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The nonlinear optical properties and the role of the surface-plasmon resof&®PReon optical

limiting (OL) properties of Ag—Cu nanoclusters co-doped in Sittrix prepared using the sol-gel
technique with a Cu/Ag molar ratio of 1, 2 and 3, respectively, are presented. The studies were
made using the second harmonic of high-power nanosecond and picosecond Nd: YAG lasers. These
films show a self-defocusing nonlinearity with both nanosecond and picosecond pulses and a good
nonlinear absorption behavior with the nanosecond pulse excitation. The nonlinear refractive index
decreased with decreasing particle size, whereas the nonlinear absorption increased with an increase
in Cu concentration. The observed nonlinear absorption is explained by taking into account the
cumulative effect of both the intraband and interband mechanisms. The excitation near the SPR of
Cu resulted in an enhanced OL behavior with increasing Cu concentration. No such concentration
dependence is observed when the excitation is near the SPR of Ag, however, the limiting threshold
is reduced approximately 10—17 times. Excitation at wavelengths far below the SPR of Ag and Cu
has not shown any OL behavior. The major contribution toward OL is observed to be from the
interband absorption and from a possible energy transfer within the higher unoccupied states of Cu
and Ag. Although nonlinear scattering is observed at higher intensities, its contribution is found to
be much less than that of the nonlinear absorption assisted by an energy trar®®4 @merican
Institute of Physics[DOI: 10.1063/1.1804228

I. INTRODUCTION plasmon resonancéSPR toward the OL properties of
Ag—Cu nanoclusters co-doped in Si@atrix.

The optical nonlinearity of metal nanoparticles in dielec-
trics has attracted much attention because of the high polar-
izability and ultrafast nonlinear response that can be utilized!- MATERIAL DESCRIPTION
in potential optical devicebMetal clusters and nanoparticles The composite materials formed by Ag and Cu nano-
are promising materials for different nonlinear optiddLO)  clusters embedded in a silica glass matrix are prepared
processes like optical Iimiting‘)L),2 optical switching, and by sol-gel technique. A constarfilAg+xCu)/SiO, molar
computing®~’ Optical limiters are devices required to protect ratio of 0.175 is maintained while preparing the films. The
the sensors and eyes from laser sources by keeping the trarsimples having the Cu/Ag molar composition of
mitted energies below the damage thresfol@his is (x=1) 1,2,3 arenamed as 1Ag1Cu, 1Ag2Cu, and 1Ag3Cu,
achieved with the help of one or more NLO phenom&na. respectively. All the films show a reasonably homogenous
Silver,'® copper:* and alloy nanoclustetsin semicontinuous  distribution of clusters throughout, and the Cu/Ag atomic
thin films, in colloids, and in different glass matrices areratios are well maintained. The thickness of all the three
extensively studied for the NLO and OL applicatic}ﬁél.5 films used is 150+10 nm. The synthesis and properties of the
Different metal alloy nanoclusters*are also studied in this films used in this study are reported elsewHgér&he prop-
aspect. Among the recent challenges are the preparation aedies relevant for the present study such as, the size and the
characterization of the well-defined nanoscale particles foshape of the nanoclusters in Ag—Cu films and the linear
nonlinear optical evaluations. Different techniques have beetransmittance at 532 and 435 nm, are given in Table I. The
developed for promoting the formation of small metal clus-
ters in various matrices. The sol-gel technique of preparingABLE I. Size and shape of the nanoclusters in Ag—Cu films studied.
different metal particles in a desired glass matrix is one otinear transmittance at 532 and 435 nm is given.
them?’ Different metal particles, organic nanocrystiis,
fullerenes, and nanoparticles doped in sol-gel gldgﬁésare
well studied for the NLO and OL applications. In this paper, Ag:Cu (nm) Shape 532 nm 435 nm
we report the NLO properties and the role of the surface-

Molar ratio  Size Linear transmittanc@o)

40-50 Spheroid 77.5 58.5
1:2 25-35 Spheroid and spherical 75 495
dauthor to whom correspondence should be addressed; electronic mail: 1:3 15-20 Spherical 72 47.2
dnrsp@uohyd.ernet.in
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1.0 — 1 . 1 rr 1 T - 7 diameter is observed. With the increasing concentration of
ﬁ Cu, the distribution of clusters is more uniform. Although in

$ 3 ——1AglCu | the dipole approximation SPR is independent of the particle

3 —+—1Ag2Cu size, it has been found that the width and peak position of the
—>—1Ag3Cu | SPR band depends on the particle size, shape, and on the
environment?

