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The main problem in theoretical analysis of structures with strong confinement is the fact that standard
mathematical tools: differential equations and Fourier’s transformations are no longer applicable. In this
paper we have demonstrated that the method of Green’s functions can be successfully used on low-
dimension crystal samples, as a consequence of quantum size effects. We can illustrate a modified model
through the prime cubic structure molecular crystal: bulk and ultrathin film. Our analysis starts with
standard exciton Hamiltonian with definition of commutative Green’s function and equation of motion.
We have presented a detailed procedure of calculations of Green’s functions, and further dispersion law,
distribution of states and relative permittivity for bulk samples. After this, we have followed the same
procedures for obtaining the properties of excitons in ultra-thin films. The results have been presented
graphically. Besides the modified method of Green’s functions we have shown that the exciton energy
spectrum is discrete in film structures (with a number of energy levels equal to the number of atomic
planes of the film). Compared to the bulk structures, with a continual absorption zone, in film structures
exist resonant absorption peaks. With increased film thickness differences between bulk and film vanish.

© 2017 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.

1. Introduction

Interest in exciton subsystem studies appeared due to the fact
that excitons are responsible for dielectric, optical (absorption, dis-
persion of light, luminescence), photoelectric and other properties
of crystals [1-3]. Studies of excitons in crystalline subsystems cul-
minated with laser invention.

In recent years theoretical investigations of quasi-two-
dimensional exciton subsystems (nanostructures) were intensified,
especially in the field of thin films, not only to obtain fundamental
information regarding dielectric properties of these materials but
also because of their wide practical use (nanoelectronics, optoelec-
tronic [4-6], light energy conversion [7,8]...). What is unique for
these structures is that they have changed properties compared to
their bulk analogues [6,9,10].

We studied the basic physical characteristics of ultrathin
dielectrics — molecular crystalline nanofilms [11,12], which could
be used as surface layers for protection of electronic components
or as special light filters.

This paper analyzes the influence of border-film structure on the
energy spectrum of excitons (exciton dispersion law). Special atten-
tion was paid to the presence and spatial distribution of localized
exciton states. Optical properties of these dielectric films were also
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investigated (their dielectric permittivity was determined). Results
obtained in this work were compared with the similar results for
the case of ideal infinite crystals, in order to find most important
differences between these two systems.

These analyzes may be conducted using methods of two-time,
temperature-dependant Green'’s functions that are often used in
quantum theory of solid state [13-15]. With adequately incor-
porated statistics, this method is being successfully applied in
calculations of microscopic and macroscopic, as well as balanced
and non-balanced properties of crystals.

A question which justifiably arises is related to the mean of
calculating Green'’s functions, which are “borrowed” from the quan-
tum field theory and whose definition, i.e. usage, is based on
variables with continuous spectra in unlimited (both direct and
impulse) space!

This work proves that the method of Green’s functions may be
successfully applied onto crystalline samples of such small dimen-
sions that the quantum size effects are relevant [16]. In order to
illustrate adaptation of this method, we will observe molecule crys-
tal with a simple cubic structure: spatially unlimited (bulk) and
strongly limited along one axis (ultra thin film). Our intention is
to show a technique of application of Green'’s function onto spa-
tially limited systems, so we excluded from calculation all really
existing parameters: more complex crystalline structure, changes
in boundary film parameters etc.

1230-3402/© 2017 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.
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2. Excitons in bulk-structures

The discussion of dielectric properties of an ideal (with no
defects, vacancies, etc) unlimited molecular crystal will start with
standard exciton Hamiltonian, which has the following form in
configuration space [1,15,17]:

H= HO+ZA PPy + ZXMPQP + > VawPiPaPiPa, (1)
n,m n,m

where P,;r and P; represent creation and annihilation exciton oper-

ators at the node (site) nn of the crystalline lattice. Quantity Aj

represents the energy of the exciton localized at the 7 node, while

the quantities X5 ;; and Y; 5 represent matrix elements of the exci-

ton transfer from the node i to the node .

