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Na 1s photoabsorption of free and deposited NaCl clusters:
Development of bond length with cluster size
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Photoabsorption spectra of free and deposited NaCl clusters of up to 50 molecules are presented. The NaCl
cluster films were produced using a method of cluster deposition. NaCl clusters covered with an Ar layer were
produced by a pickup technique and then deposited on a cold gold substrate. Multiple-scattering oscillations in
the NaK-edge absorption spectra allowed the determination of the bond length development of NaCl clusters
with size. In addition, the spectra were compared with more advanced full-order multiple-scattering calcula-
tions. A comparison of the experimentally determined bond length with that calculated using a simple electro-
statical model, assuming only a Coulomb interaction and a Born-Meyer-type repulsion of the ions, shows
reasonable agreement.
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I. INTRODUCTION

Clusters are small molecular aggregates which repre
an intermediate case between atoms and macroscopic
jects. During the last two decades, the investigation of
cluster size effects has become fundamental for our kno
edge of the evolution of matter from the molecules to
solids. In addition, the discovery of the unusual physical a
chemical properties of clusters has stimulated the broad
plied research in the fields of micro- and optoelectroni
catalysis, and environmental science.1

Among the variety of experimental methods used for cl
ter research so far, x-ray absorption near-edge spectros
~XANES! is a very attractive one since it is sensitive to bo
the local geometrical and electronic structure around x-
absorbing atoms.2 In combination with intense sources fo
cluster beams, e.g., supersonic expansion and pic
sources,3 it has been shown that this is a promising approa
to investigate the size dependence of the electronic and
metrical properties of clusters in the gas phase. However,
to the diluted nature of the cluster targets in the gas ph
use of this method is limited. Therefore, the intensity limi
tions of the available cluster beams make it an attractive i
to collect clusters intact from the free beam inside an in
solid rare-gas media. Indeed, matrix isolation was one of
first techniques used to study physical and chemical pro
ties of clusters.4 In this case the electronic structure of th
clusters is preserved due to the chemical inertness of rare
atoms and the coagulation of the particles is impeded by
low-diffusion coefficient inside the matrix. Up to now, se
eral different experimental methods have been applied
the generation of matrix-isolated clusters, e.g.,~i! codeposi-
tion of the clusters and the rare-gas beam,5 ~ii ! deposition of
the clusters onto a preadsorbed rare-gas buffer layer,6 and
~iii ! deposition of atoms or molecules into the rare-gas m
0163-1829/2001/64~24!/245419~9!/$20.00 64 2454
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trix with subsequent controlled thermoactivate
coagulation.7 It should be emphasized that the use of t
matrix-isolation approach ensures a weak interaction of
deposited cluster with the substrate and rare-gas matrix it
Furthermore, the rare-gas matrix provides a transparent
dium for electromagnetic radiation over a wide energy ran
XANES and extended x-ray absorption fine structu
~EXAFS! in conjunction with matrix isolation were alread
successfully used for the determination of the structure
metal clusters.5,8–10

For our experiments it was important to maintain the clu
ter size distribution in the cluster beam during the deposit
of the clusters onto a substrate—i.e., to get a film consis
of well-isolated clusters with the same size distribution as
the gas phase. For the above-mentioned deposition t
niques~i! and ~ii !, one has to consider fragmentation of th
clusters during the deposition process and agglomeration
to surface diffusion on the substrate. Both create some
certainty in the determination of the deposit cluster size.
the other hand, these two methods allow deposition of ma
selected clusters. The deposition of atoms or molecules
subsequent coagulation to clusters on the surface, a
method~iii !, provides only a rough control concerning th
final cluster size. In this article we present a method of cl
ter deposition. This method allowed us to determine exp
mentally a basic parameter like the bond length and its e
lution with cluster size. The key idea of this approach is
deposit clusters, which are encapsulated inside a big rare
cluster. The principle of this method is schematically sho
in Fig. 1. On the basis of the cluster formation process in
recently developed pickup cluster source,3,11 it is possible to
produce clusters of different materials embedded insid
host rare-gas cluster. The shell of rare-gas atoms around
guest cluster can be used to protect it against fragmenta
and coagulation and agglomeration upon deposition ont
substrate. This method of cluster deposition preserves
©2001 The American Physical Society19-1
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properties of the clusters in the gas phase inside the de
ited matrix-isolated cluster film. Varying the number
picked-up molecules, the method provides the possibility
produce cluster films from different materials with controll
size distributions. Furthermore, with this deposition tec
nique, it is possible to vary the thickness of the rare-gas s
around the core cluster. Also, modifications of the core cl
ter surface itself through the use of several materials in
pickup process are promising properties for future exp
ments. These advantages of the cluster deposition me
give rise to a broad area of applications for different clus
film production.

