
Crystallinity Dependence of the Plasmon
Resonant Raman Scattering by
Anisotropic Gold Nanocrystals
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T
hanks to significant advances in the
design and characterization of nano-
sized metal NCs with controlled mor-

phology, the influence of their size, shape,

and local environment on the surface plas-

mon resonance (SPR) is well established

nowadays.1�3 Understanding how such

structural parameters can affect the NCs op-

tical properties is of great interest since

this sensitivity offers to be advantageously

exploited for various sensing applications.

In particular, one can mention the surface-

enhanced Raman scattering (SERS) spec-

troscopy,4 as well as the so-called localized

surface plasmon resonance spectroscopy,

which is demonstrated to be a powerful

tool for sensing molecules of chemical and

biological interest.5 Although it is a com-

mon expectation that twins inside nano-

crystals should influence the behavior of

electrons, only rare studies have been dedi-

cated to assess the effect of twinning de-

fects on the properties of metal NCs.6�8 At

the current stage of the knowledge ac-

quired from the latter results, the single-

crystal particles are shown to exhibit supe-

rior sensing ability than polycrystalline

ones, so that the physical properties of

metal NCs could be tuned by controlling

defects.7,9 In parallel to this control, the

proper characterization of the crystallinity

in a large ensemble of NCs is therefore a po-

tential significant issue, which still remains

unaddressed. In this regard, low-frequency

Raman scattering is a powerful technique to

study the impact of crystallinity. The SPR-

vibration coupling at the heart of the scat-

tering process makes this technique sensi-

tive to both NCs crystallinity and shape

through their impact on both the vibra-
tions and the SPR.

Confinement of elastic waves inside
nanosized crystalline particles drastically af-
fects their vibrational behavior by inducing
the discretization of the phonon density of
states. The confined acoustic vibrations of
isotropic spherical nanoparticles, for in-
stance, can be classified according to the
Lamb’s model10 as either torsional or sphe-
roidal. Such vibrations of nanoobjects have
been stimulating extensive research in the
past few years to get a better knowledge of
the specific vibrational properties of matter
at the nanoscale. Various experimental
techniques have been successfully used for
their observation, such as low-frequency Ra-
man scattering4,11 (LFRS) and time-resolved
pump�probe spectroscopy.12,13

Studying noble metal nanoparticles by
LFRS has been shown to be particularly use-
ful because of the coupling of their vibra-
tions to their dipolar SPR. Indeed, due to
such a coupling, Raman scattering from the
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ABSTRACT Au nanocrystals (NCs) with different crystalline structures and related morphologies are

unselectively synthesized using an organometallic route. The acoustic vibrations of these NCs are studied by

plasmon mediated low-frequency Raman scattering (LFRS). A splitting of the quadrupolar vibration mode is

pointed out in the LFRS spectrum. Comparison of the measured frequencies with calculations and careful

examination of the NCs morphologies by transmission electron microscopy ascertain this splitting as being an

effect of crystallinity. The excitation dependence of the LFRS spectra is interpreted by the shape-selection of the

NCs via plasmon�vibration coupling. These results give new insights into the crystallinity influence on both the

vibrations of the NCs and their coupling with plasmons and demonstrate the relevance of elastic anisotropy in

monodomain NCs.
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vibrations of metal nanoparticles is mediated by their
surface plasmons.14 While the spheroidal modes charac-
terized by the l � 0 and l � 2 angular momentum,
which correspond respectively to pure radial and quad-
rupolar modes, are Raman active,15 the quadrupolar
modes correspond to the main feature of the LFRS
spectra. A further consequence of the
plasmon�vibration coupling lies in the fact that the
Raman cross sections of the aforementioned active
modes can be also highly sensitive on each parameter
being able to modify the SPR energy, profile, or ampli-
tude, like for instance, the nanoparticles size and shape
or their local environment.2,3,16

Recently, it has been observed by LFRS
experiments17,18 and confirmed by calculations19 that
crystallinity of metal nanocrystals can significantly influ-
ence their acoustic vibrations in the case of a metal
with high elastic anisotropy such as gold (Zener factor:
2.92). Using the resonant ultrasound (RUS) approach,20

which is a standard numerical method suitable for the
calculation of the vibrational frequencies of nanocryst-
als with anisotropic elasticity, Saviot et al.19 have shown
that the introduction of elastic anisotropy in the calcu-
lation of the frequencies dramatically lifts the degen-
eracy of most vibrational modes. In particular, for
spherical monodomain Au NCs with cubic crystallinity,
the 5-fold l � 2 quadrupolar mode splits into two differ-
ent branches. Furthermore, by considering group theo-
retical arguments, the lower and upper branches, in in-
creasing order of frequency, are found to be related to
2-fold and 3-fold degenerate modes, which are labeled
with the Eg and T2g irreducible representations, respec-
tively (Oh point group).

