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Optical properties of mixed clusters Ni/Ag, Co/Ag, and Ni/Au of 2—5 nm in diameter, produced by laser
vaporization and embedded in an alumina matrix, are investigated. The first part is devotedAt, (Ni,
clusters whose photoabsorption spectra reveal a surface plasmon resonance, damped, broadened, and blue-
shifted as compared to pure silver clusters. For a given mean size, a blueshift of the resonance band as well as
a damping and broadening with increasing nickel proportion is observed, in good qualitative agreement with
classical predictions, assuming a Ni-core/Ag-shell geometry. This core-shell structure is confirmed by low
energy ion spectroscopy measurements showing that the cluster surface is essentially composed of silver. For
a given composition, the size evolution of the plasmon band consists of a damping and broadening with
decreasing size whereas no clear shift is noticed. Although the classical predictions, including the surface
scattering limited mean free path contribution of the conduction electrons in the silver shell, account well for
the size effects, inhomogeneous effesize, shape, and local porosigiso contribute to the broadening and
damping of the resonance in experiment. The second part concerns the optical propertiesAf¢9q and
(Nip.sAug 5), clusters. The size evolution of the optical properties of (@, 5, clusters is similar to that of
(NigsAgdos)n Clusters, with in addition, a weak blueshift of the resonance with decreasing size. As for the
(NigsAug 5), clusters, their optical spectra do not display a marked resonance. The comparison with a core-
shell model including a size dependent damping constant in the gold or silver shell gives a good understanding
of these features for the two systems Co/Ag and Ni/Au.
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[. INTRODUCTION methods. As a rule of thumb, to minimize the total energy,
The physics of nanoscaled systems or clusters hasne expects the component with the lower surface energy to
strongly developed in the last twenty years, and applicatiomccumulate preferentially at the surface. A model developed
outlooks appear to be more and more promising. For opticaby Roussett al, based on a tight binding scheme, accounts
applications, clusters are also very attractive because thejvell for the surface segregation observed in Pd/Pt
physical and chemical properties vary drastically with Size. clusters®4 L. Yang et al’® drew the same conclusions for
From a fundamental point of view, their optical propertiesother bimetallic clusters, nevertheless the lattice mismatch
mirror their electronic structure and their geometry. Forpetween the two components may modify this empirical law.
simple or noble metal clusters, the main feature of the opticalioreover the phase diagrams of the alloys are also rich in
response to excitation by light is an absorption band in thenformatiort® to infer about the mixing of the two compo-

UV-visible range related to the surface plasmon resonanceents of interest. Nevertheless, in the case of systems in so-
Numerous studies have been performed on pure metal clutitions such as collds, one has to be careful with these

ters such as alk&l? or noble metald;” and the size depen- simple rules because the kinetics of reduction may drive the
dence of their linear optical properties is now well final structure of the particles. Moreover, the surrounding
understood 1% New approaches are turned towards the dy-medium and the surface adsorbed ions are also of main
namics or the nonlinear optical properties in suchimportance’’ Much work was devoted to the optical proper-
systems'2 Another one is the study of mixed particles. ties of bimetallic particles, especially on the system Au/Ag
From bulk metal physics, alloys are known to display origi- (see the references listed in Ref.)1& systems involving
nal properties as compared to their constituents. Combiningilver or gold. Among other works are those of Henglein
such distinctive features with those of clusters opens a newt al. on core-shell systems such as Ag/Cd, Ag/Pb, Ag/In,
research field in the physics of nanoscaled systems. and Au/Sb produced by chemical ways?!In all these sys-

In the nanometric scale, bimetallic clusters can form ei-tems in agueous solution, the noble méfsd, Au) acts as an
ther alloys or segregated core-shell structures, depending @ntenna for the other metal recovering it. For small deposits
the properties of both components and on the productionf the second metal, one can see a blueshift and a damping of
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the noble metal plasmon resonance whereas the resonano®de corresponds nearly to the vibration of the silver shell
band of the shell-metal clearly dominates the speffra alone?® Similar low frequency Raman scattering experi-
existg for larger amounts of covering. In the case of Au/Sh,ments have been performed on (GAg, ), clusters and the
a competition between alloying and segregation seems teesults are also consistent with a weak acoustic coupling be-
take place. Mixed noble metal clusters Au/Pt and Ag/Pt adtween the cobalt core and the silver stéll.
sorbed on transparent immogolite fibers in aqueous solutions Our study is devoted especially to the Ni/Ag sytem. In the
have been also investigated by Liz-Mamzat al?? Their ~ Present paper are detailed the nickel proportion dependence
method allows the preparation of bimetallic dispersions byof the optical properties of the clusters and their size evolu-
simultaneous reduction of two bimetallic salts. The opticaltion for each composition. The experimental results are in-
properties of these systems seem to show that the particlé@rPreted within a classical approach in the dipolar approxi-
adopt a core-shell structure. The kinetics seem to play aftation (Mie theory. Results concerning (G@Ado.sn and
important role in the process of formation of the clusters: thelNiosAUo.g)n Clusters are also reported and analyzed through
metal easier to reduce nucleates first and acts as a nucleatiglgssical descriptions assuming a core-shell geometry. Cobalt
seed for the heteronucleation of the second metal. In thignd nickel are metals with very similar properties and a com-
way, platinum surrounds silver or gold. plete study of the Co/Ag system seems unnecessary because

