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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
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
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to the concentration of free electrons.
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1. Introduction

The investigation of the optical properties of metal nanopar-
ticles of various sizes and shapes has attracted a great deal of
attention from researchers over the last two decades (see, for exam-
ple, Refs. [1-5]). Excitation of surface plasmons in these particles
has stimulated considerable interest in these materials, since their
unique optical properties can be exploited in a variety of devices
[6-8]. Possible applications include highly sensitive chemical and
biological sensors [9-11], single particle/molecule detection [12],
surface enhanced spectroscopy [13,14], waveguiding [4] and las-
ing [5]. This research has resulted in a number of textbooks and
comprehensive reviews, some of which are cited above, devoted to
the synthesis and fabrication of a variety of composite systems as
well as modelling and characterisation of their linear and nonlin-
ear optical properties. Modelling of the optical properties of small
particles is under active development using a modification of the
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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, itis shown in present study
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that the difference between the frequency of the Lorentz oscilla-
tor, describing the absorption of free electrons in the bulk metal,
and the absorption frequency of the plasmon, localized within the
corresponding spherical nanoparticle, is due to interparticle inter-
actions of free electrons. These interactions occur both between
the electrons and between electrons and positive lattice ions. This
latter interaction can be considered a dipole-dipole interaction of
point oscillators, whose concentration is equal to the number of
atoms per unit volume in a metal. It will be shown that the dif-
ferences in the oscillator strength of the free-electron oscillators
in bulk metal obtained using the Drude-Lorentz model and micro-
scopic oscillators in the corresponding spherical nanoparticles are
due to background polarization occurring at the expense of high-
frequency excitation of bound electrons.

2. Theoretical approach

2.1. Models used for the description of the optical characteristics
of metals

The theoretical basis for the description of the optical charac-
teristics of metals was laid down in the classic work by Drude
(see, for example, Refs.[1,2,19,20]), who considered the conduction
electrons as a free electron gas, excluding the effect of interband
transitions involving the bound electrons. In order to allow for
interband transitions, which have a significant impact on the opti-
cal properties of metals in the near IR, visible and ultraviolet regions
of the spectrum, the integrated Drude-Lorentz (DL) [1,2,19,20]
model was introduced. In this model, the dielectric function of
the metal includes two terms. These two terms take into account
contributions from both conduction electrons and bound electrons
involved in interband transitions.

Using the DL model, the complex dielectric permittivity, &(w),
of the metal can be expressed as the sum of a contribution from an
intraband effect (or free electron effect, from the Drude formula),
gintra(®), and an interband effect (or bound electron effect, from the
Lorentz formula), &jper(®), in the following form [1,2,19,20]

1 Foa)g
&(0) = (8intra (@) + (Einter (@) = - m
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= [(a) —wz) +iwl"1}

Here, w) is the plasma frequency and the term Fowg is related
only to intraband transitions of the free electrons with oscillator
strength F, and damping constant I'. Similarly F;, w; and I'; rep-
resent the dispersion parameters of the j-th oscillator, describing
the corresponding interband transition for the bound electrons. In
general, Eq. (1) does not contain a correction for the local field.
This is taken into account only when considering the contribu-
tion of bound electrons to the dynamic matrix of transition metals
[19]. In this case, it is assumed that a local (effective) field, Egy(w),
acting on a free electron in a metal is equal to the mean Egy(w)
field in this medium [1]. However, according to the results of Ref.
[17], it appears that when applying the point-dipole approxima-
tion, allowing for the spectral differences between the Eey(w) and
Eqv(w) fields is wholly justified for metals. Indeed, free electrons
in a metal are under the influence of both the external field and
the fields created by other electrons and ions. In order to take into
account electron-electron and electron-ion interactions, one must
take into account the local field, which is the electrodynamic equiv-
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alent of these interactions in the metal. To a first approximation,
this can be done on the basis of the Lorentz relation, which gives

Eefy (@) = Eav (@) [€ (@) +2] /3,

where e(w) = &1(w) — ieo(w) 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, s®“*(®), 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 E,¢(w) and Eqy(w) 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,
gbulk (1), in visible and IR range can be represented as

ez/nmc2 -Fj

Eoo + s 2
Z vz—v2+1yj 2)

8bulk (v) =

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 v;, F; and y; 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
termin Eq. (1). We will use the wavenumber v, as used in molecular
spectroscopy, instead of w below, but will continue to refer to it as
frequency, measured in cm~! and related to w as v=w/2c.

