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Abstract

The absorptive optical nonlinearity in nanoclusters of Au@hexanethiol and Au@dodecanethiol has been investigated. From the

mass spectra, each cluster is estimated to contain about 140 atoms of gold. The optical absorption spectra of the clusters show a

gradual increase in absorbance towards the UV region, over which an extremely weak surface plasmon resonance (SPR) is super-

posed. No plasmon bleach effects are seen when the samples are excited with nanosecond laser pulses at 532 nm. Instead, a reduced

transmission behavior is observed, which fits to a three-photon absorption mechanism. We propose that this nonlinearity is caused

by two-photon induced excited state absorption occurring in the nanoclusters. Femtosecond pump–probe studies show that when

excited and probed at 400 nm, the nonlinearity is very fast with a lifetime of less than 2 ps.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Optical properties of metal nanoparticles is an active

area of current research, owing to their importance in

photonics and nanotechnology. A number of pioneering

studies have appeared on their excited state dynamics

[1–5]. Measurements on ligand-protected and oxide-pro-

tected metal nanoclusters have shown that they are very

good optical limiters. From earlier studies we had found
that at high laser fluences thermally induced scattering

results in optical limiting [6], while at high intensities

free carrier absorption had a contribution [7].

An important deciding factor in the sign of the non-

linearity of metal nanoclusters is the surface plasmon

resonance (SPR), which leads to saturable absorption-

like behavior upon laser excitation [8]. For Au, the

SPR band is typically centered around 530 nm. It was
seen earlier that SPR saturation could partially offset
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the limiting mechanisms in relatively larger (>2 nm)
nanoclusters [6,7]. Therefore in the present work, we

have investigated the nonlinear transmission in smaller

nanoclusters of Au@hexanethiol and Au@dodecaneth-

iol, having particle sizes in the range of 1 nm. The

SPR band is substantially suppressed in these clusters,

so that the optical absorption spectra show only a very

weak structure around the SPR wavelength. Using 7 ns

laser pulses at 532 nm, an exclusive optical limiting
behavior has been observed, without any indications

of an SPR bleach. The temporal dynamics of the nonlin-

earity also is studied using pump–probe measurements

at 400 nm.
2. Experimental

2.1. Synthesis and characterization

The synthesis of the clusters was carried out under

ambient conditions by the Brust method [9], using
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hexanethiol and dodecanethiol as protecting species.

Details of the synthesis are given elsewhere [10]. In

short, 20 ml of 50 mM aqueous HAuCl4 solution and

80 ml (4 mM) tetra-n-octylammonium bromide

(TOAB) in toluene were mixed and stirred vigorously.

Then a 3 mM solution of the respective thiol (hexa-
nethiol or dodecanethiol) in toluene was added and

the resulting mixture was stirred for an additional

20 min. Aqueous 10 mM sodium borohydride (10 ml)

was introduced at once to the stirring mixture. The de-

sired product was obtained after vigorous stirring for

12 h (hexanethiol) and 2 days (dodecanethiol), respec-

tively. The precipitate was filtered, redissolved in tolu-

ene and reprecipitated with excess propanol; the
procedure was repeated twice to ensure that the excess

disulfide/thiol was removed. At this stage, we adopted

column chromatographic techniques for the separation

of the required mass range. This precipitate was

loaded onto silica column (60–120 mesh) and eluted

by 5% ethyl acetate/hexane mixture. The eluted frac-

tions were evaporated and the materials were collected

as dry powders. The mass of the cluster of interest was
confirmed to be 29 kDa by its matrix assisted laser

desorption ionization (MALDI – Voyager DE-PRO

Biospectrometry Workstation from Applied Biosys-

tems) mass spectrum. When the near-absence of the

SPR band in the UV/Vis spectrum (Perkin–Elmer

Lambda 25 UV/Vis spectrometer) also is considered,

it can be concluded that the present sample contains

29 kDa cluster compound exclusively. The MALDI
mass and optical absorption spectra are given in

Fig. 1. Similar MALDI mass and UV/Vis results have

been obtained for the 29 kDa-optimized preparations

of Au@dodecanethiol using the same synthetic

procedure.
Fig. 1. MALDI-TOF spectrum of column separated Au@hexanethiol

cluster compound with the matrix, indole acrylic acid (ratio 1:5)

showing the presence of 29 kDa clusters exclusively. A minor peak due

to the dimer formed during the ionization process [11] is also seen.