Properties of the model exciton system may be analyzed using
commutation paulian Green'’s function [13,14,18]:

i () = (P (1) IP% (0)) = O (6) ([Pa (1), P (O)]), )

which satisfies the following equation of motion:
. d .
ihi— D () = 08 (£) {[P5 (), Py, (0)] )+

+0 () ([P5 (£) . HI P (0) = P (0)[P; (1), H]).

Using commutation relations for Pauli operators [18,19]:
[Pi, Pt ] = (1=2PIP;) 8
[Ps, PE] =0; (4)

Pt ()" =0,

[P, Pil =

we obtain the equation of motion for Paulian Green’s function:

zh;tl"«(t)—lﬁé(t)rS w(1 = 2(PPs))+
+Aﬁrﬁm(f)+zx~‘1—l~(f)— (5)
_ZZX nnlm(t)+zz it T (£)

expressed by ’T--l-(t)—<(P+(t)P (©)P;(£)IP7 (0))—  Paulian

Green’s function of the higher (third) order

The basic problem with exciton theory is the fact that Pauli-
operators P* and P are not Bose or Fermi operators, but a certain
hybrid of both with a kinematics described by Eq. (4), that is
Fermian for one mode and Bosonian for different modes. For a
precise analysis of exciton systems, which encompass effects of
inter-exciton interaction, simple replacing of Pauli-operators with
Bose-operators is not enough. Therefore, in Hamiltonian (1), Pauli-
operators are replaced by their exact Bosonian represents [20]:

1
ad 2
V] B;
1
(=2) o 2 (6)
B+[Z(1+v)l B"] ;
V+1BU+1

P+P = Z +v

Our goal is to adapt Green’s function method to spatially quan-
tum (discrete, not continuous) structures and to see the influence
of spatial limits and disturbances of inner translational symme-
try on changes of their macroscopic physical properties. Paulian
Green’s functions from Eq. (7) will be, therefore expressed using

appropriate Bosonian Green'’s functions on the basis of approximate
equations following from (6):

P ~ B — B*BB;

P+~ B* —B*B*B; (7)

PTP~ B*B— B*BBB.
By this we obtain:

Fiiin(t) = (Pa(£)IPE(0) = ((Bi(£)IB(0))—
—((Bj(t)IB(0)B % (0)B(0))) — ((B (£)B7(£)B5(t)IB (0))+ (8)
+((BX(6)B5(0)Ba(1)IBL (0)B2 (0)B,(0))).

Further, by decoupling higher Green'’s functions using known
Bose-commutation relations:

|:BI<’B‘} 5+ (B By] = {B;Bﬂ =0 9)

and by introducing retarded (Bosonian) Green’s function:
((B7 (£) 1B, (0)) = G (£)., (10)
terms in Eq. (8) become:

((Bi(t)IB/;(0)B* (0)B(0))) = O(t)([Bs, B B Bz ]) =

= O(t)(((8m + B;,B7)BBim) — (BB BiB)) =

= 2Gqz()No; (11)
(B (t)Ba(t)B7(t)B%(0))) = 2Gy(t)No;

(B3 (0)BA(0)BA(0)IBF (0)BL(0)B7(0))) = 2R (£)GR5 (1),

where Aj is the concentration of excitons, and Rjg
advanced Green'’s function:

(t) is the

- -1
No = (B*B) = %Z(eﬁwo(k)ﬂ’ -1) ;
k

BX(t)IB;(0))).

(12)

When Egs. (10) and (11) are substitued into Eq. (8) we obtain
final equation for Paulian Green’s function expressed using Boso-
nian Green’s functions:

P (8) = (1 — 4No) G (8) +

(13)
+2R; (1) G2 () + 0 (A2) .

