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An experimental analysis of all elementary excitations– phonons and electron–holes– in gold nanocrystals

has been performed using plasmon resonance Raman scattering. Assemblies of monodisperse, single-

crystalline gold nanoparticles, specific substrates and specific experimental configurations have been

used. Three types of excitations are successively analyzed: collective quasi-acoustical vibrations of the

particles (Lamb's modes), electron–hole excitations (creating the so-called “background” in surface-

enhanced Raman scattering) and ensembles of atomic vibrations (“bulk” phonons). The experimental

vibrational density of states extracted from the latter contribution is successfully compared with

theoretical estimations performed using atomic simulations. The dominant role of surface atoms over

the core ones on lattice dynamics is clearly demonstrated. Consequences on the thermodynamic

properties of nanocrystals such as the decrease of the characteristic Debye temperature are also

considered.
1 Introduction

Investigating the lattice and electron dynamics and particularly
the correlated relaxation processes in metallic nanostructures
has been a subject of considerable interest over the last few
decades as these systems are the building blocks for high
frequency opto-electronic devices.1 In these structures, the
coupling between the propagative light (photons) and collective
electronic oscillation (plasmons) results in surface plasmon-
polariton hybridized modes whose life-time is limited by elec-
tron–electron (in the fs scale) and electron–phonon (in the ps
scale) interactions.2

When the diameter of a metallic nanostructure is lower than
10 nm, the light scattering cross-section becomes completely
negligible in comparison to the absorption one. Under plasmon
resonance conditions, metallic nanocrystals indeed behave as
more efficient absorbers than any molecular or quantum-dot
systems. Thus, two prominent domains of applications are
actually emerging as they take benet of the short plasmon
lifetime and their femtosecond decay in a gas of electron–hole
pairs:

(i) Electro-plasmonics, where a metallic NC is used as a
reservoir of hot electrons and coupled to a semiconductor
surface supporting oxydo-reduction reactions.3

(ii) Thermo-plasmonics, where the transfer of heat from a
metallic NC to its environment is exploited.4
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Moreover, these electron–hole excitations are recognized to
play a crucial role in surface enhanced spectroscopies.5

The electron–phonon interactions have been particularly
investigated using time resolved pump–probe experiments6,7 or
more indirectly using stationary low-frequency Raman spec-
troscopy, below 1 THz.8–12 The studies were devoted to coherent
elastic waves that imply the nanostructure as a whole (quasi-
conned acoustic modes). Indeed, due to phase matching,
symmetry selection rules and plasmon resonance effects, the
optical response of NC assemblies in the ps regime is mainly
governed by the coupling between coherent collective electronic
oscillation and collective atom vibrations. These long wave-
length-like vibrations can be analyzed theoretically within the
classical elastic theory applied to a continuous medium,
following the pioneering work of Lamb.13 For a sphere, the eigen
vibrational modes can be classied according to the principal
and azimuthal quantum numbers, n and ‘, respectively. These
so-called Lamb's modes are accompanied by a volume and/or
shape change of the particle which efficiently modulates the
electric susceptibility. Accurate measurements performed on
monodisperse gold nanocrystals (Au NCs) have revealed the
partial liing of the 2‘ + 1 spherical degeneracy induced by
intrinsic elastic anisotropy.10,12

From a general point of view, in noble metals like gold, at
room temperature, electrons interact with the whole bath of
phonons because the Debye temperature is as low as 170 K.14

The electron–phonon interactions not only concern the ther-
malization of hot electrons generated by light excitation, but
also electron relaxation processes in transport properties. For
thermodynamical properties, it is well known that the thermal
Nanoscale
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capacity is mainly due to phonons because the electronic
contribution is negligible at room temperature. In a spherical
gold particle composed of Na atoms, 3Na vibrational modes are
expected, with Na z 3000 for a diameter D ¼ 5 nm. Besides few
quasi-conned acoustic modes, a majority of these modes are
reminiscent of bulk short wavelength ones. These are not
sensitive to nite-size effects but give the largest contribution to
the vibrational density of states (VDOS). Recording the spec-
trum of all atomic vibrations in small-size systems is therefore
of prime importance, but it has been scarcely achieved because
of the effective small cross-section for inelastic scattering of
photons or neutrons. Until this time no experimental determi-
nation of the VDOS in gold nanocrystals (Au NCs) has been
performed.

