to the inhomogeneous broadening of
spectra caused by the dispersion of the particle size. This
effect can be used as a simple optical test for the dispersion
or partial aggregation. The question is which of the spectra,
extinction or scattering, is preferable for this purpose.
Numerical simulations and experimental studies have shown
[187, 188] that the differential scattering method has in this
respect indisputable advantages over spectrophotometry.

This conclusion is illustrated in Fig. 5a which shows the
extinction and scattering spectra of gold particles of
diameter 25 nm and a mixture of three fractions with the
same number of particles of diameters 20, 25, and 30 nm
[187]. One can see that the sensitivity of the scattering
spectrum to the dispersion composition of the mixture is
much higher than that of the extinction spectrum. Theo-
retical simulation (Fig. 5b) agrees in principle with this
result, although the calculated spectra are considerably
narrower than experimental ones because the model
neglected the polydispersity of fractions themselves and,
as we will show below, due to the particle shape effects.
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Figure 5. Experimental (a) and theoretical (b) extinction (solid curves) and differential scattering (dashed curves) spectra: ( 1) the initial colloidal gold
sol with the diameter of particles 25 nm; (2) a mixture with the same amount of particles of diameters 20, 25, and 30 nm (histogram in the insert).

4.2 Gold and silver nanorods

The optical properties of small nanorods were investigated
in detail in the dipole approximation by the methods of
discrete dipoles and T-matrix [12, 23 —25, 52, 53, 201 —208].
At present gold nanorods are prepared, as a rule, by
reducing gold on seeds in the presence of cetyltrimethy-
lamonium bromide and silver ions [32, 33, 37]. Figure 6
presents the TEM photograph of an NR-655 sample
(specific synthesis for obtaining a PR at ~ 650 nm). The
main part of particles can be described the geometric model
of a cylinder with hemispherical ends (the s-cylinder model
[52, 203]). This model was mainly used in our papers. The
influence of details of the rod shape was studied in
[23, 52, 206—208].

I

Figure 6. Electron microscope image of an NR-655 sample before the
separation of particles. The particles are mainly cylinders with hemisp-
herical ends. A small amount of large particles of irregular shape,
bipyramids and cubes are also present.

Along with the s-cylinder model, a convenient approx-
imation for qualitative analysis is an ellipsoid with the
known analytic solution for the axial polarisability tensor
[46, 48, 110]

V e—ém
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where the geometrical depolarisation factors [110] satisfy
the relation L +2L, = 1, and L = 1/3 for spheres. Unlike
spherical particles, expressions of type (10) now predict the
appearance of two resonances corresponding to oscillations
of electrons across and along the symmetry axis of a
particle. In particular, the supersensitive tuning of the
longitudinal resonance is explained by the modification of
expression (9)

/«L‘r‘nax _ /lp[gib + (I/L” — 1)gm]1/2’ (28)

which predicts the strong red shift of the resonance with
increasing the axial ratio of particles (when Lj — 0, see
below).

Figure 7 shows the extinction and integrated scattering
spectra of randomly oriented gold (Figs 7a, ¢) and silver
(Figs 7b, d) nanorods with the equivolume diameter D =
d,, = 20 nm and the shape factor 1—6. The single-particle
extinction and scattering are compared by using the
efficiency factors. We see again that the properties of
particles depend very strongly on the metal nature. First,
as the shape factor for gold is increased, the resonance
extinction increases approximately by a factor of five and
the Q factor also increases. For silver, vice versa, the highest
Q factor is observed for spheres, and the resonance
extinction for rods is lower. Second, for the same volume
and axial ratio, the extinction and scattering of light by
silver rods are considerably more efficient. The resonance
scattering factors for silver particles are approximately five
times larger than those for gold particles. Third, the relative
intensity of the transverse PR of silver particles with the
shape factor above 2 is noticeably larger than that for gold
particles, where this resonance can be simply neglected.
Finally, principal differences are revealed for particles with
the shape factor smaller than 2 (Figs 7c, d). The resonance
for gold particles shifts to the red and gradually splits into
two bands with dominating absorption in the red region.
The scattering band shifts to the red and its intensity
increases. For silver rods, the situation is different. The
short-wavelength resonance shifts to the blue, its intensity
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Figure 7. Extinction (solid curves) and scattering (dashed curves) spectra of randomly oriented gold (a, ¢) and silver (b, d) s-cylinders with the
equivolume diameter 20 nm and the axial ratio 1—6; Figs 7c, d show the transformation of spectra at small deviations of the particle shape from

spherical.

decreases and it splits into two distinct bands. In this case,
the intensity of the long-wavelength extinction band remains
approximately constant, it is comparable with the short-
wavelength band intensity and shifts to the red with
increasing nonsphericity. The integrated scattering and
absorption spectra approximately reproduce these features.

The spectra in Fig. 7c for small deviations of the particle
shape from spherical are very similar to the spectra of
polydisperse or weakly aggregated suspensions [89]. Thus,
we come to an important conclusion that the nonsphericity
and polydispersity of particles can make similar contribu-
tions to the inhomogeneous broadening and mask each
other. In the given case, measurements of only scattering or
extinction spectra do not allow us to distinguish these
contributions. We suppose that this problem can be solved
by using the unusually high depolarisation of scattered light,
which was first predicted and measured for gold nanorods in
[50, 203] and for silver particles in [51].

