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The effect of the internal field on the IR absorption spectra of small

particles in case of 3D, 2D and 1D size confinement
Igor 1. Shaganov', Tatiana S. Perova®’, R. Alan Moore? and Kevin Berwick®
Vavilov State Optical Institute, 199034, St.-Petersburg, Russia
’Department of Electronic and Electrical Engineering, Trinity College, Dublin 2, Ireland
® Department of Electronic and Communications Engineering, Dublin Institute of
Technology, Kevin St, Dublin 8, Ireland

Abstract

The spectral properties of composite materials based on small particles with 1D, 2D and
3D size confinement are described using the combination of dispersive internal field and
effective media theories approaches. The calculations performed for a number of
crystalline materials have shown that the peak position and intensity of the vibrational
band of the material under conditions of 1D, 2D and 3D size confinement are changed
while the bandwidth of band remains the same. In the case of 3D confinement the peak

position of the spectrum of isolated “mesoparticles” ( géneso) appears to be very close to the

intrinsic frequency of the lattice vibrations, calculated from the elastic constants of this
crystal, as well as to the Frohlich’s frequency. The largest shift (Av) of the peak
frequency, vmax, from the bulk value is obtained in the case of 1D confinement when the
peak position is practically coincident with the frequency of the longitudinal optical
phonon (vio). The aforementioned shifts are the result of intermolecular interactions,

including both resonant and induced resonant dipole-dipole interactions.

*Corresponding author: email: perovat@tcd.ie; Telephone: +353-1-6081432; FAX:

+353-1-6772442
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Introduction

The theory of the internal effective field dispersion of the electromagnetic wave Eq(v), as
a general property of this field in the vicinity of the optical resonance of condensed matter,
was formulated for the first time by Backshiev and co-workers."? A similar approach for
calculating the spectral dependence of the microscopic susceptibility in the wavelength
range of the intermolecular vibrations of organic liquids was used by Clifford and
Crawford.® Analysis of experimental data using these models have shown that taking
account of the internal field dispersion is useful when attempting to model the influence of
intermolecular interactions (IMI) on the absorption spectra of various types of condensed
matter viz. liquids, solutions and both amorphous and crystalline solids.*

From Refs."?, the relationship between the micro- and macro-characteristics of condensed

matter can be presented as

30 = " () ®

where B(v) is the spectral density of the quantum transition probability (the spectrum of
the Einstein coefficient®), n(v) is the refractive index, K(v) is the Bugger absorption

coefficient, N is the number of molecules (oscillators) per unit volume, v is the wave

number, 0(v) = 1/ | q |2 is the correction factor accounting for the spectral difference

between the effective micro Ee(v) and the average macro E(v) fields of the

electromagnetic wave in condensed matter, and q = Eer(v) / E(v) is the effective field

factor, a tensor quantity in the general case. The basis for assigning the intensity of local
field, which plays the role of an electro-dynamic equivalent to the combined action on the
molecule of the external perturbing field and the intermolecular force, becomes the most
important theoretical question in such an approach. A rigorous calculation of the local

field has, to date, remained one of the most complicated problems of modern physics.



Within the framework of the point-dipole approximation, the problem of finding the local

field in homogeneous medium can be solved using a Lorentz model.

According to the Lorentz model, the effective field factor § for - isotropic

condensed media and for two atomic cubic crystals is given by

_ g(V)+2 _ Eeff (V)

qv) 3 ) @)

where 2(y) = g (V) —ig,(v) is the complex dielectric permittivity. It is worth noting

that the external probing electric field E(v) is considered to be a weak perturbation force
and therefore this approach is not applicable beyond molecular linear optics. As

K(v)=4znkv, and k= g,(v)/2n, Eqn. (1) can be rewritten in the following form

27e, (v)O(V) 3)

BW)="""\n

or alternatively as (3a)

B =22 ()00)
T

It can be shown easily that the expression on the right in Eqgn. (3a) corresponds to the

spectrum of the imaginary part of the complex micro susceptibility, Fmic (V)7 which is

connected to the macroscopic susceptibility by the expression ’

. 37 (4)

me =213
where 7 = 11 (V) =iz, (V). Solving Eqgn. (4) with respect to Imymic we obtain
yiero _ o g(v)- Because yo=e,, the spectrum of Zéﬂicm can be considered as the

spectrum gg‘icro. This allows to conclude that Eqgn (3a) corresponds to the spectral



characteristic of an isotropic micro-object of size d, satisfying the condition A>>d>>angjec,

where anglec 1S the size of the molecule. So, Eqgn. (3a) can be rewritten in the form