In most of the methods of production, it is difficult to vary it would probably be very close to the Ni/Ag one. _
independently the average size and composition of the nano- The plan of the paper is as follows. In Sec. II, we briefly
particles. Moreover, alloyed structures are not easy to form/€view the experimental methods of elaboration and charac-
In contrast, it is possible to obtain core-shell structures foft€rization of our samples. Low-energy ion spectroscopy
many systems which would spontaneously form an alloy un{LEIS) measurements, giving mformaﬂon about the cIust.er
der thermodynamical equilibrium conditions. surface composition, are _Iargely discussed. Moreover an im-

The codeposition of mixed clusters produced by laser vaProvement of the ab;orptlon measurements p_erformed u_nder
porization technique with a continuous helium source perBrewster incidence is set out. We then provide the optical
mits variation of the size distribution of the clusters for a&Sponse obtained on mixed (Mg, ), clusters which are
given stoichiometry. The size effects in mixed silver-gold compared to classical models in Sec. Ill. We will see that the
clusterd® with different proportions of gold have been pre- €volution of the optical properties with the sample aging can
viously studied and the results have shown that the electronie€ understood by considering that the nickel weakly and pro-
structure and the corresponding optical properties of th@resswgaly oxidizes. Section IV is devoted to the optical
clusters embedded in alumina are consistent with an alloyin§roperties of (CesAgos)n and (Np sAug 5), clusters.
structure.

As for mixed clusters containing nickel atoms, their opti- [l. EXPERIMENTS
cal properties have been seldom studied. A study on Cu/Ni
clusters produced by ionic implantation in silica can be
found in the literaturé” The clusters form an alloy GuNig s Clusters are produced by a laser vaporization so(dee
but, as expected by the Mie theory, do not exhibit any plastailed in previous papetsd using a continuous flow of he-
mon resonance. To our knowledge, except for the low fredium. The source works as follows: the second harmonic of a
quency Raman scattering experiment performed on ouNd: YAG pulsed lase532 nnj is focused onto a metallic
Ni/Ag cluster sample&® the Ni/Ag system has never been rod of the alloyA,B;_, to be studied in a small chamber
studied in the nanosized range. In the first instance, nickelnder vacuum A=Ni or Co, B=Ag or Au, andx is the
and silver are known to be immiscible metatee, for ex- atomic concentration of Ni or GoThe produced bimetallic
ample, the phase diagram of Ni/A&ef. 16]. Much work  plasma, cooled by the He gas, combines into clusters which
on the evolution of Ni/Ag films with annealing shows that expands with the inert gas through a nozzle. The so-formed
the nickel atoms bunch together to form seeds of pure nicketlusters are then collimated with a skimmer into a high
in a silver matrix®?” Similar results have been obtained on vacuum chamber (I0Umbar) and codeposited with the
Col/Ag films?’ On the other hand, Ag/Ni alloy films prepared transparent alumina matrevaporated thanks to an electron
by simultaneous laser ablation of nickel and silver do notgun) on various substrates depending on the measurements
show any surface enhanced raman spectros¢8pjRS ac-  to be performed. By varying the pressure between 20 and 60
tivity directly after preparatio® After annealing or aging, mbar or by using a He-Ar mixture, one is able to change the
the decomposition into two phases with Ag particles withmean size in our samples. Moreover, the metal volumic con-
very low Ni content and vice versa promotes the SERS eneentration in the sample is kept below 5% to minimize the
hancemenithe influence of the transition metal vanishes cluster coalescence. The alumina matrix has an amorphous
This effect might also be induced by segregation inside thetructure with a high porosit§45% compared to anodic alu-
particles. Anyhow, these studies show strikingly the high mo-mina), is slightly overstoichiometric in oxygen (4Ds>),
bility of the atoms and the low interaction between Ag andand transparent between 1 and 5.1*@Ve typical nanocom-
Ni atoms. The results of the Raman spectrocopy lead to thposite samples then consist in a Ixrhcm square suprasil
same conclusions for the clusters. The acoustic mode fresubstrate of 1 mm thickness with about 200 nm of alumina
guencies of the Ni/Ag particles are in agreement with a coredoped with metal clusters.
shell structure for which the silver shell has a weak acoustic The stoichiometry of the clusters has been probed through
interaction with the nickel core. The observed quadrupolaRutherford back scatterinRBS) experiments. An He ion

A. Sample elaboration and characterization
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beam of 2 MeV in energy is focused on a cluster film depos-

ited on silicon, and the analysis of the scattering energy of 7
the He" ions, depending on the target elemeAtsand B,
permits us to obtain the relative abundances in the nanocom-
posite film. The measurements show that the relative atomic
fraction A,B,_, of the target is recovered in all our samples
to within Ax/x=5%. Furthermore, these results are con-
firmed by energy dispersive x-rafEDX) experiments in (d) 3750 sec.
which atoms, excited by electrons of an electron microscope, (c) 1290 sec.
decay through x-ray emission whose analysis allows us to 00 e (b) 345 sec.
deduce the average composition of a cluster assembly under Kinetic energgo)?( V1000 (a) 90 sec.
the electron beam. For instance, in the case of clusters pro- 100 V)

duced from a target of an alloy piAgys, and from the w0l A A

examination of the nickelKal and siIverLal emission rays,

the average stoichiometry of (pig;_,), clusters is found
to bex=50%z=10%. Such results corroborate previous ones 40 A
obtained on other bimetallic clusters produced by the laser o(T) 0 2000 3000 2000
vaporization technigque for which the stoichiometry is always sputtering time (sec.)
the same as that of the alloy tardét®