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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ties, taking into account the difference between Eef and E,, fields,
leading to its modification in the form of [30,31]:

[(Nfie2)/mmc?] - [(ex + 2)/3)
vj2 —[(Nfie2)/3mmc2] - (60 +2)/3 — V2 +iyjv’

8bUIk(l)) = 8o +

Here f;, vj, and y; are the oscillator strength, intrinsic (or eigen)
frequency and damping constant of a particular jf microscopic
oscillator, N is their concentration, and &, is the background
dielectric constant in this spectral region, taking into account high-
frequency transitions.

The Drude model can be considered a special case of a Lorentz
model, in which the frequency of the oscillator, taking into account
the contribution of the free electrons, is 0 (i.e., v;j=vp =0 in Eq. (2))
[19] and e, =1 (for the ideal electron gas), which results in term
(&intra (@)) in Eq. (1), i.e. in Drude formula. The dielectric function
of bulk metal in the low-energy region, where electronic intraband
transitions dominate, can be described to a good approximation
by Drude model. The contribution of intense interband transitions
is described simply as the background permittivity €. So, we can
calculate gb"k(p) as

[(Ne2)/mmc?] - Fy

(V) = £oo + =5 5—
Vg — 12 +iyov

(3a)

Here v¢=0 is the frequency of the macroscopic dispersion oscillator
for free electrons with oscillator strength Fy, and damping constant
vYo. These parameters for Ag, Au and Cu can be taken from the Ref.
[24].

Our calculations show that the spectrum of the imaginary part
of the dielectric function &,™(v) of a microscopic oscillator, cor-
responding to plasmonic resonance for noble metals, is dominant
in the visible and infrared range. Therefore, we can assume that the
dielectric function for a bulk metal, s?4(v), can be calculated using
either Eq. (3) or Eq. (3a), i.e.

[(Ne?)/rmc?] - Fo
Vg — Vo + 1YoV
[(Nf-e2)/mmc?] - [(ex + 2)/3)

V2~ [(Nfee?)/3nme?] - (6 + 2)/3 — V2 + iycv” (3b)

where f¢, v¢, and y. are the oscillator strength, intrinsic frequency
and damping constant of a particular microscopic electronic oscil-
lator, and N is their concentration, corresponding to the number
of free electrons per unit volume. A comparison of both parts of
Eq. (3b) shows that the strength of the microscopic oscillator, f, is
connected with the dispersion oscillator, Fy, by the expression

fCZF093V7 (4)

where Ggy = 9/(800 +2)? (4a)

is the mean value of the Lorentz polarization correction.

Analysis of Eq. (3b) also shows that the frequency of the dis-
persion macroscopic oscillator vy and the intrinsic frequency of
the microscopic oscillator, v¢, corresponding to the absorption fre-
quency of the localized plasmon, are related by

Nf.e?
3mmc?

8004-2_

2 3 =13=0 (5)
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Note that the assumptions made earlier for the comparison in
Eq. (3b) were made to determine simple formulae, Egs. (4) and
(5) for the relationship between the oscillators’ strength and the
frequencies of macroscopic and microscopic oscillators. These
quantities will be compared later in Tables 1 and 2 using alternative
approaches.

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 E. (v) 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(v) 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

ETTO (1) = g5 (1) (V), (6)

where sg‘i"o(v) and &, (v) 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
ebulk (v). In this case, the Lorentz correction factor, 6(v), for an
isotropic homogeneous medium, expressed as a function of fre-
quency, has the following form

6(v) = |E(v)/Eeg(v)I> = 9/16(v) + 2 (6a)

Here g(v)=¢1(v) —igz(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 6(v),
and hence of egﬁ”" (v), is situated near the frequency vf satisfying
Frohlich’s condition Reg(vg)=-2 [38]. Note that vg is sometimes
referred to as Frohlich’s frequency.

The DEP method demonstrates good agreement between the
frequency maxima of 83“”0 (v) 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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concluded that expression (6) corresponds to the spectrum of indi-
vidual spherical particles, having their own spectral characteristics
different from the characteristics of bulk samples of the same
material. These particles can be considered “meso-oscillators” or
meso-particles (see Refs. [33,37]), the optical properties of which,
in the long-wavelength limit (d << \), originate in spectral differ-
ences between the macroscopic and microscopic electromagnetic
fields. In this case, the applicability of the concepts underlying the
DEP method has been confirmed by results of an analysis of the
influence of dipole-dipole interactions on the absorption spectra of
granular films of noble metals and their colloidal solutions [17].

