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Size and composition dependence in the optical properties of mixed„transition metalÕnoble metal…
embedded clusters
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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 devoted to (NixAg12x)n

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 effects~size, shape, and local porosity! also contribute to the broadening and
damping of the resonance in experiment. The second part concerns the optical properties of (Co0.5Ag0.5)n and
(Ni0.5Au0.5)n clusters. The size evolution of the optical properties of (Co0.5Ag0.5)n clusters is similar to that of
(Ni0.5Ag0.5)n clusters, with in addition, a weak blueshift of the resonance with decreasing size. As for the
(Ni0.5Au0.5)n 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.

DOI: 10.1103/PhysRevB.67.155409 PACS number~s!: 36.40.Vz, 78.66.Bz, 78.67.2n
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I. INTRODUCTION

The physics of nanoscaled systems or clusters
strongly developed in the last twenty years, and applica
outlooks appear to be more and more promising. For opt
applications, clusters are also very attractive because
physical and chemical properties vary drastically with siz1

From a fundamental point of view, their optical properti
mirror their electronic structure and their geometry. F
simple or noble metal clusters, the main feature of the opt
response to excitation by light is an absorption band in
UV-visible range related to the surface plasmon resona
Numerous studies have been performed on pure metal c
ters such as alkali2,3 or noble metals,4–7 and the size depen
dence of their linear optical properties is now we
understood.8–10 New approaches are turned towards the
namics or the nonlinear optical properties in su
systems.11,12 Another one is the study of mixed particle
From bulk metal physics, alloys are known to display ori
nal properties as compared to their constituents. Combin
such distinctive features with those of clusters opens a
research field in the physics of nanoscaled systems.

In the nanometric scale, bimetallic clusters can form
ther alloys or segregated core-shell structures, dependin
the properties of both components and on the produc
0163-1829/2003/67~15!/155409~10!/$20.00 67 1554
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methods. As a rule of thumb, to minimize the total ener
one expects the component with the lower surface energ
accumulate preferentially at the surface. A model develo
by Roussetet al., based on a tight binding scheme, accou
well for the surface segregation observed in Pd
clusters.13,14 L. Yang et al.15 drew the same conclusions fo
other bimetallic clusters, nevertheless the lattice misma
between the two components may modify this empirical la
Moreover the phase diagrams of the alloys are also rich
information16 to infer about the mixing of the two compo
nents of interest. Nevertheless, in the case of systems in
lutions such as colloı¨ds, one has to be careful with thes
simple rules because the kinetics of reduction may drive
final structure of the particles. Moreover, the surround
medium and the surface adsorbed ions are also of m
importance.17 Much work was devoted to the optical prope
ties of bimetallic particles, especially on the system Au/A
~see the references listed in Ref. 18! or systems involving
silver or gold. Among other works are those of Hengle
et al. on core-shell systems such as Ag/Cd, Ag/Pb, Ag/
and Au/Sb produced by chemical ways.19–21 In all these sys-
tems in aqueous solution, the noble metal~Ag, Au! acts as an
antenna for the other metal recovering it. For small depo
of the second metal, one can see a blueshift and a dampin
©2003 The American Physical Society09-1
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the noble metal plasmon resonance whereas the reson
band of the shell-metal clearly dominates the spectra~if it
exists! for larger amounts of covering. In the case of Au/S
a competition between alloying and segregation seem
take place. Mixed noble metal clusters Au/Pt and Ag/Pt
sorbed on transparent immogolite fibers in aqueous solut
have been also investigated by Liz-Marza´n et al.22 Their
method allows the preparation of bimetallic dispersions
simultaneous reduction of two bimetallic salts. The opti
properties of these systems seem to show that the part
adopt a core-shell structure. The kinetics seem to play
important role in the process of formation of the clusters:
metal easier to reduce nucleates first and acts as a nucle
seed for the heteronucleation of the second metal. In
way, platinum surrounds silver or gold.

In most of the methods of production, it is difficult to var
independently the average size and composition of the n
particles. Moreover, alloyed structures are not easy to fo
In contrast, it is possible to obtain core-shell structures
many systems which would spontaneously form an alloy
der thermodynamical equilibrium conditions.

The codeposition of mixed clusters produced by laser
porization technique with a continuous helium source p
mits variation of the size distribution of the clusters for
given stoichiometry. The size effects in mixed silver-go
clusters23 with different proportions of gold have been pr
viously studied and the results have shown that the electr
structure and the corresponding optical properties of
clusters embedded in alumina are consistent with an alloy
structure.