The size distributions of the samples are determined from FIG. 1. Top: evolution of the whole LEIS spectra versus sput-
transmission electron microscogyEM). The TEM micro-  tering time for (N sAdo 5, clusters; bottom: evolution of the silver
graphs reveal almost spherical clusters randomly distributedoncentration versus sputtering time.
in the transparent matrix. Size distributions are deduced from
micrographs over populations of 300 to 1500 particles pef of Ni and Ag have been measured previously for‘ae"
sample. The size distributions follow a log-normal law with abeam of 1 keV and their ratiday/fy=2.52. That means
standard deviation of about 40% of the mean diameter.  that the scattering cross section of silver is 2.52 times the one
of nickel. From the ratid oq/(l ag+ I ni) ONE can deduce the
cluster surface concentration whose evolution is plotted ver-
sus the sputtering time in the lower part of Fig. 1. At the very

From examination of bulk properties of nickel and silver, beginning of the sputtering, the signal reflects the cluster
a likely cluster structure can be guessed. First, the atomigurface composition which is enriched in sil@6—100% of
Wigner-Seitz radius of Ag and Ni are noticeably different, sjlver), confirming thus the segregation process. Then, the
respectively, 3.02 and 2.6 a.(8.01 a.u. for gold and 2.6 a.u. sijlver concentration decreases with sputtering time. This evo-
for cobaly and a pronounced lattice mismatch is expected|ution originates from different effects. First, the erosion of
Second, the surface energy of silver is almost two timeshe first atomic layer and second, the preferential erosion of
smaller than that of nickel. To minimize its energy, the com-sijlver as compared to nickel. We cannot gain more reliable
posite system will have a majority of silver atoms on thejnformation about the deeper layers since many dynamical
surface. Furthermore, the phase diagram of Ni/Ag shows thajrocesses come into play. For instance, intermixing and ero-
silver and nickel are completely immiscible in any propor-sjon by a local heating that can induce a diffusion of silver
tion. These basic properties strongly suggest that such a systoms towards the surface. Nevertheless, the main result is
tem will form a core-shell structure. The same hypothesishat the cluster surface is mostly composed of silver atoms.
can be made for the Co/Ag particles. Combined with the immiscibility of the two metals, these

In order to probe the surface composition of Ni/Ag clus- results strongly suggest that the Ni/Ag system forms a core-

ters, we have performed LEIS experiments ong@gos)n  shell structure, at least for a proportion of 50% of nickel.
clusters produced by our source and deposited on amorphous

carbon under ultrahigh vacuum (1¥mbar). The LEIS
technique is the following: afHe" ion beam of 1000 eV is
directed onto the surface sampkpot of 0.1mm) and one Transmission measurements are performed with a Perkin-
measures the kinetic energy distribution of the backscattereBlmer spectrophotometer in the energy range 1.55-6.52 eV
ions, function of the atomic mass of the targelastic two-  (180—800 nm In this range, the suprasil substrate is totally
body scattering During the bombardment, the cluster sur- transparent but the transmission of alumina alone is progres-
face is progressively eroded. The evolution of the LEIS sig-sively decreasing from about 4.5 eV to the UV domain. This
nal during the *He™ bombardment of the (NkAgos), feature is certainly due to light scattering owing to the granu-
cluster sample after sputtering sequencies of 90, 345, 129@yr structure of the porous matrix, and it partly blurs the
and 3750 sec is displayed in Fig. 1. The signals correspondntrinsic response of the embedded particles. To get rid of
ing to the masses of Ni and Ag are located around 790 anthis spurious effect, the transmission spectra of the nanocom-
885 eV, respectively. After a prior smoothing of the spectraposite samples are normalized with the transmission spectra
the peak areas which are proportional to the number of scatf pure alumina of about the same thickness and deposited
tered atoms can be deduced. The scattering efficiency factoos the silicon substrate. By concealing a part of the sample