0.8 1

[ll. EXPERIMENTAL DETAILS

T Two frequency-doubled Nd:YAG lasef§32 nn), one
with a 6 ns, 10 Hz, repetition rate and another with a 25 ps,
10 Hz repetition rate are used for the experiment. Open and
closed aperturi-scaﬁ5 studies are done by focusing the
6 ns laser pulses on to the sample, using a lens of an 80 mm
focal length with a beam waist of 30—36n at focus, lead-
ing to peak intensities in the range of 0.3—1.2 GW &rithe
transmitted output is collected effectively onto a fast photo-
diode, which is connected to the data acquisition system con-
sisting of the boxcar averager and computer. Same results are
observed with the repeated measurements at different posi-
tions on the sample. The open and closed apei@dsean
0.0 T T | — 1 measurements are used to evaluate the nonlinear absorption
300 400 500 600 700 800  and nonlinear refraction properties, respectively. The closed
apertureZ-scan measurements are also done with the 25 ps
Wavelength (nm) pulses, 10 Hz repetition rate to find the contribution of ther-
FIG. 1. Absorption spectrum of Ag—Cu nanoclusters co-doped i SiO mal nonlmef’mtles' .
gel matrix. The arrows indicate the excitation wavelengths used to perform Three different excitation wavelengths are used to study
the OL studies. the contribution of the SPR band for OL. The 6 ns
frequency-doubled Nd:YAG lase532 nnm) generates the
first Stokes line at 683 nrfl4642 cm?) and the first anti-
absorption spectra of the films are shown in Fig. 1, and th&igkes at 435 nni22952 cm?), using a Raman cell filled
arrows indicate the excitation wavelengths used for the Olyitn H, gas(vibration mode 4155 ci). These Stokes and
studies. The films were reheated at 600°C for 1 h in an 8%nti-stokes lines are used as the excitation wavelengths. The
of Hx-92% of N, atmosphere to remove any oxidation of ,ymp, the Stokes, and the anti-Stokes lines are separated by
silver and copper metals embedded in the film. No noticeablgeans of a Pellin-Broca prism mounted on a rotation stage.
change in the absorption spectra is observed before and aftghe OL studies are performed using the f/30 geometry for
the heat treatment. The atomic force microscope images rene excitation at 532 nm and the f/15 geometry for the exci-
vealed that the films exhibit the same surface characteristiqgtions at 435 and 683 nm. The intensity-dependent scatter-
as that of Ref. 22 and the films did not deteriorate with t|melng measurements are done at different angas‘rom the

The surface-plasmon band, which arises from the oscillationgxis of propagation and at different excitation wavelengths
of the free electrons in the conduction band, occupying enysing the 6 ns laser.

ergy states near the Fermi level, is shifted in these samples

compared to that of the pure Ag and Cu nanoclusters embegy. RESULTS AND DISCUSSION
ded in SiQ. The SPR bands corresponding to both Ag andA Nonli ical i
Cu are clearly seen in the Ag—Cu co-doped films, indicating - onlinear optical properties

that these nanoclusters do not form alloys and retain their Figures 2a) and 2b) show the closed and open aperture
individuality. In the case of an alloy formation, a single SPRtransmittance of theZ-scan curves, respectively, for the
should come between the position of the surface-plasmotAg2Cu sol-gel film with 6 ns pulses at 532 nm. Figure 3
band of Ag and Cu, as reported for the Au—@Ref. 1) and  shows the closed aperturescan curve with 25 ps pulses for
Au-Ag (Ref. 23) systems. In the transmission electron mi- the 1Ag2Cu sol-gel film at 532 nm. The beam waist at focus
croscopy electron diffraction studies, we observed both spotsf 6 ns and 25 ps pulses is approximately 30 andu8h
corresponding to Ag and Cu fcc phases, indicating the presespectively. The peak intensity at focus for thecan mea-
ence of Ag- and Cu-mixed nanocrystals. The size and distrisurements for all the films is 0.50 GW cfrfor both the 6 ns
bution of the clusters is clearly dependent on the compositiomnd 25 ps pulses. The standard proce%f’ui&e followed to

