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Size-dependent K-edge EXAFS study of the structure of free Ar clusters
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Extended x-ray absorption fine structure (EXAFS) spectroscopy is used to study the size-dependent
structural evolution of free clustersK-edge EXAFS data are obtained for Ar clusters in beams having
mean cluster size ranging from 12 to 2900 atoms per cluster. EXAFS analysis yields size-dependent
features which indicate the presence of an fcc structur@Nat= 200. It has been proposed in the
literature that small rare-gas clusters have an icosahedral structure. The transition of this structure to
the experimentally observed fcc lattice of rare-gas solids has been of long-standing interest and debate.
The implications of our results are discussed in this light. [S0031-9007(97)02525-8]

PACS numbers: 36.40.Mr, 61.10.Ht

Extended x-ray absorption fine structure (EXAFS)premise, a recent study suggested that larger clusters
spectroscopy has been a valuable probe of local structumnsist of a noncrystalline core of fivefold symmetry
in molecules, surfaces, and solids [1]. Itis to be expecteémbedded in fcc crystalline material and that there is no
that this technique is also useful for the study of the clussize-dependent structural transition [5]. It is the goal of
ter structure and its evolution with cluster size, a problenthe present study to provide alternative experimental data
which is of central interest to cluster physics. Thisto help resolve these issues and guide theory towards a
Letter presents the results of the first size-dependertonsensus. By probing structural imprints in the EXAFS
EXAFS study of free clusters and highlights the role thatthe study aims to discern the link between the cluster size
EXAFS spectroscopy can play in discerning the evo-and cluster structure, and whether there is a transition of
lution of their structure. In this model study of Ar structures during the cluster growth process.
clustersk-edge EXAFS data are obtained for clusters of While the preceding discussion presents the scientific
various sizes in order to study the long-standing problentase for the present work, it is also important to note its
of the structure of rare-gas clusters. Though there hasxperimental significance. Though EXAFS spectroscopy
been considerable theoretical effort in this direction, sevis a powerful structural tool in materials science, its
eral unanswered questions regarding the structure of thes@plication to the study of free clusters is still in infancy.
clusters persist. In particular, it has been postulated thatlearly, the greatest benefits of this technique would
small rare-gas clusters have a noncrystalline polyicosahde realized if data are obtained for clusters of various
dral and multishell icosahedral structure (MIC) [2], andsizes and the size-dependent features in these data are
the nature of their transition to the crystalline fcc geome-isolated accurately. Unfortunately, this is a formidable
try is a matter of an ongoing debate [2—5]. Numerouschallenge owing to the dilute nature of cluster beams.
theoretical simulations performed to estimate the clusteEarly attempts in this direction produced data of poor
size for which the icosahedral structure is energeticallystatistics and covered, at best, a narrow size-range [6].
preferable over an fcc cuboctahedral have yielded estithis rendered the determination of size-dependent effects
mates that range from 1500 t®* atoms [3]. A great difficult and yielded information limited in structural
number of these theoretical efforts have strived to explaiontent. However, recent experimental advances, such as
the results of the only direct experimental study availablehe development of brighter synchrotron radiation sources
to date on this issue [2]. This study investigated theand cluster-specific detection methods [7], have made
electron diffraction patterns for free Ar clusters, andit possible in this study to obtain size-dependent high
concluded that the transition from icosahedral to fccquality EXAFS data for free clusters. Moreover, it is
structure was discernible in cluster beams having clustedetermined that these data can indeed provide useful
containing around 750 atoms. However, repeatedtructural information, which holds promise for a new
theoretical efforts to simulate these experimental datajange of experiments involving EXAFS investigations of
even with imperfect fcc crystals and for sizes for whichfree clusters.
the features characteristic of an fcc structure are visible, Experimental details are described elsewhere [7], and
have failed. To overcome this problem thlausibility of  only a brief description is given here. An intense beam
the cluster growth process has been cited as a mechanissh Ar clusters is produced by an adiabatic expansion
determining the cluster structure [4,5]. Based on thighrough a nozzle. The size distribution in the cluster
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beam is characterized by a mean cluster gi¥¢ and
width AN = (N) [8]. (N) is estimated from empirical
scaling laws and easily altered by changing the stagnation e N>=2900
conditions [8]. There are alternative standards available
for calculating(N) which give slightly different results

[8]. In general, the discrepancy between these standards
is less than 10% for cluster size®200, and increases to
about 50% for the largest clusters considered here. The
cluster beam is ionized by synchrotron radiation from the
undulator beam line BW1 at HASYLAB, Hamburg. This
beam line provides a high photon flux and utilizes a mirror
bender for matching the x-ray beam size with the sample
size, thereby making this experiment with dilute cluster
beams possible.