Therefore analyzing these various contributions to the
dynamical response of metallic nanostructures, i.e. electron–
hole excitations, elastic vibrations (Lamb's modes) and surface
or bulk phonons, remained a challenge for experimentalists. In
this work we exploit specic conditions which allowed the
recording of detailed spectra from a single layer of mono-
disperse gold nanocrystals (Au NCs). These experimental
conditions are presented in Section 2. The results concerning
the elastic vibrations of NCs are presented in Section 3. The
discrimination of the atomic vibrational contribution from that
of the electron–hole excitations (the so-called background in
surface-enhanced Raman scattering) is performed in Section 4.
Section 5 is devoted to the experimental extraction of the
vibrational density of states (VDOS) of Au NCs and to its
comparison with various theoretical determinations done by
atomic scale simulations. Connement, surface and strain
effects on the dynamical response and consequences on ther-
modynamical properties are nally discussed.
2 Experimental

The analyzed samples consist of both isolated and assemblies
of gold nanocrystals coated by organic ligands and deposited on
specic substrates. In order to circumvent the intrinsic limita-
tions due to the very low inelastic scattering cross-section and
small volume of these Au NPs, an excitation near plasmon
resonance, a specic substrate architecture for optical ampli-
cation and an original set-up conguration for dark-eld-low-
frequency Raman spectroscopy have been used.
Fig. 1 (a) TEM image of a deposit of gold nanocrystals; the enlarged
image in the inset (at the bottom) demonstrates the self-organization
of these NCs; an example of a high resolution TEM image of a single
nanocrystal is shown in the other inset (on the top); (b) experimental
set-up configuration.
2.1 Sample characteristics

Citrate stabilized gold nanocrystals were synthesized by room
temperature reduction of an aqueous solution of HAuCl4 by
NaBH4 in the presence of trisodium citrate. These nanoparticles
were subsequently functionalized with the tris(4,6-dimethyl-3-
sulfonatophenyl) phosphine (TDSP) ligand. The procedure for
the synthesis and surface functionalization have been reported
in a recent study.15 The substrates were rst cleaned by rinsing
with acetone and then sonicating with ethanol for 10 min. They
were then functionalized with an amine by immersing in 1%
3-aminopropyl-trimethoxy silane (APTMS) in ethanol for 2 h.
They were subsequently rinsed with ethanol, dried under N2
Nanoscale
ow and incubated overnight in an oven at 100 �C. For Au NC
deposition, the APTMS coated substrates were immersed in
colloidal dispersions for 3 h. The samples were nally rinsed
with water and dried under N2 ow.

A transmission electron microscopy (TEM) image of TDSP-
stabilized Au NCs deposited on carbon coated copper grids is
shown in Fig. 1a. The low size dispersion allows their self-
organization in a regular hexagonal lattice, as revealed in one of
the insets of Fig. 1a. The Au NCs are crystalline and have an
average diameter of D z 5.0 nm (see the other inset of Fig. 1a),
with a standard deviation of 15%, as determined by TEM.
Similar self-assembled structures obtained from aqueous
suspensions of gold NCs protected by TDSP ligands have been
recently exploited to fabricate SERS microarrays on silica.16

2.2 Plasmon resonance and specic substrates

To counterbalance the weakness of the optical response origi-
nating in a small quantity of Au NCs, resonant excitation
conditions and optical amplication have been simultaneously
fullled.17

By choosing the laser wavelength l in the vicinity of the
surface plasmon-polariton resonance (SPPR) of Au NCs, one can
take advantage of plasmon resonant enhancement. For an iso-
lated spherical Au NC, the wavelength of the SPPR maximum is
more sensitive to the refractive index n of the environment than
the diameter D: it evolves from 500 to 520 nm when n changes
from 1 (in air) to 1.46 (in silica) with D ¼ 5 nm, and from 520 to
530 nm when D changes from 5 to 10 nm in silica. Due to
electromagnetic coupling between NCs, the plasmon resonance
curve widens and supports a red shi. For self-assembly of
TDSP-capped 14 nm diameter Au NCs on silica, the plasmon
resonance has been observed near 680 nm.16 We have chosen l

¼ 521, 532 or 638 nm as laser excitation wavelengths, the last
one ensuring plasmon resonance conditions.

