OFFICE OF NAVAL RESEARCH
Grant N00014-90-J-1193
TECHNICAL REPORT No. 24

Monte-Carlo Simulation of Polarization-Selective Spectral Hole Burning
in Fractal Clusters

by

Tapio T. Rantala, Mark I. Stockman and Thomas F. George

AD-A227 029

Prepared for Publication
in

Scaling in Disordered Materials
Edited by J. P. Stokes

Materials Research Society, Pittsburgh

Departments of Chemistry and Physics
State University of New York at Burfalo
Buffalo, New York 14260

September 1990

Reproduction in whole or in part is permitted for any purpose of the
United States Government.

This document has been approved for public release and sale;

its distribution is unlimited.

“ELECTE
SEP2 01990




UNCLASSIFIED . i
SECURITY CLASSIFICATION OF THIS PAGE

Form Approved
REPORT DOCUMENTATION PAGE OMB Ner 0704.0188
ta. REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS
Unclassified
2a. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION /AVAILABILITY OF REPORT
Approved for public release; distribution
2b. DECLASSIFICATION / DOWNGRADING SCHEDULE unlimited
4. PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S)
UBUFFALO/DC/90/TR-24
6a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION
Depts. Chemistry & Physics (If applicable)
State University of New York
6¢. ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and ZIP Code)
Fronczak Hall, Amherst Campus gggmgstryiProggzm
Buffalo, New York 14260 N. Quincy Street
Arlington, Virginia 22217
8a. NAME OF FUNDING / SPONSORING 8b. OFFICE SYMBOL | 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)
. N -90-J-
Office of Naval Research Grant NO0014-90-J-1193
8c. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS
Chemistry Program PROGRAM PROJECT TASK WORK UNIT
800 N. Quincy Street ELEMENT NO. NO. NO ACCESSION NO.
Arlington, Virginia 22217
11. TITLE (Include Security Classification)
Monte-Carlo Simulation of Polarization-Selective Spectral Hole
Burning in Fractal Clusters
12. PERSONAL AUTHORI(S
) Tapio T. Rantala, Mark I. Stockman and Thomas F. George
13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Year, Month, Day) [15. PAGE COUNT
FROM TO September 1990 5

16. SUPPLEMENTARY NOTATION  prepared for publication in Scaling in Disordered Materials,
Edited by J. P. Stokes, Materials Research Society, Pittsburgh

17. COSATI CODES 18. SUBIECT TERMS (Continue on reverse if necessary and identify by block number)
FIELD GROUP SUB-GROUP FRACTAL CLUSTERS POLARIZATION SELECTIVE
MONTE CARLO SIMULATION PHOTOMODIFICATION
SPECTRAL HOLE BURNING COLLOIDAL SOLUTIONS

19. ABSTRACT (Continue on reverse if necessary and identify by block number)

Theoretical and numerical simulations of spectral hole burning in fractal
clusters are carried out. Selective photofragmentation of fractals induced by
powerful laser radiation is considered, as observed in silver clusters in colloidal
solutions and gels.

20. DISTRIBUTION / AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
B uncrLassiFieounumiTed  BE SAME AS RPT. 3 oTIC USERS Unclassified
I'22a. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (Iinclude Area Code) | 22¢. OFFICE SYMBOL
D D -
DD Form 1473, JUN 86 Previous editions are obsolete. RITY IFICATI F_THIS PAGE

UNCLASSIFIED




Scaling in Disordered Materials, Proceedings of Symposium W (Extended Abstracts)

Materials Kesearch Societv 1990 Fall Meeting, edited bv J. P. Stokes

Lo
N
MONTE-CARLO SIMULATION DE POLARIZATION-SELECTIVE
SPECTRAL HOLE BURNING IN FRACTAL CLUSTERS
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INTRODUCTION

 Fractals. objects of noninteger dimensionality embedded into usual (three dimen-
sional) space, possess many nontrivial mathematical propcnles»f-}—ﬁ-}— There exists a

series of physical systems whose geometry can be adequately described as fractal13-5h

We shall restrict ourselves to the studv of one of such physical reaiizations of fractais.
namely fractal clusters 48] (simply called beiow as fractals). More specifically, we shall
consider theoretically the seiective photomodification of fractals induced owerful

jaser radiation. Experimentally, this phenomenon has recently been observed {61 in silver
clusters in colioidal solutions and gels.

