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Abstract

Based on the theory of the optical properties of fractal clusters, which is an
operator-basedmodi�cation of the coupled-dipole method, an alternate solution is
proposedfor the problem of adequately describing the evolution of optical spectra
of any polydisperse silver colloid with particles falling within the range of most
characteristic sizes(5 � 30 nm). This is the range over which the results of the ap-
plication of the well-known methods of classicalelectrodynamics, including the Mie
theory, disagreewith experimental data. The e�ect of variation of the parametersof
such media on optical spectra is studied by a numerical simulation, which accounts
for particle electrodynamic dipole-dipole interactions. Indeed, such interactions are
shown to be a key factor in determining the broadening of the sol absorption spec-
tra during the courseof fractal aggregation. A quantitativ e explanation is given for
the reasonsfor the appearanceof individual speci�c features in the contours of the
spectral absorption of di�eren t typesof silver colloids.
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1 INTR ODUCTION

Sincethe famousFaraday's tractates becameavailable over a century ago, the question
about the origin of the intense color of sols containing small noble metal particles has
long been one of the most complex and still unsolved problems in the �elds of colloid
chemistry and the optics of dispersion media. The interest is motivated by the fact
that optical spectra provide information about the most practically important physical
characteristicsof sols,such asthe particle sizeand thicknessof the adsorption layer. The
spectra enableone to monitor the changesof the electronic structure of small particles
when a transition from the bulk materials to clustersoccurs. On the onehand, the color
of such solsis explainedby the true light absorption by the particles and is alsoa�ected
by light scattering. For low-concentrated sols,the role of the latter factor is insigni�cant;
however, despite this fact, all basic regularities associated with the dramatic changesin
color are alsoobserved in thesesols[1].
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The most widespreadviewpoint about this problem, beginning with the well-known
work by Mie [2], is basedon the ideaof the spectral selectivity of scatteringandabsorption,
which is governed by the particle size. According to this work, variations in the optical
spectra of noble metal colloids are associated with the dependenceof the position of the
maximum of absorption (scattering) band (� r ) on particle size,and the appearanceof the
long-wavelengthwing in the absorptionspectrum seemsto haveresultedfrom an arbitrary
increasein the initial size of the particles in solution [2, 3, 4, 5, 6]. The restrictions
imposedon the treatment of this e�ect within the framework of these representations
were mainly reducedto the condition of preservingthe sphericalshape of the particles.
It is this concept that is described in most current textbooks on colloid chemistry (see,
for example,[7]).

The Mie theory is most often used to interpret the optical spectra of metal sols,
although in this case,the achievement of agreement betweencalculatedand experimental
spectra requiresthe existenceof particles in a sol to fall within too wide a rangeof their
sizes([8] and referencestherein). Here, the maximal particle sizefar exceedsthe values
characteristic of typical metal colloids. The large discrepancywith the experiment was
explained mainly by the nonsphericity of real particles and the size dependenceof the
refractive index of metals [3]. Accounting for sizee�ects in [5] madeit possibleto predict
a larger (comparedwith [4, 6]) broadeningof the absorption spectra of silver colloids in
terms of the Mie theory. However, the existenceof excessively large (100 nm and above)
particles in thesesystemswas still recognized.

The most seriousdiscrepanciesbetweeninterpretations basedon the Mie theory were
mentioned in our observations of the evolution of absorption spectra of various silver
hydrosolscontaining spherical particles with a diameter of about 2R i = 5 � 25 nm [1],
wherein oneof thesesols,particles sizeswerevaried, whereasin another they werekept
constant. Despite this, the spectral changesin hydrosolsweresimilar in both cases.The
samediscrepancieswere mentioned in [9]. In this work, the statistical function of the
particle size distribution in gold and silver hydrosols was carefully monitored with the
help of an electronmicroscope over the courseof sharp broadeningof absorption spectra
and, correspondingly, of the variations in sol color. It was demonstrated[9] that, in this
process,the particle sizedistribution restricted by the range 2R i = 5 � 25 nm remains
virtually unchanged. This implies that, in this work, the role of the variation in particle
size can be consideredinsigni�cant. In this connection, it is reasonableto cite data
[10] stating that, for aerosolsediments of silver particles, the wavelength of the surface
plasmon� r is practically independent of Ri over the range2Ri = 3 � 25 nm. This is also
supported by the data reported in [6], which shows that, over the range 2R i = 5 � 30
nm, the calculatedshift of the resonant wavelength � � r (2Ri ) is only 15 nm, whereasthe
experimentally observed shift in aggregatingsilver hydrosols,having the aforementioned
particle sizes,is above 400nm.

The dependenceof � r on Ri over the range of smaller particle sizes2Ri < 5 nm
was demonstrated in [5, 6, 11]; moreover, for someparticle sizes,this dependencecan
be reversed. However, the absolute values of the � � r (2Ri ) shifts are also small. The
problem of the size dependenceof the frequencyof resonant absorption is reviewed in
detail in [9, 10]. In general,the authors of thesereviewsnote that many theoretical and
experimental results often contradict each other, thus con�rming that adequatetheories
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are still absent in this �eld of research.
In the background of the unresolved controversiesregarding the optics of dispersion

media,a newapproach to describe optical propertiesof colloidshasbeeninitiated by Sha-
laev, Stockman, Markel, et al. [12, 13]. In theseworks, the theory of optical propertiesof
fractal clusters (OPFC) is provided, which accounts exactly for particle electrodynamic
interactions. In accordancewith this theory, the main reasonfor the broadeningof spec-
tra of colloids is the particle aggregation. Precisely the sameconclusionon the role of
aggregationwasdrawn asfar back asa half of century agoby a number of researchers(for
example,see[14]). The sameviewpoint is sharedby the authors of the aforementioned
work [9], and only the absenceof a theoretical basis did not allow them to provide a
substantial explanation of the resultsobtained. This idea is favored in a number of recent
publications, in particular in [15, 16].

The appearanceof optical coupling of the particles in the aggregatedsols is most
pronouncedat the Fr•olich frequency, associated with the lowest-ordersurfacemode. Over
recent decades,considerableprogresshas been made in the development of theoretical
models of optical absorption by the aggregatedsols basedon the exact solution of the
electrodynamical problem associated with coupledsphericalparticles [17, 18, 19, 20, 21,
22]. However, becausethe exact solution of the problem is di�cult to �nd, a moresimple
method of coupleddipoles[23, 24, 25, 26] is often usedbasedon the approximation of the
particlesby discreteinteracting dipoles[27, 28, 29]. Note that basicmodel conceptsabout
the outlined methods wereformulated by De Voe ([30, 31]) and employed for calculations
of the polarizabilities of the molecularaggregates.A very e�ectiv e operator approach to
the method of coupleddipoleswas developed by Shalaev,Stockman and Markel [13, 32]
(see also the review in [33] and referencestherein). These authors were the �rst to
apply the method of coupled dipoles to the colloid metal sol aggregates.The principal
importance of accounting for the fractal geometryof theseaggregateswas revealed,and
variousmodelsandapproximations weredevelopedincluding an exacttheory of the optical
properties of fractal clusters. The application of this method to silver colloidsenabledan
increasedof the accuracyof the description of their spectra to a level not achievable with
alternative methods.

It is known that particle aggregationin colloids is accompaniedby the formation of
fractal structures, which are assembled from the main portion of the initially-isolated
particles in the processof sol evolution (see[1]). Only the fractal approach to describing
solpropertiesmadeit possibleto gain newinsight into well-known factsnot restricted just
to the optical propertiesof fractal nanostructures(for example,see[32, 33]). In particular,
it wascon�rmed [12, 13, 32, 33] that somefeaturesof the strong in
uence of neighboring
particles are observed in the spectra of any particles comprising fractal aggregates(or
fractal clusters). This leadsto a noticeableshift in the frequencyof the intrinsic optical
resonanceof particles (! r ). The reasonfor the shift of resonant frequenciesis associated
with the dipole-dipole interaction betweenthe light-induced (oscillating) dipole moments
of each particle and the particles of the surroundingmedium (with a dominating e�ect of
the nearestparticle). Sincefractal objects do not possesstranslational invariance, they
cannot transmit travelling waves. For this reason,optical dipole excitations in fractals
tend to be localizedin singleparticles, which is why di�eren t parts of a fractal (di�eren t
particles) absorb light independently. This feature is responsible for the light-induced
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modi�cation of fractal aggregatesdiscoveredin [34]. In approximating the pair interaction
of particles, which allows us to explain clearly the essenceof the theory of OPFC, the
valueof the frequencyshift of intrinsic resonanceof the i th particle under the e�ect of the
j th particle (without exact account for the total contribution of the far-spacedparticles)
is inversely proportional to the third power of the distance between their geometrical
centers (� ! r / R� 3

ij ). We emphasizethat it is preciselythe interparticle distancethat is
the crucial parameter in the theory of OPFC.

In the present work, it will be shown that all the observed speci�c features of the
adsorptionspectra of silver colloids,aswell as the reasonsfor the appearanceof the long-
wavelengthwing, can be adequatelyexplainedin terms of the theory of OPFC, wherethe
unique correlation betweenthe structural and optical properties of fractal aggregatesis
expressed.The applicability of this approach, in addition to the aforementioned condition
of the preservation of the sphericalshapeby the particles, is alsorestricted by the smallest
admissiblediameter 2Ri , becausethis value (2Ri < 2 � 4 nm) begins to determine the
homogeneouswidth of the spectrum of the surfaceplasmon � i due to relaxation e�ects
at the particle surface[10, 11, 35]:

� i = � bulk + vf =Ri ; (1.1)

where� bulk , is the relaxation constant of freeelectronsfor a bulk silver specimen,and vf is
the Fermi velocity. In this case,the vf =Ri term can becomelarger than � bulk . Evidently,
� i should be, at least by several times, smaller than the width of the visible part of the
spectrum � v, becauseat � i =� v > 0:5 � 1 no visually registeredspectral changesrelated
to the aggregationin sols with such small particles can be observed, and the sols will
preserve their gray color.

The purposeof this of this work is to carry out a detailed quantitativ e analysis of
the e�ect of dipole-dipole interactions of the particles on the absorption spectrum of
the colloids during the courseof their aggregationinto fractal structures. The analysis
is performed through a numerical solution of the equations of the OPFC theory for a
polydisperseensemble of the coagulatingparticles.