We have shown in papers [37, 50, 203, 209] that the
degree of depolarisation of scattered linearly polarised laser
radiation is a very sensitive parameter characterising the
deviation of the particle shape from spherical. In particular,
the depolarisation factor, defined by the ratio 4, =
/I of the cross- and co-polarisation scattering inten-
sities, for nanospheres of diameter 90 nm (original
‘thiocyanate’ synthesis protocol [37]) did not obey the
law of increasing depolarisation for colloidal gold particles
of diameters from 15 to 45 nm. The measured degree of

depolarisation (10 %) was three times lower than the
expected extrapolated value, suggesting the high sphericity
of particles, which was confirmed by the TEM analysis.
Recently the sphericity of particles was tested by depolar-
isation of single-particle co- and cross-polarised scattering
spectra [210].

The unexpected result of papers [50, 203] was the
observation of the very high resonance depolarisation
exceeding the classical limit 1/3 for dielectric particles
[211, 212]. It was shown [50] that the Rayleigh depolarisa-
tion limit for PR particles was 3/4. In the limiting case, a rod
gives the so-called symmetric scattering described by the
expression [50, 213]

I=1 1+ ece|’ —%\e:eol2 : (29)
where the constant ]és) is determined by the polarisability
tensor; and e, and e, are the polarisation vectors of incident
and scattered light. It is obvious that the depolarisation
factor in the scattering plane (kg, k) is independent of the
scattering angle and is 3/4. The conditions for realising
symmetric scattering were analysed in detail in papers
[50, 209], therefore we present here only some general
results of calculations (Fig. 8), including new data obtained
for silver particles. Figures 8a, b present the spectral
dependences of the depolarisation factor for randomly
oriented gold and silver s-cylinders with the constant
diameter 2b = 15 nm and the axial ratio e = a/b varying
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Figure 8. Spectral dependences of the depolarisation factor for randomly oriented gold (a) and silver (b, ¢) s-cylinders of diameter 25 = 15 nm (a, b)
and 40 nm (c) and the axial ratio e from 1.2 to 5. The dashed curves in Fig. 8c show theoretical limits for dielectric needles (1/3) and metal needles in
the dipole approximation (3/4); dependence of the depolarisation factor on the axial ratio for different particle diameters (4 = 633 nm) (d).

from 1.2 to 5. It is obvious that the volume of particles
under these conditions increases. The spectra for gold and
silver particles are similar in that in both cases the
depolarisation resonance is observed to the left of the
extinction and scattering resonance [50, 51]; however, due
to excitation of multipoles, the spectrum of silver particles
has a more complicated structure. We present in Fig. 8c for
the first time, as far as we know, an example of the
violation of not only the Rayleigh depolarisation limit 1/3
for dielectric needles but also of the plasmon-resonance
limit 3/4 for thin metal rods. Thick rods of diameter 40 nm
with the shape factor above 3.6 have the depolarisation
factor 4., >3/4 in the wavelength range from 500 to
600 nm. It is clear that this new effect is completely caused
by excitation of higher modes. Finally, Fig. 8d shows the
size dependence of the depolarisation factor on the axial
ratio for particles of different diameters. The curve for
particles of diameter 5 nm almost does not differ from the
correspondent dependence in the dipole approximation [50].

Figure 9a presents the extinction spectra for five samples
synthesised by the method [32, 33] with small modifications
[37] for tuning resonances in the region from 650 to 950 nm.
Note that the separation stage that we introduced [203]
allows us to reduce but not eliminate cubic particles and
particles of nearly spherical shape (see Fig. 6 and [37]). We

found for the first time [203] the intermediate resonance at
~ 570 nm in separated samples, which was assigned based
on DDA simulations [205] to cubic particles [37].

The position of the longitudinal long-wavelength reso-
nance can be predicted from the axial ratio of particles and,
vice versa, the average shape of particles can be quite
accurately estimated from the resonance position. Figure 9b
presents calibration dependences for measuring the axial
ratio of particles from the longitudinal PR position. Along
with the T-matrix calculations for s-cylinders of different
diameters, we present our experimental data and data
obtained by others [31, 34, 204, 214, 215]. As the particle
diameter is increased, the results of a rigorous solution
noticeably differ from the limiting electrostatic curve
obtained in the dipole approximation (this was first shown
in [50] for s-cylinders by the T-matrix method and in [204]
for rectangular cylinders by the DDA method). As for the
experimental data, their greater part is grouped near the
curve calculated for particles of diameter 15 nm, although
results [34] better agree with calculations for larger particles.

Note in conclusion that the anisotropic scattering
characteristics of nanorods also determine some other
interesting optical properties, in particular, the spectral
and polarisation selectivity of oriented particles [34] and
a strong dependence of light scattering on the orientations
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Figure 9. Normalised extinction spectra of nanorods with a longitudinal resonance at 655 (2), 700 (3), 733 (4), 860 (5), 900 (6 ), and 920 nm ( 7) [for
comparison, the extinction spectrum of gold nanospheres of diameter 21 nm is shown (/)]; the arrow at spectrum (6) (dashed curve) shows the
intermediate resonance of cubic particles (a); (b) calibration dependences for determining the axial ratio of particles by the longitudinal PR wavelength
Amax- Calculation by the T-matrix method for randomly oriented gold s-cylinders in water, the particle diameter is 5 (7), 10 (2), 20 (3), 30 (4), and
40 nm (5). Experimental points are our TEM and spectral measurements (6 ) and measurements from [34] (7), [204] (8), [214] (9), [215] (10), and

[31] (11).

of nanorods [216, 217]. Nanorods are also promising as
contrasting labels in dark-field scattering microscopy [218]
and coherence tomography [219]. Recently the spectral
measurements of polarisation properties of individual non-
spherical particles were reported [210]. It was shown that
polarisation single-particle spectroscopy has a great poten-
tial for studying the interaction of nanoparticles with cancer
target cells.