As for mixed clusters containing nickel atoms, their op
cal properties have been seldom studied. A study on Cu
clusters produced by ionic implantation in silica can
found in the literature.24 The clusters form an alloy Cu0.5Ni0.5
but, as expected by the Mie theory, do not exhibit any pl
mon resonance. To our knowledge, except for the low
quency Raman scattering experiment performed on
Ni/Ag cluster samples,25 the Ni/Ag system has never bee
studied in the nanosized range. In the first instance, nic
and silver are known to be immiscible metals@see, for ex-
ample, the phase diagram of Ni/Ag~Ref. 16!#. Much work
on the evolution of Ni/Ag films with annealing shows th
the nickel atoms bunch together to form seeds of pure nic
in a silver matrix.26,27 Similar results have been obtained o
Co/Ag films.27 On the other hand, Ag/Ni alloy films prepare
by simultaneous laser ablation of nickel and silver do
show any surface enhanced raman spectroscopy~SERS! ac-
tivity directly after preparation.28 After annealing or aging,
the decomposition into two phases with Ag particles w
very low Ni content and vice versa promotes the SERS
hancement~the influence of the transition metal vanishe!.
This effect might also be induced by segregation inside
particles. Anyhow, these studies show strikingly the high m
bility of the atoms and the low interaction between Ag a
Ni atoms. The results of the Raman spectrocopy lead to
same conclusions for the clusters. The acoustic mode
quencies of the Ni/Ag particles are in agreement with a co
shell structure for which the silver shell has a weak acou
interaction with the nickel core. The observed quadrupo
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mode corresponds nearly to the vibration of the silver sh
alone.25 Similar low frequency Raman scattering expe
ments have been performed on (Co0.5Ag0.5)n clusters and the
results are also consistent with a weak acoustic coupling
tween the cobalt core and the silver shell.29

Our study is devoted especially to the Ni/Ag sytem. In t
present paper are detailed the nickel proportion depende
of the optical properties of the clusters and their size evo
tion for each composition. The experimental results are
terpreted within a classical approach in the dipolar appro
mation ~Mie theory!. Results concerning (Co0.5Ag0.5)n and
(Ni0.5Au0.5)n clusters are also reported and analyzed throu
classical descriptions assuming a core-shell geometry. Co
and nickel are metals with very similar properties and a co
plete study of the Co/Ag system seems unnecessary bec
it would probably be very close to the Ni/Ag one.

The plan of the paper is as follows. In Sec. II, we brie
review the experimental methods of elaboration and cha
terization of our samples. Low-energy ion spectrosco
~LEIS! measurements, giving information about the clus
surface composition, are largely discussed. Moreover an
provement of the absorption measurements performed u
Brewster incidence is set out. We then provide the opti
response obtained on mixed (NixAg12x)n clusters which are
compared to classical models in Sec. III. We will see that
evolution of the optical properties with the sample aging c
be understood by considering that the nickel weakly and p
gressively oxidizes. Section IV is devoted to the optic
properties of (Co0.5Ag0.5)n and (Ni0.5Au0.5)n clusters.

II. EXPERIMENTS

A. Sample elaboration and characterization

Clusters are produced by a laser vaporization source~de-
tailed in previous papers4,30! using a continuous flow of he
lium. The source works as follows: the second harmonic o
Nd: YAG pulsed laser~532 nm! is focused onto a metallic
rod of the alloyAxB12x to be studied in a small chambe
under vacuum (A5Ni or Co, B5Ag or Au, and x is the
atomic concentration of Ni or Co!. The produced bimetallic
plasma, cooled by the He gas, combines into clusters wh
expands with the inert gas through a nozzle. The so-form
clusters are then collimated with a skimmer into a hi
vacuum chamber (1027mbar) and codeposited with th
transparent alumina matrix~evaporated thanks to an electro
gun! on various substrates depending on the measurem
to be performed. By varying the pressure between 20 and
mbar or by using a He-Ar mixture, one is able to change
mean size in our samples. Moreover, the metal volumic c
centration in the sample is kept below 5% to minimize t
cluster coalescence. The alumina matrix has an amorph
structure with a high porosity~45% compared to anodic alu
mina!, is slightly overstoichiometric in oxygen (Al2O3.2),
and transparent between 1 and 5.1 eV.4 The typical nanocom-
posite samples then consist in a 1cm31cm square suprasi
substrate of 1 mm thickness with about 200 nm of alum
doped with metal clusters.

The stoichiometry of the clusters has been probed thro
Rutherford back scattering~RBS! experiments. An He1 ion
9-2
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beam of 2 MeV in energy is focused on a cluster film dep
ited on silicon, and the analysis of the scattering energy
the He1 ions, depending on the target elementsA and B,
permits us to obtain the relative abundances in the nanoc
posite film. The measurements show that the relative ato
fractionAxB12x of the target is recovered in all our sampl
to within Dx/x55%. Furthermore, these results are co
firmed by energy dispersive x-ray~EDX! experiments in
which atoms, excited by electrons of an electron microsco
decay through x-ray emission whose analysis allows us
deduce the average composition of a cluster assembly u
the electron beam. For instance, in the case of clusters
duced from a target of an alloy Ni0.5Ag0.5, and from the
examination of the nickelKa1

and silverLa1
emission rays,

the average stoichiometry of (NixAg12x)n clusters is found
to bex550%610%. Such results corroborate previous on
obtained on other bimetallic clusters produced by the la
vaporization technique for which the stoichiometry is alwa
the same as that of the alloy target.13,23

The size distributions of the samples are determined fr
transmission electron microscopy~TEM!. The TEM micro-
graphs reveal almost spherical clusters randomly distribu
in the transparent matrix. Size distributions are deduced f
micrographs over populations of 300 to 1500 particles
sample. The size distributions follow a log-normal law with
standard deviation of about 40% of the mean diameter.

