PHYSICAL REVIEW B 70, 165409(2004)

Optical properties of copper clusters embedded in alumina: An experimental and theoretical
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Optical properties of copper clusters of 3 to 5 nm in diameter, produced by laser vaporization and embed-
ded in alumina, are investigated and compared to a semi-quantal fhadeld on time-dependent local-density
approximation(TDLDA) and density functional theofDFT)], including the absorption and screening prop-
erties of the ionic core background and the surrounding matrix. To begin with, the experiments show that the
alumina trapped clusters are oxidized if codeposited at room temperature whereas they do remain metallic by
holding the substrate temperature at 400 °C. On the other hand, reducing yadNgratinosphere of samples
made at room temperature is an alternative to elaborate embedded metallic copper clusters. Consequently, the
alumina matrix evaporated on a substrate at 400 °C is optically characterized and the oxidization level of the
copper clusters is carefully investigated through x-ray photoelectron spectro€¢Bi8y. Concerning the
optical properties of the copper clusters, a strong damping and a broadening of the surface plasmon resonance
(SPR with decreasing size is observed, in good agreement with theoretical calculations. This damping, much
more important than in gold clusters, is correlated to a strong coupling of the collective excitation with
interband transitions. These results allow us to validate the semiquantal model for the three systems Au, Ag,
and Cu, in which the size effects are ruled by the electronic spillout phenomenon, the surface of ineffective
ionic core polarization and the local porosity at the metal/matrix interface. Lastly, the inhomogeneous effects
such as size dispersion are shown to be of less importance compared to intrinsic size effects in the optical
properties.
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[. INTRODUCTION silver clusters embedded in alumina through a mixed semi-
qguantal model makes the extension of the study to copper
The optical response of simple metal clusters is domiclusters very attractive. In fact, it would permit to extend the
nated by an absorption band in the UV-visible range, thevalidity of the model to the three systems Au, Ag and Cu
so-called surface plasmon resonaf8ER) due to the collec- belonging to the same column of the periodic table.
tive motion of valences electrons and emerges in alkali for  Little research has been done on the optical properties of
size as small as eight atoms per cludtéts position and copper particles. Jarrolet al. have investigated the absorp-
width are ruled by the intrinsic properties of the clusters andion spectrum for very small sizes, but no clear resonance
the surrounding medium and appear to be size depender@merges and the spectrum is more complicated than the al-
Actually, these size effects have a quantum origin and refledtali ones? With regard to works dedicated to larger sizes,
the electronic structure of the clusters. For instance, the redsne can see that several of them aim to develop techniques to
shift of the resonance in alkali clusters when the size deelaborate copper cluster nanocomposite materials. It is wor-
creases is governed by the electron spillout phenoménonthy to note that the sol-gel technique needs to anneal copper
For noble metals, thd-core electron polarization also plays oxide particles under reducing atmosph¥ré® Most of
an important rol€-% For gold clusters embedded in alumina, these studies focus on the evolution of the optical properties
the blueshift of the resonance with decreasing size is mainlyith the annealing temperature. Generally, copper is reduced
due to an inner skin of ineffective screening by thelec- above 200 °C under reducing atmosphere and the metallic
trons, whose influence is predominant as compared to theolumic fraction increases with increasing heating tempera-
spillout one’ In silver clusters embedded in alumina, both ture. Unfortunately, these methods do not allow to control
effects(spillout and skin of ineffective screenipgre close and to vary the mean cluster size in the samples.
to be compensated, inducing a quenching of size effects. The experimental works of Manzanares-Martiretzal 14
The good understanding of the optical properties of gold ana@n the reduction treatments under CO atmosphere in
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Cu:SiO, show that an annealing at 300 °C induces reoxi-is vaporized by a frequency-doubled Nd-yttrium aluminum
dization of the particles after exposure to air whereas thgarnet(YAG) pulsed lase(532 nn). The so-formed metal-
reduction at 500 ° C stabilizes the composition of the colloi-lic plasma, cooled by the inert gas, combines into clusters
dal copper clusters. The authors think that treatments at thihich expand with the inert gas through a nozzle before
temperature close the porous structure of the,Sins.  entering the high vacuum chamb@0 ' mbay by means of
However, Akai et al!’ who elaborate nanocomposite a skimmer. The clusters are then codeposited with the trans-
