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The nonlinear optical properties and the role of the surface-plasmon resonance(SPR) on optical
limiting (OL) properties of Ag–Cu nanoclusters co-doped in SiO2 matrix 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 transfer. ©2004 American
Institute of Physics. [DOI: 10.1063/1.1804228]

I. INTRODUCTION

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
in potential optical devices.1 Metal clusters and nanoparticles
are promising materials for different nonlinear optical(NLO)
processes like optical limiting(OL),2 optical switching, and
computing.3–7 Optical limiters are devices required to protect
the sensors and eyes from laser sources by keeping the trans-
mitted energies below the damage threshold.8 This is
achieved with the help of one or more NLO phenomena.9

Silver,10 copper,11 and alloy nanoclusters12 in semicontinuous
thin films, in colloids, and in different glass matrices are
extensively studied for the NLO and OL applications.13–15

Different metal alloy nanoclusters12,16are also studied in this
aspect. Among the recent challenges are the preparation and
characterization of the well-defined nanoscale particles for
nonlinear optical evaluations. Different techniques have been
developed for promoting the formation of small metal clus-
ters in various matrices. The sol-gel technique of preparing
different metal particles in a desired glass matrix is one of
them.17 Different metal particles, organic nanocrystals,18

fullerenes, and nanoparticles doped in sol-gel glasses19–21are
well studied for the NLO and OL applications. In this paper,
we report the NLO properties and the role of the surface-

plasmon resonance(SPR) toward the OL properties of
Ag–Cu nanoclusters co-doped in SiO2 matrix.

II. MATERIAL DESCRIPTION

The composite materials formed by Ag and Cu nano-
clusters embedded in a silica glass matrix are prepared
by sol-gel technique. A constants1Ag+xCud /SiO2 molar
ratio of 0.175 is maintained while preparing the films. The
samples having the Cu/Ag molar composition of
sx=1d 1,2,3 arenamed as 1Ag1Cu, 1Ag2Cu, and 1Ag3Cu,
respectively. All the films show a reasonably homogenous
distribution of clusters throughout, and the Cu/Ag atomic
ratios are well maintained. The thickness of all the three
films used is 150±10 nm. The synthesis and properties of the
films used in this study are reported elsewhere.22 The prop-
erties relevant for the present study such as, the size and the
shape of the nanoclusters in Ag–Cu films and the linear
transmittance at 532 and 435 nm, are given in Table I. The

a)Author to whom correspondence should be addressed; electronic mail:
dnrsp@uohyd.ernet.in

TABLE I. Size and shape of the nanoclusters in Ag–Cu films studied.
Linear transmittance at 532 and 435 nm is given.

Molar ratio Size Linear transmittance(%)

Ag:Cu snmd Shape 532 nm 435 nm

1:1 40–50 Spheroid 77.5 58.5
1:2 25–35 Spheroid and spherical 75 49.5
1:3 15–20 Spherical 72 47.2
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absorption spectra of the films are shown in Fig. 1, and the
arrows indicate the excitation wavelengths used for the OL
studies. The films were reheated at 600°C for 1 h in an 8%
of H2-92% of N2 atmosphere to remove any oxidation of
silver and copper metals embedded in the film. No noticeable
change in the absorption spectra is observed before and after
the heat treatment. The atomic force microscope images re-
vealed that the films exhibit the same surface characteristics
as that of Ref. 22 and the films did not deteriorate with time.
The surface-plasmon band, which arises from the oscillations
of the free electrons in the conduction band, occupying en-
ergy states near the Fermi level, is shifted in these samples
compared to that of the pure Ag and Cu nanoclusters embed-
ded in SiO2. The SPR bands corresponding to both Ag and
Cu are clearly seen in the Ag–Cu co-doped films, indicating
that these nanoclusters do not form alloys and retain their
individuality. In the case of an alloy formation, a single SPR
should come between the position of the surface-plasmon
band of Ag and Cu, as reported for the Au–Cu(Ref. 1) and
Au–Ag (Ref. 23) systems. In the transmission electron mi-
croscopy electron diffraction studies, we observed both spots
corresponding to Ag and Cu fcc phases, indicating the pres-
ence of Ag- and Cu-mixed nanocrystals. The size and distri-
bution of the clusters is clearly dependent on the composition
of the film. A distribution of clusters of 5 and 40–50 nm in
diameter coexists in the 1Ag1Cu films. With the increasing
concentration of copper, the clusters became more spherical.
In the 1Ag2Cu film, the relatively larger clusters are spher-
oid. In the case of the 1Ag3Cu sample, a homogenous dis-
tribution of the spherical-shaped clusters with a 5–20 nm

diameter is observed. With the increasing concentration of
Cu, the distribution of clusters is more uniform. Although in
the dipole approximation SPR is independent of the particle
size, it has been found that the width and peak position of the
SPR band depends on the particle size, shape, and on the
environment.24