4.3 Gold and silver nanoshells

Gold nanoshells [2, 41, 220] and nanorods are of great
interest for biosensorics [40, 49], immunoassay [221, 222],
optical visualisation of biological obhects [8], and laser
photodestruction of cancer cells [8, 12, 223, 224]. Note that
the efficiency of nanoshells as labels for photothermolysis
can be related not only to their heating but to the formation
of explosive vapour bubbles [225].

The existing protocols of synthesis of gold nanoshells
with a silica core [2, 41, 220, 226] allow the preparation of
particles of diameter 80—-400 nm with a comparatively
narrow size distribution. The resonance scattering of light
by such particles exceeds by more than an order of
magnitude scattering by usual colloidal gold particles of
diameter from 10 to 50 nm [8]. Very strong scattering allows
one to observe individual nanoshells in the dark field of a
microscope [2] and opens up the way to the development of
high-contrast labels for visualisation of biologically specific
interactions of probe macromolecules adsorbed on particles
with target molecules [227].

The optical properties of model nanoshells in the form of
a bilayer sphere with a dielectric core can be easily
calculated by using various programs of the Mie solution
type [110, 228] or from recurrent relations for the general
case of multilayer gold [229] or silver [230] spherical
particles. The plasmon resonance wavelength is determined
first of all by the ratio of the shell thickness to the core
diameter and the dielectric functions of the core and
environment. Although numerical analysis can be per-
formed, it is desirable to have a simple analytic method
for quantitative estimates of the polarisability of nanoshells

& Em
c d

Figure 10. Scheme of the principle of the dipole equivalence: (a) the
initial particle (315\1,), a;) covered with an external layer (e, ap) and
embedded to the environment with the permittivity &.,; (b) the initial
particle in a medium with the permittivity ¢, surrounded by an imaginary
sphere of radius a,; (c) an equivalent particle (325\2,), a,) in a medium with
the permittivity &,; (d) an equivalent particle (g4y’, @,) in a medium with
the permittivity &,.

and their dipole optical properties. The expression for the
polarisability of bilayer particles is well known
[110, 211, 212], however, it is inconvenient for practical
estimates, not to mention multilayer spheres. Therefore,
we proposed a new approach [49, 231] based on the
principle of dipole equivalence, which consists in the
following (Fig. 10).

Consider a multilayer particle of radius ¢; in a medium
with the permittivity &,. We assume that its equivalent
polarisability 2V, which gives the same dipole moment as
that for the initial particle, is known. Then, we determine
the equivalent mean permittivity aéy of an equivalent
homogeneous sphere by analogy with Eqn (1) as

(
& &
O‘:E\I/) = a13 fl\; =

R (30)
Cav + 281]1

1
For a usual sphere (¢, a), we have ¢ = sév) =¢ and a = ay.

Let us now assume that a particle (g3, a;) is surrounded by
an external layer of radius a, with the permittivity &,
(Fig. 10a). We will find the polarisability of such a particle
from the principle of dipole equivalence. For this purpose,
we will place the initial particle to a medium with the
permittivity & and surround it by an imaginary sphere of
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radius a, (Fig. 10b). Then, we replace the imaginary
particle by a homogenous sphere with the equivalent
permittivity 8;\2,) (Fig. 10c), which has the same dipole
moment as the particle in Fig. 10b. Then, we have

3 6;5) —& 3 6‘1(3) — & 31)

ag = day .
e 42 el 428

This equation determines the equivalent permittivity sé?

Finally, if we place a new particle (Fig. 10c) to the initial
medium with the permittivity &, (Fig. 10d), the physical
situations in Figs 10a, d will be equivalent. Therefore,
dipole moments will be equal, and we have the mean
polarisability
(2) 3 8;3) — &m
e (32)
Eay + 2'8m

It is clear that this scheme can be recurrently continued for
any number of layers. For a bilayer particle, we have

(33)

(34)

which coincides with known expressions from [110]. It is
easy to verify that the method of dipole equivalence for
three-layer particles also gives the same expression for the
polarisability as the standard (and more cumbersome)
solution of the electrostatic boundary problem. Thus, this
coincidence proves the validity of the method proposed.

The main advantage of our approach is that now we can
apply usual expressions for resonances of spherical particles
to multilayer spheres with the equivalent permittivity as
well. For example, the obvious resonance condition sa\z,) =
—2¢,, from (32) gives the resonance wavelength [49]

;“max = )Vp(sib =+ 2(p8m)1/2’ (35)

| 1/2
A s (=
¢ 2[170 (o 8m> },

_a(3 1y, 3 1
P \%, 2) T2, 2

where f, is the volume fraction of gold in a particle. Further
analysis and application of this approach to the study of the
biosensoric potential of nanoshells can be found in [49]. By
comparing dipole-approximation expressions (9), (28), and
(35), we conclude that all they have the structure of type

(36)

;“max = ;vp(gib + qogm)l/2 (37)

and differ only in the form of function ¢. For spheres,
¢ =2, for resonances in rods, ¢ = (L, —1), and for
shells, ¢ is determined by Eqn (36). We do not present here
the extinction and scattering spectra of gold and silver
shells for different core diameters and different metal
thicknesses because, first, they often were presented in the
literature [41, 220, 232, 234]. Second, the dependence of the

resonance wavelength on all parameters is qualitatively
described by a simple expression [49]

3 e 1/2
Amax = o | &b + — =
max P l:glb +fg (sm + 2 ):| 5

where f, = 1 — af/ag3 ~ 3Aa,/a; < 1 is the volume fraction
of gold in a particle with the shell thickness Aa, and radius
of a core (for example, from silicon dioxide) a. with the
permittivity &.. Expression (38) shows that the red shift of
the resonance is observed with decreasing the relative shell
thickness and increasing the refractive indices of the core
and environment.

