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Resonant Raman scattering by quadrupolar vibrations of Ni-Ag core-shell nanoparticles
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Low-frequency Raman-scattering experiments have been performed on thin films consisting of nickel-silver
composite nanoparticles embedded in alumina matrix. It is observed that the Raman scattering by the quadru-
polar modes, strongly enhanced when the light excitation is resonant with the surface dipolar excitation, is
mainly governed by the silver electron contribution to the plasmon excitation. The Raman results are in
agreement with a core-shell structure of the nanoparticles, the silver shell being loosely bonded to the nickel
core.
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I. INTRODUCTION Il. EXPERIMENT

A. Preparation and characterization of samples

The quadrupolar vibrational modes of silver or gold nano- |, our experiment, clusters are produced in a laser vapor-
particles embedded in dielectric matrices are easily obseryyaiion source, described in previous papetshe beam of a
able by low-frequency Raman scatteriig-RS) because of  frequency-doubled Nd:YAG (yttrium aluminum garnét
th_e enhan_cement effect when the Ilg_ht (_excna'_uon is resonarﬁmsed laser X=532 nm) is focused onto a bimetallic rod
with the_dlpolar surface-plasmon excitatibhThis enhance_- of given NiAg;_, composition k=0.25 to 1 in step of
ment will be referred to as “resonant Raman scattering”p 25. A continuous helium flow cools the laser-produced
throughout the paper. For silver particles the absorption bylasma, and the mixture finally combines into clusters and
the dipolar plasmon excitation is exhausted by the conducundergoes a supersonic expansion through a nozzle, at the
tion electrons, and is well separated from the absorption cofexit of the source. Moreover, the size distribution and, there-
responding to the interband transitions. Conversely, for goldore, the mean size of the nanoparticles in the sample is
nanoparticles the plasmon excitation, in the 450—650 nntontrolled by varying the helium pressure. Then, the neutral
spectral range, overlaps the low-energy wing of the interbandlusters pass through a skimmer into a vacuum charuver
transitions’ so that there is a mixing of both excitations. der approximately 10’ mbar) where they are deposited on
However, the Raman scattering selects the conductiorg substrate, simultaneously with the alumina matrix. The alu-
electron part of the dipolar plasmon for the resonancenina is evaporated with an electron gun, and the choice of
enhancemerftSuch a resonance effect was confirmed in thehe substrate depends on the characterization experiments to
Ag-Au alloy particles in which the contribution of the con- be performed. The metal volumic fraction is taken below 5%

duction electrons in the plasmon band increases with th& minimize the cluster coalescence. The alumina is amor-
concentration of silvet. phous and slightly over-stoichiometric in oxygen 8% ),

The study of the Ni-Ag nanoparticles is interesting for @1d Very porousabout 50%). .
two reasons. On the one hand, the dipolar plasmon excitation EN€rdy dispersive x-ray and Rutherford back scattering
does not exist in nickel nanoparticles due to the strong exgnalyses ShOV.V that the average stoichiometry of the clus'ters
tinction coefficient originating from both the intraband andmc::teezinglr_):sl ;trzzssl?gn?zr:?stgﬁ ;LI‘OV ro%ﬁ;‘g’ggﬁgx lon
interband transitions. Nevertheless, when adding some silv Lat the gsilver atoms move onto thegslu_r)l(‘ace of the mixed
to the nickel, the contribution of the conduction electrons is__ . ; )
expected to lead to a surface-plasmon resonance. On t articles® This phenomenon can be explained by the lower

ther hand. nickel and silver d tf I {least | Sirface energy of silver compared to nickel. One can also
other hand, nickel and siver do not form an alioy, at 1east Mgy pha5j7e that silver and nickel are known to be immiscible
macroscopically sized samples. In consequence,

: ( _ _ it will b@retals in the bulk. Transmission electron microscopy shows
interesting to determine the confinement effect on the spatia|jost spherical, and randomly distributed nanoparticles,
distribution of the Ag and Ni atoms and to observe the evo4nd allows to determine the size distributigfig. 1).

