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Abstract: We have analysed the significant different optical absorption of
molecular nanofilm crystalline formations. The main reason for this behav-
iour is in the existence of boundaries on the film structures and we needed to
investigate these properties theoretically. In this process, we have done some
combinations of (where possible) analytical calculations and (in other cases)
numerical calculations. We have calculated the allowed energies of exciton
(quasi)particles, and their appearance in nanofilms but in particular direction
- perpendicular to the surface of the film. We have analysed why surface exci-
ton localization appears in a film, and after that we calculated dielectric per-
mittivity and optical indices (absorption and refraction). We have established
that boundary parameters greatly influence optical phenomena. This influence
is resonant, i.e. frequency-related and selectable (depends on what layer is cal-
culated). We even found some particular conditions for the appearance of one
(single) absorption line.

Keywords: excitons, ultra-thin films, dielectric permittivity, absorption,
refraction.

INTRODUCTION

Nanostructures such as ultra-thin tures. Obviously this is caused by the con-
films, quantum wires, or quantum dots finement of (at least one) dimension of
have some extraordinary properties nanostructures. At the same time, nano-
when compared to the large (bulk) struc-  structures are usually quite hard to char-
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acterize or to obtain, due to highly expen-
sive equipment or demands for nanos-
tructures without impurities or structural
distortions. For those reasons, we need
to enforce theoretical research to obtain
reliable theoretical models with precise
prediction of extremely different proper-
ties of these samples with nanometer size
thickness. Today usage of nanostructures
mainly refers to practical application in
electronics where these structures have
an important role (Wood et al., 2008).

Today we know that boundary sur-
faces and processes which take place are
very important to change the general
properties of these materials. Particular-
ly, in some conditions there arise some
very unusual phenomena (which are the
consequence of effects of quantization of

dimensions (Tringides, Jatochawski and
Bauer, 2007)) if we compare them to the
macro (dimension) samples (Davison
and Steslicka, 1996). We have limited
ourselves in studying of exciton sub-sys-
tems, mainly knowing that excitons play
key role in optical (and optical to elec-
trical) properties in anthracene-type
crystals (known as molecular or dielec-
tric crystals) (Agranovich and Ginzburg,
1979). We have analysed films with very
small thickness of the film — up to 20
atomic layers, made of dielectric materi-
al (e.g. anthracene type), where excitons
appear as a result of electrostatic inter-
action between electrons (inside the die-
lectric crystal) and electromagnetic field
(outside of the crystal). Hereinafter we
will show the procedure how to analyse
the above mentioned optical values.

MODEL & METHODS

We will use exciton Hamiltonian
which is given in harmonic approxima-
tion (Agranovich and Ginzburg, 1979;

H= Z DB/B; + IZ‘XEB;Bg

where Bi+ represents exciton (bosonic?)
operators of creation and B, represents
Bose operator of annihilation (excitons
are Frenkel type — meaning that they are
localized on the node of the lattice of the
crystal), D is energy of isolated exciton
(on node), and X, represents exciton
transfer between node / to node k.

G (1)=((5 (1)]3: (0)))

where the above function is in accordance

Mirjani¢, Kozmidis-Luburi¢, Marink-
ovi¢ and Tosi¢, 1982):

(1)

Our model presumes that D. is signif-
icantly higher than X (in a factor of
~10* times).

Among various ways of solving, theo-
retical analysis could be implemented by
the method of Green functions (Rickayz-
en, 1980; Mahan, 1990). Let us observe

with the appropriate equation of motion:

2 Exact representation of the excitonic Hamiltonian includes Pauli operators, but it can be shown that
the Bose operators in the first neighbor conditions can replace this type of operators.
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d
dt
To obtain Green’s function in inverse

space (of the wave vectors space) we
have to do full Fourier transformations

ho, =D+2X cos ak, +2X cos ak, +2X, cos ak,

and, when we replace terms:
—|X EXx:Xy:Xz and azax:ay:az,the
ho—-D
E. = =R, +S;
]

ih—G, (1)=iné(t)6, +DG, (1)+ > X;G; (1)
j

2)

through time and space. After finding
the poles of Green’s function, we obtain
the allowed energies of the excitons:

€)

equation (3) could be written in non-di-
mensional form:

4)

R =2cosak, +2cosak ; S, =2cosak..

One typical result of exciton disper-
sion law for bulk is presented in the
graph in Figure 1.

