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ABSTRACT: The acoustic vibrations of metal−dielectric core
−shell nanoparticles (Ag@SiO2 and Au@SiO2) a r e 
investigated using ultrafast pump−probe spectroscopy. The 
experimental results are in good agreement with calculations of 
the period of the breathing vibration of the core−shell 
particles. The transition from one overtone of the breathing 
mode to the next one as the size of the silica shell increases is 
observed for slightly thinner SiO2 shells than previously 
reported. Our results confirm that this optical technique 
permits the determination of the quality of the mechanical
contact at the metal dielectric interface. This is of major importance for many applications, in particular because it modifies
significantly the thermal conductivity at the nanoscale. Moreover, we observed that for two different synthesis routes, poor
contact core−shell samples could sneak in among good sample series based on the same metallic core particles. This confirms the
suitability of this all optical and noninvasive technique to obtain information hardly reachable by other means such as electron
microscopy or absorption spectroscopy.

INTRODUCTION

The study of the vibrational properties of nanoparticles is a
fundamental subject that has been deeply investigated in the
last decade. It presents a technological importance for the
development of nanosystems with controlled nanomechanical
and nanothermal properties. In this framework, the inves
tigation of the vibrations of metallic particles and hybrid
metallic−dielectric particles is of particular interest because
they can be the basic building blocks of more complex
nanosystems.1−3 The investigations of the vibrations of
nanosystems can yield important information concerning the
object, such as its shape,4−9 size,5−13 composition,5,14−17

crystallinity,18,19 and environment.5,11,20−24 For a liquid
environment, they can serve as a local viscosity probe,24

while for a solid environment, they can act as a mechanical
probe of acoustic impedances.22 The potential interest in
hybrid nanosystems comes from the mix of their physical
properties that can yield the emergence of new functionalities.
Moreover, in terms of mechanics and acoustics, the knowledge
of the interface between constituents is of major importance
because it affects the properties of the whole hybrid system.
Among the methods used to investigate the vibrations,

optical methods are very efficient at the nanoscale: time
resolved optical spectroscopy enables the monitoring of totally

symmetric low frequency acoustic modes5−11,17,25 and a few
other modes are observed with Raman and Brillouin
scattering.7,26−28 In the case of metallic nanosystems, optical
experiments take advantage of the surface plasmon resonance
(SPR) properties.6,9,11,29 The great sensitivity of the SPR
observed in steady state experiments (UV−visible absorption,
dark field microscopy, etc.) yields very precise information on
the nano object’s shape, composition, and dielectric environ
ment4,30,31 but gives poor information on its internal structure.
On the other hand, time resolved experiments probe the
modulations of the SPR by the acoustic vibrations that are
optically launched.5 These experiments enable the measure
ment of the frequency and damping of vibrational modes. Their
comparison with mechanical numerical modeling allows the
determination of the mechanical properties and crystallin
ity.5−8,10,11,18−21 Crystallinity can also be investigated using
high resolution transmission electron microscopy (TEM), but
this technique cannot assess the mechanical properties such as
the quality of the mechanical contact between a metal and an
amorphous dielectric that is of major importance for nano
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technological applications. A fine analysis of the time resolved
measurements yields information on the quality of the
mechanical contact, particularly in the case of metallic−
dielectric particles.5,10,15,16

In this study, we present results concerning the acoustic
vibrations of core@shell nanoparticles (Ag@SiO2 and Au@
SiO2) synthesized through different protocols. The comparison
of the measured periods with analytical modeling allows us to
investigate the quality of the mechanical contact at the metal−
dielectric interface. We evidence that our time resolved
technique can detect a lack of mechanical contact at the
interface for samples that present no specific feature through
classic characterization tools. We thus determine a criterion to
detect the absence of mechanical contact by comparing the
vibrational period measured in the core sample and core−shell
samples based on the same core particles. We investigate the
impact of the ligand used for core sample preparation on
mechanical properties of core−shell particles, and we also
investigate the hypothesis of the presence of cracks in silica.

