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An  analysis  of the  effect  of free  and bound  electrons  on  the  optical  properties  of  noble  metals  and  their
nanoparticles  is performed,  based  on  the  Drude-Lorentz  model.  It  is  shown  that  the  shifts  in  the  absorp-
tion  bands  of plasmons  localized  in  spherical  nanoparticles  with  respect  to the  zero  frequency  of  free
electrons  in  a bulk  metal  can  be  estimated  using  the  theory  of  resonant  dipole-dipole  interactions.  The
calculation  includes  account  for differences  between  the  effective  and  average  electromagnetic  fields.
It is  established  that  the  difference  in  oscillator  strength  for free  electrons  in  the  bulk  metal,  obtained
lasmon resonance
ptical spectra of metal nanoparticles
ffective field
ipole-dipole interactions

using  the  Drude-Lorentz  model,  and  the  microscopic  oscillators  in  the  corresponding  spherical  nanopar-
ticle,  is due  to  background  polarization.  This  occurs  at the  expense  of high-frequency  excitation  of the
bound  electrons.  These  results show  that  interparticle  interactions  in  the  noble  metals  in  the quasi-static
approximation  can be  regarded  as  dipole-dipole  interactions  of  point  dipoles  with  a  concentration  equal
to the  concentration  of free electrons.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

The investigation of the optical properties of metal nanopar-
icles of various sizes and shapes has attracted a great deal of
ttention from researchers over the last two decades (see, for exam-
le, Refs. [1–5]). Excitation of surface plasmons in these particles
as stimulated considerable interest in these materials, since their
nique optical properties can be exploited in a variety of devices
6–8]. Possible applications include highly sensitive chemical and
iological sensors [9–11], single particle/molecule detection [12],
urface enhanced spectroscopy [13,14], waveguiding [4] and las-
ng [5]. This research has resulted in a number of textbooks and
omprehensive reviews, some of which are cited above, devoted to
he synthesis and fabrication of a variety of composite systems as
ell as modelling and characterisation of their linear and nonlin-
ar optical properties. Modelling of the optical properties of small
articles is under active development using a modification of the

∗ Corresponding author at: Department of Electronic and Electrical Engineering,
rinity College Dublin, The University of Dublin, Dublin 2, Ireland.

E-mail address: perovat@tcd.ie (T.S. Perova).

ttp://dx.doi.org/10.1016/j.photonics.2017.09.003
569-4410/© 2017 Elsevier B.V. All rights reserved.
Maxwell-Garnett approximation [2,15] using numerical calcula-
tion techniques [16].

A somewhat different approach was  undertaken recently, as
described in Ref. [17], where the influence of dipole-dipole inter-
actions on the spectral properties of noble metal nanoparticles was
investigated. In addition, the dependence of noble metal nanopar-
ticle spectra on the properties of the surrounding medium was
explored. In this study, the possibility of using a combination of
the theory of intermolecular interactions and dispersion of effec-
tive field (DEF) approaches for the analysis of the effect of resonant
and inductive-resonant dipole-dipole interactions on the plasmon
absorption frequency of materials is investigated. Both granular
films and colloidal solutions of gold and silver nanoparticles were
considered. It was  shown that theoretical calculations, assuming
a quasi-static approximation applies, are in good agreement with
experimental data. Note that resonant dipole-dipole interactions in
this context refer to the interaction of similar oscillators in a single-
component or composite environment [17,18]. Inductive-resonant
interactions reflect the influence of a transparent matrix on the

spectral characteristics of an isolated particle and are apparent in
the absorption spectra of dilute composite media, see [17] and ref-
erences therein. Based on this approach, it is shown in present study

dx.doi.org/10.1016/j.photonics.2017.09.003
http://www.sciencedirect.com/science/journal/15694410
http://www.elsevier.com/locate/photonics
http://crossmark.crossref.org/dialog/?doi=10.1016/j.photonics.2017.09.003&domain=pdf
mailto:perovat@tcd.ie
dx.doi.org/10.1016/j.photonics.2017.09.003
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hat the difference between the frequency of the Lorentz oscilla-
or, describing the absorption of free electrons in the bulk metal,
nd the absorption frequency of the plasmon, localized within the
orresponding spherical nanoparticle, is due to interparticle inter-
ctions of free electrons. These interactions occur both between
he electrons and between electrons and positive lattice ions. This
atter interaction can be considered a dipole-dipole interaction of
oint oscillators, whose concentration is equal to the number of
toms per unit volume in a metal. It will be shown that the dif-
erences in the oscillator strength of the free-electron oscillators
n bulk metal obtained using the Drude-Lorentz model and micro-
copic oscillators in the corresponding spherical nanoparticles are
ue to background polarization occurring at the expense of high-

requency excitation of bound electrons.