MO0 (1) = £, (V)O(V) (5)

Three dimensional (3D) size confinement

It might be supposed that Eqn. (5) allows the determination of the spectral characteristics
of nanoparticles with a spheroidal shape or particles of the so called mesophase 8, which
satisfy the condition d<<, but are large enough to describe in terms of ¢(v). In order to
confirm this assumption let us to consider the general expression for the effective dielectric
permittivity function, () of a two-component composite media containing spheroidal

particles of two types of isotropic materials, A an absorbing meso-phase, and B a non-

absorbing phase, in a transparent host matrix with dielectric permittivity &, °

acompoz.
scompoz. _

~ACompoz.
£eomp

ho_ AT f

) ) &g — & (6)
+28h §A+2€h &g +28h

ea and eg are the dielectric permittivity functions and fo and fg are the filling factors (or

the volume concentrations) of mesophases A and B respectively. Eqn. (6) is a
generalization of the well known Maxwell-Garnett equation, **° based on a Lorentz-

Lorenz model, *** and may be applied to spherical particles with d<<, but with d>>anolec.
(see Fig. 1a). Solving Eqn. (6) with respect to gcompoz. while assuming that gy= &g=1 we

obtain

écompoz_:§A+2+2fA(§A—1) (7)
Eat+2—Ta(2a—1)

By extracting the imaginary part (Img®™) from Eqn. (7) we can determine the

dielectric loss spectrum of the composite media for the system under consideration



i zeomp. _ @+20)ep[(L- ey +2+ f1-[A+2f)ey +2-2f]- (- F)e, (8)
[A-f)e +2+ F12+[(1- f)e,]?

Analysis of this expression shows that the dielectric loss spectrum of the composite media
at f<<l1 is proportional to f and also to the spectral micro-characteristics of phase A,

described by Eqn. (5). For f << 1, expression (8) reduces to

2(v)+2°

According to Eqns. (3) and (5), this corresponds to ggomp — fg;nicro. This expression

shows that the spectrum of the composite media at €,=1 and f<<1 coincide, both in terms
of peak position and band shape, with the spectral characteristics of the corresponding

micro-particles, ggmcro’ when their interactions can be neglected.

Similar expressions can be obtained from Eqn. (6) for e,>1 by a similar process

seompoz. _ (éa+28n)en +2Fa(E —2n)én (10)
Ept2eh— falén—an)

By extracting the imaginary part |m £°™P for the case when f<<1 we obtain

(11)

2
£Somp _ ¢ micro _ 9feyrep
2 2 2
[(e1+264)" + &3]



The internal field factor in this case coincides with the expression relating the uniform
field inside the spherical particle (Ej,) with the average field (Eo) within the medium

surrounding this particle *2

Ein _ 38h (12)
EO (é + 2€h)

It is worth restating at this point that () = ¢ (v) —ie,(v) 1S the complex dielectric

permittivity function of the micro-particle bulk material. It can be seen from expressions
(5) and (11) that the spectroscopic characteristics of the isolated particles of the mesophase
do not depend solely on the dielectric properties of the corresponding bulk material but

also on the dielectric properties of the matrix &,.

From Egns. (9) and (11) it follows that the 8£mcro spectra physically represent the

spectral characteristics of the microscopic spherical particles of the mesophase. We

believe that the introduction of the gg“CVO spectra has reasonable physical grounds as these

spectra can be considered as a spectrum of condensed matter under 3D size confinement.
These micro-particles can be considered as “mesomolecules” possessing specific

micro

properties, thus it would be more correct to use the term &, instead of term &y

Two dimensional (2D) size confinement

In the case of 2D size confinement the condensed matter is confined in two perpendicular
directions, x and y (Fig. 1b). This corresponds to the case of long thin rods or wires with a
cross-section diameter d satisfying the condition that the mesoscopic properties have been
formed, i.e. for A>>d>>an,. In order to determine the spectral characteristics of condensed
matter under the conditions of 2D size confinement we need to modify the Lorentz-

Lorenz equation of the type



e-1_ s (13)

This equation is obtained under condition that the local field tensor g is equal to

o _E+1 (14)
=7

According to this, the internal field correction factor 6¢v), similar to the expression shown
earlier for the correction factor, is described by the equation

1 4

ey

(15)

Therefore the spectrum of the 2D confinement micro-object, in a similar manner to Eqn.

(5), can be written as

meso bulk . 9

& =& 2D — &2 m (16)

An example of a condensed medium consisting of this type of particle is an array of
parallel wires or channels in either air or a matrix with & as shown in Fig. 1 b. By using
general expressions for composite matter Ghiner and Surdotovich,® for instance, have
obtained the following equation for the dielectric constant of wires in a vacuum

e+l-c(e-1)

where c is the concentration of wires, which correspond to the value f introduced above.