For Paulian Green’s functions of higher order (7;-) at the left
side of Green’s function we simply replace Pauli operators by Bose-
operators, and on the right side approximation (7) takes place. In
this way it follows:

Taaie = (P (O)PG(E)P5(D)IPZ(0))) =

= (B (£)B;(t)B;(t)IBE(0))—

—((BZ (t)Ba(t)B;(£)IBL(0)BE (0)B:(0))) = (14)
= NoG(£) + N Gae(£)—

—2R;¢(£)Ga(£)Gge (£) + O(NG)-
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Equations for 'z, Zoar- and T -, which are expressed using

Bosonian Green'’s functions, are substituted in an equation of move-
ment for Paulian Green’s function (5):

. d
lﬁa[(

= ihd(t)d5m(1 2<PT~J;PF[))+
AT — ANo)Gam(t) + 2Ri(O1G2, (O] +

+Y Xal(1 = 4N0)Gi () + 2Ry (G ()] (15)

1 — 4Np)Gi(t) + 2R (£)G2- (£)] =

1
—zzxﬁwoc;m(t)w Gii() — 2R (1)Gi, ()G (0)]+

)+ NG

al lin

+zz NG (0) (6) = 2R3 (6)Gii

()G (0]

Since concentration of Frenkel’s excitons in molecular crys-
tals is very low (\V < 1%), the equation above may be solved in
the lowest approximation (this approximation is appropriate for
neglecting anharmonic and nonlinear effects, i.e. non-calculating
higher orders terms of exciton-exciton, as well as exciton-phonon
interactions, in agreement to estimates in Refs. [1-3,13-15]):

(P3P;) ~ (B;Bs) = No ~ 0;
(16)
N ~0;G-G~0;G-R~0.
“Decoupled” Eq. (15) then obtains the following form:
lh G~~ m(t) = iR8(6)05m + AnGhm(t) + EXA,Glm(t) (17)

It is important to notice that this equation has to be obtained in
the same form starting from effective Bosonian exciton Hamilto-
nian in a harmonic approximation:

Hex = zAﬁBr’TBF’ + ‘Z_XﬁanﬁJrBfn,
il i, m

and estimating Bosonian Green’s function (10):

B () 1B, (0)) = © (£) ([B (£). B, (0)]),

with its equation motion:

d
ih— Gz (t) = iR8 (t) (|B; (t), BE (0)|)+
ihi - G (£) = 118 (¢) ([Bi (£) . By, (0)] as)

O (t)([B7 (t), Hex] B;, (0) — B (0)[By (t), Hex]).-
This (by time) differential Eq. (16) is solved using temporal
Fourier’s transformation:

Flt / 00, deofz(@)e ™" 8(t / —o0, o dwe ™, (19)

and, thus we obtain:

ih
hoGim(w) = ES,‘”:” + A7 Gy (@) + g;XﬁIGm(w). (20)
1

_ By using nearest neighbours approximationﬁ(ia A+A): A+
AM=neEl,ny,n; Ay =ngny£1,n,; AEiz=nyny,n,+1
and taking into account that we are observing an ideal cubic
structure, where exciton energy is the same at every node, and
the energy transfer between neighbours is also the same: A; =

Fig. 1. Exciton dispersion law of bulk crystal.

A; X, dei; = Xii € {x,y, z}, equation above is taking the following

form:

ﬁa)anlenz,ﬂ‘Ixmymz(w) = ﬁa)annynz’m(w) —
ik
= ESHXnynlvﬁ" + Aannynz,ﬁ‘l(a))+

Xl Gy 1,y (@) + G 1.y (@)1 (21)
+Xy[Gryny+1,n2:m(@) + Gy 1,0,z (@) 1+
+X2[Grenyng +1:0(@) + Grenyn, —1;m(@)]-

Since the crystal is unlimited, when solving this linear differen-
tial equation we may use the full spatial Fourier’s transformation:
NS @)D 55 =

k

fog(@) = L seikab), (22)
b « N P

By using these transformations and by composing the equation
above, we obtain:

hwGy (w) = % + AGy (w)+ 23)

+2 (chosaxkx + Xycosayky +chosazkz) G (@),

and from there we may express Green’s function:

G (@) = % [ﬁa) —A-2 (chosaxkx + Xy cosayky +chosazkzﬂ !
ih 1

_Eﬁwak.
(24)

We obtain the energy spectrum in a bulk monomolecular crystal
[13,14] by calculating real part of the pole of this Green’s function:
E,=A+2 (chosaxkx + Xycosayky +chosazkz) ) (25)

In order to perform comparison with dispersion law of excitons
in the film, this expression will be written in a simpler (Xx = X, =

X, = —|X|, ax=ay = a; =a) and non-dimensional form:

E; - A
5& = X| = Fxy + Gz, (26)
where

Fxy =—2 (cosakx + cosaky) ; Gz = —2cosak;.