2 MA THEMA TICAL MODELS OF THE GR OWTH
OF FRA CT AL A GGREGA TES

In this work, to generatefractal aggregates,we useda 3-D model of cluster-cluster ag-
gregationwith the probability of irreversiblecoagulationof particles upon their collisions
equal to 1. This condition decreasesthe counting time, with no e�ect on the value of
the fractal dimension. As a rule, the total number of particles did not exceed50 (this
restriction was determinedby the calculation time of the optical spectra). At the initial
time, particles whosesizesfall within the rangeof 5 � 25 nm wereuniformly distributed
over the spacewith volume L 3 (L = 200nm) with an arbitrary selectionof the direction
of motion. The valuesof the initial velocities corresponded to the Maxwell distribution.
A mean free path corresponding to the time of motion with no collision was introduced
for each particle. Upon the collision and coagulation of particles, their intrinsic kinetic
energyis transformedinto the kinetic energyof translational and rotational motion of an
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aggregate.Under the regimeof Brownian aggregation,the masscenters of the assembling
aggregatesmove along broken linear tra jectories. Two models of aggregation(sponta-
neousBrownian aggregationof electrically neutral particles and Coulombic aggregation
of initially-c hargedparticles with bipolar chargevaluesof � 25 e, wheree is the electron
charge) were studied in this work. The existenceof a particle charge is associated with
the mechanism of mutual charging in a system[36]. In the caseof mutual charging, the
aggregationoccurs due to both the short-rangevan der Waals interaction (Ew / r � 6),
whoseradius is determinedby the condition Ew > kT, and to the long-rangeCoulombic
interaction (Ec / r � 1 ).

The developedalgorithm alsoallowsus to calculatevariouscharacteristicsof the form-
ing aggregates,i.e., fractal dimensionand degreeof aggregationof a medium determined
by the broadeningof an absorption spectrum [37]; to study the kinetics of aggregationas
a function of the viscosity of a dispersion medium, the value of the particle charge and
its sign, aswell asof the characteristicsof the incident light; to perform calculationswith
various functions of the particle sizedistribution (FPSD); and to changethe position and
width of the intrinsic particle resonance,particle bulk concentration, etc.

The value of the bipolar charges (� 25 e) of the particles was determined by the
condition of the excessof Coulombic interaction energybetweenparticles separatedby a
meandistance(typical of a real hydrosol) over the energyof thermal motion (kT). The
calculatedvaluesof the fractal dimensionof an aggregatefor two regimesof aggregation
areequalto D = 1:78 for Brownian aggregationand D = 1:65 for Coulombic aggregation,
which is attributed to the di�erences in the kinetics of the aggregategrowth. The half-
time of aggregation[7, 37] in the �rst casewas 20� 25 times higher than in the second
case.

3 SIMULA TION OF OPTICAL SPECTRA OF FRA C-
TAL A GGREGA TES

3.1 Basic equations

Unlike the works employed the binary approximation, the algorithm developed in this
work is basedon the complete set of equationsof the theory of OPFC [13], where the
authors consideredthe fractal composedof N particles (with dipole-dipole interactions
at optical frequencies)polarizedby the external �eld E (0)

i and located at points r i . Then
the dipole moments d induced on di�eren t particles obey the systemof equations

di� = � 0E (0)
i� � � 0

X

�

NX

j =1 ;j 6= i

� �� � 3n(ij )
� n(ij )

�

r 3
ij

dj � ; (3.1)

wherei; j = 1; 2; 3:::N , � ; � = f x; y; zg, � 0 is the dipole polarizability of a singleparticle,
r ij = r i � r j , and n (ij ) = r ij =rij . If the sizesof the fractal aggregatesare much smaller
than the wavelength of an incident beam, the external �eld E (0)

i at the location of the
i th particle can be consideredas uniform and independent of i . In this case,the dipole
moment inducedon the i th particle is expressedvia the corresponding linear polarizability

6



� (i )
�� in the following form:

di� =
X

�

� (i )
�� E (0)

� (3.2)

The problem consistsin determining � (i )
�� , becauseits imaginary part uniquely deter-

mines the light absorption by the i th particle. As seenfrom (3.2), for this purposeit is
necessaryto �nd di� that solvesthe systemof (3.1) with respect to this parameter. The
solution to this system is performed in a matrix form. To this end, it is necessaryto
introducethe matrix W with elements

hi� jWjj � i =
� �� � 3n(ij )

� n(ij )
�

r 3
ij

; i 6= j ; hi� jWji� i = 0:

This matrix acts in the 3N -dimensionalspaceof the vectorsd and, E (0) with components
di� and E (0)

i� . Upon introducing the newcomplexvariable z with real and imaginary parts
� X and � � ,

z � � (X + i� ) = � � 1
0 ; (3.3)

the main systemof (3.1) acquiresthe following form:

(z + W)d = E (0) : (3.4)

Becausethe matrix W is symmetrical, it is reducedto the diagonalform via an orthogonal
transformation,

UWUT = diag(wn ); UUT = 1; (3.5)

where diag(wn ) is the diagonal matrix of eigenvaluesof wn , and U is the matrix whose
columnsare the components of the eigenvectorsof W (the superscript T denotesa trans-
position).

The dipole moment d is determinedwith the help of (3.5) as

W = UT diag(wn)U;

z + W = UT diag(z + wn )U; (3.6)

(z + W) � 1 = UT diag(z + wn )� 1U;

and with allowancefor (3.4) we obtain

d = UT diag(z + wn )� 1UE (0) : (3.7)

Thus, expressingthe desiredvaluesof di� via the eigenvaluesof wn , and components of
the corresponding intrinsic vectorsUn

i� , we �nd

di� =
X

�

NX

j =1

3NX

n=1

Un
i� Un

j � (z + wn )� 1E (0)
j � : (3.8)

Comparing (3.8) and (3.2), we obtain the expression� (i )
��

� (i )
�� =

NX

j =1

3NX

n=1

Un
i� Un

j � (z + wn )� 1; (3.9)
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where Un
i� and wn are the eigenvalues of the vector and matrix W, respectively. The

linear polarizability of the particle in an aggregateaveragedover the particle number N
is equalto � �� = N � 1 P

i
� (i )

�� . Usingsymmetry with respect to rotations and the averaging

over the entire aggregateorientations, the polarizability tensor is reducedto the following
scalar:

� =
1
3

X

�
� �� =

1
3N

X

�

NX

i =1

NX

j =1

3NX

n=1

Un
i� Un

j � (z + wn )� 1: (3.10)

Becausethe eigenvaluesof wn , and components of the eigenvectorsUn
i� have real values,

z becomesthe only complexnumber in this expression.Substituting (3.3) into (3.10), we
obtain the following expressionfor the function Im � describingthe absorption spectrum
of the fractal aggregate:

Im � (X ) =
1

3N

X

�

NX

i =1

NX

j =1

3NX

n=1

Un
i� Un

j �
�

(� X + wn )2 + � 2
: (3.11)

3.2 Dip ole polarizabilit y of a two-lev el system

If a particle has its resonanceat a frequency! r , then for a dipole moment of the transi-
tion d12 and relaxation rate (homogeneoushalfwidth) �, in the simplest caseof a single
resonance,the dipolepolarizability of a particle canbedescribedby the expression[12, 32]

� 0 =
jd12j2

�h(
 + i �)
; (3.12)

where 
 is the detuning of resonance,and �h is Plank's constant. Comparing (3.12) and
(3.3) yields expressionsfor X and � as

X =
�h


jd12j2
; � =

�h�
jd12j2

: (3.13)

Here,X has the meaningof relative frequencydetuning, and � determinesthe resonance
width and amplitude. The expressionsof (3.13)allow one,at a �xed valueof d12, to obtain
the functional dependenceIm � (X ), and hencethe absorption spectrum of an arbitrary
aggregatewith particle pair interactions at various valuesof its fractal dimensionunder
conditions of linear responseto the external �eld.

3.3 Polarizabilit y with account for the frequency dependence of
the permittivit y of a material

The dipole polarizability of a spherewith radius Rn correctedfor the irradiation reaction
canbe described in greaterdetail by the expressionreported in [32, 33]with allowancefor
the spectral dependenceof the optical constants of a material comprisedby the particles,

� 0 = R3
n

(� � � h)
� + 2� h � i (2=3)(kRn )3(� � � h)

; (3.14)
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where � = � 0 + i� 00 is the permittivit y of the material (in this case,silver), � is the per-
mittivit y of a dispersemedium (water in the caseof hydrosols, where � h =1.78 in the
spectral region from 200 to 1000nm), and k is the wavenumber. Expressionsfor param-
eters � = Im � � 1

0 and X = Re� � 1
0 introduced into formulas (3.3) are represented in the

following forms:

� =
3R� 3

n � 00� h

j� � � h j2
+ 2k3=3; (3.15)

X = � R� 3
n [1 +

3� h(� 0 � � h)
j� � � h j2

]: (3.16)

The permittivit y of metal introducedinto theseexpressionscanbedescribedby the Drude
formula,

� = � 0 �
! 2

p

! (! + i �)
; (3.17)

where� 0 accounts for the integral contribution to the permittivit y of interband transitions,
and ! p is the plasmafrequency.

4 RESUL TS AND DISCUSSION

4.1 Pair in teractions

INSER T FIG.1 ABOUT HERE
In order to demonstratethe e�ect of the dipole-dipole interactionsof the particles,Fig.

1 showsa setof curvescalculatedwith the aid of the developedalgorithm, which describes
the main regularitiesof the evolution of the absorptionspectrum of a pair of approaching
particles as a function of the interparticle distanceover the rangeR ij = 10� 18 nm (the
initial spectrum corresponds to the surfaceplasmon in silver hydrosols). As has been
shown in particular in [13], the e�ect of a neighbor particle is manifestedin the splitting
of a characteristic single resonance! r (curve 11) of an initially isolated single particle
and in the appearanceof two peaks: low-frequency! l and high-frequency! h, with the
ratio of their frequencyshifts with respect to ! r equal approximately to 1/2. As seen
from Fig. 1, at an interparticle distance exceeding20 nm, spectral changesassociated
with pair interactionsvirtually vanish. At distancesof lessthan 10 nm, the low-frequency
peak approaches the long-wavelength boundary of the optical range and, upon further
decreasein Rij , falls outside the limits of this boundary. As Rij decreases,a broadening
of the low-frequencypeak is alsoobserved.

In the presented set of curves, attention should be paid to a rather large spectral
shift of a low-frequencypeak observed over the relatively-narrow range of variation in
interparticle distances. We emphasizethat the least possiblevaluesof thesedistances,
Rmin

ij = Ri + Rj , are limited by the sizesof the contacting particles, 2R i and 2Rj .
The fact observedin this approach, that the valueof the frequencyshift of the resonant

absorption of interacting particles is much more sensitive to the variation in their sizes,
is worth special mention. This is explained by the higher power of such a dependence.
For example,in the theory of OPFC (pair approximation), the value of the resonant shift
of contacting particles is equal to � ! r / (Ri + Rj )� 3, whereasthe Mie theory results,

9



accordingto data reported in [5, 6] for silver sols, show an almost linear dependenceof
the value of the frequencyshift of the spectral maximum of absorption on particle size
(at least over the sizerange2Ri = 20� 100nm). In addition, an increasein the particle
sizeleads,accordingto the theoriesof OPFC and Mie, to opposite spectral e�ects.

During the courseof aggregategrowth, the diversity of variants of the spatial environ-
ment of each speci�c particle increases,and the relative fraction of the particles brought
into most intimate contact rises. This event is accompaniedby a gradual increasein the
extensionof the long-wavelength wing of the spectrum.