lution of the dipolar plasmon excitation as a function of the The optical transmission of the films deposited on pure
silver concentration in the nanoparticles. The different pointssjlica (suprasil has been measured with a double beam
that were addressed in our research are the followihg: Perkin-Elmer spectrophotometer, in the photon energy range
The resonance effect in the Raman scattering from Ni-Agl.45 eV-4.51 eV (275 nm-855 nm). Due to the rather
nanoparticles embedded in dielectric matii®) the spatial low metal volumic fraction in the films the recorded trans-
distribution of Ni and Ag atoms in the nanoparticl€3) the  mission reflects thésize distribution-averagéabsorption of
vibrational modes in the composite nanoparticles. the individual particles.
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5 200 - g FIG. 2. Absorption coefficient as a function of the wavelength
3 ; for metallic nanoparticles in alumina films: pure Rthick line),
5 100 | - Nig 75Ado 25 (dotted [ing, Nig s6Ado 50 (dashed ling and Np 25Ado 75
(thin line).
158 ......... S I S All the visible lines of an A¥ and a Ki* laser were used for
(© excitation. It was controlled that the laser beam does not heat
” ] the sample. The incoming light beam is at grazing incidence
3 100 b 4 and the scattered one was detectedr&? with respect to
5 excitation.
5
[0
§ 50 . I1l. RAMAN EXPERIMENTAL RESULTS
p=4
No low-frequency Raman scattering was observed from
I . . pure Ni nanocrystals in alumina film with blue, green, or red
00 5 4 5 8 excitations. Relatively intense low-frequency peaks appear

Diameter (nm) from Ni-Ag nanoparticles, even with only 25% of silver
(Fig. 3). As for pure silver nanoparticlésboth an intensity

FIG. 1. Diameter distribution of Ni-Ag nanoparticlesa)  decrease and a shift to lower frequencies were observed
Nio 76200 25, (B) Nig50Ado.50, (€) Nig2sAdo 75. The full lines are the  when the excitation is turned from the blue to the red. These
log-normal fits. observations clearly illustrate the effect of resonance with the

silver conduction-electron contribution to the dipolar plas-

In Fig. 2 are displayed absorption spectra of embedde¢hon. The one-electron intraband or interband absorption
(Ni,Ag; ) clusters for three different compositions< ( transitions of nickel do not contribute to the resonance en-
=0.25, 0.5, 0.7band of pure Ni clustersx=1). This last
one does not show any resonar(senple Mie calculations
indicate that this holds true for the whole spectral range
When some silver is added to the nickel, a broadband ap-
pears on the absorption spectra. This absorption band, which
is due to the surface-plasmon resonance, becomes very pro-
nounced for silver concentration exceeding 50%=<0Q.5)
and the larger the silver concentration in the nanoparticles,
the narrower the plasmon band. Moreover, in all the spectra
where a plasmon band occurs, one can see that this latter is
almost in the same spectral range as the one obtained for
pure silver clusters. More details about this study have been
given previously.
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B. Raman technique

R hift (cm™
The Raman spectra were recorded on a DILOR Z40 aman shift (cm-)