Inset: Optical absorbance spectrum of the same sample, showing an

extremely weak surface plasmon resonance around 523 nm.
3. Experimental

The nonlinear transmission properties of the clusters

dissolved in toluene were investigated at 532 nm, using

7 ns laser pulses from a frequency doubled, Q-switched

Nd:YAG laser. From beam measurements using the
knife-edgemethod, the laser was found to have a gaussian

profile. The pulse repetition rate was approximately 1 Hz,

and the energy reaching the sample was appropriately

attenuated using neutral density filters. The intensity

dependent transmission was measured using an open

aperture z-scan [12] set-up, which was automated. In

the z-scan, the laser beam is focused using a lens, and

the sample is translated along the beam axis (z-axis)
through the focal region over a length, several times that

of the confocal distance. At each position, z, the sample

sees a different laser fluence, and the position dependent

(i.e., fluence-dependent) transmission is measured using

an energy probe placed after the sample. In our experi-

ments, we used a lens of 190 mm focal length, and the fo-

cal spot diameter was 34 lm. The pulse-to-pulse energy

stability of the laser was found to be approximately
±5%. Therefore, the energy of each pulse was measured

by a calibrated reference detector, and used in the calcu-

lations, to get a better numerical fit of the experimental

data to the transmission equations. To investigate the

possibility of induced light scattering in the present sam-

ples, a photomultiplier tube (PMT) was used in addition

to the existing detectors, to record the scattered radiation

[6]. The PMT was fixed at an angle of about 15� from the
beamaxis. Bymounting the sample and PMTon the same

translation stage, it was ensured that the PMT was at the

same distance from the sample throughout the scan.

To obtain the temporal evolution of the nonlinear

transmission, pump–probe measurements were per-

formed using 100 fs laser pulses taken from a frequency

doubled (400 nm) Ti:Sapphire Chirped Pulse Amplifier

laser (Spectra Physics, TSA-10). The pulse repetition
rate was approximately 1 Hz.
4. Results and discussion

From the z-scan curves (Fig. 2a), we found that the

nonlinearity is essentially of the reduced transmission

(optical limiting) type. Limiting shown by pure toluene
is negligible here, and the limiting efficiency increases

substantially with sample concentration. Fig. 2b shows

the PMT output (induced scattering) as a function of

the input laser fluence. In general, this scattering is

caused by thermally induced transient refractive index

changes given by Dn = (dn/dt)F0a/2qCv, where dn/dt is

the thermo-optic coefficient, F0 is the fluence, a is the

absorption coefficient, q is the density and Cv is specific
heat at constant volume. Such induced scattering con-

tributes to optical limiting in a number of materials,



Fig. 2. (a) z-scan curves obtained for the 29 kDa Au clusters when excited with 532 nm, 7 ns pulses. The mean laser energy reaching the sample is

38 lJ. Linear transmissions are: solid curve, 0.20; dash, 0.3; dash-dot, 0.47 and dot, 0.67. Circles represent pure toluene. (b) Induced scattering signals

obtained from the PMT, as a function of the input laser fluence. Linear transmissions are: circles, 0.20; triangles, 0.67.
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including C60 [13], metal-dendrimer nanocomposites