EXPERIMENTAL SECTION
Ultrafast Spectroscopy. The time resolved pump−probe

technique enables the observation of electronic and vibrational
kinetics in metals. After a transient response due to electronic
processes, the relative transmission changes result from
electron−phonon interactions11,29,32,33 and later acoustic
vibrations of the nanoparticles.5−16,18−24,29 This latter part is
investigated here: the signal is a damped sinusoid having a
period and damping time reflecting the characteristics of the
particles’ acoustic vibrations. The experimental pump−probe
setup is based on a Ti:sapphire femtosecond laser source
(Chameleon Coherent, 150 fs, 680−1080 nm, 80 MHz). The
pulse train is split into two parts. The first one, the pump pulse,
is frequency doubled and used to create a nonequilibrium
electron distribution in the metal. The second part, the probe
pulse, is also frequency doubled and is used to monitor the
induced sample transmission changes Δ / for several delay
times. The probe wavelength (λpr) is chosen in the vicinity of
the SPR to maximize the sensitivity. It is always chosen on the
same side of the SPR (blue side here) to get rid of potential
inhomogeneous effects.21,23,29 The pump wavelength (λpp) is
chosen to be identical to the probe one to take advantage of the
SPR absorption and perform a sufficiently strong excitation of
the particles. We also used infrared pumping and did not notice
any modification of the vibrational characteristics. The
detection is performed with mechanical chopping of the
pump beam at 2 kHz and lock in differential detection of the
transmitted probe beam intensity. The high stability and
repetition rate of our setup with a noise level in the 10−7 range
enable us to achieve high sensitivity measurements.
Chemicals. All chemicals were of analytical grade and were

used without further purification. The water used in all
experiments was Milli Q grade. Silver nitrate (AgNO3,
99.999%), gold chloride trihydrate (HAuCl4·3H2O), sodium
hydrosulfide (NaHS), L arginine (≥98%), trisodium citrate
dihydrate (NaCit) (99%, Na3C6H5O7·2H2O), glycerol
(C3O3H8), poly (vinyl pyrrolidone) (PVP; Mw ≈ 55 000), O
[2 (3 mercaptopropionylamino)ethyl] O′ methylpolyethylene
glycol (PEG SH, Mw = 5000), tetraethoxysilane (≥90%), and
ammonia (NH3, 30%) were purchased from Sigma Aldrich.
Ethylene glycol (EG, 99%) and ammonium hydroxide
(NH4OH, 28−30 wt %) were obtained from J.T. Baker.
Absolute ethanol was obtained from VWR.

Synthesis of Ag@SiO2 Nanoparticles (Route 1).
Spherical silver nanospheres (AgNPs@PVP) of radius ranging
from 12.5 to 15 nm were synthesized following the procedure
reported by Masse ́ and co workers.3 In two different vials, 16.9
mg of NaHS was dissolved in 10 mL of EG and 900 mg of PVP
in 30 mL of EG. Both solutions were left to age for 4 h under
magnetic stirring. After 1 h 30 min, 120 mL of EG was
introduced in a rounded flask which was equipped with a reflux
condenser, and the temperature was increased to 150 °C for 2 h
30 min. An argon flux was introduced in the rounded flask with
the EG for the last 30 min to create an inert atmosphere. After
4 h of aging, 70 μL of the NaHS solution and 30 mL of the
PVP solution were added. Immediately after, 10 mL of EG
solution containing 240 mg of silver nitrate was added into the
rounded flask. After 9 min, the reaction was quenched by
introducing the rounded beaker in an ice bath and adding 50
mL of cold absolute ethanol. The silver nanoparticles were
washed three times using a Millipore Stirred Ultrafiltration Cell
with a regenerated cellulose membrane (100 kDa). They were
finally redispersed in absolute ethanol to get a final silver
concentration of 1.6 g/L. In a further step, both batches of
silver nanoparticles were coated with a silica layer of controlled
thickness. Typically, 3.75 mL of the Ag nanoparticle dispersion
was mixed under continuous magnetic stirring with a solution
of deionized water and ammonia, at a volume ratio of 93.8/5/
1.2 for absolute ethanol, water, and ammonia, respectively. By
varying the amount of the silica precursor, core−shell particles
with a wide range of silica shell thickness were synthesized. For
example, for a shell thickness of 10 nm (AgNPs core R1 = 12
nm), 20 μL of tetraorthosilicate was added, and the reaction
mixture was stirred for 12 h at ∼20 °C. Upon completion of the
growth of the silica shell, the particles were washed with
absolute ethanol and water and redispersed in water.

