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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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[. INTRODUCTION trix  with  subsequent controlled thermoactivated

coagulatior’. It should be emphasized that the use of the
Clusters are small molecular aggregates which represematrix-isolation approach ensures a weak interaction of the
an intermediate case between atoms and macroscopic ofieposited cluster with the substrate and rare-gas matrix itself.
jects. During the last two decades, the investigation of thd-urthermore, the rare-gas matrix provides a transparent me-
cluster size effects has become fundamental for our knowldium for electromagnetic radiation over a wide energy range.
edge of the evolution of matter from the molecules to theXANES and extended x-ray absorption fine structure

solids. In addition, the discovery of the unusual physical andEXAFS) in conjunction with matrix isolation were already

chemical properties of clusters has stimulated the broad a[§_uccessfully used for the determination of the structure of

,8-10
plied research in the fields of micro- and optoelectronics,metaI clusters: . : . N
For our experiments it was important to maintain the clus-

catalysis, and environmental scierice. ter size distribution in the cluster beam during the deposition
Among the variety of experimental methods used for clus- 9 b

ter research so far. x-rav absorption near-edde s ectroscoOf the clusters onto a substrate—i.e., to get a film consisting
. ' Yy Pl o g€ sp BY well-isolated clusters with the same size distribution as in
(XANES) is a very attractive one since it is sensitive to both

. . the gas phase. For the above-mentioned deposition tech-
the Ioc_al geometrical and_ ele_ctronl_c s_tructure around X'ra¥1iques(i) and (i), one has to consider fragmentation of the
absorbing atom$.In combination with intense sources for osters during the deposition process and agglomeration due
cluster beams, e.g., supersonic expansion and pickUpy syrface diffusion on the substrate. Both create some un-
sources, it has been shown that this is a promising approachertainty in the determination of the deposit cluster size. On
to investigate the size dependence of the electronic and geghe other hand, these two methods allow deposition of mass-
metrical properties of clusters in the gas phase. However, dugslected clusters. The deposition of atoms or molecules and
to the diluted nature of the cluster targets in the gas phas@ubsequent coagulation to clusters on the surface, as in
use of this method is limited. Therefore, the intensity limita- method (iii ), provides only a rough control concerning the
tions of the available cluster beams make it an attractive idefinal cluster size. In this article we present a method of clus-
to collect clusters intact from the free beam inside an inerter deposition. This method allowed us to determine experi-
solid rare-gas media. Indeed, matrix isolation was one of thenentally a basic parameter like the bond length and its evo-
first techniques used to study physical and chemical propetution with cluster size. The key idea of this approach is to
ties of cluster$. In this case the electronic structure of the deposit clusters, which are encapsulated inside a big rare-gas
clusters is preserved due to the chemical inertness of rare-gakister. The principle of this method is schematically shown
atoms and the coagulation of the particles is impeded by thin Fig. 1. On the basis of the cluster formation process in the
low-diffusion coefficient inside the matrix. Up to now, sev- recently developed pickup cluster soufcéit is possible to
eral different experimental methods have been applied foproduce clusters of different materials embedded inside a
the generation of matrix-isolated clusters, e(D.codeposi- host rare-gas cluster. The shell of rare-gas atoms around the
tion of the clusters and the rare-gas beafin) deposition of guest cluster can be used to protect it against fragmentation
the clusters onto a preadsorbed rare-gas buffer faged  and coagulation and agglomeration upon deposition onto a
(iii ) deposition of atoms or molecules into the rare-gas masubstrate. This method of cluster deposition preserves the
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Il. CALCULATION OF THE BINDING ENERGY
AND BOND LENGTH

Substrate
Tsupsae = 30K Several studies on the structure of neutral and charged
NaCl clusters have been performed®°-23Since the bind-
ing in alkali-halide clusters has almost pure ionic character,
the interaction potential between two ions can at first ap-
® Ar proximation be divided into a long-range classical electro-
° Na static interaction and a quantum-mechanical short-range re-
e Cl pulsive interaction. The simplest model, which describes
v ~ 300 m/s ionic bonding, is theigid core modef!
FIG. 1. Scheme of the deposition process of Ar-encapsulated qi-q;
NaCl clusters prepared by a pickup cluster source. D =F80 . +AeTiilp, (1)
ij

properties of the clusters in the gas phase inside the depog/_here the first term is the Coulomb interaction between two

ited matrix-isolated cluster film. Varying the number of point charges;; andq; separated by;; . The second term is

picked-up molecules, the method provides the possibility tc;[he Born-Meyer term, which reflects the repulsion of ions

produce cluster films from different materials with controlled due to the overlapping of wave functions. Assuming that the