. Theoretical approach

.1. Models used for the description of the optical characteristics
f metals

The theoretical basis for the description of the optical charac-
eristics of metals was laid down in the classic work by Drude
see, for example, Refs. [1,2,19,20]), who considered the conduction
lectrons as a free electron gas, excluding the effect of interband
ransitions involving the bound electrons. In order to allow for
nterband transitions, which have a significant impact on the opti-
al properties of metals in the near IR, visible and ultraviolet regions
f the spectrum, the integrated Drude-Lorentz (DL) [1,2,19,20]
odel was introduced. In this model, the dielectric function of

he metal includes two terms. These two terms take into account
ontributions from both conduction electrons and bound electrons
nvolved in interband transitions.

Using the DL model, the complex dielectric permittivity, �(�),
f the metal can be expressed as the sum of a contribution from an

ntraband effect (or free electron effect, from the Drude formula),
intra(�), and an interband effect (or bound electron effect, from the
orentz formula), εinter(�), in the following form [1,2,19,20]

ε (�) = (εintra (ω)) + (εinter (ω)) =
(

1 − F0ω2
p

[� (� − i�0)]

)

+

⎛
⎝ k∑

j=1

Fjω
2
p[(

ω2
j

− ω2
)

+ iω�j

]
⎞
⎠ . (1)

ere, ωp is the plasma frequency and the term F0ω2
p is related

nly to intraband transitions of the free electrons with oscillator
trength Fo and damping constant �o. Similarly Fj , ωj and �j rep-
esent the dispersion parameters of the j-th oscillator, describing
he corresponding interband transition for the bound electrons. In
eneral, Eq. (1) does not contain a correction for the local field.
his is taken into account only when considering the contribu-
ion of bound electrons to the dynamic matrix of transition metals
19]. In this case, it is assumed that a local (effective) field, Eeff (�),
cting on a free electron in a metal is equal to the mean Eav(�)
eld in this medium [1]. However, according to the results of Ref.

17], it appears that when applying the point-dipole approxima-
ion, allowing for the spectral differences between the Eeff (�) and
av(�) fields is wholly justified for metals. Indeed, free electrons

n a metal are under the influence of both the external field and
he fields created by other electrons and ions. In order to take into
ccount electron–electron and electron-ion interactions, one must
ake into account the local field, which is the electrodynamic equiv-
ndamentals and Applications 27 (2017) 24–31 25

alent of these interactions in the metal. To a first approximation,
this can be done on the basis of the Lorentz relation, which gives

Eeff (ω) = Eav (ω) [ε (ω) + 2]/3,

where ε(ω) = ε1(ω) − iε2(ω) represents the spectrum of the complex
dielectric constant of a condensed medium (which in the case con-
sidered here is a bulk metal as well as its nanoparticles). Since the
dielectric function of the bulk metal, εbulk(ω), which is determined
experimentally, experiences the influence of several interparticle
interactions, it is assumed that their effect on the spectroscopic
characteristics of the metal can be taken into account using the
above expression.

This assertion is supported by a series of studies by Granqvist
et al. (see, for example Refs. [18,21]) as well as reports [22,23]
published earlier, where a combination of an effective medium
approach and dipole-dipole interactions considering the local-field
effect was  applied to the description of the optical properties of thin
metal films and small metal particles. However, only average local
field factors were used when considering the differences in the inte-
grated intensities of the spectra of nanoparticles of different shapes
by introducing the resultant depolarization factors.

In this study, it will be demonstrated how interparticle interac-
tions manifest themselves in the optical properties of noble metals
and their nanoparticles, based on a consideration of the spectral dif-
ferences between Eeff (�) and Eav(�) and the theory of dipole-dipole
interactions. As a consequence, it is clear that the free and bound
electrons in these cases have different effects on the characteristics
of the plasmon absorption bands.

Attempts have been made recently to more accurately predict
the dielectric function of metals using various models, includ-
ing a modified Debye model, a Drude-Lorentz model (DL) and of
Brendel-Bormann (BB) model among others, see, for example, Refs.
[24–26]. These efforts are necessary due to the escalating use of
metal films and particles in various fields of science and technology
[3–5,27–29] and the consequent requirement for more accurate
predictions of their optical constants over a wide spectral range. For
example, in Ref. [24], DL and BB models and experimental data was
used to evaluate the dispersion parameters describing the dielec-
tric function for a wide range of different metals, including Au, Ag,
Cu and Al, over a broad spectral range. In order to analyse the role of
dipole-dipole interactions on the optical properties of bulk metals
and the absorption bands of the corresponding localized plasmons,
we used parameters from the dispersion oscillator in [24], describ-
ing the absorption contribution of free electrons to the dielectric
function of Au, Ag and Cu.