The tuning of PRs of nanorods and nanoshells is related
to the shape and structure of the particles, respectively. The
idea of a combination of these two particles in the form of
an ellipsoidal nanoshell was proposed for the first time, as
far as we know, in [232] (Fig. 11). Such a structure was later
called ‘nanorice’ [42]. The principle of the dipole equivalence
can be easily modified for such particles as well (Fig. 11).
Consider two confocal spheroids with semiaxes a;, b; and
a,, by, where a22 = a12 + 52, b22 = b]2 + 52, and the parameter
s determines the variable thickness of the shell. For polar-
isability along the elongated axis of a particle, Eqns (30)—
(32) are replaced by

(38)

" (),
OCB(.\E) — 4_1 o Eav l&m , (39)
Toeay + (L7 — Dey
(1) _ @ _
V] o Eav & _ Vz 6 Eav & , (40)
e’ + (L7 = e ey + (Ly ' = 1)2e
(2) VZ 8253> —&m (41)

v = s
A el + (L — e

where L, are the corresponding depolarisation factors for
internal and external ellipsoids. It is easy to verify that these
solutions in a particular case of a bilayer ellipsoid give the
known expression for polarisability [110]. Equation (41)
gives the longitudinal resonance condition
e = — (L' = 1)em, (42)
which contains both principles of tuning. The extinction

and scattering spectra of ellipsoidal nanoshells in various
dielectric media are presented in [232, 233].

Au Au
&m & & &m
€, 1) PRI REN
/ \
\ )
\ /
N - _ 7
a b ¢ d

Figure 11. Scheme of the combination of a nanoshell and nanoellipse
(nanorod) for obtaining an ellipsoidal nanoshell (‘nanorice’). The lower
scheme explains the principle of dipole equivalence for the ellipsoidal
shell (see Fig. 10 caption).
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The possibility of tuning of PRs of gold nanoshells
[40, 41, 234, 235] and conjugation with various biopolymers
allow the construction of ‘multicoloured’ labels based on
gold nanoshells with variable structural parameters. How-
ever, the preparation of such labels is restricted by a large
width of scattering spectra [usually defined as the full width
at half-maximum (FWHM)] (138, 235]. The typical FWHM
of resonance scattering spectra of nanoshells is 150—-200 nm
[138] and therefore they can be used only to create two
labels of different colours in the visible range and three or
for labels in the visible—IR range. Except the properties of
simplest nanoshells, interesting optical properties can be
obtained for metal—dielectric—metal (MDM) structures,
which were proposed in [235] as the base for the develop-
ment of labels with very narrow resonances. However, as
was shown later [138], there exists the fundamental physical
restriction related to the spectral broadening due to the
surface scattering of electrons on the structure boundaries
[see (17)]. Figure 12 presents the integrated scattering
spectra of three-layer MDM structures calculated by
neglecting the surface scattering of electrons or taking it
into account. The detailed analysis of results obtained in
[138] shows that the line broadening in fact eliminates the
advantages of three-layer structures compared to usual
bilayer nanoshells. Note that, except the broadening of
the resonance long-wavelength scattering peak, the restric-
tion of the electron mean free path also considerably
changes the short-wavelength part of the spectrum ([see,
for example, dashed curves (/0) in Fig. 12].

QSC& /Q::’X

123 4
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Figure 12. Normalised integrated scattering spectra calculated from
volume optical constants of metals (a) and taking into account the
surface scattering of electrons (b). The figures at the curves denote the
MDM structure parameters in nanometers: core radius/core material/
shell 1 thickness/shell 1 material/ shell 2 thickness/ shell 2 material: (/)
2.5/Ag, 4/Si0,, 3.5/Ag; (2) 3.25/Ag, 3.25/Si0,, 3.5/Ag; (3) 3.5/Ag, 3.5/
Si0,, 3/Ag; (4) 4.25/Ag, 2.75/Si0,, 3/Ag; (5) 4/Ag, 4/Si0,, 2/Ag; (6)
4.5/Ag, 2.5/S10,, 2/Ag; (7) 5/Ag, 3/Si0,, 2/Ag; (8) 4.75/Ag, 2.75/Si0,,
2.5/Au; (9) 5.25/Ag, 2.25/Si0,, 2.5/Au; (10) 5.75/Ag, 1.75/Si0,, 2.5/
Au.

Our experiments with SiO,/Au particles showed that the
width of the spectral bands of synthesised nanoshell
suspensions was always larger than the width predicted
by Mie simulations of the optical properties of monodis-
perse bilayer particles.

