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Trapping of laser-vaporized silver clustersin rare-gas matrices.
Magnetic circular dichroism (M CD) studies of silver clustersin neon and argon matrix
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Abstract

Silver clusters have been prepared by laser-ahlatietal clusters source, embedded in rare-gas
matrices at helium temperature (below 5 Kelvin) ahdlied by magneto-optical spectroscopy. We
designed and constructed this source to producetrapdmetallic clusters (M) in rare-gas (RG)
matrices at low temperature. Optimizing the condéas parameters (source geometry, M-RG ratio,
pulses intensities, temperature and delay), weopargufficient amount of particles for optical sigin
detection in rare-gas matrix at low temperaturewasresults show. The magneto-optical spectra of
the obtained mixture show several distinct bandhiwithe range 2.48 - 4.47 eV. Silver atom peaks
can be clearly identified; allowing the remainirenbs to be assigned to larger silver clusters sizes

Introduction

The field of clusters offers the opportunity to erstand the evolution of the structures and
properties of these intermediate systems betweell smolecules and bulk solids. The production of
clusters with all types of materials has been umntiecent date a challenge. Using the laser vegi@iz
technique has then provided several advantageshidrtase, the clusters production can be ofizdiss
neutral or ionic, from metallic types to refractanaterials or not. So far, standard laser vapaomat
source of clusters [1-3] has been used for gaspbase or clusters supported studies. Recently, Kari
Vaskonen et al [4] used the laser-vaporization riggle to produce and trap alkali atom in rare gas
matrices and made evidence for tight trapping $iteés, Kr and Xe matrices for Li and Na not obssav
for atoms generated by conventional Knudsen oveimiques. More recently, A. L. Stepanov [5] and al
constructed a new laser-based evaporation/ablatiomce of high cluster yield and deposited yttrium
clusters on quartz or carbon-coated transmissigttrein microscopy (TEM) grids at room temperatime.
our experiment, the metallic clusters were produmethser-vaporization technigue and embeddeden th
rare gas also used by the source to cool the wegpalr.

On the other hand, W. Harbich et al [6-8] had poadliby sputtering techniques a series of mass
selected silver clusters (Agn=3-39) trapped in Argon, Krypton and Xenon ntasi, in order to make an
unambiguous assignment and the study of the opiesdbrption, excitation and fluorescence spectra of
these clusters. Our experiment offers the oppdstdaicomplete these results by magneto-optical GYIC
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measurements.

The optical signal detection in solid rare gas moa$rrequires supplementary restriction for laser
vaporization source. The signal detection necessithd" particules/crhand a typical dilution factor of
the particles in the gas matrices rare of one foTlee deposition temperature must be almost constant.
The rare gas used by the source to cool the plase metal is the same as the one we used totfem
host matrices.

In this article we present the description andnoition of the laser-vaporization clusters source
we designed and constructed for low temperaturalfieetiusters spectroscopy. We studied samples of
silver clusters produced by this source, embeddeateon and argon matrix and analyzed by excitation,
absorption and magnetic circular dichroism (DCMgaposcopy as function of the magnetic field and
temperature.

Devices:

The silver clusters are produced by the laser-vagthon source of the figure-i Nd3+ / YAG
laser with frequency-doubling pulse at 532nm provides the energy of ablation (Brillant, Quantel Corp.,
frequency repetition: 10 Hz; pulse duration: 4 ns; energy per pulse: 300 m]). The laser is focused on a silver
rod target (axis perpendicular to the light beam), which is rotated after each pulse so that fresh areas of the
surface of the rod continue to be exposed to the laser. The rare gas (neon or argon) is injected through a
pulsed valve into the source in a counter-propagating direction with the metallic plasma emission produced by
the laser impact in order to cool the metal vapor. Both rare gas (RG) and silver particles (M) exit the source
and are trapped cither on a quartz microbalance for the metal density determination or on the cryostat sample
support at liquid helium temperature for spectroscopic measurements.

The Figure-2 gives the schematic of the spectrasaopasurements device already described in
[9]. Absorption and MCD spectra are taken simudtarsly. Radiation from a xenon arc lamp is passed
through a monochromator, linearly polarized and atated, split by a chopper with a rotating mirror
(period T) and focused onto the sample. After timgethrough the sample, the optical beam is dplit
and synchronized with, a second chopper identictte first. The reference and measurement beagns ar
directed to the first photomultiplier (abs-PM). éfttraveling through the sample, the beam is cateby
the second PM tube (dic-PM) between T/2 and T. @gooming from both PMs are then demultiplexed,
filtered, and sent to the computer.