The dispersion of the dielectric constant of condensed matter,
εbulk (�), in visible and IR range can be represented as

εbulk (�) = ε∞ +
∑
j

[
Ne2/�mc2

]
· Fj

�2
j

− �2 + i�j�
, (2)

where N is the concentration of the oscillators in cm−3, e and m
are the charge and mass of the electron, c is the speed of light in
vacuum and �j, Fj and �j are the frequency, oscillator strength and
damping constant of the j-th dispersion oscillator respectively. The
sum on the right-hand side of this expression is similar to the last
term in Eq. (1). We  will use the wavenumber �, as used in molecular

spectroscopy, instead of � below, but will continue to refer to it as
frequency, measured in cm−1 and related to � as � = �/2�c.

Eq. (2) for an isolated resonance in the visible or infrared region
of the spectrum can be expressed in terms of microscopic quanti-
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ies, taking into account the difference between Eeff and Eav fields,
eading to its modification in the form of [30,31]:

bulk(�) = ε∞ + [(Nfje2)/�mc2] · [(ε∞ + 2)/3]2

�2
j

− [(Nfje2)/3�mc2] · (ε∞ + 2)/3 − �2 + i�j�
.  (3)

ere fj , �j, and �j are the oscillator strength, intrinsic (or eigen)
requency and damping constant of a particular jth microscopic
scillator, N is their concentration, and ε∞ is the background
ielectric constant in this spectral region, taking into account high-

requency transitions.
The Drude model can be considered a special case of a Lorentz

odel, in which the frequency of the oscillator, taking into account
he contribution of the free electrons, is 0 (i.e., �j = �0 = 0 in Eq. (2))
19] and ε∞ = 1 (for the ideal electron gas), which results in term
εintra (ω)) in Eq. (1), i.e. in Drude formula. The dielectric function
f bulk metal in the low-energy region, where electronic intraband
ransitions dominate, can be described to a good approximation
y Drude model. The contribution of intense interband transitions

s described simply as the background permittivity ε∞. So, we can
alculate εbulk(�) as

bulk(�) = ε∞ + [(Ne2)/�mc2] · F0

�2
0 − �2 + i�0�

(3a)

ere �0=0 is the frequency of the macroscopic dispersion oscillator
or free electrons with oscillator strength F0, and damping constant
0. These parameters for Ag, Au and Cu can be taken from the Ref.

24].
Our calculations show that the spectrum of the imaginary part

f the dielectric function ε2
micro(�) of a microscopic oscillator, cor-

esponding to plasmonic resonance for noble metals, is dominant
n the visible and infrared range. Therefore, we can assume that the
ielectric function for a bulk metal, εbulk(�), can be calculated using
ither Eq. (3) or Eq. (3a), i.e.

ε∞ + [(Ne2)/�mc2] · F0

�2
0 − �0 + i�0�

= ε∞

+ [(Nfce2)/�mc2] · [(ε∞ + 2)/3]2

�2
c − [(Nfce2)/3�mc2] · (ε∞ + 2)/3 − �2 + i�c�

,  (3b)

here fc , �c, and �c are the oscillator strength, intrinsic frequency
nd damping constant of a particular microscopic electronic oscil-
ator, and N is their concentration, corresponding to the number
f free electrons per unit volume. A comparison of both parts of
q. (3b) shows that the strength of the microscopic oscillator, fc , is
onnected with the dispersion oscillator, F0, by the expression

c = F0	av, (4)

here 	av = 9/(ε∞ + 2)2 (4ɑ)

s the mean value of the Lorentz polarization correction.
Analysis of Eq. (3b) also shows that the frequency of the dis-

ersion macroscopic oscillator �0 and the intrinsic frequency of
he microscopic oscillator, �c , corresponding to the absorption fre-
uency of the localized plasmon, are related by

2
c −

[
Nfce2

3�mc2

]
· ε∞ + 2

3
= �2

0 = 0 (5)

ote that the assumptions made earlier for the comparison in
q. (3b) were made to determine simple formulae, Eqs. (4) and

5) for the relationship between the oscillators’ strength and the
requencies of macroscopic and microscopic oscillators. These
uantities will be compared later in Tables 1 and 2 using alternative
pproaches.
ndamentals and Applications 27 (2017) 24–31

It has been shown previously that the origin of the differences
between the frequencies and intensities of optical macro- and
micro-characteristics are the resonant interactions of molecules, or
oscillating dipoles, in a condensed medium. Accounting for a dis-
persive effective local field (DEP) [32,33], as previously developed
by Bakhshiev et al. [34,35], is a convenient technique for the analy-
sis of the impact of these interactions on the absorption spectra of
condensed media.