Synthesis of Ag@SiO2 Nanoparticles (Route 2). Silver
nanoparticles of radius ranging from 11.6 to 12.2 nm and
coated with PEG SH (AgNPs@PEG SH) were prepared
according to the following procedure.34 Briefly, 9 mg of silver
nitrate was added to 50 mL of a water/glycerol mixture (40 vol
% glycerol) at 117 °C. One minute later, 1 mL/0.135 M
sodium citrate was added. Subsequently, the temperature was
decreased at 97 °C. After 1 h, the solution was stored at 4 °C.
To prevent the oxidation of the AgNP surface and ensure the
correct growth of a silica shell, the silver nanoparticles were
surface functionalized by using a PEG SH aqueous solution (O
[2 (3 mercaptopropionylamino)ethyl] O′ methylpolyethylene
glycolMw = 5000). A ratio of 2.7 PEG molecules per nm2 of the
available surface of the silver sol was fixed. The aqueous
solution of PEG SH was freshly prepared and added dropwise
to the as prepared silver nanoparticles under vigorous magnetic
stirring. The mixture was left to react for 1 h and centrifuged at
9000 rpm for 30 min (twice) to eliminate remaining reactants.
The AgNPs@PEG SH nanoparticles were redispersed in
absolute ethanol. The deposition of silica on the metal surface
was performed using the sol−gel approach described above.

Synthesis of Au@SiO2 Nanoparticles. Spherical gold
nanoparticles (AuNPs) of various diameters were synthesized
by a multistep procedure. AuNPs of 7 nm radius were first
prepared by the citrate reduction method reported by
Turkevich.35 AuNPs of larger radius (up to 42.5 nm) were
obtained by the multistep citrate reduction protocol reported
by Bastus̀ et al.36 SiO2 coating was carried out after surface
functionalization of the AuNPs by using a PEG SH (Mw =
5000) aqueous solution (O [2 (3 mercaptopropionyl amino)
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ethyl] O′ methylpolyethylene glycol).37 The surface modifica
tion allowed the replacement of the citrate molecules adsorbed
onto the gold surface by the PEG SH. A ratio of 2.7 PEG
molecules per nm2 of the available surface of the gold sol was
fixed. The aqueous solution of PEG SH was freshly prepared
and added dropwise to the as prepared AuNPs under vigorous
magnetic stirring. The mixture was left to react for 1 h and was
centrifuged at 9000 rpm for 30 min (twice) to eliminate
undesired reactants. The AuNPs@PEG SH nanoparticles were
redispersed in absolute ethanol and further coated with silica.
Characterization. TEM images were obtained with a JEOL

JEM 1400 transmission electron microscope operating at an
acceleration voltage of 100 kV. Absorption spectroscopy was
performed using a Shimadzu UV3600 spectrometer.

RESULTS AND DISCUSSION
The experiments were performed in colloidal solution of core
Ag with radius R1 ranging from 11.5 to 15 nm and core−shell
Ag@SiO2 nanoparticles with a shell thickness e = R2 − R1
ranging from 5 to 54 nm (Figure 1). The resulting range in