The Au NCs were deposited on specic substrates consisting
of a bilayer composed of a thin SiO2 layer thermally grown on a
Si wafer (Fig. 1b). The thickness t of the dielectric layer is
adapted to the wavelength of the laser excitation to ensure
destructive interference between the waves reected at the
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Low-frequency Raman spectra of the films of gold nanocrystals
recorded with l ¼ 521 nm, near plasmon resonant conditions on an
anti-refractive SiO2/Si layer: (a) raw spectrum, (b) after response set-up
and Bose factor corrections. The arched area shows the electron–hole
contribution.
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different interfaces. When the reectance is at minimum, the
total electric eld reaches its maximum amplitude at the free
surface of the bilayer.17 Therefore, the coupling to NCs depos-
ited on this surface will be amplied. By choosing t ¼ l/4n ¼ 90
nm for the thickness of the SiO2 layer (n ¼ 1.46), the optical
amplication was tuned near the plasmon resonance (l z 530
nm). The energy width of both plasmon-resonance and anti-
reective curves is sufficient to ensure efficient enhancement
for the whole (Stokes and anti-Stokes) Raman spectrum due to
the small frequency range implied.

2.3 Dark-eld and low-frequency Raman spectroscopy

Collecting a weak inelastic scattered signal in the vicinity of the
huge elastic Rayleigh line with a conventional commercial
Raman spectrometer is not straightforward. For that purpose,
on one hand, we have discarded the usual backscattering
geometry with both incident and scattered beams propagating
through a unique microscope objective, replacing it by a two
objective-system (Fig. 1b): in the resulting dark-eld geometry,
the specular reected beam does not enter the spectrometer. On
the other hand, the width of the intermediate slit in the spec-
trometer is chosen to limit the illumination of a CCD detector in
the spectral range of interest (0.12–5 THz).

A thin layer of Au NCs was used in order to limit diffuse
Rayleigh scattering; consequently acquisition times of several
minutes and averaging records were necessary to obtain
exploitable signals. The low-frequency Raman spectra in the
dark-eld geometry were recorded with a T64000 Horiba Jobin-
Yvon spectrometer equipped with a �100 entrance microscope
objective. Some wide frequency range spectra were recorded
using an XploRA Horiba Jobin-Yvon spectrometer. The laser
illumination was limited to about 10 mW mm�2 to avoid any
heating of the sample. This important point was veried using
the anti-Stokes/Stokes ratio as a check (see below).

2.4 Corrected Raman spectra

Fig. 2a displays the raw Raman spectrum recorded at room
temperature on a single layer of Au NCs with amean diameter of
5 nm. Stokes and anti-Stokes parts of the inelastic scattering
spectrum are shown. They mainly consist of two strong and
well-dened peaks at very low frequency (|n| < 1 THz) with a
poorly structured broad tail. In order to extract more reliable
information from these data, we have rst corrected the raw
spectrum from the noise of the CCD detector and from the
spectral response of the total set-up by recording the signal of a
calibrated white lamp under the same experimental conditions.
This rst correction is particularly important at very low
frequency near the detection cut-off around 120 GHz. Second,
the resulting signal I is divided by the Bose statistics population
factor and one gets the nal corrected signal Icorr (see Fig. 2b):

I corrðnÞ ¼ I

jnðn;TÞ þ 1j ; n ¼
�
exp

�
hn

kBT

�
� 1

��1

(1)

where kB is the Boltzmann constant. This formula applies for
both Stokes and anti-Stokes (using n < 0) parts because |�n(�n, T)
+ 1| ¼ �n(n, T); it applies for all orders of scattering and does not
This journal is © The Royal Society of Chemistry 2014
depend on the type of excitations involved, providing the
opportunity to discriminate between Raman and photo-
luminescence processes. In Fig. 2b, despite uctuations
generated in the anti-Stokes region of Icorr at a large frequency
shi where h|n| > kBT, one observes the symmetry of the
responses for n > 0 and n < 0: this demonstrates that the signal as
a whole is due to Raman scattering events. This symmetry has
been obtained by xing the temperature T at 305 K, demon-
strating that the heating of the sample is negligible. The cor-
rected spectrum Icorr(n) can be divided into three
components:

(i) The low frequency range (|n| < 1 THz) dominated by the
contribution of two well-dened peaks.

(ii) A “background” signal monotonously increasing with
frequency.

(iii) Two broad structures centered at |n| z 2.4 and 4.4 THz
that are superimposed to the previous background.

