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Surface plasmon mediated Raman scattering in metal nanoparticles
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The Raman scattering due to confined acoustic vibrations in metal particles is studied theoretically. Various
coupling mechanisms between the surface plasmon—polaritons and the confined vibrations are investigated.
Their relative contribution to the light scattering is discussed. We found that two mechanisms play an important
role: (i) modulation of the interband dielectric susceptibility via deformation potential due to pure radial
vibrations andii) modulation of the surface polarization charges by quadripolar vibrations. The dependence of
the Raman spectra on the nanoparticles size and size distribution and on the excitation energy is studied in
connection with the nature of the excited plasmon-polariton states. We found a good agreement between
calculated line shapes and relatives intensities of the Raman bands and the experimental spectra reported in the
literature.
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[. INTRODUCTION in order to identify the origin of the Raman scattering.
Moreover, Montagna and Ddéiproposed a model for the

Surface-enhanced Raman scattefihgs been attracting Raman scattering by confined acoustic vibrations of small
much interest recently due to the discovery of single-dielectric spheres. The light scattering was described using
molecule sensitivity:3 The key role of randomly distributéd the dipole-induced-dipole and bond polarizability models
or fractal-like aggregatésn the disorder induced localiza- Which are suitable for nonresonant scattering in dielectric
tion of the surface plasmons is now well established. In theifnaterials, but cannot apply to resonant light scattering in
earlier work® Gerstenet al. showed that resonance of the metals.
incident light with the plasmons of a rough metal surface In this work, we investigate and compare different cou-
leads to strong light scattering by confined acoustic vibrapling mechanisms between the confined vibrations and the
tions. For an isolated spherical particle, the phonon densitgurface plasmons of metal particles. They can be classified
of states is discrete and the confined vibrations are expressétfo surface and volume mechanisms. The surface mecha-
in term of vector spherical harmonics labeledl(m). They  nisms involve changes of the particle surface, whereas the
can be obtained from Lamb’s theargpp"ed to nanosized Volume mechanisms are due to modulation of the material
particles(i.e., with a radius much larger than the interatomicproperties. The Raman scattering efficiency is derived and
distancé. Many published experimental works showed thatdiscussed for each of them. Calculations are presented for
the confined quadripolar vibrationsn€1)]=2) strongly silver nanoparticles but apply to gold and copper as well.
come out in the Raman spectra of Au, Ag, and Cu nanopar he dependence of the scattering efficiency on average size
ticles for resonant excitation with the surface plasmon aband size distribution is discussed in connection with the reso-
sorption band:®° In contrast, the pure radial vibrations ( nantly excited surface plasmons. The effects of the surround-
=0) are not easily observable and were revealed onlyng medium are not investigated here. They are expected to
recently®* in the Raman spectra of metal particles with ashift the plasmon resonances and the vibration frequeftties.
narrow size distribution. On the other hand, time-resolvediowever, they should not affect the conclusions of the
reflectivity measurements showed periodic intensity oscillaPresent work with respect to the plasmon-vibration coupling
tions due to pure radial vibrations €1, =0) only*? Upto  and related Raman scattering.
now it is not clear why the quadripolar vibrations should
dominate in Raman scattering and pure radial vibrations in Il. MODEL
time-resolved reflectivity. A complete understanding of the
optical properties of a vibrating metal particle still lacks. In
their earlier work, Gersteat al*® proposed a model for Ra- We use the dielectric confinement model to account for
man scattering from size and shape distributed metal pathe optical properties of the metal particlésThe electro-
ticles. They considered coupling between the dipolar surfacenagnetic fields inside and outside the particle are computed
plasmons and the quadripolar vibrations due to modulatiofirom Maxwell equationgi.e., including retardation effedts
of the electron charge densitye., of the bulk plasmon fre- and using the usual surface boundary conditions: continuity
qguency. Pure radial vibrations were not expected to produceof the normal component of the magnetic field and of the
a significant modulation which is apparently in agreementangential component of the electric field. Contributions of
with the experimental observations. Nevertheless, no calcuboth intraband and interband transitions were taken into ac-
lations of the relative contribution of quadripolar and radialcount in the frequency-dependent dielectric response of the
vibrations have been reported up to now. In addition, com-imetal particle. We use the size dependent dielectric suscep-
parison with other possible coupling mechanisms is needetbility given by