[14], and large metal clusters [6,15]. However, in the
present case where the clusters are very small, induced

scattering alone is insufficient to explain the observed

limiting. This point is obvious from the fact that the

scattering amplitudes are nearly the same irrespective

of the sample concentration, particularly at higher input

fluences. Therefore the observed increase in limiting

with sample concentration should have a non-thermal

origin. To investigate this point further, we have esti-
mated the order of the nonlinearity from numerical fit-

ting of the experimental data to the relevant nonlinear

transmission equations [16]. It was found that the net

transmission, T of the clusters could be described either

by a two-photon absorption process given by,

T ¼ ð1� RÞ2 expð�aLÞ=
ffiffiffi
p

p
q0

� �

�
Z þ1

�1
ln 1þ q0 expð�t2Þ
� �

dt ð1Þ

or a three-photon process given by,

T ¼ ð1� RÞ2 expð�aLÞ=
ffiffiffi
p

p
p0

� �

�
Z þ1

�1
ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ p20 expð�2t2Þ

q
þ p0 expð�t2Þ

� �
dt;

ð2Þ

where L and R are the sample length and surface reflec-

tivity respectively, and a is the linear absorption coeffi-

cient. q0 in Eq. (1) is given by b(1 � R)I0Leff, where b
is the two photon absorption coefficient, and I0 is the

on-axis peak intensity. Leff is given by [1 � exp(�aL)]/
a. p0 in Eq. (2) is given by ½2cð1� RÞ2I20L0

eff �
1=2

, where c
is the three photon absorption coefficient, and L0

eff is
given by [1 � exp(�2aL)]/2a. Figs. 3a,b show the least

squares fits obtained for a dilute, as well as a concen-
trated solution, respectively. Calculated SSEs (sum of

squares error) show that in the dilute solution both the

above equations fit with a similar accuracy, while the

three-photon fit is much better in the concentrated solu-

tion. The numerically calculated value of the three pho-

ton absorption coefficient is 2.9 · 10�21 m3 W�2, for the

concentrated sample.

At the outset this looks curious, because in the
present case, there are no compelling reasons for a

pure fifth order nonlinearity to override the third or-

der nonlinearity. However, some parallels to such

behavior can be drawn from previous studies, mostly

conducted in semiconductors. There, the optical non-

linearities in the transparent spectral region can be di-

vided into two categories, namely, the third order

effects arising from bound electrons, and, other effects
due to the photo-generated free carriers. While third

order nonlinearities are important in the femtosecond

time domain, the free carrier nonlinearities become

significant for nanosecond and longer pulse excitation.

One consequence of this situation is that nonlinear

absorption can be caused through charge carriers gen-

erated by two-photon absorption (i.e., a sequential

v(3):v(1) effect), which will appear as a fifth order
(v(5)) nonlinearity [17]. Similarly, an I5 dependence of

the refractive nonlinearity also has been observed in

semiconductor doped glasses, when the band gap of

the semiconductor crystallites become smaller than

twice the photon energy [18,19]. On the other hand,

bi-photonic generation of free carriers in silver col-

loids was discussed by Kamat et al. [20], and the pos-

sibility of free carrier absorption contributing to the



(a) (b) (c)

Fig. 3. (a,b) z-scan curves with numerical fits. Circles are data points. Solid curves are numerical fits to a three-photon absorption process while

dotted curves are those for a two-photon absorption process. Linear transmissions are 0.67 and 0.20 as shown. The mean laser pulse energy is 38 lJ.
(c) Reduction in transmission as a function of laser pulsewidth and sample concentration. Normalized transmittance of the samples at the beam focus

is plotted against sample absorbance (measurements are in a 1-mm cuvette). Absorbance of pure toluene is close to zero. Triangles, 100 fs pulses

(400 nm); circles, 7 ns pulses (532 nm).
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nonlinearity of 3–4 nm sized clusters under picosecond

excitation was suggested [7].

One way to test whether the nonlinearity is a direct

v(5) effect or a sequential v(3):v(1) effect is to study its

dependence on laser pulsewidth. Results of our measure-

ments are shown in Fig. 3c. When excited using 100 fs
pulses (fluence: 1.04 J/cm2, intensity: 1.04 · 1013 W/

cm2), pure toluene shows a strong limiting, which is

not affected much by the addition of sample to it. On

the other hand, when excited with 7 ns pulses (fluence:

7.47 J/cm2, intensity: 1.07 · 109 W/cm2) toluene shows

only a weak nonlinearity, which increases significantly

on the addition of nanoclusters. Thus the nonlinearity

in toluene is instantaneous and intensity-dependent,
whereas that in the nanoclusters is accumulative. An

accumulative nonlinearity indicates the involvement of

a sequential nonlinear process.