Note that we will use the term f instead of ¢ which was used by Ghiner and Surdotovich.

Rearranging the equation (17) by analogy with formula (10) for wires in media with

dielectric function of g, we obtain



écomp _ (é + gh)gh + f(é B gh)gh

Gte —f(6—g) (18)

Solving Eqn.(18) for the imaginary part |m £MP for strongly diluted media, we obtain

and scomp _ ¢ bulk dey, (19)
2

Ime = 5
‘é'i‘gh‘

When g,=1 Eqn. (19) reduces to Eqgn. (16)

In agreement with Eqn. (16) the Eqgn. (19) can be rewritten in the form

comp
&,

_ meso __ bulk

= fe, = &, 0, (20)

These equations correspond to the orientation of the electric field vector perpendicular
to the long axis of the wires, that is the case when the isotropic media is restricted to a size

<<). So there is a screening of one medium by another which is more or less optically

~comp

dense. Therefore the spectrum Im¢g at f<<1 must be coincident in both peak

position and shape to the spectrum of the appropriate 2D confined micro-object Eeso

defined by expressions (16 and 20) where in general

45,f
20 = % 2 (21)
‘5(1/) + gh‘
When the electric vector is directed along the wires in the z direction, i.e. there is no 2D
confinement, the expression for the dielectric loss function is given by °

AcOmp. _ ¢ =
g, T ="frep+ frep: (22)



Due to the fact that there is no internal field correction at all in this case, the difference
between the intensities of spectra of the “bulk™ phase A and the composite media is purely

a concentration one. That is, the position and the shape of the bands coincide.

One dimensional ( 1D) size confinement (films or pellets with thickness

d<<A, but d>>ang)

One dimensional size confinement manifests itself in the spectral properties of super-thin
films, or film structures based on it, when the electric vector of the incident light E is
normal to the surface of these films (EI1Z on Fig. 1 ¢). This situation occurs in Langmuir
films, layers deposed on metal surfaces and monolayers of organic macro-molecules
obtained under large angle impact. It can be deduced from the theory of the effective
medium that in this case the normal component (El1Z) of the dielectric loss spectrum of a
stack of super-thin absorbing layers A, separated by transparent intermediate layers B, is
described by the following expression °
ézcomp _ (IA n 1:B)—l (23)
€n  €B

If fg=1-fo» and =1, then, omitting index A, we obtain

~

Zoomp _ & (24)
f+e(l-f)

and the imaginary part of the dielectric loss spectrum |m gcomp can be presented as

follows

f
&, )+ f[* +]e, - f)[

Im&™™ = ¢,

(25)

For f<<1 this equation is transformed into



f (26)

82,\72
&

R f
Im&®™ = ¢

2, 2 2 -
&))" +le;]

It is obvious from the Eqn. (26) that for 1D confinement, the expression for the dielectric

loss spectrum for a single element of the mesophase can be presented as

meso __ _bulk _ 82
g =& Op= W (27)

13,14

Indeed, the internal field factor (j, accordingly to, is equal to q — ¢ for the case of

1D confinement. Therefore, the local field correction factor appears as

1 1 (28).

Op=—>5="5
q

It follows that the dielectric loss spectrum of the composite, having a stack of 1D restricted
layers, with d<<\ and E perpendicular to the layer surface, will be determined by the

following expression

(29)

Es\V
g;omp _ fglzaulkelD — f 2A(2)
2
If &= &>1, then the expression for the dielectric loss spectrum of the composite medium

under 1D confinement will become

g5 " = feyp(v) =f

10



where i=1,2,3 for 1,2,3D confinement accordingly. It is not difficult to show that the

expression for Gip(v) is as follows

MEOETS

O (v)= Me
h

(33)

Here m = 1,2,3 for cases of 1D, 2D and 3D confinement respectively. Note that if dipole-
dipole interactions between the mesophase particles are not negligible and consequently
the approximation f<<1 is not valid, complicating the equation for the absorption
spectrum of the composite media. This is because the factor 0ip(v) is itself becoming

dependent on f:

L 4= DEG =51

d.(v)=[1
|D() mé'h ‘

(34)

In this case, consideration of the spectrum £;°° has no meaning, since as f increases the

absorption spectrum is gradually becoming the spectrum " .