A. Surface plasmon-polariton states
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w2 Landau damping(i.e., to decay into electron hole pairs
Y(o,R)=———F (), (1)  From Fermi’s golden rule one obtains the decayate
o’ +iwy(w,R)

where w, is the bare plasmon frequency of bulk silver and Fw,L(R):Fi_FzWE, [(e'[H, |e)?0(hw+ e~ e€),
Y(w,R)=v,+0gs(w)ve /R the effective Drude damping &.e
) . (2
which accounts for the electron scattering by the nanopar-
ticle Surface];7 UE is the Fermi Ve|ocity andR the nanopar- wheree ande’ are individual electronic states ahﬂo‘L their
ticle radius.gs(w) is obtained from a quantum treatment of interaction Hamiltonian with the SPP stated.. I'; is given
the electron-surface interactiog'®(w) is the interband di- by the bulk material properties. As discussed by Hovel
electric function due to electronic transitions from the 4 etal,*T'; tums to be the Drude damping, [Eq. (1)] in the
valence band to the sconduction band® As shown by case of free-electron metals. Using E&) one recovers the
Hovel et al,'® y1®(w) does not change with particle size for Well-known 1R dependenc& Moreover,T',, (R) increases
R>1 nm. Theny'®(w) was taken from the data reported for @S the squared amplitude of the inner electric field associated
bulk silver in Ref. 20. with the SPP statedf,L,M). Hence, for nanoparticles one
Solutions of Maxwell equations are obtained at all fre-expects overdamping of the SPP resonant states Wwih
quencies(continuous density of statesHence, the electro- due to their fast decay into electron-hole pés.
magnetic field and polarization vectors are labelggd,
andP, | v, respectively,o being the eigenfrequency and
(L,M) the usual integer numbers associated with the spheri- For the calculation of the Raman spectra, we assume a
cal harmonic functions. The amplitude of the electromag-+three-step scattering proc&$m which a SPP statex(,L,M)
netic field inside the metal particle reaches a maximum foiis excited by the incoming photon and decays into another
discrete frequencieso; known as the surface plasmon— SPP state ¢’,L’,M’), via emission or absorption of con-
polariton (SPP resonances or as Mie’s resonante&or  fined (n,1,m) vibration; finally a scattered photon is emitted.
spherical particlesy, is (2L +1)-fold degenerate. For the Stokes process, the Raman scattering amplitude is
The lifetime of the SPP states is strongly reduced due tgiven by

B. Raman scattering

—2I7T5(ﬁa)s+ﬁwn'|—ﬁw,)X<nS+ l,nw,'L,'M/|th_spp|ns,nw,’|_,’,v|/+l>><<nw’|_’M ,nw/'L/'M/"‘l,nnJ’m

(ni—=1n, m+1HphspdNi Ny (M)
(hws—ho' +iT, ) (fo+iT, —fio)

+1{Hyib-spANu,Lm+ 100 Lrm7 oD m) X

3

wheren;, ng, n, v, andn,, , are, respectively, occupa- (i.e.,L=L"=1) as discussed above. Thus, according to se-
tion numbers of incoming and outgoing photons, surfacdection rules(4a) and(4b), only pure radial (=0) and quad-
plasmon-polaritons «,L,M), and confined vibrations ripolar (I=2) vibrations could be observed by Raman scat-
(n,I,m). ', is given by EQ.(2). Hpnspp and H,j,.spp  tering from spherical and noninteracting nanoparticles. This
correspond to the photon-SPP and confined vibration-SPRas been already pointed out by Dialising group sym-
interaction Hamiltonians. metry arguments. In the three-step light scattering process, it
We assume dipolar interaction between the SPP states aiglthe symmetry of the intermediate SPP state which deter-
the incoming or outgoing photons. Because spherical symmines the symmetry of the Raman active modes. Further
metry is preserved at the absorption or emission steps of theonsiderations on the interaction between dipolar SPP states
confined vibrations, conservation of the angular momentunand vibrations can lead to additional selection rules or at
should be fulfilled. This implies the following selection least determine the relative contribution of the quadripolar

rules: and the pure radial vibrations.
We now consider dipolar interaction between SPP states.
IL-L'|<IsL+L, (48 without particle vibrations, this interaction does not exist
since the SPP form a set of orthogonal eigenstates. As the
L+L"+1 even, (4D  metal particle vibrates, so will the SPP polarization vector

, . and then transitions between SPP states will take place.
M'=M==xm. (40 Then the interaction matrix elements between confined