Cu:SiG, films by sputtering and annealing undeg Btmo-  parent alumina matrixevaporated thanks to an electron gun
sphere show that the SPR disappears if the annealing teran various substrates whose kind depends on further mea-
perature is too high, the copper particles being maybe reoxisurements to be performe@uprasil, carbon coated micro-
dized. On the other hand, the works of Seetal®'°show  scope grids or silicon The continuous helium flow allows a
that the formation of metallic copper or oxide copper par-good stability of the cluster deposition rate. Moreover, the
ticles by pulsed laser depositigRLD) strongly depends on helium pressure is a key to controlling the mean size of the
the residual oxygen pressure during the deposition. free clusters, and thus, the cluster size distribution in the
In all these works, the optical response is rather used as gamples. On the other hand, the metal volumic concentration
signature of the metallic character of the copper particles thas kept below 5% to minimize the cluster coalescence. For
is revealed in photoabsorption spectra by the emergence @fat, cluster and matrix deposition rates are measured by two
the SPR. To our knowledge, the only works where the clusteguartz balances which also allow us to set the film thickness.
size and shape are controlled are those of Lisietkl. who  The typical nanocomposite samples devoted to optical stud-
synthesize copper metallic clusters in reverse micéfteS. jes finally consist of a 1 ¢ 1 cm square suprasil substrate
They obtain copper clusters in solution in the size rangexf 1 mm thickness coated with about 200 nm of alumina
2-10 nm and the photoabsorption spectra disclose a dampoped with copper clusters. Identical nanocomposite materi-
ing, broadening and very small redshift of the SPR with de-als of lower thickness(15 nm are deposited on carbon
creasing size. The size effects are phenomenologically intetoated grids for electron microscopy.
preted by a classical model including the surface-scattering The production of copper clusters embedded in alumina
induced limited mean free path contribution of the conducad been already tested, but without success. At room tem-
tion electrons in the cluster volunieThe broadening and perature, because of a rapid oxidization, this technique fails
damping of the SPR is well reproduced, but the model into provide samples in which the copper particles have a me-
duces a strong redshift of the resonance with decreasing sizgllic character. We have found that holding the substrate at a
that is not experimentally observed. constant temperature of 400 °C during the codeposition is a
The originality of the present paper lies in the extension tomean to avoid cluster oxidization, as it will be shown and
copper clusters of previous studies performed on silver andiscussed below. Therefore, all the samples for which the
gold ones, produced by the same laser vaporization techsize evolution of the optical properties is investigated have
nique and embedded in the same host matriyOAl The  been synthesized by keeping the substrate at 400 °C under
only difference rests in the temperature of the substrate dukigh vacuum during the codeposition. To begin with, the
ing depositionsee Sec. )l As for gold and silver, the optical properties of pure alumina films deposited on a substrate
properties are interpreted within a mixed semi-quantal modeheld at 400 °C have been investigated, with a view to pre-
through calculations based on TDLDA formalism and den-cisely determining the optical indexes, the stoichiometry and
sity functional theory(DFT). the porosity of the matrix. First, ellipsometry measurements
In Sec. Il, we briefly recall the manner to obtain our allowed us to obtain the optical indexes in the energy range
(Cu,:Al,05) nanocomposite films and how they are charac-300-800 nm. The inder(w) is slightly higher than the one
terized. Among others, x-ray photoelectron spectroscopybtained for alumina deposited at room temperature. Be-
(XPS) analysis allows us to tell oxidized particles from me- tween 300 and 800 nnm(w) varies from 1.71 to 1.65 at
tallic ones. We then prOVide in Sec. Il C the size evolution 0f400 °C and from 1.64 to 1.60 at room temperature. The in-
the photoabsorption spectra. The results are discussed in S@gease of the optical index (at 400 °Q is correlated to a
Il and compared to theoretical calculations. After a brief|ower porosity. Indeed thickness measurements show that the
recall of the model ingredients, a comparison between th@verage porosity is around 30% with respect to crystalline
interband dielectric function of gold and copper will show gjumina(instead of 45% for alumina deposited at room tem-
that the damping and broadening of the SPR in copper clugseraturg. On the other hand, Rutherford back scattering
ters crucially depends on the exact location of the coIIectiquBs) measurements on pure alumina samples give the av-
excitation frequency),, relative to the interband transition erage stoichiometry ADj; ,, the same as the one obtained for
threshold. LaStIy, the influence of the size diSperSion to th%]umina deposited at room temperature. Fina”y, one can con-