Even though the influence of crystallinity on the
NCs vibrations is theoretically predicted, it suffers from
poor experimental investigations and, as mentioned
above, only few papers have yet reported on the obser-
vation of such phenomenon.7,9 This is mainly because
synthesizing NCs with both a narrow size distribution
and controlled crystallinity still remains a challenging
issue nowadays. This lack may also be related to the
limited capacity of time-resolved spectroscopy for ob-
serving the effect of crystallinity on the vibrations of na-
noobjects since crystallinity weakly affects the radial
breathing mode frequency, which is measured by this
technique.21

In this paper, we report on the study by Raman scat-
tering of the acoustic vibrations of Au NCs with differ-
ent crystalline structures unselectively synthesized by
using a one-step one-phase synthetic route.22 The re-
spective contributions of mono- and polycrystalline NCs
to the Raman signal are pointed out. To properly as-
sign the various features observed in the LFRS spec-
trum, the measured frequencies are compared with
those calculated by using the RUS approach and the de-
pendence of the Raman spectra on the excitation wave-
length is also examined. These results clearly empha-

size the relevance of elastic anisotropy in nanosized
crystals.

RESULTS AND DISCUSSION
Transmission electron microscopy (TEM) Characterization of

the NCs Size and Crystallinity. Figure 1a,b shows both the
bright field and conical dark field scan TEM images
of the synthesized Au NCs. Using conical dark field
TEM, we could identify the various crystalline struc-
tures making it therefore possible to estimate the re-
spective amounts of monodomain NCs and their
polycrystalline counterparts. Most of the nanocryst-
als shown in the TEM images exhibit inhomoge-
neous patterns, which clearly indicates their poly-
crystalline composition. Four typical patterns related
to polycrystals are presented in Figure 1c. The first
two examples correspond to patterns which are un-
ambiguously assigned to the so-called multiply
twinned particles23 (MTPs), that is, a decahedron (im-
age no. 1) and an icosahedron (image no. 2). Image
no. 3 illustrates the case of a NC whose geometry is
not precisely identified although several crystalline
domains are distinguishable. In addition to NCs com-
posed of multiple domains, like those described
above, the occurrence of poorly twinned ones has
also to be noted. For instance, some of them appear
to be composed of only two crystalline domains
joined by one single twin as for the NC shown in
the image no. 4. In parallel, the TEM images also re-
veal the presence in quite a large amount of uni-
formly illuminated patterns (Figure 1d) that likely
correspond to monodomain NCs, whose morpholo-
gies are assumed to be that of either a cuboctahe-
dron or a truncated octahedron.24 After analyzing
the conical dark field scan TEM images over a total
population of 2000 NCs, the amount of single crys-
talline particles is found to be approximately 30% of
the full population. The major portion (�65%) is
composed of MTPs and/or polycrystals, while 5% is
poorly twinned nanocrystals. In spite of the large va-
riety of NC structures present in our samples, the
NCs size distribution is characterized by a very low
polydispersity of around 6%. The size histogram is
plotted in Figure 1e together with the correspond-
ing fit by a Gaussian profile whose maximum is cen-
tered at Dmax � 5.3 nm with a standard deviation �

� 0.32 nm. Other samples containing both Au MTPs
and monodomain NCs in a quite similar amount
but characterized by different size distributions have
been prepared using the same route as the one de-
scribed in the Experimental Methods section (see
Figure S1 and the related text in the Supporting In-
formation).

