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Ultrafast electron dynamics in gold nanoshells
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We present ultrafast optical studies on nanoshells, which consist of a nanosc8laliglectric core sur-
rounded by an ultrathin Au shell. The plasmon frequency of these nanoparticles can be controlled by varying
the ratio of the core diameter to shell thickness. By tuning this plasmon peak, we have observed both transient
bleaching and transient absorption for Au nanoshells embedded in polyvinyl alcohol. We relate the induced
change in transmission of gold nanoshell films to the electron dynamics in the thin gold shell. Our results
indicate that even when the plasmon frequency is shifted below the onset of interband transitions, interband
effects are still of primary importance in determining the nonlinear optical response. An electron relaxation
time of 1.65-0.10 ps is measured that corresponds to an electron-phonon coupling constant of 2.2
X 10'® W/(m® K), smaller than that observed in bulk Au filnj$0163-18208)50740-0

Metal and semiconducting nanoparticles show greaics of a series of gold nanoshell films with the plasmon reso-
promise for application in future optical and electronic nance shifted both above and below the laser wavelength.
devices:™ In particular, the optical properties associated Utilizing fs pump-probe spectroscopy, we have observed
with the plasmon resonance of solid metal nanoparticle®oth transient bleaching and transient absorption in AsBAu
have been actively studied for many yeatdonetheless, im- nanoshells of-40 nm diameter embedded in polyvinyl alco-
portant advances are still being made regarding the funddiol (PVA). Our calculations, which take into account the
mental optical properties of solid metal nanoparti€les. dipole polarizability(which dominates in this size regimef

A number of significant experiments have been performedhe composite gold nanoshells, indicate that the induced
on solid metal nanoparticles with fs time resolutfoh  change in transmission of nanoshell films is due to the modi-
These studies elucidate the relaxation mechanisms of excitdtation of the electron dynamics within the thin gold shell.
electrons in confined metal nanostructures. A study of thédditionally, from the measured decay time of 1.65 ps, a
differential change in transmission of a solid gold nanoparvalue of 2.2 10 W/(m®K) is obtained for the electron-
ticle film demonstrated that the plasmon resonance iphonon coupling constant. Our experimental results are also
damped due to increased electron-electron scattering upamwnsistent with the creation of a nonthermal electron distri-
heating the conduction electrofidzemtosecond studies of bution that decays to a hot Fermi distribution during the
copper and silver nanoparticles showed evidence for a norinitial ~2100 fs after excitation.
thermal electron distribution, similar to what has been ob- These experiments utilized a cavity-dumped Ti:sapphire
served for thin metal filmé1% These studies also measured alaser operating at 800 kHz producing nominally 50 fs
longer electron-phonon relaxation time when probing at thepulses'® A cavity-dumped laser allows for greater pulse en-
plasmon resonance as compared to probing off resonancergy extraction from the laser than standard output coupling.
This phenomenon has been attributed to resonant plasmdn addition, the lower repetition rate eliminates excessive
emission by excited electron-hole pairs in the nanopartitle. heating of the sample. A standard pump-probe geometry was
There have also been studies indicating that size and surfacsed to measure the pump induced change in the nanoshell
dependent effects can modify the electron dynamics of solidilm transmission. Prism-pair dispersion compensation was
metal nanoparticle$!? used to keep the pulse width below 60 fs at the experiment.