However, unlike in the case of semiconductors and

metal colloids, the excitation dynamics in 29 kDa Au

clusters should be modeled in a semi-molecular frame-

work. This implies that the relative rigidity of the 140

atom cluster might impede the photogeneration of free
carriers, but nevertheless, will not hinder the occurrence

of an excited state absorption. At this point it is worth-

while to discuss the size-dependent transition of metal

clusters from a �nanoparticle� to �molecular� type behav-
ior. From studies in gold, Link et al. [21] have found

strong evidence for the molecule-like behavior of a 28-

atom gold core nanocluster surrounded by glutathione

molecules. For instance, these clusters exhibit two sepa-
rate luminescence bands with maxima at 1.5 and 1.15 eV

(800 and 1100 nm, respectively), and the luminescence

lifetime is found to be in the order of nanoseconds to

microseconds. Because of this unusually high lifetime,

it was suggested that the short and long wavelength

bands could be assigned to the fluorescence and phos-
phorescence from excited singlet and triplet states,

respectively, in analogy to the photophysical properties

of a molecule. Moreover, the excited state lifetimes were

found to be independent of the pump intensity, reveal-

ing a single electron excitation dynamics typical of mol-

ecules. In comparison, in larger metal clusters (>2–3 nm)

which show the �nanoparticle� behavior, the prevalent

plasmon excitation is a collective process, and the subse-
quent electron–phonon relaxation is strongly pump

intensity dependent, due to the temperature dependence

of the electronic heat capacity.

In the present case, however, the cluster contains

about 140 atoms, and the SPR is extremely weak to

the extent that no SPR bleach has been observed on la-

ser excitation. Therefore the behavior is rather midway

between that of a molecule and a nanoparticle, and
hence, the term �semi-molecular� may be an appropriate

description. It is therefore possible to consider a four-

level system for the electron dynamics of the clusters,

as shown in Fig. 4. The one-photon excited level is not

shown, since the linear transmission is normalized to

unity in the calculations. In this scheme, two photons

at 532 nm (2.33 eV) are required to reach the first non-

linearly excited state, from where a fast decay occurs
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σ(ex)

τ3

N4
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τ2

N3

σ(2)
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Fig. 4. A schematic energy level diagram for the Au clusters in the

semi-molecular approximation. Downward transitions drawn close to

the absorption transitions represent stimulated emission. Other decays

are represented by their respective lifetimes, sn.
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to the LUMO (lowest unoccupied molecular orbital) le-

vel. A third photon is hence absorbed, in an excited state

absorption process. It may be noted that in a nanopar-

ticle model for Au clusters, two-photon absorption at

2.33 eV will correspond to the interband transitions

from the d-band to the conduction band, and excited

state absorption will correspond to free carrier absorp-

tion. The LUMO state is relatively long-lived, and de-
excitation occurs by radiative and non-radiative emis-

sions bridging the HOMO (highest occupied molecular

orbital) – LUMO gap. The corresponding set of rate

equations can be written as:

dN 1

dt
¼ � rð2ÞðN 1 � N 3ÞI2

2ðhmÞ2
þ N 2

s2
; ð3Þ
(a)

Fig. 5. (a) Transmission recovery of the Au140 clusters when excited and prob

hexanethiol protected cluster; dotted curve, dodecanethiol protected cluster.