of the film. A distribution of clusters of 5 and 40—50 nm in obtain the pure refractive nonlinearity. The linear absorbance
diameter coexists in the 1Ag1Cu films. With the increasingfor 1Ag1Cu, 1Ag2Cu, and 1Ag3Cu films at 532 nm is
concentration of copper, the clusters became more sphericdl.225, 0.25, and 0.28, respectively. The peak-valley trace in
In the 1Ag2Cu film, the relatively larger clusters are spher-the closed aperturg scan shows that these films have self-
oid. In the case of the 1Ag3Cu sample, a homogenous digdefocusing(negative,n,<0) nonlinearity. Earlier reports on
tribution of the spherical-shaped clusters with a 5—20 nmindividual Cu and Ag nanoclusters of sizes in the range of
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FIG. 3. Closed aperturg-scan curve of 1Ag2Cu sol-gel film with 25 ps
pulses at 532 nm.

The nonlinear refractive indew, is defined in terms of the
ordinary linear indexny. And the real part of the complex

. . . . s (3) .
FIG. 2. (a) Closed andb) open apertur@-scan curves of 1Ag2Cu sol-gel  third-order nonlinear dielectric susceptlbllng{ is defined
film with 532 nm, 6 ns pulses at an input intensity of 0.32 GW&m

3—10 nm, with picosecond-pulsed ladéfs*’ have shown a
positive nonlinearity. Whereas, in our case of Ag—Cu com-
posite films, the cluster size varies from 15 to 50 nm, and the
contribution will be from both the Ag and Cu nanoparticles.

in Gaussian units tﬂ?
n=ng+n,l,

)

. 0.0395
ny(cm? W1 = =———x¥(esv),

0

The observed negative nonlinearity could be due to the nonwherel is the laser intensity. The estimated valuespénd
radiative relaxations during the intraband transitions. AI-ng) for different films with nanosecond and picosecond
though the laser-induced permanent sign reversal of the nopulses are given in Table Il. For a fixed value $fwith an
linear refractive index is reported in Ag nanoclusters in aincreasing input intensity, the value &f,_, increases with a
soda-lime glas&® we have not observed any such permanentiominating valley in the closed apertuZescan curve, indi-
effect in the intensity ranges used. We observed a good nomating the presence of a nonlinear absorption in these films.
linear absorption with the nanosecond pulse excitationThe values of then, measured foAT, ,~15% are of the
which increases with the increasing input intensity, whereasrder of 10° cn?/W for all the three films. The closed ap-
no nonlinear absorption is observed on the excitation witherture Z-scan curves with the undoped silica film shows a

picosecond pulses. The nonlinear refractive indexs cal-

transmission variatiom\T,,_, <1.5% —2%, whereas for the

culated from the difference between the normalized peak andoped glass samples, the variation~45-20+2%, which

valley transmittancéAT,_,) in the closed apertur& scan

using the Eqs(1)—(4).

AT, ,=0.4061 - 9°23Ad|, (1)

increases with an increasing laser intensity. Table Il also
gives the normalized transmittance at fodds.;) and the

TABLE II. Measured values of nonlinear refraction at 532 nm from the
closed apertur@ scan and normalized transmittance from the open aperture

|AD| = (27/N) Y oL e 2 Z scan at focus with peak intensities.

Ler =[1 - exd- al)l/«, 3 ny(x10°° cn?/W) x2(x107 esy _
ny(esy = (cny/40m) y(m4 W), (4 Samele ons 25ps ons 25 ps (6w em?
whereL is the thickness of the sample, s the linear ab- 3570 200000 D00ty U0 (oeiosr 0se. 069
sorption coefficient at 532 nnt, (m/9) is the speed of light 1Ag3Cu  1.66+0.3 2.80+0.5 0.89+0.16 1.50+0.35 0.88, 0.72

in vacuum, andsis the linear transmittance of the aperture.
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peak intensities at the focug, for the open aperturg-scan 30— — T —

curves. The values of the nonlinear refractive indgxmea-

sured with 6 ns and 25 ps pulses at 10 Hz repetition rate are 25+ .