The effect of selective photomodification observed in Ref. [6] consists in burning
out the spectral hole in the absorption contour of a fractal at the frequency close to
tbat of the exciting laser radiation. The spectral hole exists at times on the order of
months or longer and, thus, can be considered as persistent. The primary hole is highly
dichroic: it is observed only in the polarization of the probe light coinciding with that of
the exciting radiation and is practically absent for the normal polarizations. In solutions
this dichroism relaxes with the rotational diffusion times of the clusters. and in gels it
does not significantly change for months. The experimental da.ta'/ I»Q?‘ indicate that the
photomodification has a threshold in the intensity of the laser radiation. Below we shall
exploit the last feature to develop the theory of the photomodification which shou}d
explain its selectivity and give further predictions to stimulate experimental study.

THEORY AND NUMERICAL SIMULATION OF SPECTRAL HOLE
BURNING IN FRACTALS

The fractal is modelled as the set of N polarizable particles, called monomers,
located at the points r;, : = 1.....! N. The total size of the fractal R. is assumed to
be much less that the incident light wavelength ). Therefore the electric field E?) of
the light wave can be considered to be the same at the sites of all the monomers. The
external plus local electric field (i.c.. the integral field of all the other monomers) induce

on the {*® monomer a transition dipole moment d; oscillating with the light frequency,
which obeys the well-known system of equations

dia = X0 EY' - V".s g — 300N g (1)
—d J -

where the Greek subscripts stand for tensor components (summation over repeated in-
dices is imphed), and the Latin indices stand for ordinal numbers of monomers; Xxo
is the dipolar polarizability of an individual (isolated) monomer: r,. = r; — r;: and
nt* =r0rs.

The properties of the monomer enter the system (1) oniy via the poiarizability
xo. Taking this into account. we snall consider as the spectral variabie not the light




frequency w. but the quantity A = Rex,'. As the characteristic of the dissipation in the
monormer. we shall use the parameter 4 = Imy, '. To make the connection to experiment.
let us specify the relation between X and w in a model which is realistic, in particular.
for clusters obtained bv aggregation in colloidal solutions. This model considers the
monomer as a macroscopic sphere with radius R,,, consisting of the material with a

complex dielectric permittivity ¢ = ' =12". The polarizability of such a sphere is given
by the well-known expression xo = R3 (¢ — 1)(¢ - 2)7! . For the metallic sphere, the
permittivity is well described by the Drude formula ¢ = 4 — w;/ w(w = 7)) =1 where

zp=const is the contribution of the interband tracsitions (e.g., for silver g9 =~ 3), wp is
the electron plasma frequency, and v is the electron collision frequency. For most metals,
in particular, for the noble metals, v < wp and. consequently, ¢ < ¢'. In this case, from
(7) and (25), one can see that X(w) turns to zero at the point of the surface piasmon
resonance, w = w,, where ¢/ = —2. From (26) it follows that w, ~ w,(gp ~ 2)7*/%. In
the vicinity of the surface plasmon resonance, X and § are simply expressed in terms of
the detuning from the resonance ! = w — w, and the transition dipole moment of the
resonance Id1z|° = 3R%hwp/ [2(e0 + 2)*/?], namely X = hQ/ldr21* . & = hy/2ldsa| -

The theory is based on the above mentioned assumption of the threshold character
of the photomodification. In addition it is assumed that the photomodification is local.
i.e. only those monomers are modified for which the amplitude of the local field E; exceeds
the threshold magnitude E,,. The latter depends on the composition of the monomer and
the embedding medium, and also on the specific mechanism of the photomodification.
Note that the local field is simply expressed through the solution of Eq. (1), E; =
d;/xo. For the sake of definiteness, we also suppose that the modified monomers do not
contribute to the optical absorption. This assumption is suggested by the estimates [6]

that the modification mechanism, apparently, consists of melting and evaporation of the
monomer material.

The numerical study has been carried out in the following way. Three types of
fractals are generated and used in the simulation: random walks (the fractal dimension
D = 2), self-avoiding random walks (D =~ 1.7) and Witten-Sander clusters (D = 2.5),
where the number of clusters of each type is 1000, with mean number of the monomers
in the cluster as N = 50. The results obtained for all the three fractal types are quite

similar, so that we shall give all the numerical illustrations only for the random-walk
fractals.