terms of the radius ratio R2/R1 goes from 1.4 to 5.7. Figure 1a
presents the absorption spectra of core (R1 = 12 nm) and two
core−shell samples (CS1 and CS2) synthesized following route
2. The SPR of core particles (408 nm) is weakly modified by
silica deposition. The temporal evolution of Δ / measured
in silver core particles (R1 = 12 nm) for identical pump and
probe wavelength (λpp = λpr = 380 nm) is presented in Figure 2.
After a sharp rise during the first hundred femtoseconds
following energy absorption by the metal, Δ / decreases
exponentially, representing electron−phonon energy ex
changes.32,33 Then, Δ / presents modulations that can be
associated with the vibrational modes of the nanopar
ticles.5,10,11,29 The measured periods are obtained by fitting
with a function f(t) which sums several modes (amplitude A,
period T, damping time τ, and phase φ) for the oscillating part
of the signal and if necessary a monoexponential decay
(amplitude B, decay time τe−ph) for the initial electron−
phonon decay
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We find that a single vibration mode is enough for the fitting
function to perfectly match the measured signal (see Figure 2).
The observed vibration period is found to be Tcore

A = 7.90 ps;
this value is in good agreement with analytical calculations (7.2
ps) for the fundamental breathing mode of a nanosphere with a
12 nm radius in water.5

The inset shows the measurements for a core@shell Ag@ 
SiO2 sample (CS1) compared to the one observed in the core. 
The CS1 sample presents a single mode oscillation with a 
period shorter than the core (TA

core): TCS1 = 7.20 ps. We 
performed experiments on several Ag core and Ag@SiO2 core− 
shell samples with different values of core radius R1 and shell 
thickness R2 − R1 to investigate the evolution of the observed 
mode for particles in a large range of the R2/R1 value: from 1.4 
to 5.7. We plotted the reduced period TCS/Tcore as a function of 
R2/R1 in Figure 3. W e  see that this ratio is close to 1 
for several samples, but deviations clearly appear for several 
others, among them CS1 as already mentioned. To understand 
this behavior, we compared these results with numerical 
simulations. These measured periods are compared to 
calculations to assign them to vibration eigenmodes and 
extract physical information on the nanoparticles, their 
structure, and their environment.
We first calculated the acoustic vibration periods for

nanospheres (the core particle) in several environments.
Analytical calculations made by Lamb and detailed in this
review5 yield the following results. The periods of the
fundamental mode vary linearly with the diameter T = αD,
where α (in ps/nm) is a numerical coefficient depending on the
particle and environment constituents. We find αAg

free = 0.298,
αAg
water = 0.299, and αAg

silica = 0.280. The periods for a free particle
and a particle in water are very similar because water has weak
acoustic impedance compared to silver.5 The period for a
particle embedded in silica is also very close to the one in water:
the higher impedance has a weak effect on the period and
manifests mostly on the mode damping.5 To conclude, we will
use αAg ≈ 0.3 for the rest of the discussion and consider that
Tcore
water ≈ Tcore

silica ≈ Tcore
free . The periods for core−shell particles were

calculated as Portales̀ et al for many silica thicknesses.28 As
expected, after normalization of the core−shell period TCS by
the breathing period of the core Tcore, the reduced periods T

CS/
Tcore depend only on R2/R1.

15,16 The results are presented in
Figure 3. We represent the reduced period, i.e., the core−shell
period normalized to the core period, as a function of the radius
ratio R2/R1. The first four eigenmodes are shown (n = 0, ..., 3).

Figure 1. (a) UV−visible spectra of Ag core particles (radius R1 = 12
nm, black curve) and Ag@SiO2 core−shell samples (CS1 in red and
CS2 blue) with total radius R2. (b,c) TEM picture of the core−shell
samples CS1 (R1 = 12 nm, R2 = 20.5 nm) and CS2 (R1 = 11.5 nm, R2
= 65.5 nm). The numbers represent the radii ratio R2/R1. Scale bar:
100 nm.