B. Low-energy ion spectroscopy experiments

From examination of bulk properties of nickel and silve
a likely cluster structure can be guessed. First, the ato
Wigner-Seitz radius of Ag and Ni are noticeably differen
respectively, 3.02 and 2.6 a.u.~3.01 a.u. for gold and 2.6 a.u
for cobalt! and a pronounced lattice mismatch is expect
Second, the surface energy of silver is almost two tim
smaller than that of nickel. To minimize its energy, the co
posite system will have a majority of silver atoms on t
surface. Furthermore, the phase diagram of Ni/Ag shows
silver and nickel are completely immiscible in any propo
tion. These basic properties strongly suggest that such a
tem will form a core-shell structure. The same hypothe
can be made for the Co/Ag particles.

In order to probe the surface composition of Ni/Ag clu
ters, we have performed LEIS experiments on (Ni0.5Ag0.5)n
clusters produced by our source and deposited on amorp
carbon under ultrahigh vacuum (10210mbar). The LEIS
technique is the following: an4He1 ion beam of 1000 eV is
directed onto the surface sample~spot of 0.1mm2) and one
measures the kinetic energy distribution of the backscatte
ions, function of the atomic mass of the target~elastic two-
body scattering!. During the bombardment, the cluster su
face is progressively eroded. The evolution of the LEIS s
nal during the 4He1 bombardment of the (Ni0.5Ag0.5)n
cluster sample after sputtering sequencies of 90, 345, 1
and 3750 sec is displayed in Fig. 1. The signals correspo
ing to the masses of Ni and Ag are located around 790
885 eV, respectively. After a prior smoothing of the spect
the peak areas which are proportional to the number of s
tered atoms can be deduced. The scattering efficiency fac
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f of Ni and Ag have been measured previously for an4He1

beam of 1 keV and their ratiof Ag / f Ni52.52. That means
that the scattering cross section of silver is 2.52 times the
of nickel. From the ratioI Ag /(I Ag1I Ni! one can deduce the
cluster surface concentration whose evolution is plotted v
sus the sputtering time in the lower part of Fig. 1. At the ve
beginning of the sputtering, the signal reflects the clus
surface composition which is enriched in silver~95–100% of
silver!, confirming thus the segregation process. Then,
silver concentration decreases with sputtering time. This e
lution originates from different effects. First, the erosion
the first atomic layer and second, the preferential erosion
silver as compared to nickel. We cannot gain more relia
information about the deeper layers since many dynam
processes come into play. For instance, intermixing and
sion by a local heating that can induce a diffusion of silv
atoms towards the surface. Nevertheless, the main resu
that the cluster surface is mostly composed of silver ato
Combined with the immiscibility of the two metals, thes
results strongly suggest that the Ni/Ag system forms a co
shell structure, at least for a proportion of 50% of nickel.

C. Absorption measurements under Brewster incidence

Transmission measurements are performed with a Per
Elmer spectrophotometer in the energy range 1.55–6.52
~180–800 nm!. In this range, the suprasil substrate is tota
transparent but the transmission of alumina alone is prog
sively decreasing from about 4.5 eV to the UV domain. T
feature is certainly due to light scattering owing to the gran
lar structure of the porous matrix, and it partly blurs t
intrinsic response of the embedded particles. To get rid
this spurious effect, the transmission spectra of the nanoc
posite samples are normalized with the transmission spe
of pure alumina of about the same thickness and depos
on the silicon substrate. By concealing a part of the sam

FIG. 1. Top: evolution of the whole LEIS spectra versus sp
tering time for (Ni0.5Ag0.5)n clusters; bottom: evolution of the silve
concentration versus sputtering time.
9-3
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M. GAUDRY et al. PHYSICAL REVIEW B 67, 155409 ~2003!
from the cluster beam, it is possible to synthesize, at
same time, samples with two distinct regions: a first o
covered with alumina doped with clusters and a second
covered only with alumina so as to serve as the reference
the normalization. The transmittance of the sample was
viously recorded under normal incidence. The absorption
efficient is defined asA512R2T where R is the reflec-
tance. IfR is neglected, the absorption coefficient is defin
through the Beer-Lambert lawKabs52 ln(T)/e wheree is the
film thickness of deposit. In fact, optical multilayers refle
ion effects occur in our stratified samples andR can no
longer be neglected. Oscillations in the transmission spe
are detected and are mainly due to corresponding oscillat
in the reflectanceR. Such oscillations have a period~of the
order of 0.5 to 1 eV! inversely proportional to the film thick
ness and to the average optical indexes. A simple method
removing these oscillations from the absorption spectra i
usep-polarized light~the electromagnetic fieldEW being in the
incidence plane! under Brewster incidence~the Fresnel re-
flexion coefficient vanishes!. The Brewster incidenceQB is
connected with the average optical index of the pure alum
one nAl2O3