III. EXPERIMENTAL DETAILS

Two frequency-doubled Nd:YAG laserss532 nmd, 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 apertureZ-scan25 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 30–35mm at focus, lead-
ing to peak intensities in the range of 0.3–1.2 GW cm−2. The
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 apertureZ-scan
measurements are used to evaluate the nonlinear absorption
and nonlinear refraction properties, respectively. The closed
apertureZ-scan measurements are also done with the 25 ps
pulses, 10 Hz repetition rate to find the contribution of ther-
mal nonlinearities.

Three different excitation wavelengths are used to study
the contribution of the SPR band for OL. The 6 ns
frequency-doubled Nd:YAG lasers532 nmd generates the
first Stokes line at 683 nms14642 cm−1d and the first anti-
Stokes at 435 nms22952 cm−1d, using a Raman cell filled
with H2 gas(vibration mode 4155 cm−1). These Stokes and
anti-Stokes lines are used as the excitation wavelengths. The
pump, the Stokes, and the anti-Stokes lines are separated by
means of a Pellin-Broca prism mounted on a rotation stage.
The OL studies are performed using the f/30 geometry for
the excitation at 532 nm and the f/15 geometry for the exci-
tations at 435 and 683 nm. The intensity-dependent scatter-
ing measurements are done at different anglessud from the
axis of propagation and at different excitation wavelengths
using the 6 ns laser.

IV. RESULTS AND DISCUSSION

A. Nonlinear optical properties

Figures 2(a) and 2(b) show the closed and open aperture
transmittance of theZ-scan curves, respectively, for the
1Ag2Cu sol-gel film with 6 ns pulses at 532 nm. Figure 3
shows the closed apertureZ-scan curve with 25 ps pulses for
the 1Ag2Cu sol-gel film at 532 nm. The beam waist at focus
of 6 ns and 25 ps pulses is approximately 30 and 35mm,
respectively. The peak intensity at focus for theZ-scan mea-
surements for all the films is 0.50 GW cm−2 for both the 6 ns
and 25 ps pulses. The standard procedure25 is followed to
obtain the pure refractive nonlinearity. The linear absorbance
for 1Ag1Cu, 1Ag2Cu, and 1Ag3Cu films at 532 nm is
0.225, 0.25, and 0.28, respectively. The peak-valley trace in
the closed apertureZ scan shows that these films have self-
defocusing(negative,n2,0) nonlinearity. Earlier reports on
individual Cu and Ag nanoclusters of sizes in the range of

FIG. 1. Absorption spectrum of Ag–Cu nanoclusters co-doped in SiO2 sol-
gel matrix. The arrows indicate the excitation wavelengths used to perform
the OL studies.
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3–10 nm, with picosecond-pulsed lasers6,26,27have 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.
The observed negative nonlinearity could be due to the non-
radiative relaxations during the intraband transitions. Al-
though the laser-induced permanent sign reversal of the non-
linear refractive index is reported in Ag nanoclusters in a
soda-lime glass,28 we have not observed any such permanent
effect in the intensity ranges used. We observed a good non-
linear absorption with the nanosecond pulse excitation,
which increases with the increasing input intensity, whereas
no nonlinear absorption is observed on the excitation with
picosecond pulses. The nonlinear refractive indexn2 is cal-
culated from the difference between the normalized peak and
valley transmittancesDTp−vd in the closed apertureZ scan
using the Eqs.(1)–(4).

DTp−v = 0.406s1 − Sd0.25uDF0u, s1d

uDF0u = s2p/ldgI0Leff, s2d

Leff = f1 − exps− aLdg/a, s3d

n2sesud = scn0/40pdgsm2/Wd, s4d

whereL is the thickness of the sample,a is the linear ab-
sorption coefficient at 532 nm,c sm/sd is the speed of light
in vacuum, andS is the linear transmittance of the aperture.