Figure 2. Normalized time resolved transient transmission of the Ag
core (R1 = 12 nm) measured with λpp = λpr = 380 nm. The blue dots
represent the fit using eq 1. Inset: Transient transmission of the core
sample R1 = 12 nm (black) and core−shell sample CS1 in red (R2/R1
= 1.71).
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Calculations show that several anticrossing patterns are
present as previously observed by Valleé and co workers.10,15,16

We also experimentally observe that the nanosystems vibrate
along a single dominant mode because fitting the variation of
the transmission requires only a single damped sine function.
The reason for this behavior is to be found in the nature of the
different overtones. Some of them correspond to vibrations of
the metallic core. The other ones concern mainly the silica
shell. However, the excitation mechanism is related to the
absorption by the metallic core, and the detection is also related
to variation of the transmission of the metallic core. Therefore,
the pump−probe measurements are sensitive only to the
vibrations whose amplitude inside the metallic core is not small.
The corresponding overtone index n chosen by the nano
particle varies with R2/R1. We find that the nanosystem
oscillates along mode n = 0 for R2/R1 < 1.5. In this range, the
core−shell period is bigger than the core one. Then, the system
switches to mode n = 1 near R2/R1 = 1.5. This value is smaller
than the one measured by a previous study.16 For 1.5 < R2/R1 <
3, we investigated several samples that dominantly oscillate
along the mode n = 1. The mode switch from n = 1 to n = 2
appears when R2/R1 ≈ 3−3.5. For 3.5 < R2/R1 < 4.5, we
investigated two samples that present oscillations along the
mode n = 2, which is in good agreement with the calculations.
The last sample, (R2/R1 = 5.7), presents oscillations along the
mode n = 3, indicating that the switch from n = 2 to n = 3
happens for R2/R1 ≈ 4.5−5.5. To the best of our knowledge,
this switch had not been observed before. The mode selected
by the systems is difficult to predict. A fine analysis by Crut et
al. considered both excitation processes (that launch preferen
tially some modes) and detection processes (that enhance
some modes in the detected signal) and estimated the
predominant mode one should experimentally observe.10,15,16

They predicted and observed experimentally two transitions
from mode n = 0 to mode n = 2, which is in good agreement
with their model. Our observations match with this study: we
also observed single mode vibrations and three mode switches
when R2/R1 increases. Meanwhile, we found a slight deviation
to their prediction: we observe that the mode switches to the
next overtone for R2/R1 values smaller than those predicted by

their model. It seems that this phenomenon is difficult to predict 
quantitatively and may depend either on the synthesis route 
used or on the mechanical quality of the contact between the 
core and the shell that may not be a binary value (i.e., perfect or 
absent).

Moreover, a closer observation of our results shows that four 
samples do not behave as expected (red dots, Figure 3). These 
core−shell samples oscillate with a period that matches the core 
period. This can be explained by assuming that the mechanical 
contact between the Ag core and the SiO2 shell is poor. Indeed, 
it has been calculated that the presence of a thin solvent layer or 
organic products can induce a mechanical decoupling between 
the core and the shell.15 We can estimate the core dilatation in 
our experiments, considering the absorbed energy and the 
induced dilatation. According to a previous study25 and taking 
into account our experimental configuration (high laser 
repetition rate and weak excitation), we estimate that the 
temperature elevation of the core nanoparticle is between 30 
and 300 K, resulting in a particle dilatation between 0.04 and 
0.4%. Maximal vibration amplitudes are thus estimated to be 
between 0.005 and 0.05 nm. Because the vibrations of the 
core−shell particles are launched by the metallic core absorbing 
photons, it is clear that a thin soft layer can mechanically isolate 
the core from its shell. This phenomenon that has been 
calculated by Crut et al.15 is experimentally observed here and 
proposed as a characterization method. Indeed, the comparison 
of the measured and expected periods is a unique tool to 
characterize the mechanical properties of nanoparticles and 
particularly the nature of the contact between the core and the 
shell. We thus adopted a color code reported on Figure 3: the 
green dots represent samples with a period that matches 
numerical simulations assuming a perfect contact (46% of 
samples), the red dots represent samples with a reduced period 
that is close to 1 and does not match simulations assuming a 
perfect contact (20% of samples), and the blue dots represent 
undetermined samples: their reduced period matches both 
calculations assuming a perfect contact and the value 1 
corresponding to a full decoupling. We notice that samples in 
red in Figure 3 are present for both synthetic routes. 
Concerning samples synthesized using route 2 (circles), it is 
important to remark that they present three red dots that do not 
come from the same Ag core sample. This indicates that the 
critical step relies on the silica deposition and does not depend 
systemati cally on the core sample: we presume that decoupling 
can happen to any core−shell sample even if it is based on a core 
that has already been used to produce a core−shell with good 
mechanical contact. Meanwhile, it seems that route 2 samples 
having PEG SH ligands on core particles are less inclined to 
present a good mechanical contact in between the dielectric and 
the metal. The PEG SH binds strongly to the silver surface via a 
Ag−S bond and may block the diffusion of the silica precursor 
directly to the metal surface. In contrast, with PVP as surface 
priming (route 1), the silica coating is promoted directly on the 
metal surface because PVP is weakly linked to metal through 
both CO and C−N groups.38,39 Moreover, PVP has also a 
high affinity for silica, which arises from hydrogen bonding and 
from electrostatic interactions between positively charged PVP 
and silica that contains some negative charges. The structure of 
the PVP, particularly N,N dialkyl substituted carboxylamide, is a 
frequent functionality among polymers for affinity for silica. The 
oxygen of the carbonyl is a strong hydrogen bond acceptor and