On the other hand, there is no restriction on the values of (n,l,m) vibrations and those dipolar SPP states read

andL’ since the spherical symmetry is broken at the photon

absorption and emission stegmteraction between plane

waves and spheri_cal harmon)cs_iowever, in_ the particular Jib.SPP= _f E, i -OnimPoLndVs (5

case of nanoparticles we consider only dipolar SPP states particle '’ T
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whered, | mP., L.m is the polarization modulation of the SSP
state @,L,M) induced by the confined vibrations,{,m). x10
E, L.wm is the electric field associated with the final z
(o',L",M") SPP state. For nanoparticles, only dipolar SPP 5 5
states (=L'=1) play an important role. The integral in Eq. £ 82) ©2)
(5) runs over the particle volume only because there is no > A
polarization outside the metal particiee., in vacuum. In 2
order to calculate the Raman spectra one has to specify glA (1,0)
5n,|,mpw,L,M . &
&% ®9) (3,0)
C. Volume mechanisms /\ N
Let us start with the coupling between confined vibrations 0 20 20 60 30
and SPP states due to what we named volume mechanisms. Raman Shift (cm™")

By volume mechanisms we mean modulation of the dielec- _ _ i
tric response independently from the surface motion. This FIG. 1. Normalized Raman spectra of silver nanoparticles cal-
concerns modulation of the bulk metal dielectric responsé:UIated withR= 2.5 nm for resonant excitation with SPP state at 2.5
due to changes of the material electronic properties. For inS Y- SPectra correspond to the coupling ¥ deformation poten-
stance, deformation potentiéDP) interactiorf® between the tial and (B,)lswface mOdl.J'at'on meCh"’Tr."s”.'s' T.he frequency range
lattice vibrations and the confined electronic states leads t%16_8.0 cm is shown with 10¢ magnification in spectrumgy).
modulation of the metal dielectric susceptibilitgnd hence he linewidths result from convolution by a Lorentzian function.
of the SPP’s polarization vector§ In principle, both intra-
band and interband terms of the dielectric response can hadiug. In that sense the DP coupling mechanism can be
modulated via DP interaction. However, because the singlelassified as a volume mechanism.
particle intraband excitations fall in the infrared range, the By making Eq.(6) into Eq. (5), and using the three-step
effect of their interaction with lattice vibrations on the col- light scattering procedé€q. (3)], we are able to calculate the
lective intraband response is negligible in the visible rafige. Raman spectra due to DP coupling between confined vibra-
In other WordS, the bare p|asmon frequemy is not af- tions and SPP states. As shown in Flg 1, the Raman scatter-
fected by lattice vibrations. On the contrary, electronic inter-INg (spectrumA) is dominated by the pure radial vibrations
band excitations fall in the UV range and lead to a strong{| =0). The first three frequencies were found at 21.9¢m
screening effect of the bare plasmon. As a matter of fact, foft/-> €M~ and 71.6 cm” for R=2.5 nm. The intensity ra-
bulk silver the bare plasmon energy is about 9 eV whereall®S bétween harmonics in spectruinof Fig. 1 do not de-
the plasmon absorption band is observed around 3 eV. \Aéend on the excitation energy since the electromagnetic field
e

have calculated the change of the interband dielectric susc 1stributic;nhins(;<_je ltheSn;\Sopartine g ur:jif_orrr; Wh%tev%r th?
- . ; : . . energy of the dipolar state is. Quadripolar vibratidns
tibility of silver due to DP interaction of the interband exci —2) are not forbidden since they satisfy selection rs

tations with lattice vibrations. Since the interband suscepti- ; - ;
- o X . and (4b). However, their Raman efficiency is here several
bility is independent of the particle size, quantum

! . orders of magnitude smaller than that of the pure radial
confinement effects on electronic states were neglected. Iy, -v00<29 \/mjjée et al suggested that modulation of the
order to compute the overall change gf(w) one has to ' '

e o : Ny A ~ interband susceptibility due to the confined vibrations could
sum the contributions of transitions involving initial and final o responsible for the oscillation observed in the time-

states from the whole Brillouin zone, the value of the DPresplved reflectivity of metal nanoparticl¥sErom the oscil-
energy depending on the considered states. We assume Rfiions period they identified pure radial vibrations=(1,
average valueD®P"=—1.55 eV intermediate between the =(0). Quadripolar vibrations were not revealed. Portales
values obtained for zone centdr point) and for zone edge et al!® suggested that the same modulation is at the origin of
(L point states’® Hence, the modulatiod, | P, . m Of the  the Raman scattering by pure radial vibratiohs Q). This
SPP polarization reads is in agreement with our calculations. Indeed, for the DP
mechanism, we found that modulation of the interband sus-