. ST X . o short-range interaction is effective only for nearest neigh-
size dl'st'rlbutlor?si Furthermhorer,].V\I/(lth thlsf dheposmon techh— ors, the values for the two parametérandp are given by
nique, it is possible to vary the thickness of the rare-gas shell _ 1 4 10-163 and p=0.328 A2 This model does not

around the core cluster. Also, modifications of the core clusggnsider charge-dipole and dipole-dipole interactions. Fur-

ter surface itself through the use of several materials in thehermore, it does not take into account the deformation of the
pickup process are promising properties for future experigp|ectron distribution if two ions approach each other: i.e., the
ments. These advantages of the cluster deposition methQgfective distance for the Born-Meyer interaction is different
give rise to a broad area of applications for different clustefrom rij. The more advanceshell modelconsiders both
film production. effects by introducing a polarizability for each i6hCom-

We have applied this deposition technique to the systemparison of these two models for neutral (NaC8nd singly
NaCl/Ar for two reasons: (i) The pickup of alkali-halide charged Na(NaCl),]" clusters indicates that the simple rigid
molecules by a host rare-gas cluster was recently intensivelyore model gives surprisingly good results in modeling the
studied by mass spectroscdpy® and in addition(ii) NaCl  basic structure of these clustéfddowever, it is necessary to
clusters have been investigated in great detail botlemphasize that this is to a large extent peculiar to NaCl. For
experimentally*® and theoretically®~2! providing a valu-  the heavier alkali halides, e.g., CsF, with a different size ratio
able background for the present research. The present invednd with elevated polarizability, there are remarkable differ-
tigation shows that NaCl clusters deposited in such a wagnces in the structure calculated by the shell model and by
exhibit a gradual evolution of the XANES features at the Nathe simplified rigid core modéf. _ o
K edge with cluster size. We assign this behavior to the in- The most favored structure for a given cluster size is
crease of the Na-Cl bond length with the increase of thdound by minimization of the total energy. One of the stan-
mean cluster size. The bond length of Na-Cl inside the clusdard techniques is simulated annealing. Within this method

ter could be determined quantitatively from the energy shifth€ ions are placed randomly in space and then the system is
allowed to explore the potential energy surface while the

of the XANES features by using the interatomic-distance . A .
i 14 total energy is slowly reduced. In principle, the system will
correlation functiort: : - ;
. end up in the global minimum. Unfortunately, for alkali-
fhalide clusters this method is inefficient, because the energy

bindi i ol : onlv the Coulomb urface has some deep local minima in it. Therefore, the
mean Dbinding energy with cluster size. Only the Coulomdy,,.ess of simulated annealing has to be done slowly starting

interactions between the singly charged ions in the ionigy,m high temperatures: i.e., it will take a long time for con-
bonded cluster and a repulsive Born-Meyer term were takeQerging. Another common method for finding the global
into account. As was already mentioned in the early work ofminimum is to start with a good intuitive guess of the struc-
Martin* it is astonishing that this simple approach ad-tyre of minimum energy and to find the closest minimum
equately describes the basic behavior of the bond length angith a gradient descent optimiz@rAmara and Strauf used

the binding energy with cluster size in good agreement witha quantum-mechanical annealing algorithm: the so-called
more advanced calculations of the structure of NaCladiabatic Gaussian density anneali#gGDA) optimization
clusterst®?! Because of the small computational demand, italgorithm. The minimization takes place on an averaged po-
is possible to calculate within this simple model the meantential, which is smoothed at high temperatures and rough at
bond length and binding energies even for big clustierthe  low temperatures.

evolution of the mean Na-Cl bond length together and of th

present paper more than 35000 atoms per cluskéis is an The general structures found by these methods for NaCl
interesting size range, where the mean bond length of thelusters are confirmed gb initio investigation'® Some de-
cluster evolves from the molecular to the bulk value. viations are found for small cluster sizes for metastable
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=0. )

