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Spatial coherence effect on the low-frequency Raman scattering from metallic nanoclusters
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The low-frequency plasmon-resonant Raman scattering by the vibrational modes of silver nanoclusters
embedded in amorphous Si@ims is studied experimentally and theoretically. By electron microscopy it is
observed that the concentration of defects in nanocrystals decreases and the intensity of Raman scattering
increases by thermal annealing. It is shown that the degree of spatial coherence inside clusters has a strong
effect on the Raman intensity and on its frequency dependence.
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[. INTRODUCTION resonant vibrational Raman scattering from silver nanoclus-
ters embedded in amorphous silica films will be compared to
Nanocrystals of metal, in particular of silver or gold, em- electron microscopy observations. The increase and the
bedded in insulating matrices strongly absorb the light bychange of the frequency dependence of the Raman intensity
exciting electronic surface plasma dipolar oscillations. Thisby annealing will be related to the improvement of crystal-
strong absorption and the surface plasmons themselves haliity or spatial coherence inside clusters. A theoretical
been the subject of extensive research, which was often ménodel of Raman scattering from nanoclusters will support
tivated by the optical nonlinear properties it produb@m- the observations and will show that the effect of crystallinity
other consequence of the strong absorption is the relativelpn Raman scattering can be huge.
intense Raman scattering by the vibrations of silver
nanocluster® For an approximately spherical shape, the
cluster vibrations are characterized by the quantum numbers
I andm (which characterize the spherical harmonic functions Samples were prepared by a rf cosputtering method simi-
related to the symmetry group of the spheaed the index lar to that described in Ref. 3. The used substrates were Si
n=1 labeling—in increasing order of frequency—the se-wafers or fused quartz plates. The thickness of the films is
qguence of the eigenmodes for giveand m values. It was about 400 nm. During the sputtering, the substrates were
shown by group theory that, among the two tyjggsional  cooled by circulating water, and the temperature was kept
and spheroidalof modes, only thé=0 spherical and=2  lower than 50°C. After the sputtering, the samples were cut
quadrupolar spheroidal modes can scatter the fightly the  into several pieces, and some of them were annealed,in N
quadrupolar modes were experimentally obsefedhis gas ambient for 30 min at 800°C. In order to determine the
Raman selection rule can be justified by the cubic symmetrgize distribution, shape, and crystallinity of Ag patrticles, the
of the internal lattice and assuming a dipole-induced dipoleross sections of all the samplésoth the as-deposited and
mechanism of light scatterinfgHowever, the characteristics annealegl were observed by high-resolution transmission
of the Raman spectr@n particular the depolarization rajio electron microscopfHRTEM) (JEM-2010 of JEOL For
are not in agreement with this interpretatbiThey were the cross-section HRTEM observations, samples were
properly explained by the resonance of the Raman light exthinned by using a standard mechanical and Ar-ion thinning
citation with the surface dipolar plasmons. technique. The Raman spectra were recorded with a five-
The effect of resonance depends on the strength of thgrating monochromator. The high resolution and rejection of
plasmon-phonon coupling. The dipolar surface plasmonthis setup make it possible to observe the low-frequency Ra-
which corresponds to a large oscillating electric dipole, isman signal close to the Rayleigh line. The incoming light
characterized by the quantum numbde+1. From group beam was at grazing incidence and the scattered one was
theory, the coupling of the dipolar plasmon is allowed with detected at about/2 with respect to excitation.
the I=0 and|=2 phonons. However, as noted earlier by In a previous work it was shown that blue light is
Gerstenet al.® a spherical vibrational oscillation £ 0) is ~ Raman-scattered mainly by the fivefold-degenerate quadru-
not expected to produce significant modulation of the electrigolar vibrations of spherical clusters, and red light by the
dipole, so that the Raman scattering by tke0 mode will  nondegenerate vibration of ellipsoidal ones. This is due to
be very low, if visible. Conversely, the quadrupolar or ellip- the fact that an ellipsoidal distortion affects both the dipolar
soidal distorsions are strongly coupled to the dipolarplasmon and the quadrupolar vibrational modes; the former
plasmon?’ so that the Raman scattering by the2 modes is s split into a nondegenerate mogehich in turn is shifted to
strongly enhanced by plasmon resonance. low energies for a prolate shgpand a twofold-degenerate
In this paper, the effect of annealing on the plasmon-imode, while the latter are split into a nondegenerate mode

II. EXPERIMENT
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FIG. 1. Absorption spectra of the as-depositedntinuous ling
and anneale@dashed lingfilms. The position of the 457.9-nm line Raman shift (cm‘1)
is indicated by the arrow.