De-ph ceptibility by quadripolar vibrationsn=1,l =2) is one order
St mPuLm=eox ™ (@) —————V D, m) E,im- of magnitude smaller than the one due to pure radial vibra-
I ho—hQ"P h o tions (n=1)1=0). This arises from the weak displacement

(6)  field gradient associated with quadripolar vibrations. More-
over, it is clear that the DP mechanism cannot explain the
In this equation, confinement effects of the lattice vibra-intense lower frequency peak observed in the Raman spectra
tions appear in the divergence of the displacement fiel@nd ascribed to the fundamental quadripolar vibratioms (
V-D,, m. It is worthwhile to mention that Eq(6) is valid ~ =11=2).97"%
for bulk as well. The only difference with the nanopatrticles is
the displacement field, , ,, which introduces the confine-
ment of the lattice vibrations. In other words the value of The surface coupling mechanisms involve changes of the
DeP" jtself is independent of the nanoparticle surfdoe  particle radius or shape. First, Gerstenal'® proposed a

D. Surface mechanisms
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modulation of the bare plasmon frequengy due to electron
density oscillations with the particle volume. In fact, one can
see in Eq.1) that the size dependence of the intraband di-
electric susceptibility arises from the Drude damping param-
eter only. For a silver particle with 3 nm radius excited at 3
eV (i.e., close to the dipolar SPP resonancee obtains
gs(w,R)vr/R=220 meV?!’ This term is more than one or-
der of magnitude smaller than the excitation energy. So, in
terms of relative changes, the effects of particle vibrations on
Drude damping, and consequently on the intraband dielectric
response, are very wedk.Second, in the frame of the di-
electric confinement model, the energies of SPP resonances -
are determined by the electromagnetic boundary conditions 0 10 50 30 20 50 50
at the nanoparticle surface. Strictly speaking, they should be Raman Shift (cm™)
sensitive to oscillations of the particle radius. The depen-
dence of the resonant SPP eigenfrequency on the particle size FIG- 2. Normalized Raman spectra of silver nanoparticles cal-
arises from the retardation effects which are negligible forculated withR=2.5 nm for resonant _exc_ltatlon with SPP statgs at
nanosized particle@article radius very small in comparison (A 2:5 eV and(B) 2 eV. The contributions of the deformation
with the visible optical wavelengthsHence, this coupling potentials anq surface orlgntatlon mechanisms are shown t?y dotted
mechanism is also very weak. It is worthwhile to mention"’mdbd"’llg‘hl‘.eoI "neTSHreTipECt!‘éf:‘y' The tlct’t?l sca::]ered mterllstl_ty |s§hown
. . . . as bold lines. The linewidths result from the convolution by a

t/k:)?\t/eal(l)nsl;jr?lfree ?ggg:n\%bﬁﬂgﬁ]gg; k?lest:(;uussseec:hgsogree Ir]___orentzian functiqn(finite e)fpe_rimental resolutionand from the

. . . size-dependent vibrational lifetime.
associated with changes of the particle volume. Therefore,
they cannot explain the lower-frequency Raman peak as-

ign ripolar vibrations. Moreover, compar h L . .
signed to quadripolar vibrations. Moreover, compared to t egrse and pure radial vibrations are not active because such

DP coupling mechanism, the surface mechanisms discussé: g
above are several order of magnitudes less efficient. modes do not change the shape of the particle surface. More-

The change of the particle shape can also lead to a mod ver, this mechanism is sensitive to the displacement field at
lation of the SPP polarization vectors. Indeed, the polariza—he particle surface only. Therefore, the intensity ratio be-

tion vectors of the SPP states are associated with a distribi:’ een harmonicgspectrums of Fig. 1] strongly differ from
t