nearly the same. Further, both the nanosecond and picosec- 1

ond measurements show a decrease in the valumg while 204 §

going from a film with a low absorbance of 0.226Ag1Cuy ] o

to a film of a high absorbance of 0.2Z8Ag3Cu. This result 154 ]

clearly shows that the nonlinearity is predominantly elec- 10_' (a) l

tronic in origin rather than thermal. If the thermal contribu- > | O lAgICu-.

tions were dominant, we would see an increase,iwith an g 5 A ]

increase in absorption. 2 7] 1Ag2Cu
Then, values measured with 25 ps pulses show slightly & 0 O 1Ag3Cu_‘

higher values than with the 6 ns pulses. We, however, cannot § 0 10 20 30 40 50 60

draw any conclusion from this due to the large pulse-to-pulse i . : : : : .

fluctuation and the small differences between the nanosecond &

and picosecond values. These values, however, match with §~ 3.0 .

the earlier measurements with the 6 ps, 15.2 MHz repetition O

rate puls€? The thermal loading effects were reported only

at the high repetition rate of 76 MHz, leading to an increase 2.0
in the nonlinearity by an order of magnituél?e3.°The figure

of merit for the third-order nonlinearity(is)/a, measured

using the two-beam degenerate four-wave mixing configura- Lo- _',;u 0O 1AglCu

tion by Uchidaet al,*® shows an increase in the value, with 7 X 1Ag2Cu
the particle size of Cu as well as Ag, with a ratio of 1.7 from ] }} O 1Ag3Cu
40 to 15 nm Cu particles. Our values measured from the A

closed apertur& scan match well with their data for the 0.0 4H—7—————
nanosecond pulses, but give a ratio of 1.1 for the picosecond 0 4 8 12 16 20 24

2
pulses. We, therefore, attribute the steady increase imthe Input Fluence (Jem™)
values to the increase Q/f3) as a function of the particle size
from 1Ag3Cu to 1Agl1Cu.

FIG. 4. Optical limiting curves of Ag—Cu metal nanoclusters in sol-gel
matrix (a) at 532 andb) 435 nm. The solid lines are the theoretical fits to
the curves.

B. Optical limiting properties

=3.85 eV or 322 nifrom the occupied states to the un-

These films are studied for OL, where the input ﬂuenceoccupieds states. When excited at 532 ni&33 e\} and

is varied from 30uJ cn? to 60 Jem?, for the 532 nm ex- 435 nm(2.86 eV), the electrons in the filled band of Cu
citation, and from 1QuJcm? to 23Jcm? for Nex il get excited to the unoccupied states in fheonduction
~ 435 nm excitation. The limiting curves at 532 and 435 NMpand due to the interband transitions. These excited electrons
for thes_e f||_ms are shown in Figs(ad and 4b), respectlve_ly. are free carriers attaining a whole spectrum of energies, both
The solid lings) in Figs. 4a) and 4b) show the theoretical kinetic and potential, immediately after the absorption, lead-
fits using Eq.(8). At 532 nm, the limiting threshold has de- ng to the bleaching of the ground-state plasmon band. This
creased with the increasing Cu/Ag ratio from 47.22 t0process is accompanied by the nascent excited state showing
27.88 J cm?, whereas no such concentration dependence ig ransient absorption due to the free-carrier absorgfion.
observed with the 435 nm excitation. However, the limiting In the case of metal nanoparticles, electron dynamics
threshold was reduced te2.74 J cm? in the case of exci- gisg play an important role in the interband/intraband transi-
tation at 435 nm. The excitation at 683 nm has not showljons, and the possible processes are depicted in Fig. 5. The
any OL behavior in these films. The limiting threshéld))  glectron dynamics in metals occur in several steps. One is the

values are given in Table Ill. . _ nonthermal distribution created by an optical pulse, which
Different processes like transient absorption, photoejec-

tion of electrons by a two-photon or multiphoton
absorptiort* interband and intraband transitiotfsand non-

linear scatterinﬁ2 are reported to be leading to the OL in
nanoclusters. A laser pulse can cause an interband or an inviolar ratio  Limiting threshold],(J cnT?) BoIn"(cm?/ )2
traband absorption in the metal nanoparticle system, depend-