The nonlinear refractive indexn2 is defined in terms of the
ordinary linear indexn0. And the real part of the complex
third-order nonlinear dielectric susceptibilityxr

s3d is defined
in Gaussian units by29

n = n0 + n2I ,

s5d

n2scm2 W−1d =
0.0395

n0
2 xr

s3dsesud,

whereI is the laser intensity. The estimated values ofn2 and
xr

s3d for different films with nanosecond and picosecond
pulses are given in Table II. For a fixed value ofS, with an
increasing input intensity, the value ofDTp−v increases with a
dominating valley in the closed apertureZ-scan curve, indi-
cating the presence of a nonlinear absorption in these films.
The values of then2 measured forDTp−v,15% are of the
order of 10−9 cm2/W for all the three films. The closed ap-
erture Z-scan curves with the undoped silica film shows a
transmission variationDTp−v,1.5% –2%, whereas for the
doped glass samples, the variation is.15–20±2%, which
increases with an increasing laser intensity. Table II also
gives the normalized transmittance at focussTz=0d and the

TABLE II. Measured values of nonlinear refraction at 532 nm from the
closed apertureZ scan and normalized transmittance from the open aperture
Z scan at focus with peak intensities.

n2s310−9 cm2/Wd xr
s3ds310−7 esud

TZ=0,I00

sGW cm−2dSample 6 ns 25 ps 6 ns 25 ps

1Ag1Cu 3.08±0.4 3.12±0.6 1.65±0.21 1.68±0.43 0.86, 1.14
1Ag2Cu 2.14±0.2 2.90±0.5 1.15±0.12 1.56±0.37 0.83, 0.93
1Ag3Cu 1.66±0.3 2.80±0.5 0.89±0.16 1.50±0.35 0.88, 0.72

FIG. 3. Closed apertureZ-scan curve of 1Ag2Cu sol-gel film with 25 ps
pulses at 532 nm.

FIG. 2. (a) Closed and(b) open apertureZ-scan curves of 1Ag2Cu sol-gel
film with 532 nm, 6 ns pulses at an input intensity of 0.32 GW cm−2.
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peak intensities at the focusI00 for the open apertureZ-scan
curves. The values of the nonlinear refractive index,n0, mea-
sured with 6 ns and 25 ps pulses at 10 Hz repetition rate are
nearly the same. Further, both the nanosecond and picosec-
ond measurements show a decrease in the value ofn2 while
going from a film with a low absorbance of 0.225s1Ag1Cud
to a film of a high absorbance of 0.28s1Ag3Cud. This result
clearly shows that the nonlinearityn2 is predominantly elec-
tronic in origin rather than thermal. If the thermal contribu-
tions were dominant, we would see an increase inn2 with an
increase in absorption.

The n2 values measured with 25 ps pulses show slightly
higher values than with the 6 ns pulses. We, however, cannot
draw any conclusion from this due to the large pulse-to-pulse
fluctuation and the small differences between the nanosecond
and picosecond values. These values, however, match with
the earlier measurements with the 6 ps, 15.2 MHz repetition
rate pulse.22 The thermal loading effects were reported only
at the high repetition rate of 76 MHz, leading to an increase
in the nonlinearity by an order of magnitude.22,30 The figure
of merit for the third-order nonlinearityxr

s3d /a, measured
using the two-beam degenerate four-wave mixing configura-
tion by Uchidaet al.,15 shows an increase in the value, with
the particle size of Cu as well as Ag, with a ratio of 1.7 from
40 to 15 nm Cu particles. Our values measured from the
closed apertureZ scan match well with their data for the
nanosecond pulses, but give a ratio of 1.1 for the picosecond
pulses. We, therefore, attribute the steady increase in then2

values to the increase ofxr
s3d as a function of the particle size

from 1Ag3Cu to 1Ag1Cu.

B. Optical limiting properties

These films are studied for OL, where the input fluence
is varied from 30mJ cm−2 to 60 Jcm−2, for the 532 nm ex-
citation, and from 10mJ cm−2 to 23 J cm−2 for lex

,435 nm excitation. The limiting curves at 532 and 435 nm
for these films are shown in Figs. 4(a) and 4(b), respectively.
The solid line(s) in Figs. 4(a) and 4(b) show the theoretical
fits using Eq.(8). At 532 nm, the limiting threshold has de-
creased with the increasing Cu/Ag ratio from 47.22 to
27.88 J cm−2, whereas no such concentration dependence is
observed with the 435 nm excitation. However, the limiting
threshold was reduced to,2.74 J cm−2 in the case of exci-
tation at 435 nm. The excitation at 683 nm has not shown
any OL behavior in these films. The limiting thresholdsI1/2d
values are given in Table III.