The inhomogeneous broadening of the absorption spec-
tra of gold nanoshells caused by the size dispersion and the
size modification of the permittivity is well known [155]. The
influence of the polydispersity structure of gold nanoshells
and the restriction of the electron mean free path in a thin
metal layer on the resonance scattering spectra of the
suspension of bilayer nanoparticles was studied theoretically
and experimentally in [156]. The calculations showed that
both these factors lead to the broadening of the scattering
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Figure 13. Normalised experimental (points) and theoretical (curves)
scattering spectra for samples (/) (a) and (2) (b) and the corresponding
histograms of the distribution of SiO, particles and SiO,/Au nanoshells
over diameters for samples (/) (c) and (2) (d). Theoretical curves are
calculated for particles with the core diameter 71 (/, 2) and 90 nm
(3, 4) and a monodisperse gold shell of thickness 15 (7, 2) and 30 nm
(3) by neglecting the restriction of the electron mean free path (7, 3, 4)
and taking it into account (2), and also taking into account the gold-
shell thickness distribution (4). The calculated spectra (7, 2) and (3, 4)
are normalised to the maxima of curves (2) and (4), respectively.
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PR and a change in its maximum. Calculations were verified
for two synthesised samples of gold SiO,/Au nanoshells
with a core diameter of 71 nm and a narrow shell-thickness
distribution [the average distribution width was 15 nm,
sample (/) in Fig. 13] and a core diameter of 180 nm
and a broad shell-thickness distribution [of width 30 nm,
sample (2) in Fig. 13]. The size of the core, thickness, and
polydispersity of nanoparticle strictures were estimated by
the method of dynamic light scattering (DLS). The simu-
lation of the optical properties of nanoparticles with
parameters based on the DLS data gives good agreement
with experimental spectra (Fig. 13). In the case of samples
of type (1), the spectral broadening was mainly determined
by the restriction of the electron mean free path, while the
shell-thickness distribution could be neglected. The inho-
mogeneous broadening of the scattering spectrum of sample
(2) was mainly determined by the polydispersity, and
spectra could be simulated by using the volume constants
for gold. These experiments showed that to study the
mechanisms of spectral broadening, it is preferable to
measure the single-particle scattering spectra of nanoshells,
as was done in [167].

Along with the above-considered effects, another factor
affecting the spectral broadening is the rough structure of
shells. Figure 14 presents the image of nanoshells obtained
in a scanning electron microscope. One can see that the
reduction of gold on initial seeds leads to the formation of
an uneven surface. The influence of various types of
nanoshell inhomogeneities on extinction spectra was care-
fully studied in [180]. It was found that this effect enhanced
the short-wavelength and long-wavelength extinction and
caused the broadening of the spectrum.

Figure 14. Scanning electron microscope image of SiO,/Au shells of size
210/15 nm.

4.4 Optimisation of properties of particles for biosensorics

The problem of optimisation of the sensitivity of a
conjugate to variations in the local dielectric environment
was theoretically studied for gold [228, 229] and silver [230]
nanoparticles and for SiO,/Au nanoshells covered with an
inhomogeneous polymer layer [49, 236]. The dependence of
the PR on the dielectric environment can be qualitatively
understood from general expression (37). A small change
Ang, in the refractive index of the environment will cause
the spectral shift of the resonance, which is described by the
universal expression [37]

2
Almax _ Artm (1 _ 43)

— & .
2 1b)
Atnax

A remarkable property of this expression is that all the
parameters of particles enter it in the universal way via the
resonance wavelength, while the material properties deter-
mine only two parameters: the plasma wavelength and the
contribution of interband transitions to the dielectric
function. We obtain a simple approximate rule according
to which the relative resonance shift is proportional to a
relative change in the refractive index of the medium with
the proportionality coefficient ~ 0.5. Expression (43) was
verified in our experiments with glycerol suspensions of
nanorods [37] and by data [214]. Another approach to the
analytic study of the biosensoric potential of various
particles was developed in [237].

Let us discuss briefly data for spheres and nanoshells.
Figure 15 shows the model of a conjugate with a metal core,
primary shell 1 with probing molecules (1-PM) and secon-
dary shell 2 with target molecules (2-TM). The
inhomogeneous structure of each shell can be simulated
by an arbitrary number of homogenous layers (Fig. 15
shows the case with two layers for each shell). As opti-
misation parameters, we used the absolute changes in the
optical density and scattering intensity of conjugates with
the primary shell (subscript 1) and after the attachment of
target molecules (subscript 2):

]
/“max nm

Ady (2) = Ay(2) — A1 (), ALy (4) = L(4) — 11(4). (44)
The maximum sensitivity of extinction to the formation of
the adsorption layer of molecules is observed for gold
particles of diameter 40—50 nm and silver particles of

2-TM

1-PM

Figure 15. Model of a conjugate with a metal core, primary shell 1 with
probing molecules (1-PM) and secondary shell 2 with target molecules
(2-TM). The inhomogeneous structure of each shell is simulated by an
arbitrary number of homogeneous layers.
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) and scattering (ALL]**) maxima on the diameter of gold (a) and silver (b) particles. The

calculation parameters are: thickness of layers of the primary shells s;; = s, = 2.5 nm, refractive indices n;; = 1.50 and n;, = 1.45, thickness of layers
of the secondary shell s,; = 2 nm, s,, = 3 nm, refractive indices n,; = 1.45 and n,, = 1.40 (see Fig. 15).

diameter ~ 30 nm (Fig. 16). In the case of measuring
scattering, the corresponding maxima of the curves are
observed for particle diameters 80 and 40 nm. The depen-
dence of the PR shift is described by the universal function
of the ratio of the layer thickness to the particle size, which
was obtained independently in [228, 238]. Experimental
data on the size optimisation of the PR sensitivity to the
dielectric environment were published in [97, 239] and
confirmed as a whole the conclusions of our analysis.
The biosensoric potential of gold nanoshells was studied
in [49]. At first glance it seems that the PR of nanoshells
should be considerably more sensitive to changes in the
dielectric environment. However, contrary to expectations,
the difference between homogeneous particles and nano-
shells proved to be not too large. Calculations of the
differential spectra AA,(/1) and AI,(4) have shown that
as a whole changes in extinction and scattering for particles
of both types are approximately comparable and these
spectra can be used for detecting biospecific interactions
on the surface of particles. The maximum sensitivity to the

formation of a layer of target molecules was found for the
ratio of a metal shell thickness to its external radius in the
range 0.2-0.4.