Our recent efforts have focused on the optical propertieJypical pulse fluences ranged from 100 to 4@0cnf.
of a new nanoparticle we call metal nanoshells, which con- A series of gold nanoshells was prepared via reduction of
sist of a dielectric core surrounded by a thin metallic shell ofgold chloride with sodium sulfide. The reaction was allowed
nanometer dimensiort§:’> The optical properties of these to proceed to completion with the final location of the plas-
nanoparticles are dominated by the response of the metallimon absorption peak determined by reactant concentrations.
shell layer, strongly similar to solid metal nanopatrticles. AA JEOL JEM-2010 transmission electron microsc¢pEM)
unique feature of metal nanoshells, in contrast to solid metalvas used to image the nanoshells and determine their size
nanoparticles, is that the plasmon frequency is a function ofiistribution!” Comparison of the UV-visible extinction spec-
the core-shell ratio of the nanoparti¢feFor a given core tra with theory allowed us to estimate the average shell
radius, a thinner shell will have its plasmon resonancehickness for each sampté.To make the nanoshell films,
shifted to longer wavelengths in comparison to a particleapproximately 2Qul of a nanoshell concentrate, obtained via
with a thicker shell. For Au-coated A8 nanoshells, the centrifugation, was diluted in about 1 ml of a 20% PVA
plasmon resonance can be placed fretfB00 nm to greater solution. A few drops of the resulting solution were then
than 1100 nm, extending over the tuning range of a Ti:sapplaced on a microscope slide and allowed to dry. The only
phire laser. This has allowed us to study the electron dynanmehange in the nanoshell films as compared to the correspond-
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FIG. 2. (a) and(c) show the UV-vis of films corresponding to
AT/T data in(b) and (d), respectively. From TEM analysis and
calculations:(a) r=20.9 nm andr —r.=2.8 nm. (d) r=21.6 nm
andr—r.=3.1 nm.
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This equation results from an extension of the two tempera-
ture model(TTM) to include an expression related to the
energy stored in the nonthermal electron distribuidm
1 2 3 4 5 6 best fit of the data gives a thermalization time=70 fs and
Time (ps) 9= 1.55 ps. The 1.55 ps decay corresponds to a return of the
hot Fermi electron distribution to equilibrium with the lattice
FIG. 1. (@ UV-vis of gold nanoshell film. TEM analysis of this of the nanoparticle and the embedding medium. The offset
sample givesr=20.7nm and calculations give—r.=3.3nm Y _..=0.15 is due to temperature dependent effects that per-
wherer is the core radiugb) Open circles: Experimental transient gjst on a time scale longer than the experiment. The thin
bleaching at 805 nm. Solid line: Autocorrelation at the sample pomHashed line is an exponential decay of 1.55 ps convolved
corresponding to 60 fs Gaussian pulses. Thick dashed line: Fit ()\];\/ith a 60 fs Gaussian pulse: this functional form cannot be
data using Eq(1) convolved with a 60 fs pulse. Thin dashed line: . L .
Exponential decay convolved with 60 fs Gaussian pulsge Ex- made to fit the data for c?my value of the Ilfetlme_. Figute)1
panded view ofb). shc_)ws the same experlr_nental d_ata and the fit out to 6 ps.
This shows that the fit using E€) is excellent out to longer
ing aqueous solution nanoshells was a slight shiftimes.
(~50 nm) of the plasmon peak to longer wavelengths due to Figures 2a) and Zc) show the UV-vis of two gold
the change in the dielectric constant of the embedding menanoshell films with their peak plasmon absorptions at 905
dium. The films were nominally 5Qum thick with a nm and 750 nm, respectively. The numbered arrows in Figs.
nanoshell volume filling factor of-1x10™°. 2(a) and 4c) denote the center wavelength of the Ti:sapphire
Figure 1a) shows the UV-visible spectruiityV-vis) of a  |aser, and the corresponding transient change in transmission
gold nanoshell PVA film that has a plasmon resonance maxief the gold nanoshell films is displayed in Figgbp and
mum at 865 nm. The peak at520 nm is due to the presence 2(d). The gold nanoshell film in Fig. (8 has its plasmon
of solid gold nanoparticles that form during the growth of thepeak at a lower energy with respect to the laser for all three
gold-coated gold sulfide nanoparticfés’® The open circles scans shown in Fig.(B). Figure Zb) shows that in tuning
in Fig. 1(b) show the pump-induced change in film transmis-across the high-frequency edge of the plasmon peak a tran-
sion (AT/T) with the laser tuned to 805 nm. The solid line is sient bleaching signal with a lifetime of 1.6%.10 ps is
the laser autocorrelation at the sample point. This clearlyneasured. Several other gold nanoshell filnst shown
shows a delay in the peak of the photoinduced bleachingiaving plasmon peaks below the laser energy also displayed
signal with respect to the peak in the autocorrelation. Thisnduced bleaching with a-1.65 ps lifetime. For the data in
delay has been observed on metal films and Cu nanoparticlggg. 2(d), in which the laser is tuned across the low-
and is consistent with the creation of a nascent nonequilibfrequency edge of the plasmon peak, a crossover from tran-
rium electron population that thermalizes to a hot Fermi dissient bleaching to transient absorption is observed. In this
tribution on a 100 fs time scale'® The thick dashed line is a regime, the measured lifetimes ranged from 1.2 to 1.8 ps
fit using the following expression convolved with a 60 fs because the broad laser spectr(foil width at half maxi-
Gaussian pulse: mum 30 nm overlaps the crossover from bleaching to ab-
i i sorption. Sir_lce ble_a(_:hing _and absorption contribute_ to the
l—ex;{—) exp{— +Y o1 (1)  Measured signal, it is difficult to extract an unambiguous
Ty Td lifetime over this range. In short, Fig. 2 shows that, in addi-
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tion to having tunable linear optical properties, gold 10x10_3
nanoshells also have tunable nonlinear optical properties
with ps recovery times.