structures. In the rigid core model, there are local minima for (dq>)
"o

linear chains structures up to=6 molecules, which are not r
predicted by thab initio investigation already for the dimer.
Furthermore, for small clusters up te=20, there is compe-
tition between two stable packings: either fragments of the With this, one gets the mean nearest-neighbor distagce
solid, i.e., cubic, structure or hexagonal six-membered ringand the mean bonding energyr,) per molecule for a given
structure, which is not present in the solid. For cluster sizegluster. Comparison with experimental results and other the-
n>20 the fcc-structure is dominant. Nevertheless, the mostretical methods has shown that this approach for NaCl clus-
stable structure for a given NaCl cluster size is in goodters yields results in good agreement for bond length and
agreement within the simple rigid core or shell model andbinding energies as can be seen in Table I. One has to em-
the ab initio calculations. phasize that within the frame of this model, one can only get
The above-mentioned calculations for NaCl cluster strucmean values for bond length and binding energy. In fact,
tures were made for (NaGlup ton=32, for[ Na(NaC),]"* these values vary inside the cluster depending on the specific
up ton=18, and for[ (NaCl),CI]~ up ton=235. Of course, atom position; e.g., atoms at corner positions will be pulled
all of these methods have heavily increasing computationahside and on the other hand facial atoms will be pushed
demand with increasing cluster size. Unfortunately, atout!® In our approach we assume cluster geometries that
present the calculation of basic parameters like bond lengthesemble a part of a perfect fcc lattice. The error made by
and binding energy for very big clusters can only be realizedhis assumption will become smaller with cluster size, but
by exploiting simplified models with low computational de- also for small cluster sizes it is one of the favored structures.
mand. Therefore, we have used the rigid core model(Bg. From this point of view, this simple method could be used to
in conjunction with the concept of the Madelung numlber extend the cluster size range to bigger cluster sizes for com-
for ionic crystals of the typd "B ™. parison of experimental and theoretical results. Because of
The total lattice energyp of the cluster is simply the sum the simplicity, one can easily use this formalism for very big
over all pair potentialgb;; . By expressing the distanas clusters—in the present paper the cluster consists of up to
as multiplesp;; of nearest-neighbor distancés i.e., rj 35000 atoms.
=p;;-f, and assuming that the repulsive Born-Meyer term is
only effective for nearest neighbors, the total lattice energy

o Ill. EXPERIMENT
® is given by
The mixed clusters were prepared using a pickup
e 1 +1 i/ method® A primary argon cluster beam is produced by an
= Ameg in ; p—ij+nA<Z>e i (2)  adiabatic gas expansion through a conical noZ2&0 um

diameter, 8° opening anglecooled to T,y,,e=80K. This
. rare-gas cluster beam passes through a skimmer into a scat-
Furthermore, for each ion of the cluster a Madelung  tging cell containing the vapor of sodium chloride. The mol-
numbere; is defined in the same way as for the bulk Made-¢jes were picked up by the rare-gas cluster. Inside the par-

lung number by ent cluster, the picked-up molecules coagulate and form an
alkali-halide core cluster. By varying the parameters of the

+1 pickup process conditions, i.e., the degree of condensation, it
@ai= EJ: oy @ was possible to produce not only NaCl clusters with different

size distribution, but also embedded NaCl clusters within Ar

For conventional reasons one takes the plus sian for at}]ost clusters. This process is controlled by the source param-
P 9 eters: pressure of the Ar gas at the nozzlea,(

e 8 et ~20-100mban), temperature” of the ozl
9 y dep g =80K), and temperature of the ovem {~660°C). For

structure. In contrast to the bulk, each ion of the cluster has Fhe subsequent cluster deposition, one has to choose the

different geometrical environment because of the finite Clus'source arameters in such a wav that one oets embedded
ter size. Therefore, each ion has a different Madelung num= P y 9

. i clusters. The size distribution of the clusters in the gas phase
bera; . Usmg E_q.(3), one gets fqr the lattice energy of the before deposition is controlled separately by a time-of-flight
cluster consisting oh molecules:

reflectron mass spectrometer.
After completed cluster formation, the mixed clusters
4) were deposited onto a gold-coated copper substrate cooled to
Toubstrats< 30 K. Due to the presence of a reasonable Ar gas
component in the cluster beam, this deposition procedure can
wheref is the nearest-neighbor distand&) is the mean be considered to some extent as codeposition. In addition,
number of nearest neighbors, afig is the mean Madelung the presence of the rare-gas shell around the core presumably
number. For a given cluster size and geometry, one can caprevents agglomeration of the NaCl clusters on the surface.
culate{(a) and(2). In equilibrium conditions the lattice en- Indeed, during the release of kinetic energy of the cluster
ergy @ [Eqg. (4)] as a function of the nearest-neighbor dis- upon deposition, some additional Ar atoms of the shell of the
tancef reaches a minimum: cluster will evaporate. Estimations of the kinetic energy of

e2

d=—nl(a) —A(2)e e ],

47780'?
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TABLE I. Mean bond lengtlr ¢, »and mean binding enerdy;, per molecule for the NaCl molecule,
NaCl clusters, and bulk NaCl resulting from our simplified model in comparison with more advanced

theoretical calculations and other experimental results.

