APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 24 14 JUNE 2004

Enhancement of third-order nonlinear optical susceptibilities
in silica-capped Au nanoparticle films with very high concentrations

Y. Hamanaka,® K. Fukuta, and A. Nakamura®

Department of Applied Physics, Nagoya University, Nagoya 464-8603, Japan and Core Research for
Evolutional Science and Technology (CREST), Japan Science and Technology Agency (JST),

Tokyo 150-0002, Japan

L. M. Liz-Marzan
Department of Physical Chemistry, University of Vigo, E-36200, Vigo, Spain

P. Mulvaney
Chemistry School, University of Melbourne, Parkville, VIC, 3010, Australia

(Received 24 October 2003; accepted 15 April 2004; published online 28 May 2004; publisher error corrected 9 June 2004

Third-order nonlinear optical susceptibilitiegx(€)) and response times have been investigated

for silica-capped Au nanoparticles for various volume fractignspf Au nanoparticles ranging

from 0.027 to 0.66. The imaginary part ¢f3)(Im ) around the surface plasmon resonance
increases with increasing up to 0.34, and decreases fpr-0.39. In addition to the local field
enhancement around the surface plasmon resonance in the composite system, an additional
enhancement of Ig® due to the interaction between nanoparticles fier0.39 is observed.

© 2004 American Institute of Physic§DOI: 10.1063/1.1760229

Metal nanoparticle$NPs embedded in dielectric mate- Spherical Au NPs encapsulated in silica shells were de-
rials have attracted considerable interest as active materiaf®sited on glass substratéd\e used the same techniques of
in nonlinear optical devices such as ultrafast opticalsample preparation and characterization that were used in
switches' 3 In the case of metal NP based composites, thirdfrevious reports, and the details are described in Refs. 12 and
order nonlinear optical susceptibilitieg®® of 10" esu  13. The silica shell thickness was varied from 1.5 to 17.5 nm,
around the surface plasmai$P resonance and response While the diameter of Au NPs was constai6 nm. The
times as short as 0.7 ps in the weak excitation limit havghinnest homogeneous silica shell that could be prepared was
been observeti-® Relaxation of the nonequilibrium electron about 2 nm. To obtain even higher volume fractions, thinner
distribution generated in such metal NPs determines the uinsulating layers are needed. Higher volume fractions were
trafast response time. In small metal NPs with a diametefchieved by using non-silica-coated Au NPs, stabilized by
less than 7 nm, breathing modes play a crucial role in detefcitrate ions(0.3 nm and mercaptopropionic acid.0 nm.*?
mining the rate of this energy dissipation from the hot elecAssuming a close-packed structure of spherical partiges,
tron system to the surrounding medidm. of the corresponding films varies between 0.027 and 0.66. A

The linear optical properties of low concentrations oftypical transmission electron microscogyEM) image of
small spheres in a nonabsorbing medium can be quantit&lica-capped Au NPs is shown in the inset of Fig. 1. The Au
tively predicted by effective medium theori&s* The en-
hancement 0§ has been successfully analyzed in terms of S —
the dynamical response of the conduction electrons, provided

the volume fractiorp of NPs is very lowt*’ For high vol- //’_‘\'ﬂfﬁ_
ume fractions, however, the mutual interaction between par- \

ticles will complicate calculation of the local field and the ZoL p=039
question arises as to whether such effects will enhance or 5 ¥
suppress the nonlinefir optical response. To realize a NP com- S0t p=034
posite system with high volume fractions, homogeneous NP & i
films are needed in which there is no coalescence of the § 0F p=022
metal particles. Local field effects are extremely sensitive to -§ ) :/¥
small fluctuations in local geometry. Such composites were S esns ¥

: ; . T 20r 20 p=0075
recently synthesized by coating gold NPs with thin silica < PR /¥
shells'? By changing the shell thickness, the volume fraction oo ¥

' . . . 0r T p=0.027
can be systematically varied without changing the Au par- St ,/¥
ticle size. In this letter, we report off®) of silica-capped Au oLH e |
NP films with volume fractions varying from 0.027 to 0.66. 1.0 15 2.0 25 3.0
Enhancement of(®) up top=0.34 and damping at higher Photon Energy (eV)

were observed.
FIG. 1. Absorption spectra of silica-capped Au NP films with volume frac-

tions of p=0.027-0.66. The arrows indicate the photon energies at which

3E|ectronic mail: hamanaka@nitech.ac.jp |[AA|([Im x*]) exhibits a peak in differential absorption spectra. The inset
YElectronic mail: nakamura@nuap.nagoya-u.ac.jp shows a TEM image of the silica-capped Au NPs.
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NPs are monodisperse, uniformly capped with silica shells, (a) A B A B
and completely separated from each other.