2.2. Accounting for the dispersive effective field in the
spectroscopy of dipole-dipole interactions in a condensed medium

The DEP technique is a variant of the effective field method used
in the derivation of Eq. (3a), allowing the Lorenz model to take into
account the difference in strength between the local and average
fields in the condensed matter under consideration. This methodol-
ogy is based on a comparison of the observed absorption spectrum
of a condensed medium and the corresponding corrected spectrum,
interpreted as a dielectric loss spectrum of its microscopic coun-
terpart. In recent years, the efficacy of the DEP method has been
demonstrated in the study of the spectral characteristics of gran-
ular metal films [36], as well as of condensed matter experiencing
spatial restriction [33,37].

Thus, the DEP method allows the establishment of a connection
between the observed absorption spectra of condensed matter and
the spectral characteristics of the microscopic oscillators responsi-
ble for this absorption. The effective, or acting, field Eeff (�) plays
the role of an electrodynamic equivalent of the total impact on
the molecule, or particle, of the external macroscopic field and the
force field of intermolecular interactions (IMI). The external macro-
scopic field E(�) is considered as a weak perturbation and so this
consideration does not go beyond standard linear molecular optics.

It should be noted that these considerations can be attributed
not only to the individual molecules but also to the corresponding
nanoparticles and clusters. Their absorption will be determined by
the spectroscopic characteristics of their constituent molecules in
the absence of any influence from the medium polarization. In Refs.
[33,37] it has been shown that the dielectric loss spectrum in this
case can be conveniently presented as

εmicro2 (�) = ε2 (�) 	 (�) , (6)

where εmicro2 (�) and ε2 (�) are the spectra of the imaginary part
of the complex microscopic and macroscopic permittivity of the
material particles, respectively. From here, we will consider the
latter to be equal to the dielectric permittivity of the bulk medium
εbulk2 (�). In this case, the Lorentz correction factor, 	(�), for an
isotropic homogeneous medium, expressed as a function of fre-
quency, has the following form

	(�) = |E(�)/Eeff (�)|2 = 9/|ε(�) + 2|2 (6ɑ

Here ε(v) = ε1(v) − iε2(v) is the spectral behaviour of the complex
dielectric permittivity of the condensed matter in the region of the
absorption band considered. The maximum of the function 	(�),
and hence of εmicro2 (�), is situated near the frequency �F satisfying
Fröhlich’s condition Reε(�F) = –2 [38]. Note that �F is sometimes
referred to as Fröhlich’s frequency.

The DEP method demonstrates good agreement between the
frequency maxima of εmicro2 (�) spectra and the intrinsic frequencies
of the lattice vibrations, calculated from the elastic characteristics
of the crystal [39,40]. When the local field is taken into account
using the Lorentz model, it results in an oscillation frequency of

spherically shaped micro-regions of crystal with dimensions far
larger than the lattice constant, but much smaller than the wave-
length of the probe radiation. As shown in [33], this conclusion
applies to all dielectric media, including liquids. Thus, it can be
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oncluded that expression (6) corresponds to the spectrum of indi-
idual spherical particles, having their own spectral characteristics
ifferent from the characteristics of bulk samples of the same
aterial. These particles can be considered “meso-oscillators” or
eso-particles (see Refs. [33,37]), the optical properties of which,

n the long-wavelength limit (d << �), originate in spectral differ-
nces between the macroscopic and microscopic electromagnetic
elds. In this case, the applicability of the concepts underlying the
EP method has been confirmed by results of an analysis of the

nfluence of dipole-dipole interactions on the absorption spectra of
ranular films of noble metals and their colloidal solutions [17].

. Discussion and results

As shown in Ref. [17], allowing for the dispersion of the effec-
ive field in the quasi-static approximation enables linkage of the
pectral characteristics of small metal particles with the opti-
al properties of bulk metals. The dielectric loss spectrum of the
trongly diluted composite medium, consisting of spherical metal
articles with a diameter d << � and a transparent matrix with a
ermittivity of εh, can be represented by an expression analogous
o Eq. (6)

micro
2 (�) = q · εbulk2 (�) 	 (�) , (7)

here εbulk2 (�) is the dielectric loss spectrum of the bulk metal and
 its bulk concentration. The local field factor 	(�) is given by

(v) = 9

|εbulk (v) + 2εh|2
(8)

here εh is the dielectric constant of the surrounding medium.
ote that expression (7), with q << 1 is consistent with Maxwell-
arnett’s formula underlying modern effective media theory. For