3. Discussion and results

As shown in Ref. [17], allowing for the dispersion of the effec-
tive field in the quasi-static approximation enables linkage of the
spectral characteristics of small metal particles with the opti-
cal properties of bulk metals. The dielectric loss spectrum of the
strongly diluted composite medium, consisting of spherical metal
particles with a diameter d << \ and a transparent matrix with a
permittivity of &y, can be represented by an expression analogous
to Eq. (6)

10 (1) = - £ (1) O (v), (7

where g54 (v) is the dielectric loss spectrum of the bulk metal and
q its bulk concentration. The local field factor O(v) is given by
9
oW =— 8)
|ebulk (v) 4 2¢y

where ¢, is the dielectric constant of the surrounding medium.
Note that expression (7), with q << 1 is consistent with Maxwell-
Garnett's formula underlying modern effective media theory. For
g=1andegy, =1itcoincides with Eq.(6). The spectrum 83“”" (v)inthe
general case can be considered as a spectrum characteristic of plas-
mons localized on an isolated spherical metal particle in a medium
with permittivity ¢,. From an understanding of IMI spectroscopy
[32] used in Ref. [17], the oscillator strength of the j-th quantum
transition in a condensed medium can be represented as

2m

2m i
fe= W‘Vc/ g (v)dv = Ne2

= FmacroBav- 9

Here f. is the strength of microscopic oscillators for this transition,
N is their concentration, 6g, is the average value of the effective
field factor, equal to the ratio of the integrated intensities of the
spectra e (v) and €54k (v) and v and vmax are their respective
frequency maxima. The average value of 04, can also be determined
if, in Egs. (6) and (7), the spectral value of €54/ (1) is replaced by the
average background value of the dielectric constant in this spectral
region, &pg, and ey, is set equal to 1.

For a strong, isolated absorption band, it is a good approxima-
tion to use the value of the dielectric constant in the high frequency
region of the spectrum, &, as its average value, following from Eq.
(4a). The strength of the microscopic oscillator in Eqn. (9), which
is directly dependent on the square of the matrix element of the
transition dipole moment (f=(m/e?).|d/dg|?), can be determined
from the integrated intensity of the spectrum of the imaginary part
of the microscopic dielectric permittivity sg“"f”’ (v), whichis related
to e54 (v) by Eq. (6). It can be assumed that, for metals, these micro-
scopic oscillators are electrons, forming a plasmon localized in a
spherical nanoparticle. Thus, if we know the value of the average
dielectric constant of the metal at frequencies v much larger than
the frequency of the localized plasmon, then the strength of the
microscopic oscillator is not difficult to assess using Eq. (4). These

. vmaxeaV/ slz’”’k (v)dv

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, ¢, on the frequency of the isolated
plasmons in accordance with Eq. (7). It has been shown that the
shift (AVipg.res) Of the frequency maximum, vpgy, of the plasmon
absorption band of isolated nanoparticles due to the influence of g,
can be estimated using

Avind—res:Vmax(ggnicm(V):eh = 1)_Vmax(8I2nicro(V)§8h > 1), (10)

where the first term on the right-hand side of Eq. (10) is the peak
position of spectrum 82”””" (v)atep =1, while the second termin this
equation is the peak position of that spectrum at &, > 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

(en—1) fe?
6 (4nmc2voR3)

AVing_res = =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, v, 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, Av, is pro-
portional to the strength of the electronic oscillator and increases
linearly with the ¢ of the environment surrounding the particle,
a result of the increase in the dielectric factor D= (g, —1)/6. This is
supported by results from calculations of the absorption spectra of
anisolated 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= AVj,q.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 ¢, values from 1.7 to 9, deviates from the mean value by not
more than 10%. Similar linear relationships (Avjpq.res =A-D) over a
narrower range of ¢, 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 At =4610cm~! and
A7 =15100cm™! 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 AA"=4900cm~! and A% =15000cm™! (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(v) and k(v) from
Ref. [43]. Calculations for Cu were also performed based on tab-
ulated data from Ref. [43], resulting in a value of A“=3040cm™!
with calculated spectra ag“'”" (v) shown for different &, 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=Am4n?c?voR3/e? (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 Nx10%2, cm~3 Eoo Oay, Eq. (4) Fo f =Fobay, Eq. (4) A, cm! f,Eq.(13) v, cm~! peak position
of eJieo(v)at g, =1
1 11 11 I\% \% VI VIl Vil IX
Au 5.9 9.5¢ 0.068 0.76° 0.0517 46104 0.05124 19610
0.77¢ 0.0524 4900¢ 0.055¢ 19840
Ag 5.86 3.7 [48] 0.277 0.845" 0.234 15100¢ 0.2414 28170
0.821°¢ 0.227 15000" 0.242f 28250
Cu 8.49 12.07 0.0454 0.575" 0.026 3040 0.022 18180
[47] 0.562° 0.0255

3 €5 =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].