Relationship between Nanocrystal Shape and Crystallinity. As
illustrated by the schemes and images presented in
Figure 1c,d, the particle morphology directly depends
on the atomic arrangement, so that NC shape and crys-
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tallinity are two correlated structural parameters. For in-
stance, the geometrical shape of monodomain Au NCs
commonly varies from the cuboctahedron to the trun-
cated octahedron,24 and we will see in the following
that these morphologies can be safely approximated
by spheres for both calculating their SPR extinction
spectrum and their vibrational frequencies. Besides, a
large amount of polycrystalline NCs corresponds to
MTPs with either quasi-spherical shapes, like icosahe-
dra, or nonspherical ones, like decahedra.23 Since the
optical properties of nanoparticles are already shown to
depend on their shape,1�3 the following question arises
here: Is the correlation between NC shape and crystal-
linity likely to enable the selective excitation of either
single domain or polycrystalline NCs among a popula-
tion of NCs with different crystallinities, in such a way to
also permit the selective detection of their respective
LFRS signal via plasmon�vibration coupling? As an at-
tempt to address this problematic, the dependence of
the SPR of Au NCs on their crystallinity-related shape
and then, the influence of the anisotropic elasticity on

their acoustic vibrations will be successively consid-
ered below.

Dependence of the SPR of Au NCs on Their Crystallinity Related
Shape. To investigate how the crystallinity might influ-
ence the SPR characteristics of the studied NCs via the
change of their shape, extinction spectra have been cal-
culated using the DDA method for the particular mor-
phologies well identified from the TEM images that are
shown in Figure 1a�c. To account for the presence of
dodecanethiol molecules at the surface of the NCs,
these latter are considered in the simulations to be im-
mersed in a host medium with the same refractive in-
dex than the coating agent, that is, n � 1.46. All the cal-
culated spectra are plotted in Figure 2 along with the
UV�vis extinction spectrum measured from the colloi-
dal solution used to elaborate our samples.

Except for the case of the decahedron, all the other
calculated spectra exhibit nearly similar profiles where
the intense band centered around 530 nm correspond-
ing to the SPR of Au NCs is partially superimposed on
its high-energy side to the onset of the interband tran-

Figure 1. (a) Bright field and (b) conical dark field scan TEM images of Au NCs. (c) Zoom of few selected areas of the
TEM images showing polycrystalline NCs with a schematic representation of the related shapes: (1) decahedron, (2)
icosahedron, (3) polycrystal with undefined morphology and (4) single-twinned particle. (d) Same as previous for a
monodomain NC whose typical morphology is found to vary from the cuboctahedron to the truncated octahedron. (e)
Size histogram of the Au NCs determined by TEM analysis over 2000 entities. The maximum at Dmax � 5.3 nm and
the standard deviation � � 0.32 nm of the NCs size distribution are deduced from its fitting by the Gaussian curve
which is also plotted in the graph.
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sitions. Furthermore, these spectra are found to be
qualitatively in fairly good agreement with the experi-
mental one, in which the SPR is peaked at around 520
nm. At variance, the spectrum calculated for decahedral
particles shows the SPR band to be much broader and
red-shifted with respect to those obtained for the other
particle shapes. A recent study based on the spectro-
scopic measurements, imaging and modeling of indi-
vidual Au decahedra pointed out their specific optical
properties.25 By comparing the various calculated spec-
tra plotted in Figure 2, it is worth noting that the cub-
octahedron, the truncated octahedron, and the icosa-
hedron almost behave like spheres. The different
optical behavior observed for the decahedron is due
to its (oblate) shape anisotropy. In regard to this speci-
ficity, it should also be noted that the extinction spec-
trum calculated for the decahedral particles is orienta-
tionally averaged to account for their random
orientation in the sample. The behavior of decahedral
particles therefore enables the selective excitation of
their SPR when turning the light wavelength from the
green to the red in the Raman experiments. Despite a
recent study of the effect of the lattice crystallinity on
the electron�phonon relaxation rate in Au particles,6

the actual influence of twins and other crystal defects
on the characteristics of the SPR of nanosized NCs has
not been yet precisely addressed to our knowledge. Un-
like for the optical properties, we will examine here
how the crystallinity can significantly influence the LFRS
signal of Au NCs.