optical response is discussed. clude that the alumina matrix deposited at 400 °C has an
amorphous structure with a porosity of 30% compared to
Il. EXPERIMENTS anodic alumina, is transparent between 1 and 5.1 eV and its

averaged stoichiometry is XD;,. The size distributions in
the samples containing copper clusters are determined from
Clusters are produced by a laser vaporization source deransmission electron microscogyEM). TEM micrographs
scribed in previous papef€2in a small chamber under con- are given in Fig. 1 for three samples obtained with three
tinuous flow of helium(a few tens of mbar a rod of copper different helium pressures in the source.The particles are al-

A. Sample elaboration and characterization
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FIG. 1. Left: TEM micrographs of three samples of Galusters embedded in alumina and depositedgi=400 °C. Right: Size
distribution of copper clusters deduced from the TEM microgragbs.and Dy, design the mean diameter and the optical diameter,
respectively.

most spherical and randomly distributed in the transparentoom temperature the expected SPR band does not appear,
matrix. The size distributions are deduced from micrographsuggesting that copper clusters have been completely oxi-
over a population of around 300 particles per sample andized during the codeposition. If the substrate is kept at
reported on the right side of Fig. 1. Their widtffall width 400 °C(as explained in Sec. Il \\the optical spectra of the

at half maximum(FWHM)] are around 80% of the mean samples agree qualitatively with the expected theoretical re-
cluster diameter. The optical diamétdboptzf/@ varies Sponse of metallic copper particles embedded in alumina

from 3 to 5 nm, corresponding to a mean number of atoméi-€-» the emergence of the SPR band and the steady increase
per cluster between 1200 and 5500. of the absorption beyond the interband transition threshold of

coppej. And yet, the analysis of the TEM micrographs
shows that the size distributions of the clusters, produced

B. Influence of the substrate temperature and of annealing of  ;hqer the same source conditions, are still the same in both
the sample cases

Let us focus attention to the effects induced by the sub- A classical Mie calculation in the dipolar approximation
strate temperature. As is made clear by Fig) 2he optical has been performed assuming the presencéColO),, or
response of the nanocomposite materials strongly depends 68u,0),, clusters in the matrix; the calculated absorption
the temperature of the substrate during the codeposition. Agpectra, for which the dielectric functions of CuO and,Qu
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FIG. 3. XPS Cu 3 and Cu ; levels of three samples of
alumina embedded copper clusteta. Sample made with a sub-
N T T strate held at 400 °C(b) Sample made with a substrate held at

16 2.0 24 28 32 36 40 44 room temperature before annealing) Same sample ag) after
(b) Energy (eV) annealing under K5%)-N,(95%) atmosphere for 25 min. at
300 °C.

FIG. 2. (a) Experimental absorption spectra obtained for copper
clusters codeposited with alumina, either at room temperature, or at
400 °C. Comparison with theoretical absorption spectrénfO),,  ing is characteristic of metallic copper particles in alumina,
or (Cu0), clusters in alumina(b) Absorption spectra of the sample which is a telltale sign of the reduction of the oxidized cop-
before and after annealing undep-N, atmosphere at 300 °C for per clusters.

25 min. Furthermore, x-ray photoelectron spectrosc@giS) ex-

have been extracted from the tables of Ref. 24 are plotted iRgriments, caroried out on samples obtained with a substrate,
Fig. 2(@). The spectrum obtained fdCu,O), clusters is in either at 400 °C, or at room temperature, before gnd after
good agreement with the experimental one obtained for thgnneahng under ENZ atmosphere, confirm the previous re-
sample made at room temperature. Moreover, the experimefUts- Figure 3 displays the recorded spectra for the three
tal response is similar to the one obtained for silica filmcases- At400 °C, an Auger peak is detected at 918.1 eV, that
doped with CyO nanoparticles of 2 nriincrease of the ab- can be attributed, to either Cu or Cd®The Auger peak
sorption above 2.5 e\?5 Consequently, one can reasonably corresponding to GO does not appear. On the other hand,
think that the codeposition at room temperature induces oxithe XPS spectrurfsee Fig. 8] exhibits a peak at 932.8 eV
dization of copper clusters with a stoichiometry neap@u  attributed to Cu or GO (the peak corresponding to CuO is