To record excitation spectra the radiation from tih@nochromator excites the sample, with the
whole emission collected at right angles to theoining light. Again, the first chopper modulates the
incident beam. The emitted light, focused on atRiM (fl-PM), is demodulated using a lock-in amiplif
The same configuration is used to record the flemeace spectra. The first monochromator is fixeshat
wavelength and a second monochromator insertedelbatthe emitted light and the fl-PM analyses the
emitted fluorescence.

Experiments and discussions:
A) Description of the laser vaporization source

The cluster formation process in the laser-vaptidmasource results from M-M and M-RG
interaction:

M +M - M,

M ,,+RG- M +RG+ E
nis the size of the cluster, the * indicates anitedcstate and=. is the excess energy transferred to the
RG.
In this experiment, we are interested in the swia# distribution (<10) study.
The clusters size distribution intensity)(depends on the source conditions and can be ssqiteas a
function of the most important parameters sucthasrtetal-vapor densityig), the collision cross section

(Dwm-m), the temperature of the metal vapoy), the delay between the RG pulse and the lassefuke.
m), the pressure of the carrier-gas atoRig) and the pressure outside of the souReg: (
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I, =f(Ou:0w-m+Tu Tre-m1Pres Pv)

The high RG instantaneous pressures in the sountdhe adiabatic supersonic expansion outside the
source, causing the cluster formation, achievetioding of the metal vapor.
In order to achieve a small clusters size rangd@h<we design and construct the source with tHevio
characteristics:
- Neon and argon are used as rare gas (RG); thisdiace the collision cross-section for small
cluster,;
- The source is designed with,¥4,67cmi and \,,=3000cni; Vi, being the volume inside the source
and V,: the volume outside the source;
The pressure of the RG in the pulsed valve is &S &nd 120 mbars in the source;
The maximum temperature of the ejected plasmaQG8I&0
The nozzle diameter is 4mm.
The pulse duration of the RG is (68 and the admitted RG in the source pressure angerature is

evaluated with [10]:
-1
T =To(1+—y21 sz

_1
P= %(14_%_1 sz y-1

_ y-1 _ y-1
M = A(uj _i_y_ﬂ(uj
D 2A'y-1 D

WhereM is the Mach numbeA is nozzle area, arfé}, T, andx, the initial conditions.
The density and the temperature of the metal vppmtuced by the laser-vaporization is evaluatethby
equation proposed by A. T. Prengel and al [11]:

2 2 T(t
() = drr ( jzj p[ (1] exp(— rTI1d2 | Jdt .
k \ 2k O[T(t )] ['[ '[] 2KT(t)(t- t'Y

Hered is the distance from the heated surface to theneegce beam light used to measure the absorption

proportional to the densitk the Boltzmann constant, m is the atomic masspiifis the equilibrium
vapor pressure corresponding to the time depersieface temperaturgof the rod, given by

T(M) =T, +(T,- T)| 1- expt—— ) erf
(4kt)?

T, is the ambient temperature of the surrounding oradrl, the temperature of the rod of length&hd
T is the thermal diffusivity in cftsec.

The optimal theoretical laser intensity for the smal laser calculated issl= 9,35.11

Watts/cn?. In practice I= 1,44.10V/cn? was necessary; this can be explained by the badudace
quality and the absorber impurities in the metéle Talculated RG velocity at the outside of thesgdil
valve is 1700m/s (M=5,3) and the velocity of theeotd metal is approximated to 1km/s. The
vaporization begins one picosecond’s after the rgltism of the entire laser energy and the vapdorat
takes ten picoseconds. The time necessary to theoR@ain the metal rod is 8%. In order to achieve
the optimal condition of the metal vapor supersstng, the laser pulse must operate [18Mfter the
pulsed valve opening. We have determined experatg@7.s.