1

£(w)

where F represents one general term re-
lated only to internal structure. If we cal-
culate Green’s functions and then substi-

T 1-27iF [ G(@)+ G (~o)]

-1 a)];
&' =1+2F—F—
(0] —(01;

How permittivity depends on frequency

E.

k

Xy

Figure 1. Allowed energies
of excitons in bulk

In literature the universal expression
for dielectric permittivity is well known
(Dzialoshinski and L. P. Pitaevski, 1959;
Pelemis, Skipina, Vuéenovi¢, Mirjani¢
and Setrajci¢, 2008):

()

tute in (5), we obtain dynamic permit-
tivity of bulk:

(6)

of external radiation is shown in Figure 2.
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Figure 2. Dielectric permittivity in bulk
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Dielectric permittivity is a complex
value, i.e. thatvalue consistsoftherealand
imaginary parts: &(0)=¢'(0)+¢’ (@).
The terms ¢’ and &’ are related via
Kramers-Kronig relations, i.e. with re-
fraction and absorption indices.

James Maxwell showed that the die-
lectric permittivity is square of the re-

fraction index: &(w)=17*(w), where the
refraction index has a complex value:
n=n+ix. Then we can easily obtain:
<9/(a)):n2 - K% 8//(60)2 2nk.

Furthermore, we can calculate the
terms for the absorption and refractive
index expressed through terms &’ and
¢’ in the following form:

5 %qu 5 [%wmq
(W)= I+ —Tr2 w(w)= I+ +1¢ 7
()= < ) [e\\(m)s ©= s @] e o), ™
The above indices and their depend- in Figures 3 and 4.
ence from external radiation are shown
0.8
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Figure 3. Absorption index
of bulk-crystal

With dimensionally unlimited ma-
terials, the allowed energies could take
continuous values in some particular
extent of the allowed energies. This de-
fines the dielectric response of bulk.

Figure 4. Refraction index
of bulk-crystal

That means that the absorption zone
lays within certain interval of energies
that bulk “swallows” (i.e. that zone of
frequencies of external electromagnetic
field is completely absorbed by the bulk).

DIELECTRIC FILM

Film-structure presents alternately
arranged layers, limited by two parallel
surfaces (Cottam and Tilley, 1989; Setra-
j¢ic¢ et al., 2008). Theoretically we could
presume that film is in XY (or plane) di-
rection unlimited, while perpendicular
to XY, (or along z-direction) a film has
the final number (N) of planes, with film
width equal to L = Na (N < 10).

We will observe ultrathin (or nano)

crystal film (Figure 5), made by con-

trolled deposition of dielectric material
(Setrajci¢ et al., 2008). Exchanges of the
energies between nodes and between
borders (i.e. between lz = (; lZ = N and
I =1;1 = N - 1) are perturbed, due to
the existence of border surfaces (Pelemis
et al., 2008; Setrajéi¢ et al., 2008; Setra-
j¢i¢, Vucenovi¢, Mirjani¢, Markoski and
Setrajéi¢, 2008; Setrajéi¢, et al., 2005; Pe-
lemis et al., 2009):
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Figure 5. Dielectric nanofilm model

1 [1+(d0512,0 +dN512,N>:| 5
[1+(x0 5,”0 +xN§lZ,N—l )] ;
[1+(x0512’1 +XN511,N )},

where term d shows how energy is per-
turbed on sites on border planes, and
term x shows how energy transfer be-
tween layers on boundaries is perturbed.

As in the bulk, we analyse exciton
behaviour in film, by applying Green’s
functions with the same manner as in

Glz,sz |:/O _%(doé‘lz,o + dNé‘lz,N ):| + Glz—l,sz |:1 +(x0512,0 + xNé‘lz,N—l )} +

+G

I +1,s.

where we introduce the following de-
notation:

hw-D
x|

The expression (8) is in fact system*

of N+1 equations for Green’s functions.

We could write (8) in matrix form, and
calculate the determinant of that matrix.

+2cosak, +2cosak, -

|:1 + (xoé‘zz,l + xNé‘lz,N ):| =

the bulk. However, here instead of full
spatial — we must perform partly Fouri-
er transformations’. The detailed proce-
dure could be found in (Setrajci¢ et al,,
2008; Setrajci¢ et al., 2008; Setrajci¢, et
al., 2005; Pelemis et al., 2009). One of the
interesting steps in calculations is the
following relation:

ih ®

T|X|5zz,sz ,

In order to find the allowed energies of
excitons in film, it is enough to find the
poles of the determinant (Setrajéi¢ et al.,
2008; Setrajci¢ et al., 2008; Setrajci¢, et

3 Film is confined along z-axe. This is the reason for partial Fourier transformation.

4 This system is algebraic and not homogenuos.
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al., 2005; Pelemis$ et al., 2009). In such
a way we avoid to calculate the exact
Green’s function, but we get N+1 solu-
tionsp=p,; v=12,.,N+1.