Intensity

% Ag
>

B. Low-energy ion spectroscopy experiments

C. Absorption measurements under Brewster incidence
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from the cluster beam, it is possible to synthesize, at the «o (Ni_Ag. )

same time, samples with two distinct regions: a first one : oo "
covered with alumina doped with clusters and a second on¢g i (b) ©

covered only with alumina so as to serve as the reference fo5
the normalization. The transmittance of the sample was pre§
viously recorded under normal incidence. The absorption co-E
efficient is defined an=1—R—T whereR is the reflec- °
tance. IfR is neglected, the absorption coefficient is defined
through the Beer-Lambert lat¢,,—= — In(T)/e wheree is the
film thickness of deposit. In fact, optical multilayers reflex-
ion effects occur in our stratified samples aRdcan no
longer be neglected. Oscillations in the transmission spectri
are detected and are mainly due to corresponding oscillation
in the reflectancdr. Such oscillations have a periddf the
order of 0.5 to 1 eYinversely proportional to the film thick- T2 3 4 5
ness and to the average optical indexes. A simple method fo. Energy (eV) Energy (eV) Energy (eV)
removing these oscillations from the absorption spectra is to FIG. 2. Evolution of the optical absorption of Ni/Ag clusters

usep-polarized light(the electromagnetic fielll being in the  ith the nickel proportion for clusters with an optical diameter of
incidence planeunder Brewster incidencéthe Fresnel re-  apout 2.6-2.7 nma) Experimental absorptio ,.; (b) theoretical
flexion coefficient vanishgsThe Brewster incidenc®g is  absorptions(w) within the classical core-shell modia. (3)]. (c)
connected with the average optical index of the pure alumingheoretical absorption(w) for an alloyed homogeneous sphere
one N0, and ta®g=n, o,=1.64 @=58°). We have with a dielectric function taken as the volumic composition
tested the method on pure alumina films and the oscillation®eighted average of the dielectric functions of both component ma-
present under normal incidence almost completely vaniskerials[Ed. (4)].

under Brewster incidence withpolarized light.

This improvement in the absorption measurements doeRroadened. The resonance is clearly apparent when the pro-
not call into question the previous results obtained on goldportion of silver exceeds 50%. Furthermore, a slight blue-
silver, and gold-silver clusters but it is essential in the case o$hift of the resonance is observed when increasing the nickel
Ni/Ag clusters. Indeed the Fabry-Perot fringes may perturkconcentration fromx=0 to x=0.75. This confirms the pre-
the absorption measurements of the cluster sample, in paliminary experimental results obtained under normal
ticular when the resonance is strongly damped and broadncidence?*
ened as observed in samples containing Ni/Ag clusters poor This experimental evolution has been compared to the one
in silver. The real position of the resonance can be slightlycalculated within the extended Mie theofiye., more than
shifted owing to these oscillations that can have close widtPne interface is involvedin the dipolar approximation. For
and amplitude. Hence, for the most part, the results reportethat, let us recall that the absorption cross section in the
in the following have been performed under Brewster inci-dipolar approximation of a matrix-embedded metallic sphere
dence withp-polarized light so that the absorption spectrasubjected to an electromagnetic fieldis
reflect more confidently the absorption of the clusters in the

perimental Absorpti
Calculated Absorption (arb.units)

sample. The use of a dichroic sheet polarizer restricts the A
measurement in the energy range 1.55—4.51(2%5—800 o(w)=—pImla(w)], @
nm). Cem
where a(w) is the polarizability of the particle; the veloc-
[l. OPTICAL PROPERTIES OF NI /AG CLUSTERS ity of light, and ¢, the dielectric constant of the matrix. In
, : iy the case of a homogeneous sphere of dielectric funetion
A. Evolution with the composition -
and radiusk,
The (NiAg;_,), mixed clusters have been investigated
for different proportions of nickel X e—en
=0.0,0.25,0.5,0.75, 1.0). The evolution of the absorption a(w)= e emR3. 2
m

spectra (obtained under Brewster incidencerersus the
nickel proportion is displayed in Fig.(&. All the spectra ) o
correspond to samples characterized by almost the same op- FOr @ core-shell system such as Ni/Ag, the polarizability

tical diameter, namely,Dopt=3<D3>22.6—2.7 nm.The S
absorption spectrum of pure nickel clusters does not show
any resonance band as predicted by the Mie theory when th‘é(
dielectric function for the clusters is taken as the Ni bulk (82— em)(e1+2ep)+1,(e1—€5)(emt2e,)
one. In contrast, for mixed (WAg;_,), clusters, a surface =
plasmon resonance is observed in the same spectral range as ~ (#2128m)(811282) +2f, (2= 8m) (21~ 22)
the one obtained for pure silver clusters but considerably 3)

)

emR®
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g, ande, are, respectively, the complex dielectric functions (Ni,Ag, ), Ag
of the core and shell bulk materiats We will see in the (@) e _x=0 (b) ) @
following that the theoretical spectra exhibit discontinuities & - ---x=0.25 N
that can be attributed to the experimental data of the silver
dielectric functions. The absorption spectrum of the core-g 7
shell particle depends on the volume ratjo= (R./R)* (R,
is the core radius and the total radius of the particleUsing
the atomic Wigner-Seitz radius of the core and shell materi-
als, one can easily deduce the volumic rdtjofor a given
compositionx. Calculations have been performed using the < i
same total radius regardless of the composition and the di% .-
electric constant of the matrix has been taken as the averagg '
experimental values,,=2.7. The theoretical results for a
core-shell particle are reported in Figlb2 The calculated
absorption band is found to be larger than in the case of pure —_— —
silver clusters, but it is still less important than the experi- ? EneravieV) 1 & @ A
) C nergy (eV) Energy (eV)
mental broadening. It can be explained by the neglect of
inhomogeneous effects in the samplsize, shape, and local FIG. 3. comparison between experimental and theoretical ab-
porosity), but also by the use of the bulk dielectric functions sorption spectra of Ni/Ag clusters when the reduction of the mean
of both materials which underestimate the damping constaritee path in the silver shell is taken into acco{fgs.(7) and(3)].
I' characterizing the conduction electron scattering rates in
the particle. Nevertheless, the theoretical surface plasmoband structure is more complégp-d band hybridization at
resonance is located in the same spectral range as the ot Fermi level Owing to this severe shortcoming, only
obtained experimentally and the slight blueshift versus  qualitative trends can be reasonably drawn from the simple
well reproduced by the core-shell model. The comparisormodel described below. The mean free path has been taken
with an alloyed homogeneous sphere whose dielectric funcas proposed by Granqwist and Hunderi for a metallic sphere
tion is described as an average of the component dielectriwith a dielectric corgor equivalently a metallic sheff
functions

