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Low wavenumber Raman scattering of cobalt
nanoparticles self-organized in 3D superlattices
far from surface plasmon resonance

G. Simon,*™* L. Meziane,®? A. Courty,®° Ph. Colomban®® and I. Lisiecki®®

We report the first observation of low wavenumber Raman scattering from cobalt nanoparticles under 514.5nm laser excitation.
These 7.4nm diameter particles were self-organized in 3D superlattices, but we assign the Raman signature to vibrations of the
individual nanopatrticles, according to Lamb’s elastic sphere model. We estimate the relative Raman intensity to be around 500
times lower than it would be for silver nanoparticles, but our results demonstrate that surface plasmon—phonon resonance
coupling is not mandatory to observe Lamb’s modes in metal nanoparticles. Copyright © 2015 John Wiley & Sons, Ltd.

Ad(ditional supporting information may be found in the online version of this article at the publisher’s web site.
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Introduction

Nanoparticles (NPs) receive considerable attention because their
physical and chemical properties are different from those of the
bulk material and can be tailored trough size, structural, shape
and environmental control.™ Their peculiarity can either be intrin-
sically related to the size of the particles (the smaller a particle, the
higherthe curvature andtherelative number of symmetry breaking
surface atoms®®)) and/or result from a modification of the surface
(chemical reaction, defect gradient, etc.). Gold, copper and silver

NPs exhibit a well-defined optical absorption between 400 and

600 nm, the so-called surface plasmon resonance (SPR), because
of the light interaction with a free electron gas at the particle
surface.”® These well-defined red or yellow absorptions have
beenusedformillenniatocolor glassand glazes.'** Overthelast
decade, most Raman scattering studies on metallic NPs concerned

isolated™ ™ or self-organized®*?" gold and silver NPs because
their surface is chemically stable and choosing a laser excitation

close to the SPR allows for a strong enhancement of the Raman sig-
nal. Some additional studies were conducted on NPs embedded in

a glassy matrix.'>172223 The vibrational modes expected for the
isolated nanoparticles, as predicted by Lamb one century ago!®”
to describe earthquake-induced torsionﬂzgg% spheroidal oscilla-
tions of the Earth, show below 20cm™. Their observation
requires high resolution instruments, namely triple or double holo-
graphic grating spectrometers. The sensitivity of these instruments
is low, and spectrum collection requires relatively high powers of
illumination that can have damaging effect on the material and
alter its reactivity.

The use of volume Bragg photonic gratings as optical filters for
the Rayleigh line gives access to Stokes and anti-Stokes scattering
down to ~-10/+10cm™, and their high sensitivity compared to
that of double- or triple-grating monochromators allows collecting
Raman spectra from poorly resonant or even non resonant
materials under low illumination power, without any damage.
Thanks to these properties, we present the first observation of

low wavenumber Raman scattering from self-organized 3D assem-
blies of 7.4-nm cobalt NPs and compare their scattering efficiency
to thatofgold NPs.

Experimental
Sample preparation and characterization

Cobalt NPs were synthesized by ?g;ﬁi chemical reduction in reverse
micelles under a N; atmosphere.  Theresulting spherical Co NPs
were coated with dodecanoic acid and characterized by a mean
diameter and size polydispersity of 7.4nm and 13% respectively
(Fig. 1a & 1a&'). Studies performed by both electronic diffraction
and high-resolution transmission electron microscopy reveal that
the as synthesized Co NPs possess a highly disordered polycrystal-
line structure, with individual crystallinﬁs_g?mains (typical
size<1um) showing a likely fcc structure. Because of the
presence of the coating agent, Co NPs are highly stable and neither
oxidize, nor coalesce.  Forthis study, 3D assemblies of Co NPs
were prepared by slowly evaporating a highly concentrated
colloidal hexane solution on a highly ordered pyrolytic graphite
substrate (HOPG) maintained at 25°C. In order to avoid[gﬁbalt
oxidation, this step was performed under N, atmosphere. The
optical image presented in Fig. 1b shows that the film obtained
after the total evaporation of the solvent is composed of several
2-10-um-thick aggregates. The coating agents are not removed
after deposition. Previous studies clearly evidenced that Co NPs,

* Correspondence to: G. Simon, Sorbonne Universités, UPMC Univ Paris 06, UMR
8233, MONARIS, 4 Place Jussieu, 75005 Paris, France.
E-mail: guilhem.simon@upmec.fr

a Sorbonne Universités, UPMC Univ Paris 06, UMR 8233, MONARIS, 4 Place Jussieu,
75005, Paris, France

b CNRS, UMR 8233, MONARIS, 4 Place Jussieu, 75005, Paris, France


mailto:guilhem.simon@upmc.fr

Population

Figure 1. (a) TEM image of a monolayer of cobalt NPs; (a) the
corresponding size histogram; (b) optical image of 3D superlattices of Co NPs.

within these domains, are highly ordered in a 3D face-centered
cubic (fcc) superstructure which coherence length is a few
hundred nanometers.®Y The interparticle gap is equal to 3nm.