The data on variations in PR extinction and scattering
for several equivolume models, including spheres, spherical
and elliptic nanoshells, nanorods in the form of ellipsoids
and s-cylinders and also bispheres were compared for the
first time in papers [232—234]. The latter model was chosen
because of the presence of a particular contact point in
which the field of interacting particles is very strong and
strongly inhomogeneous. Figure 17 presents the generalised
results of calculations, which leads to the following con-
clusions. For nanoparticles with the equivolume diameter
15-60 nm, the maximum PR shifts with changing the
refractive index of the environment are observed for
bispheres or ultrathin (2 nm) shells and decrease in a series
bispheres —nanoshells —s-cylinders (spheroids)—spheres. As
the thickness of particles is increased, their sensor properties
approach those of spheres. The resonance of silver nano-
particles is more sensitive to the dielectric environment.
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Figure 17. Dependences of the spectral shift of the resonance of gold (solid curves) and silver (dashed curves) nanoparticles on the refractive index of
the environment; (/) spheres; (2) spheroids; (3) bispheres with the equivolume diameter 15 (a) and 60 nm (b); (4) nanoshells of thickness s = 2 nm

with the internal cavity diameter 15 (a) and 60 nm (b).
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5. Multipole resonances in metal nanorods

Compared to numerous data on the dipole properties of
nanorods published in the last years, the studies of
multipole resonances are quite limited. As far as we
know, the first study of quadrupole modes was performed
for silver spheroids and nanolithographic 2D structures
[240]. Quadrupole modes were also investigated for silver
[111] and gold spheroids, circular and s-cylinders, and
rectangular prisms [52, 53]. Quadrupole resonances were
also identified based on DDA simulations and experimental
measurements of silver [241] and gold [54] nanoprisms.
Recently the first observations of multipole PRs in silver
nanowires on a dielectric substrate [242, 243] and colloidal
gold nanorods [55] were reported.

Multipole resonances were interpreted and assigned
based on the conception of standing waves [244—247]
and DDA calculations [111]. However, the DDA algorithm
does not contain the multipole representation in the explicit
form because a particle is treated as a set of interacting point
dipoles. By using the T-matrix method, we studied in detail
this problem, derived the rule for partial contributions and
determined the influence of light polarisation, orientation of
particles and dielectric environment on the excited reso-
nances [56]. We showed for the first time that the
dependence of resonance wavelengths on the axial ratio
divided by the resonance number for particles of different
sizes and shapes is described by the universal scaling linear
law. The optimal orientation and polarisation configura-
tions for excitation of certain dipoles were established. In
particular, the conclusion obtained in [52, 53] was confirmed
that a quadrupole resonance can be excited only in the TM
polarisation, the excitation being most efficient when the
symmetry axis makes an angle of 53 —54° with respect to the
wave vector. In this review, we present a brief summary of
the most important results. The detail study of the quadru-
pole resonance in nanorods is presented in our papers
[52, 53].

The multipole representation of the normalised extinc-
tion, scattering and absorption cross sections in the T-
matrix method is given by the expression

N

_ /

- Qext,sca,abs .
=1

For randomly oriented particles, we obtain from averaging
expressions [158, 248]

Qext,scaAabs (45)

G = Spur(7T,,). (46)

2
>R
where o = (/,m,p) is the T-matrix multisubscript (order,
degree, and mode) and the trace is taken over all subscripts
except /. The basic scattering geometry for axially
symmetric particles is shown in Fig. 18. The spectral
resonances are numbered according to the rule Qf, =
Ouxi(4,) (n=1,2,3,..., from the IR to visible range) and
the symbol ‘0’ refers to the shortest-wavelength resonance.
Note also that the first (dipole) resonance for our particles
is usually located far in the IR range.

It follows from Fig. 18 the longest-wavelength resonance
for randomly oriented particles corresponds to the dipole
TM mode (n=1), while the short-wavelength (‘zero’)
resonance corresponds to the TE excitation. The scattering

i
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Figure 18. Fundamental TE and TM polarisations of the incident light.
The orientation of particles is specified by the angle o between the wave
vector k and the symmetry axis a of a particle. Below: the extinction,
absorption, and scattering spectra of a gold rod for longitudinal (a),
transverse TE- (b), perpendicular TM- (c), and random (d) orientation of
particles with respect to the incident polarised light. The figures at the
curves indicate the resonance number.

and absorption resonances are of the same order of
magnitude, have the same wavelength, and give comparable
contributions to extinction for particles considered in this
case. Finally, for basic longitudinal or transverse orienta-
tions, some multipoles are symmetry-forbidden (for
example, the quadrupole resonance n =2 in Figs 18a—c
and the third resonance in Figs. 18a, b). The spectra of
randomly oriented particles contain most complete infor-
mation on all possible excitation configurations and,
therefore, they are most interesting along with fixed ori-
entations.

The extinction spectra Q. (1) of randomly oriented rods
with the minor axis d = 80 nm and the axial ratio e = 10 are
shown in Fig. 19. Except the usual long-wavelength longi-
tudinal resonance (not shown), five additional resonances
are distinctly observed (the sixth resonance looks like a
weak shoulder, but it is distinctly seen in curve g4). Of
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Figure 19. Extinction spectra Q. (4) of randomly oriented gold spheroids (a) and s-cylinders (b) of diameter ¢ = 80 nm and the axial ratio ¢ = 10.
Curves ¢; — g5 show the spectra of multipole contributions; numbers n = 1 — 6 denote resonances Q" = guy(4,). The first resonance Q' localised in
the far-IR region is not shown. The zero resonance is the sum of multipoles rather than purely dipole excitation, although it is localised near the dipole

TE mode.

course, the exact position of resonances depends on the
shape and size of particles. For example, five resonances
(n = 6 — 2) for spheroids are located at 14_, = 655, 720, 832,
1030, and 1428 nm, and for s-cylinder at 590, 655, 770, 985,
and 1332 nm.