We will now successively examine these different contribu-
tions to the Raman response.
3 Low frequency range: Lamb's
modes

Due to connement, the vibrational spectrum of a NC is dis-
cretized at low frequency and an acoustic gap appears. In an
Nanoscale
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isotropic sphere, the vibrational modes are categorized by their
angular momentum (‘¼ 0, 1, 2,.) and harmonic (n¼ 1, 2, 3,.)
numbers. According to Raman selection rules,8 spheroidal modes
with ‘ ¼ 0 and 2 are expected in the Raman spectrum. The lowest
frequency and most intense peak corresponds to the funda-
mental quadrupolar (n ¼ 1, ‘ ¼ 2) mode; it consists of a biaxial
contraction/expansion of a planar section of the sphere while the
orthogonal direction of the plane is in expansion/contraction.
The Raman efficiency of the fundamental spherical mode (n ¼ 1,
‘ ¼ 0) is lower;18 it consists of a succession of isotropic exten-
sions/contractions of the whole sphere. This mode is more
easily observed in pump–probe experiments6,7 because it
induces a volume change, and thus highly modulates the
reectance. Within the continuous elastic approximation, for an
isotropic and homogeneous sphere, a linear dependence of
Lamb's mode frequency versus the inverse of the diameter D is
predicted:

nn;‘ ¼ Xn;‘

D
(2)

where the different parameters Xn,‘ depend on the sound
velocities and on the acoustic mismatch between the crystal and
the embedding medium. Detailed experimental10,12,19 and
rened theoretical analyses20–22 have shown that the strong
elastic anisotropy of gold induces a splitting of the 5-fold
Fig. 3 Low-frequency Raman spectrum of an assembly of Au NCs.
The Raman intensity is corrected for Bose's population factor: (a) mid-
range frequency showing the Au bulk vibrational mode contribution;
(b) very low frequency part showing the elastic (Lamb's) mode
contribution.

Nanoscale
degenerate spheroidal ‘ ¼ 2 modes in a doublet Eg and a triplet
T2g (using Oh point group notations). The symmetry of a
spherical mode (‘ ¼ 0) is not affected (singlet Ag).

The corrected Raman spectrum where the “background” has
been subtracted is reported in Fig. 3a. In its low frequency part
reported in Fig. 3b, the Eg � T2g splitting is indeed clearly
observed: nEg

¼ 152 � 3 and nT2g ¼ 239 � 5 GHz. One notes that
the intrinsic broadening of the 2-fold degenerated Eg mode (37
GHz) is lower than that of the 3-fold degenerated T2g mode (67
GHz). The observation of the Eg � T2g splitting and the absence
of any intermediate “isotropic” signature11,12 have been
considered as a clear demonstration of narrow size distribution
and good crystallinity of Au NCs. In Fig. 3a and b, one also
observes at higher frequency a weaker peak that we assign to the
fundamental spherical Ag mode (n ¼ 1, ‘ ¼ 0) with nAg

¼ 670 �
50 GHz. To ascertain these assignments, we have calculated the
expected corresponding mean diameter D by taking into
account the fact that a Lamb's mode frequency always follows
the D�1 dependence reported in eqn (2).20–22 This has been
veried in previous experimental results.10–12 Thus, using
accurate data obtained on free standing Au NCs,20 one has
deduced the corresponding Xn,‘ parameters: n(GHz) � D(nm) ¼
746, 1205 and 3100 for the Eg, T2g and Ag fundamental modes,
respectively. Using these values one obtains: D ¼ 4.97 � 0.13,
5.09 � 0.10 and 5.4 � 0.4 nm, respectively, in perfect agreement
with the average size deduced from TEM images (5.0 � 0.8) nm.
4 High frequency range: electronic
excitations
4.1 Electronic Raman scattering in metallic NCs

In Fig. 2b the presence of an intense “background” perfectly
symmetric in Stokes and anti-Stokes corrected spectra gives
evidence of Raman scattering by a continuum of elementary
excitations. Such a background is systematically present in
SERS spectra and has been attributed to Raman scattering by
electron–hole pair excitations.5,23 Most of these studies focused
on SERS substrates containing silver nanostructures. A
comprehensive interpretation of this continuous emission is
still awaited for understanding the mechanisms with all the
SERS substrates.24 Very recently, Huang et al.25 have shown that
this secondary light emission by Au NCs generated under pulse-
laser excitation is due to electronic Raman scattering. These
authors have analyzed the thermalization of the excited free
electron gas through the intensity decrease of the anti-Stokes
emission. In the present work, the coincidence between Stokes
and anti-Stokes responses is obtained using T ¼ 305 K in the
Bose statistics factor, demonstrating that electronic excitations
are thermalized near room temperature.