Theoretical values

Experimental values

Present work

Cluster rn [A] Ewn [eV] I expt [A] Eexpt[€V] ro [A] Ewn [eV]
NaCl 227 —5.426° 2.36F —5.57 2264  —5.438
molecule 236-2.48 —7.511F 2.388
NaCl, 253-259  —6.508 2.506¢ 2462  —6.553
dimer —6.758 2.584

-7.51¢

2.62-2.76  —7.007 2589  —7.071

(NaCl), -7.21¢

-7.0%

-7.520
Na(NaCl)5 ~7.324 2.683  —7.379
3x3%x3 ~7.394

-7.0%
(NaClz, 2.8¢ -7.52¢8 2717  —7.589
4X 4% 4
Na(NaCl);7ggg 2.801  —7.878
33x33% 33
NaCl 2.79 -8.0F 2.811  —7.905
bulk

%Reference 21.
bReference 20.
‘Reference 16.

®Reference 40.
fReference 41.
9Reference 21.

dReference 19.

our neutral clusters in the beafuelocity »~300m/s, i.e., posited clusters were showing a degradation of the cluster-

Ewn=19meV per Ar atom versus the binding energy of a related signal already after approximately 5 min. To mini-

single Ar atom in the clustefthe binding energy per atom mize the contamination of the matrix with the residual gas

depends on the cluster size, e.Bgme=12.3meV in the Mmolecules, the geometry of the experiment was performed in

dimer, Ey_ss=53.3meV in an Ag cluster, andE,,  Such a way that simultaneous deposition and spectra acqui-

=88.8meV in the bulkindicate that even for the case when Sition were possible; i.e., the experiment was operated in a

the kinetic energy is totally transferred into desorption of ArPermanent deposition mode. A schematic view of the experi-

atoms only a minor fraction of the protective Ar shell will mental setup is shown in Fig. 2.

evaporate upon depositiéh.As a result, Ar-encapsulated Because of the random orientation of the isolated clusters,

NaCl clusters together with the Ar gas component form an

Ar matrix containing noncoagulated NaCl clusters. The mean

NaCl cluster size and the Ar dilution ratio can be adjusted by

varying the cluster source parameters. Because of these pro| o Ar

erties, we are able to prepare NaCl cluster films with differ- ° Na

ent size distributions embedded in an Ar matrix by a single .l

deposition process of mixed NaCl/Ar clusters. )' . 1 -
The alkali-halide cluster films and free clusters in the gas e * 2o 0 ; Bubsiiis

phase were investigated by innershell photoabsorption spec % ‘g . ‘6‘ "*9 “G‘{‘

troscopy. The experiments were performed at the high- Jon-TOF

$ L] '\i
resolution and high-flux undulator beamline BWRef. 25 \M#J \ r&

Deposit experiment
SRy, eTO

(20—2000 eV at HASYLAB at DESY. Monochromatized \

synchrotron light was used for a selective excitation of the Nozzle Skimmer Oven  Skimmer ~~ 7~ &-_S‘Fi
Na 1s level (1070.8 eV. The NaK-edge absorption scans el Y
were recorded with time-of-flightTOF) techniques, using w

the total yield of the photoelectrof¥EY) and the partial
yield of the photoiongPlY, only free clusters The partial
pressure of the residual gas in the vacuum chamber was FIG. 2. Schematic view of the experimental set(®. Experi-

10 8-10 "mbar. Therefore, the absorption spectra on dement on deposited clusterg) Experiment on gas phase clusters.

Gas phase experiment
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Mass (amu) Mass (amu)
23 603 1183 1763 2343 2923 3503 4083 23 603 1183 1763 2343 2923 3503 4083
(a) (d)
i AR
Lkl
L 1
(e)
=) £=)
o o
= -
17 =
E k= <n>=9
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FIG. 3. Mass spectra of NaCl clusters which were used subsequently for absorption spectroscopy on depesitad—c) and gas
phase cluster&spectrad—f ). The size distribution is described by a log-normal distribufalid curve$. The width of the size distribution
is given byo=0.5n).