FIG. 2. Raman scattering spectra from the as-depoéiiedles,
and two twofold-degenerate modes. Furthermore, the nondéhe intensity is multiplied by Fand anneale¢diamonds films. The
generate vibrational mode is coupled to the nondegenerat®ntinuous lines are the fits by the log-normal distributions plus a
plasmon. Consequently, the resonant Raman scattering of rednstant.
light (produced by the nondegenerate quadrupolar mode . o
curs by exciting the nondegenerate plasmon of eIIipsoida!POU”da”es- The order or crystalllnlt_y is mcre_ased by an_neal-
clusters. Conversely, the resonant Raman scattering of biJgg- To control the effect of crystallinity on light scattering,
light (produced by the fivefold-degenerate quadrupolaith€ position and shape of the Raman peak will be compared
modes occurs principally in spherical clusters by exciting t0 the cluster sizeor diametey distribution,F(D), that was
the threefold-degenerate plasmbiThis picture was con- determined by electron microscopy.
firmed by the measurement of the depolarization ratio,
lyvu/lyy, performed with parallel(VV) or perpendicular
(VH) excitation and detection polarizations. We found
lyy/l\yw=0.65 with the 457.9-nmAr laser line and
Iy /1yw=0.4 with the 647.1-nmKr line. The theoretical
values are, respectively, 3/4 for the spherical clusters and 1/3
for the ellipsoidal one&? It can therefore be concluded that
by excitation at 457.9 nm the scattering occurs principally by
the quadrupolar modes of the spherical clusters.

The absorption spectra of the as-deposited and annealed
films are compared in Fig. 1. Several effects due to annealing
are observed, in particular a narrowing and a shift of the
plasmon band from 380 nm to 400 nm. These effects can be
partially interpreted by assuming narrower size and shape
distributions of clusters and an improved cluster-matrix con-
tact after annealing. In this paper, only the Raman spectra
obtained with the 457.9-nm line will be considered.

The spectra of the as-deposited and annealed films are
shown in Fig. 2. It is observed that after annealing the Ra-
man peak is shifted from 14.7 crhto 7.9 cm'?, further-
more its width is narrowed and the intensity is increased by
a factor close to 10, although the absorption at 457.9 nm is
weaker in the annealed film. On the other hand, as observed
by electron microscopy, the cluster radius at the maximum of
the size distribution increases from 1.9 nm to 2.2 nm by
annealing. The shift of the Raman peak cannot be accounted
for by such small increase of cluster size alone.

The HRTEM images show a better crystallization of the  FIG. 3. Images of Ag nanoclusters obtained by high-resolution
clusters after annealingrig. 3. In the as-deposited film, one transmission electron microscopia) as-deposited samplé)) an-
observes many more nanocrystals with defects, such as graiealed sample.
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Ill. SPATIAL COHERENCE EFFECT ON RAMAN 1 n(w)+1
SCATTERING: THEORY Saplw) =y ——
c w
Looking at the HRTEM images, one would expect a
simple explanation for the difference in the vibrational Xf fdrldr2<5Xa,B(r1!w)5XaB(r27w)>r
Raman spectra of, respectively, the as-deposited and the
annealed films. The Raman scattering from as-deposited (3.3

samples would be due to the vibrations of the grains and ) ] ) ]
not to those of the whole cluster. In other words, there wouldVhere(- - -) is the space correlation function anfw) is the

be no correlation between the vibrations of different graing30S€ factor. In the case of resonant Raman scattesig(;)