The appearanceof the short-wavelengthwing of the spectrum of the fractal aggregate
with a twice narrower bandwidth (at a frequencyscale)is attributed to the appearance
of a high-frequencypeak for the interacting pairs (Fig. 1). However, the preciseexperi-
mental registration of the shortwavelength broadeningattributed to the surfaceplasmon
of silver hydrosols is somewhatcomplicated due to the superposition of the band wing
of interband absorption within the range � < 350 nm and partial light absorption by a
dispersionmedium in somesols. Hence,the fractal asa systemcomposedof N particles is
an ensemble of N high-Q resonators(coupleddipoles)corresponding to optical resonances
of approaching particles with randomly-distributed eigenfrequencies(! r ) i = ! r � (� ! r ) i .
Within the framework of this concept, the fractal aggregatecan also be consideredas a
statistical set of arbitrarily-orien ted pairs of interacting particles di�ering in their posi-
tions with respect to each other. In this case,the probability of existenceof arbitrary pairs
of particles with the relative interparticle distanceR ij in a fractal obeys the correlation
function g(Rij ) = (D=4� )R� 3

0 (Rij =R0)D � 3. The scaling form of the dependenceof the
number of particles N in a fractal falling within the sphereof radius Rc is N = (Rc=R0)D ,
where R0 is a constant corresponding to the characteristic distance between the near-
est particles (scaling length unit), and D is the fractal (Hausdor� ) dimension. Indeed,
these regularities distinguishing fractal objects from disorderedsystemsare responsible
for the appearanceof qualitativ ely-newfractal physicalproperties(for an explanationand
referencessee,for example,[1, 33]).

The re�ned variant of the theory of OPFC, where the e�ect of the exact resonance
positionsof both the nearestparticles (pair approximation) and all other fractal particles
aretakeninto account, wasdiscussedin [13] (seealsothe reviewin [18]. The e�ect of other
particles was only accounted for in the pair approximation with the aid of the Lorentz
�eld [12].

INSER T FIG.2 ABOUT HERE
The inhomogeneouscharacter of spectrum broadening, as well as other postulates

of the theory of OPFC, have beenexperimentally con�rmed in [1, 33, 34, 38, 39]. The
photomodi�cation of fractal aggregatesunder the in
uence of strong laserradiation proves
the inhomogeneousbroadeningof their absorption spectra. Let us considerthis e�ect on
the linear optical properties of fractal aggregates.Figures 2(a-b) show the transmission
and absorptionspectra of aggregatesbeforeand after irradiation by a seriesof strong laser
pulses(� = 540nm, � = 30 sec). Onecanseethat in the latter case,dips appearnear the
laserwavelength. The dip width is closeto the absorption linewidth of separateparticles
in a non-aggregatedhydrosol and is only a small fraction of the aggregateabsorption
band, i.e., the photomodi�cation is selective over the wavelength. With the increasing
number of pulsesor growing pulse power, the dip becomesdeeper and broader. Note
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that a dip was alsoburnt around � = 641nm with the radiation obtained by stimulated
Raman scattering in acetone. Selective modi�cation of the absorption spectrum of the
light in aggregatesis observed only at identical polarizations of the light and the laser
radiation. For orthogonal polarization of the probe beam, no dip is observed in the
absorption spectrum. An increasein the energydensity of the laserbeamleadsto lower
spectral and polarization selectivity.

It hasbeenfound that dip burning is a threshold e�ect in the laserpulseenergy. For
ultrashort light pulses,a dip in the absorptionspectrum of the aggregates�xed in gelatin
was observed at W � 1:5 MJ/cm 2 (� = 540 nm). At � = 10 ns, in order to detect the
dip, somewhathigher energieswere requited comparedto � = 30 ps. The spectral width
of the dip increasedwith the pulseduration growing from 30 ps to 10 ns.

The results obtained support the basic outcomesof the OPFA theory. The optical
responseof fractals, despitethe long-rangedipole-dipole interaction, is of local character,
which allows local modi�cation of the aggregate.

At a �xed detuning from the resonanceof an isolatedparticle, the radiation selectsonly
thoseparticles for which the detuning is compensatedby the shift dueto the dipole-dipole
interaction. Moreover, the linearly-polarized light "chooses"quite a de�nite geometrical
con�guration of mutual positions of the pairs of particles. This allows, at a �xed laser
frequency, to detect two independent absorption dips, corresponding to orthogonalpolar-
izations.

At the energydensity W = 1:5� 10� 3 J/cm 2 and the particle concentration N0 ' 1012

cm� 3, accordingto estimations,each "resonant" particle of the aggregate(with a protein
adsorptionlayer) absorbsabout 3� 105 photonsper pulse,which correspondsto an energy
su�cien t to evaporate a silver particle of 10 nm radius. The area of energylocalization
dependson the pulseduration and, at � ' 30 ps, corresponds to the sizeof oneparticle,
whereasfor � ' 10 ns it includes already several particles. This accounts for the high
energyrequirements at � ' 10 ns and for the partial lossof selectivity.

It should be noted that the width and shape of the dip depend on the manner in
which aggregatesare prepared,the solvent medium and, in somecases,on the time inter-
val between irradiation and spectral measurements [39]. The last dependenceindicates
relaxation of the structure of photomodi�ed aggregates.A record of �v e spectral dips in
the visible and near-IR rangeswithin the long-wavelength wing of an aggregatedAg sol
irradiated with tunable nanosecondlaser radiation was reported in [40]. The properties
of the burnt spectral holes(the color of the irradiated spot) in the samplesof the poly-
mer �lms contained silver fractal aggregates,which we investigated, remain very stable
already over 12� 14 years(that promising for denseinformation recording).

INSER T FIG.3 ABOUT HERE
Figure 3 (a,b) displays variousexperimental schemes(a) and temporal behavior of the

photomodi�cation processinduced by laser pulses� = 540 nm, � = 30 ps at di�eren t
values of the pulse intensities (b) [41]. Thesedependencieshave been obtained by the
four-wave mixing (optical phase conjugation) technique through a delay of the probe
pulse. Simultaneouspulses1 and 2 [Fig. 3(a)] causephotomodi�cation of the Ag fractal
aggregatesin a hydrosol cell. A delay of the probe pulse3, which length is about 1 cm, is
controlled by the shift of the mirror. It scatterson the optical grating producedin such a
way inside the Ag sol, and generatedsignal4 is recordedvs time delay of the probe pulse
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3 with respect to the photomodi�cation-stim ulating pulses1 and 2. Plot 1 correspondsto
a relatively low intensity of the stimulating waves. It displays instant electronicresponse,
which then decays. The plots 2, 3 and 4 are obtained at higher pulse intensities. They
reveal strong contribution of the grating produced through the photomodi�cation and
display the dynamics and the delay of this process. Here we seethat the higher the
intensity, the faster is the processof photomodi�cation.

A negligible role of the thermal processeswas proved through changeof the grating
period, which is proportional to 1=sin(� =2) [Fig. 3 (a)]. The angle� was5o in the scheme
1a and 160o in the scheme2(a). The estimatesand direct measurements revealed that
the time interval, required for the formation of the thermal grating, is longer than 200ps.
Investigation of polarization e�ects con�rmed theseconclusions(seescheme3(a), where
polarization of waves1 and 2 are orthogonal).

4.2 Speci�c features of the absorption spectra of silv er colloids

4.2.1 Preparation of Ag colloids

Di�eren t methods wereusedto preparecolloids (hydrosols):
1. The boronhydride method describedin [9, 39] proceedsasfollow. 1� 3 mg of sodium

boronhydride is dissolvedin 20ml of cooledbidistilled water, and5 ml of such water is used
to dissolve 2 mg of silver nitrate. Then the silver nitrate solution is quickly addedto the
test tube with sodium boronhydride solution, and the mixture is intensively shaken. The
resultant colloid is yellow-colored. The extinction spectrum of a freshhydrosolhasa peak
at � = 410� 420nm with FWHM in the range60� 80 nm in various measurement. The
resonant width is larger than that of isolated particles. In particular, this is believed to
be due to dispersionin the sizeand shape of the particles leadingto small inhomogeneous
broadeningof the extinction spectra of non-aggregatedhydrosols.

2. The secondutilized method is basedon the useof collargol [1, 39], which a mixture
of silver with proteins that stabilize hydrosols (C-hydrosol). 1 ml of collargol dissolved
in 10 ml of bidistilled water yielded an orange-brown solution, in its extinction spectrum
a peak was observed at � = 420 nm, broadenedtowards to the long-wavelength wing.
The broadening is believed to be causedby the silver particles combining with protein
moleculesto form a complex wherein particles are spacedat distancescomparableor
somewhatlarger than their diameters(10� 15 nm). Stabilized isolatedparticles, showing
no changesin the absorption spectra within a month period, werepreparedby heating of
the collargolsolution with a small addition of sodium nitrate. Aggregationof the hydrosol
obtainedwasinitiated by adding 0.1NaOH solution in the proportion 1:10. In 1 - 2 weeks
the hydrosol becamedark-red, and its spectrum displayed a high long-wavelength wing.

3. The third method is basedon the reduction of silver by ethyl alcohol. The colloid
prepared according to this method is called A-hydrosol. The preparation of 100 ml of
an A-hydrosol requires 0.4 g of AgNO3 and 0.3 g of PVP. The reduction of silver was
conducted by heating this A-hydrosol in a solution consisting of 20 ml of H2O and 80
ml of C2H5OH for 20 min in the range 348� 353 K. Partial aggregationof the solution
during its heating dependedon the heating time, which varied over the range3� 50 min.
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4.2.2 Evolution of the spectra of silv er hydrosols during spontaneous aggre-
gation of the disp erse phase

INSER T FIG.4 and FIG.5 ABOUT HERE
Silver solscan be consideredasa convenient model systemwherethe e�ect of various

factorson the position and shape of each singleresonancecanbe easilymonitored, thanks
to the presenceof the isolatedand relatively-narrow band of plasmonabsorptioncentered
at � pl in the optical range. Figure 4 illustrates the typical absorption spectra of various
silver hydrosols, which comprise both isolated spherical particles (the average size of
the metallic core is 2Ri = 14 � 16 nm) and particles combined into fractal aggregates.
Proceduresfor the preparation of hydrosolsaredescribedabove (seealso[1, 9]). A typical
feature of the spectral curvesof the majorit y of strongly-aggregatedsurfactant/p olymer-
containing silver colloids (see,e.g., Fig. 4, curve 4 and Fig. 5, curve 1) is the presence
of two maxima in the optical spectral range [1, 9, 42]. The �rst spectral maximum
corresponds to the surface plasmon of isolated and weakly-interacting particles when
their number is the largest. Its amplitude reduceswith an increasein the degreeof sol
aggregationdue to a decreasein the relative fraction of such particles (Fig. 4, curves2
- 4). We believe that the origin of the secondmaximum fundamentally di�ers from that
of the �rst maximum. A possibleexplanation of the origin of the secondlow-energypeak
in the absorption spectra of silver solsis reviewed in [10]. This problem wasalsotouched
upon in [9, 43], where it was suggestedthat the secondmaximum is associated with the
Raman excitation band. The origin of this maximum, explained by the excitation of
the collective transversewaves in the ensemble of particles, has beenstudied within the
framework of the Maxwell-Garnett theory [44]. However, this viewpoint contradicts the
fact that fractal aggregatesforming in a colloid cannot transmit travelling wavesdue to
the violation of the condition of translational invariancein fractal structures.