units
x
n
o
3]

bsorption (arb.
\t

\
Calculated Absorption (arb.units)

Exper

o

(4) |path: iJ’/(R_ Rc)(Rz_ R¢2:) (6)

In such a classical picture, the silver conduction electrons are
assumed to be perfectly reflected from the Ni/Ag interface.
The calculations have been also performed assuming a mean

e=ea 5, (0)=X"ga(0)+(1-X)eg(w)

is also reported in Fig. (8). The volumic proportiorx’ of
the materialA is defined as

1 free path equal to the cluster radiRs The effective mean
X'=—"——7—, (5) free path is probably between the two above values. Actually,
1-xr4(B) both calculations lead to the same qualitative conclusions. To
X r3(A) take into account the reduction of the mean free path of the

) ) ) - silver conduction electrons the dielectric function has been
wherex is the atomic fraction of the materidl>" One can  grrected as follows=8

see that the damping and broadening are more pronounced

than those obtained with the core-shell model, and the posi-

tion of the resonance is found to be redshifted as compared £2= Eexpt w?
to the core-shell model and to experiment. In fact, the silver

shell is not complete for clusters of 2.6 nm in diameter when 2
the nickel proportion is larger than 46%, and thus it could be . @p
an explanation of the experimental damping for larger nickel ®
proportions. Nevertheless, the broadening is also large for

smaller nickel proportions in the clusters. The damping and ey is the bulk dielectric function of the shell and, the
broadening are among others due to a combination of inhgplasma frequency9 eV for silvep, I',=0.021 eV is the
mogeneous effects and the reduction of the electron meatiamping constant of bulk silv&and I'g="T"..+Avg /I pan,

free path in small clusters. Indeed, although the cluster sizthe damping constant in the core-shell clustgrdenotes the
remains the same, the thickness of the silver shell is modifieBermi velocity’® andA is taken equal to 1 in our calculations.
when the nickel proportion increases. Therefore, the influLet us emphasize that the above correcfigg. (7)] depends
ence of the reduction of the mean free path has been invegnplicitly on the assumption that the size dependence of the
tigated in the framework of a simple model appropriate to ainterband dielectric function of silver can be neglected in a
core-shell geometry. In this model the finite size effects ardirst approximation.

included by correcting the damping paramdtegntering the Figure 3 shows that the experimental spectra are well re-
Drude parametrization of the silver dielectric function assofroduced by the model. The theoretical blueshift, damping,
ciated to the conduction electron excitations. A similar cor-and widening with increasing proportion of nickelreflect
rection cannot be carried out for nickel because its electronicorrectly the experimental trends. Indeed, for a given

. (7)
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(N (Ni (Ni

0.75 Ag 0.25)n

i0.25 Ag 0.75)n 05 Ag 0.5)n

FIG. 4. Size evolution of the
absorption spectra of Ni/Ag em-
B s s bedded clusters for each composi-
tion. Top: theoretical results

| — 4§5"m 32nm within the core-shell model by
1 \/ | \/ § taking into account the reduction
of the mean free path in the silver

i shell. Bottom: experimental spec-
. y”m 2-5"”‘ . 2.7nm tra under Brewster incidence ex-
i . // cept for (NposAdg 79, for which

Calculated Absorption
(arb.units)

Experimental Absorption (arb. units)

2.6nm the spectra have been recorded
] 1 2EHM / 2.4nm under normal incidence. The opti-
4 i el cal diameter is indicated for each
/\/1.5 nm 1.85nm / spectrum.
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
Energy (eV) Energy (eV) Energy (eV)

size (D=2.6 nm in our case the shell thickness decreases and damping of the resonance band with decreasing size. On
when the proportion of nickel increases, leading to an inthe other hand, there is no evidence of a shift of the reso-
crease of the damping constant which varies from 0.725 eWiance. For (Nj,sAdg 79, Clusters of 1.5 nm in diameter, the
for pure silver clusters to 2.23 eV for (NisAgg 25, Clusters.  resonance band is thinner than for the other sizes. This is
The real damping constant is probably smaller because inh@xplained by the fact that the corresponding sample has been
mogeneous effectsize, shape, and local porogigiso con- made on a substrate cooled to liquid nitrogen temperature.
tribute to the experimental broadening and damping. The corresponding size distribution is narrower under such
Nevertheless, it must be emphasized that the model igonditions and that is thought to reduce cluster coalescence
very crude. Actually, for a small amount of silvex ( during the film growth. So, for this sample, a reduction of the
=0.75), the silver shell is not complet&n particular for  jnhomogeneous effects related to the size and shape of the
very small clustersand the model is no longer realistic.  cjysters is expected. Indeed the coalescence being reduced,
Finally, one can say that the experimental evolution of thene (il of the distribution towards the large sizes is shortened
absorption with the nickel proportion is intermediate be-,.4 more clusters remain spherical.
tween those of pure silver and pure nickel clusters. When The size effects are governed by many physical effects