Results and discussion

To analyse the influence of 1D, 2D and 3D size confinement on the spectroscopic
properties of condensed media in the region of the resonance absorption we used the
vibrational  band of a model oscillator with the following dispersion parameters: €,=3,

p=0.1, y=0.1, =1000 cm™. The spectra of the model media in the bulk state, ,(v), and

meso

under conditions of 1D, 2D and 3D size confinement, £,°°, were calculated using the

usual dispersion relationship® as well as formulas (5), (16) and (27). The results of these
calculations are shown in Fig. 2. The main parameters of the bands considered are

presented in Table 1.

11



The data shown in Table 1 and in Fig. 2 show that the spectral parameters are changed
during the transition from the spectra of the bulk material to the spectra of this material
under conditions of 1D, 2D and 3D size confinement. Note that these changes only
concern the intensity and peak position of the vibrational bands, while the linewidth
remains the same. This latter result is a characteristic feature of the isolated symmetrical
bands. In the general case of overlapping absorption bands, a substantial redistribution of
the intensities of the individual components and a consequent change in the shape of the

entire spectrum is possible.

Calculations performed for a number of real materials have shown that all the
aforementioned changes in the spectra of the bulk materials during the transition to the
conditions of 1D, 2D and 3D size confinement are retained. Tables 2 and Fig. 3 show the
spectra and their characteristics of the fundamental lattice vibration of MgO in the bulk
state, under the conditions of size confinement and also for the composite media on it’s

base at f=0.001.

From these results it can be seen that the peak position of the absorption spectrum of MgO
under 1D, 2D and 3D size confinement at g, = 1 is shifted to the high frequency side by a
value of Av equal to 316, 252 and 209 cm™* respectively. The largest shift, Av, is obtained
in the case of 1D confinement when the peak position, vmax, IS practically coincident with
the frequency of the longitudinal optical (LO) phonon v, o of the bulk MgO crystal. In the
case of 3D confinement the peak position of the spectrum of the isolated mesoparticle
(&,°°) appears to be very close to the intrinsic frequency of the lattice vibration vg = 615
cm™?, calculated from the elastic constants of this crystal,’® as well as to the Frohlich’s

17

frequency ve=605 cm . These frequency shifts are the result of intermolecular

12



interactions, including both resonant and induced-resonant dipole-dipole interactions.
Induced-resonant dipole-dipole interactions appear as a result of the interaction of the
absorbing molecule (particle) with the transparent matrix * and reflect the influence of the
electronic transition on the vibrational ones in the case of both the solutions and the

homogeneous media.

In the theory describing resonant interactions, these are taken into account during the
correction of the resonance shift accounting for the influence of the background
polarisation. We would like to emphasise once more that the absorption spectrum in the
case of 3D confinement is the analogue of the spectral density of the quantum transition
probability with absorption i.e. the spectrum of the Einstein coefficient B(v) °. It differs
from it only by the numerical coefficient. It can be assumed that in this case only the
spectroscopic characteristics of the mesoparticle coincide with the analogous microscopic
characteristics. This statement is valid at least for isotropic spherical particles described

using a Lorentz internal field model taking into account the long-range dipole-dipole

meso

interactions only. Therefore, the integral of the ¢, spectrum characterises the value of

the square of the matrix element of the transition dipole moment, while the peak position
determines the intrinsic oscillator frequency or the so called bare mechanical frequency'®?°
in the absence of the external perturbation. Both the resonant and the induced-resonant
dipole-dipole interactions lead to a frequency shift and intensity change of the vibrational
absorption bands of the bulk materials from that for isolated molecules, microparticles or

clusters. By taking into account the dispersion of the internal field the contribution of these

interactions can be separated.

13



If for the isolated mesoparticles we will use as a matrix a material with a dielectric
permittivity e, equal to &, of the bulk material of particles, then the frequency shift with
respect to the peak position of the absorption spectrum of bulk material will be due to the
resonant part of the intermolecular interactions potential only.  The contribution of the
induced-resonance interactions, that is, the background polarisation, will be determined by
the difference in the frequency maximum of mesoparticles at &,=1 and a,=&.. In the case of
MgO the induced-resonance part of the frequency shift will be defined as Av = 610- 528 =

82 cmh.

As can be seen from Eqgns. (11), (21) and (31) the influence of &, on the peak position of
spectral bands manifests itself only under 3D and 2D confinement. For 1D confinement
(see Eqn. (31)) the deviation of the g, from 1 leads to an intensity change only and does
not affect the peak position of the absorption band. This is because the g, is not included
into the denominator of the equation for the local field correction factor 6(v). At the
same time, an increase of ¢, will lead to an equalising of the intensity of the absorption
bands for all the cases under consideration. Nevertheless, a comparison of their integrated
intensities shows that even at &, = ¢, the average value of the correction factor (6(v))
=[ & (v)dv/[ex(v)dv deviates substantially from 1. This shows that, including the
contribution from the absorption band itself, the background dielectric permittivity in the
spectral region considered will be somewhat larger. It is easy to estimate that a value of

6=1 corresponds to a value of ¢, = 4. This leads to the conclusion that the contribution to

the epackground from the band itself can be defined as A € = 4-g.~1.