In general,we believe that the explanationsrepresented in basicpublications devoted
to this problem are often con�ned to the framework of qualitativ e hypotheses,and the
proposedtheoretical modelsin many casescontradict experimental facts. Meanwhile, the
appearanceof an additional low-frequencymaximum in the absorption spectrum of an
aggregatingsol and the gradual shift of this maximum within the background of forming
a long-wavelength wing give rise to sharp changesin color; this situation is discussedin
detail in [1]. Wealsonote that the appearanceof a low-energymaximum in the absorption
spectra in somecasesis observednot only in hydrosols,but alsoin silver aerosolsdeposited
onto the substrate [10].

4.2.3 Evolution of the spectra of silv er hydrosols during photostim ulated
aggregation of the disp erse phase

In darkness, the colloid loosesit stabilit y very slowly (over a period ranging from a
few weeks to a few months) due to random Brownian collisions of particles and low
coagulatione�ciency of such collisions. However, the aggregationstabilit y of the colloid
drops abruptly under the action of UV or visible radiation. As reported in [41], we
observed photoinducedformation of fractal aggregatesunder the action of the radiation
of certain lasersor nonmonochromatic (or quasimonochromatic) radiation on hydrosols.
This e�ect is also accompaniedby considerablebroadeningof absorption spectra. The
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di�erence betweenthe absorption spectra of spontaneously formed and photostimulated
aggregateis negligibleat low light intensities [1] (cf. Fig. 5 and Fig. 6).

INSER T FIG.6 ABOUT HERE
It appearsonly under irradiation by the pulsed lasersand grows with the increaseof

the intensity of the stimulating light (Fig. 7).
INSER T FIG.7 ABOUT HERE
Figure 7 depicts the absorptionspectra of silver hydrosolsmodi�ed by laserradiation.

The hydrosols were exposedto radiation continuously scanning the solution surfaceof
1 � 4 cm in a quartz cuvette (cell) 0.2-cm thick. Curve 2 demonstratesthe changes
in the spectrum that occurred upon irradiation by an argon laser. The spectrum shows
signsof the starting stageof aggregation.Curve 3 shows changesin the absorption spec-
trum that occurred after exposureto the pulsedradiation of a ruby laser (� = 694nm).
Apart from the changesrepresenting the generaltrend (such as the formation of a long-
wavelength wing), the spectrum also displays a feature associated with the considerable
decreaseof absorption in the areaof 694nm (in the range550� 750nm). This decrease
is clearly visible in the di�erence spectrum (curve 5a). The reasonfor such a decreasein
absorptionis that the formation of fractal aggregates(FAs) and the occurrenceof an inho-
mogeneouswing of the spectrum createconditions for the subsequent spectrally-selective
photodestruction of the FAs (near the wavelength of the laser radiation). We note that
the photomodi�cation of FAs takesplaceonly when the radiation energydensity exceeds
the threshold value. A similar trend is observed in hydrosolsexposedto radiation of the
secondharmonic of a neodymium laser (� = 540 nm). Curve 4 represents the spectrum
of the original hydrosol in the intermediatestageof aggregation(unlike curve 1). Curve 5
demonstratesthe changesin the absorptionspectrum that occurredafter irradiation with
the laserpulses.Aside from the formation of a long-wavelengthwing, the spectrum seems
to develop a dip in the vicinit y of the wavelength of the laser radiation (540 nm). Such
spectral consequenceof two processes{ photoaggregationand photomodi�cation. We
note that a considerableincreaseof the threshold radiation doseresults in deterioration
of the spectral selectivity of irradiation and in a wider dip, ascanbe seen,for example,in
curve 3. Specialattention shouldbe paid to curve 6, which demonstratesspectral changes
with signsof aggregation. Thesechangesare brought about by the action of the pulsed
radiation of an excimer (XeCl) laser on the colloid. Curve 6 in Fig. 7 does not have a
secondmaximum unlike curve 6 in Fig. 5, which represents the spectral changescaused
by low-intensity radiation. This di�erence is most probably associated with the photo-
modi�cation of FAs. The hole (dip) burnt in the absorption spectral range� > � pl , while
� las > � pl , gives rise to a corresponding dip in the range � < � pl , and vice versa in the
casewhere� las < � pl . According to the theory in [13], the short-wavelength spectral dip
is twice asfar from ! pl (on the frequencyscale),comparedto that in the long-wavelength
wing of the absorption spectrum. This fact, along with the relationship between � las,
and � pl , brings us to the conclusionthat the hole burnt by the eximer laser in the range
� > � pl falls within spectral range of the long-wavelength absorption maximum (second
maximum on curve 6).

It should be noted that exposure of the solution to the radiation of a neodymium
laserwith the wavelength � = 1.08� m causesno spectral changes.This fact can alsobe
explainedwithin the suggestedmodel of the phenomenon,becausethe wavelengthof this
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laserradiation lies beyond the red threshold of photoaggregation,which is believed to be
of a photoemissive nature [37, 38].

4.3 Main factors determining optics of sol in the theory of OPF C

In this work, speci�c featuresof the absorption spectra of silver solsand their di�erences
within the framework of the theory of OPFC are explained basedon a concept which
elaborates the approach proposedin [1]. The essenceof this idea is as follows. In gen-
eral, any real sol is a polydispersesystem characterizedby the function of particle size
distribution (FPSD) f (2Ri ), which has a clearly-pronouncedmaximum and is described
by the asymmetric dependenceresembling a Poissondistribution. This meansthat the
most probable particle size2Rm exists in a systemthat has real colloidal properties (for
example,see[9]). In this sense,the monodispersesystemcan be consideredas a speci�c
(with the narrowest FPSD) system,although this caseis physically meaningless.

Correspondingly, the presenceof a prevailing, statistically-sampledsize2Rm leadsto
the fact that, over the courseof aggregategrowth, the most probable distancesbetween
contacting particles becomethosewhich arisein the pairs with particle size2Rm (seethe
explanation in Sec.4.4). In turn, the appearanceof an excessnumber of contacting pairs
with the most probable interparticle distance should a�ect the optical spectra. This is
related to the fact that thesepairs correspond, on average,to the prevailing value of the
frequencyresonant shifts (� ! m ) i ; the latter circumstanceis responsiblefor an increasein
absorption over somelimited part of the long-wavelengthwing of an aggregatespectrum.
Within the framework of the pair approximation (with no allowancefor the exact total
contribution of distant particles), the relative position of the secondmaximum ! 2 in the
absorption spectrum is determinedby the relations

! 2 / ! r � (� ! m ) i ; (� ! m ) i / (2Rm )� 3
ij ; (4.1)

where ! r is the resonant frequency of noninteracting particles. However, in this case,
it should be kept in mind that, in surfactant/p olymer-containing sols, the least possible
distancesbetween the particle geometricalcenters 2(Rm ) ij are determined both by the
size of the particle metallic core and the thickness L of their adsorption layers as a
whole, including the polymer component, which provides for the appearanceof a sterical
factor of stabilit y [45]. As is seenfrom microimagesof fractal aggregatesof di�eren t-t ype
silver hydrosols[42], the polymer component of the adsorption layer markedly a�ects the
packing of particles in aggregates.In the caseof identical L valuesfor all the particles,
the probability of the appearanceof the pairs of contacting particles with interparticle
distance2(Rm0) ij = 2(Rm + L) ij (with allowancefor the deformation of the external part
of their adsorptionlayers) in the optical spectrum of the aggregatedhydrosolshouldbethe
largest. In addition, the caseshould alsobe consideredwhen the thicknessof adsorption
layers on particles of various sizescan be di�eren t. Under certain conditions, an L(R i )
dependencecan appear. Moreover, taking into account di�erences in the composition of
the dispersionmedium and the type of stabilizer molecules,various typesof colloids can
be characterized by the strictly individual pattern of this function. As will be shown
further, this can be one of the very reasonsfor the di�erences in the adsorption spectra
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of somesilver hydrosols(with account for di�erences in the FPSD for the metallic core)
represented, for example,in [1, 42].

The reasonfor the di�erences in the adsorptivity of particles (including the adsorp-
tiviit y with respect to surfactant or polymer molecules)can be related, in particular, to
the presenceof the defects(vacancies)of a crystalline lattice at the real particle surface.
This leadsto the appearanceof local regionswith a nonequilibrium value of the electric
potential at the particle surfaceand, consequently, to the selectivity of various parts of
the surfacewith respect to the electrostatic interaction with moleculesof the adsorption
layer. Therefore, in the processof adsorption, only thoseparts of a particle surfacethat
are located near the vacanciesbeing the adsorption sites are �rst occupied[46, 47]. The
adsorptivity of a particle asa wholewill dependon the surfacedensity of vacancies,includ-
ing those that arise in the processof self-inducedadsorption [46]. As was demonstrated
in this work, the number of such vacanciescan surpassthe number of equilibrium surface
vacanciesby many orders of magnitude. The dependenceof vacancy concentration on
the particle sizeCv(Ri ), which risesexponentially with a decreasein Ri , was revealedin
[46] for small particles. Given what hasbeensaid above, the most probabledistancesbe-
tweenpairs of particles in aggregateswill generallycorrespond to the maximum of FPSD,
F max (Ri ) = F (Rm0), where F (Ri ) = f (Ri )L(Ri ). It is this function that will a�ect the
most probable valuesof the frequencyshifts which, within the framework of the binary
model with allowancefor known constraints of this approximation, are described by the
expression

(� ! m0) i / (2Rm0)� 3
ij : (4.2)

However, the problemof the e�ect of the surfactant/p olymer-component of the adsorption
layer on the pattern of particle packing in fractal aggregates,and henceon the spectral
featuresof theseaggregates,can be solved by experimental studiesof the thicknessof ad-
sorption layers using electron microscopy. In this case,a number of complexitiesrelated
to the preparation of microscopicsamplescan arise. This will require special techniques,
becausethe dehydration of surfactant/p olymer moleculescan be accompaniedby a vari-
ation in molecularvolumesand, correspondingly, by a decreasein the initial thicknessof
an adsorption layer in the vacuum chamber of an electronmicroscope.