The energy of the synchrotron radiation is tuned to
excite the Arls electron. The core excitation of a cluster
atom leads to an efficient fragmentation of the cluster and, 3180 3230 3280 3330 3380
except for the very large parent clusters, the subsequent
ion yield consists primarily of singly charged monomer
and dimer ions [9]. We are thus able to monitor the x-rayF|G. 1. X-ray absorptionu of Ar clusters at the AK-edge.
absorption of clusters by measuring the partial ion yield®? S the mean cluster size in the molecular beam.
of these ions by a time-of-flight mass spectrometer. Note

that these measurements are cluster specific and enablefgan value of theith coordination number [1]. These
to observe weak cluster effects even when the degree @fiLRDFs for various cluster sizes are shown in the Fig. 2.
condensation in the cluster beam is low [7]. . To glean insights from the experimental data, the
Figure 1 shows the experimental x-ray absorption rerr software package [13] is used to perform theo-
of Ar clusters of mean sizéN) ranging from 12 to retical simulations for clusters having fcc and icosahe-

2900 atoms. The energy range covers the kKdedge dral structures. The cluster size is varied to decipher
and extends to about 180 eV above the edge. The

spectrum for the largest clusters bears a close resemblance
to that for the solid Ar in [10], indicating that the F
important size range has been sampled. The spectra -

Absorption p (arb. units)

Photon energy (eV)

Bulk

show a prominent peak at around 3203.5 eV due to the 0.0 . '
Ls — 4p transition, and this is followed by features which <N> = 2900
are absent in the atomic spectrum. This fine structure 00E 3

in the absorption originates from the scattering of the 3 N> =520 ]
outgoing photoelectrons by the surrounding atoms and 3 /\\//\W
the subsequent interference of the scattered and the parent 0.0 e : '
waves [1]. In this work we are interested in the EXAFS
which manifests itself as weak sinusoidal undulations 0.0
beyond 3225 eV in above spectra and has embedded in i <N>=190
it the information regarding the mean local geometry [1]. 0.0 m/\/\M
The data presented in Fig. 1 are subjected to conven- '
tional EXAFS analysis to extract the structural informa-
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tion [1] using theUWEXAFs software [12]. The details of 0.0 :
this analysis will be given in a subsequent paper. Briefly, F N>=30
we first determine the normalized magnitude of EXAFS 0.0 _/\A/——\ 3
x as a function of the photoelectron momentém The E N>=12 ]
result is thenk? weighted and Fourier transformed to ook N\~
the r space, where is the distance from the absorbing 0 2 4 6 g 10
atom. Apart from corrections to values arising from the r (&)

scattering phase shifts [1], the amplitude of the Fourier":IG » E ) allv determined d g ‘th

2 ; e . 2. Experimentally determined dependence of the mean
trgnsformlFT[lF x (k]| reflects the mean local Tad'a' dis radial distribution function|FT[k%y(k)]| on (N) (2.1 =k <
tribution functlon (ML,RDF) for f[he_cluster with peaks 5.9, Hanning window sills,dk = 0.5). Results for bulk Ar
CorreSpondlng to various coordination shells of the abare from [11] The maximum value on axis is 0.65 for all