 = 1 and εh = 1 it coincides with Eq. (6). The spectrum εmicro2 (�) in the
eneral case can be considered as a spectrum characteristic of plas-
ons localized on an isolated spherical metal particle in a medium
ith permittivity εh. From an understanding of IMI  spectroscopy

32] used in Ref. [17], the oscillator strength of the j-th quantum
ransition in a condensed medium can be represented as

fc = 2m
Ne2

· �c

∫
εmicro2 (�)d� = 2m

Ne2
· �max	av

∫
εbulk2 (�)d�

= Fmacro	av. (9)

ere fc is the strength of microscopic oscillators for this transition,
 is their concentration, 	av is the average value of the effective
eld factor, equal to the ratio of the integrated intensities of the
pectra εmicro2 (�) and εbulk2 (�) and �c and �max are their respective
requency maxima. The average value of 	av can also be determined
f, in Eqs. (6) and (7), the spectral value of εbulk2 (�) is replaced by the
verage background value of the dielectric constant in this spectral
egion, εbg , and εh is set equal to 1.

For a strong, isolated absorption band, it is a good approxima-
ion to use the value of the dielectric constant in the high frequency
egion of the spectrum, ε∞, as its average value, following from Eq.
4a). The strength of the microscopic oscillator in Eqn. (9), which
s directly dependent on the square of the matrix element of the
ransition dipole moment (f = (m/e2)·|d�/dq|2), can be determined
rom the integrated intensity of the spectrum of the imaginary part
f the microscopic dielectric permittivity εmicro2 (�), which is related
o εbulk2 (�) by Eq. (6). It can be assumed that, for metals, these micro-
copic oscillators are electrons, forming a plasmon localized in a

pherical nanoparticle. Thus, if we know the value of the average
ielectric constant of the metal at frequencies � much larger than
he frequency of the localized plasmon, then the strength of the

icroscopic oscillator is not difficult to assess using Eq. (4). These
ndamentals and Applications 27 (2017) 24–31 27

evaluations were made using data from dispersion analysis for Au,
Ag and Cu, reported in Ref. [24].

From the data reported in [17] it follows that similar results can
be obtained by analysing the influence of the dielectric permittivity
of the surrounding medium, εh, on the frequency of the isolated
plasmons in accordance with Eq. (7). It has been shown that the
shift (
�ind-res) of the frequency maximum, �max, of the plasmon
absorption band of isolated nanoparticles due to the influence of εh
can be estimated using


�ind-res = �max(εmicro
2 (�); εh = 1) − �max(εmicro

2 (�); εh > 1),  (10)

where the first term on the right-hand side of Eq. (10) is the peak
position of spectrum εmicro2 (�) at εh = 1, while the second term in this
equation is the peak position of that spectrum at εh > 1. According
to [17], for the analytical determination of the shift of the plasmon
absorption spectra of highly dilute composites of small metal par-
ticles caused by inductive-resonant interactions, one can use the
following expression


�ind−res = (εh − 1)
6

·
[

fe2(
4�mc2�oR3

)
]

= D · A, (11)

where the factor in the square brackets is determined by the elec-
tronic oscillator strength, f, in this plasmon, m is the electronic mass,
c is the speed of light in vacuum, �o is the frequency maximum of
the absorption band and R is the effective radius of the IMI, which
correlates with the size of the volume attributable to one electronic
oscillator. The concentration of these oscillators is assumed to be
equal to the concentration of free electrons in the bulk metal.

From Eq. (11), it follows that the frequency shift, 
�, is pro-
portional to the strength of the electronic oscillator and increases
linearly with the εh of the environment surrounding the particle,
a result of the increase in the dielectric factor D = (εh −1)/6. This is
supported by results from calculations of the absorption spectra of
an isolated plasmon for Au and Ag, performed in [17], based on Eqs.
(7), (10) and (11) as well as by experimental data from Refs. [41,42].
From Eq. (11), the quantity A = 
�ind-res/D, defining in this case the
strength of the electronic oscillator of the plasmon, does not depend
on the nature of the nanoparticle’s environment. Indeed, the calcu-
lated value of A in the case of gold and silver, with an increase in
the εh values from 1.7 to 9, deviates from the mean value by not
more than 10%. Similar linear relationships (
�ind-res = A·D) over a
narrower range of εh values were also obtained for many other
metals, and will be published elsewhere. The average values of
A for gold and silver, calculated in [17] in this manner from data
on the optical constants given in Ref. [43] are AAu = 4610 cm−1 and
AAg = 15100 cm−1 respectively. We  note that results for the value
of A for gold and silver were recently updated using experimental
data on the optical constants of Au [44] and Ag [45]. The values
obtained are AAu = 4900 cm−1 and AAg = 15000 cm−1 (see Table 1).
These updated results for Au and Ag deviate by less than 5% from
our previously calculated values of A, based on n(�) and k(�) from
Ref. [43]. Calculations for Cu were also performed based on tab-
ulated data from Ref. [43], resulting in a value of ACu = 3040 cm−1

with calculated spectra εmicro2 (�) shown for different εh values in
Fig. 1a and the dependence of A vs D demonstrated in Fig. 1b. We
note that more recent results on the optical constants for Cu, pub-
lished in Ref. [46] (specifically Fig. 2 in the paper) seem to be in
relatively good agreement with results from [43] over the spectral
range investigated.