On the other hand, a sample was synthesized at roomot detected. From these two results, one can easily conclude
temperature and annealed afterwards at 400 °C under highat the clusters are not oxidized. If the sample is made at
vacuum. Even so, the absorption spectrum indicates that tH@om temperature, the XPS spectrum is shifted. Moreover,
copper clusters remain oxidized. So, the clusters are actualljie resulting peak is the fruit of two underlying peaks. The
oxidized during the codeposition. Keeping in mind that alu-position of the main one is at 933.5 eV characteristic of
mina is overstoichiometric in oxygen, one can suppose thgEuO?>?® The other one is at about 932.2 eV corresponding
this excess in oxygen contributes to the oxidization of coppeto Cu or CyO. The analysis of the Auger peaks allows one
at room temperature. By holding the substrate at 400 °C thto conclude that this second peak is the signature of the pres-
temperature may be high enough to prevent from the adsorgnce of CyO. Furthermore, the occurrence of a weak satel-
tion of oxygen on copper clusters and so to prevent fronlite peak between the two main ones confirms the presence
their oxidization. of CuO. So, it is clear from these findings that the particles

Another possibility to take cautions against cluster oxi-obtained at room temperature are oxydized copper clusters
dization is to remove oxygen after deposition by annealind(CuO), with x=1 or x=2]. After annealing under K5 %)
under reducing atmosphere. The optical response of a sampid,(95%) atmosphere, the XPS spectrum is the same as the
made at room temperature before and after annealing undene obtained for the sample made at 400 °C, showing that
H,(5%)-N,(95%) atmosphergat P=1 atm for 25 min at the (Cu0), particles have been completely reduced during
300 °Q is displayed in Fig. @b). The response after anneal- annealing.
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: 215 eV : : , , : As compared to simple metals, such as alkah?? the

: optical properties of noble metal clusters are more complex
because interband transitions occur in the visible-ultraviolet
spectral range. These transitions correspond to electronic ex-
citations from fully occupiedd-valence electron bands lo-
cated close below the Fermi energy (3d, 4d, and S for
Cu, Ag, and Au, respectivejyto unoccupied levels abo:.
The interband threshold&();, for silver, gold, and copper
are on the order of 4, 2, and 2 eV, respectively. Moreover
these interband transitiorige., the ionic core polarization
are responsible, through dynamical screening effects, for a
strong shift towards lower energies of the surface plasmon or
SPR frequencyw,, and, in addition, for a strong damping

: . . i nd broadening of the resonance band in the case p&Ad,
FIG. 4. Size evolution of the experimental absorption spectra OPS it will be seen, of Cuparticles(Qy, < wy)-

copper clusters versus energy. The three spectra correspond to tﬁe . .
Pb 4 P P The calculations are based on the time-dependent local-

samples of Figure 1. density-approximation formalisgifrDLDA) and the density
. . ] functional theory(DFT), within a model including the ab-
C. Size evolution of the optical response of copper clusters  gorption and screening properties of both the ionic core back-
Optical transmission measurements are performed with ground and the surrounding matfThis model has been
Perkin-Elmer spectrophotometer in the energy rangéletailed and discussed in previous papers, so we only re-

1.55—4.51 eM275—800 nm under Brewster incidence, us- called the main ingredients here, with particular focusing on

. . . o the most relevant parameters or model inputs ruling the size
ing p-polarized light(the electromagnetic fielll being inthe  oacts. P P g

incidence plang It has already been shown that this method  The conduction electrons, responsible for the collective
permits us to remove oscillations in the transmission spectrayrface plasmon excitation and underlying most of the
due to multiple reflexion effec. The size evolution of the quantum finite-size effects, are quantum mechanically
absorption spectra is displayed in Fig. 4. The three spectrgeated, whereas the ionic background is phenomenologically
correspond to the samples performed with a substrate kept described by both(i) a step-walled homogeneous spherical
400 °C during the codeposition and whose size distributiongharge distribution(jellium) of radius R=r N [r, is the

are given in Fig. 1. The damping of the SPR band emergingVigner-Seitz (WS) radius per conduction electron in the
from the increase of the interband transitions, with decreasbulk] and (ii)) a homogeneous dielectric mediufcore-

ing size is the most important feature of the experimentaklectron complex dielectric functios),(w), corresponding to
observations. Moreover, a broadening of the SPR with dethe interband transitions, assumed to be bulfliéetending
creasing size is also patent. We will see that the damping dfip to R;=R-d whered is the skin thickness of ineffective
the resonance is a signature of a slight blueshift of the SPRN polarizability. This ingredient, introduced early by
frequency with decreasing size and is actually an intrinsid-iebst* in the context of electron energy loss at metal
size effect. Nevertheless, the damping may be also, to gurfaces, and discussed later by several aufffo?$,is

shape, and local porosity d-electron wave function® The value d=3 a.u. (1 a.u.