Raman Intensity (arb. units)

tion of polarization charges at the nanoparticle surface give he one calcylated fqr DP coupliigpectruma|. The f,'éi:

by P,...m-N, n being the normal to the surface. Therefore, ree (:1_uladr|polar V|k3r1at|ons were foupd at .9'3 !
when the particle oscillates, in tha,{,m) vibration mode, 18.1 cm*, and 30 cm for 2.5 nm partlcl_e f?‘d'us- The
its orientation varies byd, , »n); so the polarization charges most !ntense contribution from the harmonics is due to the
are redistributed with respect to the static situation accordinguad”pOI"’Ir 0=5| .:2) ”?Odes- The corresponding Raman
{0 811 mT.L = Po.Lm - mN. This is what we call sur- eak[spectrumB] is 20 times weaker than that of the fun-

face orientationSO) coupling mechanism. In order to evalu- ]Eiargental \tlltlaratlogsr(zl 1 :'b2) 't.Th's e>(<jpla|ns whybonly th;
ate the modulatior®, | P, . m of the SPP polarization, we undamental quadripolar vibration modes were observed ex-

expanddy, | mo, 1 .m ON the basis of the surface polarization g?sr'rgg?é";‘é%gfor nanoparticles ensembles with large size
chargeso,, | v+ Of the motionless particle, P '

IIl. RESULTS AND DISCUSSION
2 cTw,l_',M'5n,|,m<Tw,L,M .dS

OnimT oL M= Tul' M- A. Origin of the Raman bands

LM’ f Ui,,L/,M/ .dS Calculation of the Raman scattering efficiencies allows to
7) estimate the contributions of different coupling mechanisms
and hence identify the origin of the low-frequency Raman
By makingo,, ' m/ =P, /.m/-Nin EqQ.(7) one can rewrite  bands. The spectra calculated, assuming both DP and SO
Ont,mT LM AS S| mPe.L MmN With coupling mechanisms, are shown in Fig. 2 for an isolated
spherical particle with 2.5 nm radius. Calculations were per-
formed for resonant excitation of the SPP states at 2 eV and

f ToL' M Onim0oLm-dS 2.5 eV, close to the dipolar SPP resonance observed in Ref.

SntmPoLm=gox(@) 2

~ 11. We use a size-dependent homogeneous broadening of the
LM f Uf),L’,M’ .ds confined vibrations given By I', (R)=2mc /(7. R), ¢
being the longitudinal sound velocity,, | is a measure of
XEgpL .M - (8)  how fast the vibrational excitations fade awaywe found