we assume that the absorption spectra are rather independdrtese clusters are produced by ionization of stoichiometric
of the angle of incidence of light. Therefore, this specialNaCl clusters, through which one ionic-bonded™ Ginion
geometry of the experimental setup should have no influenceecomes neutral and desorbs from the remaining cluster. For
on the XANES spectra. Furthermore, even for solid NaClthat reason the mass unit for the lowerxis is converted
crystals, no angle dependence was fotthBuring the ab- into the cluster sizen of [Na,.,Cl,]* clusters. The broad
sorption measurements, care was taken to stabilize the depgump reflects the NaCl cluster size distribution in the mass
sition conditions. The advantage of this method is that ON&pectra and is fitted with a log-normal distribut®nErom
always measures “fresh” samples. The deposition rate Waghis one can determine the mean cluster sizeand the

chosen in such a way so as to minimi_ze the charging of th"gtandard deviatiowr of the NaCl-cluster size. The additional
sample. We do not observe any charging effects on XANE ump at higher masses is due to Ar clusters

structures during spectra acqws.ltmn t @zspprqmmately 30 We have prepared three different cluster size distributions
min). Our XANES spectra of solid NaCl are in good agree- . o
for free clusters with mean siz@)=4, 9, and 36 molecules

ment with published resul. and, respectivelyn)=12, 30, and 50 molecules for deposit
layers with a standard deviation of=0.5n). Additionally,
a solid NaCl sample was prepared by simple deposition of
The cluster size distribution was determined with a refleciNaCl molecules at room temperature.
tion time-of-flight spectrometer. The mass spectra of the The NaK-edge absorption spectra on free and deposited
cluster size distributions, which were subsequently used foNaCl clusters are shown in Fig. 4. In addition, the absorption
absorption spectroscopy, are shown in Fig. 3. Displayed isf bulk NaCl and NaCl molecules was measured. The ac-
the logarithmic count rate of the reflectron mass spectromeuired spectra on solid NaCl films coincide with previously
eter as a function of the mass of the detected particles. Theeasured oné% from which the peak labeling was taken.
sharp peaks of the bump in the lower-mass range in the mas%r energy calibration the molecular spectra were measured
spectra belong to nonstoichiometfitla,. ,Cl,]* clusters. simultaneously with the cluster spectra and the energy posi-

IV. RESULTS
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MRS RARARLLLA] TorTT FYrTTTTYT T ' LRAAAARLLER] T T LSARARELLA |"'E """""""" TrrTT
NaCl 4 NaCl
Na K-edge = 1087.3 eV NaK-edge 1(1)187‘3 ev
deposit clusters : h ‘ free clusters \\J‘
= z l0887ev
= —1088.8ev| = N A
= | solid NaCl ] B Liolia Nac
= £ |TtBY
= | TEY -—1088.8¢V| & : .
S ~1 2 | e 236 = FIG. 4. Inner-shell photoabsorption spectra of
é <N>=50 1 é PTY - /‘\li’io\'(ijv deposited and gas phase NaCl clusters at the Na
s | TBY P & 5 K edge. In addition, the absorption of bulk NaCl
2 <N> =30 e 2 <N>=9 : and. NaCI molecules was measured. The energy
« | TEY ® |pry position of the pealg was used for bond length
b determinationsee text
<N>=12
TEY <N>=4
PIY
molecule
gas phase molecule
PIY _ PIY a .
TETINEEETURETL FUYET] aaa g asaid Liaaeaa g Loos) 0 Luas Lisaasiaig basaay SEVS FRRTUTETY alessaneesy | TR
1060 1070 1080 109 1100 1060 1070 1080 1090 1100
photon energy (eV) photon energy (eV)

tion of peakb for the bulk spectra was aligned to the resultsfull multiple-scattering calculationédMSC's) and could well
of Kasraiet all* We assume an error in the absolute energydescribe the high-energy structures of the spetdtarting
of +0.5 eV. However, the error relative between differentfrom peakd). Therefore, the first sharp feature in the absorp-
spectra is less than 1/10 eV. tion spectra peak, which is not found in MSC's, can be

A gradual development of the inner-shell absorption specassociated to a localized transition from thecbre level to
tra with increasing cluster size towards the bulk spectra caghe 3p state of N&. Hudsonet al?® have simulated the solid
be seen: namely, the variation in the near-edge structure angaNES spectra with the curved-wave electron scattering
the development of higher-energy XANES structure as g,4e. They obtain good agreement for the broad high-energy
function of cluster size. In addition, this fact demonstratespeakS too. But the origin of peakas a photoelectron scat-
that there occurs no or little agglomeration of the NaCl Clus'tering, resonance remains a matter of discussion. The

ters upon deposition inside the matrix. In the spectra of thg(ANES structure above peak can be attributed to excita-