monochromator. The high rejection rate and resolution of FIG. 3. Low-frequency Raman spectra recorded under 457.9-nm
this setup, which is due to its five gratings, makes it possibléaser excitation. NizsAgoos, squares; NisAdose, Circles;
to measure a low-frequency signal close to the Rayleigh lineNig ,sAgo 75, triangles.
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hancement of the Raman scattering by nanoparticle vibra- The factorS depends on the mode and on the ratio of the
tional modes. It was also the case for the interband transiransversal and longitudinal sound velocities. The frequency
tions of gold? v corresponds to the Raman shift, that is generally ex-
The depolarization ratid,/lyy, of the Raman intensity pressed in cm': w=wv/c, ¢ being the vacuum light speed.
for perpendicular polarizations of excitation and scattered=quation(1) was experimentally verified by the comparison
lights [vertical horizontal ¥'H)] over the one for parallel of the small-angle neutron scattering with the Raman scatter-
polarizations [vertical-vertical ¥ V)] has been measured. ing by nanocrystals embedded in a glassy mafritn the
lvu/lyy=0.65 by excitation at 514.5 nm, anty/lvy  following, the frequency calculated from E¢t), with D .y
=0.4 by excitation at 647.1 nm. It is well known from pejng the diameter at the maximum of the size distribution,
group theory and due to the plasmon resonance effect thajill be compared to the frequency at the maximum of the
only the quadrupolar modes of nanoparticles exhibit highow-frequency Raman band. The suitability of this procedure
Raman activity: For Raman scattering by the fivefold degen-|ies on the assumption that there is no spatial coherence in
erate quadrupolar modes of spherical particles the theoreticghe nanoparticle, as it was demonstrated in previous papers
depolarization ratio is found to be equal to 0:750n the  for nanoparticles obtained by the same elaboration
other hand, for resonant Raman scattering by the nondegefechnique”*? According to the Lamb’s theofyon the vibra-
erate mode of randomly oriented ellipsoidal particles it istions of an elastic sphere, ti&factor is close to 0.85 and
equal to 0.33. By comparison with these theoretical valuesp.g84 for the fundamental quadrupolar mode, in the case of
the experimental depolarization ratios show that the nanopasilver and nickel, respectively. The used transversal sound
ticles that are excited in the green are mainly the Spherica}ek)cities for nickel and silver are, respectivehyt[l\“]
shaped ones while they are ellipsoidal in the red, as it was-3000 m/s andv,[Ag]=1660 m/s>!* Using these val-
established for pure silver nanocrystalshe Raman scatter- ues, without taking explicitly into account the bonding
ing by the quadrupolar modes is relatively intense because @frength between Ag and Ni atoms and the inhomogeneous
the strong coupling between the vibrational quadrupolagjstribution of the two metals in the nanopatrticles, it is found
modes and_the electronic dipolar plasmon in silverpy taking the concentration-weighted average sound velocity
nanoparticle$. Recently, the Raman scattering by sphericalip, Eq. (1), that the vibration frequency of a MigAdg s
modes(i.e., the breath.ing mode and its two.first harmohic;s nanoparticle is 1.3 times larger than that of %:MQO:B
was observed for silver nanocrystals with narrow sizeparticle of same size. The experimental ratio is equal to 0.9,
distribution® In the case of nanoparticles with a relatively gnq consequently far from the theoretical ratio.
broad size distribution, as in this experiment, the Raman pFaced with this discrepancy and in agreement with the
peaks corresponding to the scattering by the spherical modgg|s experiment it is assumed that the nanoparticles have a
are expected to be of very weak intensity. So, these peakgyre-shell geometry with a Ni core and a Ag shell, as sug-
can be easily masked by the high-frequency tail of the mucljested above. The possibility that the immiscible metals
more intense Raman peak due to the quadrupolar mode, aR@parate upon silver and nickel particle formation can be
it is, therefore, r_10t surprising that they do not appear on OUfgjected for two reasonstl) no LEIS from nickel was
LFRS spectraFig. 3). N observed, (2) the absorption band€Fig. 2) are much
One observes in Fig. 3 that the position of the Ramamoader than the ones obtained from the simple superposition
peak does not depend very much on the composition of thgf the absorptions by separate silver and nickel nanopar-
nanoparticles. This ia priori not consistent with a homoge- ticles. The vibration frequencies of the core-shell nanopar-
neous mixing of Ni and Ag atoms, the elastic constants ofjcle can be calculated by using the Navier equation with
nickel being approximately two times larger than the 3”Verspecific boundary conditionsee the Appendix
ones. This is in agreement with the Ni-Ag demixion ob- " |p the first model, it is assumed that there is continuity of
served by LEIS. In the following part, the experimental vi- poth the vibrational displacement and the force at the Ni/Ag
brational frequencies will be compared to the calculated onegterface, and no force at the nanoparticle/matrix interface
for demixed nanoparticles consisting of a nickel core and gqye to the large matrix porosity, the contact between the
S|Iver_shell. It is expected tha_t the vibrational dynamlcs of matrix and the particle is very loose so that the hypothesis of
the Ni-Ag core-shell nanoparticles depends crucially on theree vibrations is justified For the studied samples, the cal-
coupling between the silver shell and the nickel core. culated vibrational frequencies of the quadrupolar mode are
more than two times or even more than three times too large
in comparison with the experimental ong$. Table ). It is
worth noting that the calculated values are not far from the
The resolution of the Navier equation, by using the confrequencies obtained from Eq.(1) by taking the
tinuous medium approximation, demonstrat@ghat the vi- ~ concentration-weighted average sound velocity. This discrep-
brational frequencies of a spherical nanoparticle are in- ancy between the experimental and calculated frequencies
versely proportional to the diamet& and proportional to  proves that the hypothesis of a strong contact between the Ni