We have applied this deposition technique to the sys
NaCl/Ar for two reasons: ~i! The pickup of alkali-halide
molecules by a host rare-gas cluster was recently intensi
studied by mass spectroscopy12,13 and in addition~ii ! NaCl
clusters have been investigated in great detail b
experimentally14,15 and theoretically,16–21 providing a valu-
able background for the present research. The present in
tigation shows that NaCl clusters deposited in such a w
exhibit a gradual evolution of the XANES features at the
K edge with cluster size. We assign this behavior to the
crease of the Na-Cl bond length with the increase of
mean cluster size. The bond length of Na-Cl inside the c
ter could be determined quantitatively from the energy s
of the XANES features by using the interatomic-distan
correlation function.14

A simple electrostatic model was applied to describe
evolution of the mean Na-Cl bond length together and of
mean binding energy with cluster size. Only the Coulom
interactions between the singly charged ions in the io
bonded cluster and a repulsive Born-Meyer term were ta
into account. As was already mentioned in the early work
Martin,21 it is astonishing that this simple approach a
equately describes the basic behavior of the bond length
the binding energy with cluster size in good agreement w
more advanced calculations of the structure of Na
clusters.19,21 Because of the small computational demand
is possible to calculate within this simple model the me
bond length and binding energies even for big clusters~in the
present paper more than 35 000 atoms per cluster!. This is an
interesting size range, where the mean bond length of
cluster evolves from the molecular to the bulk value.

FIG. 1. Scheme of the deposition process of Ar-encapsula
NaCl clusters prepared by a pickup cluster source.
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II. CALCULATION OF THE BINDING ENERGY
AND BOND LENGTH

Several studies on the structure of neutral and char
NaCl clusters have been performed.15,16,19–23Since the bind-
ing in alkali-halide clusters has almost pure ionic charac
the interaction potential between two ions can at first
proximation be divided into a long-range classical elect
static interaction and a quantum-mechanical short-range
pulsive interaction. The simplest model, which describ
ionic bonding, is therigid core model:21

F i j 5
1

4p«0

qi•qj

r i j
1Ae2r i j /r, ~1!

where the first term is the Coulomb interaction between t
point chargesqi andqj separated byr i j . The second term is
the Born-Meyer term, which reflects the repulsion of io
due to the overlapping of wave functions. Assuming that
short-range interaction is effective only for nearest neig
bors, the values for the two parametersA andr are given by
A51.47310216J and r50.328 Å.22 This model does not
consider charge-dipole and dipole-dipole interactions. F
thermore, it does not take into account the deformation of
electron distribution if two ions approach each other: i.e.,
effective distance for the Born-Meyer interaction is differe
from r i j . The more advancedshell modelconsiders both
effects by introducing a polarizability for each ion.20 Com-
parison of these two models for neutral (NaCl)n and singly
charged@Na~NaCl!n#1 clusters indicates that the simple rig
core model gives surprisingly good results in modeling
basic structure of these clusters.21 However, it is necessary to
emphasize that this is to a large extent peculiar to NaCl.
the heavier alkali halides, e.g., CsF, with a different size ra
and with elevated polarizability, there are remarkable diff
ences in the structure calculated by the shell model and
the simplified rigid core model.23

The most favored structure for a given cluster size
found by minimization of the total energy. One of the sta
dard techniques is simulated annealing. Within this meth
the ions are placed randomly in space and then the syste
allowed to explore the potential energy surface while
total energy is slowly reduced. In principle, the system w
end up in the global minimum. Unfortunately, for alkal
halide clusters this method is inefficient, because the ene
surface has some deep local minima in it. Therefore,
process of simulated annealing has to be done slowly star
from high temperatures: i.e., it will take a long time for co
verging. Another common method for finding the glob
minimum is to start with a good intuitive guess of the stru
ture of minimum energy and to find the closest minimu
with a gradient descent optimizer.20 Amara and Straub16 used
a quantum-mechanical annealing algorithm: the so-ca
adiabatic Gaussian density annealing~AGDA! optimization
algorithm. The minimization takes place on an averaged
tential, which is smoothed at high temperatures and roug
low temperatures.

