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ABSTRACT

Using time-resolved pump —probe spectroscopy, we have performed the first investigation of the vibrational modes of gold nanoshells. The
fundamental isotropic mode launched by a femtosecond pump pulse manifests itself in a pronounced time-domain modulation of the differential
transmission probed at the frequency of nanoshell surface plasmon resonance. The modulation amplitude is significantly stronger, and the
period is longer than that in a gold nanoparticle of the same overall size, in agreement with theoretical calculations. This distinct acoustical
signature of nanoshells provides a new and efficient method for identifying these versatile nanostructures and for studying their mechanical
and structural properties.

Metal nanoshellsmetal shells grown on dielectric spheres  properties. In fact, the low-frequency vibrational modes of
are among the highlights of nanostructures with versatile nanostructures bear a unique signature of their structural and
optical and mechanical propertiesAs for fully metallic mechanical properties directly reflecting the impact of
nanoparticles, absorption and scattering of light by nanoshellsconfinement on the ionic movement. This is in contrast to
are dominated by the surface plasmon resonance (5PR).the optical frequency domain whose features are determined
However, they offer wide new possibilities of controlling by the electronic response. The vibrational modes thus
the SPR characteristics, such as its frequency position, byconstitute an additional source of information that could be
varying, for instance, the shell thickness vs overall size, or particularly important in the case of complex systems. This
the constituent materiafs. Furthermore, recent measure- is especially the case for hybrid or layered systems with
ments of scattering spectra of single nanoshelisdicated structurally distinct constituents, such as nanoshélDue
enhanced sensitivity to their environment and narrowing of to their structural sensitivity, vibrational modes are also
their resonance line shape as compared to solid goldexpected to constitute acoustic signatures permitting further
particles’” The unique tunability and characteristics of nanoshell identification, complementary to the optical one.
nanoshell optical properties spurred a number of proposals Time-resolved optical techniques are powerful tools for
for their applications including optomechanfcsensing’,*° investigating the low-frequency vibrational modes of nano-
and drug delivery!*2 structures. They have been applied to the study of the acous-
While the optical response of nanoshells has been exten-tic properties of semiconductor and metal nanopartieiés
sively studied, much less is known about their acoustical and have recently been extended to bimetallic partiéi&s.
In these experiments, vibrational modes are impulsively
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for small nanospherésThis is further corroborated by
transmission electron microscopy (TEM) measurements
o @A ‘ showing the presence of large nanoparticles (mean radius

nanoparticles

o
(s3]
T
s

R in the 14 nm range) that have been identified as nanoshells
and of smaller ones (mean size of about 4 nm) identified as
pure gold** The nanoshell SPR energy is determined by
the ratio of the inner to outer radiu®/R;; the latter was
thus estimated by fitting the experimental spectrum Vi)
= PpAy(w) + PA(w), whereP, and Ps are the volume
fractions of nanoparticles and nanoshells, respectively, and
e A, {w) are the corresponding absorbanté=r the inves-
‘400 500 600 700 800 900 1000 tigated nanoshell$}; ranges from 9 to 10.3 nm with a shell
Wavelength (nm) thicknessd = R, — R; of 2.5-3.7 nm; i.e.,R/R, ranges
from 0.78 to 0.73 nm.
FLgLIJIre 1._|\|/Iea$ured Iinc:ar abs%r_?ftion spectrum °f23m5‘8°re/ Time-resolved measurements were performed using a
f‘nneerf:(;tiﬁsezr:&:\'jtirl_so rntr\;]vc())u;e;a ;ggitf;,'zéiiiév Iii?e) and PBT femtosecond_ Ti:sapphire oscilla_lt_or delivering 20 fs pulses
= 10.3 nm andR, = 13.5 nm (dashed line). Inset: schematic at 860 nm with a 80 MHz repetition rate. Part of the pulse
geometry of a nanoshell. train is selected to create the pump pulses. Absorption in
] ) ] ) this spectral range being dominated by the broad SPR of
gas is quickly damped to the lattice on the time scale of the ¢ nanoshells, they are predominantly excited. The pump-
electron-phonon energy transfer, about-2 ps in noble i 4 ced transient change of the sample transmisaibris
metals. Due to lattice anharmonicity, this lattice heating leads yetected at the same wavelength around the nanoshell SPR
to an isotropic force on ions triggering in-phase dilation of using the remaining part of the beam. This probe wavelength
each particle that subsequently undergoes radial contractionsyermits further selection of the nanoshells that thus dominate
and expansions around its new equilibrium size. The periodic ihe detectedAT/T signal. This has been confirmed by the
change in nanoparticle volume translates into a modulation ¢act that pure gold nanoparticle colloidal solutions yield an
in time of the electronic properties. This can be detected by ,ndetectable signal in this pumprobe configuration. The
a time-delayed probe pulse monitoring the concomitant .o peams were focused on a 8t diameter focal spot,
modulation of the wavelength of the SPRThe triggered and the pump beam average power was about 100 mW.
initial expansion being homogeneous, the modulation is \jeasurements were performed with a standard pupnpbe
dominated by the fundamental breathing mode that closelysetup with mechanical chopping of the pump-beam and
corresponds to particle expansion as a whole. lock-in detection ofAT.
~ Using time-domain spectroscopy, we have performed the  the measured time-dependent transmission change shows
first investigation of acoustic vibrational modes in metal 4 fa5t transient, ascribed to photoexcitation of nonequilibrium
nanoshells. As in fully me’Falllc partlcle_s, we observed in glectrons and their cooling via electretattice energy
nanoshells a pronounced time modulation of the measuredanster (Figure 2). The observed kinetics is consistent with
probe differential transmission indicating coherent excitation 4t previously reported in gold nanoparticles and films for
of the fundamental breathing mode. The modulation ampli- gjmijar excitation condition This signal is followed by