and tanQB5nAl2O3
51.64 (QB558°). We have

tested the method on pure alumina films and the oscillati
present under normal incidence almost completely van
under Brewster incidence withp-polarized light.

This improvement in the absorption measurements d
not call into question the previous results obtained on go
silver, and gold-silver clusters but it is essential in the cas
Ni/Ag clusters. Indeed the Fabry-Perot fringes may pert
the absorption measurements of the cluster sample, in
ticular when the resonance is strongly damped and bro
ened as observed in samples containing Ni/Ag clusters p
in silver. The real position of the resonance can be sligh
shifted owing to these oscillations that can have close w
and amplitude. Hence, for the most part, the results repo
in the following have been performed under Brewster in
dence withp-polarized light so that the absorption spec
reflect more confidently the absorption of the clusters in
sample. The use of a dichroic sheet polarizer restricts
measurement in the energy range 1.55–4.51 eV~275–800
nm!.

III. OPTICAL PROPERTIES OF NI ÕAG CLUSTERS

A. Evolution with the composition

The (NixAg12x)n mixed clusters have been investigat
for different proportions of nickel (x
50.0, 0.25, 0.5, 0.75, 1.0). The evolution of the absorpt
spectra ~obtained under Brewster incidence! versus the
nickel proportion is displayed in Fig. 2~a!. All the spectra
correspond to samples characterized by almost the same

tical diameter, namely,Dopt5A3 ,D3..2.622.7 nm.The
absorption spectrum of pure nickel clusters does not sh
any resonance band as predicted by the Mie theory when
dielectric function for the clusters is taken as the Ni bu
one. In contrast, for mixed (NixAg12x)n clusters, a surface
plasmon resonance is observed in the same spectral ran
the one obtained for pure silver clusters but considera
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broadened. The resonance is clearly apparent when the
portion of silver exceeds 50%. Furthermore, a slight blu
shift of the resonance is observed when increasing the ni
concentration fromx50 to x50.75. This confirms the pre
liminary experimental results obtained under norm
incidence.31

This experimental evolution has been compared to the
calculated within the extended Mie theory~i.e., more than
one interface is involved! in the dipolar approximation. Fo
that, let us recall that the absorption cross section in
dipolar approximation of a matrix-embedded metallic sph
subjected to an electromagnetic field is32

s~v!5
4pv

c«m
1/2

Im@a~v!#, ~1!

wherea(v) is the polarizability of the particle,c the veloc-
ity of light, and «m the dielectric constant of the matrix. I
the case of a homogeneous sphere of dielectric functio«
and radiusR,

a~v!5
«2«m

«12«m
«mR3. ~2!

For a core-shell system such as Ni/Ag, the polarizabi
is

a~v!

5
~«22«m!~«112«2!1 f v~«12«2!~«m12«2!

~«212«m!~«112«2!12 f v~«22«m!~«12«2!
«mR3.

~3!

FIG. 2. Evolution of the optical absorption of Ni/Ag cluste
with the nickel proportion for clusters with an optical diameter
about 2.6–2.7 nm.~a! Experimental absorptionKabs; ~b! theoretical
absorptions(v) within the classical core-shell model@Eq. ~3!#. ~c!
Theoretical absorptions(v) for an alloyed homogeneous sphe
with a dielectric function taken as the volumic compositio
weighted average of the dielectric functions of both component
terials @Eq. ~4!#.
9-4
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SIZE AND COMPOSITION DEPENDENCE IN THE . . . PHYSICAL REVIEW B 67, 155409 ~2003!
«1 and«2 are, respectively, the complex dielectric functio
of the core and shell bulk materials.33 We will see in the
following that the theoretical spectra exhibit discontinuiti
that can be attributed to the experimental data of the si
dielectric functions. The absorption spectrum of the co
shell particle depends on the volume ratiof v5(Rc /R)3 (Rc
is the core radius andR the total radius of the particle!. Using
the atomic Wigner-Seitz radius of the core and shell mat
als, one can easily deduce the volumic ratiof v for a given
compositionx. Calculations have been performed using t
same total radius regardless of the composition and the
electric constant of the matrix has been taken as the ave
experimental value«m52.7. The theoretical results for
core-shell particle are reported in Fig. 2~b!. The calculated
absorption band is found to be larger than in the case of p
silver clusters, but it is still less important than the expe
mental broadening. It can be explained by the neglec
inhomogeneous effects in the samples~size, shape, and loca
porosity!, but also by the use of the bulk dielectric functio
of both materials which underestimate the damping cons
G characterizing the conduction electron scattering rate
the particle. Nevertheless, the theoretical surface plas
resonance is located in the same spectral range as the
obtained experimentally and the slight blueshift versusx is
well reproduced by the core-shell model. The comparis
with an alloyed homogeneous sphere whose dielectric fu
tion is described as an average of the component diele
functions