the transversal sound velocity, core and the Ag shell is not correct. _
In the second model, the hypothesis of a core-shell struc-

ture is kept, but now it is assumed that the Ag shell boundary
at the Ag/Ni interface is fredno force, i.e., no effective
contact of the Ag shell with the Ni coyeAs it can be seen in

IV. INTERPRETATION

_gt 1
v= D (1)
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TABLE |. Comparison of the Raman peak frequencies (&n mately two times smaller than the ones calculated with the
obtained in the different models with the experimental ones forfree shell model. This discrepancy can be explained by the
Nig 770025 (Dmax=2.3 nm), NbsAdoso (Dmax=3 nm), and  ynsuitability of the continuous medium approximation for so
Nio 25Ado.75 (Dmax=2.8 nm). small nanoparticles. Very recently, it was shown by simula-
: - : : tion that this approximation becomes unvalid for sizes
Model or experiment  Niz#Ado2s NioscAGoso Nio2sAGo7s  smaller than some limit and that the sound velocity that has

Core-Shell 34.5 241 21.4 to be taken in Eq(1) can be much smaller than the bulk

Free Ag shell 10.0 8.7 11.2 one However, such a simulation, that was carried out for

CoreX Shell 9.98 8.2 11.3 amorphous two-dimensional cluste.rs using_ Lennard—Jones

Experiment 10.1 8.2 8.8 potent_lal, does not allow us to estimate this limit for our
metallic nanocrystals.

the Table I, the frequencies calculated for the Ag-shell qua- V. CONCLUSION

drupolar vibrations are very close to the experimental ones,
while they are about four times larger for the Ni-core vibra- L : . .
tions. This agreement is a strong indication that the vibra:[he quadrupolar V|prat|onal mode qf nickel-silver composite
tions observed by Raman scattering are those of the Ag Shem@r;]opharthlles conﬂrms.that lthere IS an gffept of rer?onance
This is not surprising, since the Raman process is resonar}; td'e sll verl conductlon'-e gctror’:l c?ntranqun to tR? sur-
and that only the conduction electrons in silver contribute to ce dipolar plasmon excitation. No low-frequency Raman
the effect of resonance. The free internal boundary of the A cattering was obse_rved_ from pure nlcke_l nanopartlcles._The
shell isa priori more questionable. However, this approxi- requencies of the vibrational modes are in agreement with a

mation can be justified. Silver and nickel do not form ancore—shell structure of the particles. The Raman experiment

alloy, this means that the bonding between Ag and Ni atom quanti.ta'tively well interpreteq by assuming that the scat-
is weaker than between same atoms. Moreover, the atom[e" "9 orlglnates_from the vibrations of a silver shell loosely
radii of these metals are differentr (;=1.75 A, ry; onded to the nickel core.

=1.62 A), resulting in a mismatch between the Ni and Ag

lattices. Furthermore, weak Raman lines corresponding to APPENDIX: FREE VIBRATIONAL MODES OF CORE

nickel oxide were observed and it is likely that nickel atoms SHELL, SHELL, AND ONIONLIKE SYSTEMS

at the Ag/Ni interface are oxidized. Nickel is much more 1o calculations presented here are based on Lamb's

oxidizable than silver, so that some nickel atoms can ha"%pproacﬁ and on Eringen and Suhubi's equatistThese

been oxidized during the deposition process, and likely aftef, o5 express in spherical coordinates the displacement
deposition by oxygen diffusion through the porous alumina

matrix and the thin silver shell. In consequence, it is ex-vectoru(r,t) as a fljnctlon O_f the p95|t|on vecterand time
pected that the Ag/Ni interface is relatively loose. Moreover,t; and the forceF(r,t) that is applied to the element area
the elastic constants of Ni are approximately three timeperpendicular ta. In this paper, the following vectors are
larger than the_Ag ones, so that th_ere exists a !arge differenagsed €, e, andg; being the usual spherical unit vectprs
between the vibrational frequencies of the Ni core and the