Effect of Crystallinity on the Acoustic Vibrations of Au NCs. As
mentioned above, our previous study of the acoustic vi-
brations of Au NCs by LFRS18 already permitted us to
clearly demonstrate the specific vibrational behavior of
quasi-spherical monodomain NCs, that arises from their
anisotropic elasticity. Indeed, two bands were observed

in the LFRS spectrum of Au NCs whose frequencies
were found to be in good agreement with those calcu-
lated by using the RUS approach for the Eg and T2g

modes of a so-called elastically anisotropic Au sphere,18

that is, a sphere with internal cubic monodomain crys-
tallinity. Additionally, one shoulder was also observed
on the low-frequency side of the aforementioned T2g

band. This latter feature was ascribed to the usual l �

2 fundamental quadrupolar mode of NCs with imper-
fect crystallinity by describing their vibrations as those
of a “fictive” elastically isotropic Au sphere, that is, a
sphere with orientationally averaged elastic parameters
of Au.

Like it is noticed for the SPR of Au NCs with
spherical-like polyhedral morphologies (truncated octa-
hedra, cuboctahedra or icosahedra), the vibrational fre-
quencies were found to be almost unaffected by the
shape variation between one morphology to the oth-
ers and weakly deviate from the frequencies calculated
for an Au sphere with the same volume.18 At variance,
considering the significant shape effect observed in
Figure 2 on the SPR spectrum of the Au decahedron, it
is important here to address the vibrations of this latter
NC. The vibrational frequencies of the Au decahedron
have been calculated by the RUS method using isotro-
pic (i.e., orientationally averaged) elastic parameters of
Au in order to account for the different orientations of
the five tetrahedral crystalline domains making up each
decahedron. The vibration modes have been labeled
according to the irreducible representations of the D5h

point group. The low-frequency Raman active vibra-
tions are reported in Table 1.

Unlike the case of MTPs with quasi-spherical shapes
(icosahedra) that are characterized by one single qua-
drupolar mode, the decahedral morphology gives rise
to (i) partial liftings of degeneracy of the quadrupolar
mode and (ii) additional mixings of the previous modes
with low-frequency modes affiliated with torsional
type motions which are not Raman active for a sphere
with isotropic elasticity. In the low-frequency range,
three 2-fold degenerate E modes and one A mode are
found to be Raman active and significantly contribute
to the Raman spectrum for the decahedron. The sphe-
roidal l � 2 vibrations of a sphere with isotropic elastic-
ity are split into E=2 (for m � �2), E==1 (for m � �1)
and A=1 (for m � 0). Note that the E==1 modes are fur-
ther strongly mixed with torsional vibrations which are
not Raman active for the sphere. This is the reason why
E==1 appears twice in Table 1. Taking into account a
minimum bandwidth for each mode of around 20 GHz,
as measured for the Eg mode of monodomain NCs,
and due to the spectral distribution of the various
modes, all of them lie in a narrow frequency range cen-
tered at a frequency which is close to that of the 5-fold
quadrupolar modes of an isotropic sphere with the
same volume. As a result, the contributions to the LFRS
signal originating from icosahedra and decahedra are

Figure 2. Experimental UV�vis extinction spectrum (filled black curve)
of the colloidal Au solution plotted along with those calculated by us-
ing the DDA method for nanoparticles of different shapes: cuboctahe-
dron (blue curve), icosahedron (violet curve), truncated octahedron
(green curve), decahedron (red curve), and sphere (orange curve). The
vertical dotted lines indicate the wavelengths of the various laser
lines used as excitation sources for the LFRS experiments.
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both expected to identify with the band observed at

around 183 GHz, so that it is not possible to distinguish

between them solely on the basis of the measured

Raman frequencies. As we will see now, the resonant

Raman process with metal NCs does allow doing so.

Figure 3 shows the Stokes/anti-Stokes LFRS spectra

of the deposited 5.3 nm Au NCs. All these spectra ex-

hibit two dominant bands in the spectral domain be-

low 250 GHz. Such a behavior has also been observed

from other samples containing both Au MTPs and mon-

odomain NCs with different size distributions, as illus-

trated by Figure S2 in the Supporting Information. This

result is consistent with the observation of similar fea-

tures in previous Raman experiments18 that were per-

formed by using an excitation at 532 nm on various

samples containing monodomain Au NCs in a quite

similar amount than those investigated in this work.