smallest clusters, only the peaksandd with similar inten- . . : .
. tion of the electron into continuum states. However, there is
sity are seen. Furthermore, a small shoulder, labaled the : : . ) . .
still an uncertainty in the interpretation of the solid-state

onset of theK absorption is observed. With increasing cluster ) . . ;
size, the peakb andd become more pronounced relative to sp.ec.tra. Cluster studies can provide valuable information on
the continuum background. However, an interpretation of thd!iS issue. Indeed, the spectra of our smallest cluster size
cluster size dependence of the intensity ratio between diglistributions has shown no structure above the piaknd
crete and continuum states is difficult due to different frag-€ven for the bigger cluster sizes the higher-energy XANES
mentation channels. Hereby, peakbecomes more intense features develop very slowly up to the solid spectra. The
than peakd. In addition, further XANES oscillations at Possible reason for this observation is a big fraction of sur-
higher energies develop and the spectra more and more réace atoms in the cluster, which therefore have less surround-
semble the solid-state spectra. ing atoms for scattering the outgoing electron wave. On the
Sharp features near the threshold can be attributed tether hand, even distant scatters contribute to the lower-
core-level excitons: i.e., an excitation of a core-level electrorenergy XANES(~15 eV above thresholcf alkali halides.
into an unoccupied bonded level. However, the identificatiorit is reported® that increasing the cluster size from 11 to 18
of these peaks is not easy, because the exact energy positighells (179 to 389 atomsgives an improved agreement in
of the absorption edge is not known. Broader peaks abov&ANES structure calculations for solid NaCl. Therefore, it
the threshold are attributed to photoelectron scattering res@ecomes clear why for our biggest cluster sizg,=50 mol-
nances. These are well-known XANES features developingcules, not all of the solid absorption features are present. To
on the flat background due to the interference between theeassemble the solid spectra, the cluster size has to be in-
outgoing electron wave from the absorbing atom and the&reased further.
multiple-scattered electron waves at the surrounding at8ms.  The main difference between the deposited and gas phase
cluster absorption spectra is the behavior of the pre-edge
structurea. This peak is present in the molecular spectrum,
V- DISCUSSION but only very weakly in our bulk spectrusee Fig. 4. Mu-
There have been several studies of the near-edge structurata et al?° assigned this structure to a “forbidden”sl
of solid NaCI**?62829 Fujikawa et al?® studied the Na — 3s transition, and it exhibits a temperature dependence in
K-edge XANES spectra of solid NaCl with short-range orderthe absorption spectra of bulk NaCl. Therefore, the intensity
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L Ty T AR T TABLE II. Determination of the nearest-neighbor distamgen
clusters as a function of size. The values for the energy position of
Na,CL-Cluster the resonance pedk is taken from the absorption spectra shown in
Na K-edge Fig. 4. A4 is the energy shift of the peakin the cluster absorption
spectra in comparison to the bulk energy position for different clus-
ter size distributionn). The energyE,=1072.8 eV was determined
| <n>=36 with Table Ill in Ref. 14. The calculation of the nearest-neighbor
£ | sasphase bond lengthr is described in the text.
_;
E (n) E, Aq E,—E, T&?
g molecules per clustér [eV eV eV
E | wo=32 [ p gr [ev]  [eV] [eV] [A]
Z calculation 507 1088.8 1505 16.0 2.680.05
® 36° 1088.7 1.405 159 2.690.05
307 1088.8 1505 16.0 2.680.05
/\N o 1090.0 2,205 17.2 2.590.05
_ ®Deposited NaCl clusters.
<n>=9 PFree NaCl clusters.
gasphase
PETEE IS I I ST A A AT AT IR Y Lo o3 3000014 e o v a0y g IR Lo s 1 E—E RZ—C 6
1060 1070 1080 1090 1100 (B b)R°=C, 6)
photon energy (eV) whereE,, is the energy of a bound or excitonic resonance just