g]ccr.?:ts.c')?]g;??hg'ngg}grzggg'z?egr?ﬁsc.lgS;ﬁrZ’rtgerﬁglrlgcé'xe uch as the electron spillout, the reduction of the screening at
xettad uct n stver | he cluster surface, and the local porosity at the cluster-

more mixed with those involving thep-delectrons in nickel, T . . . . .
: : . ? . matrix interface. One can imagine a model in which the Ni
inducing the damping, broadening, and blueshift of the reso- . . .

ore should be classically treated through its experimental

nance. Their optical properties remain related to those of th . . . : : . .
pure constituents indicating that the dielectric function of the?Ulklike dielectric function and the Ag shell in a semiclassi-
mixed Ni/Ag system and those of nickel and silver areCd way as previously desc_rlbé%I.The s-silver e_Iec_trons
closely correlated. would be quantum mechanically treated, the ionic back-

ground as well as the surrounding matrix phenomenologi-
cally described by their respective bulk dielectric functions
g4(w) ande(w). The reduced screening at the shell surface
The size effects in the optical properties have been alswould be mimicked by an inner skin of reduced polarizabil-
investigated for each compositior=0.25, 0.5, and 0.75 and ity and the local porosity by a cluster/matrix interface. The
the corresponding absorption spectra are reported in theonsistence of such a model where the silver shell is de-
lower part of Fig. 4. The optical diameter is indicated for scribed subtly and the nickel core only by its bulk dielectric
each spectrum. In the case of gMiAgy79, clusters, the function would be questionable. This is why only a simple
spectra have been performed under normal incidence, but tretassical model has been used to interpret our results and
resonance signal is strong enough and much larger than thehy only qualitative information can be extracted. In the
Fabry-Perot fringes. One can suppose that the results undepper part of Fig. 4 are reported the theoretical absorption
Brewster incidence would not have been noticeably modispectra of the clusters with sizes corresponding to the experi-
fied. The main feature in the size evolution is the wideningmental ones. One can see that there is a good agreement

B. Evolution with the size
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Ag 690 cm ! have been identified corresponding to CoO bands.
For Ni/Ag clusters, similar bands were observed but a bit

less pronouncetf:2°*°In contrast, similar bands correspond-

ing to AgO have never been observed in pure silver clusters.
g://‘* We could also suppose that this oxidation induces a total
-/\/103/0 separation of nickel and silver into partially oxidized nickel

| T O T O T O I |

15% and silver nanoparticles. This phenomenom has already been
— T T T — observed in Ni-Al collods for which artificial oxidation
leads to the formation of small nickel clusters isolated in
aluminum oxide** The nickel and silver, known to be im-
miscible, could also follow this way of separation. However,

‘_/\/—o:/o if it had been the case, the observed acoustic frequencies
S would have been higher and the surface plasmon resonance
/\/15% observed in absorption spectra would have been redshifted.

Calculated Absorption (arb.units)
K
z
e}

| T T T T I |

In order to accelerate the oxidation, the sample was annealed
——— 177 at 80 °C during 6 h, but the absorption spectra remained

unchanged. Then the sample was heated at 200 °C for 12 h.

The corresponding spectra are then considerably damped but

J@© they are still large and do not correspond to the one of pure
- Experiments Day J silver clusters. So we can reasonably conclude that the oxi-
] JJ:111 dation does not induce a separation of the Ni/Ag system. For
E J+165 clusters with a small amount of silver the oxidation occurs