The comparison of the measured vibrational frequen-

cies with those calculated by using the RUS approach

(Table 1) makes it possible to assign the various contri-

butions coming out of the LFRS spectra displayed in

Figure 3 in the following way: (i) the sharp band peaked

at 137 � 10 GHz is ascribed to the 2-fold degenerate

Eg modes of monodomain Au NCs. (ii) The second band

at higher frequency, which clearly appears to be

broader than the former, also exhibits a structured pro-

file, especially when looking at the spectrum recorded

for an excitation wavelength of 676.4 nm. Actually, this

band is originating from two different contributions to

the Raman signal, that is, on the one hand, the Raman

scattering from the 3-fold degenerate T2g modes of

monodomain NCs, corresponding to the peak centered

at 210 � 10 GHz, and on the other hand, the light scat-

tering due to the “l � 2” vibrations of MTPs and poly-

crystalline NCs. From the calculated frequencies listed

in Table 1, one can predict this last contribution to cor-

respond to the shoulder that appears at around 180

GHz, on the low-frequency side of the T2g band. To fur-

ther argue in favor of the above assignation, it is impor-

tant to consider that such a satisfactorily concordance

between measured and calculated vibrational frequen-

cies is also confirmed for other samples of Au NCs with
different size distributions (see Table S1 in the Support-
ing Information).

As shown in Figure 3, the profile of the LFRS spec-
trum depends on the excitation wavelength through
the variation of the relative intensities of the three dif-
ferent contributions from one excitation to the others.
Moreover, no shift of these components is observed
when changing the excitation from the green to the
red. This last result is noticeably in contrast with previ-
ous observations of plasmon-mediated Raman scatter-
ing from acoustic vibrations confined either in rough
metal surfaces4 or in matrix-embedded silver nanopar-
ticles,26 which clearly revealed a shift of the quadrupo-
lar band toward lower frequency when shifting the ex-
citation to larger wavelength. This feature was then
demonstrated to reflect the presence of ellipsoidally
distorted nanoparticles in the matrix together with
spherical ones. Therefore, we can conclude that the in-
variance of the Raman bands positions when changing

TABLE 1. Comparison of the Vibrational Frequencies of 5.3 nm Au NCs Measured by LFRS with Those Calculated by Using
the RUS Approach for Objects with Different Elastic Properties and Shapes

objects used for modeling frequencies (GHz)

types of nanocrystal/crystallinity elasticity shape modes calculateda measuredb

cuboctahedron/MD truncated octahedron/MD anisotropic sphere Eg 141 137 � 10
T2g 227 210 � 10

icosahedron/MTP isotropic sphere l � 2 200 183 � 10
decahedron/MTP isotropic decahedron E=2 167

E==1 192
A=1 202
E==1 219

aThe 2-fold Eg and 3-fold T2g degenerate modes of an Au sphere with anisotropic elasticity are considered for modeling the vibrations of monodomain (MD) NCs, like a cub-
octahedron or a truncated octahedron. At variance, “fictive” elastically isotropic objects with spherical and decahedral shapes are used for simulating the l � 2 quadrupo-
lar mode of an icosahedron and the Raman active modes of a decahedron, respectively, which are both multiply twinned particles (MTPs). In this last case, the frequencies are
calculated for a decahedron with the same volume as the previous spheres. bThe “measured” frequencies are averaged values derived from the LFRS measurements per-
formed at various points of the sample and using four different excitation wavelengths.

Figure 3. Stokes/anti-Stokes LFRS spectra of 5.3 nm Au NCs. The
wavelengths of the different laser lines used as the excitation source
are successively 514.5, 647.1, and 676.4 nm, from the bottom to the
top. Spectra have been vertically shifted and amplitudes normalized to
the maximum of the lowest frequency band for clarity.

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 6 ▪ 3489–3497 ▪ 2010 3493



the laser wavelength results from the narrow shape
and size distributions of the studied Au NCs, in agree-
ment with the TEM image shown in Figure 1.

To support the assignment given above and more
precisely define the origin of the various features in
the multiple component LFRS signal measured from
both monodomain and polycrystalline Au NCs, we
show in Figure 4 one high-resolution Stokes LFRS spec-
trum. In this highly resolved spectrum, the three com-
ponents, whose assignment is given above, are clearly
distinguishable. To further characterize these various
features and their respective dependence on the excita-
tion wavelength, their intensities were derived from a
multipeak fitting of the structured LFRS spectrum. As il-
lustrated in Figure 4, the three-component profile is
therefore successfully fitted by ascribing to each band
a Lorentzian profile and by considering the additional
contribution of a constant background. This latter con-
tribution is limited to a few percents of the whole signal
and could be assumed to account for the residual sig-
nal potentially arising from the substrate or some impu-
rities present in the sample as well as the electronic
noise inherent to the detection system.