We display in Fig. 4 the Stokes Raman spectrum recorded
over a wide frequency scale for two different laser excitation
wavelengths, 532 and 638 nm. The Raman signal of the Si
substrate (rst and second order) has been eliminated by sub-
tracting the signal originating from a zone without Au NCs (see
Fig. 1b). The signal corresponding to 532 nm laser excitation
consists of a broad and relatively unstructured wide band. This
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Raman spectra over a wide frequency range of an assembly of
Au NCs obtained under near-resonant (black curve at the bottom) and
in-resonant (red curve on the top) plasmon conditions, using the 532
and 638 nm as laser wavelength excitations, respectively. For
comparison, the corrected intensities of two spectra have been
adjusted in their highest frequency range. Principal signatures origi-
nating in ligand vibrations are indicated by stars.16
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shape is rather well reproduced by tting the corrected Raman
intensity by the following expression:

I corre�h ðnÞ ¼
Ie�hðnÞ

jnðn;TÞ þ 1j ¼ Imax

2jnjs
1þ ðnsÞ2 (3)

The corrected intensity reaches its maximum Imax when the
frequency shi equals the scattering rate s�1. In Fig. 4, this
occurs around 41 THz. This modelization is proposed within
the theoretical framework on Raman scattering in normal
metals containing impurities.26 In pristine metals, Raman
scattering by electrons is forbidden because the wave vector
selection rule cannot be fullled for creating electron–hole
excitations. However the breakdown of this rule through strong
electron–phonon interactions was invoked to account for elec-
tronic Raman scattering in high-temperature superconductors27

and recently extended to a large variety of conventional metals.28

In noble metals like gold, only low energetic acoustical phonons
are available and they cannot account for the value of s�1 which
is one order of magnitude higher than the phonon cut-off
frequency (4.7 THz in gold).29 Moreover, contrary to bulk
metals,28 the corrected intensity of the electronic Raman scat-
tering in metallic NCs is rather insensitive to temperature, i.e.,
to the number of phonons. This suggests a geometrical
connement as the origin for the breakdown of the wave vector
selection rule: it is attributed to the intrinsic nite size effect
and/or surface corrugations inmetallic NCs. The value of sz 24
fs deduced from the spectrum reasonably agrees with the order
of magnitude of the electron “collision time” in a nano-
structure. As can be seen in Fig. 4, the t of the background
spectrum for Au NCs displays some discrepancy. This may be
due to a weak contribution of luminescence processes corre-
sponding to interband radiative recombination of electrons in
This journal is © The Royal Society of Chemistry 2014
the sp conduction band with holes in the d band, as already
observed in Au NCs.30–32
4.2 SERS effect on the ligands

In Fig. 4 the Raman spectrum recorded with the 638 nm laser
line nearly corresponds to plasmon resonant conditions of the
assembly of Au NCs.16 The intensity of the electronic contribu-
tion is globally enhanced when compared with the case of an
out of resonance 532 nm excitation. The line shape of the
electronic contribution is distorted from the prediction of eqn
(3) mainly at low frequency. This complementary emission may
be attributed to hot luminescence because the laser energy
coincides with the sp–d transitions at the X point of the Bril-
louin zone.25,31 In the resonant spectrum, the background
increase is accompanied by the emergence of several Raman
peaks. They correspond to a SERS effect on modes of TDSP
ligands, as already observed recently by Farcau et al.16 on clus-
ters fabricated by convective self-assembly of similar Au NCs. In
Fig. 4 all the different SERS features analyzed by these authors
are marked with stars; two other SERS bands are also observed
near 64 and 85 THz. Of interest is the fact that the frequency-
dependence of the resonance enhancement of molecular
vibrations is similar to that of the electronic contribution, as
observed by comparing the two spectra recorded out- and in-
resonance.

We conrm here the fact that electronic excitations do play a
crucial role in the SERS effect, as underlined in few recent
papers.24,33 This can account for the prominent enhancement
effect due to the presence of corrugations on surfaces of SERS
substrates,34 or to the sharpness of the tip in TERS.30 The
generation of uncorrelated electron–hole excitations aer
optical excitation is thus favoured because of the rapid loss of
the plasmon coherence in these nanostructures.
5 Intermediate frequency range:
“bulk” phonons
5.1 Experimental investigation of the VDOS

In the intermediate frequency range, between 1 and 5 THz, the
two wide bands located near 2.4 and 4.4 THz in both Stokes and
anti-Stokes Raman spectra (Fig. 3a) have never been observed
on Au NCs. We ascribe these two bands respectively to TA-like
and LA-like bulk phonons of gold which become Raman-active
due to nite-size effects.