Hence, in accordancewith the above discussion,one can state that, in the forma-
tion of the contour of the long-wavelength wing of the absorption spectrum, two factors
are manifested: (1) on the one hand, spatial disordering and local anisotropy of fractal
aggregates,which takesplace in any type of sol, irrespective of the pattern of the distri-
bution function, and generallyspeci�es a monotonic decay of absorption with increasing
in wavelength; and, (2) on the other hand, the existenceof a dominating particle sizein
a real polydispersecolloid. The introduction of FPSD with a selectedmaximum into the
equationsof the theory of OPFC leadsto a violation of the monotonicity in the bound-
aries of the long-wavelength wing of the absorption spectrum of a fractal aggregate.To
solve this problem, it is necessaryonly to determinethe conditionswhich, in a certain size
range,canresult (via the mediatede�ect on the aggregatestructure) in the appearanceof
an additional low-frequencymaximum in the absorption spectrum of a fractal aggregate,
provided that the dominant particle sizein sometypesof metal solsis taken into account.
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4.4 Analysis of calculated spectral dependencies

While calculating the absorption spectra of fractal aggregates,we took into account the
results of [32], where important re�nement was introduced into the theory of OPFC for
the calculation of linear optical spectra. This re�nement is related to the allowancefor
the real particle sizes, and accordingly, to the anisotropic �elds of oscillating dipoles
inducedon interacting particles. According to this work, the valueof spectral broadening
observed in real fractal aggregatesshould correspond to shorter interparticle distances
than the leastpossibledistancescon�ned to the condition of spherecontact. This implies
that, to adequatelydescribe the spectrum of real fractal aggregateconsistingof contacting
particles, it is necessaryto assumethat the particle sizeusedin the calculations should
be smaller than the experimental size by the correction coe�cien t whoseaveragevalue
is equal to K � 1:65 (by the data of various authors). In this case, the account for
this correction is nothing other than the procedureof renormalization drawing together
calculatedspectra with a given value of particle sizesand experimental dependencies.

INSER T FIG.8 ABOUT HERE
Figure 8 illustrates the results of calculations of the wavelength dependenceof the

imaginary part of the linear optical susceptibility of an aggregatingparticle ensemble
corresponding to its absorption spectrum (for the caseof a monodispersesol). Hereafter,
we adhereto the terminology introducedin [13] whereIm � (! ) appearsas an absorption
spectrum. (The absorption cross-sectiondi�ers from this value only by a trivial factor
of 4� k.) Figure 8 shows the regularities of the spectrum evolution at various stages
of particle aggregation(curves 1-4). The formation of the secondspectral maximum is
already observed at the intermediate stagesof aggregation. When comparing this set of
curves with the experimental results (Fig. 4), attention should be given to the obvious
qualitativ e similarit y of thesedependencies.

INSER T FIG.9 ABOUT HERE
Figure 9 represents the absorptionspectraof fractal aggregatesformedfrom particlesof

identical sizes.In the obtainedsetof curves,the spectrum pattern is studied asa function
of particle size. These sizescorrespond to the following minimal values of distances
betweenthe nearestparticles: Rij = 11; 12; 13; 14 nm. With allowancefor the coe�cien t
K , this correspondsto the particle sizesof 2Rm = 18:2; 20; 21:6; 23:1 nm. As seenfrom the
�gures, in accordancewith the expressions(4.1) and (4.2), clear correlation betweenthe
value of 2Rm , and the position of the long-wavelength spectral maximum ! 2 is observed.
Hence,the smaller the particle size, the stronger the secondarymaximum is shifted. A
gradual decreasein its contrast is alsoobserved. The following important fact should be
mentioned: if the dominant particle size in an aggregatebecomessmaller than 15 � 18
nm, the secondarymaximum completelyshifts beyond the boundary of the optical range
and has no further signi�cant in
uence on colloid color. If the characteristic particle
sizeexceeds25 � 30 nm, the position of a secondarymaximum appears to be too close
to the principal maximum (� r ) and gradually vanishesinto the background of the long-
wavelength wing of the principal spectral maximum with an increasein particle size. In
this case,color changescan only be attributed, as in the caseof 2Rm < 15 � 18 nm,
to a monotonic rise in the absorption in the region of the long-wavelength wing. Note,
however, that resultsshown in Fig. 9 areonly valid for ideal monodispersecolloids,which

17



is physically an unreal case. However, this does not mean that particles with the sizes
larger than 30 nm do not contribute to the spectrum broadening. A contribution canalso
be made by larger particles if they compriseinteracting pairs including small particles.
However, the distancebetweenthe particle centers of such a pair should fall within the
range of Rij shown in Fig. 1 (with account for the factor K ), although it is evident
that the number of such pairs, and hence their spectral contribution, is insigni�cant
comparedto the particles of dominant size. Thus, the fundamentally important result of
thesecalculations is the fact that the revealedspeci�c featuresof absorption spectra of
aggregatedcolloids can only be exhibited within a rather narrow rangeof particle sizes.

INSER T FIG.10 ABOUT HERE
Figure 10 shows the results of the calculations of absorption spectra of aggregates

formed for various valuesof the homogeneouswidth (� � ) of the absorption spectrum of
comprising particles. Theseresults solve the problem of why there is a decreasein the
contrast of the secondarymaximum in the spectrum. As is seenfrom thesedependencies,
statistical oscillationsappear in the spectrum of fractal aggregatesat � � valuesof up to
50 nm (below minimal valuesobserved in the experiment). Theseoscillations disappear
at � � = 90 � 100 nm. Values of the spectral width of the surfaceplasmon of silver
hydrosolswith zero-degreeaggregation[37] not larger than 90 nm were observed in [42].
However, the � � valuescan be slightly larger in somehydrosols. This can be related,
�rstly , to spectral broadeningdue to the presenceof a somefraction of small particles
with largevaluesof homogeneouswidth (seeformula (1.1)) and, secondly, to the presence
of microscopicaggregatescomposedof several particles that already exhibit the e�ect of
spectral broadeningresulting from their interaction. In addition, a certain polydispersity
of the sol, even in the rangeof small particles, canbeoneof the reasonsfor the presenceof
a slight dispersionof the "resonant" frequency! r [5, 6] and, hence,of someinhomogeneous
spectral broadeningdue to the existenceof the weak ! r (Ri ) dependencein this range.
Finally, it is necessaryto take also into account somenonsphericity of a small particle
fraction, which can result in the shift of resonancesdependingon the particle shape [5, 6].
Note that the presenceof oscillationsin the obtainedspectral dependencesat � � = 80nm,
varying in the range of experimental valuesof the homogeneouswidth of an absorption
spectrum for sometypes of silver colloids [42], can also be explained by the restriction
imposedin the calculations for the number of particles being 50 in a fractal aggregate.
As a result, the number of statistical averagingsseemsto be insu�cien t for calculating
the spectral curve with a narrow homogeneousbandwidth.

INSER T FIG.11 ABOUT HERE
Studiesof the absorptionspectra of polydisperseensemblesof particleswith the FPSD

close to a real distribution [9] are of the most practical interest in this work. Figure
11a demonstratesabsorption spectra of a polydisperseensemble of particles (� � = 100
nm) with various typesof FPSD. As was demonstratedin preliminary calculations, the
spectral dependenceturned out to be extremelysensitive to the form of FPSD. Therefore,
we passedfrom the monodisperseto polydispersecasesin two stages.At the �rst stage,
to the particles of a speci�ed size (2Rm = 21 nm) whoseaggregatespectral position of
secondarymaximum corresponds to the experimental data (� 2 = 600� 620 nm), larger
particles were gradually added,which eventually provides for the similarit y of this wing
of FPSD with the F (2Ri ) [9] of a real sol. As seenfrom the set of curvesobtained, the
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commongeneralfeature is the shift of the secondarymaximum to the principal oneupon
the addition of larger particles to the system.

However, the largest sensitivity of the absorption spectra to the variation in FPSD
while passingto polydispersesystemsis observed for the appearanceof small particles in
a system. Figure 11b represents the set of curvesobtained upon the gradual addition of
smaller particles to a monodispersesystem(2Rm = 21 nm), providing for the monotonic
decay of the FPSD wing. As seenfrom theseresults, the regularity is exhibited in the
shift of the secondarymaximum to the long-wavelength range and in a decreasein its
contrast. The latter is due to the broadeningof the low-frequencyspectral peak (Fig.
1) with a decreasein the distancebetweenthe pair of interacting particles brought into
contact. In turn, a decreasein the interparticle distanceis explainedby a corresponding
decreasein particle sizes.

Finally, Fig. 11cdemonstratesthe set of curvesobtained upon adding small particles
to a polydispersesol containing only large particles (FPSD corresponds to case5 in Fig.
11a when the condition of the preservation of the contrast of the secondarymaximum
in a spectrum is accompaniedby the largest shift of a maximum to the long-wavelength
range). As seenfrom Fig. 11c,the gradual addition of small particles to the systemleads
to the shift of the secondarymaximum to the long-wavelength rangeand simultaneously
to a decreasein its contrast. We seethat curve 4 best corresponds to the experimental
results. Note the asymmetricpattern of FPSD corresponding to somede�ciency of small
particles, which also correlateswith the experimental data [9]. In the spectrum of the
fractal aggregateobtained for asymmetric FPSD (Fig. 11c, case5), the contrast of the
secondarymaximum falls sharply. A common tendency is that the appearanceof an
excessnumber of small particles in an ensemble results in the gradual disappearanceof
the secondarymaximum in the spectrum; in this case,the long-wavelength wing of the
absorption spectrum of such colloids is described by a smooth monotonic dependence.

Hence,results of thesecalculationsare important, becausethe long-wavelengthmaxi-
mum can be most clearly pronouncedat the least possiblewidth of FPSD. Evidently, the
greaterthe FPSD width, especially with an excessof small particles, the moreblurred the
secondarymaximum becomes.This featurecanexplain the absenceof the secondarylong-
wavelength maximum in the absorption spectra of silver hydrosolspreparedby reducing
silver nitrate with NaBH4 (Fig. 4, curve 5) [9, 43]. The absenceof a surfactant/p olymer
component in the adsorption layer composedof particles of thesesilver colloidsstabilized
by electrostatic interactions results in the averagee�ectiv e particle sizeand, correspond-
ingly, averageinterparticle distancesin aggregatesbecomingsmallerthan in the aggregates
of collargol-basedcolloidal silver [1, 42], even if the FPSDs of thesecolloids with respect
to metallic coreare similar.

INSER T FIG.12 ABOUT HERE
Figure 12 shows calculateddependencesof absorption spectra of polydispersefractal

aggregates(with identical FPSD pro�les) on the position of the maximum of this function.
As seenfrom this �gure, the commontendencyis manifestedin the shift of the secondary
maximum into the long-wavelength rangeupon the displacement of the FPSD maximum
towards smaller sizes,which is also attributed to the prevailing contribution of small
particles. It is of someinterest to comparetheseresults with the data shown in Fig. 9
for a similar dependencefor monodispersesols. As seenfrom comparing these �gures,

19



the colloid polydispersity resultsin that spectral dependences,whosesecondarymaximum
positionsaresimilar, arealreadyobservedat the valuesof the FPSD maxima that slightly
exceedthe corresponding sizesof particles comprisingmonodispersefractal aggregates.

INSER T FIG.13 ABOUT HERE
Figure 13 demonstratesthe evolution of an absorption spectrum of a polydisperse

ensemble of particles with the FPSD pattern maximally closeto the real one(2Rm = 23:1
nm). A comparisonwith Fig. 10 representing analogousdependences,however for a
monodisperseensemble of particles (2Rm = 20 nm), revealstheir qualitativ e similarit y.