Transient absorption spectra were measured by a femto-
second pump and probe method using an amplified Ti:sap-
phire laser systeiThe pump pulse energy was set to 3.1 eV
(wpump corresponding to the band-to-band transition associ- — . |
ated with & electrons in the Au NPs. Nondegenerate 0513,
components INY(—wyrobe: = @ pumps @pumps @propd  Of the S} LY
imaginary part of XF3) at the probe frequency of N e esp
®probd @pump® @prond Were deduced from differential ab- - \\:jm L5 ps,
sorption spectra measured with pump fluences of 110-460
wJlcnt. Reflectance changes were taken into account using
the values obtained from the transient reflection measure- e
ments. 2.0 2.5 3.0

) . . Photon Energy (eV)

Figure 1 shows absorption spectra of silica-capped Au (b)
NP films for different volume fractions. F@r=0.027, the SP
resonance band is observed at 2.36 eV. The absorption band T 3
on the higher energy side of the SP pdak2.6 e\) corre- R 3
sponds to the-band-to-Fermi level transition of electrons in 3 ]
the Au NPs. With an increase in the SP band exhibits a | RS S S, A S

) ) . 0 0.5 1.0 1.5
redshift and broadening. The spectral features change drasti- Pump Intensity (GW/em?)
cally atp=0.66, where the SP peak appears at 1.75 eV and
the width of the SP band is four to five times larger than thafFIG. 2. (a) Absorption spectruntupper pangland AA (lower panel mea-

for the lowerp values. Such spectral changes indicate thapured around the SP band of the silica-capped Au NP film p/ti0.34. The
inset shows a time evolution dfA at 2.24 eV.(b) Change in the absorption

'nterpart'de mteracﬂons play a S|gn|f|cant rOIe. in the O_ptlcalcoefﬁcienma measured at 2.24 eV as a function of the pump pulse inten-
response at high. Although the spectral behavior was inter- sity. The solid line is a linear fit to the data.

preted using Maxwell-Garnett theory in a previous report,
guantitative agreement was not obtained ficr0.3.
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Nonlmear_ absorption spectra and valueg ofXFFP\we_re change in the absorption coefficient is described Ay
measured using the pump and probe technique. In ke, 2 = Bl, where B is a nonlinear absorption coefficiens. is
we show the linear absorption spectrum of the silica—cappeg '

(3)
Au NP film with p=0.34 and the differential absorption elated to Imy™ by
spectrum QAA) measured with a pump fluence of 190 3 n2c?
wdlent. AA shows a decrease around the SP peak and an M X™'= mﬁ' )
increase on both sides of the peak immediately after excita- P ) o
tion at 3.1 eV. As the delay time is increasédd decreases, wheren represents the linear refractive index of the compos-
but the spectral features remain constant. Using Maxwell-l€ System at the probe frequenayq,eandc is the velocity
Garnett theory for the dielectric function of the composite©f light in vacuum:* From the dependence df« on | we
system, the nondegenerate componeng@i of metal NP~ an estimate Iy values. In Fig. ), Aa values measured

composites can be represented by the third-order susceptibfil 224 eV forp=0.34 are plotted as a function of the inten-
ity Xfr?) of the bulk metal: sity of the pump pulsé. We used values corrected for both