TABLE IlI. Limiting thresholds and the interband transition coefficients for
Ag—Cu films at 532 and 435 nm.

ing on the excitation wavelength and incident intensity. In__ 9" 232 nm 435 nm 532 rin 435 nnt
the case of Cu, the SPR is situated near the interband transi- 1:1 48.2 2.74 0.00775 0.518
tionsd— p (Egp=2.17 eV or 571 nmfrom the filledd band 1:2 35.5 2.7 0.01114 0.520
to the unoccupied states in tipeconduction band. For Ag, 1:3 27.88 2.7 0.01388 0.521

the SPR is situated well below the interband transitiorfz 7y the effective nonlinear absorption coefficient.
thresholdsd— p (E4,=3.99 eV or 310 nm and p—s(E,s  "1+(2n"/b)~1.575 and 1.113 for 532 and 435 nm.
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AV The extinction coefficient for an ensemble of metal
e il 13708 ool nanoparticles dispersed in a dielectric matrix, can be ex-
il pressed in terms of the complex dielectric function of the
2 . .
= +
Free-catrier sbsorptio metal nanoparticles(w)=g;(w)+iey(w) as

15 excited-state

1%t excited-state 312
Conduction band ] — WVey we,(w)

Conduction band K
b
CuSPR c [ey(w)+2e4)?+ eg(w)
221eV(562 nm)

(6)

Plasmon absorption

Ground-state
Conduction band

Ground-stat i i i i i
coramdstate wheregy is the dielectric constant of the surrounding matrix

and will be assumed frequency independent and real. The

1
A
1
1
1
1

! Interband transition! L
| | ierband trnsiony absorption is resonantly enhanced close to the SPR fre-
dband quency, minimizing the denominator, which is the condition
Silver Copper for the surface-plasmon resonaﬁcessumings(w):nz(w)

Ef;”f;";‘,’(é;‘;“m“,‘; E,, =217V (571 nm) =[n’(w)+in"(w)]? and the real part of the linear refractive

" index, n'(w), to be independent of the increasing intensity,
FIG. 5. Energy-level diagram explaining the processes leading to opticaWhereas the 'magmary par@',’(a_)), refe.rred a.S the atten.uatlon
limiting in the co-doped Ag—Cu nanoclusters systems. The plasmon absorgndex, changes with the incident intensity. Following the
tion and free-carrier absorptigsolid block arrows pointing upwargisomi- model for OL by Quet a|_113 the modified extinction coeffi-
nates over the interband transition and two-photon absorptitmited cient and output transmission after the films can be given as

arrows.
1+ B—fl
thermalizes to a hot Fermi distribution in the order of few K= a n , (7)
hundreds of femtoseconds. Another is the electron-phonon 1 —%I
coupling, which leads to an equilibrium of the electron and b
lattice temperatures; this takes place and relaxes within a few
picosecond time scafé:* The relaxation dynamics of the B, |\l
metal nanoclusters depend on the energy absorbed by the 1+ﬁ|0ut
nanoparticles, the size of the nanoparticles, the surrounding lout=lin X To 5 : (8)
matrix, and the excitation waveleng‘?tﬁThe relaxation time 1+ n—fhn

decreases with a particle diameter at higher energies and is

reported to show an increase at the SPR. Faster relaxatiomgere To=eo- is the linear transmittance of the films and
make further excitation of the relaxed electrons and furthe,l, describing the nonlinear attenuation performance, is
transfer of energy via electron-electron and electron-phonofomparable with the nonlinear attenuation indexfor the
interaction possible, as the excitation 6 ns laser pulse i§rong nonlinear absorption. Here, the tegain” is the ef-

present over much wider time scales compared to the relafective nonlinear absorption coefficient and it includes the

ation times. The interband transitions between Cu and A ontribution from all the transitions that come into play at
) . . he intensities used, i.e., both the interband and intraband
occur at much slower time scales compared to the intraband