For each individual fractal, the basic system of equations (1) is solved numerically
and the factor G; of enhancement of the local field for the {** monomer is found, G: =

lE,-i2 / (E(°))2. The above-discussed condition of modification is taken in the form

Gi>Gw, Guw= (Eth/Em)' . (2)

Those monomers for which this condition is met are excluded from the fractal. After
that. the system (1) is solved once again for the modified fractals (with the excluded
monomers). The optical absorption A per one monomer is determined from the formula
A = Imy,,, where x.. = (d:) /E(°), and the polarization of the exciting wave is, for the
sake of definiteness, directed along the z-axis. Note that the absorption cross-section o,
per one monomer is related to A by ¢, = 47A4/3. It can be shown that the number AN
of the modified (excluded) monomers is expressed as AN = f_°°°c AA(X)dX, where AA
is the change of absorption upon the photomodification.

In Ref. [7! we have found the estimate G of the mean of G; over the ensemble of

fractals in the scaling region (6§ < !X < R;®) as
G = (Gi) ~ Q(R}IX |)do+1 (3)




where R is the characteristic separation Detween the nearest monomers in the fractal.
i = 0.4 is the optical spectral dimension. and Q = { R}§)™* is the quality factor of the
resonance in the monomer. For many monomer materials. inciuding the nobie metals.
tnhe Q-factor is large: e.g.. for silver. @ = 3 — 30 depending on the defect concentration
in the metal determined by the preparation method. Thus. the factor G is large. which
means that fluctuations of the local field are much grater than the exciting field E'°'.
This fact. in the light of Eq. {2). allows us to predict that the photomodification takes
piace at high vaiues of Gyt ~ G. In the other words. the characteristic ligat intensity
of photomodification of fractals is much smailer (by the factor ~ G~! « 1) than the
threshold intensity of the isolated monomer modification. This is a consequence of iarge
Auctuations of local fields in the nontrivial fractals and. also. of the high Q-faccor of the
monomer resonance (cf. Egs. (2) and (3)).

In Fig. 1 we present an exampie of the dependence of the relxtive number oi modified
(removed) monomers AN /N on the threshold parameter G, with the vaiue X" of the
X-parameter for the modifying radiation as X* = 3.0. One can see that. in accord
with the above arguments, the photomodification starts at large values of Gx. which
correspond to small exciting field intensity E(?)2.

Fig. 1. The relative amount of the
modified monomers as the function
of the threshold parameter G¢s (2)
calculated for Q@ = 3.

log G

An example of the calculated fractal absorption contour is shown in Fig. 2. One
can see that this contour is a broad peak centered at the zero X, corresponding to
the frequencies near the surface-plasmon resonance. The differential spectrum of the
photoburning, i.e.. the difference between the fractal absorption before and after the
modification. is shown in Fig. 3 for the two polarizations of the probing field and X* =
_1. It follows from this figure that for the parallel polarization the spectral hole is burned
out. centered at the frequency of the exciting radiation (X = X*). For the perpendicular
polarization. the spectral hole at .\' =~ X" practically disappears, while it emerged at
the “mirror’ frequency at X =~ —X"'2. This can be understood in the framework of
the binary approximation developed in Ref. 8. Thus. in fact, the spectral hole is highly
dichroic. As the numerical results show. in accord with the theoretical estimates and
Figs. 1 and 2. the width of the hole burned (in the X-variable) is on order of Q1.
while the total width of the fractal contour is on order of unity independentiy of the
Q-parameter. Thus. the total number of holes. which can be burned out in each of the
two polarizations. can be estimated as approximately 2Q.
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Fig. 2. Absorption spectrum of the Fig. 3. Difference in the absorption
clusters calculated for Q =3 spectrum caused by the photomodifi-

cation calculated for Q = 3. X* = -1,
with the polarization parallel (curve 1)
and perpendicular (curve 2) to that of
the modifying radiation

CONCLUDING DISCUSSION

The theory presented above describes a qualitative picture of the polarization-
selective persistent spectral-holes photoburning in fractals, which has been experimen-
tally observed [6]. The estimate obtained on the basis of the numerical results shows that
it is possible to burn out in a given spatial region of a fractal media the number of ~ 2Q
frequency- and polarization-resolvable spectral holes. This number may be on order of
10 for the realistic value of @ = 1 — 10. Thus, the fractal cluster media are promising
materials for high-density optical recording of information.
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