in a cluster. Consequently, the Raman intensity shouldS Proportional to the amplitudes of both the plasmon wave
be compared with the size distribution of the grains, andunction and the vibrational wave function and to the
not with that of the clusters. It was shown theoretichlly Plasmon-phonon coupling coefficient at the positiom the

and confirmed experimentafly that the frequencyw of cluster. In a perfectly crystallized cluster, the spatial coher-
the quadrupolar vibrational modes is inversely proportionaf"ce is reflected on the plasmon and phonon states, on the
to the diameter @ of the vibrating nanoparticle or nan- Plasmon-phonon coupling coefficient, and consequently on

ograin: ox(r). Related to the crystalline order, the correlation func-
tion is equal to 1 in a perfectly crystallized cluster, and there-
fore

(cm 1) =085 (3.0
@ ~T2ac’ ' oo n(w)+1
B eg @) =——U— | dridxep(r1,o) | dradxap(rs,o)
Cc
v, being the transverse sound velocity in the metal atlte (3.9

vacuum light speed. From E¢3.1), the shift of the Raman

peak from 14.7 cm! to 7.9 cm! after annealingFig. 2 ©'
would be explained by assuming that the vibrating objects N(w)+1
are the grains (2<D) in the as-deposited films and the Sl gf’; w):TVC<5Xa,B(w)>2! (3.5

entire clusters (2=D) in the annealed films, as the grain
boundaries disappear with annealing. However, as we Wilbvhere(- .-} is the mean value. The coherence volume is
show later, this expl_anatio_n doe; not agree with the increasgqua| toV.. In comparison with this specified coherence,
of the Raman peak intensity, which is observed after annealjefects such as grain boundaries bring a spatial incoherence
ing (Fig. 2). It will be shown that the difference between the \efiected on the susceptibility fluctuation, which takes the
Raman peaks of the as-deposited and annealed films is prgsm Sx(r)ei*", where o(r) is a phase depending on the
duced by the improvement of the cluster crystallinity, or spa-isorder in the cluster. It follows that
tial coherence, by heat treatment.

The intensity of light scattered by a cluster of volume n(w)+1
V. is given by the Raman tensét ,, ;(w), which is the Fou- 3l ,p(@)= TJ f dridrydx,p(ry, ) oxap(rz, o)
rier transform of the correlation function of the space- and ¢
time-dependent fluctuatiody of the electric susceptibility xexpi[e(ry)—e(ry)], (3.6

.10
X- . . . .
where exp[¢(r;) — ¢(r,)] is the correlation functioh*?In

1 . the case of complete incoherence, the correlation function
S pplw)= T Jlm dtefith' fv dr,dr, becomess(r,—r,) and

. incol N(w)+1 5
X exd —ik(ry—r2) I Oxap(ri,t) 6xap(r2,0), Ol yp n((1))=va dr[xap(r,@)]%. (3.7

3.2

32 In this equationy is an atomic volume. By integration, one
wherea and 3 are the polarizations of the incident and scat-°Ptains
tered lights, respectively; andr, are the position vectors of N(w)+1
two different points in the cluster, and - -) is the thermal S iggor(w): —~ 7 =, <[5Xaﬁ(w)]2>- (3.9
average correlation function. Since, on the one hand, the @

product of the light momentum transfietby (r;—r5) is very Th ludl 8 2\ is for th dered t
small, and, on the other hand, the wave vector of the cluste e mean Valug[ dxup(w)]') is for the ordered system,

Consequently in resonant Raman scatteri 2

surface mode observed by Raman scattering is equal to zero, quently _ APx o p(@) 1)
i 2 =(0xqp(w))*, and one obtains

the Raman scattering from a nanocluster is independent of

k (exg —ik(r;—r,)]=1). Considering the Raman scattering 8510 ) = 81NN )N 3.9

by only one cluster surface mode of frequenrgyamong the f p ’

fivefold-degenerate quadrupolar ones, it is obtained folN being the number of atoms in the cluster. This equation