This dispersion law is shown in Fig. 1, as a function of two-
dimensional value Fyy:

g, =¢€z (ny) s
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Fig. 2. Relative permittivity of bulk crystal.

Itis clear that for ak; € [0, +m],i=x,y, z(the first Brilouin zone),
these values are within the intervals:

Lxy € [—4, +4];

= & € [-6,46].
G, € [-2,+2],

The presence of permitted (continuous) energy levels is visible.

Since molecular crystals are dielectric, it is essential to deter-
mine relative permittivity of these structures. The dynamic
permittivity is defined by systems response to external perturba-
tion [1,15,20], by equation:

S|IX

e @) =1- M @)+ T (o)), 27)
where Sis a frequency property of a given crystal and external vari-
able electromagnetic field. As it was mentioned before, in this (zero)
approximation Paulian Green’s functions (I") are transforming into
Bosonian ones (G), therefore:

s*%w):1_§%?HGmn+c(ﬂmL (28)

Substituting (24) with (25) in (28) and by denoting ’fx—“‘) = |f]
and % = |p|, we obtain the expression for dynamic permittivity
in a bulk sample of monomolecular crystal (molecular crystal with
simple cell):

-1 -1
E & +1pl

k
—k 145
(hwf——Ef

& (w) =
‘ 2 — (& +1p1)°

1+SIX

Dependence of relative dynamic permittivity, Eq. (29), on
reduced frequency (non-dimensional factor Aw/A) of the external
electromagnetic field is shown in Fig. 2.

The presence of a single absorption zone is visible within certain
boundary frequencies. This energy zone was calculated for a two-
dimension center of Brilouin’s zone (kyx=ky, =0; k, = [0, 7]). For all
other energies this crystal is transparent and has no spatial non-
homogeneousness.

3. Excitons in thin film-structures

Opposite to ideal unlimited structures, real crystals have no
translation invariance property. The presence of certain bound-
ary conditions is one of reasons for symmetry breaking [4-7]. Lets
observe the ideal ultrathin film with simple cubic structure, made
in the substrate, i.e. by doping process. Here, by the term “ideal”,
we wanted to denote that there exist no breaking of inner crystal
structure (no defects, ingredients, etc), and not as in no spatial lim-
its. The film dimensions are such that it is unlimited in XY planes,
and in z-axis has final thickness (L). This means that this film has

zﬂ
A ”Z_N
X: A ==l
X |a
..... e e e et e e e i
L &
..... _____<,_A_____.....
*Xz n.=1
A
I ‘X; n-=0 R
0 A XY

Fig. 3. Cross-section of a crystalline film-model.

two unlimited boundary planes parallel to XY planes, for z=0 and
z=L=nj,.

3.1. The model

The film-structure with a primitive crystalline lattice (one
molecule per elementary cell): monomolecular crystalline film,
with specified parameters is shown in Fig. 3.

Since boundary planes of the film are taken as being normal
to z-axis, the index of parallel XY planes n, has values n,=0, 1, 2,
..., N-'where N ¢ [2,8] is for ultra thin films. Indices ny and ny,
determining position of a molecule in every XY plane may have
arbitrary whole-number values (practically from —oo to +oo).

For calculating exciton energies in this film, we start from Eq.
(21) on which, due to spatial limitations of the film at z-direction,
we may apply partial spatial Fourier transformation:

8oy = NX1Ny Zeikxax(nx—mx)eikyay(nyfmy)(snzmz
kcky
1 . B . B (30)
fam(w) = Zelkxax(nx mx) pikyay(ny—mmy) o
NxNy,

kxky
X frym; (Kx, ky, @)

(only along x and y directions). For expression shortening, it is

convenient to introduce markings Gn,m, (kx, ky, ®) = Gy,m,. For
Xy =Xy =X, = —|X|,ax=ay=a;=aand K = #’}Xlanz,mz, we obtain:

