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We studied cathodoluminescence spectra from substrate-free argon clusters produced in a supersonic jet expanding adiabatically
into a vacuum. The average cluster size varied from 500 to 8900 atoms per cluster. As clusters grew bigger, their structure changed from
a quasicrystalline icosahedral structure with a 5-fold symmetry axis to a crystalline fcc one. Clusters were excited by a 1-keV electron
beam. Luminescence spectra were measured in the 8.1-11.8 eV energy range containing emission bands of the neutral and charged
excimer complexes (Ar,)" and (Ar,")". An analysis of the intensity of radiation from their relaxed vibrational states was performed
on the basis of a new approach that allows us to take into account the fraction of jet substance condensed into clusters. It was shown
that in crystalline clusters with an fcc structure the emission from neutral (Ar,)” molecules comes from within the bulk of a cluster,
while the radiation from charged (Ar,")" complexes originates in its near-surface layers. We found the cluster size range in which the
jet is dominated by quasicrystalline clusters with the structure of multilayer icosahedron and demonstrated that the transition from
icosahedral clusters to fcc clusters occurs when the average cluster size is 1400+400 atoms.
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B pabote umccienoBaHbl CIEKTPhI KaTOAOIIOMHHECIIEHIIMH CBOOOIHBIX KJIACTEPOB aproHa, (JOPMHUPYIOLIUXCS B CBEPX3BYKOBOI
cTpye, aauabaTnyecku pacumpsoneiics B Bakyym. Cpennuii pasmep kiactepo Bapbeuposaics ot 500 1o 8900 aromoB Ha Kiactep,
IIPU 3TOM HX CTPYKTypa M3MEHsJIach C YBEIMYEHHEM pa3Mepa KiacTepa OT KBa3HKPUCTAUIMYECKOH C OChI0 CHMMETPHH 5-TO
MOPAAKA 0 KPUCTAINIMYECKOH TIK CTPYKTyphl. KiacTephsl Bo30y:KAannch MEKTPOHHBIM ITydKoM C dHeprueid 1 k»B. Perumcrpanus
CHEKTPOB JIIOMHHECHEHIIMM TPOBOAMNACh B OONACTH CBEYEHMs HEHTPANbHBIX M 3apsSHKEHHBIX JKCHMEPHBIX KOMIUTEKCOB (Ar,)"
(Ar,")’, 8,1-11,8 5B. B pamKax HOBOTrO MOAXO/A, MO3BONAIONIETO YUECT 00 CKOHIEHCHPOBAHHOTO B KIIACTEPHI BELIECTBA B CTPYE,
TIPOBEJIEH aHAJIM3 HHTEHCUBHOCTEN M3ITydeHHs U3 KoJlebaTenbHO-PeNakCHPOBAHHBIX COCTOAHMI (Ar,)" u (Ar,")". YcTaHOB/IEHO, UTO B
KPUCTAJITMYECKUX KIACTEPax ¢ TIK CTPYKTYpOH CBeueHHe HEUTPATbHBIX MOJEKy (Ar,)” IPOMCXOMUT U3 BCEro oObeMa KiacTepa, B
TO BpEMsl Kak 3apsKeHHbIE KOMILIEKChI (Ar,")” M31y4aloT U3 NPHIIOBEPXHOCTHOTO cllosl. Bhijiesiena o61acTh pasMepoB, MPU KOTOPBIX
B CTpye IpeoliiaafoT KBa3HKPUCTAININIECKHE KIACTePhl CO CTPYKTYpOi MHOTOCIOMHOTO MKOCA’3Apa, M MOKAa3aHO, YTO MEPEXOX OT
HMKOCadIPUUECKUX KITACTEPOB K KJIACTEPAM C TTIK CTPYKTYPOH MPOMCXOINT MPH CPEAHEM pa3Mepe Kinactepos B ctpye 1400+400 ar/ki.