¢ Parameters of Brendel-Bormann dispersion oscillator from Ref. [24].
d Calculated using optical constants from [43].

¢ Calculated using optical constants from [44].

f Calculated using n(v) and k(v) from [45].
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Fig. 1. Dielectric-loss spectra 8;”"0 (v) of plasmon absorption in spherical particles
of Cu in various matrices, calculated in the quasi-static limit from Eqs. (7),(8) with
variation of e, 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=(&,-1)/6. The obtained
slope, A= Av/[D, is equal to 3040 cm~'. The numbers in brackets in caption for Figure
a) correspond to the numbers shown beside the relevant curves; the data for curve
(a) is multiplied by a factor of 7 and is also shown with curves (b) and (c) in the
insert for clarity.

and assuming that the radius of the volume, V, per electron and
the effective radius R of IMI are similar, expression (12) can be
transformed to

f = 3Ammc?v, /Ne? (13)

where N=1/V=3/47R3,

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, Fy, describing the oscillations of
free electrons in the corresponding bulk metals and average values
of the effective field factors, 6g4y, 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 Egs. (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, Avgy,, of the microscopic oscillator with respect to
the frequency maximum of the absorption band of the bulk media:

AVgyn = Vmax (€557° (1)) = Vimax (€54 (1)) . (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 Egs. (5) and (14) equal to the intrinsic frequency
of the plasmon v, can be represented as

[Nfee? - (600 +2
Avdyn=vc= 7&3”"5(:;3 )7 (15)

where f; = Fy6,y is the strength of the microscopic oscillator, char-
acterising the absorption of free electrons, v. is the intrinsic
frequency, corresponding to the maximum of the sg“'“" (v) 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
n(v) and k(v) of Au, Ag and Cu according to [43-45], as well as the
calculated spectra of the plasmon absorption eg“'“" (v) from Eq. (6),
the local field factor, §(v) from Eq. (6a), and 54k (v) = 2n(v)k(v),
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 8‘2’”“‘ (v) = 2n(v)k(v), 6(v) (using Eq. (6a)), and 83"'”" (v) (using
Eq. (6)) are based on experimental spectra n(v) and k(v) taken from a) Ref. [44] for Au, b) Ref. [45] for Ag and c) Ref. [43] for Cu. The real 5? (v) and imaginary eg (v) parts of
dielectric function g?* (v), calculated using Eq.(3a) for the bulk metal based on the parameters vy, Fo and v, from Ref. [24] for a zero oscillator, and calculated with Eq. (6)
using these functions, spectra s‘z’"”f (v) for Au (d), Ag (e) and Cu (f). The peak position of spectrum ag’""c(v), and the intersection with the spectrum of s?(v), corresponding to
Frohlich’s condition Reg(vg)=— 2, are shown by the number beside each spectrum and by the arrow in figures d), e), and f). For clarity of presentations, some of the spectra

are multiplied by the factor shown in the legends.

calculated from Eq. (3a) by means of parameters vy, Fy and <yg
from Ref. [24] for free electrons, are denoted as n°(v) and kO(v).
Using these spectra, the calculated values of the macroscopic and
microscopic dielectric permittivities are 9 (v), €9 (v) and £9™ (v)
respectively. These spectra are shown in Figs. 2d,e,f.

The peak positions of spectra ag””" (v) (denoted as v¢), egmic v)
(denotes as v2) as well as the frequency shift of the localised plas-

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 (vexp) of absorption band of spher-
ical nanoparticles (column III) from different sources [2,49-51].
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Comparison of peak positions of isolated plasmons of Au, Ag and Cu, obtained in the quasi-static approximation using experimental optical constants (n(v) and k(v)) 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).

Parameters of dispersion Exp. peak position of v, cm™ Peak position Frohlich’s frequency vo, em?
Metal  oscillator of absorption abs. band of spherical  peak position of ~ of abs. spectra From 0- From bulk for _ of spectra
band for free electrons from  nano-particles, gpicro(y) of free oscillator for bk, gomic (1)
Ref. [24] Ve, Co1'! (Eqn. (6) and data  electrons A & m( F)‘-l ol:ta ined for
from [43-46]) Ean.(15), & (va). VE, e X
o PR v;.-o, em’! 0-oscillator
I I I v A% VI VII VIII
oy’ Fo Iy
Au 0 0.76 0.053 19530° 19610 18720 18720
19417° [43]
19380° 19840 18560 19763
<19442> [44] [44]
Ag 0 0.845 0.048 27027° 28170 27970 27980
24875¢ [43]
28248° 28250 28380 28249
<26717>" [45] [45]
Cu 0 0.575 0.03 17857° 18180 16200 17680 27420 17650
18148° [46] [46]
<18003>f

aData from Ref. [24] in eV.

bData from Ref. [49] (see also Fig. 4 .13 from Ref.[2]).