Stokes scattering: shows the possible huge effect of the spatial coherence or
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crystallinity on the Raman scattering from the studied silverdependence of(w) is the same as that @"F(w). Such a
nanoclusters, which contain about 2000 atoms. In the generélequency dependence was already found experimentally in a
case, the volume of coherence is equaldtd., with v/V;  previous worl It is also interesting to note tha(D),
<d¥=1, andV; in Eq. (3.5 is replaced bydV.. Because F(D?!), andF(w) are mathematically related(w)5(w)

one expects that the probability to find defects in the cluster= F(D YH)8(D~Y)=F(D)s8(D), 8(x) representing a small
increases with the cluster size, the spatial coherence coeflsositive variation ofx. From this relation and Eq. 3.1, one
cient 9 is believed to be dependent on the cluster size, i.e gptainsF(w)=F(D 1) andF(w)xw 2F(D).

from_gEq. (3.1, on w. As V~D? and from Eq.(3.) D° _ For the log-normal distributions that fit the experimental
~w °, the frequency dependence of the Raman scatteringiensities in Fig. 2, we findr=1.51 for the as-deposited
from a cluster is, in the general case, the following: films ando=1.42 for the annealed ones. Such valuesrof
are within the interval ¢=1.48+0.12) of those of

. (3.10 Granqvist and Buhrmann for the log-normal distributions of
metallic nanoparticleségobtained by evaporation and deposi-
: _ tion on a copper plate’ These authors interpreted their ob-
It should be noted that the relation betwegrand o Is served particle size distributions by a coalescence growing

not unique because the spatial coherence volume in clusters Y .
‘process? It is likely that such a coalescence process exists

of the same size can vary from one cluster to another. This Blso for our clusters and takes place after souttering and
why a mean spatial coherence coefficient will be introduced. P P 9

From now on, we will drop the polarization indexesand deposition of small aggregates.

B because, from experiment, they have no effect on the A critical remark should be made aboB{(w), which
variation of the Raman intensity with crystallinity. As veri- could apparently lead to the explanation of the Raman peak

fied by experiment, the homogeneous Raman linewidth reShift observed after annealin@ig. 2), as suggested at the
lated to the phonon lifetime is much narrower than the fre.peginning of Sec. lll. The distributior(w) for the as-
quency distributionF(w) deduced from the cluster size deposited film could correspond to the grain size distribution,
distribution F(D) by Eq. (3.1). From these considerations, and not directly to the=(D) of clusters. One may imagine

Hw)
3

inco

Ol pp(@) 6l ap )

the total intensityl (w) is written as that the grain size distribution differs frof(D) by a simple
translation towards smaller sizes. By annealing, the grain
_ O(w) boundaries disappear and therefore the Raman peak would
l(w)oc 81N w) 7 Flo). (3.1)  shift to lower frequencies lik& (w). However, this explana-

@ tion must be rejected for the following reason. In this inter-

In this expression, the new spatial coherence coefficienpretation, the frequency dependencd @b) is the same for
6(w) is the mean value of(w) for the nanocrystals vibrat- the as-deposited film and for the annealed pp#F (w)], so

ing at frequencyw. This distinction betweef(w) andé(w)  that the integrated intensity of the Raman peak should in-
is necessary, because, as mentioned above for a given clus@ease with the number of vibrating objects, grains or clus-
volume or frequency, the degree of coherence can chanders. As a consequence, the Raman intensity, like the number

from one cluster to another. of grains or clusters, should be larger in the as-deposited
film. This is just the opposite of what is observédg. 2).
IV. DISCUSSION To test the spatial coherence in clusters, the Raman inten-