input laser fluence. Sample linear transmission is 0.2. Solid curves are nume
dN 2

dt
¼ � rðexÞðN 2 � N 4ÞI

hm
� N 2

s2
þ N 3

s3
þ N 4

s4
; ð4Þ

dN 3

dt
¼ rð2ÞðN 1 � N 3ÞI2

2ðhmÞ2
� N 3

s3
; ð5Þ

dN 4

dt
¼ rðexÞðN 2 � N 4ÞI

hm
� N 4

s4
; ð6Þ

and the propagation equation is,

dI
dt

¼ �c
n

rð2ÞðN 1 � N 3ÞI2
hm

þ rðexÞðN 2 � N 4ÞI
� 	

; ð7Þ

where Nn are the populations of the respective levels, I is

the intensity of the laser pulse, r(2) is the two-photon
absorption cross-section, and r(ex) is the excited state

absorption cross-section. sn are the lifetimes of the

respective levels. Knowledge of sn is required to solve

the above equations simultaneously for r(2) and r(ex)

within reasonable limits of accuracy, and earlier studies

have thrown some light into this aspect. For example,

transient absorption studies in Au28 have revealed that

when excited at 400 nm, and probed at longer wave-
lengths (>500 nm), the excited state relaxation is a biex-

ponential decay [21]. A subpicosecond (about 750 fs)

lifetime and another longer (>1 ns) decay time are in-

volved, independent of the laser pump power. The fast

relaxation was attributed to the relaxation from the ini-

tially excited (Franck–Condon) state to the LUMO le-

vel. The longer decay time was assigned to the

radiative and nonradiative recombinations taking place
from the LUMO level, causing the final relaxation of

the clusters.

To measure the excited state relaxation times of our

samples, we did pump–probe studies using 100 fs,
(b) (c)

ed with 400 nm, 100 fs pulses. Solid curve, pure toluene; dashed curve,

(b,c) Normalized transmittance of the Au@hexanethiol clusters with

rical fits obtained for two different values of s2.



Table 1

Nonlinear absorption cross-sections calculated for Au@hexanethiol

clusters under the nanoparticle and molecule approximations

Model s2 (ps) s3 (ps) s4 (ps) r(2) (cm4 s) r(ex) (cm2)

Nanoparticle 100 1.4 0.6 5.89 · 10�45 9 · 10�16

Molecule 1000 1.4 0.6 6.82 · 10�46 9 · 10�16
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400 nm pulses for pure toluene and the clusters. A weak

fraction of the 400 nm pulse was used as the probe. Typ-

ical results are shown in Fig. 5a. Interestingly, we ob-

serve only the fast component of the decay, and the

slow component is absent. This is consistent with the

observation in Au28 that when the probe wavelength is

decreased, the amplitude of the slow component also de-

creases, since the transient absorption peak is redshifted
to 600 nm (2.07 eV) [21].

From several pump–probe measurements we have

estimated average values for the fast relaxation time,

assuming a single exponential function. While pure

toluene shows a lifetime of 501 ± 72 fs, hexanethiol

protected 29 kDa clusters gives a lifetime of 1.17 ±

0.15 ps, and dodecanethiol protected 29 kDa gives

1.63 ± 0.17 ps. This lifetime should correspond to s3 in
the energy level diagram. The radiative lifetime s2
(which is not measured) should be in the order of nano-

seconds in a molecular model [21,22], and lesser in a

nanoparticle model. Therefore, we have solved the rate

equation system numerically under both approxima-

tions, to obtain the corresponding values of r(2) and

r(ex). The values thus calculated are given in Table 1.

These values are rather high, when compared to the typ-
ical absorption cross-sections in organic molecules. It is

therefore evident that the nonlinear absorption in the

present clusters is very strong.
5. Conclusions

Nanosecond laser excitation at 532 nm has revealed
an accumulative nonlinearity in Au clusters in the size

range of 29 kDa, containing about 140 atoms. The clus-

ter properties are found to be semi-molecular, since they

fall in between those of nanoparticles and molecular

clusters. As the surface plasmon absorption band is al-

most absent in these clusters, plasmon bleach effects

do not occur, and hence, the nonlinearity is exclusively

of the optical limiting type. Induced thermal scattering
is not prominent. Numerical fitting to the experimental

data indicates that the limiting is caused by a two-

photon induced excited state absorption process. The

cross-sections calculated for two photon and excited

state absorptions are rather high, in comparison to or-

ganic molecules. When excited at 400 nm the nonlinear-

ity is very fast, with a lifetime of less than 2 ps. Because
of the above properties, these materials can be used as

fast and efficient optical limiters at appropriate pump

wavelengths.
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