¢Data from Ref. [50].

dData from Ref. [51] (see also Ref. [2], Fig. 2.42).

€Calculation data from Ref. [2] (see Appendix A, pages 452-455).
fAverage value from the data above.

These data show that the calculated frequency shifts are close
to the frequency of localized plasmons, obtained using Egs. (5) and
(6), as well as being close to experimental data on the absorption
spectra of colloidal solutions and granular films of noble metals
[17,36,41,42]. Note also that the values of the frequencies of local-
ized plasmons, compared with the frequency maximum of the
spectrum 82'""“"(1)), coincide with a spread of not more than 5%
with other calculated and experimental data [2] obtained for parti-
cles with diameters of 1-20 nm (listed in column III of Table 2), for
which the contribution of dynamic polarization to the frequency
shift is close to zero.

The primary role of free electrons in the plasmon absorption of
metal nanoparticles can be identified by comparing the experimen-
tal spectral characteristics of bulk silver, gold and copper obtained
in [43-45] and calculated by Eq. (3a) using dispersion oscillator
parameters, modelling the contribution of free electrons to the
corresponding dielectric loss spectra.

As can be seen from Figs. 2a,b,c, the optical characteristics of
solid metals in the region of plasmon absorption are strongly influ-
enced by absorption due to low frequency excitation of bound
electrons. Nevertheless, the plasmon absorption band of gold and
silver nanoparticles, calculated according to Eq. (5), appears at a
frequency close to that observed experimentally (see column III
in Table 2). Furthermore, it is close to satisfying Fréhlich’s condi-
tion Ree(vg)=— 2, in accordance with the frequency maximum of
function 6(v), see Table 2. If we neglect the low-frequency elec-
tron interband transitions, with the contribution of high frequency
transitions taken into account via €, in accordance with Eq. (3a),
it is clear that the frequency maximum of the plasmon absorption
band, caused solely by free electrons, is only insignificantly shifted
toward the low-frequency part of the spectrum (Figs. 2d,e,f). Also,
comparison of the data presented in Fig. 2a,b,c and d,e,f shows that
low frequency interband transitions lead to a drastic reduction in
both the amplitude and linewidth of both the 6(v) function and the
plasmon band £l (v).

It is interesting to note that Frohlich’s condition does not apply
to Cu, as evidenced in Table 2 and the experimental spectra e/ (v)
for Cu, see, for example, Fig. 2 in Ref. [46]. A quantitative explana-

tion for the deviation from the 54/ (vz)=—2 condition was given
already (see, for example, Ref. [2] page 36]). It is ascribed to a large
and strongly frequency-dependent contribution from 54/ (v), 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 (e?(u) and sg(v)) are calculated based on optical
constants (n®(v) and k%(v)), obtained from the dispersion param-
eters for a Drude oscillator at vg=0 from [24], then Frohlich’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 (vg=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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length of electromagnetic radiation. Under these conditions, effects
of optical polarization on the frequency of the probe radiation, and,
consequently, the resonant dipole-dipole interactions, are virtually
absent.

Clearly, the difference in the frequency of the resonant absorp-
tion of electron oscillators localized in the nanoparticle and the
intrinsic frequency of the free electrons in the bulk metal is due
to resonant dipole-dipole interactions. Differences in the corre-
sponding oscillator strengths are determined by the background
polarization, arising from the excitation of bound electrons in the
high frequency region of the spectrum.

We would like to mention that despite the fact that the results
and interpretations given here relate only to the particular case of
small spherical particles of Au, Ag and Cu, they indicate the gener-
ality of the spectroscopic manifestations of resonant dipole-dipole
interactions, not only in liquids and dielectric crystals, but also
in metallic media. Our purpose was simply to draw attention to
the fact that interesting results can be obtained based solely on
considerations from classical physics and by extending molecular
spectroscopy approaches to non-molecular structures. Neverthe-
less, the results obtained with these relatively simple approaches
are rather surprising. We hope to draw the attention of theoreti-
cians to these approaches and perhaps stimulate further work in
this area.
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