sorbing atom: the area under tli#h peak depends on the experimental data; the data for bulk are in arbitrary units.
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size-dependent effects. To keep calculations tractable we To draw conclusions regarding the structure of clusters
consider only those structures which have complete shellén the beam, we compare the experimental results with
|FT[k2x (k)]| is calculated for each unique absorbing sitetheoretical simulations presented in Figs. 3 and 4. The
in the cluster, and the results are weighted by the numtheoretical results show the peak corresponding to the first
ber of atoms in each such site before being added to olzoordination shell at low values. However, our atten-
tain the mearfFT[k?y(k)]|. The results are displayed in tion is drawn to the feature at =~ 6.5 A in the simula-
Figs. 3 (fcc) and 4 (icosahedral). Owing to the crystallinetion for the fcc clusters. This feature is ascribed to the
nature of the fcc structure, it suffices to perform calculascattering of the photoelectron from atoms located in the
tions for clusters having 13 and 55 atoms and for an fcdourth coordination shell of the absorber. The strength of
solid. The fivefold icosahedral symmetry does not permithis feature relative to the first coordination shell peak is
a crystalline structure and calculations are performed onlgontrary to the general expectation that EXAFS contribu-
for clusters having 13, 55, 147, and 309 atoms. Figure 4ions from higher shells are strongly damped [1]. How-
shows that this is sufficient to discern the size-relateckver, the reason in this case is well known. The fourth
trends. coordination shell in an fcc lattice has twelve atoms, and

The experimentally determined MLRDFs for the largereach of these atoms is collinear with the absorbing atom
clusters in Fig. 2 are very similar to that determined forand one of the twelve atoms in the first coordination
solid Ar in an earlier work [11] and presented in the shell. This causes strong forward focusing of the photo-
same figure. This is an additional indication that theseslectron wave by the atoms in the first coordination shell
data probe the entire range of interest. Further insight isvith the result that contributions from the fourth coordi-
gained by comparing these functions for different meamation shell are significantly enhanced. Moreover, every
cluster sizes. In each case a prominent peak is observéulk atom in an fcc cluster forms 12 collinear sets of the
atr ~ 3.2 A, and it corresponds to the first coordination type described above, which is the maximum possible.
shell of radius~3.72 A. Fitting of these data with This is precisely the origin of the enhancement seen in
FEFF theoretical standards shows that the position of thisourth-shell contributions in Fig. 3. These contributions
peak is almost independent of the cluster size, whiclbecome even more prominent for large clusters because
is consistent with the similar value of the Ar-Ar bond the fraction of atoms with incomplete fourth coordination
length in an Ar dimer%.76 A [14]) and solid Ar 3.72 A shell is diminished. The situation is, however, completely
[10]). Moreover, the area under this peak depends odifferent for the multishell icosahedral clusters. Though
the mean value of the first coordination number for thethe theoretical simulations in Fig. 4 show contributions
cluster and shows a gradual enhancement with clustérom coordination shells beyond the first, they are very
size. This is attributed to the reduced fraction of themuch subdued compared to the fcc case. This is because
less-coordinated surface atoms in large clusters. Anothen this case the collinearity condition outlined above is
factor that contributes to this observation is the increasedatisfied to a much lesser extent, especially along the ra-
disorder of Ar-Ar bonds with decreasing cluster size. Fordial direction. In addition, the tangential bond length in
example, in Apg the mean-square relative displacementan icosahedral is aboudt% longer than the radial bond
amounts too? = 0.040(2) A?> compared t0.032(2) A>  length [15] which tends to broaden the peaks at the
for Arnogo), and both values are larger than that in the

solid [10].
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FIG. 3. Theoretically simulated dependence of the mearFIG. 4. Theoretically simulated dependence of the mean
radial distribution function|FT[k2y(k)]| on the cluster size radial distribution function|FT[k2x(k)]| on the cluster size
assuming an fcc structure. assuming a multishell icosahedral structure (MIC).
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expense of their height, and the effect is more pronouncefiirther impetus to theoretical efforts exploring the link
for contributions from higher cluster shells. between the cluster structure and growth. Moreover,

The foregoing discussion allows us to draw conclusionghe potential of EXAFS spectroscopy as a structural tool
regarding the structure of free Ar clusters. The experiin cluster physics is clearly displayed. With ongoing
mentally determined MLRDFs for these clusters showadvances in cluster generation as well as synchrotron
imprints that are consistent with an fcc structure wherradiation, this technique holds the promise of being as
the mean cluster size is around 200 or more. These inmsuccessful in this field as it has been in materials science.
prints appear in the form of the relative peak heights and
the development of feature at= 6.5 A in Figs. 2—4.
This conclusion is further supported by the gradual evo-
lution of the distribution function and the close resem-
blance between the results for the largest clusters and
those for the solid from [10,11]. For small clusters, it ~ *Electronic address: kakar@vxdesy.desy.de
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