Ag NCs (5.3 £0.3 nm diameter) were synthesized by using the
organometallic route describedin?’. NOsAgPPhs (0.25mmol) was
dissolved in 25 ml of ortho-diclorobenzene under nitrogen
atmosphere protection. After heating up to 160°C, 500 ul of
dodecanethiols was quickly injected into the solution under vigor-
ous stirring. The silver salt precursor was then reduced by adding
ter-butylamine borane complex (2.5mmol dissolved in 15ml of
oDCB). The formation of Ag NCs was evidenced by the colorless
solution turning yellow and, eventually, brown red. The reaction
mixture was stirred continuously for 1h before Ag NPs were
washed by precipitation in ethanol and redispersion in toluene.
The sample Ag NP assemblies were prepared overnight by
evaporating a 200-ul volume of the 10°mol I Ag NP solution
under nitrogen flux, in a glass beaker in the bottom of which
the HOPG substrate was placed. The substrate temperature
was fixed at 50°C. This strategy of NP deposition produces
unique well-faceted silver supracrystals® larger than 2 microns
indimension.

UV-Visible characterization

UV-Visible absorption spectra were recorded on a conventional
Cary 5000 Varian spectrophotometer. Acquisitions were carried
out in hexane for particles in solution, and on a glass plate

(made hydrophobic by a 10-nm layer of amorphous carbon) for
the supracrystals.

Raman measurements

AHRB800 LabRam setup from Horiba, working with 514.5-nm laser
excitation and equipped with BragGrate notch filters from
Optigrate (Oviedo, Florida) was used for all Raman measurements.
We only used a x100 microscope objective (Olympus, NA: 0.90),
for which the spot waist at the focus point was small enough
(~1um) to fully illuminate a definite surface area of the self-
organized supracrystals (Fig. 1b) In order to compare the scattering
efficiencies, the laser power was locked around 500 uW (at the
focus point), and we took careful attention to always focus the
same way on the different samples. The spectra have all been
recorded under the same optical conditions and with the same
incident power. The incoming light was focused in such a way to
always optimize the Raman signal. Apart from a constant back-
ground subtraction by a straight line when required, all the spectra
are raw data.

This low illumination power does not guarantee absence of
heating. Optical examination and Rayleigh line broadening must
be controlled carefully (fig. S1, Supporting Information).

Polarized measurements were carried out on single focus
points using polarizers and A/2 wave-plate accessories to change
the configuration and avoid any polarization effect induced by
the grating. We thus obtained precise depolarization ratios for the
different Raman active modes.

Results and discussion

Figure 2 shows UV-Visible absorption spectra of cobalt and silver
nanoparticles either dispersed (sol) in hexane or self-organized on
a glass slide (film) Ag NPs dispersed in hexane display a strong
absorption centered at 427 nm, characteristic of the surface plas-
mon resonance, (SPR) of silver. Despite the red-shift (from 427 to
461 nm) and broadening resulting from the interparticle plasmon
coupling,®**¥ the resonance remains in the visible range when
the particles are deposited and self-organized. Conversely, for co-
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Figure 2. UV-Visible absorption spectra of cobalt (7.4-nm diameter) and
silver (5.3nm) NPs either dispersed in hexane (sol) or deposited in the
form of 3D ‘supracrystals’ on silica glass plates (film).



no particular absorption is observed. From Mie theory, the surface
plasmon in pure cobalt material is expected in the UV range.
However, because of high damping and interband transition, the
Mie theory is recognized to be insufficient to properly evaluate
the SPR wavelength for Co NPs.l

Low wavenumber Raman studies

Figure 3 shows a typical low wavenumber Raman spectrum ob-
tained at room temperature for Co NPs self-organized on a silicon
wafer. According to Lamb’s theory,* the vibration modes of a free
elastic sphere are described with the angular quantum momentum
number/. Fromthe selection rules, establishedin reference,** Ra-
man active modes are characterized by an even quantum number.
The mode at the lowest wavenumber, pointed at 10 cm’l is attrib-
uted to the quadrupolar (I=2) mode while the second one, around
20cm™, is attributed to the breathing mode (I=0). As mentioned
before, the free sphere model is well documented, and no signifi-
cantchanges are expected when the metallic NPs are embedded
in an organic medium.® We present the first observation for self
organized cobalt NPs. The narrow size distribution and high stabil-
ity against oxidation and coalescence of our Co NPs combined to
the high luminosity of our spectrometer at this wavenumber range
made the observation of both breathing and quadrupolar modes
possible. To our knowledge, the observation of quadrupolar and
breathing modes using 514.5-nm exciting laser line has never been
reported in the literature for cobalt NPs. Moreover, itis commonly
assumed that the coupling between the surface plasmon reso-
nance and the confined vibrational modes of a free sphere is
required to promote the Raman signature of silver or gold.
Implicitly, that would signify that metals with a SPR far away from
the used exciting laser line cannot give rise to observable Lamb’s
modes. Indeed Gangopadhyay etal.*” reported Raman scattering
from radial breathing mode for Cobalt NPs in silica matrix using
351.1 UV laser line invoking the strong light scattering close to
the SPR at this wavelength. Despite the absence of SPR in all the
visible light range for cobalt NPs, a characteristic assigned to the
strong damping effectarising from s and dtransitions, *® we clearly
observethesevibrationmodes atpositionsinaccordance withtheir
theoretical values.