It follows from Eq. (11) that an expression for the strength of the
electronic oscillator in an isolated plasmon can be expressed as
f = Am4�2c2�oR3/e2 (12)

Since the concentration of free electrons in nanoparticles of Au,
Ag and Cu is equal to the concentration of atoms in the bulk metal
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Table 1
Comparison of the electronic oscillator strength for localized plasmons in nanoparticles of Au, Ag and Cu, reported in Ref. [24] and obtained from Eq. (14) for free electron
oscillators, and calculated from experimental optical constants of bulk metal using Eq. (13).

Metal Nx1022, cm−3 ε∞ 	av , Eq. (4a) F0 f = F0	av , Eq. (4) A, cm−1 f , Eq. (13) �c, cm−1 peak position
of εmicro2 (�)at εh = 1

I II III IV V VI VII VIII IX

Au 5.9 9.5a 0.068 0.76b 0.0517 4610d 0.0512d 19610
0.77c 0.0524 4900e 0.055e 19840

Ag  5.86 3.7 [48] 0.277 0.845b 0.234 15100d 0.241d 28170
0.821c 0.227 15000f 0.242f 28250

Cu  8.49 12.07 0.0454 0.575b 0.026 3040 0.022 18180
[47] 0.562c 0.0255

a ε∞ = 9.5 corresponds to the average value calculated using data from Refs. [26,47,48].
b Parameters of Drude-Lorentz dispersion oscillator from Ref. [24].
c Parameters of Brendel-Bormann dispersion oscillator from Ref. [24].
d Calculated using optical constants from [43].
e Calculated using optical constants from [44].
f Calculated using n(�) and k(�) from [45].

Fig. 1. Dielectric-loss spectra εmicro2 (�) of plasmon absorption in spherical particles
of  Cu in various matrices, calculated in the quasi-static limit from Eqs. (7),(8) with
variation of εh of the ambient medium: 1 (a), 2.4 (b), 3.5 (c), 5 (d), 7 (e), 9 (f). b) Linear
dependence of the inductive-resonant dipole–dipole frequency shift of the absorp-
tion maximum by a plasmon in Cu vs dielectric factor D = (εh-1)/6. The obtained
slope, A = 
�/D, is equal to 3040 cm−1. The numbers in brackets in caption for Figure
a) correspond to the numbers shown beside the relevant curves; the data for curve
(
i

a
t
t

f

w

n(�) and k(�) of Au, Ag and Cu according to [43–45], as well as the
a)  is multiplied by a factor of 7 and is also shown with curves (b) and (c) in the
nsert for clarity.

nd assuming that the radius of the volume, V, per electron and
he effective radius R of IMI  are similar, expression (12) can be
ransformed to
 = 3Am�c2�o/Ne2 (13)

here N = 1/V = 3/4�R3.
The results of a comparison of electronic oscillator strength
for localized plasmons in nanoparticles of gold, silver and cop-
per obtained from Eq. (13) and corresponding values from Eq. (4)
are shown in Table I. Also shown are results from Ref. [24] on the
strength of dispersion oscillators, F0, describing the oscillations of
free electrons in the corresponding bulk metals and average values
of the effective field factors, 	av, calculated using Eq. (4a).

From Table I, the oscillator strength of electrons in a spherical
nanoparticle or in a localized plasmon for gold, silver and copper,
determined from Eq. (13) and following, according to Eq. (4), from
the dispersion analysis data of Ref. [24], are well correlated (cf.
columns VI and VIII). We  conclude that the difference in the oscil-
lator strengths of free electrons in the bulk metal and electrons in a
spherical nanoparticle in the long-wavelength limit is due to back-
ground polarization, occurring at the expense of high-frequency
excitation of bound electrons.

Let us now consider the spectral differences in the macro- and
micro-characteristics of the metals.