KunroueBble ciioBa: kiactep aprosa, ClekTp KaTOIOIIOMUHECIIEHIINH, HKocasipuueckas ctpykrypa, I'LIK cTpykTypa

VY po6oTi ZOCIIHKEHO CHIEKTPH KaTOIOMIOMIHECIIEHIIIT BUIBHUX KIIACTEPiB aproHy, Mo (GOpMYIOTECS B HAJI3BYKOBOMY CTPYMEHI,
SIKMA aziabaTHYHO pO3MIMPIOEThCS Y BakyyM. CepenHiil po3mip kiactepiB BapitoBascst Bix 500 no 8900 atomiB Ha Kiactep, npu
BOMY IXHS CTPYKTypa 3MiHIOBajacs 31 30UIBIICHHSIM PO3MIpY KJIAcTepa BiI KBa3HMKPUCTATIYHOI 3 BICCIO CHMETPIl 5-TO MOPSIKY
no kpucramiynoi I'LIK ctpykrypu. Knacrepm 30ymKyBammcst eneKTpOHHHM ITydykoMm 3 eHepriero 1 keB. Peectpamis crexrpi
ToMiHeCIeHNiT 31ilicHIoBaacs B 0671acTi CBITIHHS HEHTPATBHUX Ta 3apsAKEHUX eKCHMEPHHUX KoMIUIeKCiB (Ar)" i (Ar,")", 8,1-11,8 eB.
V pamkax HOBOTO MiJIXOMY, SIKMH Ja€ 3MOTY BPaxyBaTH JIOJIO CKOHJICHCOBAHOI B KJIACTEPH PEUOBHHH y CTPYyMEHi, IPOBECHO aHai3
IHTEHCHBHOCTEH BUNPOMiHIOBAHHS 3 KOJIMBAJILHO-PENAKCOBAHUX CTaHiB (Ar,)" i (Ar,")". YcTaHOBIIEHO, 110 B KPUCTaJIYHAX KIACTepax 3
I'lIK cTpyKTypoIO CBiTiHHS HEUTPaTbHUX MONEKYI (AT,)" BiIOYBa€ThCA 3 yChOTo 00’ €My KIIacTepa, y TOH yac sk 3aps/pkeHi KOMILIEKCH
(Ar,")" BUIIDOMIHIOIOTB 3 TIPUIIOBEPXHEBOTO mapy. Buineno o6macTs po3mipiB, MpH SKHUX y CTPYMEH HepeBakKaloTh KBA3UKPHCTaiuHi
KJIaCTEpH 31 CTPYKTYpOIO 0araTomrapoBOrO iKocaeapa, 1 MoKa3aHo, IO Mepexia OT iKocaeApHYHHUX KiacTepiB a0 kmactepis 3 I'LIK
CTPYKTYPOIO BiJOYBa€THCs 3a CEPEAHBOTO po3Mipy KiactepiB y crpymeni 1400+£400 at/kr.

KirouoBi ciioBa: kiactep aprony, ClieKTp KaToA0MOMIHECICHIIIT, ikocaeapuyHa cTpykTypa, [ TIK cTpykTtypa.

Introduction in such systems is largely due to a number of unusual

Atomic and molecular clusters have been widely properties they display which are not observed in bulk
studied in such areas as physics, astrophysics, chemistry, samples. Among them is, for example, influence of cluster
medicine, materials science, etc. The fundamental interest size on relaxation processes of electron excitations [1] and
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on cluster structure [2].

One of the main methods for obtaining substrate-
free clusters of various elements and compounds is
condensation of a gas (gas mixture) in a supersonic jet
exhausting into a vacuum. Luminescence studies of rare-gas
clusters produced in supersonic jets (see, e.g., Refs. [3,4])
demonstrate that VUV spectra from clusters depend greatly
on the jet composition and cluster size.

The purpose of the present paper is to find and study a
dependence of integrated intensities of neutral and charged
excimer complexes in cathodoluminescence spectra of
argon clusters on the fraction of jet substance condensed
into clusters.

Experimental

The paper presents the results of
cathodoluminescence study of substrate-free -clusters
of solid argon generated in the process of argon gas
condensation in a supersonic jet which adiabatically
expands through a conical nozzle into a vacuum. The
cluster size and structure were varied by changing the gas
temperature 7, at the nozzle inlet, the stagnation pressure
p, being constantly kept equal to 1 atm. The average cluster
size in the jet was found by using a modified Hagena
relation [5].

Medium-sized clusters were studied in the paper with
average sizes and diameters varying in the range 500 to
8900 atoms per cluster (at/cl) and 32 to 87 A, respectively.
The cluster temperature amounted to about 40 K and did
not depend on the parameters of gas at the nozzle inlet [6].