These results are confirmed by the depolarization ratios, lvu/lvy.
In this notation, the first index stands for the polarization of the
laser light, which is, in our case, always perpendicular to the light
propagation direction, while the second index stands for the polar-
ization analysis. The measured intensity ratios for the Raman active
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Figure 3. Polarized Raman spectra of cobalt NPs self-organized on silicon
wafer.

modes are respectively 0.75 and 0, in agreement with the theoret-
icalratios of %and 0, respectively.'>** These depolarizationratios
suggest that a non-resonant Raman process®”! is indeed responsi-
ble forthe observed bands.

The wavenumber of the breathing mode, which is pointed at
19.9cm, is also in accordance with previous results obtained by
femtosecond pump-probe spectroscopy atshorttime scale on Co

samples preparedwiththe sameroute, 600GHz (i.e. 19.8cm™).!

Moreover, thewavenumberofthesemodesvjisreciprocaltothe

particle diameter and can be approximated as!*?414?

v1¥2S1:V1=D:c

where Vo=5810ms*and V,=3080ms™ are the longitudinal
and transverse sound velocities, respectively, D is the average
diameter of the NPs and c is the light velocity in vacuum. S;=0.76
is a dimensionless constant depending on the ratio of longitudinal
and transverse velocities of sound within the particle as well as on
the boundary conditions of the particle.®”)

The wavenumbers calculated in free sphere theoretical frame are
reportedin Table 1 and are in accordance with experimental values.

Comparison between self-organized silver and cobalt nano-
particles—relative intensities

In order to evaluate the Raman response from different metallic
NPs, we measured the relative intensity of similar modes in silver
and cobalt NPs. A detailed calculation of the scattering efficiency
can be done in terms of particle size distribution and light-to-
vibration coupling coefficient,*¥ but this is beyond the scope of
this paper. Figure 4 presents Raman measurements on silver
(5.3nm)andcobalt(7.4nm)NPs, plottedinrelative units. Inthe lack
of internal reference, precise quantitative comparison is impossible
because of the strong dependency on numerous experimental
factors. However, careful attention has been paid toworkin strictly

Table 1. Calculated and measured positions ofthe Lamb’ NPs modes

Lamb’ mode I=0 =2
Calculation 19.89 cm™ 10.54 cm™
Experimental (this study) 19.9cm™ 10.2cm™
Pump-probe experiment®! 19.8cm™ Not observed
Extrapolated intepsitff' Silver
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Figure4. Relative Ramanintensity of cobaltand silver NPs self-organized.



similar conditions for the two materials, and some qualitative
conclusions can be drawn.

The higher wavenumber mode, the breathing vibration of a free
sphere, is the less intense of the two, but it is far enough from the
Rayleigh line to avoid any distortion effect because of the filter
response. This purely radial vibration is not expected to produce
any significant modulation of the electric dipoles,*”*% and its in-
tensity should therefore mostly depend on the intrinsic polarizabil-
ity of both metals. We evaluate the efficiency ratio between the two
metals to be about 500 for this mode. Comparison between the
guadrupolarmodes atlowerwavenumberis more difficultbecause
of the vicinity of the filter cut-off (dashed line), below 8 cm™. We
could not measure the intensity of this mode for silver NPs, but
the black arrowin Fig. 4 shows the value extrapolated from former
experiments by Courty et al.”!! This extrapolation (not shown here)
was performed by superimposing previous data in the low
frequency region in which the shape of the Raman spectrum is
identical to have the best match. The quadrupolar mode of silver
being strongly coupled to the surface plasmon, the exaltation is
expected to be more significantin the lower energy mode because
of strong modulation of the electric dipole. One can approximate
an enhancement of at least 3 orders of magnitude, explaining the
relative easiness to experimentally observe these types of modes
in silver based materials.

Conclusion

Lamb’s quadrupolar and breathing modes were unexpectedly
observed with green laser excitation on room temperature Raman
spectra of cobalt NPs. Such observation in a metal which does not
presentany SPRin the visible range was made possible by taking
advantage of the NPs narrow size distribution and their high stabi-
lity against oxidation and coalescence. However studies below
8cm™ required multiple monochromators. The measured depola-
rization ratios support the assignment to Lamb’s modes. Looking
for such modes in the lack of a SPR offers a new basis to evaluate
the coupling process that is responsible for the high intensity
observed in metals classically used in plasmonic applications.
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