before the edge, and is a constant for the absorbing mate-
FIG. 5. Comparison of experimental and theoretical inner-shelkj| Kasraiet al!* applied this interatomic-distance correla-
absorption spectra on NaCl clusters at theWNedge. tion for several XANES spectra of solid alkali halides for the
CI L edge and the NK edge. With their results for the bulk
of the structurea increases with temperature. Absorption in NaCl absorption spectra at the Maedge[E,=1072.84 eV
bulk LiF at the LiK edge shows a similar structure below the (Ref. 14], we have determined the bond length in the
absorption edge, which was assigned to a forbidden 1clusters using Eq(6) and the energy positiof, cyster OF
—2s transition3®3! Also, experiments on other alkali ha- Peakg from our absorption spectra shown in Fig. 4:
lides, e.g., NaBr and KBr, exhibit such a structarén the
absorption spectra of molecules, but not or at least heavily r—R / Er buk— Ep 7
reduced in the corresponding bulk specfraredermann 0 Touk NV E  uster Eb’
et al® have shown that for Ne such forbidden transitions
may be allowed at the surface of clusters. In NaCl cluster The results of this analysis of our absorption spectra from
spectra(see Fig. 4, this structurea is seen for the gas phase both deposited and free clusters are summarized in Table II.
clusters, but only weakly for the deposited clusters. This isThe error of the bond length, (=0.05 A) is determined by
probably due to the different surface composition of thethe error of the binding enerdly,, which was assumed by
NaCl clusters. Whereas the gas phase clusters have free sdr9.5 eV. For the smallest NaCl cluster sizes shown in Fig. 4,
faces the deposited clusters are embedded inside an Ae multiple-scattering oscillation is scarcely developed.
matrix. Therefore, a determination of the bond lengthfor those
Our main interest is the shift of peakto smaller energies cluster sizes was not possible.
with increasing cluster size up to the bulk NaCl. This peak is Figure 5 shows a comparison between experimental gas
well developed in the cluster spectra except for the smallegthase spectra fon=(9) and (36) and a calculation for a
cluster sizes. The intensity of pedk which should also cubic Na,Cls, (4X4X4 atomg cluster. The algorithm for
show an energy shift with cluster size, is distinctly smaller inthe full multiple-scattering method used in this study has
the gas phase spectra and for the deposited clusters not seezen previously describéd® Recently, this algorithm has
at all. This is in agreement with other experimental data orbeen also used to investigate the cluster geometry of (NaCl)
bulk NaCl (Refs. 14 and 26and the theoretical calculations clusters®’ For the calculation a muffin-tifMT) potential
shown in Fig. 5. It is not quite clear to the authors why peakwith touching MT spheres has been constructed. The atomic
h has a similar intensity as peakin our bulk spectra. charge densities have been obtained using the self-consistent
We assume that the energy shift of the pgag& due to the  solution of Dirac equation. The cluster of 64 atoms has cubic
change of the Na-Cl bond length. The Na-Cl bond length instructure with Na-Cl bond distance equal to 2.7 A. The struc-
the molecule is given by,=2.36 A and for the solid by ture of discrete statdpeaksa—d) are strongly dependent on
ro=2.79 A 2! Therefore, the bond length in a NaCl cluster the choice of potential. Therefore, a comparison of these fea-
should increase with size. A relation between the energy ofures between the experimental spectra and calculation is dif-
an absorption peak, above the threshold and the distafite ficult. However, the XANES is well described by the full
from the absorbing atom to a neighboring atom is given bymultiple-scattering method. The comparison of the structure
Natoli:3* g shows reasonable agreement between the experiment
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n/NaCl, enables one to cover the whole size range from the molecule
207 1000 100503020 10 54 3 2 ! <o up to the solid state, i.e., between*=0 and 1.
1 The experimental results for the bond length of deposited
28‘5‘A~M : clusters for the mean cluster sizgy =30 and 50 as well as
— ] for the free NaCl clusters with mean cluster sizg =3, 9,
27r and 36 are shown in Fig. 6. As can be seen, the experimental
261 i and theoretical values are in good agreement. Therefore, the
= o pedenated i experimental results for the development of the bond length
= 25F e - deposition experiment (K-edge) AT 2 of NaCl clusters with size obtained from the energy shift of
Gt =S NE T the resonance peakare nicely verified by the applied sim-
24 gt plified theoretical treatment. Further, we would like to point
23 | AA _ 75 out that the bond length varies over a very large size range is
A—MNN g B due to the well-known slow convergence of the Madelung
22T L T gy constant. On the other hand, the bond length ofa
00 01 02 03 04 05 06 07 08 09 1.0

o which is the smallest cubic structure, is almost exactly half-
o way between that of the NaCl molecule and bulk solid.