If we chose to transfer to non-dimen-
sional form of exciton dispersion law, we
get the values of reduced energies:

ho— A
ey - S
v |X| w pv)
and as one can see the above re-
lation depends on the function

R, =2\cosk  +cosk ).

Xe=00

Xox=—03

The dispersion laws are presented
in Figure 6 for symmetrical perturbed
film, made of 5 layers. The allowed en-
ergy levels of excitons in film are drawn
with full lines, and between dotted lines
lay energy continuums for excitons in
bulk. First, one can see two important
facts: zero energy exciton does not ex-
ist in film, and those energies are all
discrete. One fact that is more interest-
ing is that, when film is unperturbed,
the number of possible allowed exciton
states (or energies) is equal to the num-
ber of film layers.

ru=05 Xan= 10

W

WAL T
\
\
L}
\
\

\
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N

Figure 6. Dispersion law of d- and x- perturbed five-layer film

However, with perturbation act-
ing the energy spectrum is somewhat
changed. One can see that with increased

d - perturbation, the allowed energies
spread out of the (dashed) bulk bor-
ders. That is happening in such a man-
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ner that one energy level (or even two)
has higher energy (Figure 6) compared
with bulk. These are well known as local-
ized or Tamm’s states (Agranovich and
Ginzburg, 1979). Furthermore it is evi-
dent that with increased x parameter the
spectrum expands. That is happening in
such a manner that two energy levels (or
four) go out of the bulk borders.

We have analysed one specific film
structure in this paper, which we call

A

DN+1GN+1 = KNH

where D,,,, G,, and K, are system
matrices, the vectors of Green’s function
and the vector made of Kronecker’s del-
tas, respectively. When we operate from
the left side with inverse matrix D;! in

(9), we can calculate Green’s functions.

ih %gg ()

2[X[ & p-p,

lZ

From the general expression (5) we
can calculate dynamic permittivity of
the film, knowing that Green’s functions,

“ideal”, where the applied perturbation is
symmetrical one, and with further anal-
ysis it could be showed that localized
levels overlap each other. That condition
could happen only for d-perturbation.

Spectral weights of individual
Green’s functions represent the proba-
bility of finding (or appearance of exci-
tons) in the film. To calculate spectral
weights, we must rewrite the system (8)
in the following form:

)

In the obtained functions the numera-
tors are actually spectral weights g, (p),
for each exciton state p (Pelemis et al.,
2008; Setraj¢i¢ et al., 2008; Setrajci¢ et
al., 2008; Setrajci¢, et al., 2005; Pelemis
et al., 2009):

(10)

and the permittivity consequently, de-
pend on crystallographic planes [ :

1 .
@) =1-27iF [G, (0)+G, (-0)] (11)
Including (10) into (11), we obtain:
_ hF g,
e (w)=1-— e 12
@) X ;s;ps—m (12
where: P, = $h|a;(|_ D+ 2cosak, +2cosak, - Finally, (12) is transformed to:
-1
T pv—ﬁ(|—2(cosk L +cosk y)
Enz(a))= 1—|7ng~ > (13)

x|

n, 2
- (th —{pv —f)‘('—2(cosk L +cosk y)
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Figure 7. Optical indices (permittivity, absorption
and refraction) for five-layer film

Expression (13) represents dielectric ular film reacts to the electromagnetic
behaviour, i.e. how symmetrical molec- field. If we again link (13) with complex
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permittivity ¢, (0)=¢/ (0)tic, (o), we

Figure 7 shows the prediction how a
5-layered film will optically react when
we put it in an electromagnetic field.

When we change parameter A by per-
turbation of d, (or d) relative permittiv-
ity is changing and this is presented in
Figure 7. One can see that the number of
resonant peaks (those relative frequen-
cies where ¢ (w) > * ) is not equal on
every atomic plane. That number is func-
tion of the number or position and of the
value of perturbation d . However, the
dominant resonant peak is at the borders
of the surface of the film (n, = 0 or 4)
under increased perturbation. We could
already expect this result, while spectral
weights (Setraj¢i¢ et al., 2008) are the
highest ones, i.e. they show that excitons
would be localized on film surfaces.