. . _ transitions, which, in turn, get enhanced because of the en-
transitions, and long-lived free carriers are assumed here t@rgy transfer among the high-lying states from Cu to Ag

play an important role in the reduction of optical limiting anoclusters. Since the excitation wavelengths used are ei-
threshold with different Cu—Ag composites. ther in resonance or above the surface-plasmon levels, the
At 532 nm, as the excitation energy is just above themajor contribution will be from the intraband transitions. Us-
SPR band and higher than the interband threshold of Cu, ihg Eq. (8), the OL curves are fitted and the terg/n”
leads to the generation of more free carriers with an increasexplaining the nonlinear absorption is evaluated.
ing Cu concentration. These excited carriers can relax within At 435 nm, the SPR of both Cu and Ag will contribute
the Cu energy levelgvithin a few picosecondsand can also to the nonlinear absorption because the excitation energy is
relax to the conduction band or SPR band of Ag via electronabove the SPR of Cu and nearer to the SPR of Ag. The

electron interaction and energy transfer among the highefontribution of the SPR bands of both the Ag and Cu nano-

unoccupied states of these metal nanoclusters, which oveflusters toward the nonlinear absorption could be the reason
a drastic reduction in the limiting threshold at 435 nm. It

lap. Such an exchange process leads to a further bleaching s I
. . ; becomes difficult to exactly calculate the contribution of the
the Cu surface-plasmon band, which, in turn, will lead to.

more absorbtion of the incident laser radiation. The OSS.blmdividual metal nanoclusters, which is also supported by the
pl incl 1ation. POSSIDIE, ot that there is no variation in the limiting threshold with an

processes are shown in Fig. 5 and form the basis for Slmlﬁhcreasing Cu concentration at this excitation energy. The

lating the theoretical curves for the evaluation of a nonlineag, 5 es representing the nonlinear absorption performance
attenuation coefficient leading to OL. The solid block arrowseya|uated are given in Table Il

pointing upwards show the strong SPR absorption and free- |n addition to the processes mentioned earlier, we have
carrier absorption; and the dotted lines show a weak interalso observed the nonlinear scattering at high energies
band and a two-photon absorption. (>10 J cm?) from these films, which can be seen in the far
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FIG. 6. Nonlinear transmittance and nonlinear scattering sétyp:,, L; - 8 . i T T '1'0 i T
Lenses, S - Sample. BS - Beam splitter, F - Neutral density filter, PD - A 1.6x10 M e B B B B B B
Photodiode ¢ - angle at which the scattered light was collected. - A
O A
N 4 A
. N .. ) — 1.2x10" A A A s
field. The scattering is clearly visible for the 532 nm excita- & A, Matna st aalfatata 2
tion, whereas at 435 nm, we have not observed such scatte|
ing as the Iovyer input fluences are used. However, the ob-£ 8.0x10™ ) e-
served nonlinear-scattered fluences are much lowel ] A 1Ag2Cu o |
(<500 uJ cni?) and are neglected while evaluating the pa- ® 1Ag3Cu .'
rameters leading to optical limiting. 4.0x10° - .. o Jon, fooe®’ -
Nonlinear transmittance and scattering experiments are ] ®%eee ¢ Cnee?,’
carried out using the /30 geometry. The nonlinear transmit- 0.0
tance is collected on-axis and the nonlinear scattering is col- ) g T T
; ; ; 1x10 1x10 1x10 1x10 1x10
lected at different angles from the axis. The experimental 03
setup is shown in Fig 6. The nonlinear transmittance col- Input Fluence (Jem™)