In bulk single crystalline noble metals, rst-order Raman
scattering is forbidden due to the drastic wave vector selection
rule and the absence of long wavelength optical modes. In a
nanocrystal, two new phenomena appear: connement and lack
of translational invariance. On one hand, the electric suscepti-
bility of the conned electron gas can be efficiently modulated
by global elastic deformations, leading to inelastic scattering by
the corresponding Lamb's modes, as previously discussed in
Section 3. On the other hand, the translational invariance is lost
for all the vibrational waves because spatial correlations are
strictly limited to the NC volume. Spatial correlations are also
limited to a nano-sized volume in crystals containing foreign
Nanoscale
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Fig. 5 (a) “Experimental VDOS” obtained in this work using plasmon-
resonant Raman scattering (red dotted line) in comparison with
theoretical estimations of the VDOS in bulk Au (continuous black
line).29 The arrows indicate phonon frequencies at high symmetry
points of the Brillouin zone. (b) Phonon dispersion curves in bulk Au:
the dot and error bars are the experimental data obtained by inelastic
neutron scattering.29 The contribution of Lamb's modes has been
subtracted.
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atoms or defects and, as a consequence, Disorder-Activated
First-Order Raman Scattering (DAFORS) has been observed.35

Spatial correlation models (SCMs) have been proposed to
quantitatively account for this phenomenon of optical
phonons.36 Following the pioneering work of Shuker and
Gammon,37 the entire Stokes and anti-Stokes Raman response
of randomly disordered crystals has been expressed as a func-
tion of the VDOS, g(n), within:38

IvibðnÞ ¼ CðjnjÞ nðn;TÞ þ 1

n
gðjnjÞ (4)

With the exception of glassy or highly ionic materials, it has
been observed that C(|n|)/|n| is almost constant, like in cova-
lent semiconductors,35,38 polymers39,40 or some transition-
metal compounds.41 This was also rather well veried in
nanometer-sized crystals.42–44 In noble metals with cubic
symmetry, like gold, it is also expected that no drastic selec-
tivity occurs in the deformation potential mechanism entering
the coupling between electrons and “bulk” phonons. There-
fore, taking C(|n|)/|n| as a constant, the vibrational contribu-
tion to the corrected Raman intensity will give a good
representation of the VDOS:

Icorrvib (|n|) ¼ Icorr � Icorre–h z C � g(|n|) (5)

where C is a constant.
Fig. 5a reports the corrected Stokes Raman spectrum. The

“background” has been subtracted using eqn (3) and its inten-
sity adjusted in order to get Icorr � Icorre–h z 0 for n ¼ 5.5 THz as
beyond this frequency the Raman response remains at (see the
arched area in Fig. 2b).

We will now show how this resulting Raman spectrum is
indeed a good representation of the VDOS in Au NCs. Fig. 5b
reports the phonon frequencies in bulk gold along high
symmetry directions obtained by Lynn et al.29 using coherent
inelastic scattering of neutrons at room temperature (dots with
error bars). These authors have used a fourth-neighbor general
force model with twelve parameters to calculate phonon
dispersion curves in good agreement with the experiment. They
have deduced the corresponding VDOS in bulk gold reported in
Fig. 5a. The correspondence between Van Hove singularities in
this VDOS and high symmetry points (X, L and K) of the Bril-
louin zone are indicated by dotted lines. The “experimental
VDOS” obtained in this work from 5 nm size Au NCs can be then
quantitatively compared to this bulk VDOS by adjusting their
integrated area which is simply the number of vibrational
modes. At rst glance, similarities between the two spectra are
remarkable. In particular the area corresponding to the two-fold
degenerated TA-like band is more or less twice that of the LA-
like band, testifying that neither polarization (TA or LA) nor
frequency-dependence of the electron-phonon coupling is
observed experimentally.

However, some discrepancies are observed:
(i) On the TA band, between 0.5 and 2 THz, an excess of

modes is observed in the spectrum of NCs.
Nanoscale
(ii) In the highest frequency range, between 3.5 and 4.5 THz,
the sharp band corresponding to LA modes in bulk Au is
broadened in Au NCs.

(iii) Beyond 4.6 THz, corresponding to the cut-off of bulk
phonons (LA modes near the L point), an overall shi is
observed with a high frequency tail.