Figure 4 shows that the l � 2 band is significantly
broader than the Eg and T2g bands. This feature can be
easily understood when considering the various pos-
sible origins for the broadening of the Raman bands,
and in particular the shape19 and size27 dispersions of
the NCs as well as the presence of defects in their crys-
talline structure.28 The discrepancy qualitatively ob-
served between the width of the l � 2 band and that
of the Eg and T2g bands is therefore fully consistent with
the assignment of the former band to polycrystalline
NCs and MTPs, like icosahedra and decahedra. Indeed,
as mentioned above, for these two latter types of NCs,
various vibration modes are expected to be Raman ac-
tive in the low-frequency range with a quite large dis-

persion of the related frequencies (Table 1). Moreover,
the narrower bandwidth estimated for the Eg and T2g

bands well agrees with their assignment to mon-
odomain NCs of quasi-spherical shapes, like cuboctahe-
dra and truncated octahedra.

The accurate derivation of the integrated intensity
of each individual band from such a multipeak fitting
procedure, as the one shown in Figure 4, is difficult for
most spectra due to the partial superimposition of the
two higher frequency bands. Actually, the measure-
ment of the LFRS signal with a so high resolution as
that obtained for an excitation at 532 nm was not
achievable for the other wavelengths, due to technical
limitation, making therefore the individual band fitting
less precise in these latter cases. Nevertheless, using this
procedure made it possible to reliably estimate the in-
tegrated intensity of the Eg band, on the one hand, and
that of the structured band corresponding to the addi-
tional contributions of the l � 2 and T2g bands, on the
other hand. To examine the evolution of the LFRS spec-
trum profile on the excitation wavelength, the ratio
R(�) of the integrated intensity of the higher frequency
structured band to that of the Eg band has been calcu-
lated. The ratios presented in Table 2 correspond to av-
eraged values as derived from the fit of various LFRS
spectra recorded at each wavelength.

As indicated in Table 2, the smallest value of the
R(�) ratio is obtained for an excitation at 514.5 nm.
This should reflect the predominant contribution of
monodomain Au NCs in the scattering process at this
wavelength, especially via their Eg vibrational modes,
and likely argues in favor of a more efficient
plasmon�vibration coupling for monodomain NCs
than for MTPs.28 Regarding the extinction spectra plot-
ted in Figure 2, it appears that decahedra mainly absorb
light via interband electronic transitions at 514.5 nm,
which have been actually shown to not couple with the
NCs vibrations, so inducing no enhancement of the Ra-
man scattering.29 The more efficient contribution of
monodomain NCs to the LFRS signal at 514.5 nm can
therefore result from the selective excitation via
plasmon�vibration coupling of quasi-spherical NCs,
while most of decahedral MTPs do not contribute to
the scattering. When turning the excitation to 532 nm,
the contribution of decahedra to the Raman scattering
process significantly increases while other polycrystal-
line particles, like icosahedra, still remain resonantly ex-
cited and efficiently scatter the light. The significant in-
crease of the R(�) ratio observed when changing the
excitation from 514.5 to 532 nm is consistent with the
increasing contribution of decahedra to the Raman sig-
nal. Whatever the excitation wavelength in the red is,
647.1 or 676.4 nm, the R(�) ratio almost remains un-
changed, keeping the same value as the one deter-
mined at 532 nm. The contribution of quasi-spherical
NCs to the LFRS signal is logically expected to progres-
sively decrease when shifting the excitation to the red.

Figure 4. High-resolution Stokes LFRS spectrum of 5.3 nm Au NCs
(red curve with crosses) recorded for an excitation at 532 nm. The
entire profile of the spectrum is satisfactorily reproduced (blue
curve) by ascribing to each component a Lorentzian profile (red
dotted curves) represented along with the constant background
(green dashed line) that is also involved in the multipeak fitting.
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As a matter of fact, the low extinction cross sections cal-
culated for both cuboctahedra and truncated octahe-
dra at 647.1 and 676.4 nm (Figure 2) makes it possible
to predict the vanishing of the LFRS signal from mon-
odomain NCs at these two last wavelengths. The invari-
ance of the R(�) ratio however indicates that mon-
odomain NCs still contribute quite efficiently to the
Raman spectra in the red, in spite of their low extinc-
tion cross-section. Furthermore, let us mention again
that the amount of monodomain NCs is estimated by
TEM analysis to not exceed 30% of the full NCs popula-
tion in the studied samples. The persistence of the sig-
nal from monodomain NCs suggests therefore their
strong capacity for light scattering probably originat-
ing from their highly efficient plasmon�vibration
coupling.