At a distance of 30 mm from the nozzle outlet,
clusters were excited by a 1-keV electron beam. Their
cathodoluminescence spectra were registered in the photon
energy range of 8.1-11.8 eV, which contains emission
bands of the neutral and charged excimer complexes (Ar,)*
and (Ar,")". More experimental details can be found in
Refs. [7,8].

our

Results and discussion

Cathodoluminescence spectra from clusters of all the
sizes studied in the paper are shown in Fig. 1. Two examples
of their decomposition into spectral components are
presented in Fig. 2 for clusters with the average size
N = 1000 at/cl (cluster diameter being 42 A) and 8900 at/
cl (87 A). The spectra consist of a few bands emitted from
molecular and atomic states of argon. The narrow band at
11.61 eV corresponds to the *P,—'S  transition in single
atoms of argon desorbed from clusters after their excitation
by electrons as well as in argon atoms still present in the
gaseous fraction of the jet which did not condense into
clusters. There are two pronounced molecular continua in
the low-energy section of the spectra which are emitted
from clusters: the band at 9.6 eV corresponds to transitions
from vibrationally relaxed levels of neutral excimer

BicHuk XHY, cepia «®isunkay, sun. 23, 2015

‘(2 5 T T T T T T T
c EEEEEEER |
=5
‘é s — i
[ 2
‘2-‘ ; i 3
g) 3 ! 3 — 4 I
e i Nn
£
2+
1+ J
0 et > = '
8.5

105 1.0 115
Photon energy, eV

95 10.0
Fig. 1. Cathodoluminescence spectra from clusters with
the following average sizes (at/cl): 8900 (1), 4500 (2),
2900 (3), 1800 (4), 1000 (5), 500 (6). Each cluster
size is presented by one to three curves measured in
different experimental cycles. The discrepancies among
the curves corresponding to one and the same cluster
size are due to experimental errors which affect the
calculated cluster size values.

complexes (Ar,)" in the states °P +'S  and *P+'S  (see.,
e.g., Ref. [9]), while the band at 8.9 ¢V can be assigned to
transitions occurring in charged complexes (Ar,”)" [10,11].
In the higher-energy spectral range, we can see emission
from partly vibrationally relaxed (W' band at 10.6 eV) and
vibrationally excited (asymmetric W band with a maximum
at 11.3 eV) states of (Ar,)" molecules in clusters. It should
be noted that in bulk samples of solid argon the W band has
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Fig. 2. Luminescence spectra from substrate-free argon
clusters with the average sizes N ~ 1000 and 8900 at/
clin the spectral regions of the (Ar,))", (Ar,")", W', and W
bands. Experimental data are shown as solid curves.
Decomposition of the spectra into components is shown

as dashed ((Ar,)" and (Ar,")") and dotted (W' and W)

curves.
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a significantly lower relative intensity than it has in clusters
[12,13]. Analysis of the W’ and W bands was only needed
to fit more accurately the profiles of the molecular continua
(Ar,)" and (Ar,")" which are of main interest to the present
study.

Integrated intensity of the molecular continua (Ar,)*
and (Ar,")" emitted from clusters depends on cluster
excitation cross-section, number of clusters excited, and
probability of relaxation of the created excitations through
a radiative channel under study:

I~c, n W . ()
where [ is integrated intensity of an emission band, c__is
excitation cross-section for one cluster, 7 is number of
clusters excited, and W¥_ is probability of radiation through
the radiative channel which gives rise to the analyzed
emission band.

The number of clusters n  excited in unit time is given
by the total number of atoms n, passing through the
excitation area in unit time, fraction of substance c,

condensed into clusters, and average size N of clusters in
the excitation area:

)
It was shown theoretically in Ref. [14] that the

maximum concentration ¢__of bound atoms at the end of
expansion of pure atomic gas is:

n,=cyn,/ .

c ~£lnN

max max’

3)

where N is the maximum number of cluster atoms at the
end of expansion, 7, is the condensation onset temperature,
and g is the mean binding energy per cluster atom. In the
case of large clusters, when the binding energy is weakly
dependent on cluster size, being close to its value for a

*

g(l

Taking into account that in our experiments the jet
excitation area was 30 mm away from the nozzle outlet,
that is where clusters already possess the largest average
size possible and the process of their further growth is thus
ineffective, and assuming that the maximum cluster size
N__ in the excitation area is proportional to the weight-

average cluster size N, we can conclude that the fraction

macroscopic system, the ratio can be taken as constant.