sity, I (w), was compared with the size distributidr(D),
It is useful to consider the shape of the Raman peak begetermined by electron microscopy. In Fig. 4, the frequency
fore discussing the spatial coherence in clusters. In Fig. 23t the maximum of (w) w® is plotted against Dy, D max
the Raman intensitie$(w), are well fitted by a log-normal  peing the diameter at the maximum B{D). For the as-
distribution. On the other hand, the size distributi&itD),  deposited samples, one sees in Fig. 4 that the two experimen-
determined by electron microscopy is also log-normal. Furta| points are aligned with the origin of coordinates for
thermore, the standard deviatioasfor | (w) andF(D), re-  =0. From Eq.(3.1), this value of« indicates thatl (w)
spectively, are very close. Sineeis related taD [Eq.(3.1)],  «F(D). At this point, it is remarked that the same size de-
there is certainly a remarkable relation betwdémw) and  pendence was found for the silver nanoclusters deposited by
F(D). To find this relation, let us recall the properties of the |aser evaporation simultaneously with the electron evapora-
log-normal distribution. The log-normal distribution of a tion of the alumina matrix. The experimental points of the
variablex has the following expression: annealed samples are well aligned with the origin, and with
—, the just considered points of the as-deposited samples, for
(= 1 oxd — (Inx—=Inx) .1 a=2. On the other hand, as seen in Fig. 4, the experimental
(2m)Yn o 2 2o ' ' points are not aligned with the origin for othervalues. The
. straight line in Fig. 4 is very interesting for two reasofiit
wherex is the most probable. It is easily found thak"F (x) shows that for the annealed samplés) < F(D)/ »?; (ii) the
andF(x 1) are also log-normal distributions with the same sound velocity given by the slopksee Eq.(3.1)] of the
standard deviatiowr. As a consequence, and from Eg.1), straight line in Fig. 4 is the same for the as-deposited and the
F(w) and w"F(w) are also log-normal with the same stan- annealed silver clusters,=1710 m/s. This sound velocity
dard deviation as=(D). We conclude that the frequency in nanocrystals is very close to the macroscopic ane,
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cluster size distributionf- (D). Raman shift (cm™)

=1660 m/st* Such a value makes us confident of the dif- FIG. 5. Superposition of the inverse cluster radius distribution,
ferent frequency dependence found for the two differenf(D 1), (@) on the Raman intensity divided hy?, |(w)/w?, for
samples. the as-deposited filmp) on | (w) for the annealed film.
To confirm the different cluster size dependencé (@)
for the as-deposited and for the annealed films, the shapes #fe spatial coherence coefficieffw) increases more slowly
the Raman bands were compared with the inverse size digith o or D~ after annealing. As a matter of fact(w) is
tributionsF(D ~1). From|(w)<F(D) and Eq.(3.1), one ob- assumed to have a power-law frequency dependence:
tains I (w)/w?=<F(D 1) for the as-deposited samples, and .
from 1(w)w?<F(D), I(w)=F(D"!) for the annealed 0(w)>w”. 4.2
samples. The comparison is shown in Fig. 5. Very good fit§rom Eq. (4.2 and from Figs. 4 and 5, we see that the
of the Raman intensities by the inverse size distributionsannealing reduces of two units, and this is a guantitative
according to the above relations, are found fof  measure of the frequency dependence variation with anneal-
=1765 m/s(as-depositedand v,=1625 m/s(annealel  ing. From Eq.(3.1), the reduction ofx confirms that the
Therefore, Fig. 5 confirms the straight line in Fig. 4. spatial coherence decreases more slofulith cluster size
Figures 4 and 5 compared with expressi@ll) show  after annealing than before. Let us remark that since the fre-
that the frequency dependence of the spatial coherence cogfuency dependence 6f"°w) in Eq. (4.1) is not known, it
ficient 6(w) for the annealed sample is approximately pro-js not possible to determine but only its variationA priori,

portional to that of the as-deposited film divided &¥. This  the value of this exponent is not limited and may be frac-
means that, going from the as-deposited to the annealed filnonal.