These observations are indicative of a frequency redistribu-
tion of modes in Au NCs, as theoretically predicted for Ag NCs.45

On one hand, the “low frequency excess” was attributed to
vibrations of under-coordinated surface atoms characterized by
a different binding. This can be viewed as a reduction of
dimensionality leading to a change in frequency-dependence
from quadratic (3D for volume modes) to linear (2D for surface
modes) in the Debye approximation. In Fig. 5a, one observes
effectively that for n < 1.5 THz, where the phonon dispersion
curves are linear in bulk gold29 (see Fig. 5b), the VDOS in NCs is
in between a linear and quadratic frequency-dependence. On
the other hand, the so-called “high frequency tail” was attrib-
uted to a stiffening of the chemical bondings between inner
atoms due to the contraction of lower coordinated atoms at the
surface.
This journal is © The Royal Society of Chemistry 2014
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5.2 Comparison with theoretical VDOS

In order to ascertain that the corrected Raman spectrum
provides a reliable representation of the VDOS in Au NCs, and
analyze more precisely the nite-size effects, we have performed
atomistic simulations. This allowed analysis of the specic role
of surface versus inner atoms in the frequency redistribution of
vibrational modes.

The parameters for gold tight-binding potential have been
taken from the work of Cleri and Rosato.46 The phonon modes
are obtained from the calculation and diagonalization of the
dynamical matrix. The VDOS of bulk gold generated from an
isotropic sampling of the Brillouin zone using a periodic
boundary cell is reported in Fig. 6a and b (dotted lines). The
shape is very similar to that already reported in Fig. 5a. However
the available semi-empirical potential for Au underestimates by
about 20% the maximum phonon frequency. This inadequacy
to account for phonon frequencies in gold has been already
noted46 and ascribed to a strong contribution from noncentral
many-body forces, which appears to be of increasing impor-
tance along the noble metal series. This contribution may be
correlated with the different elastic behavior of Au from the
other noble metals, Cu and Ag, as observed experimentally.47

Nevertheless, we will hereby use simulations in order to analyze
qualitatively the effects of size and boundary conditions and
will not check precise values of the phonon frequencies.

Spherical NCs have been designed with atoms initially
placed on a perfect cubic close-packed crystal structure using
Fig. 6 Calculated VDOS in bulk gold (black line) and in different
spherical gold nanocrystals with 2038, 959 and 555 atoms; under (a)
“rigid” and (b) “free” boundary conditions.

This journal is © The Royal Society of Chemistry 2014
the bulk cell parameters of the modeled material.21 Atom
positions are relaxed using a conjugate gradient algorithm. For
the lattice dynamics calculations, two limiting cases for the
boundary conditions have been considered: the “rigid”
boundary conditions where the surface atoms remain xed as in
a static embedding matrix (Fig. 6a), the “free” boundary
conditions, corresponding to a free nanoparticle in a vacuum
(Fig. 6b). Under both conditions, we examined the effect of the
reduction of the number of atoms from N (bulk) to 2038 (D z
4.5 nm), 959 (where the number at the surface and volume
atoms are almost equal), and nally 555 (D z 2.9 nm). In both
cases one observes that the high frequency part of the DVOS is
broadened and shied versus higher frequency; this can be
interpreted as a signature of structural stiffening in nano-
particles.48 However, only “free” boundary conditions perfectly
account for several experimental trends, namely:

(i) The strong intensity decrease of the LA band and its large
frequency up-shi.

(ii) The excess observed on the low-frequency tail of the TA
band.

(iii) The appearance of new modes at higher frequency than
the bulk cut-off.

This result conrms in Au the fact that surface atoms play a
crucial role in the lattice dynamics of nanoparticles, in very
good agreement with theoretical predictions in Ag.45 In Fig. 6b,
one veries that the lower the number of atoms, the higher the
anomalies (i.e. supplementary modes beyond the cut-off and at
low frequency). The validity of the linear elastic theory is obvi-
ously questionable at the atomic scale, and it remains only
reliable for describing Lamb's modes.21,49

Contrary to metallic nanoparticles embedded in a dielectric
matrix, where interface, disorder and size distribution effects
are important, the sample explored here is made of an assembly
of monodisperse Au nanocrystals. In this case, the inhomoge-
neous broadening effect should be negligible. The strong
frequency redistribution of vibrational modes in Au NCs may be
explained by surface relaxation effects which are known to be
extended over a larger range than in other noble metals: the
surface stress is higher in Au than in Ag, as suggested by
atomistic simulations.50 The presence of ligands should play a
minor role in this frequency redistribution because they vibrate
at much higher frequencies than the Au atoms (see Fig. 4).
5.3 Debye temperature in Au NCs

Changes in the VDOS are at the origin of modications of
thermodynamic properties like specic heat, thermal dilatation
or entropy because lattice dynamics plays a prominent role at
room temperature with regard to the electronic contribution. As
an example, we consider here the lattice specic heat at
constant volume Cn which can be calculated from the VDOS g(n)
as follows:14