In our experiments, we preferred a pulsed valvé sitort open duration (10Hz; 0-506) as a substitute

127



J. T. Zoueu et al frigan Journal Of Mathematical Physics VN1 (2005)125-136

of the general valve that produces a quasi-contisdlow of gas. The reason is that the rare gad tse
cool the plasma~4500K calculated) is the same used to form theicestr which must be transparent
(M/RG=10%. We then achieved the best pumping conditionhim wacuum chamber (¥@bars). The
typical running time duration of the clusters s@uix 10 mn per sample. This correspondsiid0 mono-
couches (1,4.1®metal atoms measured by quartz microbalance).
1) In order to avoid fragmentation of the clustertiie zone of silence, we determined experimentally
4mm for the diameter of the output source orifioel éocate a skimmer at 5mm after the output of the
source. The source volume is about 4,67and the rare gas pressure inside the source ig dbars. We
located a fast ionization gauge at 10 cm from tltpwt of the cluster source and measured a lerfgtieo
pulse to be 44,8 cm. The fluorine sample suppost simated at 26 cm from the clusters source.
2) We obtained a maximum quantity of metal at thgot when the laser ablation operates at 87us afte
opening the pulsed valve that last 200us.
We measured 1,47.¥0atoms by pulse with the quartz microbalance plateézmm from the output of the
source. The calculation of the metal inside the@tas been done by measuring the dimension of the
crack made by the laser ablation impact on theesitarget with optical microscopy techniques; we
obtained 30 um for the diameter of the hole and |2@0for its depth. This corresponds to ejectecesilv
atoms of 1&/ by pulse. The laser intensity used was 1,44GW/dhe major parts of the metal stick
themselves and covered the surface inside theectusburce because of the high temperature of the
plasma.
3) For this experiment, we found out a satisfactoopical geometry nozzle of 4mm diameter for the
experimental conditions above.
B) Results and discussion
We realized two types of sample in the previousattarized experimental condition; the first
sample consists of depositing silver particle igoar matrix and the second silver in neon matrices.
1) First experiment: silver in argon matrix

The figure-3 gives the: Absorption spectrum (a),ND€pectra as function of the applied magnetic
field (b), DCM spectra as function of temperaturg Excitation spectra as function of low pas®fit(d)
and (e) and Fluorescence spectra (f) and (g).

The above seven spectra reveal three well knowaratssl optical transitions at 31748énB82864 cml

and 33 505 cnd, which correspond to the silver atom [12]. In teigoeriment the percentage of atoms is
very large because of the temperature of the plasside the cluster source is high so that a weakthe
atoms is cooled.

Apart of the atoms well-known bands [12], we obeera large band from 29500 thto 31500 cml on

the absorption spectrum (a). This broadened basglisin two bands on the MCD spectra and grows
with the magnetic field (b) and when the temperbfrthe sample (c) decreases. This region cornelspo
to the transitions of the small silver clusteresi2We observed a very large additional band fré60Q

cnt1 to 35000 cml that varies with the magnetic field.

In excitation spectrum the incident light on thengte varies between 28000 and 35000 cand we
record the total fluorescence remaining at an gnbejow filter's cut-off. The spectra (d) with thew
pass filter at 22220 cirshow two significant optical bands at 30000 camd 30600 cih in addition to

the atomic bands. The amplitude of these bandsngparable to the atomic one with this filter bugarly
decreases when the cut-off frequency of the fitiereases (see fig 3(e)). Relatively to the absmmpnd
DCM amplitudes of the atomic transitions, we camsesbie that these species fluoresce more than the
atoms in a restricted energy range. To clarify thaint we recorded the fluorescence spectra while
exciting the sample at fixed wavelengths namely0B0o&nd 30620 cthcorresponding at these new bands.
As shown in fig 3 (f) the fluorescence spectra erkadly different from the one of the atom takerilevh
exciting in the atomic bands (see fig 3 (g)). Itlsar that these bands can’t be a second atotaibands.
The clusters which transitions energies are closahat are Ag (29561 crit), Ags (29560 crit), Ag;
(30689 cri) Age (30318 crit) and Ag; (30497 cnif). Comparing the fluorescence spectrum of the
exciting band at 30620 chto those obtained by W. Harbich et al, we cangastiis band to Ag Ag, (n
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= 2-11) are also expected in this region. The afoit spectrum with the low pass filter at 21053'dig