tude is significantly stronger and its period is considerably pronounced oscillations that can be reproduced by a phe-
longer than those in pure gold nanospheres of the same Sizenomenological response function

At the same time, the damping time of the oscillations is
much shorter than that for gold particles suggesting a faster
energy transfer from nanoshells to the surrounding medium.
Such distinct signatures allow unambiguous identification
of nanoshell acoustic vibration and separation of their using a periodi,sc~ 38 ps and a decay time~ 60 ps for
contribution from that of other entities possibly present in a the nanoshells of Figure 2a. Such long probe-delay response
colloidal solution. These results are consistent with theoretical is similar to that reported in fully metallic nanoparticfég®
analysis of vibrational modes in nanoshells. but the measured period of the oscillations is by far too long
Experiments were performed in colloidal solution of,&tl to ascribe them to the residual fully metallic small nanopar-
core/Au-shell nanoshells prepared using the method describedicles. We thus ascribed them to the acoustic vibration of
in ref 1. Both nanoshells and gold nanoparticles are the nanoshells. Furthermore, their amplitude relative to that
simultaneously synthesized, as shown by the linear absorptiorof the short time delay electronic signal is much larger than
spectra of the colloidal solution (Figure 1). It exhibits two that in metal nanospheres (about 75% as compared t&°1L0%
characteristic bands centered around 700 and 530 nm thafThe measured period is also much longer (about four times)
have been associated to SPR in eesbell nanoparticles and  than that predicted for solid Au nanospheres of the same
gold nanospheres, respectivéf?. This assignement is  overall size, about 9 ps fd® = 13.5 nm. Furthermore, the
confirmed by the spectral displacement of the former band phase of the oscillatiop ~ 1.1 is significantly larger than
during nanoshell growth, while, in contrast, the spectral that predicted for a purely displacive type of excitation in a
position of the latter remains almost unchanged as expectecharmonic oscillator model (about 0.2). As this phase is a

‘. nanoshells

o
~

Absorbance (arb. units)
o

R(t) = A exp(t/t) cos[2tt/T o — ¢] Q)

Nano Lett., Vol. 7, No. 1, 2007 139



are continuous at the core/shell and shell/medium interfaces
(p and c_ 1 are density and longitudinal/tranverse sound
velocities, respectively). In the core, shell, and medium
regions, solutions are of the form ~ [sin(kr)/r]’, u ~
[sin(kr + ¢)/r]’, andu ~ [€X/r]’, respectively, where is

the phase mismatch and prime stands for derivative nver

045 20 40 60 80 I\/_Iatchlnlgu ando, atr = Ry,R; yields the equations for the
Time delay (ps) eigenvalues
43 2K2 B ’7(:52’(2 . B 0
! ékcotk +¢) — 1 (klay) cotxlaoy) — 1 Xe
£ 35 2
= a0} g Mk

-0 @

ot
, . , . ECOtE+¢) — 1 1+,  *m
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R2 (nm)

where £ = kR, = wRyJ/c. and k = Ry/R, are shorthand
Figure 2. (a). Time-dependent differential transmissioT/T notations for the normalized eigenenergies and aspect ratio,

measured in As5/Au nanoshells in water with near-infrared pump  respectively. The parameters
and probe pulses is shown together with a fit using eq 1. The inner
and outer radii ar&; = 10.3 andR, = 13.5 nm, respectively. (b)

Oscillation periodT,sc measured in different A%/Au nanoshells Q= CL(i)/CL(S) n = ,O(i)/P(s), Xi— 4([352 - 77i5i2)
as a function of their outer radiu®,. The aspect ratios fdR)/R;
are 0.78, 0.76, and 0.74, in increasiRgorder. The line is a fit ﬁi — CT(I)/CL(I)! 6i — CT(I)/CL(S) (5)

assuming thaT s is proportional toR,.