The analysis of spectra in Fig. 19 leads to the following
conclusions: (i) the parity of the general resonance coincides
with that of multipole contributions; (ii) for the given
resonance number 7z, the number / of a partial contribution
is equal to or exceeds n:

0% = Z 4a(2an), O = Z Gorr1 (A1)

I=>n I>n

(47)

This means that the dipole resonance ¢; does not contribute
to resonances Q2""!(n > 1), the quadrupole ¢, does not
contribute to resonances Q*'(n = 1), etc. Although the
parity rule (47) is valid for all three shapes of particles that
we studied, the second statement (/ > n) depends, generally
speaking, on the particle shape. We omit here the detailed
study of the dependence of these effects on the volume,

axial ratio, and orientation of particles, which was
performed in our paper [56]. In conclusion of this section,
we present only the scaling law for multipole resonances
(Fig. 20).

It is well known [31] that the wavelength of a dipole
longitudinal resonance depends on the axial ratio almost
linearly, the slope of the straight line being weakly depend-
ent on the volume of small particles (see also Fig. 9b).
However, this slope for multipole resonances strongly
depends on the axial ratio [54]. The question arises of
whether the wavelengths of multipole resonances obey any
scaling. To answer this question, we studied the extinction,
scattering and absorption spectra of particles of diameters
d = 20, 40, and 80 nm and the axial ratio in the range 2 —20.
To our surprise, we found that some resonances for some
values of ¢ had the same wavelengths, the ratio e/n being
constant. We assumed the presence of the universal scaling
of the form

/1"=f(§> ~ g+ A (48)
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O
o]
1400 | A
bie
1200 || x
>
1000 LY
800
600
1 2 3 4 5 e/n

)w
/nm I
o n=
1400 | O "7
A n=
Y n=
1200
1000
Iy = 144.8 +270.6¢/n
800
600
1 1 1
1 2 3 4 5 e/n

Figure 20. Linear scaling for the wavelengths 4, of dipole resonances as a function of the normalised axial ratio e/n. The calculation is performed for
randomly oriented spheroids (a) and s-cylinders (b) in water. The particle diameter is d = 80 nm, the axial ratio is e = L/d = 2 — 20. The number of
observed resonances changes from five to eight depending on the particle shape. Linear approximation equations are presented in figures.
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where constants 4, and A are independent of the resonance
number. It follows from Fig. 20 that this assumption is
completely confirmed by numerical calculations. The
scaling law (48) can be physically explained based on the
dispersion law obtained for standing plasmon waves
[244-247]:

T 2n R
= ¢ (@), (49)

LT
where ¢"(w,) is the effective wave number corresponding
to the resonance frequency w,. For a constant diameter d of
particles, Eqn (49) predicts a linear scaling AT ~
L/n ~de/n ~ e/n, in accordance with Eqn (48) and our
calculations. We showed in paper [56] that the multipole
resonances of rods in media with different refractive indices
shifted according to linear scaling (43). This result is
somewhat unexpected because initial expression (43) was
obtained in the dipole approximation.

6. Applications in biophotonics

For the last decade, PR particles were not only an object of
extensive physicochemical studies but were also investigated
from the point of view of potential applications in
biosensorics and biomedicine. The high sensitivity of PRs
to the local dielectric environment and, especially, to the
presence of other resonance scatterers in the near field gives
information on the bimolecular coupling or distribution of
biolmolecules near a highly sensitive particle, in particular,
on single-molecule coupling [210, 249]. The most attractive
properties of gold nanoparticles are their high stability,
chemical inertness and biocompatibility, the absence of
photobleaching, and a comparatively simple functionalisa-
tion by biomolecules.

At a new stage of the development of nanobiotechnol-
ogy, even old methods acquire the ‘second breath’. A new
immunoassay method, called by the authors [92] the sol
particle immunoassay (SPIA), was proposed as early as
1980. The method is based on the detection of variations in
the absorption spectrum of a sol following the biospecific
aggregation of nanoparticles [250]. This method was
recently efficiently applied [251] for diagnostics of tuber-
culosis by using samples taken from patients after one stage
of a polymerase chain reaction. In a more general aspect,
SPIA is a convenient and simple test for detecting poly-
morphism or mutations at the level of several bases in an
oligonucleotide being analysed [252]. Recently SPIA was
combined with dynamic scattering by using combinations of
nanosphere and nanorod conjugates and combination of
conjugates of nanospheres and nanorods were used to form
biospecific aggregates [253].

The second example of such a renaissance is solid-phase
immunoassay [254] in which target molecules or antigens are
adsorbed on a solid carrier and then are revealed with the
help of various labels conjugated with recognising probing
molecules. Among a variety of methods of solid-phase
analysis, of special interest is the so-called dot analysis
based on the specific staining of a sample drop adsorbed on
a membrane [255] or other substrate. The main advantage of
this method is that analysis does not require the expensive
equipment and means for signal processing. Tests can be
performed even at home or under field conditions, unlike,
for example, solid-phase analysis with the use of scanning

atomic-force microscopy [256, 257], scanning technology of
laser-induced scattering near a heated metal nanoparticle
[258] or single-particle resonance light scattering [259]. An
example can be the known tests for pregnancy at the early
stage or tests for the presence of narcotics and toxins in the
human blood.