The general structures found by these methods for N
clusters are confirmed byab initio investigation.19 Some de-
viations are found for small cluster sizes for metasta

d
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Na 1s PHOTOABSORPTION OF FREE AND DEPOSITED . . . PHYSICAL REVIEW B 64 245419
structures. In the rigid core model, there are local minima
linear chains structures up ton56 molecules, which are no
predicted by theab initio investigation already for the dime
Furthermore, for small clusters up ton'20, there is compe-
tition between two stable packings: either fragments of
solid, i.e., cubic, structure or hexagonal six-membered r
structure, which is not present in the solid. For cluster si
n.20 the fcc-structure is dominant. Nevertheless, the m
stable structure for a given NaCl cluster size is in go
agreement within the simple rigid core or shell model a
the ab initio calculations.

The above-mentioned calculations for NaCl cluster str
tures were made for (NaCl)n up ton532, for @Na~NaCl!n#1

up to n518, and for@~NaCl!nCl#2 up to n535. Of course,
all of these methods have heavily increasing computatio
demand with increasing cluster size. Unfortunately,
present the calculation of basic parameters like bond len
and binding energy for very big clusters can only be realiz
by exploiting simplified models with low computational d
mand. Therefore, we have used the rigid core model, Eq.~1!,
in conjunction with the concept of the Madelung numbera
for ionic crystals of the typeA1B2.

The total lattice energyF of the cluster is simply the sum
over all pair potentialsF i j . By expressing the distancer i j
as multiplespi j of nearest-neighbor distancesr̂ , i.e., r i j
5pi j • r̂ , and assuming that the repulsive Born-Meyer term
only effective for nearest neighbors, the total lattice ene
F is given by

F5
e2

4p«0

1

r̂ (
i

(
j

61

pi j
1nA^ ẑ&e2 r̂ /r. ~2!

Furthermore, for each ioni of the cluster a Madelung
numbera i is defined in the same way as for the bulk Mad
lung number by

a i5(
j

61

pi j
. ~3!

For conventional reasons one takes the plus sign for
traction and the minus sign for repulsion in Eq.~3!. The
Madelung numbera is only dependent on the geometric
structure. In contrast to the bulk, each ion of the cluster ha
different geometrical environment because of the finite cl
ter size. Therefore, each ion has a different Madelung n
bera i . Using Eq.~3!, one gets for the lattice energyF of the
cluster consisting ofn molecules:

F52nS ^a&
e2

4p«0• r̂
2A^ẑ&e2 r̂ /rD , ~4!

where r̂ is the nearest-neighbor distance,^ẑ& is the mean
number of nearest neighbors, and^a& is the mean Madelung
number. For a given cluster size and geometry, one can
culate^a& and ^ẑ&. In equilibrium conditions the lattice en
ergy F @Eq. ~4!# as a function of the nearest-neighbor d
tancer̂ reaches a minimum:
24541
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dr̂ D
r 0

50. ~5!

With this, one gets the mean nearest-neighbor distancr 0
and the mean bonding energyE(r 0) per molecule for a given
cluster. Comparison with experimental results and other t
oretical methods has shown that this approach for NaCl c
ters yields results in good agreement for bond length
binding energies as can be seen in Table I. One has to
phasize that within the frame of this model, one can only
mean values for bond length and binding energy. In fa
these values vary inside the cluster depending on the spe
atom position; e.g., atoms at corner positions will be pul
inside and on the other hand facial atoms will be push
out.19 In our approach we assume cluster geometries
resemble a part of a perfect fcc lattice. The error made
this assumption will become smaller with cluster size, b
also for small cluster sizes it is one of the favored structur
From this point of view, this simple method could be used
extend the cluster size range to bigger cluster sizes for c
parison of experimental and theoretical results. Becaus
the simplicity, one can easily use this formalism for very b
clusters–in the present paper the cluster consists of u
35 000 atoms.