One interesting result is mirror sym-
metry of the first and the last row (d,
=-02;d,, =+0,2), or the second and
the fourth (d -0,1;d,,, =+0,1) in

oN
Figure 7.

The analysis of how perturbation fac-
tor X influences permittivity was con-
ducted earlier in (Skipina et al., 2011;
Setraj¢i¢-Tomié, Rodi¢, Setrajci¢, Sajfert
and Setrajci¢, 2018), where we demon-
strated perturbation parameter d is evi-
dently much “stronger” where the whole
energy spectrum “shifts” Here we focused
only on the extreme case (where x = 1,0).

Every layer in film has different num-
ber of resonant lines: this number is at
least one (graph below), and it could
be up to five (graph on the top). This
number strongly depends on the mag-
nitude of the perturbations parameters

can express and calculate optical indices
of absorption and refraction for the film:

(14)

of the boundary surfaces (to be exact, on
boundary layer) of the crystalline film.
Localized states are the consequence of
certain threshold boundary parameters.

The second row of graphics displays
dependence on the imaginary part of
relative permittivity, while the third row
displays dependence of the index of ab-
sorption. It is evident that the behaviour
of these two values is almost identical,
because of ik ~ /¢ . Therefore, the po-
sition of absorption peaks remains the
same, but may vary in size.

When we compare permittivity with
absorption, we see that the number of
absorption peaks is reduced. Conclusion
is that, in that case, some (dominant)
frequencies were absorbed.

The real part of the reduced permit-
tivity is shown in the fourth line and in
the fifth the refractive index dependence
on the reduced frequency of external
electro-magnetic field. It can easily be
seen that their arrangement is equal, with
resonant peaks at the same frequencies,
only with different sizes. This could be
anticipated regarding relation 7= Ve
. In all of the displayed graphics, it can
be seen that in the region where we see
increment of absorption - the refractive
index is decreasing. Where the absorp-
tion index is rapidly changing (toward
either lower or higher values), we find
the singularities in the refraction of the
film. This result is in good agreement
with the Kramer’s theory, but we must
notice that this rapid change occurs only
on the “tails” of the absorption zone.

NBP « Journal of Criminalistics and Law
Vol. 24, No. 3




Vucenovic, S., Vojnovié, M. (2019). Discrete resonant absorption in molecular nanofilms

CONCLUSION

In this paper we have analysed the
differences between nano-structured
film and macroscopic samples (bulk),
regarding the allowed excitons energies
(dispersion law) and optical properties
(dielectric response). These differenc-
es are the consequences of film con-
finement perpendicular to film surface
(or along one direction) and differ-
ent boundary conditions represented
through the perturbation parameters
on border film surfaces and border lay-
ers. We could summarize the analysis in
some conclusions remarks:

o Allowed energies of excitons in sym-
metrical film take discrete values.
Without any perturbations (ideal
film) the number of allowed energies
will be exactly the same as the number
of layers in film.

o With some additional interaction on
the border of the film (interaction be-
tween film and substrate or the sur-

rounding environment) excitons will
have higher energies, and this results
in shifting the whole spectrum toward
higher energies. Other types of pertur-
bation in energy transfer will increase
their values and energy spectrum will
expand, i.e. excitons will have both
lower and higher energies.

o Appearance of Tamm’s (or localized)
states is highly possible with the in-
crease of perturbations.

o Ultrathin films, under some charac-
teristic perturbations, could be used
as very narrow and almost discrete
absorber. Energies which define such
dielectric response are tuneable, i.e.
directly depend on perturbations (in-
teraction of the ultrathin film and en-
vironment) and structural character-
istic of the film (layers number). This
is potentially the most desirable char-
acteristic and advantage of the film
comparing with bulk.

ACKNOWLEDGMENTS

These researches were partially sup-
ported by the Ministry for Scientific
and Technological Development, High-
er Education and Information Socie-

ty of Government of Republic of Srps-
ka (grant No. 19/6-020/961-21/18 and
19/6-020/961-35/18).