=0.529 A), slightly lower than the one involved for Ag
and Au particles(d=3.5 a.lf), has been selected for Cu

(arb. units)

abs

K

16 2.0 24 28 32 36 4.0 4.4
Energy (eV)

1. THEORY AND DISCUSSION particles, in assuming the rough scaling lad(Cu)
A. Calculation of the optical response of embedded copper = d(Ag, AU)[r{(CU)/r{(Ag,Au)] (smaller ion-core size for
clusters coppej. The complex dielectric functios;,(w), that is an

input data of the model, has been carefully extracted from

_In qrder to interpret the gxpenmental absorption spectray, . experimental complex dielectric functieg,(w) of bulk
in particular the size evolution of the plasmon-band feature oppef* a Kramers-Kronig analysis after subtracting the

which—in the studied size range—reflect to a large exten onduction-electron contributioss(w), parametrized as a

quantum finite-size effects, calculations have been carrie rude-Sommerfeld formulésee Refs. 34 and 37 for the de-

out in the framework of a mixed semiquantal model. Thistails of the procedune For this extraction we have assumed
model was previously applied for explaining the size depen, P e

; . : hQ;,=1.85 eV[extrapolation to zero of the steep rising edge
dence of the optical properties of matrix-embeddedq Agd b~ )
Au, clusters$ and subsequently of alloyedAu,Ag;_)n ?rfk:htet;rag(]m)a(r)); tcr?(;nfg:denét%%;(p((e(llgc?riirsztoeg;e:rgee(iglrll_ di-
cluster8®2%in its improved versioR® For pure Ag and Au  1PUlioN edw uet v !

metal clusters, the size evolution of the SPR frequency waglectric function[ee.fw) =e4(w) +eip(w) ~1] is

found to be ruled by the competition between opposite size w>
trends, namely the redshift and blueshift trends induced by, efw)=1 ‘_p_w(m ™ (1)

respectively(i) the spillout effect andii) the surface layer of
ineffective ionic core polarizability and the local porosity at with _the following parameters: plasma frequenay,
the metal/matrix interface. =3/r3m, effective electron mags=1.42 a.u3’ W.S. radius
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FIG. 6. Absorption cross sections calculated within the semi-
guantal mode(TDLDA formalism), for various alumina-embedded
Cu, cluster sizesN=440 (diameterD=2.15 nm), 832 (2.7 nm),

FIG. 5. Spectral dependence of the imaginamper figurgand ~ 1314(3.1 nm), 2048(3.6 nm, 3438(4.3 nm, 5670(5 nm), 8000
real (lower figure components of the complex dielectric functions (5.65 nm, and 15 000(6.97 nm. The theoretical data have been
eip(w) corresponding to the interband transitions, for copel multiplied by the volumic ratio 15 00W. The model involves a
line curves and gold(dashed line curves surface layer of ineffective ionic-core polarizatigthicknessd

=3 a.u) and a vacuum rind of thicknes},=2 a.u. at the metal/

- a8 _ . matrix interface simulating the local porosity. The figure displays
rs_ 2.67a.us ﬁF(w)—Q.12 e\_/ [ﬁr(oo). has been deter the results obtained when the measured dielectric function of po-
mined from. the analysis carried out in the spectral rang€, s ajumina deposited on a warmed substrate is usget2.75
around the interband threshold, namely, the spectral range @fqund 2.2 ey,

interest.

Thelimaginary and real component gf(w) for copper the cross-section scales roughly as the particle volume the
are shown in Fig. 5, and compared with those previousblheoretical data have been muItip.Iied by the factor 15 600/
determined for gold* From the similarity of both interband (the y axis corresponds thus strictly to the largest site
dielectric functions the absorption properties for copper par=15 000. This scaling allows to plot all the spectra in the
ticles are expected to be qualitatively similar to those ob-S@me figure and makes the size evolution of the resonance
tained for gold(for both metalswy, is located just above Pand more apparent.

. This figure shows that the resonance bagaiound
Q). Let us emphasize, however, that the parameateasd . .
m are noticeably differentfor Au, r.~3.01 a.u. andm 2.17 e\) emerges gradually from the rising edge of the in-

~1 a.u) and the present calculations are actually a test foFerband transitions as the particle size increases, as for gold

; R . . __clusters (for gold the resonance band, located around
assessing the suitability of the present semiquantal multllay2 25 eV, is, however, much more appaféfit Qualitatively
ered dielectric model. : L ; ’