Figure 3. Reduced period (TCS/Tcore) measured in several core−shell
samples as a function of the radius ratio R2/R1. The triangles and
circles correspond to samples obtained with synthesis routes 1 and 2,
respectively. The color code represents the contact quality estimation
(green = good, blue = undetermined, and red = poor). The reduced
periods computed for the fundamental radial mode (n = 0) of an Ag@
SiO2 core−shell particle and for three overtones (n = 1, 2, and 3) are
shown by the solid lines in black, orange, cyan, and magenta,
respectively. The black dashed line corresponds to the reduced period
expected in the case of full core−shell decoupling (i.e., TCS/Tcore = 1).
The gray stripes correspond to the R2/R1 window where mode
switching occurs.
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hence interacts well with strong hydrogen bond donators such 
as silanol groups. Such interactions may explain the better 
mechanical contact on the metal−PVP surface than on the 
metal PEG SH one. Considering this, it seems that during the 
surface modification of the core particle needed to grow the 
silica shell, the strong thiol binding reduces the ligand exchange 
efficiency and induces the presence of thin soft layers between 
the core and the shell that are responsible for mechanical 
decoupling. Therefore, measurements of acoustic vibrations of 
core−shell particles are a powerful tool to detect ineffective 
mechanical contact that may be present for samples that do not 
present any notable characteristics using standard 
characterizations such as TEM or UV−visible spectroscopy. Our 
technique can also be used to detect particles presenting poor 
mechanical contact and may be useful for specific 
nanotechnological applications.
The calculation of the core−shell frequencies presented in

Figure 3 assumes a perfect mechanical contact as discussed
above. The presence of a thin shell layer modifies the
frequencies of the metallic core in two ways: (i) the mass of
the shell slows down the vibrations of the core and (ii) the
additional energy required to increase or to decrease the
volume of the shell as the volume of the core varies results in a
shorter oscillation period. This second mechanism relies on the
assumption that the elasticity of thin silica shells is the same as
the one of bulk silica and that the shell covers perfectly the
metallic core. For completeness, we tested this assumption by
considering the opposite limiting case where the elasticity of
the shell vanishes and therefore only its mass plays a role. This
would be the case, for example, if in our samples the silica shell
contained many cracks but were nonetheless stuck to the core.
This mass loaded nanoparticle hypothesis is similar to recent
works on semiconductor nanoparticles40 and nanoplatelets41

coated by ligands. We calculated the periods using the model
with vanishing surface stress tensor, as presented by Huang and
Liu;42 and the results are presented in Figure 4. This “mass

loaded hypothesis” results in an increase of the period for the
fundamental breathing mode n = 0, while for the periods of the
overtones (n > 0), it results in a decrease relatively to the
previous calculations with perfect mechanical contact and the
presence of shell elasticity (dashed lines, Figure 4). We also
notice that as the mass of the shell increases (i.e., R2/R1

increase), the overtone periods asymptotically converge toward
the periods of a sphere with a fixed surface (vanishing
displacement instead of vanishing stress at the surface). Overall,
we clearly see from Figure 4 that the gap between the n = 0 and
n = 1 branches increases with the mass loaded nanoparticle
hypothesis and thus does not match at all our experimental
results.
We extended these investigations to Au@SiO2 nanoparticles.