Different processes like transient absorption, photoejec-
tion of electrons by a two-photon or multiphoton
absorption,31 interband and intraband transitions,13 and non-
linear scattering32 are reported to be leading to the OL in
nanoclusters. A laser pulse can cause an interband or an in-
traband absorption in the metal nanoparticle system, depend-
ing on the excitation wavelength and incident intensity. In
the case of Cu, the SPR is situated near the interband transi-
tionsd→p sEdp=2.17 eV or 571 nmd from the filledd band
to the unoccupied states in thep conduction band. For Ag,
the SPR is situated well below the interband transition
thresholdsd→p sEdp=3.99 eV or 310 nmd and p→s sEps

=3.85 eV or 322 nmd from the occupiedp states to the un-
occupieds states. When excited at 532 nms2.33 eVd and
435 nms2.86 eVd, the electrons in the filledd band of Cu
will get excited to the unoccupied states in thep conduction
band due to the interband transitions. These excited electrons
are free carriers attaining a whole spectrum of energies, both
kinetic and potential, immediately after the absorption, lead-
ing to the bleaching of the ground-state plasmon band. This
process is accompanied by the nascent excited state showing
a transient absorption due to the free-carrier absorption.12

In the case of metal nanoparticles, electron dynamics
also play an important role in the interband/intraband transi-
tions, and the possible processes are depicted in Fig. 5. The
electron dynamics in metals occur in several steps. One is the
nonthermal distribution created by an optical pulse, which

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

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

Molar ratio Limiting threshold,I1/2sJ cm−2d b2/n9scm2/Jda

Ag:Cu 532 nm 435 nm 532 nmb 435 nmb

1:1 48.2 2.74 0.00775 0.518
1:2 35.5 2.7 0.01114 0.520
1:3 27.88 2.7 0.01388 0.521

ab2/n9 is the effective nonlinear absorption coefficient.
b1+s2n9 /bd,1.575 and 1.113 for 532 and 435 nm.
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thermalizes to a hot Fermi distribution in the order of few
hundreds of femtoseconds. Another is the electron-phonon
coupling, which leads to an equilibrium of the electron and
lattice temperatures; this takes place and relaxes within a few
picosecond time scale.33,34 The relaxation dynamics of the
metal nanoclusters depend on the energy absorbed by the
nanoparticles, the size of the nanoparticles, the surrounding
matrix, and the excitation wavelength.35 The relaxation time
decreases with a particle diameter at higher energies and is
reported to show an increase at the SPR. Faster relaxations
make further excitation of the relaxed electrons and further
transfer of energy via electron-electron and electron-phonon
interaction possible, as the excitation 6 ns laser pulse is
present over much wider time scales compared to the relax-
ation times. The interband transitions between Cu and Ag
occur at much slower time scales compared to the intraband
transitions, and long-lived free carriers are assumed here to
play an important role in the reduction of optical limiting
threshold with different Cu–Ag composites.

At 532 nm, as the excitation energy is just above the
SPR band and higher than the interband threshold of Cu, it
leads to the generation of more free carriers with an increas-
ing Cu concentration. These excited carriers can relax within
the Cu energy levels(within a few picoseconds) and can also
relax to the conduction band or SPR band of Ag via electron-
electron interaction and energy transfer among the higher
unoccupied states of these metal nanoclusters, which over-
lap. Such an exchange process leads to a further bleaching of
the Cu surface-plasmon band, which, in turn, will lead to
more absorption of the incident laser radiation. The possible
processes are shown in Fig. 5 and form the basis for simu-
lating the theoretical curves for the evaluation of a nonlinear
attenuation coefficient leading to OL. The solid block arrows
pointing upwards show the strong SPR absorption and free-
carrier absorption; and the dotted lines show a weak inter-
band and a two-photon absorption.

The extinction coefficient for an ensemble of metal
nanoparticles dispersed in a dielectric matrix, can be ex-
pressed in terms of the complex dielectric function of the
metal nanoparticles«svd=«1svd+ i«2svd as

k =
9V«d

3/2

c

v«2svd
f«1svd + 2«dg2 + «2

2svd
, s6d

where«d is the dielectric constant of the surrounding matrix
and will be assumed frequency independent and real. The
absorption is resonantly enhanced close to the SPR fre-
quency, minimizing the denominator, which is the condition
for the surface-plasmon resonance.1 Assuming«svd=n2svd
=fn8svd+ in9svdg2 and the real part of the linear refractive
index, n8svd, to be independent of the increasing intensity,
whereas the imaginary part,n9svd, referred as the attenuation
index, changes with the incident intensity. Following the
model for OL by Quet al.,13 the modified extinction coeffi-
cient and output transmission after the films can be given as