. . . . , and also quantitativelyif one excepts the slight blueshift
With respect to the matrix, the dielectric function of po-\hich is not obvious in experimentthe calculations are in
rous alumina deposited on warmed substrégee Sec. Il A yery good agreement with the experiment. As a matter of
determined by ellipsometry measurements, has been used figct, a strict comparison with the experimental spectra would
the calculations. Moreover, due to the local porosity at theequire to take into account the size, shape and local envi-

metal/matrix interface (surface roughness, contact ronment(interfacq distributions for each sample. All these
defects,...8), that results in a lowering of the local effective distributions would result in a smoothing of the absorption
matrix polarizability, a vacuum rind of thicknesl, is intro-  cross section by inhomogeneous effects. A more reliable test
duced in the model in order to mimic the spherically aver-of the theoretical predictions would require samples involv-
aged local porosity. Since the samples have been elaboratéty much less broad distributions. Work is in progress in our
under the same experimental deposition conditions as in odaboratory in order to obtain a much better size selection and
previous works on Ag and Au clustefexcept for the sub- to extend the range of the available cluster sizesy small
strate heatinf), the same value as in our previous studiesor very large.
(dn=2 a.u) has been selected in the present calculations. On the other hand, the size effects we experimentally ob-
The absorption cross sections serve can not be phenomenologically described by a classical
model including the surface-scattering induced limited mean
) free path contribution of the conduction electrons in the clus-
ter volume? Indeed, this model predicts a redshift of the SPR
with decreasing size without major damping and broadening,
[a(w) is the dynamical polarizabilifycalculated for various in total opposition with the observed broadening and damp-
cluster size¥ are shown in Fig. 6. Since the magnitude of ing of the SPR.

Energy (eV)

4w
o(w) = Ci#,z Im[a(w)]
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1800F Aue .- N=440 7Q;, in the case of copper. Moreover, for copper clusters, as
{ /" (D=2.4nm stressed above, the absorption spectrum, in particular the
AN emergence of the resonance band and its shape, strongly de-
pends on the dielectric function of the surrounding matrix
that rules to a large extent the location of the SPR frequency
800 | relative the interband threshol@gee Figs. 6 and )7 The
soo | T steady size evolution of the damping and broadening of the
i resonance band is actually a direct signature of the slight
blueshift trend of the resonance frequensy as the size

1400 Fbylk alumina
1200 |

1000 |

400 |

absorption (Bohr2)*(2048/N)

200 N=2048
- (D= 4.0,nm) decreases.
(@) 16 18 20 22 2.4 26 28 30 The correlation between the blueshift of the resonance

frequencyw,, and the damping and broadening of the SPR
can be explained in the picture of “a discrete state coupled
) ; with a continuum.“® The energy of the electronic state cor-
8ooo | bulk alumina /¢ (e responding the collective excitatiori“surface plasmon
/ state’) lying in the quasicontinuum associated with the inter-
band excitationgone-electrord-sp excitations, the oscilla-
tor strength corresponding to the transition between the
ground state and the surface plasmon state is therefore spread
over a large spectral range. As the size decreases the reso-
nance frequencw,, is slightly blueshiftedas for gold par-
. : ticles the blueshift trend overcomes the spillout-induced red-
16 18 20 22 24 26 28 3.0 shift trend-®3% and the broadening of the band—and
(b) Energy (eV) consequently the damping—becomes larger. This is because
the joined density of states aroubBt-#w,, increases as the
FIG. 7. Absorption cross sections calculated within the semi-energy increases: as the energy increases above the interband
quantal model (TDLDA formalism). (a) For bulk alumina- thresholdE;,=h();, more and more occupied states and
embedded Ay cluster sizesN=440 (diameterD=2.4 nm), 832  unoccupied conduction states contribute to the interband ex-
(3.0 nm, 1314 (3.5 nm, 2048 (4.1 nm (d=3.5a.u.,d,=2 a.u).  citations in a given spectral rangde. The strong increase of
(b) For bulk alumina-embedded Guluster sizes corresponding to the joined density of statg@l-sp transitiong is actually the
Fig. 6 (d=3.0 a.u.,dy=2 a.u). The figures show the results ob- main factor underlying the very steep rising edge of
tained when the dielectric function of bulk alumina is involved in Im[ep(w)] abover)y,. Let us remark that part of the Landau

10000

ICuN' T T T T -

6000

4000 |
(D=2.15nm)
2000

absorption (Bohr2)*(15000/N)

the model calculationée,~3.13 around 2.2 e}/ damping stems also from the coupling with the one-electron
conduction-electron intraband excitations.
B. On the emergence of the surface plasmon resonance The sensitivity of the absorption cross section to various