lected on-axigOOO) and the scatteringx X X) at an angle ) )
of 3.3° from the axis are shown in Fig. 7. At a higher fluence,'C; 8: Scattering curve) at 6~3.3° and 10° for 1Ag1Cu film(b) at
. . . ; 3.3° for 1Ag2Cu and 1Ag3Cu films fore,~532 nm.
the increase in the scattering and a corresponding decrease In
the on-axis transmittance can be clearly seen. The scattered
intensity shown in Fig. 7 is scaled in arbitrary units for com- ergy, with an increasing angle from the beam axis. Figure
parison. We have observed a reduction in the scattering e8(a) shows the scattering at angles of 3.3° and 10° from the
Z axis for the 1Agl1Cu film and Fig.(B) at 3.3° for the
— 1Ag2Cu and 1Ag3Cu films. The observed scattering has also
O Transmittance reduced with the decreasing average particle size from
10150 5 o X Scattered intensity 4 1.0 1Ag1Cu film to 1Ag3Cu film. At a lower fluence, though the
o © ° | amplitude of scattering is less, we have observed a nonlinear
absorption. The nonlinear scattering in nanoparticles is re-
ported to be due to the photoinduced mismatch of the
medium® i.e., the difference in the refractive indices of Ag
and Cu nanopatrticles with the silica film and the size of the
nanoparticles. Size effects are reported in the case of Au
nanoparticle systen‘f’é,where the OL effects are observed at
lower intensities for~15 nm size particles, whereas smaller
particles of ~2 nm do not show any limiting effects. We
have observed a surface damage at the fluence around
75 J cm?, where the transmission has reduced drastically
and the films underwent an irreversible damage. The ob-
served scattering is therefore due to the metal nanoparticles
and not due to the damage to the film. Sol-gel films are well
known to remain stable up to a very high fluence of as high
as 300 J cm' in the nanosecond regirﬁé.‘l’hough the non-
LI DL B UL UL L L IARLLL linear scattering has decreased with a decreasing particle size
1x10®  1x10*  1x10? 1x10° 1x10° from 1Ag1Cu(40-50 nm to 1Ag3Cu(15-20 nm, the
Input Fluence (Jcm-Z) n_onlinear_ absorption has increased With a r_educing particle
size(i.e., increasing copper concentratiomhis is due to the
FIG. 7. Nonlinear transmittanceO) and scattering ) for the 1Agecu  act that the excitation wavelength is closer to the surface-
sol-gel film. The nonlinear scattering is scaled for comparison. plasmon resonance of Cu nanoclusters.

=) =)
o o
i 1
o
)
[o]
8 [o]
[o]
1 [l [
o o =
B o =)

Transmittance (norm. units)

(=] <
[*,% ~
1 1

X

X

X
i
[=}
(=)}

X
x
%xx%)g&x xxx xx%x

X
Scattered intensity(arb. units)

(=]
W
1
1
(=4
w

Downloaded 24 Nov 2004 to 158.144.56.39. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 96, No. 11, 1 December 2004 Kiran et al. 6723

To conclude, we have studied the nonlinear optical prop—“M- R. V. Sahyun, S. E. Hill, N. Serpone, R. Danesh, and D. K. Sharma, J.
erties of SiQ films co-doped with Ag—Cu nanoclusters us- ,/\PP!- Phys. 79, 8030(1996.
i h l-gel method. These films show self-defocusings. Uehida.et al, J. Opt. Soc. Am. BI1, 1238(1994.
Ing t € sol-ge - . NG9, Falconieri,et al, Appl. Phys. Lett.73, 288 (1998).
nonlinearities in both the nanosecond and picosecond reginés. pe, J. Sol-Gel Sci. Technoll1, 289 (1998.

and a good nonlinear absorption leading to the OL behaviot’N. Sanz, A. Ibanez, Y. Morel, and P. L. Baldeck, Appl. Phys. L&8,

in the nanosecond regime. The OL properties of Ag—Cu co;,2569(2002. _ ,
K. V. Yumashev, N. N. Posnov, |. A. Denisov, P. V. Prokoshin, V. P.

doped nanoclusters are investigated at three different WaVe uhaiov, V. S. Gurin, V. B. Prokopenko, and A. A. Alexeeno. J. Opt.

lengths to understand the contribution of SPR toward it. Soc. Am. B 17, 572(2000.
20N, Sanz, P. L. Baldeck, and A. Ibanez, Synth. M&L5 229 (2000.
ACKNOWLEDGMENTS 2IM. Meneghettiet al, Synth. Met. 103 2474(1999.

' _ %G. De, L. Tapfer, M. Catalano, G. Battaglin, F. Caccavale, F. Gonella, P.
The authors acknowledge the financial support from Mazzoldi, and R. F. Haglund, Jr., Appl. Phys. Lef8, 3820(1996).