III. EXPERIMENT

The mixed clusters were prepared using a pick
method.3 A primary argon cluster beam is produced by
adiabatic gas expansion through a conical nozzle~300 mm
diameter, 8° opening angle! cooled to Tnozzle580 K. This
rare-gas cluster beam passes through a skimmer into a
tering cell containing the vapor of sodium chloride. The m
ecules were picked up by the rare-gas cluster. Inside the
ent cluster, the picked-up molecules coagulate and form
alkali-halide core cluster. By varying the parameters of
pickup process conditions, i.e., the degree of condensatio
was possible to produce not only NaCl clusters with differe
size distribution, but also embedded NaCl clusters within
host clusters. This process is controlled by the source par
eters: pressure of the Ar gas at the nozzle (pAr
530– 190 mbar), temperature of the nozzle (Tnozzle
580 K), and temperature of the oven (Toven<660 °C). For
the subsequent cluster deposition, one has to choose
source parameters in such a way that one gets embe
clusters. The size distribution of the clusters in the gas ph
before deposition is controlled separately by a time-of-flig
reflectron mass spectrometer.

After completed cluster formation, the mixed cluste
were deposited onto a gold-coated copper substrate coole
Tsubstrate,30 K. Due to the presence of a reasonable Ar g
component in the cluster beam, this deposition procedure
be considered to some extent as codeposition. In addit
the presence of the rare-gas shell around the core presum
prevents agglomeration of the NaCl clusters on the surfa
Indeed, during the release of kinetic energy of the clus
upon deposition, some additional Ar atoms of the shell of
cluster will evaporate. Estimations of the kinetic energy
9-3
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TABLE I. Mean bond lengthr expt,th and mean binding energyEth per molecule for the NaCl molecule
NaCl clusters, and bulk NaCl resulting from our simplified model in comparison with more adva
theoretical calculations and other experimental results.

Cluster

Theoretical values Experimental values Present work

r th @Å# Eth @eV# r expt @Å# Eexpt @eV# r th @Å# Eth @eV#

NaCl
molecule

2.27a 25.420a 2.361e 25.57g 2.264 25.438
2.36–2.43d 27.511d 2.388f

NaCl2
dimer

2.53–2.59d 26.505a 2.500e 2.462 26.553
26.755b 2.584f

27.511d

2.62–2.70d 27.007a 2.589 27.071
~NaCl!4 27.210b

27.03c

27.520d

Na~NaCl!13 27.324a 2.683 27.379
33333 27.394b

27.03c

~NaCl!32

43434
2.80d 27.528d 2.717 27.589

Na~NaCl!17968

33333333
2.801 27.878

NaCl
bulk

2.79g 28.03g 2.811 27.905

aReference 21. eReference 40.
bReference 20. fReference 41.
cReference 16. gReference 21.
dReference 19.
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our neutral clusters in the beam~velocity n'300 m/s, i.e.,
Ekin519 meV per Ar atom! versus the binding energy of
single Ar atom in the cluster~the binding energy per atom
depends on the cluster size, e.g.,Edimer512.3 meV in the
dimer, EN555553.3 meV in an Ar55 cluster, and Ebulk
588.8 meV in the bulk! indicate that even for the case whe
the kinetic energy is totally transferred into desorption of
atoms only a minor fraction of the protective Ar shell w
evaporate upon deposition.24 As a result, Ar-encapsulate
NaCl clusters together with the Ar gas component form
Ar matrix containing noncoagulated NaCl clusters. The me
NaCl cluster size and the Ar dilution ratio can be adjusted
varying the cluster source parameters. Because of these p
erties, we are able to prepare NaCl cluster films with diff
ent size distributions embedded in an Ar matrix by a sin
deposition process of mixed NaCl/Ar clusters.

The alkali-halide cluster films and free clusters in the g
phase were investigated by innershell photoabsorption s
troscopy. The experiments were performed at the hi
resolution and high-flux undulator beamline BW3~Ref. 25!
~20–2000 eV! at HASYLAB at DESY. Monochromatized
synchrotron light was used for a selective excitation of
Na 1s level ~1070.8 eV!. The NaK-edge absorption scan
were recorded with time-of-flight~TOF! techniques, using
the total yield of the photoelectrons~TEY! and the partial
yield of the photoions~PIY, only free clusters!. The partial
pressure of the residual gas in the vacuum chamber
1028– 1027 mbar. Therefore, the absorption spectra on
24541
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posited clusters were showing a degradation of the clus
related signal already after approximately 5 min. To mi
mize the contamination of the matrix with the residual g
molecules, the geometry of the experiment was performe
such a way that simultaneous deposition and spectra ac
sition were possible; i.e., the experiment was operated
permanent deposition mode. A schematic view of the exp
mental setup is shown in Fig. 2.