k < a

1 +
b2

n9
I

1 −
2b2

b
I

, s7d

Iout = I in 3 T011 +
b2

n9
Iout

1 +
b2

n9
I in
2

1+s2n9/bd

, s8d

where T0=ek0L is the linear transmittance of the films and
b2I, describing the nonlinear attenuation performance, is
comparable with the nonlinear attenuation indexn9 for the
strong nonlinear absorption. Here, the termb2/n9 is the ef-
fective nonlinear absorption coefficient and it includes the
contribution from all the transitions that come into play at
the intensities used, i.e., both the interband and intraband
transitions, which, in turn, get enhanced because of the en-
ergy transfer among the high-lying states from Cu to Ag
nanoclusters. Since the excitation wavelengths used are ei-
ther in resonance or above the surface-plasmon levels, the
major contribution will be from the intraband transitions. Us-
ing Eq. (8), the OL curves are fitted and the termb2/n9
explaining the nonlinear absorption is evaluated.

At 435 nm, the SPR of both Cu and Ag will contribute
to the nonlinear absorption because the excitation energy is
above the SPR of Cu and nearer to the SPR of Ag. The
contribution of the SPR bands of both the Ag and Cu nano-
clusters toward the nonlinear absorption could be the reason
for a drastic reduction in the limiting threshold at 435 nm. It
becomes difficult to exactly calculate the contribution of the
individual metal nanoclusters, which is also supported by the
fact that there is no variation in the limiting threshold with an
increasing Cu concentration at this excitation energy. The
values representing the nonlinear absorption performance
evaluated are given in Table III.

In addition to the processes mentioned earlier, we have
also observed the nonlinear scattering at high energies
s.10 J cm−2d from these films, which can be seen in the far

FIG. 5. Energy-level diagram explaining the processes leading to optical
limiting in the co-doped Ag–Cu nanoclusters systems. The plasmon absorp-
tion and free-carrier absorption(solid block arrows pointing upwards) domi-
nates over the interband transition and two-photon absorption(dotted
arrows).
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field. The scattering is clearly visible for the 532 nm excita-
tion, whereas at 435 nm, we have not observed such scatter-
ing as the lower input fluences are used. However, the ob-
served nonlinear-scattered fluences are much lower
s,500 mJ cm−2d and are neglected while evaluating the pa-
rameters leading to optical limiting.

Nonlinear transmittance and scattering experiments are
carried out using the f/30 geometry. The nonlinear transmit-
tance is collected on-axis and the nonlinear scattering is col-
lected at different angles from the axis. The experimental
setup is shown in Fig 6. The nonlinear transmittance col-
lected on-axis(sss) and the scattering(333) at an angle
of 3.3° from the axis are shown in Fig. 7. At a higher fluence,
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-
parison. We have observed a reduction in the scattering en-

ergy, with an increasing angle from the beam axis. Figure
8(a) shows the scattering at angles of 3.3° and 10° from the
Z axis for the 1Ag1Cu film and Fig. 8(b) at 3.3° for the
1Ag2Cu and 1Ag3Cu films. The observed scattering has also
reduced with the decreasing average particle size from
1Ag1Cu film to 1Ag3Cu film. At a lower fluence, though the
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,36 i.e., the difference in the refractive indices of Ag
and Cu nanoparticles with the silica film and the size of the
nanoparticles. Size effects are reported in the case of Au
nanoparticle systems,32 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−2, 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−1 in the nanosecond regime.37 Though the non-
linear scattering has decreased with a decreasing particle size
from 1Ag1Cus40–50 nmd to 1Ag3Cus15–20 nmd, the
nonlinear absorption has increased with a reducing particle
size(i.e., increasing copper concentration). This is due to the
fact that the excitation wavelength is closer to the surface-
plasmon resonance of Cu nanoclusters.

FIG. 6. Nonlinear transmittance and nonlinear scattering setup:L1, L2, L3 -
Lenses, S - Sample. BS - Beam splitter, F - Neutral density filter, PD -
Photodiode,u - angle at which the scattered light was collected.

FIG. 7. Nonlinear transmittance(s) and scattering(3) for the 1Ag2Cu
sol-gel film. The nonlinear scattering is scaled for comparison.

FIG. 8. Scattering curves(a) at u,3.3° and 10° for 1Ag1Cu film,(b) at
3.3° for 1Ag2Cu and 1Ag3Cu films forlex,532 nm.
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To conclude, we have studied the nonlinear optical prop-
erties of SiO2 films co-doped with Ag–Cu nanoclusters us-
ing the sol-gel method. These films show self-defocusing
nonlinearities in both the nanosecond and picosecond regime
and a good nonlinear absorption leading to the OL behavior
in the nanosecond regime. The OL properties of Ag–Cu co-
doped nanoclusters are investigated at three different wave-
lengths to understand the contribution of SPR toward it.
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