From an analysis of Eqs. (3b) and (5), it has been shown that the
basis of the difference in the frequency maximum of the absorption
bands for macro- and micro- characteristics in the case considered
may  be resonant dipole-dipole interactions in the metal environ-
ment. As shown in [17], the difference between the dispersion
and intrinsic frequencies characterising the macro- and micro-
characteristics of condensed matter is determined by the resonant
frequency shift, 
�dyn, of the microscopic oscillator with respect to
the frequency maximum of the absorption band of the bulk media:


�dyn = �max
(
εmicro2 (�)

)
− �max

(
εbulk2 (�)

)
. (14)

It is obvious that the resonant shift with respect to the metal,
as described by the oscillator model and the dipole approximation,
and according to Eqs. (5) and (14) equal to the intrinsic frequency
of the plasmon �c, can be represented as


�dyn = �c =
√
Nfce2 · (ε∞ + 2)

3�mc2 · 3
, (15)

where fc = F0	av is the strength of the microscopic oscillator, char-
acterising the absorption of free electrons, �c is the intrinsic
frequency, corresponding to the maximum of the εmicro2 (�) spec-
trum and N, e and m are the concentration, charge and effective
mass of a free electron.

The experimentally obtained spectra of the optical constants
calculated spectra of the plasmon absorption εmicro2 (�) from Eq. (6),
the local field factor, 	(�) from Eq. (6a), and εbulk2 (�) = 2n (�) k (�),
are presented in Figs. 2a,b,c. The spectra of the optical constants,
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Fig. 2. Experimental and calculated spectra of optical characteristics of noble metals. Calculations of spectra εbulk2 (�) = 2n (�) k (�), 	 (�) (using Eq. (6a)), and εmicro2 (�) (using
Eq.  (6)) are based on experimental spectra n(�) and k(�) taken from a) Ref. [44] for Au, b) Ref. [45] for Ag and c) Ref. [43] for Cu. The real ε0

1 (�) and imaginary ε0
2 (�) parts of

dielectric function εbulk (�), calculated using Eq.(3a) for the bulk metal based on the parameters �0, F0 and �0 from Ref. [24] for a zero oscillator, and calculated with Eq. (6)
u n of sp
F and by
a

c
f
U
m
r

(

sing these functions, spectra ε0mic
2 (�) for Au (d), Ag (e) and Cu (f). The peak positio

röhlich’s condition Reε(�F ) = − 2, are shown by the number beside each spectrum 

re  multiplied by the factor shown in the legends.

alculated from Eq. (3a) by means of parameters �0, F0 and �0
rom Ref. [24] for free electrons, are denoted as n0(�) and k0(�).
sing these spectra, the calculated values of the macroscopic and
icroscopic dielectric permittivities are ε0 (�), ε0 (�) and ε0mic (�)
1 2 2

espectively. These spectra are shown in Figs. 2d,e,f.
The peak positions of spectra εmicro2 (�) (denoted as �c), ε0mic

2 (�)
denotes as �0

c ) as well as the frequency shift of the localised plas-
ectrum ε0mic
2 (�), and the intersection with the spectrum of ε0

1(v), corresponding to
 the arrow in figures d), e), and f). For clarity of presentations, some of the spectra

mon  from the frequency of the free electrons in the bulk metal,
calculated using the theory of resonant interactions by Eq. (15), are
shown in Table 2. Also given are the parameters of dispersion oscil-
lator of absorption band for free electrons from Ref. [24] (column II)

and experimental peak position (�exp) of absorption band of spher-
ical nanoparticles (column III) from different sources [2,49–51].
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Table 2
Comparison of peak positions of isolated plasmons of Au, Ag and Cu, obtained in the quasi-static approximation using experimental optical constants (n(�) and k(�)) from
Refs.  [43–45], as well as from dispersion parameters for the absorption band of free electrons from Ref. [24] and the theory of intermolecular interactions using Eq. (15).

aData from Ref. [24] in eV.
bData from Ref. [49] (see also Fig. 4 .13 from Ref.[2]).
cData from Ref. [50].
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Data from Ref. [51] (see also Ref. [2], Fig. 2.42).
Calculation data from Ref. [2] (see Appendix A, pages 452–455).
Average value from the data above.

These data show that the calculated frequency shifts are close
o the frequency of localized plasmons, obtained using Eqs. (5) and
6), as well as being close to experimental data on the absorption
pectra of colloidal solutions and granular films of noble metals
17,36,41,42]. Note also that the values of the frequencies of local-
zed plasmons, compared with the frequency maximum of the
pectrum εmicro2 (�), coincide with a spread of not more than 5%
ith other calculated and experimental data [2] obtained for parti-

les with diameters of 1–20 nm (listed in column III of Table 2), for
hich the contribution of dynamic polarization to the frequency

hift is close to zero.
The primary role of free electrons in the plasmon absorption of

etal nanoparticles can be identified by comparing the experimen-
al spectral characteristics of bulk silver, gold and copper obtained
n [43–45] and calculated by Eq. (3a) using dispersion oscillator
arameters, modelling the contribution of free electrons to the
orresponding dielectric loss spectra.