] probably on the surface atoms of nickel preferentially.
S To understand the role of the nickel oxidation in the evo-
10 15 20 25 30 35 40 45 50 lution of the absorption spectra with time, two simple models
Energy (eV) are suggested. In the first one, the nickel oxide is assumed to
form a thin layer{Fig. 5b)] between the nickel core and the
FIG. 5. Time evolution of the absorption spectra under Brewstekjlyer shell. The absorption has been calculated with this
incidence of (Né5Ados)n Clusters. Bottom: Experimental spectra. gaometry? using the experimental bulk dielectric function of
Top a_nd mid(_jle: _theoretical evolution of the absorption spectra Wi“Ni, NiO,42 and Ag. Figure B) depicts the evolution of the
the nickel oxidation. spectra versus the percentage of nickel oxidation and one can
see that the experimental redshift is not reproduced by this
between experiment and theory. The damping and broademnodel. In the second model, one supposes to have a mixture
ing are well reproduced if one takes into account the sizéf Ni and NiO in the spherical core whose dielectric function
dependent damping constant in the Drude component of thig taken as the weighted average of the Ni and NiO dielectric
silver dielectric function. In the case of (NisAgo 29, Clus-  functions. Figure &) gives the evolution of the optical spec-
ters, the resonance band is strongly attenuated, much mofi& in this case as a function of the nickel oxidation. The
than the theoretical predictions. These results show the limitgedshift and the resonance shape are better reproduced with
of the model when the clusters are very small or when thehe second hypothesis. Although these calculations are made
silver amount is not sufficient to form a monolayer at thein the framework of a classical model and the oxidation is
surface. probably more complex, one can reasonably conclude that
the oxidation remains weafof about 5% after a few days
and between 5 and 10 % after a few montfihe aging of
the samples has been studied for different compositions of
The time evolution of the optical spectra for (MAdos)n,  Ni/Ag clusters and for Co/Ag clusters. It shows almost the
clusters is given in Fig.(®). The main features in the spectra same evolution whatever the cluster size is, for a given com-
are a slight redshift of the resonance band and a weak damposition, and is all the more important that the nickel propor-
ing with time. This evolution seems to occur merely duringtion is great. Concerning the stoichiometric effese Fig.
the first few days after the sample preparation, and to satut), they have been performed just after the elaboration of the
rate thereafter. A similar evolution has been observed for theamples, so without oxidation. Moreover, the composition
other composition=0.25 andx=0.75 but in the case of evolution in the optical absorption spectra, performed on
x=0.25, it is slower and weaker. The same aging effect hasamples of aging of about one year, are similar to those per-
been observed in (G@Agy 5, Clusters. The oxidation of the formed on fresh ones. The only difference rests in the abso-
nickel or cobalt is suspected to induce such an evolutionlute position of the resonance peaks which is redshifted.
Low frequency Raman spectroscopy experiments carried out For the size dependence evolution in the optical properties
on these samples containing (Ng; ), and (C@sAdos)n of (Ni,Ag;_y), clusters, each range of size has been inves-
clusters do show peaks that can be assigned to nickel aigated with the same aging for each composition and in the
cobalt oxide. The oxygen may penetrate the silver shell otase of (NjgAgys), clusters, the spectra have been per-
bind with nickel or cobalt atoms which are still present at theformed on fresh samples. Therefore, the previous results are
surface. For (C@sAgos), Clusters, two peaks at 485 and not disturbed by the oxidation. The only problem concerns

(arb. units)

Experimental Absorption

C. Evolution of the samples with time
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shell model, the calculated spectridotted line, Fig. §dis-
plays a narrower band compared to experimental spectra. By
taking into account the reduction of the mean free path of the
silver conduction electrof€q. (7)], a better agreement with
experiment is obtained. Let us point out that the discontinui-
ties in all the theoretical spectt&ig. 6) can be attributed to
the experimental tabulated data of the cobalt and silver di-
electric functions One can see that the theoretical spectra
are globally blueshifted compared to experimental ones. This
difference is related to the oxidation which yields a redshift
of the resonance. In return, regardless of the absolute posi-
tion of the resonance peak, the evolutiGdamping and
broadening with decreasing size is well reproduced by the
model.

Finally the optical properties of (G@AQgg 5), clusters are
quite close to those of (MEAQo s, clusters, except for the
slight blueshift with decreasing size. With regard to the simi-

3,8 nm larities of nickel and cobalt metals, the complete study for
3.4 nm different stoichiometries would probably lead to the same
3.2 nm conclusions.
/\/1 . |

/\/ B. The Ni/Au system

As with silver, gold is not miscible with nickel whatever
the composition is, as illustrated by the Au-Ni phase
Energy (eV) diagram!® On the other hand, the difference between the
surface energies of Ni and Au leads us to think that the

FIG. 6. Optical absorption in (G@AQo.g)n Clusters. Lower part: o4 harticles will form a core-shell structure similar to the
experimental spectra obtained under Brewster incidence. Uppeé' stem Ni/Ad. but with a qold shell. Monte Carlo simula-
part: core-shell model with experimental dielectric functions of Co y 9, 9 '

and Ag(dotted ling and core-shell model by taking into account the tions support this assumptld?l.LEIS technique has been

reduction of the mean free path in the silver shell for the sizesused for probing the surface Compo§|t|qn of {BAUo 5y
corresponding to experimentslack line. clusters produced in the laser vaporization source and the
results prove that the surface is entirely covered by gold

. . o . atoms. X-ray photoemission experiments give the same con-
thed rel\?.Sh'ft of the lresionan:e t‘r’:"th aglnlg n 6%6%%%79“ clusion concerning the segregatithSamples of mixed
and (Nb.75A0o.29n clusters. As the samples are of the same NigsAUg 5, clusters embedded in alumina have been pre-

age fqr each composmqn, We can suppose that, for a 9V€hared. In order to vary the size distribution, the clusters have

st0|ch|ometry, the redshift is almost the same for each siz een deposited on silica substrates kept at a constant tem-
_Or_1e can not|ce_that for these two compositions the resonan rature of 400 °C. This technique was supposed to increase
is indeed redshifted compared to theory, all the more that th e coalescence during the cluster deposition as it was ob-