characterize the metal/dielectric interfaces (€, s, m stand

signature of the excitation mechanism, this suggests a - )
for core, shell, and outer medium). From eq 4, the ideal case

modified launching process as compared to the breathing X . / '
mode of nanospherés of a nanoshell in vacuum is obtained by setting= am =
’ = = = = 2- 0 i i i

Measurements performed in different nanoshells show ’1”‘ _’7&/R 0<<a;'ch thxm 465, Irlt;the th|||nkshell limit, 1
similar behaviors with an almost linear increase of the — ¥ _3_24 , 1;2\'2?': en recovilr I © wzi-lnotvyn resdgli
oscillation period with the outer nanoshell siRe (Figure N Zﬁ?( f<°)"*.* For a nanoshe In a dielectric medidm,
2b). The effective decay time of the oscillations can also the elge_nvalues are complex reﬂectmg energy exchanges with
be extracted from the time-domain data. It varies from 30 theden\ﬂroln/mente’; : sz/gL J]f yRiIC, Whecrleg) = Losc
to 60 ps for the three investigated samples (30, 60, and 4239y t_ IT are the mode frequency and damping rate,
ps in increasing order dR), but conversely to the period, respgc IVEly. ) o o
no systematic variation with the nanoshell size is experi- This general model prowdes an equilibrium description
mentally found. This suggests that, as for nanosphere©f the nanoshell acoustic response. However, under ultrafast
colloidal solutions, inhomogeneous relaxation due to the €xcitation, the role of the dielectric core is expected to
particle size and structure fluctuations dominates over the diminish. Indeed, the dielectric core is not directly affected

homogeneous one due to matriwater couplingté-24 by the pump pulse but experiences thermal expansion as a
To further correlate the observed oscillation mode with result of heat transfer from the metal shell. At the same time,

the nanoparticle structure, we have theoretically analyzed thiS expansion is much weaker than that of the metal, so
the radial vibrational modes of a spherical nanoshell in a that when new equilibrium size is established, the core is

dielectric medium. The motion of nanoshell boundaries is @most fully disengaged from the shell. This should be
determined by the radial displacemext) that satisfies the contrasted to bimetallic pa_rtlcles where the core remains
Helmholtz equation (at zero angular momentum) engaged after the expansion and thus contributes to the
acoustical vibration spectruft2°
2 To take into account this effect, calculations were per-
U+ ==t Ku=0 (2) formed for gold nanoshells with disengaged coye= 0 in
eq 4). The calculated frequenay, and damping rate; =
1/z, are plotted in Figure 3 versus the aspect riitiR,, for
the fundamental breathing mode of gold nanoshells immersed
in water. The data are normalized in units@fR; so that
the corresponding curves for solid nanopatrticles are hori-
zontal lines starting a@®/R, = 0. The sound velocities and
the density were taken as® = 3240 m/scr® = 1200 m/s,
o =pleu + (2 - 2¢,9) @] 3) 0 = 19700 kg/m for Au, andc,™ = 1490 m/sc:™ = 0,
r and p(™ = 1000 kg/ni for water.
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wherek = w/c_ is the wave vector. In the presence of core
and outer dielectric medium, the boundary conditions impose
that both the displacement(r) and the radial diagonal
component of the stress tensor



amn m |l4an‘ﬁm2 X2

3.0 2 1= _ _ 7
- E(1— K)[ o o /& — iX 0
—~ 20}
® 1ol wherex = &/& and we usegm — xc = —4mtm? fr? and

wlxe = 1 — nymPm? Two regimes can now be clearly
00— identified, governed by the ratign/(1 — «) = Rop(™/dp®)
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Figure 3. Calculated frequency (a) and damping rate (b) of the
fundamental breathing mode of a gold nanoshell with disengaged whereg, is the eigenvalue for a nanoshell in vacuum and

core in water versus its aspect raRgR,. The dashed linein (a) _ _ . . .
is for a gold nanoshell in vacuum. The horizontal dotted lines show Omi7m/So(1 — «). In @ good approximation, the real part is

the normalized frequency and damping for a gold nanosphere of SIMply &' ~ & and is thus independent of the medium or
the same overall size (radit®). The inset indicates mechanical —aspect ratio, in agreement with the full calculation RaR;
movement associated to the fundamental mode (thin arrows) and< 0.9 (Figure 3). In contrast the imaginary part, although
the energy damping mechanism to the environment (thick arrows). g4y €' < &), is only nonzero in the presence of a matrix
and thus depends on both. Putting this all together, we obtain
The computed frequency of the fundamental mode is in the “heavy shell” regime
significantly smaller for nanoshells as compared to gold