As can be seen from Figs. 2a,b,c, the optical characteristics of
olid metals in the region of plasmon absorption are strongly influ-
nced by absorption due to low frequency excitation of bound
lectrons. Nevertheless, the plasmon absorption band of gold and
ilver nanoparticles, calculated according to Eq. (5), appears at a
requency close to that observed experimentally (see column III
n Table 2). Furthermore, it is close to satisfying Fröhlich’s condi-
ion Reε(�F ) = − 2, in accordance with the frequency maximum of
unction 	(�), see Table 2. If we neglect the low-frequency elec-
ron interband transitions, with the contribution of high frequency
ransitions taken into account via ε∞, in accordance with Eq. (3a),
t is clear that the frequency maximum of the plasmon absorption
and, caused solely by free electrons, is only insignificantly shifted
oward the low-frequency part of the spectrum (Figs. 2d,e,f). Also,
omparison of the data presented in Fig. 2a,b,c and d,e,f shows that
ow frequency interband transitions lead to a drastic reduction in
oth the amplitude and linewidth of both the 	(�) function and the

micro
lasmon band ε2 (�).
It is interesting to note that Fröhlich’s condition does not apply

o Cu, as evidenced in Table 2 and the experimental spectra εbulk1 (�)
or Cu, see, for example, Fig. 2 in Ref. [46]. A quantitative explana-
tion for the deviation from the εbulk1 (�F ) = −2 condition was given
already (see, for example, Ref. [2] page 36]). It is ascribed to a large
and strongly frequency-dependent contribution from εbulk2 (�), due
at least partially to the location of interband transitions close by.
The approach used here clearly demonstrates that if the bulk dielec-
tric constants (ε0

1(�) and ε0
2(�)) are calculated based on optical

constants (n0(�) and k0(�)), obtained from the dispersion param-
eters for a Drude oscillator at �0 = 0 from [24], then Fröhlich’s
condition is satisfied for Cu as well as for Au and Ag (see column VI
in Table 2 and Figs. 2d,e,f).

4. Conclusions

In conclusion we would like to emphasise that the calculations
of noble metal micro-characteristics presented here are made in
the quasi-static approximation, which is valid for spherical par-
ticles with dimensions much smaller than the wavelength of the
electromagnetic radiation. The actual particle size is not taken into
account and calculated values are normalized to the number of free
electrons per unit volume, which in a nanoparticle is assumed to be
equal to the concentration of atoms per unit volume of the metal.
The results obtained lead to a conclusion that, using a point-dipole
approximation, electron-ion interactions in the noble metals can
be considered as the interaction of virtual dipoles, which, against
the background of the spectral manifestations of all other energy
states, determine the optical characteristics of metals in the vis-
ible and IR regions of the spectrum. Support for this conclusion
comes from modelling the absorption of free electrons by a dis-
persion oscillator using the Drude-Lorentz model [5,24]. From this
data, the intrinsic frequency of the virtual dipole oscillators practi-
cally coincides with the frequencies of the maxima of the plasmon
absorption bands of the corresponding spherical particles with
a diameter less than 20 nm.  The shift of these intrinsic frequen-
cies from the frequency of the macroscopic dispersion oscillator

for free electrons (�0 = 0) agrees well with estimates made using
the theory of resonant dipole-dipole interactions. Relevant charac-
teristics of plasmon absorption bands appear under confinement
conditions, where particle sizes are much smaller than the wave-
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ength of electromagnetic radiation. Under these conditions, effects
f optical polarization on the frequency of the probe radiation, and,
onsequently, the resonant dipole-dipole interactions, are virtually
bsent.

Clearly, the difference in the frequency of the resonant absorp-
ion of electron oscillators localized in the nanoparticle and the
ntrinsic frequency of the free electrons in the bulk metal is due
o resonant dipole-dipole interactions. Differences in the corre-
ponding oscillator strengths are determined by the background
olarization, arising from the excitation of bound electrons in the
igh frequency region of the spectrum.

We would like to mention that despite the fact that the results
nd interpretations given here relate only to the particular case of
mall spherical particles of Au, Ag and Cu, they indicate the gener-
lity of the spectroscopic manifestations of resonant dipole-dipole
nteractions, not only in liquids and dielectric crystals, but also
n metallic media. Our purpose was simply to draw attention to
he fact that interesting results can be obtained based solely on
onsiderations from classical physics and by extending molecular
pectroscopy approaches to non-molecular structures. Neverthe-
ess, the results obtained with these relatively simple approaches
re rather surprising. We  hope to draw the attention of theoreti-
ians to these approaches and perhaps stimulate further work in
his area.
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