n?ckel proportion is ‘".‘porFam- In any case, the size evC.)lunonserved in the case of Pt/Ag clustéfshut for clusters con-
did not show any.s_,hlft with decreas[ng size, so the size effaining gold, it seems that this temperature cannot shift the
fects are not modified by sample aging. size distribution. Two experimental absorption spectra of
mixed (N sAug 5),, Clusters are reported in the lower part of
IV. OPTICAL PROPERTIES OF CO /AG AND NI/AU Fig. 7. The lower spectrum does not display any resonance
CLUSTERS whereas the second one shows a very damped resonance.
The comparison with a straight lin@lots highlights this
A.The CdAg system flattened band. The classical core-shell model using the ex-
The optical properties of (G@AJy 5, clusters have been perimental bulk dielectric functions of both components
investigated in the size range 2.9-3.8 nm. Figure 6 gives gives a resonance band at around 2.4(ddtted line in the
comparison between experimental and theoretical absorptioupper part of Fig. ¥ but it is very narrow compared to the
spectra of different size distributions. The experimental evoone observed in (NisAgos)n clusters. Experimentally, this
lution with decreasing size exhibits a strong broadening anthand is not observed. By taking into account the reduction of
damping but also a blueshift of the resonance. The interprehe mean free path of the conduction electrons in the gold
tation of the magnitude of this shift has to be considered wittshell, the resonance band flattens out with decreasing size
caution because of the oxidation efféttésee Sec. IIl B. (upper part of Fig. Y. Bearing in mind that inhomogeneous
Nevertheless, since all the spectra have been recorded effects induce also a damping and broadening of the plasmon
samples with the same aging, this relative trend originateband, the absence of a resonance in small clusters is finally
probably from finite-size effects. Within the classical core-not amazing. Actually, the plasmon resonance in pure gold

Calculated Absorption (arb.units)

Experimental Absorption (arb. units)

—
N
w
N
o -
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(Ni Au

pared to pure silver clusters. These features result from the
mixing of the silver conduction electron collective excitation
with those involving the nickel hybridizedp-d band elec-
trons. The composition evolution as well as the size evolu-
tion of the optical properties are well understood within a
classical core-shell model including the reduction of the con-
duction electron mean free path in the silver shell. However,
2 nm this model seems to be inappropriate for small clusters poor
in silver for which the silver shell cannot be complete. The
Co/Ag system exhibits similar properties to the Ni/Ag one: a
1 M a 1 : damping, widening and, in addition, a weak blueshift of the
resonance with decreasing size, in good agreement with clas-
sical predictions. Its geometry can confidently be assumed to
be the same as the Ni/Ag one with a cobalt core. The evolu-
tion of the spectra with time for Ni/Ag and Co/Ag clusters
exhibits a redshift of the resonance band which has been
explained by a weak oxidation of the nickel or cobalt atoms.
Indeed, this evolution is well reproduced by a classical
model involving an oxidized nickel coréor cobalt corg
Finally, even if the Ni/Au system seems to be quite different
in experiment, as no plasmon resonance is clearly character-

) surface plasmon resonance enlarged and blueshifted com-
057n f

4 nm

3nm

Calculated Absorption (arb.units)

Experimental Absorption (arb. units)

1 2 3 4 5 ized, it can be understood by the inhomogeneous effects and
Energy (eV) the reduction of conduction, electron mean free path in the
gold shell.
FIG. 7. Optical absorption in (NiAUg 5, clusters. Lower part: Finally, one can say that the optical properties of these

experimental spectra obtained under Brewster incidence for tw@mall mixed systems remain closely connected with the di-
different sizes. Upper part: core-shell model with experimental di-e|ectric functions of their constituents. The size and stoichio-
electric functions of Ni and Audotted ling, core-shell model by metric effects are well understood through a classical de-
taking into a(_:co_unt_the r_eduction of th(_a mean free path in the go"%cription assuming a core-shell geometry and including the
shell for the indicating diametekblack ling. reduction of the valence electron mean free path in the silver

or gold shell. Although these models are rather crude, espe-

. . cially for nanoscaled particles, they account well for the ab-
c!L_lsters IS aIread)_/ above the threshpld of.the interband tr"jlrls'orption spectra of the three studied systems. The agreement
sitions. For Au/Ni clusters, the mixing with the electronic

excitation in Ni probably smooths out the resonance in SmalIhat is obtai_ned in t.he three studied systems is perhaps rooted
clusters n a weak interaction between the (_:dl@o, N_D _and sheI_I

) (Ag, Au) atoms. One can also underline that it is essential to
combine the study of the optical properties of clusters with

V. CONCLUSION LEIS experiments in order to determine the cluster structure.

Linear optical properties of (WAg;_y), clusters have
been investigated. General considerations and LEIS experi-
ments provided the undisputed evidence that the surface of
the clusters is covered by silver atoms, suggesting that the The authors are grateful to B. Red and J. Tuaillon-
geometry of the system is of core-shell type. The opticalCombes for Rutherford Back Scattering measurements.
properties of this system were found to be intermediate beMany thanks to O. Boisron, A. Bourgey, C. Clavier, G.
tween those of pure silver and pure nickel clusters, with &uiraud, and F. Valadier for their essential technical support.
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