The induced change in transmissioAT/T) for gold
nanoshell films on an ultrafast time scale is due to the modi- ¢
fication of the metallic shell dielectric function upon pump-
induced heating of the conduction electrons within the shell. E 4
The maximumAT/T, which occurs approximately 100 fs
after pump excitation, can be calculated using the following
equation:

2

~ .

2 1 ! ; i
(2) 650 700 750 800 850 900 950 1000
Wavelength (nm)

AT 3nlp [da" da”
B —— —/A6é+—HAEg .
T 2e0\r\ Je,
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In this equation,es=e.+ie, is the wavelength dependent 2107
dielectric function of the gold shell and” is the imaginary (b)
part of the gold nanoshell dipole polarizability=«’
+ia”. An analytical expression for the polarizability of a
nanoshell can be derived by solving Laplace’s equation for a
shell geometry! The wavelength in vacuum is specified by
\, n is the index of refraction of the embedding mediuns E
the film thicknessp is the nanoparticle filling fractior, is
the total radius of the gold nanoshell, asyis the free space
permittivity. Equation(2) assumes a low nanoshell filling ..
fraction and thaA T/T is dominated by induced changes in ;| Nt
the real and imaginary parts of the gold shell dielectric func-
tion. These are denoted as; andAe,, respectively. This
is reasonable given that the plasmon resonance arises from
absorption by the conduction electrons in the thin gold shell. FIG. 3. (&) and(b) show the calculated maximuiT/T for the
Furthermore, we apply Eq2) to calculate the maximum films in Figs. 1a) and 2c), respectively. The electron temperature
AT/T. Temporally, this maximum occurs before any signifi- is Te=800 K. Solid line: TotaAT/T. Dashed line: contributions to
cant change in the dielectric function of the nanoshell core oAT/T from Ae;. Dashed-dotted line: contributions 10T/T from
embedding medium due to heat diffusion could take p|ace_Aeg. The triangl_es are experimental points with a fluence corre-
In order to estimate the magnitude and signAGf/T us-  SPonding approximately =800 K.
ing Eq. (2), Ae, and Ae, must be calculated at a specific
electron temperature. Each of these terms has contributiorf®perimental T from the absorbed pulse fluence and
from the Drude free-electron and interband portions of théqanOShe” concentration. The solid line is the calculated
dielectric function. To estimate the change in the Drude diAT/T, the dashed line is the contribution 1oT/T due to
electric function, we rely on Fermi-liquid theory that stateschanges ireg, and the dot-dashed line is due to changes in
that the electron-electron scattering rafg' is proportional €. The triangles in Figs. (8 and 3b) are experimentally
to (E—Eg)? whereE is the electron energy arlfl- is the = measured values of the peak transient chang€TifiT of the
Fermi energy. An estimate for the increase in the total elecfiims shown in Figs. (8 and Zc), respectively. There is
tron scattering rate ! is obtained by averaginggel over good agreement between the calculations and the experimen-
the allowed energy range for electron scattefing. tal values suggesting that the origin of tAd/T signal is
The change in the imaginary portion of the interband di-due to the induced changes & upon creation of a hot
electric function due to Fermi smearing is determined byFermi electron distribution.
calculating the change in the joint density of sta(@®09 Figure 3b) shows that the calculations predict the cross-