Because of the random orientation of the isolated clust

FIG. 2. Schematic view of the experimental setup.~a! Experi-
ment on deposited clusters.~b! Experiment on gas phase clusters
9-4
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FIG. 3. Mass spectra of NaCl clusters which were used subsequently for absorption spectroscopy on deposited~spectraa–c! and gas
phase clusters~spectrad– f !. The size distribution is described by a log-normal distribution~solid curves!. The width of the size distribution
is given bys50.5̂ n&.
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we assume that the absorption spectra are rather indepe
of the angle of incidence of light. Therefore, this spec
geometry of the experimental setup should have no influe
on the XANES spectra. Furthermore, even for solid Na
crystals, no angle dependence was found.26 During the ab-
sorption measurements, care was taken to stabilize the d
sition conditions. The advantage of this method is that o
always measures ‘‘fresh’’ samples. The deposition rate w
chosen in such a way so as to minimize the charging of
sample. We do not observe any charging effects on XAN
structures during spectra acquisition time~approximately 30
min!. Our XANES spectra of solid NaCl are in good agre
ment with published results.26

IV. RESULTS

The cluster size distribution was determined with a refl
tion time-of-flight spectrometer. The mass spectra of
cluster size distributions, which were subsequently used
absorption spectroscopy, are shown in Fig. 3. Displaye
the logarithmic count rate of the reflectron mass spectro
eter as a function of the mass of the detected particles.
sharp peaks of the bump in the lower-mass range in the m
spectra belong to nonstoichiometric@Nan11Cln#1 clusters.
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These clusters are produced by ionization of stoichiome
NaCl clusters, through which one ionic-bonded Cl2 anion
becomes neutral and desorbs from the remaining cluster.
that reason the mass unit for the lowerx axis is converted
into the cluster sizen of @Nan11Cln#1 clusters. The broad
bump reflects the NaCl cluster size distribution in the m
spectra and is fitted with a log-normal distribution.27 From
this, one can determine the mean cluster size^n& and the
standard deviations of the NaCl-cluster size. The additiona
bump at higher masses is due to Ar clusters.

We have prepared three different cluster size distributi
for free clusters with mean size^n&54, 9, and 36 molecules
and, respectively,̂n&512, 30, and 50 molecules for depos
layers with a standard deviation ofs50.5̂ n&. Additionally,
a solid NaCl sample was prepared by simple deposition
NaCl molecules at room temperature.

The NaK-edge absorption spectra on free and depos
NaCl clusters are shown in Fig. 4. In addition, the absorpt
of bulk NaCl and NaCl molecules was measured. The
quired spectra on solid NaCl films coincide with previous
measured ones26 from which the peak labeling was taken
For energy calibration the molecular spectra were measu
simultaneously with the cluster spectra and the energy p
9-5
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FIG. 4. Inner-shell photoabsorption spectra
deposited and gas phase NaCl clusters at the
K edge. In addition, the absorption of bulk NaC
and NaCl molecules was measured. The ene
position of the peakg was used for bond length
determination~see text!.
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tion of peakb for the bulk spectra was aligned to the resu
of Kasraiet al.14 We assume an error in the absolute ene
of 60.5 eV. However, the error relative between differe
spectra is less than 1/10 eV.

A gradual development of the inner-shell absorption sp
tra with increasing cluster size towards the bulk spectra
be seen: namely, the variation in the near-edge structure
the development of higher-energy XANES structure as
function of cluster size. In addition, this fact demonstra
that there occurs no or little agglomeration of the NaCl cl
ters upon deposition inside the matrix. In the spectra of
smallest clusters, only the peaksb andd with similar inten-
sity are seen. Furthermore, a small shoulder, labeleda, at the
onset of theK absorption is observed. With increasing clus
size, the peaksb andd become more pronounced relative
the continuum background. However, an interpretation of
cluster size dependence of the intensity ratio between
crete and continuum states is difficult due to different fra
mentation channels. Hereby, peakb becomes more intens
than peakd. In addition, further XANES oscillations a
higher energies develop and the spectra more and mor
semble the solid-state spectra.