of the substance ¢, condensed into clusters is given by
Eq. (3) with a numerical factor under the logarithm:

ncl~noln1\_// N +An,/ N, 4)

where A is the logarithm of the numerical factor. Hence

n,~n,InN/ N 5)
under the assumption that the second term in Eq. (4) is
small for clusters of the sizes studied in the paper. The
value n, depends on the stagnation pressure p,, which was
constant in our experiments, so

n,~nN/N. (6)
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Cross-section of cluster excitation by an electron is, in
the general case, a function of the electron energy and
cluster size. In the case of clusters excited by electrons of
the same energy, we can use the cluster geometrical cross-
section, which is proportional to N**, as its excitation
cross-section. Then Eq. (1) can be rewritten as follows:

I~N"nW ~N"InNW_, (7)

Equation (7) allows us, by using experimental data on
the integrated intensity / of a cluster luminescence band,
to get information on the value of W_,, which reflects
the physics of the processes that give rise to the studied
radiative transitions occurring in one cluster.

Figure 3 shows integrated intensities of the (Ar,)" and
(Ar,")" bands divided by In N as functions of the average
cluster size N . Each point is the result of averaging over
several spectral measurements. Two cluster-size ranges can
be seen in Fig. 3 which are characterized by different
behaviour of the reduced intensities of both bands.

The large-cluster section (N > 1800 at/cl) displays a

nonlinear growth of I/In N with increasing N which can
be approximated with good accuracy by I / InN ~ N*°
with o = 2/3 for (Ar))" and a = 1/3 for (Ar,")". It follows

from Eq. (7) that / / In N ~ N W_. This means that the
probability of (Ar,)" neutral excimers radiating from one
cluster is proportional to the total number of atoms in the
cluster (W, ~ N), while the emission from charged
complexes (Ar,")" depends on the number of atoms
contained in some near-surface area of the cluster (W, ~
N*"). Indeed, in case of ionization of an argon atom from
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Fig. 3. Average cluster size (N ) dependence of
integrated intensity (/) reduced by In N for (Ar,)" and
(Ar,")" bands. Regions of icosahedral structure for
N <1000 at/cl, in which //In N ~ N for both bands,
and fcc structure for N > 1800 at/cl, where I/ In N ~
N** for the (Ar,)" band and / / InN ~ N" for the
(Ar,")" band, can be seen.
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inner layers of the cluster, the probability of its
recombination with the electron before radiation from the
(Ar,")" state is rather high. When an atom from a near-
surface layer is ionized, the probability of recombination is
lower since the electron is more likely to leave the cluster
before it happens.

A different situation is observed for smaller clusters (
N <1000 at/cl). Here, the I/In N vs. N dependences are
linear for both bands within the experimental error. It is
known from electron diffraction studies that argon clusters
of these sizes are quasicrystalline with a 5-fold axis of
symmetry (polyicosahedral and multilayer icosahedron
structures) [15], while clusters with a few thousands of
atoms are characterized by a crystalline fcc structure [16].
If we relate the different behaviour of the reduced integrated
intensities of the (Ar,)" and (Ar,")" bands to the cluster
structure, we can use our cathodoluminescence data to find
the cluster-size range in which a passage from icosahedral
(multilayer icosahedron) to crystalline (fcc) structures
takes place: we can see from Fig. 2 that it corresponds to
N =1000-1800 at/cl. The deviation of the dependences of
the reduced intensities for icosahedral clusters towards
lower values with respect to their behaviour in the fcc
phase can be qualitatively explained by a greater binding
energy g, of atoms in an icosahedral cluster [17] (see the

*

factor

in Eq. (3)), while the close intensity values for
both bands are due to the fact that in small clusters near-

surface layers occupy a large fraction of the cluster volume.

Conclusion

We analyze integrated intensities of molecular bands
in cathodoluminescence spectra of argon clusters in a wide
range of average cluster size N from 500 to 8900 at/cl.

Our spectroscopic data demonstrate that the fraction
of substance ¢ condensed into clusters is proportional to
the logarithm of their average size, ¢, ~In N .

It is found that in the case of crystalline fcc clusters of
argon with N > 1800 at/cl emission of the vibrationally
relaxed neutral excimer molecules (Ar,)" comes from the
entire cluster (/ / In N ~ N**), while the charged excimer
complexes (Ar,")" radiate from its near-surface layers (// In
N ~ N™).

The cluster-size range in which a passage from
multilayer icosahedron quasicrystalline structure to
crystalline fcc structure occurs is determined using the
cathodoluminescence technique: it corresponds to the
average cluster size values N = 1000-1800 at/cl.

The authors are grateful to S.I. Kovalenko,
0O.G. Danylchenko, and O.P. Konotop for the fruitful
discussion of the paper results.
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