between thel band and conduction baf?* Since the plas- over from transient bleaching to transient absorption. The
mon resonance of gold nanoshells lies below the onset dgfashed line in Fig. 3 shows that the transient absorption
interband transitions, it might be expected that Fermi-leveRrises from changes i . If the interband contribution te;
smearing should be of little consequence in calculatings not included in the calculations, the predicted magnitude
AT/T. However, via Kramers-Kronig, there can be a sub-of the induced absorption is a factor of 10 smaller than that
stantial change in the real part of the interband dielectriexperimently observed. This indicates that less efficient
function due to Fermi-level smearing that extends well be-screening by the hot conduction electrons is responsible for
low the onset of interband transitions. Physically, this correthe observed transient absorption at wavelengths greater than
sponds to modified screening by the hot conduction electrong80 nm.
of the d-band electrons associated with the gold ionic cores. As the hot Fermi electron distribution returns to equilib-
The results of the calculations AfT/T versus wavelength rium, AT/T decreases. From the observed 1.65 ps decay of
using Eq.(2) are shown in Figs. @) and 3b). An electron AT/T an electron-phonon coupling constant for gold
temperature off =800 K is used based on estimates of thenanoshells in PVA can be determined using the TFW>
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The results of this analysis yield an electron-phonon couhave shown that the surface does play a role in cooling the
pling constantG = 2.2x 10'® W/(m® K). For bulk gold films,  hot electrons:?’

G=3.5+0.5x10** W/((m®K) which, in the perturbative In conclusion, we have presented a study of the ultrafast
limit, corresponds to a lifetime of 800 fs2° The relaxation ~€lectron dynamics of gold nanoshells. Our results indicate
in bulk is faster than for nanoshells due to a greater phono#hat the creation of a hot electron distribution in the gold
density of states and more efficient coupling of the electron§hells is responsible for the observed transient changes in the
to the bulk gold latticé® In contrast, for solid gold nanopar- film transmission. The ultrafast electron dynamics in gold
ticles with diameters ranging from 14 to 40 nm, lifetimes of "anoshells are due to increased electron-electron scattering

3.5 ps and 7 ps were measured in cyclohexane and waté?,”d an induced modification _in t_he conduction electr_on
respectivel\?’ The relaxation in the nanoshells is faster, Scréening of the d-band polarizability. Our current studies
most probably due to the thin shelk® nm) and the large &M to elucidate the role of the surface in mediating the re-
surface area in comparison to the solid gold nanoparticled@xation of the hot electrons.

The dephasing of the plasmon resonance of nanoshells is We would like to thank Peter Nordlander for discussions
dominated by electron surface scattering and therefore itegarding the electron dynamics and D. S. Alavi for provid-
might be expected that electron surface scattering is also a@ng technical comments about cavity-dumped lasers. We
important energy relaxation channel for the electrtnal- would additionally like to thank the Robert A. Welch Foun-
though the precise microscopic mechanism is not yet undedation, the National Science Foundation, and the Office of
stood, studies on solid gold and solid gallium nanoparticleNaval Research for support.
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