From Fig. 5 it is also suggested that, due to the muchnput model parameters has been carefully investigated.
steeper increase of [my,(w)] above the interband threshold First, the results do not depend very strongly on the thickness
fQ;, (as compared to gojdthe damping and broadening of of the surface skin of ineffective polarizability. The valde
the surface plasmon band in Colusters will depend more =3.5 a.u. used for gold and silver clustérdetermined by
strikingly on the exact location of the collective excitation comparison with experimental data on free ;Adusters,
frequencywy, relative toz);,: significant qualitative modi- yields an almost imperceptible change of the Mie’s peak pat-
fication of the absorption spectrum around 2 eV may resultern. On the other hand, the emergence of the resonance band
from very small change of the SPR frequency. From an exand its exact location depends noticeably on the refractive
perimental point of view, this remark points out that well- index of the surrounding matrigsee Fig. 6. On Fig. 8 are
controlled elaboration conditions and a careful sample charcompared the results of the present mixed semiquantal model
acterization are necessary for interpreting with reliability theand those obtained within the classical theory in the dipolar
optical properties of composite samples involving coppe@pproximation(quasistatig for the largest studied sizB
particles. Correspondingly, from a theoretical point of view,=15000 (D=7 nm). The standard Mie’s calculatiorfia
the plasmon band shape will be very sensitive to the inpusingle dielectric interfacé (d=d,,=0) and the “quantum”
parameters of the model, in particular the dielectric functionabsorption spectrungd=3 a.u., d,,=2 a.u.; thick full line
of the surrounding matrix. curve are quite similar, pointing out that—in this size

To illustrate the difference between gold and copper clusrange—the blueshift and redshift trends induced by the sur-
ters, the optical responses of gold clusters and copper clugace effects balance almost perfectly. Let us recall that no
ters embedded in bulk-alumina are given in Fig. 7. The comsize dependence in the absorption cross section is predicted
parison with copper emphasizes that the emergence of thgithin the standard Mie’s theoryfor A <D), except for a
SPR is very sensitive to the slope of the rising edge ofmere volume scaling factor. In many theoretical investiga-
Im[e;,(w)] above the interband threshold. Indeed, the SPR isions a size-dependence is phenomenologically introduced
clearly visible for small sizes in the case of gold whereas théoy taking into account the so-called surface scattering-
plasmon band is only reflected through a shoulder superimimited mean-free-path effeet? through aR-dependent elec-
posed on the rising edge of the interband transitions abovion scattering rate of the for(R)=1"(»)+Avr/R (vg is
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12000 P T 1 a. size distributipns .
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Energy (eV)

FIG. 8. Sensitivity of the absorption cross-section to the input 16 20 2.4 2'8 32
parameters. Only the modified parameters, relative to the “standard” c. size distributions ' '
model calculationgd=3 a.u.,d,=2 a.u., dielectric function of po- d=0 T
rous aluminareported in Fig. 6 are indicated. Comparison between d,=0 A
the quantum resultgull line curveg and the classical predictions

(dashed line curvegs

calculated absorption {arb. units)

the Fermi velocity andA a model-dependent parametar
the Drude parametrization of the dielectric function associ- Ty S S i .
ated to the conduction electron excitations. The surface con- 1.6 2.0 2.4 2.8 3.2
tribution in the electron scattering time is indeed strongly Energy (eV)
dependent on the metal, the matrix and the interfdeéects, ) ) ) ) ]
chemical bonding, ett?), and the parametex is in general FIG. 9. Classical simulations of the experimental absorption
considered as a free model parameter. Although this ingredﬁPeCtra by taking. into gccount the sizg distributions displayed in
ent is able to ensure the broadening and damping of the Mig'9- 1. (@ Calcula_tlong_wnh alocal porosﬂ@dm:z_ a.u) "’.md a skin
resonance observed in small particles, it yields however f reduced polarizabilityd=2 a.u). (b) calculations with a local

. . ' porosity (d,=2 a.u) and with d=2 a.u..(c) calculations without
spurious large redshift of the resonance for small s(zes,

for instance, Refs. 20 and 22 in the case of copper cIusterSize and surface effectd =0 andd,=0). The calculations are per-
[Fig. 1 and ,la) re'spectively or Ref. 6 in the case of gold RBrmed for copper clusters embedded in porous alurieectric

. ; . function of porous alumina deposited on a warmed sub3trate
clusters(Fig. 8)), and is thus unable to reproduce the experi- P P i

mental findings. In including the surface skins of vanishing
polarizability in the classical calculatiogd=3 a.u. andd,,
=2 a.u., three dielectric interfaces, thick dashed line cuve

size dependence for the Mie's frequenay, is obtained d=2 a.u., lower than the one involved in the semiquantal

(blueshift trend as the size decregsest the plasmon band . .