reflection and extinction losses within the filma values
were estimated from the results of both the transient-
transmission and transient-reflection measurements, carried
Heref,(w) is the local field enhancement factor given by out at the same pump fluencka describes changes in ab-
sorption and scattering terms @t e induced by the pump
3eq4(w) pulse. Therefore, a value of Igf in the composite system
filw)= em(@)+2eq(w)’ (@ includes a contribution from the scattering term in the non-
linear loss processes aiype. As seen in Fig. @), Aa de-
wheree, ande4 represent dielectric functions of the isolated creases linearly with. From the linear least-squares fit,is
metal NPs and the matrix, respectivefyEquation(1) is  obtained to be—2.53 cm/MW, which yields Im/® of
applicable fop<1, and the Maxwell-Garnett theory cannot —2.6x 10 ° esu. In this estimation, we usedvalues that
be used for analysis of data for very highFor the pump were measured from the absorption coefficient and the
pulse frequency ofvpms=3.1 eV, |f1(wpump| is estimated reflectancé® nis ~1.4 forp<0.075, andncreases te-3.0
to be ~1, indicating that the local electric field of the pump at higher concentrations.
pulse is not enhanced in the composite, i.e., the local field Absolute values of Iny® measured at the photon ener-
effect is important only at the probe frequency. Although thisgies indicated by the arrows in Fig. 1 are plotted as a func-
estimation is true only fop<1, it is reasonable to assume a tion of p for p=0.027-0.66 using open circles in Fig. 3. We
similar situation for very highp, because the pump pulse also measured the value [0 x®)| for Au NPs embedded in
frequency(3.1 eV) is far from the surface plasmon resonancesilica glass at a very low volume fraction10™4, and the
(<2.4 eV). result is shown by the closed circle in Fig. Bm x| is

X(s)(wprobe) = p| fl(wpump)|2f§(wprobe))(ﬁ)(wprobe)- D
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108 . ; , : the percolation at the critical concentration of 0.33. This re-
sult supports the contention that the Au NPs are well sepa-
10”° rated even at very high volume fractions. Liabal. have
studied the dependence [pf¢®)| on p in Au NP/SiO, com-
T 10 posites prepared by a sputtering methbth their sputtered
i Lottt films there were wide size distributions and inhomogeneities,
SN though they observed an increase|gf*)| at highp. The
E 1072 observed metallic resistivities suggest the existence of con-
siderable coalescence of Au particles leading to metallic con-
103 duction pathways in the sputtered films.
We briefly discuss the response time of the optical non-
101 R e e . linearities. The time evolution oAA measured at 2.24 eV
07 100 100 100 107 10 for p=0.34 is shown in the inset of Fig(®. AA exhibited

Volume Fraction . . .
P two-component decay behavior, and the relaxation time of

FIG. 3. Dependence dfm x| on p in silica-capped Au NP filmgopen  the first component; was 1.5 ps. The measured values-pf
circles. The value of Au NPs embedded in silica for=-10"* measured at gt ~30 J/cnf were all found to lie in the range 1.5—1.8 ps for
2.30 eV is also plottedclosed circlg. The solid line indicates them x| volume fractions ranging fromp=0.05 to p=0.66. 7,
value extrapolated from the value for=10"* assuming a linear depen- . h .
dence orp. should be determined by the electron—phonon coupling in

the 15 nm gold NPs, and this process should be largely in-
dependent op.

In summary, Imy® values and their response time have
been investigated systematically for Au@ Si©omposite
films for volume fractions in the range from 0.027 to 0.66.
‘ , _ We have found that the values of I increase with in-

Importantly, while there is an enhancementlin x| at creasingp, and reach a maximum value@t0.34 due to the
low volume fractions, the degree of enhancemertriny® ¢ iher enhancement of the local field effect by particle—

observed at high volume fractions is significantly higher, andy icje interactions, in addition to the expected increase with

demonstrates that in addition to the well-known local ﬁeldincreasing NP concentration. Fpr>0.39, |mX(3) decreases

effect, or Lorentz field contribution, coupling of SPS betweenyecqyse of the suppression of the local field effect. The de-
particles |ntr03duces a s«ggo_nd contribution to \f The pendence of IY® on p observed in this study raises the
value of Imy®® for p=10"* is due solely to the enhance- o agsity for a new theoretical approach beyond the effective
ment by (1(wprobd)? compared withyS of the metal NP 1 adium model.

itself according to Eq(1). We estimate the value df to be
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4.7(+0.8)x10  esu for p=0.027, and reaches a maxi-
mum value of 2.6¢1.3)x10 ° esu atp=0.34. At still
higher metal volume fractiongjm ¥ decreases, slowly
falling to 5.3(=2.5)x 10 1° esu atp=0.66.