Sharp features near the threshold can be attributed
core-level excitons: i.e., an excitation of a core-level elect
into an unoccupied bonded level. However, the identificat
of these peaks is not easy, because the exact energy po
of the absorption edge is not known. Broader peaks ab
the threshold are attributed to photoelectron scattering r
nances. These are well-known XANES features develop
on the flat background due to the interference between
outgoing electron wave from the absorbing atom and
multiple-scattered electron waves at the surrounding atom26

V. DISCUSSION

There have been several studies of the near-edge stru
of solid NaCl.14,26,28,29 Fujikawa et al.28 studied the Na
K-edge XANES spectra of solid NaCl with short-range ord
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full multiple-scattering calculations~MSC’s! and could well
describe the high-energy structures of the spectra~starting
from peakd!. Therefore, the first sharp feature in the abso
tion spectra peakb, which is not found in MSC’s, can be
associated to a localized transition from the 1s core level to
the 3p state of Na1. Hudsonet al.26 have simulated the solid
XANES spectra with the curved-wave electron scatter
code. They obtain good agreement for the broad high-ene
peaks, too. But the origin of peakd as a photoelectron sca
tering resonance remains a matter of discussion.
XANES structure above peakd can be attributed to excita
tion of the electron into continuum states. However, there
still an uncertainty in the interpretation of the solid-sta
spectra. Cluster studies can provide valuable information
this issue. Indeed, the spectra of our smallest cluster
distributions has shown no structure above the peakd. And
even for the bigger cluster sizes the higher-energy XAN
features develop very slowly up to the solid spectra. T
possible reason for this observation is a big fraction of s
face atoms in the cluster, which therefore have less surrou
ing atoms for scattering the outgoing electron wave. On
other hand, even distant scatters contribute to the low
energy XANES~'15 eV above threshold! of alkali halides.
It is reported26 that increasing the cluster size from 11 to 1
shells ~179 to 389 atoms! gives an improved agreement i
XANES structure calculations for solid NaCl. Therefore,
becomes clear why for our biggest cluster size,^n&550 mol-
ecules, not all of the solid absorption features are present
reassemble the solid spectra, the cluster size has to b
creased further.

The main difference between the deposited and gas p
cluster absorption spectra is the behavior of the pre-e
structurea. This peak is present in the molecular spectru
but only very weakly in our bulk spectrum~see Fig. 4!. Mu-
rata et al.29 assigned this structure to a ‘‘forbidden’’ 1s
→3s transition, and it exhibits a temperature dependenc
the absorption spectra of bulk NaCl. Therefore, the inten
9-6
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of the structurea increases with temperature. Absorption
bulk LiF at the LiK edge shows a similar structure below t
absorption edge, which was assigned to a forbiddens
→2s transition.30,31 Also, experiments on other alkali ha
lides, e.g., NaBr and KBr, exhibit such a structurea in the
absorption spectra of molecules, but not or at least hea
reduced in the corresponding bulk spectra.32 Federmann
et al.33 have shown that for Ne such forbidden transitio
may be allowed at the surface of clusters. In NaCl clus
spectra~see Fig. 4!, this structurea is seen for the gas phas
clusters, but only weakly for the deposited clusters. This
probably due to the different surface composition of t
NaCl clusters. Whereas the gas phase clusters have free
faces the deposited clusters are embedded inside an
matrix.

Our main interest is the shift of peakg to smaller energies
with increasing cluster size up to the bulk NaCl. This peak
well developed in the cluster spectra except for the sma
cluster sizes. The intensity of peakh, which should also
show an energy shift with cluster size, is distinctly smaller
the gas phase spectra and for the deposited clusters not
at all. This is in agreement with other experimental data
bulk NaCl ~Refs. 14 and 26! and the theoretical calculation
shown in Fig. 5. It is not quite clear to the authors why pe
h has a similar intensity as peakg in our bulk spectra.