In this work, we attempted to �nd out why the principal maximum in the absorption
spectra of somestrongly-aggregatedreal colloids is close (or almost coincides) to this
maximum (Fig. 4), whereasthe results of calculations indicate a certain shift towards a
long-wavelength range. It was shown in this work, one of the reasonsfor this situation
can be the presenceof someamount of isolated particles, which are not included within
fractal aggregates.

INSER T FIG.14 ABOUT HERE
Figure 14 demonstratesthe variation in absorption spectra of a particle ensemble

containing fractal aggregatesand an additional small fraction of isolated particles as a
function of the value of this fraction. As shown from the presented set of curves, the
spectrum of such an ensemble becomesvery sensitive to the presenceof even a small
amount of free particles. The addition of 1/50 to 1/10 parts of free particles (in relation
to the number of particles comprising a fractal aggregate)leads to a gradual shift of
the principal spectral maximum towards the long-wavelength range. This fact underlines
the resemblance of thesecurves to the experimental dependencies.However, a gradual
reduction in the contrast of a secondarymaximum is observed in this case.

Spectral dependenciesobtained in this work, alongwith data on the FPSD [9] and the
absorption spectra of aggregatedsilver colloids, present a unique opportunit y to quanti-
tativ ely comparecurrent experimental data with the results of calculationsperformedby
the proposedprocedure.

INSER T FIG.15 ABOUT HERE
Figure 15showsthe absorptionspectra of real silver colloidswith correspondingFPSD

[9], and the results of calculations of thesespectra basedon the theory of OPFC with
the FPSD are closest to those reported in [9] (2Rm = 16 � 17 nm). As is seenfrom
the comparisonof these data, the most similar pattern of spectra, when the position
of a low-energymaximum coincideswith its experimental value, is accomplishedfor the
FPSD with particle sizessomewhatlarger (2Rm � 21nm) than thosereported in [9]. The
revealeddi�erence is explained by the fact that, during the study of the FPSD, Heard
et al. [9] only took into account the size of the metallic core of particles. Meanwhile,
the polar surfactant was used to increasethe aggregationstabilit y of colloids to some
extent. We believe that, to explain the discrepancybetweentheseresults,we should take
into account the speculations reported in Sec. 4.2 and, in particular, expression(4.2).
Hence,the discrepancyindicated can be explainedby the fact that the adsorption layer
of this colloid contains a surfactant. This should result in an increasein the e�ectiv e
size of particles comprising the aggregates,in a slight variation in the FPSD pattern
reported in this work and, hence,in the averagedistancesbetweenthe nearestparticles
and, consequently, in the spectrum patterns. Let us take advantage of the data on the
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thicknessL of the adsorptionlayersof the particlesof aggregatedsolsof somepreparations
of colloidal silver [42], aswell ason the microimagesof fractal aggregates[9, 42], in order
to estimateL by the value of the spacingsbetweenthe nearestparticles in the aggregate.
On average, these values are equal to 24 nm (with no correction for the dehydration
of surfactant/p olymer molecules). This implies that the particle diameter used in the
calculationsshould be increasedby at least 2 � 4 nm (without accounting for the L(2R i )
function).

All the calculateddependenciesof the absorptionspectra mentioned above (Figs. 1, 8-
15) wereobtainedwithin the framework of a two-level model describingthe particle dipole
polarizability [seeformula (3.12)]. Figure 14 shows the set of curves of the absorption
spectra of aggregatedcolloids, which was obtained using a full-length expressionfor the
dipole polarizability with allowance for the spectral dependenceof the permittivit y of
the particles comprisingthe matter and the permittivit y of the dispersionmedium. This
dependencewas accounted for within the framework of the Drude model [seeformulae
(3.14-3.17)]. This allows us to estimate the role of this factor in the formation of the
absorption contour of an aggregatingcolloid. The valuesof speci�c parametersof these
formulas can be taken, for example,from [32, 33]: � 0 =6 and �h! p = 9.1 eV (� p = 136.1
nm). However, the valueof the dampingconstant (�) usedin our calculationscorresponds
to the experimental value of the spectral width of plasmonresonanceat the half-height
(� � = 100 nm) in collargol-basednon-aggregatedAg hydrosols. Calculations of the
spectra within the framework of a two-level model were performedfor the samevalue of
�. Variations in this parameter lead to results similar to thoserepresented in Fig. 10.

INSER T FIG.16 ABOUT HERE
While performing the calculations represented in Fig. 16, we usedthe samepattern

of FPSD, as for the plots shown in Fig. 12 (with a two-level model). When comparing
the set of curves, we observed the resemblance and conservation of the main spectral
featuresin the optical range. The appearanceof a secondarymaximum in thesespectra
alsocon�rms the versionof its statistical origin, and it further explainswhy this feature
cannot account for the spectral behavior of the optical constants of silver, becauseonly
monotonic variations in these parametersare observed in the optical range [48]. The
results obtained verify the useof the approximation of a two-level model to describe the
particle dipole polarizability during the calculations of the absorption spectra of silver
colloids. This approximation allowsus to successfullymonitor the evolution of solspectra,
with an account for the contribution of only oneselectedresonancein the absenceof other
closeresonances,which is directly applicableto silver solsin view of their spectral features.

A further increasein the accuracyof the calculationsof the optical spectra of colloids
and their �t to experimental results is determined by the account for such factors as
the contribution of the inter-band transitions to the dipole polarizability of particles, the
real spectral dependenceof optical constants for the comprising particles and their size
dependence,the real thicknessof the adsorption layers L(Ri ), as well as for scattering
e�ects and for someother factors. It is worth noting that the possibility of applying the
theory of OPFC to interpret absorption spectra of silver hydrosolsis mentioned in [42].

Note alsothat the spectral regularities revealedin this work are virtually independent
of the mechanism of aggregationand the presenceof an electric chargeon the particles.
The averagevaluesof the fractal dimensionof generatedaggregates,for which the calcu-
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lations of optical spectra wereperformed,fall within the range1:65� 1:78, and thus only
slightly a�ect the pattern of the spectral contour. The spectral regularities are indepen-
dent of the number of aggregatingparticles that was found when increasingthis number
by tenfold.

4.5 Spectral determination of the aggregation degree

Hereweemploy the conceptthat the structural and optical propertiesof fractal aggregates
correlatestrongly. Hence,we can proposea new method for determining the aggregation
state of the colloids. It can be widely usedas an indirect express-method for monitoring
of the aggregationstate.

To describe quantitativ ely the degreeof aggregationfor silver hydrosol on the basis
of the pattern of its absorption spectrum "(� ) (Fig. 17), we introduce the following
parameter (hereafter called the degreeof aggregation): A = Ap=A0, whereAp = � S/ "0.
Here � S is di�erence of the areasbelow the absorption pro�les for aggregatedand non-
aggregatedsols in that part of the long-wavelength range where the �rst exceedsthe
second,and "0 is absorption coe�cien t in the range of unshifted plasmonresonancefor
the aggregatedcolloid. The latter parameter is introduced into the formula in order to
account for a possibledecreasein the concentration of the dispersedphaseof a colloid
due to the partial deposition of the latter onto the vesselwalls. This e�ect may cause
no changein the shape of the spectral curve, and its magnitude may vary for di�eren t
samples. The parameter A0 is the normalizing factor, which is equal to the degreeof
hydrosolaggregationimmediately beforeor after precipitation whenthe phasesseparated
are subjected to forcedstirring. This factor is equal to the maximal possiblevalue of Ap

for the particular type of hydrosol considered(Fig. 17, curve 3, which corresponds to
the maximal degreeof aggregation). Normalization to A0 is required in order to bring
the value of A closer to unity for the media with strong aggregation. In addition, such
normalization makes the mentioned de�nition of the degreeof aggregation,to a certain
degree,universalwith respect to di�eren t typesof hydrosols.

Practically, calculations can be done with the aid of equation, Ap =
P n

i=1 � " i =n"0,
where n is the number of points selectedto break the � -axis into equidistant segments
in the region where the absorption of the aggregatedmedium (curve 2) exceedsthe ab-
sorption of the medium containing the isolated particles (curve 1); � " i is the di�erence
betweenthe absorption coe�cien ts for curves1 and 2 at the i th point (i = 1, 2, ... n);
and "0 is the absorption coe�cien t for curve 2 in the region of the unshifted plasmon
resonance.

INSER T FIG.17 ABOUT HERE
Evidently, A is calculatedwith an accuracydependingon the selectednumber of points

n. In fact, we proposeto de�ne A as the di�erence betweenthe de�nite integrals taken
over the functions describingcurves2 and 1 at approximately � > 440nm. In particular,
the value of A corresponding to curve 2 (Fig. 17) is equal to 0.8 at n = 8.

INSER T FIG.18 ABOUT HERE
The correctnessof the method proposedto determinethe degreeof aggregationA from

the spectral broadeningcanbeveri�ed by the numericalsimulation of particle aggregation
under random-walk conditions while simultaneouslycalculating the optical spectra of the
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forming aggregateson the basisof the equationsfrom Section3 and using thesespectra
for evaluating A. With this, onecanperform a comparativeanalysisof the time variations
of various parameterscharacterizing the degreeof aggregationin the systemof particles.
Such parameterscan be introducedin di�eren t ways. In particular, the kinetic theory by
Smoluchowski implies that the degreeof aggregationis a quantit y inverselyproportional
to the total number of all the particles that appear in the coagulatedsystem(� � 1

0 )(see,
e.g., [7]).

The parameter � 0 accounts for both the isolate particles and associations of two or
more particles. It is related to the initial number of isolatedparticles � by the expression
� 0 = � =(1 + t=t0), where t0 is the time required for � 0 to decreaseto the value � =2.
The � � 1

0 / t dependencecorresponding to this expressionholds in the time interval
0 < t < t0 during spontaneousBrownian aggregationof the particles. This result was
repeatedly supported by experiments. Hence,if our approach to usethe spectral data for
determining the degreeof aggregationis correct, then both the parametersA(t) and � � 1

0 (t)
should identically describe the aggregationkinetics, and the product A� 0 should remain
constant during aggregationin the time interval 0 < t < t0 (at A � 0:1). Figure 18a
represents the time dependenceof the A� 0 product. This dependencewas calculated by
the 3-D simulation of spontaneousBrownian aggregationof �ft y particles, whoseoptical
and geometricalpropertiescorrespondedto the particles of the silver hydrosolsexamined.
We seethat, within the statistical scatter, the valueof A� 0 is constant at 0 < t < t0. This
fact supports the correctnessof our method of determining the degreeof aggregationand
indicates that the parameter mentioned describes adequately the state of the dispersed
phaseof the colloid. According to Fig. 18b, the A(t) dependence(which describes the
aggregationkinetics by the simplest model of Brownian motion) is almost linear in the
time interval 0 < t < t0. However, the aggregationrate then decreaseswith time due
to the formation of large aggregatesand the decreasein their mobilit y (this e�ect may
disagreewith the experimental results becauseall physical factors are ignored in this
model except for the kinetic one).