FIG. 6. Development of the mean bond length (solid tri- _ Hansenet al.3_9 described the importar]ce,.for interatomic
angles and the mean binding enerds;, per molecule(open tri-  distance analysis, of thermal effects which influence the an-
angles with cluster size obtained by our simplified model. The harmonic motion of surface atoms. This gave rise to prob-
bond length is plotted ve~ 3 wheren is the number of molecules lems in bond length determination in the analysis of Cu clus-
per cluster. The experimental values for the bond length are plotteters consisting of 100—1000 atoms. In this cluster size range,
by open and solid circles. The additional experimental point for thethe variation of the bond length is small, and neglecting the
(NaCl); cluster was taken from Ref. 38. The dashed lines are plottemperature effect could give rise to a misinterpretation of
ted to guide the eye. the experimental data. In our present paper, we investigated

much smaller cluster&§n)=3-50 molecules per clusjein
({n)=236) and the calculated spectrugnf{=32), which in-  this size range, a large variation of the bond lengghis
dicates that our approach gives reliable results. Structures &und. Furthermore, the anharmonic vibration of the surface
higher energies around the energy position of the geak  atoms is important for room temperature and above. In ex-
the bulk NaCl spectr&1097 eV} are seen with reduced in- periments on both free and deposited clusters, the tempera-
tensity. This is in agreement with the fact that the pedak  ture of the clusters is far below room temperature. Therefore,
scarcely or not seen in the cluster spectra, in contrast to peak our case a temperature effect should only play a minor
g. The origin of the intense structure at around 1105 eV inrole.
the calculated spectra cannot be judged on the basis of our
present research.

Another experimental value for the cluster sire 3 was
obtained by XANES measurements on free clusters at the Cl From the analysis of the development of XANES features
2p edge. The comparison of the measured spectra with the@f free and deposited NaCl clusters, the size dependence of
retically predicted XANES spectra provided a bond lengththe bond length was determined. The experiment on depos-
for the trimere ofr,=(2.58+0.05) A ** ited clusters was realized with a modification of a cluster

These values for the bond length for five different clusterdeposition technique where the deposition was made with
sizes determined by the absorption spectroscopy of depositet-encapsulated NaCl clusters. These heterogeneous clus-
and free NaCl clusters were compared with the simplifiecters, which consist of a NaCl core cluster aggregated within
theoretical treatment described in Sec. Il. In Fig. 6 the develan Ar parent cluster, were prepared with the pickup tech-
opment of the calculated mean bond length) and the nique. The Ar shell prevents agglomeration of the NaCl clus-
mean binding energ§, per molecule with cluster size are ters upon deposition. Finally, a cluster film is obtained where
shown for stoichiometric (NaCl) and nonstoichiometric the intact NaCl clusters are embedded in an Ar matrix. Up to
[Na(NaCl),] clusters. The size range for the stoichiometricnow our results have shown that these clusters preserve the
cluster is given frorn=2 (dimen to 864 (12X 12x12 at-  original gas phase size distribution without observable co-
oms molecules. The nonstoichiometric clusters are dis-agulation on the surface upon deposition. Further measure-
played by half numbered values fromn=13.5(3X3X3  ments both in the gas phase and on deposits will be under-
atomg to 17 968.5(33x 33X 33 atomg, i.e., n is given by taken to clarify the deposition process and surface dynamics
the number of atoms divided by 2. The bond lengghand  of these unusual clusters. Additionally, deposition of mass-
binding energyE, are plotted versus~ . Considering that selected clusters would improve the resolution of XANES
the volumeV of a cluster grows with the number of mol- spectra and therefore the development of the bond length
eculesn and the surface atomic fraction of the cluster iswith cluster size could be detected more accurately.
proportional ton®?, thereforen~ %3 is given by the quotient Finally, the experimental results were compared with a
of the number of surface atoms to the total number of atomgheoretical treatment of the size dependence of the bond
Furthermore, one can imagime *® as reciprocal to the “ra- length. In order to describe the bond length inside a cluster,
dius” of the whole cluster. In addition, this kind of display even for very big clustereiumber of moleculea~ 18 000,

VI. CONCLUSION
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we applied a simple theoretical model where only the Couthe experimentally observed development of the bond length
lomb interaction and the Born-Meyer repulsive interactionand the binding energy for the whole size range from the
between the ions inside the cluster were taken into accounsingle molecule up to the solid state of NaCl.

This well-knownrigid core modelwas combined with the
concept of the Madelung number for ionic crystals. It was
assumed that the clusters resemble a part of the fcc symmetry
of the NaCl crystal. This simplified approach yields an as- We gratefully acknowledge the financial support from the
tonishingly good agreement with other advanced theoreticadDeutsche Forschungsgemeinschaft under Grant No. SFB-
models and experimental results. On the basis with only tw®08/C4 and Mo 719/1-3 as well as the cooperation of Rus-
parameters for the Born-Meyer repulsiof, p) and the as- sian scientists with support of the DFG under Grant No.
sumption of fcc symmetry, it becomes possible to describdFG 436 RUS 113/241/2-1 and 2-2.
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