that 7, ;=10 for all modes give a reasonable agreement be-
In the SO coupling mechanism, only quadripolar spheroitween the calculated and measured spectra reported in the
dal vibrations contribute to Raman scattering. Pure transliterature!®!* In comparison with Fig. 1, only three bands
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appear in the simulated spectfd) of Fig. 2. The intense of the surface polarization charges. Hence, the reflectivity is
lower-frequency peak is due to scattering by the fundamentaiot modulated and quadripolar vibrations could not be ob-
quadripolar vibrations {=1,1=2) coupled to the dipolar served in time-resolved reflectivity measurements.
SPP states via SO mechanism. The weaker band, around The different nature of the DP and SO coupling mecha-
22 cnmi L, is associated with the fundamental radial modenisms leads to different behaviors of the Raman scattering
(n=1]=0). Its coupling to the dipolar SPP states occurs vigefficiency with respect to excitation energy. Indeed, accord-
DP mechanism. The higher-frequency band around 45%cm ing to Eq.(6) the DP mechanism involves modulation of the
has contributions from quadripolan€4 and 5/=2) and interband susceptibility, only. For the SO mechanism, the
pure radial @=2,=0) harmonics. The agreement with the modulation of the SPP polarization vectors is proportional to
measured Raman spectra reported in Ref. 11 is remarkablée overall dielectric susceptibilityEq. (8)]. Therefore, the
In particular, the relative intensities of the Raman bands aréelative contribution of both mechanisms is expected to
well reproduced. change with excitation energy, as shown in Fig. 2. At low
We would like to emphasize that the calculated intensitie€xcitation energyspectrumB), the interband susceptibility
are directly determined by Eq&) and(8). Only two physi- is rather small with respect to the overall dielectric suscepti-
cal quantities could be viewed as adjustable parameters: tHality. Then, mainly quadripolar vibrations do contribute to
averaged deformation potenti@fP" and the parameter, | the low-frequency Raman spectra. On the contrary, for exci-
related to the vibration lifetime, which acts as an homoge1ation close to the SPP resonarispectrumA), the Raman
neous broadening of the Raman lines. We used the sanfgattering due to pure radial modds=(0) comes out since
value of 7, for all vibration modes. Hence, the relative in- the interband susceptibility has a larger contribution. Unlike
tensities of the calculated bands do not depend-gn The silver, for which interband transitions fall in the UV domain,
best agreement with the results of Ref. 11 was obtained fogold has a strong interband susceptibility in the visible range.
71=10. This value is three times larger than that obtained>0 one expects that Raman scattering by pure radial modes
by Del Fattiet al’? for particles embedded in glass matrix. (I=0) is more easily observed for gold nanoparticles than
This indicates a weaker coupling between the confined vibrafor silver. This has been already verified experimentally by
tions and the surrounding medium as expected for the pafortaleset al: 10
ticles studied in Ref. 11 which were coated with thiol chains.
The valuer, ;=10 is in good agreement with the one ob-
tained by Voisinet al3! on silver particles in colloidal sus-
pension. Concerning the averaged deformation potential, we The spatial distribution of the electric field and polariza-
did not try to adjusD®P". Strictly speaking, its value should tion associated with the SPP states strongly depends on the
be calculated from the electronic properties of the overalparticle size, but also on the considered state. The SPP states
Brillouin zone as discussed above. Since the electronic statege intermediate states for the Raman scattering process.
at the Fermi level involve mainly the zone center and theTherefore, the dependence of the low-frequency Raman
(L-point) zone edge, we used an average potential extracteoands on the particle size is not only due to the well-known
from Ref. 28. This value is, of course, material dependentl/R frequency variation of the confined vibration modes. It
and can also be madified by quantum confinement effects n@tlso reflects the change of the interaction matrix elements,
taken into account. i.e., absolute Raman intensities, line shapes, and frequencies.
An important issue of our simulations is that all Raman For excitation close to the dipolar SPP resonaneg,(
bands®! do not originate from the same scattering mecha—~w, _;), the intensity of Rayleigh scattering was found to
nism and can be accounted for without invoking any ellip-be proportional tov? (V being the particle volume? For
soidal distortion of the particle shape, although this may plajRaman scattering, the additional interaction step between
an important role, as already suggested by Porteted’®  confined vibrations and SPP states must be taken into ac-
The dependence of the Raman scattering on incident antbunt. We found that the vibration-SPP coupling strength
scattered photon polarizations can be used to ascertain tivaries as R* for both DP and SO mechanisms. The Raman
origin of the observed bands: since the scattering due to purefficiency is thus proportional t&/?/R*=R? as already
radial vibrations is totally polarized, the band aroundpointed out by Duvaét al® for crystallized particles. Hence,
22 cm ! should disappear in crossed polarizations, whereathe frequencies of the Raman bands do not coincide with the
the band around 45 cnt is expected to shift toward lower vibration frequencies calculated for the average size of the
frequencies due to extinction of the vibration harmonic ( nanoparticles. This is shown in Fig. 3 for the lowest-
=2]=0). Obviously, these predicted selection rules shouldrequency band, associated with confined quadripolar vibra-
be reconsidered in the case of interacting particles or nortions. For small size dispersidiess than 10% the shift is
spherical particles. one order of magnitude smaller than typical spectrometer
It is interesting to notice that the DP mechanism involvesresolution(about 2 cm?). In contrast, with 40% size dis-
modulation of the dielectric susceptibility and hence purepersion, the contribution of large particles dominates, leading
radial vibrations can be detected in the oscillatory part of theso to a noticeable down shift of the Raman bands.
time-resolved reflectivity. In the SO mechanism, it is the SPP  As shown in Fig. 3, the sensitivity of the Raman scatter-
polarization vector and not the dielectric susceptibility whiching to size dispersion of the nanoparticles depends on the
is modulated by the particle vibrations. The modulationexcitation energy. Indeed, for nanoparticles excited well be-
On.1.mPw.L.m Given by Eq.(8) arises from the redistribution low the dipolar SPP resonanced,<w, -;), the down shift

B. Effects of size distribution
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i Since the SO and DP coupling mechanisms have the same
<~ ] dependence on the particle size, one expects the same fre-
quency shift with excitation energy of the Raman bands as-
sociated with quadripolar and pure radial vibrations. How-
ever, as shown in Fig. ZspectrumB), emission of pure
radial vibrations is weak for excitation below the dipolar SPP
resonance. This means that nonresonant SPP states contrib-
ute only little to the Raman scattering by pure radial vibra-
tions. For this reason, we found only a small frequency shift
with excitation energy for the Raman bands due to pure ra-
: : ; dial vibrations. This is in agreement with the experimental
e data reported by Portales al*°
0o 1 2 3 4 5 6 7 8
Raman Shift (cm™")