Of course,the proposedde�nition of the degreeof aggregationis somewhatarbitrary,
and one must account for the speci�c featuresof di�eren t typesof colloids in each par-
ticular case.Note that the parameterA re
ects not only the fraction of isolatedparticles
forming the fractal aggregates,but also the particle packing density in theseaggregates,
which dependson the speci�c featuresof the structure of the adsorption layer on particles
and is individually determined for each particular type of sol. We should also note that
the approach proposedto describe the degreeof aggregationis valid only for the disperse
systemsin which absorption prevails to a large degreeover scattering.

5 CONCLUSION

The main results of the work are summarizedas follows.
1. It is shown that the e�ect of the particle size on the optical spectra of unsta-

ble aggregatingsilver colloids is much more pronouncedaccordingthe theory of optical
properties of the fractal clusters(OPFC) than in the Mie theory with an account for the
di�erences in the physical mechanismsof this e�ect. The application of the Mie theory
leadsto qualitativ e discrepanciesbetweenthe calculated dependencesand experimental
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data in the range of small particle sizes. The main spectral changesthat are observed
in typical silver colloids are explainedby the theory of OPFC, even without an account
for the e�ects predicted by the Mie theory. The e�ect of dispersion of the particle size
within the interval 5 � 30 nm on the optical properties of the polydispersesols,which is
the subject of the Mie theory, is not that considerable.Indeed,the calculatedshift of the
resonancewavelength � � r (2Ri ) within the sizeinterval 2Ri = 5 � 30 nm makesup only
15 nm, whereasthe shift detected in the aggregatedsilver hydrosol, with such particle
sizes,is larger than 400nm.

2. An adequatedescriptionof the evolution of the optical absorptionspectra of typical
aggregatingAg sols,with the aggregatingparticle sizesin the rangeof 5 � 30 nm, is not
possiblewithout account for their dipole-dipole interaction. This is the main origin of the
considerablespectral broadening,especially for the colloidal structures with the fractal
geometry. Indeed,the distancebetweengeometricalcenters of the nearestparticles inside
the aggregatesis the parameterof the crucial importancefor the OPFC theory. The main
reasonfor the signi�cant broadeningof the absorption spectra of typical silver colloids
(particle size5 � 30 nm) is the assembling of particles of the dispersedphaseinto fractal
aggregates. There exists a clear and strong correlation between the degreeof particle
aggregationand the aggregatestructure on the onehand and the shape of optical spectra
on the other hand.

3. The shape of the absorptionspectrum of the solein the developed stageof aggrega-
tion is strongly dependent on the distribution of the aggregate-comprisingparticles over
their sizes.Indeed, individual featuresof absorption spectra of various silver colloids are
explainedby the di�erences in the form of this function, with account for both the sizes
of the metallic coreof particles and the thicknessof the ionic and polymer component of
their adsorption layers.

4. According to the OPFC theory, the aggregationof Ag particles into fractal struc-
turesgivesriseto a giant broadeningof the long-wavelengthwing of the absorptionspectra
which may becomecommensurablewith the magnitude of the resonant frequencyitself.
Corresponding shifts of the resonanceare attributed to a relatively narrow range of the
distancesbetweenthe particles, while minimum possiblemagnitudesof thesedistances,
r min

ij = Ri + Rj , are determined by the sizesof the aggregatingparticles, 2R i and 2Rj .
The OPFC theory predicts a strong (power) dependenceof the frequencyshift on the in-
verseparticle size,i.e., � ! r / (Ri + Rj )� 3, whereasthe Mie theory predicts a near-linear
dependenceon this sizefor the Ag sols(at least in the sizeinterval 2R i = 20� 100 nm,
with no signi�cant deviation from this dependencein the interval 5 � 20 nm). Therefore,
the Mie theory predicts a qualitativ ely di�eren t (inverse)dependenceas comparedwith
the OPFC theory.

5. The appearanceof an additional maximum in the long-wavelength wing of the
absorption spectra of somecolloids occurring at the stageof developed aggregationhas
no relationship to the displayed and exhibition of collective optical resonanceof a speci�c
nature, which is unrelated to the excitation of the surface plasmon. The appearance
of this maximum is attributed to the existenceof the statistically-dominating valuesof
geometricalparametersin an ensemble: particle size2Rm and distances(Ri + Rj ) between
contacting neighbor particles in aggregatescorresponding to this size. This results in an
increasein the spectral density of the surfaceplasmonresonanceswithin a certain range
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of wavelengths. In this case,this spectral feature is exhibited in solswith a su�cien tly
narrow (5 � 25 nm) rangeof e�ectiv e particle sizes.

6. The position and shape of the secondarymaximum in the absorption spectrum
are determined by the value of the dominant distancesbetweenneighboring particles in
aggregates,which dependon 2Rm . The lower the degreeof solpolydispersity, the higher is
the contrast of the secondaryspectral maximum. The contrast of this maximum decreases
with the increaseof the homogeneousabsorption spectral width by the isolatedparticles.
Furthermore, even a small (1=50 � 1=10) fraction of non-aggregatedparticles decreases
the contrast.

7. The absenceof two maxima in the absorptionspectra of somesilver colloidscan be
explainedby the presenceof an excessnumber of small particles in a colloid (with account
for the thicknessof their adsorption layer) and its strong polydispersity, thus resulting in
a sharp decreasein the contrast of the secondaryspectral maximum.

8. In general, two factors play an important role in the formation of the long-
wavelengthabsorptionspectral wing: fractal geometryof the aggregates,which determines
the monotonic decreaseof absorption with increaseof wavelength, and the existenceof
the dominant particle size in the polydispersemixture of the aggregate-comprisingpar-
ticles, which leadsto breaking such monotonic dependenceand to the appearanceof the
additional spectral maximum.

9. The conceptspresented in this work remainvalid not only for silver colloids,but can
alsobe extendedto colloids of other metals, including gold, with an account for spectral
dependenciesof its optical constants.
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FIGURE CAPTIONS

Fig. 1. Absorption spectra of pairs of particles (with a single identical resonance)deter-
mined by their dipole-dipole interactions as a function of the distance R ij between the
particles: (1) 10, (2) 11, (3) 12, (4) 13, (5) 14, (6) 15, (7)16, (8) 17, (9) 18, and (10) 19
nm. Curve 11 corresponds to the initial spectrum of singlenon-interacting particles.

Fig. 2 Transmissionspectra (upper) and spectral dependenceof the di�erence in ab-
sorption (lower) of the nonirradiated (curve 1) and irradiated (� las ' 30 ps, W = 2� 10� 3

J/cm 2) samples(the silver aggregatesare �xed in gelatin). (a) � = 540 nm; curves2, 3,
4, 5 correspond to 1, 20, 80, 230pulses;(b) � = 641nm; curves2 and 3 correspond to 20
and 120pulses,respectfully, and curve 4 to 120pulsesat W = 8 � 10� 3 J/cm 2.

Fig. 3. Various schemesof optical phase-conjugationexperiments with the aggregated
silver hydrosol (a) and the temporal behavior of the photomodi�cation processin the
�eld of laser pulses(b). Plots 1 - 4 display the energyof the generatedsignal 4 vs time
delay of the probe pulse 3 with respect to the overlapping nearly equally intense30-ps
pulses1 and 2 which produce optical grating in the sol. The delay is controlled by the
shift of the mirror. The plots 1, 2, 3 and 4 are obtained at intensities of the pulse 2 of
2:75� 108; 6:92� 108; 8:25� 108 and 109 W/cm 2, correspondingly.

Fig. 4. Typical absorption spectra of silver hydrosols and their evolution in the pro-
cessof aggregation: (1) initial aggregationstage;(2 - 4) hydrosol preparedon the basis
of collargol at various stagesof aggregation;and (5) hydrosol preparedby the procedure
[9, 39, 43] using NaBH4. Curves4 and 5 correspond to the developed stageof hydrosol
aggregation.

Fig. 5. Changesin the absorption spectra of Ag C-hydrosol during aggregation. The
colorsof the solutionsare: (K) yellow; (1) densepurple blue; (2) densebrown; (3) brown-
ish red; (4) yellow; (5) dark orange;(6) red.
Fig. 6. Changesin the absorption spectrum of Ag A-hydrosol occurring in darkness
after preliminary exposure to light with the wavelength � = 500 nm, intensity I = 3
mW/cm 2 and exposuretime of 10 hours. The time betweenthe changescorresponding to
curves1 and 2 was6 days. The time betweenthe changescorresponding to curves2 and
3 was8 days. The colorsof the solutionsare: (1) red; (2) dark red; and (3) greenishbrown.

Fig. 7. Changesin the absorption spectra of a Ag hydrosol causedby laserradiation: (1)
initial spectrum of a non-aggregatedhydrosol; (2) changesin the spectrum after exposure
of the solution to the radiation of an argon laser (� = 514.5nm, intensity 50 mW/cm 2,
exposuretime of 2 hours); (3) changesin the spectrum after irradiation of the solution
with 15pulsesof a ruby laser(� = 694nm, W = 3 J/cm 2, � = 30ns); (4) initial spectrum
of a Ag hydrosol beforeits exposureto the radiation of an YAlO 3 : Nd laser;(5) changes
in the spectrum after irradiation with 20 pulsesof the secondharmonic of an YAlO 3: Nd
laser (� = 540 nm, W= 1.5 mJ/cm 2, � = 30 ps); and (6) changesin the spectrum after
irradiation with 250pulsesof an excimer (XeCl) laser (� = 308nm, W = 90 mJ/cm 2, �
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= 30 ns); (3a, 5a, 6a) di�eren tial spectra of the hydrosols(with respect to curve 4). The
valuesof "max (� pl) for curves3, 5, and 6 are di�eren t becauseof di�eren t radiation doses
(for explanations,seethe text).

Fig. 8. Simulation of 3-D coagulation in the ensemble of 50 monodispersesilver par-
ticles with a diameter of 20 nm (upper) and the calculated corresponding evolution of
spectral dependenciesof the imaginary part of their linear optical susceptibility (absorp-
tion spectra) (lower).

Fig. 9. Variations in the absorption spectra of fractal aggregatesformed from monodis-
perseparticles asa function of their sizes(2Rm ): (1) 18.2,(2) 19.8,(3) 21.6,(4) 23.1nm.

Fig. 10. Absorption spectra of silver fractal aggregatesat various values of the ho-
mogeneouswidth of absorption spectrum (� � ) attributed to the particles comprisingan
aggregate:(1) 50, (2) 80, (3) 100, (4) 120,and (5) 150nm.

Fig. 11. Absorption spectra of fractal aggregatesof a polydisperseensemble of parti-
cleswith the homogeneousabsorption spectrum of an isolated single particle � � = 100
nm but for di�eren t distributions of the particles over their sizes.

(a) The variation in the distribution is performedby adding largerparticlesto particles
of the samesizeof 2Ri = 21 nm (N is the number of particles).

(b) A polydispersesol is preparedby addingsmallerparticlesto a monodispersesystem
with 2Ri = 21 nm.