14



As was already mentioned, Eqn. (33) is only valid for the case of highly diluted composite
systems where the amount of the absorbing component is small and f<<1. The extent of

dilution will be determined by the intensity of the band in the spectrum of Img(v) as
well as by the value of en. As the value of Im g(y/) increases, the value of f at which there

are no long-range resonance interactions between the separate elements of the mesoscopic
phase decreases (i.e. these interactions can be neglected). In the case of MgO the results of
calculations using Egns. (33) and (34) practically coincide at f=0.001 (see Fig. 3). At the
same time the intensities of the absorption spectra of composite media are 1000 times
smaller than the consequent intensities of spectra of the isolated particles of the mesophase

embedded into the same matrix.
Conclusions

In conclusion we note that the expressions obtained in the present work are in agreement
with the theory of light absorption by small particles [12]. Although these expressions still
describe the idealised case of ordered oriented mesoparticles of limited size in the direction
of confinement and an ideal geometrical shape, these can be generalised to the case of the
freely oriented particles of spheroidal shape by taking into account the ratio of hemispheric
axes of corresponding spheroids. Nevertheless, the experimental data available appears to

be in agreement with these expressions under certain conditions. For instance, it should be
noticed that expression (27) for ¢, for 1D confinement coincides with the expression for

the dielectric loss spectrum at the frequencies of the longitudinal optical (LO) vibrations of
crystalline solids. This shows that these absorption bands will appear under 1D size

confinement in any condensed media.

This conclusion is in agreement with experimental results on LO-TO spectral splitting

observed in glasses and is also supported by work on the role of the dispersive internal

15



field in the formation of reflection-absorption spectra of thin amorphous layers of silicon
dioxide. A similar conclusion also follows from the theoretical work of Lechman®®, who
demonstrated that the appearance of absorption at the frequency of LO vibrations in
structure-less dielectrics is a result of the boundary conditions arising in thin films at an
oblique incidence of light. Thus, we can conclude that the case of 1D size confinement is
apparent in the reflection-absorption spectra (RAS) of thin dielectric films independent of

their structure. It was shown earlier that intense vibrational bands in RAS spectra obtained
at incident angles in the range of 70°-80° are apparent at frequencies of v>v . As film
thickness decreases, the peak position of these bands is practically coincident with the
frequency v o corresponding to the ratio (27). The same results were observed for thin

amorphous films of MgO, ZrO, and Si0,**,

Other experimental data, supporting the conclusions arrived in this paper, are contained in
work on the absorption spectra of powder consisting of microcrystals of alkali halides. As

22,5

was shown in our previous papers= the frequencies of the absorption spectra for these

powders in some cases appears to be very close to the frequency of B(v) spectra of their

bulk counterparts and therefore close to the spectra of & eso. Nevertheless it is obvious,
that the expressions obtained in this work cannot give a universal description of the
absorption spectra of small particles, since they do not account for the actual sizes of the
particles as well as their shape. This fact probably accounts for the deviation between
experimental results and theoretical calculations in the case of 3D size confinement
observed for MgO. In accordance with Ref.??, the frequency maximum of the absorption
spectra of cubic MgO microcrystals in air iS Vmeso = 558 cm?® instead of the 610 cm™

calculated in this work. We believe that this discrepancy could be attributed to

16



) deviation of the particle shape from spherical
i) insufficiently small particle size and

i) aggregation effects.

Therefore the relationships obtained here require further elaboration and experimental
verification. We believe that the approach, based on the spectroscopy of intermolecular
interactions, suggested here can be used as a general methodology for the description of
nanostructures. Though the results presented here can be considered as preliminary, they
show that the dispersive internal field method can be useful for the prognosis of the
spectroscopic characteristics of diluted nanocomposites of various types on the basis of the
establishing relations between spectral characteristic of different small particles and their
bulk counterparts. Preliminary investigations show that the interactions of the separate
elements of these structures can be considered as an interaction of “mesomolecules”
which possess their own intrinsic properties. A detailed elaboration of these characteristics
taking into account the size, shape and crystalline structure of microparticles and also with
the properties of the surrounding media could be done. This would require more advanced
calculations of the internal field factor taking into account the long-range and short-range

intermolecular interactions.
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