Raman Intensity (arb. units)

FIG. 3. Normalized Raman spectra of silver nanoparticles cal- IV. CONCLUSION

culated with an average radil&s=5 nm for excitation energy at 3

We have performed calculations of the Raman scatterin
eV (bold lineg and 2 eV(dashed lings The simulations were per- P 9

formed with 1096(A) and 40%(B) size dispersion and assuming a efficiency of silver nanoparticles excited close to resonance

size dependent vibration lifetime. The vertical dashed-doted Iiné’\”th the dipolar surface plas_mon—polarlton resor_lance. We
corresponds to the frequency of the fundamental quadripolar mod@SSUmed a three-step scattering process and studied the inter-
calculated forR=5 nm. action between confined acoustic vibrations and surface

plasmon—polariton states. Several coupling mechanisms
were considered. Our main findings can be summarized as

of the Raman bands with size dispersion is very pronouncecjpnows'
A close inspection of the interaction matrix elements reveals
that this very sharp dependence arises from the nature of the (i) The origin of the lower-frequency intense peak, ob-

intermediate SPP states: fafex<w -, the excited SPP o1 e in the Raman spectra of metal particles and ascribed

states have electric fields weakly confined inside the metgl) o fundamental mode of the confined quadripolar vibra-
particle and are therefore rather independent of the particl ons. has been identified: it is due to modulation of the di-

SPP and vibrations-SPP interactions increase as the partiq@, o5 the nanoparticle oscillates. This mechanism involves
volume. Hence, the Raman scattering efficiency was founauadripolar vibrations only. Pure radial vibrations are not

. 6 4 . .
to be .proportlonal t_d‘/ /R". Th's Sha”? dependence is re- g.yive since the surface orientation is unaffected by such
sponsible for the different shifts obtained for the resonant, s des.

and nonresonant situations shown in Fig. 3. Fogy (i) The higher-frequency bands recently revealed in the
> w1, the situation is similatweak confinement effect of paman spectra of metal particles with narrow size distribu-
the electric fields associated with SPPlowever, the reso-  tjon are due to combinations of fundamental and overtones
nant contribution of interband transitions to the Raman scaty¢ pure radial and quadripolar vibrations. Scattering by pure
tering should be taken into account. In that case one has {Qqia| vibrations is due to modulation of the interband sus-
consider electron-hole pairs as _p033|ble intermediate states E’éptibility and SPP polarization vectors via deformation po-
the scattering process. This is beyond the scope of thgnial mechanism. The calculated Raman line shapes and

present work. o _ _intensity ratios are in good agreement with the experimental
The intensities shown in Fig. 3 were normalized usingqatg published in the literature.
appropriate scaling factors. In fact, for excitation away from (i) while in Raman scattering both SO and DP mecha-
the SPP resonand@t 2 e\) we found that the scattering nisms manifest, only DP mechanism is relevant for time-
amplitude is much weaker than that calculated for excitationesolved reflectivity. That is why only pure radial vibrations
close to resonand@ eV). This is partly due to the weaken- can be observed as periodic oscillations of the time-resolved
ing of the electric-field amplitudéin the interaction matrix reflectivity. The detailed analysis of the Raman scattering
elements of Eq(3)] inside the metal particle. The out of requires identification of the intermediate resonant states and
resonance/in resonance intensity ratio depends also on thleeir various coupling mechanisms to the vibrations. Our cal-
SPP dampindsee Eq.(3)]. We used the plasmon damping culations were performed for the simplest case of spherical
given by Eq.(2) in our calculationg? Since the Landau and isolated particles surrounded by vacuum. Nevertheless,
damping is proportional to the scarred amplitude of the innethey shed light on the origin of the low-frequency Raman
field, it is expected to be very small for nonresonant SPRcattering in metal nanoparticles. The effects of interaction
states. Hence for these states only remains the contributidsetween nanoparticles, nonspherical shapes, and surrounding
I'; extracted from the bulk material properties. We u$ed medium should affect the frequencies, line shapes, and selec-
=0.14 eV given in Ref. 20. tion rules of the Raman bands.
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