«5«Ax8B12x8
~v!5x8«A~v!1~12x8!«B~v! ~4!

is also reported in Fig. 2~c!. The volumic proportionx8 of
the materialA is defined as

x85
1

11
12x

x

r s
3~B!

r s
3~A!

, ~5!

wherex is the atomic fraction of the materialA.34 One can
see that the damping and broadening are more pronou
than those obtained with the core-shell model, and the p
tion of the resonance is found to be redshifted as compa
to the core-shell model and to experiment. In fact, the sil
shell is not complete for clusters of 2.6 nm in diameter wh
the nickel proportion is larger than 46%, and thus it could
an explanation of the experimental damping for larger nic
proportions. Nevertheless, the broadening is also large
smaller nickel proportions in the clusters. The damping a
broadening are among others due to a combination of in
mogeneous effects and the reduction of the electron m
free path in small clusters. Indeed, although the cluster
remains the same, the thickness of the silver shell is modi
when the nickel proportion increases. Therefore, the in
ence of the reduction of the mean free path has been in
tigated in the framework of a simple model appropriate t
core-shell geometry. In this model the finite size effects
included by correcting the damping parameterG entering the
Drude parametrization of the silver dielectric function as
ciated to the conduction electron excitations. A similar c
rection cannot be carried out for nickel because its electro
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band structure is more complex~sp-d band hybridization at
the Fermi level!. Owing to this severe shortcoming, on
qualitative trends can be reasonably drawn from the sim
model described below. The mean free path has been ta
as proposed by Granqwist and Hunderi for a metallic sph
with a dielectric core~or equivalently a metallic shell!35

l path5A3 ~R2Rc!~R22Rc
2!. ~6!

In such a classical picture, the silver conduction electrons
assumed to be perfectly reflected from the Ni/Ag interfa
The calculations have been also performed assuming a m
free path equal to the cluster radiusR. The effective mean
free path is probably between the two above values. Actua
both calculations lead to the same qualitative conclusions
take into account the reduction of the mean free path of
silver conduction electrons the dielectric function has be
corrected as follows:1,36

«25«exp1vp
2S 1

v21G`
2

2
1

v21GR
2 D

1 i
vp

2

v S GR

v21GR
2

2
G`

v21G`
2 D . ~7!

(«exp) is the bulk dielectric function of the shell andvp the
plasma frequency~9 eV for silver!, G`50.021 eV is the
damping constant of bulk silver37and GR5G`1AvF / l path,
the damping constant in the core-shell cluster.vF denotes the
Fermi velocity38 andA is taken equal to 1 in our calculations
Let us emphasize that the above correction@Eq. ~7!# depends
implicitly on the assumption that the size dependence of
interband dielectric function of silver can be neglected in
first approximation.

Figure 3 shows that the experimental spectra are well
produced by the model. The theoretical blueshift, dampi
and widening with increasing proportion of nickelx reflect
correctly the experimental trends. Indeed, for a giv

FIG. 3. comparison between experimental and theoretical
sorption spectra of Ni/Ag clusters when the reduction of the m
free path in the silver shell is taken into account@Eqs.~7! and~3!#.
9-5



-
i-

r
-
-

d
-
h

M. GAUDRY et al. PHYSICAL REVIEW B 67, 155409 ~2003!
FIG. 4. Size evolution of the
absorption spectra of Ni/Ag em
bedded clusters for each compos
tion. Top: theoretical results
within the core-shell model by
taking into account the reduction
of the mean free path in the silve
shell. Bottom: experimental spec
tra under Brewster incidence ex
cept for (Ni0.25Ag0.75)n for which
the spectra have been recorde
under normal incidence. The opti
cal diameter is indicated for eac
spectrum.
es
in
e

h

l

th
e
e

iv
n

so
th

th
re

ls

t
or

t t
t

nd
d

in

. On
so-
e
s is
een

ure.
uch
nce
he
f the
ced,

ned

cts
g at
ter-
Ni
ntal
si-

ck-
gi-
ns
ce
il-
he
de-
ric
le
and
e

tion
eri-

ment
size (D52.6 nm in our case!, the shell thickness decreas
when the proportion of nickel increases, leading to an
crease of the damping constant which varies from 0.725
for pure silver clusters to 2.23 eV for (Ni0.75Ag0.25)n clusters.
The real damping constant is probably smaller because in
mogeneous effects~size, shape, and local porosity! also con-
tribute to the experimental broadening and damping.