. . model, is anad hoc parameter chosen in order to roughly
is much more blueshifted—and consequently damped— 01 e the fact that the spillout effect is disregarded in a
compared to the quantum results. Such a difference sten P P 9

obviously from the electron spillout effect which is not taken ?jgii'gg{b?fgﬁ;f :Gr?a n)Sdkll:\] gif l(&\,\t/;ro:;ICl:Qngc;TdL(j)(;gzitthe
into account in the classical approach. The importance of thii;s taken into accountd=0 angdd ) a{]) whereaspno sizye
quantum effect in the case of copper is clearly evidenced in . m-os

Fig. 8. This is due to the low, value in copper and the Ef(f)eg:]sdgre_:)r;dlundfhdis'?ats?i;gzu;lstﬂsgagggamag%ggiame
strong correlation between the location of the Mie’s fre- m~ = P

uency and the damoing of the plasmon band arisin Thiexcept for a mere scaling factor and the SPR appears clearly.
d Y . ping P . 9. Thdeed the frequency location of the SPR is redshifted and
last feature is the main factor responsible for the very slo

) he coupling between intraband and interband transitions less
convergence of the calculated absorption spectrum towards

- o N important. When the local porosity is involved in the model
the standard Mie’s spectrufd=d,,=0) as the size increases. [Fig. 9b)], the damping of the SPR is clearly patent. This is

due to the small blueshift of the resonance peak which in-
creases the coupling of the collective excitation with inter-
band transitions. When the skin of reduced polarizability is

Finally, the influence of the size distribution of the sampleincluded in the model, the blueshift is larger and thus, the
in the optical response has been investigated through classlamping is still more importantFig. Ya)]. The size evolu-
cal calculations. In Fig. 9 are displayed the calculated abtion of the absorption specti@amping and broadeningn

sorption spectra, in taking into account the size distributions
shown in Fig. 1, for various model parameter values. Figure
9(a) shows the results obtained with-d,=2 a.u. The value

C. Influence of the size dispersion on the optical response of
copper embedded clusters
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OPTICAL PROPERTIES OF COPPER CLUSTERS EMBEDDED PHYSICAL REVIEW B 70, 165409(2004)

this case is in good qualitative agreement with the experi- The size evolution of their optical properties has been
mental ones and with the results obtained for a single size imvestigated in the size range 3-5 nm in diameter. The
the semiquantal model. These calculations underlie the imdamping and broadening with decreasing size of the surface
portance of the intrinsic surface effects, namely, the skin oplasmon resonand&SPR band are in good agreement with
reduced ion polarizability and the local porosity, which, inthe semiquantal model, based on TDLDA formalism and
the case of copper, overcome those resulting from inhomoBFT, already used for silver and gold clusters. The compari-
geneous effects. Even if the size dispersion induces a sligison with the results obtained for gold shows that, in spite of
damping and broadening, the main size effects experimerguite similar interband dielectric functions in gold and cop-
tally observed remain correlated to intrinsic ones. This smalper, the damping of the SPR band with decreasing size is
influence of the size distribution is explained by the fact thatmuch more dramatic in copper, so as the resonance com-
the optical response is mainly due to the tail of the distribu-pletely vanishes below 2 nm in diameter, while it persists in
tion, the response being proportional to the volume of thegold clusters. This vanishing of the SPR cannot be explained
particles. by classical theories, only the semiquantal model permits one
to interpret these experimental results. Consequently this
IV. CONCLUSION semiquantal model is demonstrated to be suitable to interpret

) ) . the optical properties of all noble metal clustédsi, Ag, and
In this paper, nanocomposite samples of alumina dopeg in the size range 2—10 nm.

with metallic copper clusters of various mean size have been
elaborated by an original physical way. The influence of the
substrate temperature to the oxidization of the copper par-
ticles has been investigated. We have checked that the me- The authors are grateful to P. Thévenard and J.L. Rousset
tallic character of copper clusters is preserved when théor fruitful discussion. Many thanks to A. Bourgey, C. Cla-
samples are synthesized at high tempera@@ °C. More-  vier, G. Guiraud, and F. Valadier, for their essential technical
over, annealing under 4N, atmosphere has been proved to support. Thanks to C. Journet and S. Purcell who gave us
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