Cv ¼ kB

ðN
0

gðnÞ
�

hn

kBT

�2
ehn=kBT

ðehn=kBT � 1Þ2
dn (6)
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In a three-dimensional system with 3Na oscillators, the
Debye approximation consists of using gD(n)¼ 18pNa(h/kBTD)

3n2

in eqn (6), for 0 # n # kBTD/h. One gets a universal Debye
function Cn,D(T), the temperature dependence of which is
simply determined by the so-called Debye temperature, TD.
Using an experimental or theoretical expression of g(n) in eqn
(6) an effective Debye temperature can be determined by tting
the curve Cn(T) with Cn,D(T) where TD is the only adjustable
parameter. From the bulk Au VDOS reported in Fig. 5a,29 one
nds TD ¼ 166 K in good agreement with the experiment (TD z
170 K).14 The “experimental” VDOS extracted from the Raman
spectrum has also been used in eqn (6) to analyze the thermal
behavior of disordered materials.51 Using the VDOS experi-
mental spectrum obtained with Au NCs and reported in Fig. 5a,
the best t is obtained with TD ¼ 133 K: this gives a strong
lowering of TD with size reduction, as predicted theoretically.52

6 Conclusions

In this work, an experimental investigation of the spectral
response in the THz regime of gold nanocrystals has been
presented. By simultaneously exploiting optical amplication,
plasmon resonance and dark-eld geometry for low frequency
Raman scattering, accurate signals have been obtained from a
single plane of nanocrystals. Their dynamical response has
been particularly analyzed for electronic excitations and bulk or
surface atomic vibrations. Firstly, the continuous and broad
spectrum observed in SERS spectra has been well accounted for
as inelastic scattering by electron–hole excitations. Its
enhancement which accompanies the SERS of vibrational
modes of ligands at the plasmon resonance testies the major
role of electron–hole excitations in the microscopic mecha-
nisms. Secondly, an experimental evaluation of the VDOS in Au
NCs has been performed, and then successfully compared with
predictions deduced from atomic-scale calculations. In partic-
ular, the presence of high frequency modes beyond the cut-off
of bulk VDOS is conrmed supporting the hypothesis of an
internal strain effect on core atoms. Moreover the departure
from the expected frequency-squared behaviour at low
frequency observed experimentally is also well accounted for
through atomic simulations. The corresponding excess modes
are attributed to the increased role of surface atoms. An
ensemble of theoretical studies published during the last three
decades are thus conrmed by these experimental results. They
show the inadequacy of the continuous elastic medium
approximation for describing most of the vibrational modes in
nm-sized systems. The implication on the thermodynamic
properties has also been examined by calculating the specic
heat in Au NCs. It has been shown experimentally that the nite-
size effect leads to a strong decrease of the effective Debye
temperature.
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34 I. Sow, J. Grand, G. Lévi, J. Aubard, N. Félidj, J.-C. Tinguely,
A. Hohenau and J. R. Krenn, J. Phys. Chem. C, 2013, 117,
25650–25658.

35 R. Carles, A. Zwick, M. Renucci and J. Renucci, Solid State
Commun., 1982, 41, 557–560.

36 H. Richter, Z. Wang and L. Ley, Solid State Commun., 1981,
39, 625–629.

37 R. Shuker and R. Gammon, Phys. Rev. Lett., 1970, 25, 222–
225.
This journal is © The Royal Society of Chemistry 2014
38 A. Zwick and R. Carles, Phys. Rev. B: Condens. Matter Mater.
Phys., 1993, 48, 6024–6032.

39 A. Fontana, F. Rossi, G. Viliani, S. Caponi, E. Fabiani,
G. Baldi, G. Ruocco and R. D. Maschio, J. Phys.: Condens.
Matter, 2007, 19, 205145.

40 V. Crupi, A. Fontana, M. Giarola, S. Longeville, D. Majolino,
G. Mariotto, A. Mele, A. Paciaroni, B. Rossi, F. Trotta and
V. Venuti, J. Phys. Chem. B, 2014, 118, 624–633.

41 W. Spengler, R. Kaiser, A. Christensen and G. Muller-Vogt,
Phys. Rev. B: Solid State, 1978, 17, 1095–1101.

42 R. Carles, A. Mlayah, M. Amjoud, A. Reynes and
R. Morancho, Jpn. J. Appl. Phys., Part 1, 1992, 31, 3511–3514.

43 V. Paillard, P. Melinon, V. Dupuis, J. Perez, A. Perez and
B. Champagnon, Phys. Rev. Lett., 1993, 71, 4170–4173.

44 M. Makowska-Janusik, A. Kassiba, J. Bouclé, J.-F. Bardeau,
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