Nevertheless, it must be emphasized that the mode
very crude. Actually, for a small amount of silver (x
50.75), the silver shell is not complete~in particular for
very small clusters! and the model is no longer realistic.

Finally, one can say that the experimental evolution of
absorption with the nickel proportion is intermediate b
tween those of pure silver and pure nickel clusters. Wh
increasing the nickel proportion in the clusters, the collect
excitation of the conduction electrons in silver is more a
more mixed with those involving thesp-delectrons in nickel,
inducing the damping, broadening, and blueshift of the re
nance. Their optical properties remain related to those of
pure constituents indicating that the dielectric function of
mixed Ni/Ag system and those of nickel and silver a
closely correlated.

B. Evolution with the size

The size effects in the optical properties have been a
investigated for each compositionx50.25, 0.5, and 0.75 and
the corresponding absorption spectra are reported in
lower part of Fig. 4. The optical diameter is indicated f
each spectrum. In the case of (Ni0.25Ag0.75)n clusters, the
spectra have been performed under normal incidence, bu
resonance signal is strong enough and much larger than
Fabry-Perot fringes. One can suppose that the results u
Brewster incidence would not have been noticeably mo
fied. The main feature in the size evolution is the widen
15540
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and damping of the resonance band with decreasing size
the other hand, there is no evidence of a shift of the re
nance. For (Ni0.25Ag0.75)n clusters of 1.5 nm in diameter, th
resonance band is thinner than for the other sizes. Thi
explained by the fact that the corresponding sample has b
made on a substrate cooled to liquid nitrogen temperat
The corresponding size distribution is narrower under s
conditions and that is thought to reduce cluster coalesce
during the film growth. So, for this sample, a reduction of t
inhomogeneous effects related to the size and shape o
clusters is expected. Indeed the coalescence being redu
the tail of the distribution towards the large sizes is shorte
and more clusters remain spherical.

The size effects are governed by many physical effe
such as the electron spillout, the reduction of the screenin
the cluster surface, and the local porosity at the clus
matrix interface. One can imagine a model in which the
core should be classically treated through its experime
bulklike dielectric function and the Ag shell in a semiclas
cal way as previously described.39 The s-silver electrons
would be quantum mechanically treated, the ionic ba
ground as well as the surrounding matrix phenomenolo
cally described by their respective bulk dielectric functio
«d(v) and«m(v). The reduced screening at the shell surfa
would be mimicked by an inner skin of reduced polarizab
ity and the local porosity by a cluster/matrix interface. T
consistence of such a model where the silver shell is
scribed subtly and the nickel core only by its bulk dielect
function would be questionable. This is why only a simp
classical model has been used to interpret our results
why only qualitative information can be extracted. In th
upper part of Fig. 4 are reported the theoretical absorp
spectra of the clusters with sizes corresponding to the exp
mental ones. One can see that there is a good agree
9-6
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SIZE AND COMPOSITION DEPENDENCE IN THE . . . PHYSICAL REVIEW B 67, 155409 ~2003!
between experiment and theory. The damping and broa
ing are well reproduced if one takes into account the s
dependent damping constant in the Drude component of
silver dielectric function. In the case of (Ni0.75Ag0.25)n clus-
ters, the resonance band is strongly attenuated, much m
than the theoretical predictions. These results show the lim
of the model when the clusters are very small or when
silver amount is not sufficient to form a monolayer at t
surface.

C. Evolution of the samples with time

The time evolution of the optical spectra for (Ni0.5Ag0.5)n
clusters is given in Fig. 5~c!. The main features in the spect
are a slight redshift of the resonance band and a weak da
ing with time. This evolution seems to occur merely duri
the first few days after the sample preparation, and to s
rate thereafter. A similar evolution has been observed for
other compositionsx50.25 andx50.75 but in the case o
x50.25, it is slower and weaker. The same aging effect
been observed in (Co0.5Ag0.5)n clusters. The oxidation of the
nickel or cobalt is suspected to induce such an evolut
Low frequency Raman spectroscopy experiments carried
on these samples containing (NixAg12x)n and (Co0.5Ag0.5)n
clusters do show peaks that can be assigned to nicke
cobalt oxide. The oxygen may penetrate the silver shel
bind with nickel or cobalt atoms which are still present at t
surface. For (Co0.5Ag0.5)n clusters, two peaks at 485 an