DRDO and DAE-BRNS, India. One of the authai®. D.) %G. De, G. Mattei, P. Mazzoldi, C. Sada, G. Battaglin, and A. Quaranta,

thanks the Director RI, for the permission to carry out, C"em- Mater.12, 2157(2000.
anks the ector, CGCRY, for the permission to carry ou 243, Link, C. Burda, Z. L. Wang, and M. A. El-Sayed, J. Chem. PHy&L

this work and DST, Government of India for the financial 1255(1999.
support. One of the autho(B.P.K) also thanks CSIR, India, 23, Sheik-Bahae, A. A. Said, T. H. Wei, D. J. Hagan, and E. W. Van
for Senior Research Fellowship. The authors thank ProfessorStryland, IEEE J. Quantum Electro6, 760 (1990.

Deepak Mathur for extending the 25 ps laser facility. *R. F. Haglund, Jr., L. Yang, R. H. Magruder, Iil, J. E. Witting, K. Becker,
and R. A. Zuhr, Opt. Lett.18, 373(1993.

27 :

U. Kreibig and M. Vollmer Optical properties of metal clustetSpringer, ‘17'4M'2$§1”flsgggs' J. Sollis, R. Serna, and C. N. Afonso, Appl. Phys. Lett.

Berlin, 1995. 28, )
2 . . . . D. H. Osborne, Jr., R. F. Haglund, Jr., F. Gonella, and F. Garrido, Appl.
Y. P. Sun, J. E. Riggs, K. B. Henbest, and R. B. Martin, J. Nonlinear Opt. Phys. B: Lasers Opt66, 517 (1998

Phys. Mater.9, 481 (2000. 20, ) ; . .
3D. Ricard, Ph. Roussignol, and C. Flytzanis, Opt. L&, 511 (1985 5 W. Boyd, Nonlinear Optics(Academic, San Diego, CA, 1992Chap.
AL Yang, et al, J. Opt. Soc. Am. B11, 457 (1994).

5T. Tokizaki, A. Nakamura, S. Kaneko, K. Uchida. S. Omi, H. Tanji, and Y. .
Asahara, Appl. Phys. Letts5, 941 (1994). Jr., J. Nonlinear Opt. Phys. Mateb, 285(1996.

bY. Hamanaka, A. Nakamura, S. Omi, N. Del Fatti, F. Vallee, and C. Fly- *P. V. Kamat, M. Flumiani, and G. V. Hartland, J. Phys. Chem162,
tzanis, Appl. Phys. Lett75, 1712(1999. 5o 123(1998. _ _ _ _

N. Del Fatti and F. Vallee, Appl. Phys. B: Lasers O, 383(2001). L. Francois, M. Mostafavi, J. Belloni, J. F. Delouis, J. Delaire, and P.
*Optical Power Limiting Proceedings of the Second International Sympo-  =eneyrou, J. Phys. Chem. B04 6133(2000.

sium [ISOPL 2000, Venice, Italy, 2-5 July 2000, edited by R. Bozio and ~ J.-Y. Bigot, V. Halte, J.-C. Merle, and A. Daunois, Chem. Ph351, 181

%%p. Mazzoldi, G. W. Arold, G. Battaglin, F. Gonella, and R. F. Huglund,

F. Kajzar. (2000.
°L. W. Tutt and T. F. Boggess, Prog. Quantum Electrad, 299 (1993. %iN. Del Fatti, F. Vallee, C. Flytzanis, Y. Hamanaka, and A. Nakamura,
19Q. F. Zhang, W. M. Li, Z. Q. Xue, J. L. Wu, S. Wang, D. L. Wang, and Q. _ Chem. Phys 251, 215(2000.
H. Gong, Appl. Phys. Lett82, 958(2003. V. Halte, J.-Y. Bigot, B. Palpant, M. Broyer, B. Prevel, and A. Perez, Appl.
13 Olivareset al, J. Appl. Phys.90, 1064 (2001). Phys. Lett. 75, 3799(1999.
2R. Philip, G. Ravindra Kumar, N. Sandhyarani, and T. Pradeep, Phys. Rev.V. Joudrier, P. Bourdon, F. Hache, and C. Flyzanis, Appl. Phys. B: Lasers
B 62, 13160(2000. Opt. 67, 627(1998.
%3, Qu,et al, Opt. Commun.203 283(2002. 57L. Smilowitz, et al, Synth. Met. 84, 931(1997.

Downloaded 24 Nov 2004 to 158.144.56.39. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