particles of the same overall size (Figure 3). It is about two ZCL(s)ﬁS

times smaller foR/R, = 0.5 and further decreases to about w=—2—(3- 4B Y2

a factor of 3 for thin nanoshells. In contrast, the aspect ratio 2

dependence of the computed damping rate is non-monotonic. c M 208 23— 482

A minimum is reached a®/R, = 0.4, followed by a large y = ; s _ S _ 9)
increase for thin shells that can be understood on the basis d o, +4853 - 489

of energy consideration: the deposited energy is proportional

to the nanoshell volume/, while the efficiency of energy  As discussed above, here the damping rate is determined by
exchange is determined by the surface akeaThen, the the shell thickness rather than by the overall size. In the
characteristic time of energy transfer from the shell to the opposite case of a “light shellMs < Mp, the eigenvalue is
outer medium ist ~ V/AG.(™ 0O d/ic,™, as opposed to the  given by& = 20,Sm((1 — fmd)Y? — ifm), yielding

R/c.™ dependence for solid particl&sWith further decrease

of the nanoshell thickne;s, a sharp change in behavior is seen o =2¢,""IR,, y = wc,™ic, ™ (10)

for both w andy, indicating a crossover to an overdamped

regime (Figure 3). In this thin shell limit, the spectrum of Note that for a light nanoshell in wates{™ = 0) the limiting

V|br;':1t|onal 'T";’des_ s _mostly ditermﬂedh b>|/ theden_ergy frequency vanishes. In the crossover region, the nanoshell
exchange with environment, as shown by the large eV'_"J‘t'onfrequency is significantly lower than that in vacuum (Figure
of the computed frequency for a water or vacuum environ- 3)

ment forRi/R, = 0.9 (Figure 3). The above theoretical analysis of the nanoshell vibrational
The behavior for the thin shell regime can be better modes is consistent with experimental data. In the aspect
analyzed using approximated analytical solutions for the ratio of interestRi/R, ~ 0.75, the fundamental mode period
vibrations frequency and damping. Forlk = d/R, < 1, is considerably longer than that for a pure metal particle of
eq 4 (withy. = 0) reduces to the same overall size. For the investigated particles, the aspect
ratio Ry/R; lies in the range where the normalized frequency

2 2 wRy/c. varies weakly so the period is almost proportional

Xe (Xm et amnm§ ) — (Xm i am’7m§ )goz — 8 to Ry, in agreement with the experimental data (Figure 2b).
1-« o, — & oy, — i 5 A deviation from a simpléR, dependence toward longess.

®6) is apparent for the nanoshell with largest aspect ratio

(smallestRy,), in agreement with the calculated vibrational
In the typical case when the metal shell density is much modes spectra. However, the measured period for a nanoshell
higher than that of the surrounding medium, gy, = in Figure 2a,Tosc &~ 38 ps is larger by about a factor of 2
oM/pt) < 1, eq 6 further simplifies to than that calculated for thideal nanoshell. This discrepancy
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could be attributed to structural inhomogeneity of the metal A.S.K. and T.V.S. acknowledge financial support by National
shell. Its porous (“bumpy”) structure with interstices increases Science Foundation and by the National Institutes of Health.

the surface to volume ratio and, thus, moves the vibrational
modes toward those of effectivelthinner nanoshells.
Importantly, such structural defects drive nanoshell acoustical
responseawayfrom solid nanoparticle, as long as the shell
is continuous. Note that clusterization or aggregation pro-
cesses that effectively break the shell geometry will result
in an increase, as compared to ideal shell, of the vibration
frequency contrary to the experimentally observed reduction.
This specific acoustic response can thus be used to unam-
biguously distinguish different nanoobjects produced during
nanoparticle synthesis, such as nanoparticle clusters and
nanoshells.

The computed damping rateis smaller than the experi-
mental one by almost a factor of 1.5. A similar discrepancy
has been reported for nanosphere colloidal soluti®mis.
theoretical models, computation is made for one nanoparticle
with a given mean geometry. Damping is then associated to
energy transfer to the surrounding medium and is thus weak
in the case of a water matrix. As a large number of
nanoparticles are simultaneously investigated, inhomoge-
neous damping due to dephasing of the coherently excited
acoustic oscillations of the nanoparticles is thus expected to
play a dominant rolé%?* This statistical effect that reflects
the particle size, shape, and structure distribution is also
probably at the origin of the sample to sample fluctuations
of the measured damping rate.

In summary, using a time-resolved pusprobe tech-
nique, we have investigated the acoustic vibration of gold
nanoshells in colloidal solution. The results clearly show
oscillations with a period in the 40 ps range, much longer
than the oscillations expected for pure gold nanospheres. In
agreement with our theoretical model, they have been
ascribed to fundamental breathing vibration of the gold

nanoshells, whose acoustic signature is thus observed here

for the first time. Note that such low-frequency vibrational
modes (in the 1 cmt range) are extremely difficult to
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