LFRS Measurement from a Population of Au MTPs and
Polycrystalline Particles. In addition to the above results ob-
tained from samples in which both polycrystalline and
monodomain NCs coexist, the LFRS spectrum measured
from a population of Au NCs essentially composed of
MTPs and polycrystalline NCs is shown for comparison
in Figure 5a. These latter NCs have been synthesized by
using a modified Brust’s protocol,30 (see the Support-
ing Information for more details).

It is straightforward to note that the spectrum mea-
sured from this sample does not exhibit such a band
splitting as the one observed in Figures 3 and 4. Indeed,
only one single low-frequency band due to the quadru-
polar vibrational modes of Au NCs is observed. By TEM
analysis, it is confirmed that only a weak proportion of
monodomain NCs is present in this sample, as illus-
trated by the TEM image depicted in Figure 5b. Be-
sides, the histogram plotted in Figure 5c indicates that
the NCs size dispersion characterizing this last sample is
broader than that of the other samples (see Figure S1
in the Supporting Information) but still remains quite
narrow with a polydispersity not exceeding 14%. Con-
sequently, only a slight broadening of the Raman bands
is expected relative to that of the other samples with a
narrower NCs size dispersion. The observation of one
single band in the LFRS spectrum plotted in Figure 5a,
with no well-resolved substructure discernible from the
band profile, can be accurately attributed to the small
amount of monodomain NCs whose contribution to the
signal is here negligible comparatively to that of the
polycrystalline NCs. This last result obtained from a

population containing a weak proportion of mon-

odomain NCs gives further argument in demonstrating

the high sensitivity of the LFRS by Au NCs on their

crystallinity.

CONCLUSIONS
Polycrystalline and monodomain Au NCs with a few

nanometers in diameter and narrow size dispersion

have been unselectively synthesized using an organo-

metallic route. Using plasmon mediated low-frequency

Raman scattering, the effect of elastic anisotropy on the

acoustic vibrations of monodomain NCs is clearly re-

vealed through the splitting of the quadrupolar band,

in agreement with resonant ultrasound calculations.

Conversely, no splitting is observable in the LFRS spec-

trum of a sample mainly composed of Au MTPs and

polycrystalline NCs. Besides, the excitation wavelength

dependence of the measured Raman signal is consis-

tent with the selective contribution of NCs with differ-

ent crystallinities and related morphologies upon their

excitation via plasmon�vibration coupling.

A more quantitative analysis of such an excitation

wavelength dependence of Raman scattering would re-

quire precise information, which is currently still lack-

ing, both on the amounts of NCs related to each crystal-

line structure and morphology and on the assessment

TABLE 2. Ratios at Four Different Wavelengths of the
Integrated Intensity of the Raman Band Corresponding to
the Additional Contributions of Both the Threefold T2g

Degenerate Modes of Monodomain Au NCs and the Low-
Frequency Raman Active Modes of Au MTPs to the
Integrated Intensity of the Band Ascribed to the Twofold
Eg Modes of Monodomain Au NCs

wavelength 514.5 nm 532 nm 647.1 nm 676.4 nm
ratio R(�) 1.4 � 0.4 3.2 � 1.1 3.0 � 0.9 3.4 � 0.6

Figure 5. (a) Stokes/anti-Stokes LFRS spectrum measured from a sample
mostly composed of Au MTPs and polycrystalline particles using an excita-
tion wavelength of 647.1 nm. (b) TEM image of Au NCs originating from
the same colloidal solution. (c) Size distribution histogram of the NCs de-
termined by TEM analysis and the corresponding Gaussian fitting curve
(Dmax � 5.8 nm and � � 0.75 nm).
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of their respective scattering efficiency via
plasmon�vibration coupling. All the qualitative argu-
ments presented above nevertheless permit a confi-

dent interpretation of the reported observations and
bring interesting new insights into the relevance of
elastic anisotropy in nanosized crystals.