3 (d) shows another band at 34400-%nirhis band, which is probably superposed with othend
according to its large width presents a positivevDsignal. Comparing to the data of W. Harbich et al
this band can be assigned to;Ag
The large broadened band observed from 28000 tdB8&an be explained by the presence of the others
transitions of the observed clusters (Ag=2-11). This is confirmed by the fact that theak-to-peak
evolution of the atomic transition as function log tmagnetic field in non-linear.
A mass selected analysis must complete thesesesult

2) Second experiment: silver in neon matrix

The figure-4 gives magneto-optical spectra of shmple realized with silver target and neon as rare
gas: (a) Absorption spectrum and (b) DCM spectifamastion of the applied magnetic field.
The two spectra 4(a) and 4(b) exhibit several miistbands; the well known atomic bands (range 30000
34000 cn) corresponding to the B S resonance are clearly identified; the remaimiegks are then
assigned to clusters which sizes are larger tharoratomic silver.
We observed (absorption and DCM spectra) in thga&0000 - 30000 chthat there are at least three
large bands and two peaks at 34000'@nd 35300 cih The bandwidths average length of the cited
peaks in this range is about 4000criThe two major bands observed in this region spoad to a
superposition of several peaks, which, we attribatdimeric and trimeric silver. In the argon matrive
have detected the sizes bigger than seven. Saypeeted to have smaller sizes in neon matrix becafis
the lower M/RG cross section. Fedrigo and Harbiall reported in previous work, dimers and trimers
optical spectra in argon matrix. They identifiedeth bands centered at (26180, 38170, and 42749 cm
which were attributed to dimers and three othedbarentered at (31150, 25910, 20330t had been
also observed an average blue shift of 800 oinsilver clusters in rare gas matrices going éaon to
neon; so we expected to detect some optical bahithvean be assigned to dimers and trimers in the
range 20000 - 30000 ¢mThese optical bands exhibit DCM signals. On ttreohands, the bigger sizes
like Ags or Ag; present optical lines in the range of atomic fiteorss. The variation of the relatives
observed peaks in this region from the absorptioBE€M spectra could be explained by the presence of
other peak about the atoms. To confirm this assiemptve studied the relatives’ peaks variation as
function of the temperature and the magnetic fiti is non-linear. Furthermore, these lines nehew
the same relative intensity evolution under addaldvi/RG deposition. It can therefore be concluthed
these bands correspond to several species inclsdireg atom. These supplementary sizes are exghecte
to be Ag and Ag.
These optical and magneto-optical studies of tiversparticles in argon and neon matrices demotestra
that we form silver clusters with small sizes dmelse small sizes exhibit a DCM signal.

3) summarizing
In these matrices (neon and argon), we have degosismall silver cluster’s statistical mass disitibn.
In respect to the important quantity of atoms dekn the matrices, the typical sizes expectedhborit
ten atoms; this is due to the high temperaturd@fmetal vapor. The theoretical calculation basethe
spherical jellium model for metal clusters and eipental data have shown that the stable sizesete
are N=8, 18, 20, 34, 40, 58, 92... So the princigadenved bands should be assigned tg. Adne

observed transitions attributed to Acan be explained by fragmentatioAd, — Ag, + Ag) operating

between the source and the sample support.
When the studied species are paramagnetic, thégieRICM spectra under magnetic field perturbations
in the case of silver cluster, the DCM signal afgeeted for the sizes of Ag..y This confirms the DCM

signal detected for Ag7. Under the magnetic fithé, DCM magnitudes are proportionalgrwéLB—B, where

W corresponds to the gap of electronic energigestaThe spectra (b), (c) and (g) showed that DCM
signal of the small silver particles distributiam=@-11) embedded in neon and argon matrices inetleas
with B/T and prove that the Zeeman splitting efieadperative for the small silver clusters (n=11).

This opens new perspectives towards the magnetcabptudies of metal clusters, coupling laser-tdata
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clusters sources with mass selected apparatus.
Conclusion:

We have built and optimized a cluster source, daselaser vaporization, which has been used ta for
a distribution of silver clusters embedded in argowl neon matrices. Using the absorption spectra of
silver clusters produced by sputtering source aads@ selected reported by Fedrigo and Harbich, we
demonstrate that we formed small silver size ctuisteargon and neon matrices like Ag=2-11. We
showed that these clusters could have a non-zeiM Bignal indicating a degenerate ground state.
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