FIG. 5. Time evolution of the absorption spectra under Brews
incidence of (Ni0.5Ag0.5)n clusters. Bottom: Experimental spectr
Top and middle: theoretical evolution of the absorption spectra w
the nickel oxidation.
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690 cm21 have been identified corresponding to CoO ban
For Ni/Ag clusters, similar bands were observed but a
less pronounced.25,29,40In contrast, similar bands correspon
ing to AgO have never been observed in pure silver clust
We could also suppose that this oxidation induces a t
separation of nickel and silver into partially oxidized nick
and silver nanoparticles. This phenomenom has already b
observed in Ni-Al colloı¨ds for which artificial oxidation
leads to the formation of small nickel clusters isolated
aluminum oxide.41 The nickel and silver, known to be im
miscible, could also follow this way of separation. Howev
if it had been the case, the observed acoustic frequen
would have been higher and the surface plasmon reson
observed in absorption spectra would have been redshi
In order to accelerate the oxidation, the sample was anne
at 80 °C during 6 h, but the absorption spectra remain
unchanged. Then the sample was heated at 200 °C for 1
The corresponding spectra are then considerably damped
they are still large and do not correspond to the one of p
silver clusters. So we can reasonably conclude that the
dation does not induce a separation of the Ni/Ag system.
clusters with a small amount of silver the oxidation occu
probably on the surface atoms of nickel preferentially.

To understand the role of the nickel oxidation in the ev
lution of the absorption spectra with time, two simple mod
are suggested. In the first one, the nickel oxide is assume
form a thin layer@Fig. 5~b!# between the nickel core and th
silver shell. The absorption has been calculated with t
geometry32 using the experimental bulk dielectric function o
Ni, NiO,42 and Ag. Figure 5~b! depicts the evolution of the
spectra versus the percentage of nickel oxidation and one
see that the experimental redshift is not reproduced by
model. In the second model, one supposes to have a mix
of Ni and NiO in the spherical core whose dielectric functi
is taken as the weighted average of the Ni and NiO dielec
functions. Figure 5~a! gives the evolution of the optical spec
tra in this case as a function of the nickel oxidation. T
redshift and the resonance shape are better reproduced
the second hypothesis. Although these calculations are m
in the framework of a classical model and the oxidation
probably more complex, one can reasonably conclude
the oxidation remains weak~of about 5% after a few days
and between 5 and 10 % after a few months!. The aging of
the samples has been studied for different compositions
Ni/Ag clusters and for Co/Ag clusters. It shows almost t
same evolution whatever the cluster size is, for a given co
position, and is all the more important that the nickel prop
tion is great. Concerning the stoichiometric effects~see Fig.
1!, they have been performed just after the elaboration of
samples, so without oxidation. Moreover, the composit
evolution in the optical absorption spectra, performed
samples of aging of about one year, are similar to those
formed on fresh ones. The only difference rests in the ab
lute position of the resonance peaks which is redshifted.

For the size dependence evolution in the optical proper
of (NixAg12x)n clusters, each range of size has been inv
tigated with the same aging for each composition and in
case of (Ni0.5Ag0.5)n clusters, the spectra have been p
formed on fresh samples. Therefore, the previous results
not disturbed by the oxidation. The only problem conce

r

h
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M. GAUDRY et al. PHYSICAL REVIEW B 67, 155409 ~2003!
the redshift of the resonance with aging in (Ni0.25Ag0.75)n
and (Ni0.75Ag0.25)n clusters. As the samples are of the sa
age for each composition, we can suppose that, for a g
stoichiometry, the redshift is almost the same for each s
One can notice that for these two compositions the resona
is indeed redshifted compared to theory, all the more that
nickel proportion is important. In any case, the size evolut
did not show any shift with decreasing size, so the size
fects are not modified by sample aging.

IV. OPTICAL PROPERTIES OF CO ÕAG AND NI ÕAU
CLUSTERS

A. The CoÕAg system

The optical properties of (Co0.5Ag0.5)n clusters have been
investigated in the size range 2.9–3.8 nm. Figure 6 give
comparison between experimental and theoretical absorp
spectra of different size distributions. The experimental e
lution with decreasing size exhibits a strong broadening
damping but also a blueshift of the resonance. The inter
tation of the magnitude of this shift has to be considered w
caution because of the oxidation effects29 ~see Sec. III B!.
Nevertheless, since all the spectra have been recorde
samples with the same aging, this relative trend origina
probably from finite-size effects. Within the classical cor

FIG. 6. Optical absorption in (Co0.5Ag0.5)n clusters. Lower part:
experimental spectra obtained under Brewster incidence. U
part: core-shell model with experimental dielectric functions of
and Ag~dotted line! and core-shell model by taking into account t
reduction of the mean free path in the silver shell for the si
corresponding to experiments~black line!.
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shell model, the calculated spectrum~dotted line, Fig. 6! dis-
plays a narrower band compared to experimental spectra
taking into account the reduction of the mean free path of
silver conduction electrons@Eq. ~7!#, a better agreement with
experiment is obtained. Let us point out that the discontin
ties in all the theoretical spectra~Fig. 6! can be attributed to
the experimental tabulated data of the cobalt and silver
electric functions.33 One can see that the theoretical spec
are globally blueshifted compared to experimental ones. T
difference is related to the oxidation which yields a redsh
of the resonance. In return, regardless of the absolute p
tion of the resonance peak, the evolution~damping and
broadening! with decreasing size is well reproduced by t
model.