Gn,—1,m; + PGnym; + Gry1,m, = Kdn,,my» (31)
where denotation is introduced:

_hw-A
X

+2 (cosakx + cosaky) =
(32)
=k Fy=6-Fy

(the quantity Fxy is defined in Eq. (26), while,&;, i.e. E; which express
a possible energy of excitons in films, will be calculated latter).
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Eq. (31) is in fact a system of N+1 nonhomogeneous alge-
braic differential equations with (starting boundary) conditions:
Gn,,m, =0, forn;<0and n;>N+1:

pGo +G1 =Ko
Go + pG1 + G2 = K4
G1+ pGr +G3 =K

Gn,—2 4+ PGny—1 + Gn, = Kny—1
an*l + IOGle + Gﬂz+1 = K”z (33)
Gn, + PGny41 + G,y = Knyqa

GN-3+ pGN-2 +Gn-1 =Kn-2

GN_2 + PGN_1 +GN =Kn_1

GN_1 + pGN = KN

where is describe: Gn, = Gn,m, and K8p, m, = Kn,, because m; is the
blinding index.

3.2. Dispersion law

In order to find exciton energies, we need poles of Green'’s func-
tions, which are obtained when a determinant of a system (33) is
equalized with zero, i.e.

p 100 --0000
1 p10 0000
01 p1--0000

Dnaa(o)={. . . . . . =0, (34)
0000 - 1p10
0000 --01 p 1
0000 - 001 ply,

and this determinant is actually a note for Chebyshev’s polynomials
of second kind (and (N +1)-th order) [21,22]:

Dny1(p) =Cni1(p) = pCxn (P) — Cn-1(P)- (35)

The condition Dy, 1 (p) = 0 is reduced to Cy,1 (p) = 0 and is sat-
isfied by N+1 solutions in form:

I
pv:—Zcosm,v=l,2,...,N+l. (36)
Using this and replacing Eq. (32) we find:
b2V
Epyie, (v) = A =2|X| (cosakx + cosaky + cosm) . (37)

In order to compare with dispersion law of excitons in a bulk we
will write this expression in more simple, non-dimensional form
(v = —2cosazk; (u)):

Ekky (V) = Fay + Gz (1) Gz (V) = % [1 - cosazk; (v)]. (38)

Previous expression represents the dispersion law of excitons
of ideal monomolecular film and has the same form as the Eq. (26)
obtained for corresponding ideal unlimited structures, with differ-
ence that in Eq. (26) k; is practically continuous variable (interval
[0, n/a] ) as ky and ky, while here is discrete and is given by expres-
sion:

T
kz(u)=aN+2;v=l,2,..

AN (39)

Fig. 4. Exciton energies of a molecular film.

Graphical representation of dispersion law is given on Fig. 4,
showing possible exciton energies in ideal five-layer monomolec-
ular film (full lines) together with bulk boundaries (dotted lines).
Same as for corresponding bulk crystalline structures, we will
use ordinate for values of reduced non-dimensional energies &,,
depending on two-dimensional function Fxy, for which is used
graph abscissa.

These analyzes have shown significant differences regarding
dispersion law for excitons in spatially strongly limited systems
(nanofilm-structures) as strictly result of border presence of these
structures, in which energy spectra is highly discrete and have two
gaps. Sizes of gaps depend on film thickness and decrease rapidly
with its increase.

3.3. Spectral weights

In order to find certain Green’s function we will start from the
system of Eq. (31), which is now suitable to represent in the oper-
ator form:

~ ~ ~ o A1 A
DN419N+1 = KNt1 = ON1 = Dyi1 KNyt (40)

where: Dy, is a matrix corresponding to the determinant of sys-
tem Dy+1, Gnvy1 and Kyyq are vectors of Green’s functions and
Kronecker’s delta symbols:

GO,mz SO,mZ
GLmz 81»mz
~ - ih
N1 = T KNy = X (41)
an,mz Snz,mz
GN,mz ‘SN,mz

: . a1

Since the inverse matrix Dy,; may be expressed through

adjunct matrix, whose elements D;, are cofactors of elements dj
from the direct matrix, we may write:

1
an,mz = DN+1 ZDnz»qKq,lﬂz =
q

1 ih
= — D =
Dot 27X] q nz,q8q,m; (42)
_ih Dum,
2m|X| D1

Cofactor Dp, m, calculation is based on knowing the system
determinant Dy +1.