We assume that the energy shift of the peakg is due to the
change of the Na-Cl bond length. The Na-Cl bond length
the molecule is given byr 052.36 Å and for the solid by
r 052.79 Å.21 Therefore, the bond length in a NaCl clust
should increase with size. A relation between the energy
an absorption peakEr above the threshold and the distanceR
from the absorbing atom to a neighboring atom is given
Natoli:34

FIG. 5. Comparison of experimental and theoretical inner-s
absorption spectra on NaCl clusters at the NaK edge.
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~Er2Eb!R25C, ~6!

whereEb is the energy of a bound or excitonic resonance j
before the edge, andC is a constant for the absorbing mat
rial. Kasraiet al.14 applied this interatomic-distance correl
tion for several XANES spectra of solid alkali halides for th
Cl L edge and the NaK edge. With their results for the bulk
NaCl absorption spectra at the NaK edge@Eb51072.84 eV
~Ref. 14!#, we have determined the bond lengthr 0 in the
clusters using Eq.~6! and the energy positionEr ,cluster of
peakg from our absorption spectra shown in Fig. 4:

r 05RbulkA Er ,bulk2Eb

Er ,cluster2Eb
. ~7!

The results of this analysis of our absorption spectra fr
both deposited and free clusters are summarized in Tabl
The error of the bond lengthr 0 ~60.05 Å! is determined by
the error of the binding energyEb , which was assumed by
60.5 eV. For the smallest NaCl cluster sizes shown in Fig
the multiple-scattering oscillation is scarcely develope
Therefore, a determination of the bond lengthr 0 for those
cluster sizes was not possible.

Figure 5 shows a comparison between experimental
phase spectra forn5^9& and ^36& and a calculation for a
cubic Na32Cl32 ~43434 atoms! cluster. The algorithm for
the full multiple-scattering method used in this study h
been previously described.35,36 Recently, this algorithm has
been also used to investigate the cluster geometry of (Na4
clusters.37 For the calculation a muffin-tin~MT! potential
with touching MT spheres has been constructed. The ato
charge densities have been obtained using the self-consi
solution of Dirac equation. The cluster of 64 atoms has cu
structure with Na-Cl bond distance equal to 2.7 Å. The str
ture of discrete states~peaksa–d! are strongly dependent o
the choice of potential. Therefore, a comparison of these
tures between the experimental spectra and calculation is
ficult. However, the XANES is well described by the fu
multiple-scattering method. The comparison of the struct
g shows reasonable agreement between the experim

ll

TABLE II. Determination of the nearest-neighbor distancer 0 in
clusters as a function of size. The values for the energy positio
the resonance peakEr is taken from the absorption spectra shown
Fig. 4.Dg is the energy shift of the peakg in the cluster absorption
spectra in comparison to the bulk energy position for different cl
ter size distribution̂n&. The energyEb51072.8 eV was determined
with Table III in Ref. 14. The calculation of the nearest-neighb
bond lengthr 0 is described in the text.

^n&
@molecules per cluster#

Er

@eV#
Dg

@eV#
Er2Eb

@eV#
r 0

@Å#

50a 1088.8 1.560.5 16.0 2.6860.05
36b 1088.7 1.460.5 15.9 2.6960.05
30a 1088.8 1.560.5 16.0 2.6860.05
9b 1090.0 2.760.5 17.2 2.5960.05

aDeposited NaCl clusters.
bFree NaCl clusters.
9-7
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(^n&536) and the calculated spectrum (^n&532), which in-
dicates that our approach gives reliable results. Structure
higher energies around the energy position of the peakh in
the bulk NaCl spectra~1097 eV! are seen with reduced in
tensity. This is in agreement with the fact that the peakh is
scarcely or not seen in the cluster spectra, in contrast to p
g. The origin of the intense structure at around 1105 eV
the calculated spectra cannot be judged on the basis of
present research.

Another experimental value for the cluster sizen53 was
obtained by XANES measurements on free clusters at th
2p edge. The comparison of the measured spectra with th
retically predicted XANES spectra provided a bond leng
for the trimere ofr 05(2.5860.05) Å.38

These values for the bond length for five different clus
sizes determined by the absorption spectroscopy of depo
and free NaCl clusters were compared with the simplifi
theoretical treatment described in Sec. II. In Fig. 6 the dev
opment of the calculated mean bond length^r 0& and the
mean binding energyEb per molecule with cluster size ar
shown for stoichiometric (NaCl)n and nonstoichiometric
@Na~NaCl!n# clusters. The size range for the stoichiomet
cluster is given fromn52 ~dimer! to 864 ~12312312 at-
oms! molecules. The nonstoichiometric clusters are d
played by half numberedn values fromn513.5 ~33333
atoms! to 17 968.5~33333333 atoms!; i.e., n is given by
the number of atoms divided by 2. The bond lengthr 0 and
binding energyEb are plotted versusn21/3. Considering that
the volumeV of a cluster grows with the number of mo
eculesn and the surface atomic fraction of the cluster
proportional ton2/3, thereforen21/3 is given by the quotient
of the number of surface atoms to the total number of ato
Furthermore, one can imaginen21/3 as reciprocal to the ‘‘ra-
dius’’ of the whole cluster. In addition, this kind of displa