The core radius R1 was between 7 and 42.5 nm, and the shell
thickness was between 7 and 24.5 nm, yielding R2/R1 values
between 1.37 and 2.5 (Supporting Information, Table S2). We
measured the vibrations for core particles and core−shell
particles, and we present the reduced period in Figure 5. All the

measured vibrations have a reduced period close to 1. The
comparison with analytical calculations of the fundamental
mode (n = 0) and its first harmonic (n = 1) shows that two
investigated samples present a poor mechanical contact, while
three of them are undetermined. The fact that all samples
present the same period leads us to believe that the full batch
presents a poor mechanical contact. This reinforces our opinion
concerning the role of ligands and in particular the fact that
PEG SH is not perfectly effective to produce core−shell
samples with a good mechanical contact. Further investigations
including more relevant statistics are needed to investigate
precisely the role of polymer ligands (chemical binding groups,
length, and molecular weight) and determine if the quality of
mechanical contact principally depends on the core particle
nature or its surface functionalization.

CONCLUSIONS
We investigated the acoustic vibration of hybrid metal−silica
nanoparticles and found that the particle vibrations, associated
with analytical simulations, are a unique tool to characterize the
mechanical contact between the metal and silica at the
nanoscale. Indeed, periods in core−shell particles present
deviations from the core period when the mechanical contact is
good while the absence of contact can be detected by the
absence of modification of the measured period. Our
investigation illustrates the fact that the mechanical contact is
not necessarily identical for core−shell samples based on the

Figure 4. Reduced period (TCS/Tcore) of an Ag@SiO2 core−shell
particle, using the mass loaded nanoparticle hypothesis, computed for
the fundamental radial mode (n = 0) and for three overtones (n = 1, 2,
and 3) are shown by the solid lines in black, orange, cyan, and
magenta, respectively. The dashed lines correspond to the computed
reduced periods, assuming a perfect contact and shell elasticity as in
Figure 3. Reduced period (TCS/Tcore) measured in core−shell samples
as a function of the radius ratio R2/R1 is presented in gray dots.

Figure 5. Reduced period (TCS/Tcore) measured in several Au@SiO2
core−shell samples as a function of the radius ratio R2/R1 (circles).
The color code represent the contact quality estimation (green =
good, blue = undetermined, and red = bad). The reduced periods
computed for the fundamental radial mode (n = 0) and the first
harmonic (n = 1) of an Au@SiO2 core−shell particle are shown by the
black and orange solid lines, respectively (assuming perfect shell
contact and shell elasticity). The black dashed line corresponds to the
reduced period expected in the case of full core−shell decoupling (i.e.,
TCS/Tcore = 1).
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same core particle, for both synthesis routes. This emphasizes
the fact that time resolved spectroscopy is a powerful tool to
investigate and characterize the nature of mechanical contacts
that cannot be determined with standard techniques such as
UV−visible spectroscopy or TEM microscopy. The comparison
of experimental data and numerical computations also
confirmed that our measurements cannot be interpreted by
the presence of cracks in silica that would quench its elasticity.
This investigation also shows that when the mechanical contact
is good, the selected mode among the possible harmonics can
be mode n + 1, while mode n is expected from the theory. This
may be related to a nonperfect mechanical contact and requires
further investigations to be fully interpreted.

AUTHOR INFORMATION
Corresponding Author
*E mail: julien.burgin@u bordeaux.fr.

ORCID
Serge Ravaine: 0000 0002 6343 8793
Lucien Saviot: 0000 0002 1249 2730
Julien Burgin: 0000 0001 8648 3346
Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS
The authors acknowledge the Centre National de la Recheche
Scientifique (CNRS) and the Conseil Reǵional d’Aquitaine
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