REFERENCES

1. Agranovich, V.M., & Ginzburg, V.L. (1979). Crystaloptics with Space Dispersion
and Theory of Excitons. Moscow: Nauka.

2. Cottam, M.G., & Tilley, D.R. (1989). Introduction to Surface and Superlattice Ex-
citations. Cambridge: University.

3. Davison, S.G., & Steslicka, M. (1996). Basic Theory of Surface States. Oxford: Clar-
endon Press.

NBP « Journal of Criminalistics and Law
Vol. 24, No. 3




Vucenovic, S., Vojnovié, M. (2019). Discrete resonant absorption in molecular nanofilms

4. Dzialoshinski, I.E., & Pitaevski, L.P. (1959). Van der Waals Forces in an Inhomo-
geneous Dielectric. ZhETF, 36(6), 1797-1805.

5. Ja¢éimovski, S., & Setraj ¢i¢, J. (2015). Review of results of theoretical approaches to
phonon engineering of thermodynamic properties for different quantum struc-
tures. NBP - Journal of Criminalistics and Law, 19(3), 67-82.

6. Mahan, G. (1990). Many Particle Physics. New York: Plenum Press.

7. Mirjani¢, D.Lj., Kozmidis-Luburi¢, U.E, Marinkovi¢, M.M., & To$i¢, B.S. (1982).
Combined effect of exciton-exciton and exciton-phonon interaction on crystal’s
dielectric properties. Canadian Journal of Physics, 60(12), 1838-1845. https://doi.
org/10.1139/p82-243

8. Pelemis, S., Skipina, B., Vucenovi¢, S.M., Mirjani¢, D.Lj., & Setraj¢i¢, J.P. (2008).
Absorption in molecular nanofilms. Tehnika - Novi materijali, 17(2), 13-19.

9. Pelemis, S.S., Setraj¢i¢, J.P., Markoski, B., Deli¢, N.V., Vu¢enovi¢, S.M., & Mir-
jani¢, D.Lj. (2009). IR Resonant Absorption in Molecular Nanofilms. Acta Phys.
Pol. A, 116(4), 579-584. doi: 10.12693/APhysPolA.116.579

10. Rickayzen, G. (1980). Greens Functions and Condensed Matter. London: Aca-
demic Press.

11. Setrajéi¢, J.P, Tli¢, D.I., Markoski, B., Setrajci¢, A.]J., Vuéenovié, S.M., Mirjanié,
D.1j., Skipina, B., & Pelemis, S. (2008). Conformation and Application of Green’s
Functions Method to Optical Properties of Ultrathin Molecular Films Search-
ing. 15" Central European Workshop on Quantum Optics (CEWQO-08), Bel-
grade, Serbia.

12. Setrajéi¢, J.P, Vucenovié, S.M., Mirjani¢, D.Lj., Markoski, B., & Setraj¢i¢, A.].
(2008). Green’s Function Method in Analysis of Molecular Ultrathin and Broken
Symmetry Crystalline Structures. MOLMAT-08, Toulouse, France.

13. Setrajéi¢, J.P.,, Vuenovié, S.M., Mirjani¢, D.Lj., Sajfert, V.D., & Ja¢imovski S.K.
(2005). Exciton Dispesion Law and States of Bimolecular Thin Films. Mate-
rials Science Forum, 494, 49-54. https://doi.org/10.4028/www.scientific.net/
MSE494.49

14. Setrajéi¢-Tomié, A.J., Rodi¢, D., Setrajéié, 1], Sajfert, V.D., & Setrajci¢ J.P. (2018).
Basics of Optical Engineering: Analysis of Environmental and Quantum Size
Effects on the Optical Characteristics of Molecular Crystalline Nanofilms. Pho-
tonic Nanostruct., 31, 115-128. https://doi.org/10.1016/j.photonics.2018.05.011

15. Skipina, B., Mirjani¢, D.Lj., Vu¢enovié, S.M., Setrajci¢, J.P, Setrajéi¢, L]., Setra-
j¢i¢-Tomi¢, A.J., Pelemis, S.S., & Markoski, B. (2011). Selective IR Absorption
in Molecular Nanofilms. Optical Materials, 33(11), 1578-1584. https://doi.
org/10.1016/j.optmat.2011.04.008

16. Tringides, M.C., Jatochawski, M., & Bauer, E. (2007). Quantum size ef-
fects in metallic nanostructures. Physics Today, 60(4), 50-54. https://doi.
org/10.1063/1.2731973

17. Wood, K., Hammond, P,, Schmidt, D., Wrightman, S., & Andaya, B. (2008). Thin
Film Delivers Drugs. Biophotonics, Cambridge, 12.02.2008. http://www.photonics.

NBP « Journal of Criminalistics and Law
Vol. 24, No. 3