one does not go from a complete incoherence to a perfect
coherence, or to a partial coherence independent of the clus-
ter size. If this were the case, the frequency dependence of
6(w) would be divided byw?, after annealing. This fre- The comparison between as-deposited and annealed films
quency behavior is not at variance with the HRTEM obser-evidences the effect of crystallinity or spatial coherence on
vations. A first indication, which can be verified in Fig. 3, is the intensity of the low-frequency Raman scattering from
the presence of defective nanocrystals even after annealingilver nanoclusters. The increase of spatial coherence in
Second, it was observed that the smaller the clusters are, tiséngle nanoclusters is reflected by an increase of the Raman
less defective they are. Third, whatever the cluster Bize intensity, which can be huge. On the other héasl is easily

the number of nondefective nanocrystals increases with aninderstandable and confirmed by the electron microscopy
nealing, and furthermoréor consequentlythe number of observationg the crystallinity of a cluster decreases by in-
nondefective nanocrystals increases more slowly WBitht  creasing its size. As a consequence, due to the relationship
or w after annealing. These observations are only qualitativethat links the size and the vibrational frequency, the variation
To sum up, they convey two important pieces of informa-of crystallinity with cluster size contributes to the frequency
tion: (i) The total volume of coherence summed on all thedependence of the Raman intensity. Furthermore, as the an-
nanocrystals increases with annealing, and this explains theealing reduces the amplitude of the crystallinity variation
increase of the Raman intensity with annealifig. 2); (i)  with the cluster size, the corresponding variation of the Ra-

V. CONCLUSION
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man intensity with frequency is weaker in the annealeddetermination of the cluster spatial coherence effect on the
samples. This explains the shift of the Raman peak to lowefrequency dependence of Raman intensity is necessary to
frequency after annealing: in the case of the as-depositedetermine the contribution of the plasmon resonance to this
samples, the smallest nanoclusters mainly contribute to Rdrequency dependence, i.e., to know the frequency depen-
man scattering because of the weak probability of havinglence ofs1"™° w). Finally, on the basis of the results ob-
defects inside, and consequently the frequency of the Ramaained for the resonant Raman scattering, we expect that a
peak is relatively high. By annealing, the defects are anhigher degree of crystallinity will result in better nonlinear
nealed for almost all sizes, so that the relative contribution obptical properties of the nanoclusters.

the largest nanoclusters to the Raman intensity increases

with spatial coherence, and the Raman peak is shifted to ACKNOWLEDGMENTS

lower frequency. However, we would like to stress again that

the normal vibrational modes are the modes of the complete The authors thank M. Montagna, G. Viliani, B. Champag-
cluster, even with defects like grain boundaries inside. Theon, and J. Lerméor valuable discussions.

1U. Kreibig and M. Vollmer,Optical Properties of Metal Clusters 56, 2052(1986.

(Springer, New York, 1995 9J.1. Gersten, D.A. Weitz, T.J. Gramila, and A.Z. Genack, Phys.
2G. Mariotto, M. Montagna, G. Viliani, E. Duval, S. Lefrant, E. Rev. B22, 4562(1980.

Rzepka, and C. Mai, Europhys. Le@, 239 (1988. 103, Jmkle, in Amorphous SolidéSpringer, Berlin, 1981 p. 135.
3M. Fujii, T. Nagareda, S. Hayashi, and K. Yamamoto, Phys. Rev1! izzichi i

- Fuji, 1. Nag ; O Hay , - » PNys. +*P. Beckmann and A. Spizzichino, ifhe Scattering of Electro-

B 44, 6243(1991). magnetic Waves From Rough Surfagergamon, New York,
4M. Ferrari, L.M. Gratton, A. Maddalena, M. Montagna, and C. 1963.
. Tosello, J. Non-Cryst. Solid$91, 101(1995. 12E. Duval, N. Garcia, A. Boukenter, and J. Serughetti, J. Chem.
B. Palpant, H. Portales, L. Saviot, J. Lerni2 Prevel, M. Pel- Phys.99, 2040(1993.

larin, E. Duval, A. Perez, and M. Broyer, Phys. Rev68 17 Be.e. Grangvist and R.A. Buhrman, Solid State Comnii8).123

107 (1999. (1976,

SE. Duval, Phys. Rev. Bl6, 5795(1992.
M. Montagna and R. Dusi, Phys. Rev.32, 10 080(1995.
8E. Duval, A. Boukenter, and B. Champagnon, Phys. Rev. Lett.

4Chronological Scientific Table®dited by National Astronomical
Observatory(Maruzen, Tokyo, 1991

075405-6