Since for the equilibrium processes within system are important
only diagonal Green'’s functions Gp,.n, = Gp,, calculating cofactors
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Table 1
Exciton probabilities in the ideal four-layered film.

Reduced relative ENERGY ULTRATHIN FILM atomic plane

upper boundary first inner central inner last inner lower boundary
—1.73205 0.08333 0.25000 0.33333 0.25000 0.08333
—1.00000 0.25000 0.25000 0.00000 0.25000 0.25000
0.00000 0.33333 0.00000 0.33333 0.00000 0.33333
1.00000 0.25000 0.25000 0.00000 0.25000 0.25000
1.73205 0.08333 0.25000 0.33333 0.25000 0.08333

Dn,,m, = Dp, is significantly simplified. It turns out that they are
equal to the product of two auxiliary determinants:

Dnz = anCanzv (43)

where Cp, 1 and Cy_p, are corresponding Chebyshev’s polynomials
of second kind. Therefore, Green’s function of the ideal film is:
_ ih anCN—nZ
T 2mXl e

(44)

These Green'’s functions are multipolar, since denominator con-
sists of a polynomial Cy, 1 of N+ 1-th order. Therefore, factorization
on simple poles must be performed [21]:

ih Nﬂg (pv)

nz;n, v
_ z3Nz . 45
nz 2m|X| — £ — Pv (45)

Spectral weights gn,:n, (0v) = g, then may be expressed using:

gﬁz _ Cn, (Pv)CN-n, (Pv)' (46)

d
—=C
dp“N+1 (0) lp:p(v)

Using the rule for derivative of determinant we obtain:

N+1
d
{%CNH(,O)} . = ;Ci—l(pv)CNH—i(Pv) =
_ Niinisuin(w +2- i) _ (47)
- - in2§, -
B in?(n + )€y ) ol

S i=1y,,in%i, """ N+2°

and spectral weights became:

in? [(nz +1) ﬂ} . (48)

&n. = N+2

T N+2

The spectral weights of Green’s functions are squares of the
modules of the wave function of excitons [1-3,13-15] and enable
determination of spatial distribution, i.e. probability to find exci-
tons with certain energies per layers of crystalline film. This is in
fact the spatial distribution of probability to find certain energy
state of excitons.

Numerically calculated, values of reduced energies and corre-
sponding spectrum functions (spatial distribution of probability)
for four-layered film (N =4, where ky =k, =0) are shown in the table.
Table 1. shows spatial distribution of exciton energies occurrence
probabilities in ideal monomolecular film.

This table shows that for one certain energy, probability of exci-
ton occurrence per all layers is equal to one, and that probability
per one layer for all energies is also equal to one, i.e.

N+1

N
S e =1 g =1 (49)
nz=0 v=1

3.4. The permittivity

While determining dynamic permittivity of a crystalline film,
the equation by Dzyaloshinski and Pitaevski [20] may also be used
in the same form (26) in which was used for calculating permittivity
of corresponding bulk structures, with difference that in this case
permittivity depends on a film layer n, i.e:

7S|X|

et (@)=1- -

[Gn; (@) + G, ()] (50)

Since starting Hamiltonian was taken in harmonic approxi-
mation, ignoring (small) members of exciton-phonon interaction
[1,6,15], permittivity tensor has the real elements only. It is led to
that all elements of permittivity tensor in one crystalline plane par-
allel to boundary planes are mutually equivalent, i.e. they depend
on plane position (n; € [0, N]).