In the dot analysis, the minimal volumes of solutions of
target molecules are applied on a substrate in the form of a
series of dots, which allows a considerably greater number
of analyses to be performed with the same amount of
reagents compared, for example, to immunoenzyme assay
(ELISA). The most popular sorbents for solid-phase mem-
brane immunoassay are nitrocellulose and its modifications
[260], although silicon-doped matrices [261] or microscopic
functionalised glass arrays [262], which can be constructed
in the form of biochips [263, 264], are also used at present.
The attachment of proteins or other biomacromolecules
with a membrane occurs mainly due to electrostatic inter-
actions [265]. Almost a quarter of century ago several
groups independently proposed to use colloidal gold as a
label for solid-phase immunoassay [266] in which the intense
colour of the label allows the visual observation of the result
of a reaction performed on a solid carrier. Detailed
information on the principles, technology and biological
and medical applications of immunogold dot analysis is
contained in recent review [10].

Due to the use of functionalised gold nanoparticles and
the technology of silver enhancement in the last years
[262, 267], the sensitivity of dot analysis was increased to
1 pg of IgG molecules immobilised on a glass or to the
concentration of IgG molecules in solutions down to
2.75 ng mL ™! [268]. Also, the record atto- and zepto-molar
sensitivities of various variants of solid-phase analysis were
reported [269] (comparable with the limiting sensitivity of
resonance scattering [259]). The method was developed by
combining PR particles with enzymes [270], peptides [271],
fluorescent labels [272], chitosans [273], and by using gold
particles with a magnetic core, which provided the limiting
sensitivity of ~ 0.14 ng mL~' [274]. By using the standard
protocol of dot analysis on a nitrocellulose membrane with
colloidal gold particles of diameter 15 nm as labels, we
showed [2, 222] that the minimal detected amount of rabbit
IgG was 15 ng, while the replacement of particles of
diameter 15 nm by nanoshells improved the analysis
sensitivity by almost an order of magnitude. Recent,
more detailed studies performed in our laboratory showed
[275] that the replacement of colloidal gold conjugates by
nanoshells improved the analysis sensitivity to 0.2 ng in the
case of nanoshells of sizes 180/15 nm and to 0.4 ng for
nanoshells of sizes 100/15 and 140/15 nm. By using the
developed theory, we explained the dependences of the
detection threshold, the sensitivity range of the method,
the maximum staining, and the probe-amount saturation
threshold on the parameters of particles.

One of the most promising applications of PR particles
in biology is the visualisation of target molecules in tissues
or cells by the method of resonance scattering [7, 8, 276].
This method is based on the fact that the intensity of light
scattered by metal particles conjugated with probing mol-
ecules exceeds the fluorescence intensity of labels
approximately by five orders of magnitude. At other stages,
the detection, say, of a deffect in the gene sequence of
nucleotides does not differ from standard procedures using
oligonucleotides with fluorescent labels [277].
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A new technology based on two-photon luminescence
(TPL) of metal nanoparticles was developed recently. An
obvious advantage of TPL over usual dark-field microscopy
is selective excitation of only target particles, which excludes
elastic scattering from nonresonance impurities. The phys-
ical mechanism of excitation can be qualitatively described
as follows [278]. The first photon excites an electron during
the interband transition from the sp conduction band below
the Fermi level to the sp band above the Fermi level and
forms a hole in the first band. This transition is polarisation-
dependent and is efficient for nanorods only in the case of
longitudinal polarisation. The second photon excites a d
electron to the lower sp band, where the first photon has
formed the hole. This transition is independent of polar-
isation. The recombination of the electron and hole results
in the emission of a luminescence photon.

The combination of TPL with confocal microscopy gives
the unique possibility to observe and distinguish PR labels
on the surface of and inside cells. It was shown recently that
the resonance TPL of nanorods [279, 280] and nanoshells
[281] had the single-particle intensity sufficient for the use of
these labels as contrast agents for the visualisation of cancer
molecular markers and investigations of intracellular proc-
esses. It was shown [282] that usual functionalised gold
nanospheres could be used for the TPL visualisation of
particles on the surface of and inside cancer cells.

Strong resonance absorption in nanoparticles is used in
photoacoustic visualisation [283, 284] and photothermolysis
of cancer cells (see references in [14] and review [13]). The
first method is based on the generation of acoustic waves
upon pulsed heating of particles, which allows the acoustic
monitoring of the particle movement, for example, in blood
vessels. The second method is based on the specific labelling
of cancer cells by conjugates of nanoparticles with anti-
bodies against a molecular cancer antigen. The subsequent
irradiation by laser pulses leads to a rapid local heating of
particles due to resonance absorption, which causes even-
tually the damage of only labelled cells, leaving healthy cells
undamaged. The damage mechanisms are now being inves-
tigated. Apart from PR particles, the photothermolysis of
cancer cells was also produced by using hybrid particles
combining magnetic and PR properties [285].

The interesting applications of metal nanoparticles are
also expected for the directional delivery of substances to
biological targets [9, 120], which is based on the selective
size-dependent penetration of particles into living cells [286]
and their selective distribution in living organisms [287].

7. Conclusions

The daily updated list of publications on PR particles often
brings unexpected variants of their applications. We
conclude this review by the reference to two papers
published in the January issue of Nature, 2008, which
are devoted to the creation of artificial single crystals based
on nanoparticles conjugated with oligonucleotides [288,
289]. These publications are quite symbolic. First, the two
research groups have simultaneously obtained an out-
standing result under conditions of a severe temporal
competition. Second, this demonstrates again the unpre-
dictable possibilities of nanobiotechnology and biopho-
tonics based on the use of new building PR particle—
molecule blocks.
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