EXPERIMENTAL METHODS
Synthesis of Both Monodomain and Polycrystalline Au NCs. Au NCs are

synthesized by using an organometallic route consisting of a
modified Stucky’s protocol.22 Briefly, 0.25 mmol of chlorotriphe-
nylphosphine gold(I) (Strem, 98%) is dissolved in 25 mL of tolu-
ene (Riedel-deHaën, �99.5%) and 500 �L of 1-dodecanethiol (Al-
drich, �98%) is added. In parallel, a second solution is prepared
by dissolving 5 mmol of tert-butylamine borane complex (Strem,
�97%) in 2 mL of toluene. Each solution is stirred in a silicone
bath at 100 °C to ensure the total dissolution of all solid prod-
ucts. After having reached the bath temperature, the two solu-
tions are then mixed together. The color of the mixture turns
from brown to dark red indicating the NC growth. After 5 min
the solution is removed from the bath and progressively cooled
to room temperature. At the end of reduction, the NCs are
washed with ethanol to eliminate byproduct and are redis-
persed in neat toluene. The samples are prepared by evaporat-
ing overnight a volume of 100 �L of the washed colloidal solu-
tion at 10�2 M in a glass beaker at the bottom of which a highly
oriented pyrolitic graphite (HOPG) substrate is placed. The re-
sulted sample to be studied stands as an assembly of dode-
canethiol coated Au NCs deposited on the HOPG substrate.

TEM Characterization. Bright field and conical dark field scan
transmission electron microscopy (TEM) analysis of Au NCs is per-
formed by using a JEOL 2010 (200 kV) microscope. To image
the NCs, these latter are redispersed in toluene and the obtained
colloidal solution is drop cast onto a carbon-coated copper grid
(200 mesh).

Extinction Analysis by Spectrophotometric Measurements and DDA
Simulations. The extinction spectrum of the Au colloidal solution
is measured with a Varian Cary 5000 UV�vis�NIR spectropho-
tometer. All the calculations of the extinction spectra presented
in this paper are carried out using the discrete dipole approxima-
tion (DDA) method. This approach is based on the theory origi-
nally developed by Purcell and Pennypacker31 for the study of in-
terstellar dust grains and which has then benefited from some
improvements.32,33 This makes it possible to use the DDA for
computing34 the absorption, extinction, and scattering cross sec-
tions of either individual or multiple objects of any size and
shape. Besides, this method allows a modeling of systems com-
posed of several materials by means of the appropriate dielectric
functions. Here, to simulate the extinction spectra of Au NCs
whose size does not exceed a few nanometers, a size-correction
of the bulk Au dielectric function has been applied according to
the same procedure already presented elsewhere.35,36 Indeed,
this correction aims to account for the finite size effects that af-
fect the dielectric properties of such nanosized metal particles.
The volume of the different particles simulated in this work re-
mains constant whatever the particle shape is, and is fixed to
match the volume of a sphere of 5 nm in diameter.

LFRS Measurements and Calculation of the Vibrational Frequencies. For
the LFRS experiments, the scattered light was dispersed with a
Dilor Z40 five-grating monochromator and detected at 90° from
the incident light beam by a photomultiplier equipped with a
GaAs photocathode. Three different lines of either an Ar	 or a
Kr	 laser are used as the excitation source with the following
wavelengths: 514.5, 647.1, and 676.4 nm. It should be noted that
the LFRS spectra have been checked to be reproducible at differ-
ent points of the sample for each excitation wavelength. The
high-resolution low-frequency Raman spectrum presented in
this work has been recorded by using the green line at 532 nm
of a continuous yttrium aluminum garnet (YAG) laser for the ex-
citation of the sample and a six-pass tandem Fabry�Pérot inter-
ferometer37 coupled with a Si avalanche photodiode for the de-
tection of the scattered light.

To facilitate and support our interpretation of the LFRS spec-
tra, the measured frequencies are compared with computational

ones whose calculation is based on the above-mentioned RUS
approach.20 As shown from previous works,18,19 this method is
very useful and relevant for studying the acoustic vibrations of
nanoparticles with anisotropic elasticity.
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