Finally the optical properties of (Co0.5Ag0.5)n clusters are
quite close to those of (Ni0.5Ag0.5)n clusters, except for the
slight blueshift with decreasing size. With regard to the sim
larities of nickel and cobalt metals, the complete study
different stoichiometries would probably lead to the sa
conclusions.

B. The NiÕAu system

As with silver, gold is not miscible with nickel whateve
the composition is, as illustrated by the Au-Ni pha
diagram.16 On the other hand, the difference between t
surface energies of Ni and Au leads us to think that
nanoparticles will form a core-shell structure similar to t
system Ni/Ag, but with a gold shell. Monte Carlo simul
tions support this assumption.43 LEIS technique has bee
used for probing the surface composition of (Ni0.5Au0.5)n
clusters produced in the laser vaporization source and
results prove that the surface is entirely covered by g
atoms. X-ray photoemission experiments give the same c
clusion concerning the segregation.43 Samples of mixed
(Ni0.5Au0.5)n clusters embedded in alumina have been p
pared. In order to vary the size distribution, the clusters h
been deposited on silica substrates kept at a constant
perature of 400 °C. This technique was supposed to incre
the coalescence during the cluster deposition as it was
served in the case of Pt/Ag clusters,44 but for clusters con-
taining gold, it seems that this temperature cannot shift
size distribution. Two experimental absorption spectra
mixed (Ni0.5Au0.5)n clusters are reported in the lower part
Fig. 7. The lower spectrum does not display any resona
whereas the second one shows a very damped reson
The comparison with a straight line~dots! highlights this
flattened band. The classical core-shell model using the
perimental bulk dielectric functions of both componen
gives a resonance band at around 2.4 eV~dotted line in the
upper part of Fig. 7! but it is very narrow compared to th
one observed in (Ni0.5Ag0.5)n clusters. Experimentally, this
band is not observed. By taking into account the reduction
the mean free path of the conduction electrons in the g
shell, the resonance band flattens out with decreasing
~upper part of Fig. 7!. Bearing in mind that inhomogeneou
effects induce also a damping and broadening of the plas
band, the absence of a resonance in small clusters is fin
not amazing. Actually, the plasmon resonance in pure g
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SIZE AND COMPOSITION DEPENDENCE IN THE . . . PHYSICAL REVIEW B 67, 155409 ~2003!
clusters is already above the threshold of the interband t
sitions. For Au/Ni clusters, the mixing with the electron
excitation in Ni probably smooths out the resonance in sm
clusters.

V. CONCLUSION

Linear optical properties of (NixAg12x)n clusters have
been investigated. General considerations and LEIS exp
ments provided the undisputed evidence that the surfac
the clusters is covered by silver atoms, suggesting that
geometry of the system is of core-shell type. The opti
properties of this system were found to be intermediate
tween those of pure silver and pure nickel clusters, wit
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surface plasmon resonance enlarged and blueshifted c
pared to pure silver clusters. These features result from
mixing of the silver conduction electron collective excitatio
with those involving the nickel hybridizedsp-d band elec-
trons. The composition evolution as well as the size evo
tion of the optical properties are well understood within
classical core-shell model including the reduction of the c
duction electron mean free path in the silver shell. Howev
this model seems to be inappropriate for small clusters p
in silver for which the silver shell cannot be complete. T
Co/Ag system exhibits similar properties to the Ni/Ag one
damping, widening and, in addition, a weak blueshift of t
resonance with decreasing size, in good agreement with c
sical predictions. Its geometry can confidently be assume
be the same as the Ni/Ag one with a cobalt core. The evo
tion of the spectra with time for Ni/Ag and Co/Ag cluste
exhibits a redshift of the resonance band which has b
explained by a weak oxidation of the nickel or cobalt atom
Indeed, this evolution is well reproduced by a classi
model involving an oxidized nickel core~or cobalt core!.
Finally, even if the Ni/Au system seems to be quite differe
in experiment, as no plasmon resonance is clearly chara
ized, it can be understood by the inhomogeneous effects
the reduction of conduction, electron mean free path in
gold shell.

Finally, one can say that the optical properties of the
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electric functions of their constituents. The size and stoich
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reduction of the valence electron mean free path in the si
or gold shell. Although these models are rather crude, es
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that is obtained in the three studied systems is perhaps ro
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LEIS experiments in order to determine the cluster structu
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10J. Lermé, B. Palpant, B. Pre´vel, M. Pellarin, M. Treilleux, A.

o
i-

ld
9-9



.

u

re

A

G
R.

.

B

and

J.

f

e
se.
act

.

em.

s-
E.

M. GAUDRY et al. PHYSICAL REVIEW B 67, 155409 ~2003!
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