The observation of low-frequency Raman scattering by

Ag shell, and consequently, the phase matching is hardly a:ylm(g,@)g:,
achieved.
Another type of core-shell nanoparticle was considered to _ M) - 1 aYM(6,9)
simulate the Ag/Ni interface. Between the Ag shell and the &=——3 &t Sing P €0 (A1)

Ni core, a thin shell of a sofK material is placed. Its thick-
ness is chosen to be 5% of the core radius. This type of m m
structure is symbolized by Cobé-Shell in the Table I. Tak- oo L MG - Ni(0¢)~

ing a density equal to 5000 kgArand a sound velocity 3 sing  de v P

equal to 100 m/s in th& material, and assuming the vibra- o

tional and force continuity at the inner interfaces, the calcu- It should be noted that,=e;=0 for | =0.

lated frequencies for the fundamental quadrupolar mode are The projections ofi andF along these three vectors are
again close to the experimental orfet Table ). However,  given in Egs.(A2) and (A3), respectively.

in this model the vibrational frequencies are dependent on

both the sound velocity and the density of tKematerial. 1

The free Ag-shell approximation, which does not use adjust- ur=r1Allz/(ar—arz.,(ar)]

able parameters, is convincing enough to allow the interpre-

tation of the low-frequency Raman lines as due to the +C[I(1+1)z(Qr)]}exp —iwt),

plasmon-resonant scattering by the quadrupolar vibrations of

the free silver shell in Ni-Ag core-shell nanoparticles. Low- 1

frequency Raman scattering was observed from nanopar- U2=,{Az(qr)+CL(I1+1)2(Qr)—Qrz.1(QN)];
ticles of same composition with smaller diameters (1.5 nm

and 1.2 nm). The experimental frequencies are approxi- Xexp —iwt), (A2)
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uz=Bz(Qr)exp —iwt).

2

flor

e i

2

)Z,(qr)+2qrz|+1(qr)}

+CI(+ D[ —1)Z|(Qf)—QFZ|+1(QF)]]

Xexp —iwt),

2
F2=r—l;[A[(l —1)z(qr)—qrz;,1(qr)]

=

X exp —iwt),

Q2r2

+C >

)Z|(Qr)+QrZ|+1(Qr)H

Fa=B (1~ 1)2(QN) - Qrz.,(Qn) Jexp( ~ wt),
(A3)

wheregq=w/v,, Q=wl/v;, (v, andv, are the longitudinal
and transversal sound velocitieandu is one of the Lamis

constantsz, is a Bessel function. Becauseand F cannot

PHYSICAL REVIEW B 65 165422

gions that do not include the origin, the two kinds of Bessel
functions are validg, is a linear combination of;, andy,
and then six constants are involved. It should be noted that
the constanBB, on which dependi;z and F3, is related to
torsional modes. Starting from now, these modes will not be
discussed B=0) because they are not Raman active.
Dealing with spheres, shells, core-shells or onions, is
done by changing the boundary conditions at the various
interfaces. Different kinds of boundary conditions are used.

For free surfaces we uge=0 and for interfaces between

two different materialsp and F are continuous. Resolving
this problem consists in calculating the unknowns in each
region.

(2) 1#0. there are two unknowns for the region contain-
ing the origin and four for other regions. Each boundary
results in two linear equations if a free surface is involved
and four linear equations otherwise.

(2) 1=0. (e,=e;=0) there is one unknown for the re-
gion containing the origin and two for other regions. Each
boundary results in one linear equation if a free surface is
involved and two linear equations otherwise.

It is straightforward to check that in each case the system
consists inN linear equations wittN unknowns. This system
admits nonzero solutions when its determinant vanishes. This

diverge, only Bessel functions of the first kind are used indeterminant is a function o& only. Therefore, calculating

space regions containing the origin#j,). Therefore, three

the vibration eigenfrequencies consists in finding the roots of

constants determine the vibration inside these regions. In rehis function. This was performed numerically.
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