FIG. 6. Development of the mean bond lengthr 0 ~solid tri-
angles! and the mean binding energyEb per molecule~open tri-
angles! with cluster size obtained by our simplified model. Th
bond length is plotted vsn21/3, wheren is the number of molecules
per cluster. The experimental values for the bond length are plo
by open and solid circles. The additional experimental point for
(NaCl)3 cluster was taken from Ref. 38. The dashed lines are p
ted to guide the eye.
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enables one to cover the whole size range from the mole
up to the solid state, i.e., betweenn21/350 and 1.

The experimental results for the bond length of deposi
clusters for the mean cluster sizes^n&530 and 50 as well as
for the free NaCl clusters with mean cluster size^n&53, 9,
and 36 are shown in Fig. 6. As can be seen, the experime
and theoretical values are in good agreement. Therefore
experimental results for the development of the bond len
of NaCl clusters with size obtained from the energy shift
the resonance peakg are nicely verified by the applied sim
plified theoretical treatment. Further, we would like to po
out that the bond length varies over a very large size rang
due to the well-known slow convergence of the Madelu
constant. On the other hand, the bond length of Na4Cl4,
which is the smallest cubic structure, is almost exactly ha
way between that of the NaCl molecule and bulk solid.

Hansenet al.39 described the importance, for interatom
distance analysis, of thermal effects which influence the
harmonic motion of surface atoms. This gave rise to pr
lems in bond length determination in the analysis of Cu cl
ters consisting of 100–1000 atoms. In this cluster size ran
the variation of the bond length is small, and neglecting
temperature effect could give rise to a misinterpretation
the experimental data. In our present paper, we investig
much smaller clusters~^n&53 – 50 molecules per cluster!. In
this size range, a large variation of the bond lengthr 0 is
found. Furthermore, the anharmonic vibration of the surfa
atoms is important for room temperature and above. In
periments on both free and deposited clusters, the temp
ture of the clusters is far below room temperature. Therefo
in our case a temperature effect should only play a mi
role.

VI. CONCLUSION

From the analysis of the development of XANES featu
of free and deposited NaCl clusters, the size dependenc
the bond length was determined. The experiment on dep
ited clusters was realized with a modification of a clus
deposition technique where the deposition was made w
Ar-encapsulated NaCl clusters. These heterogeneous
ters, which consist of a NaCl core cluster aggregated wit
an Ar parent cluster, were prepared with the pickup te
nique. The Ar shell prevents agglomeration of the NaCl cl
ters upon deposition. Finally, a cluster film is obtained wh
the intact NaCl clusters are embedded in an Ar matrix. Up
now our results have shown that these clusters preserve
original gas phase size distribution without observable
agulation on the surface upon deposition. Further meas
ments both in the gas phase and on deposits will be un
taken to clarify the deposition process and surface dynam
of these unusual clusters. Additionally, deposition of ma
selected clusters would improve the resolution of XANE
spectra and therefore the development of the bond len
with cluster size could be detected more accurately.

Finally, the experimental results were compared with
theoretical treatment of the size dependence of the b
length. In order to describe the bond length inside a clus
even for very big clusters~number of moleculesn'18 000!,

d
e
t-
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we applied a simple theoretical model where only the C
lomb interaction and the Born-Meyer repulsive interacti
between the ions inside the cluster were taken into acco
This well-known rigid core modelwas combined with the
concept of the Madelung number for ionic crystals. It w
assumed that the clusters resemble a part of the fcc symm
of the NaCl crystal. This simplified approach yields an a
tonishingly good agreement with other advanced theoret
models and experimental results. On the basis with only
parameters for the Born-Meyer repulsion (A,r) and the as-
sumption of fcc symmetry, it becomes possible to descr
o

-

,

.

W

y

.
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the experimentally observed development of the bond len
and the binding energy for the whole size range from
single molecule up to the solid state of NaCl.
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