Substituting expression for Green’s functions (45) to (50), we
obtain equation for the relative dynamic permittivity tensor ele-
ments in direction normal to boundary planes in form:

N+1

o = 1= %Z 2. psgjvzpv’ G

v=15=+,—

where: p+ = F|f| — |p| — Fxy, and after arranging the expression we
finally follow:

N+1

en(@)=[1+5) gr,—
=

Figure 5(a)-(c) show a dependence of dynamical permittivity (&)
on reduced relative energy, i.e. the frequency of external electro-
magnetic field (f = Aw/|X|) for four-layered monomolecular film.
Dependence was calculated for plane center of the Brillouin’s zone
(kx =ky=0), but individually per atom planes (parallel boundary
areas) of crystalline film, that is for n;=0, and n; =1, 2, 3, 4. Each
graph shows number and position of resonating peaks. The resonat-
ing peaks on frequency dependence of dynamic permittivity are the
positions — resonating frequencies where permittivity diverges to
+oo. These are also the energies (wavelengths) of electromagnetic
radiation which model crystal in given place practically “swallows”,
i.e. these energies are absolutely absorbed there.

A final number of resonating peaks is present, because k; com-
ponent of exciton wave vector is discrete. Only for certain values
of k, component for wave vector (with given values kx and ky),
resonating and radiation absorption may occur. Therefore, at least
three and maximum five peaks occur — number is equal to number
of permitted states along axis of translation symmetry breakage, in
this case along z-axis. Due to the symmetry of model, distribution of
peaks in complementary planes is the same: n; =0 and n, =4 (two
boundary planes), as well as for n,=1 and n; =3 (first two inner
planes). Only n; =2 is different, since for the odd total number of
atomic planes the middle plane has no complementary plane!

This result may be explained by experimental facts regarding
resonating optical peaks in similar molecular layered nanostruc-
tures. In Refs. [23-25] this was evidenced in perylene chemical

Pv — Pl + Fxy

52
*(pv*\p|+-7:xy)2 52)
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Fig. 5. Dynamic permittivity of ideal films.

compounds (PTCDA, PTCS, PTFE and PBI) and explained by res-
onating effects at specific unoccupied levels. These effects are
manifested by narrow optic absorption in close infra red band. In
comparison with our results, which are concerning deeper infra
red band in electromagnetic radiation, it may be concluded that
these differences are effect of differences in crystalline (chemical
and physical) structure, as well as in the model (real and ideal) of
samples investigated.

4. Conclusions

This paper describes original the application of Paulian Green’s
function method onto theoretical studies of optical properties
of molecular crystals. Using Boson representation, microscopic
(dispersion law and exciton state distribution) and macroscopic
(dynamic permittivity) properties of these crystals may be success-
fully described.

Strictly following the defined procedure, this paper shows that
this method may be adapted and successfully applied to the
study of dielectric properties in structures with disturbed spatial-
translational symmetry, such as ultra thin films. Functioning of a
newly developed approach is illustrated through the problem of
finding energy spectra and exciton states, as well as for determining
relative permittivity of ideal monomolecular film.

In presence of two parallel boundaries in the system, energy
spectrum is determined and possible exciton states were found.
Important differences, comparing with unlimited crystalline struc-
tures, have been observed. Energy spectrum of excitons in
monomolecular films is explicitly discrete, and the number of dis-
crete levels is equal to the number of atomic planes (including
boundary areas) along the axis of the spatial limitations of ultra
thin film. In bulk sample, a single zone where excitons “take” all
possible energy values exists. All discrete levels are located within
bulk boundaries, and the difference in zone width depends strictly
(and inversely) on film thickness.

Comparing with bulk structures, where excitons may be found
at any place with equal probability, in monomolecular film struc-
tures probability of finding exciton strongly depends on film
thickness.

In exciton systems of monomolecular crystal bulk, where rel-
ative dynamic permittivity depends on frequency, continuous
absorption zone exists in certain range of external radiation energy.
In monomolecular film-structures resonating peaks exist with pre-
cisely determined energies, i.e. resonating frequencies. Number of
these peaks depends on position of atomic plane (regarding bound-

ary planes of the film) for which permittivity is being calculated: it
decreases with the depth of ultra thin film.

Differences between properties of the observed film and cor-
responding bulk structures drastically decrease as the thickness of
film is higher. All this implies to the existence, and is a consequence,
of the quantum size effects.

Method of Green'’s differential functions, adapted on described
manner should be applied further to the study of behaviour and
properties of more realistic quantum structures, for instance ultra
thin films with perturbed boundary conditions.
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