(c) A polydispersesol is prepared by adding smaller particles to a polydispersesol
containing larger particles, corresponding to the statistical distribution in the initial po-
lidispersesol in the case5 depicted in part (a) above. The plot (c) displays the conserva-
tion of the contrast of the secondarymaximum in a spectrum, which is combined with a
signi�cant shift of this maximum to the long-wavelength range.

Fig. 12. Dependenceof the absorption spectra of fractal aggregatesof polydisperse
silver sols, having identical size-distribution pro�les, on the position of the distribution
maximum, 2Rm : (1) 16.5,(2) 18.2,(3) 19.8,(4) 21.5,(5) 23.1,(6) 24.8,(7) 26.4,(8) 28nm.

Fig. 13. Absorption spectrum of a polydisperseensemble of silver particles with maxi-
mum size-distribution at Rm = 23:1 nm (corresponding to the case5 in Fig. 12). Curves
1-4 display the spectrum evolution at various stagesof the aggregationprocess(cf. Figs.
4 and 8).

Fig. 14. Variation in the absorption spectra of an ensemble containing fractal aggre-
gates and an additional small fraction f of free isolated particles as a function of the
value of this fraction: (1) spectrum of isolated particles. (2 - 6) spectra of the fractal
aggregatecomposedof 50 particles in the presenceof free particles at f = 1/10, 1/12.5,
1/17, 1/25, 1/50, respectively.

Fig. 15. Observed and calculatedabsorption spectra of silver hydrosols.
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(a) Observed absorption spectra at (1) the initial and (2) developed stagesof aggre-
gation [9] and corresponding size-distribution function;

(b) Basedon the generaltheory of OPFC, calculatedabsorption spectra for the size-
distribution function similar to that reported in [9]. In the caseof (a), D i is the diameter
of the metallic coreof the particles.

Fig. 16. Absorption spectra of fractal aggregatessimulated by using the expressionfor
the particle dipole polarizability, which accounts for the spectral dependenceof a metal
permittivit y (the approximation of the Drude model). The sizedistribution corresponds
to 2Rm of (1) 18.2, (2) 23.1, (3) 26.4 nm (seethe similar curves2, 5, and 7 in Fig. 12),
and (4) spectrum of isolated particles.

Fig. 17. Speci�c features of the absorption spectra "(� ) of silver hydrosols at a spe-
ci�c degreeof aggregationA: (1) A = 0 - hydrosol with isolated particles; (2) A = 0.8 -
intermediatestageof aggregationwhena signi�cant fraction of particles is combined into
fractal aggregates;and (3) A = 1 - all the particles are combined into fractal aggregates.

Fig. 18. Time dependenceof (a) the degreeof aggregation(according to the spectral
data) multiplied by the total number of all particles in the system(including the compos-
ite ones)A� 0 for the processof spontaneousaggregationof 50 particles in the time period
restricted by the condition 50 > � 0 > 25 (numerical simulation) and (b) the degreeof
aggregationA at 50 > � 0 > 1 (the samemodel).
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Figures

Figure 1: Absorption spectra of pairs of particles (with a single identical resonance)
determined by their dipole-dipole interactions as a function of the distanceR ij between
the particles: (1) 10, (2) 11, (3) 12, (4) 13, (5) 14, (6) 15, (7)16, (8) 17, (9) 18, and (10)
19 nm. Curve 11 corresponds to the initial spectrum of singlenon-interacting particles.
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Figure 2: Transmissionspectra (upper) and spectral dependenceof the di�erence in
absorption (lower) of the nonirradiated (curve 1) and irradiated (� las ' 30 ps, W =
2 � 10� 3 J/cm 2) samples(the silver aggregatesare �xed in gelatin). (a) � = 540 nm;
curves 2, 3, 4, 5 correspond to 1, 20, 80, 230 pulses; (b) � = 641 nm; curves 2 and 3
correspond to 20 and 120pulses,respectfully, and curve 4 to 120pulsesat W = 8� 10� 3

J/cm 2.
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Figure 3: Various schemesof optical phase-conjugationexperiments with the aggregated
silver hydrosol (a) and the temporal behavior of the photomodi�cation processin the
�eld of laser pulses(b). Plots 1 - 4 display the energyof the generatedsignal 4 vs time
delay of the probe pulse 3 with respect to the overlapping nearly equally intense30-ps
pulses1 and 2 which produce optical grating in the sol. The delay is controlled by the
shift of the mirror. The plots 1, 2, 3 and 4 are obtained at intensities of the pulse 2 of
2:75� 108; 6:92� 108; 8:25� 108 and 109 W/cm 2, correspondingly.
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Figure 4: Typical absorptionspectra of silver hydrosolsand their evolution in the process
of aggregation: (1) initial aggregation stage; (2-4) hydrosol prepared on the basis of
collargol at various stagesof aggregation;and (5) hydrosol prepared by the procedure
[9, 39, 43] using NaBH4. Curves4 and 5 correspond to the developed stageof hydrosol
aggregation.
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Figure 5: Changesin the absorption spectra of Ag C-hydrosol during aggregation. The
colorsof the solutionsare: (K) yellow; (1) densepurple blue; (2) densebrown; (3) brownish
red; (4) yellow; (5) dark orange;(6) red.
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Figure 6: Changesin the absorption spectrum of Ag A-hydrosol occurring in darkness
after preliminary exposure to light with the wavelength � = 500 nm, intensity I = 3
mW/cm 2 and exposuretime of 10 hours. The time betweenthe changescorresponding
to curves1 and 2 was 6 days. The time betweenthe changescorresponding to curves2
and 3 was 8 days. The colorsof the solutionsare: (1) red; (2) dark red; and (3) greenish
brown.
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Figure 7: Changesin the absorptionspectraof a Ag hydrosolcausedby laserradiation: (1)
initial spectrum of a non-aggregatedhydrosol; (2) changesin the spectrum after exposure
of the solution to the radiation of an argon laser (� = 514.5nm, intensity 50 mW/cm 2,
exposuretime of 2 hours); (3) changesin the spectrum after irradiation of the solution
with 15pulsesof a ruby laser(� = 694nm, W = 3 J/cm 2, � = 30ns); (4) initial spectrum
of a Ag hydrosol beforeits exposureto the radiation of an YAlO 3 : Nd laser;(5) changes
in the spectrum after irradiation with 20 pulsesof the secondharmonic of an YAlO 3: Nd
laser (� = 540 nm, W= 1.5 mJ/cm 2, � = 30 ps); and (6) changesin the spectrum after
irradiation with 250pulsesof an excimer (XeCl) laser (� = 308nm, W = 90 mJ/cm 2, �
= 30 ns); (3a, 5a, 6a) di�eren tial spectra of the hydrosols(with respect to curve 4). The
valuesof "max (� pl) for curves3, 5, and 6 are di�eren t becauseof di�eren t radiation doses
(for explanations,seethe text).
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Figure 8: Simulation of 3-D coagulation in the ensemble of 50 monodispersesilver par-
ticles with a diameter of 20 nm (upper) and the calculated corresponding evolution of
spectral dependenciesof the imaginary part of their linear optical susceptibility (absorp-
tion spectra)(lower).

39



Figure 9: Variations in the absorptionspectra of fractal aggregatesformedfrom monodis-
perseparticles as a function of their sizes(2Rm ): (1) 18.2, (2) 19.8, (3) 21.6, (4) 23.1
nm.
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Figure 10: Absorption spectra of silver fractal aggregatesat various values of the ho-
mogeneouswidth of absorption spectrum (� � ) attributed to the particles comprisingan
aggregate:(1) 50, (2) 80, (3) 100, (4) 120,and (5) 150nm.
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Figure 11: Absorption spectra of fractal aggregatesof a polydisperseensemble of particles
with the homogeneousabsorption spectrum of an isolated single particle � � = 100 nm
but for di�eren t distributions of the particles over their sizes. (a) The variation in the
distribution is performed by adding larger particles to particles of the samesizeof 2R i

= 21 nm (N is the number of particles). (b) A polydispersesol is prepared by adding
smaller particles to a monodispersesystem with 2Ri = 21 nm. (c) A polydispersesol
is preparedby adding smaller particles to a polydispersesol containing larger particles,
corresponding to the statistical distribution in the initial polidispersesol in the case5
depicted in part (a) above. The plot (c) displays the conservation of the contrast of the
secondarymaximum in a spectrum, which is combined with a signi�cant shift of this
maximum to the long-wavelength range.
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Figure 12: Dependenceof the absorption spectra of fractal aggregatesof polydisperse
silver sols, having identical size-distribution pro�les, on the position of the distribution
maximum, 2Rm : (1) 16.5, (2) 18.2, (3) 19.8, (4) 21.5, (5) 23.1, (6) 24.8, (7) 26.4, (8) 28
nm.
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Figure 13: Absorption spectrum of a polydisperseensemble of silver particles with maxi-
mum size-distribution at Rm = 23:1 nm (corresponding to the case5 in Fig. 12). Curves
1 - 4 display the spectrum evolution at variousstagesof the aggregationprocess(cf. Figs.
4 and 8).
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Figure 14: Variation in the absorptionspectraof an ensemble containing fractal aggregates
and an additional small fraction f of free isolated particles as a function of the value of
this fraction: (1) spectrum of isolated particles. (2 - 6) spectra of the fractal aggregate
composedof 50 particles in the presenceof free particles at f = 1/10, 1/12.5, 1/17, 1/25,
1/50, respectively.
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Figure 15: Observed and calculatedabsorption spectra of silver hydrosols. (a) Observed
absorptionspectra at (1) the initial and (2) developed stagesof aggregation[9] and corre-
sponding size-distribution function; (b) Basedon the generaltheory of OPFC, calculated
absorptionspectra for the size-distribution function similar to that reported in [9]. In the
caseof (a), D i is the diameter of the metallic coreof the particles.
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Figure 16: Absorption spectra of fractal aggregatessimulated by using the expressionfor
the particle dipole polarizability, which accounts for the spectral dependenceof a metal
permittivit y (the approximation of the Drude model). The sizedistribution corresponds
to 2Rm of (1) 18.2, (2) 23.1, (3) 26.4 nm (seethe similar curves2, 5, and 7 in Fig. 12),
and (4) spectrum of isolated particles.
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Figure 17: Speci�c featuresof the absorption spectra "(� ) of silver hydrosolsat a speci�c
degreeof aggregationA: (1) A = 0 - hydrosol with isolated particles; (2) A = 0.8 -
intermediatestageof aggregationwhena signi�cant fraction of particles is combined into
fractal aggregates;and (3) A = 1 - all the particles are combined into fractal aggregates.
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Figure 18: Time dependenceof (a) the degreeof aggregation(according to the spectral
data) multiplied by the total number of all particlesin the system(including the composite
ones)A� 0 for the processof spontaneousaggregationof 50 particles in the time period
restricted by the condition 50 > � 0 > 25 (numerical simulation) and (b) the degreeof
aggregationA at 50 > � 0 > 1 (the samemodel)
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