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In this paper we demonstrate how surface site specific experimental information can be obtained from free low nanometer scale
clusters using photoelectron spectroscopy utilising synchrotron radiation. In addition, we show how it can be used to gain insight
into the geometry and surface structure of the clusters. The present experiments were conducted on alkali metal halides RbCl and
CsCl which were chosen as advantageous test cases due to their simple electronic and geometric structure. These heavy alkali
metal salts provide additional clarity since the surface and bulk responses can be separated which is not the case for clusters of
lighter alkali metal salts. Computational chemical shift calculations and simple alkali halide cluster size modelling were used to

interpret the experimental results.

1 Introduction

Nanometer sized aggregates of matter - clusters have become
compelling subjects to study in different areas of science such
as physics 1 chemistry2’3, medicine?, and materials science?.
Clusters are vitally important for processes occurring in atmo-
sphere® and even in space’. When produced in laboratories,
clusters with various novel properties provide building blocks
for nanomaterials where, for example, catalytic properties can
be tuned at sub-nano scale®°.

One of the most curious features of clusters is their ability
to change physical and chemical properties as a function of
size and geometry>>8. This capability can, to a significant
extent be assigned to the changing relative abundances of dis-
similarly coordinated atoms. The most obvious division can
be made between atoms located at the surface and in the bulk
of the clusters. In addition, atoms in the surface layer can have
different coordination depending on their position. For a given
cluster size and geometry it is possible to calculate the number
of atoms at each coordination site. As the cluster size changes,
the relative abundance of atoms in different sites varies.

Core-level photoelectron spectroscopy using synchrotron
radiation is a powerful experimental technique which allows to
gain site specific information about the structure of nanoscale
clusters %! Core-level electrons are affected by the presence
of site-specific chemical environment, which causes so-called
chemical shifts to the electron binding energies'?. By deter-
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mining the chemical shifts using photoelectron spectroscopy
one can probe the local electronic structure of the object in
question.

In certain cases the responses from atoms located at the
cluster surface and in the bulk can be separated in photoelec-
tron spectra13’14. Moreover, theoretical calculations on clus-
ters '>1© have predicted that surface atoms at the sites with
different coordination should also exhibit noticeably dissimi-
lar binding energies. Resolving these site specific responses
experimentally would provide valuable information about the
cluster properties important, for example, in the studies of
photochemical activity and catalysis. As the site abundances
relate directly to the arrangement of atoms in clusters, this
could also be used as a probe to the cluster geometry .
There have been attempts to assign the core-level photoelec-
tron spectra of Kr and Xe clusters using multipeak fitting in or-
der to extract site specific information with some success '%!7.
In these studies, the cluster surface response has been seen to
consist of several responses originating from different surface
sites but in most other cases, the surface site resolution has
remained modest.

In the present article we report an experimental study where
surface site resolved core-level photoelectron spectra from
free neutral RbCl and CsClI clusters in the sub- and low-
nanometer size range were recorded using synchrotron radia-
tion. Intensity of the site specific responses are seen to evolve
as a function of the cluster size. The changes in the spectra are
interpreted as reflecting the geometry of the clusters in ques-
tion. The validity of our assignments has been also compared
to results obtained by using chemical shift calculations and
simple alkali halide cluster size estimation procedure. A dis-
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cussion concerning the general findings of site resolved pho-
toelectron spectroscopic studies of clusters based on the ex-
perimental and computational results is presented.

2 Experiments

2.1 Description of the experiments

The alkali halide clusters were produced using the so-called
Exchange Metal Cluster (EXMEC) source. Its operation is
based on a pick-up principle where a primary beam of inert-
gas clusters created by an adiabatic expansion source acts as a
growth platform for dopant atoms or molecules. A detailed de-
scription of the source has been presented earlier (see Ref.'®)
and only the main operation parameters are given here. In
addition to metal clusters, EXMEC has been used to produce
small neutral clusters of several different elements and com-
pounds 161920,

In the cluster source, argon gas of controlled stagnation
pressure was expanded into vacuum through a liquid nitro-
gen cooled nozzle with a throat diameter of 150 um and half-
opening angle of 10°. The cluster beam travelled a distance
of about 12mm from the nozzle to a conical copper skimmer
with an orifice diameter of 300 um. After the skimmer, the Ar
clusters entered a 10 mm long pick-up oven leading to pick-up
events between the vaporised alkali halide monomers and Ar
clusters. RbCl and CsCl powders (Sigma Aldrich, 99.95 % pu-
rity) were evaporated using inductively and resistively heated
ovens, respectively. Agglomeration of alkali halide monomers
occurs while the Ar cluster acts as a thermal bath dissipating
the heat released by the monomer-cluster collisions and alkali
halide cluster formation.

After the pick-up oven, the cluster beam crosses ionising
x-ray radiation and electrons emitted from the clusters as a re-
sult of a photoionisation process are detected. Measurements
were performed at the synchrotron radiation facility MAX-lab
(MAX IV Laboratory) in Lund, Sweden. The experiments
were carried out at the undulator beamline 1411 of the 1.5GeV
MAX II storage ring?!??. The emitted photoelectrons were
detected by a Scienta R4000 hemispherical analyser attached
to the end-station at the “magic-angle” of 54.7° with respect
to the horizontally polarised synchrotron radiation and perpen-
dicular to the cluster and photon beam.

During the experiments, the argon cluster size was kept con-
stant by fixing the operation parameters (stagnation pressure
and nozzle temperature) of the adiabatic-expansion source
while the oven temperature was varied between 570°C and
620°C for RbClI and between 430 °C and 580 °C for CsCl. The
Ar stagnation pressures and nozzle temperatures are tabulated
in Table 1. With the given parameters, one can estimate the
mean argon cluster size using the Hagena scaling parameter
formalism?>?*. These values are found in the upper half of

2|

Table 1. The variation of the predicted mean Ar cluster size
was calculated based on the given error limits for the stagna-
tion pressure and nozzle temperature. Note that the given error
limits do not indicate the width of the Ar cluster size distribu-
tion but uncertainty of the mean size of the clusters.

The photon energies in the measurements were chosen so
that overlap of photoelectron peaks with the Auger features
would be avoided. The photon energies used for the ionisation
of a given electronic level, along with the estimated spectral
width of the radiation are tabulated in the lower half of Table
1. The photoelectron spectra were calibrated using the known
binding energy of 29.239¢eV of the Ar 3s atomic line?. Ex-
periments on RbCl covered Rb 3d binding energy region be-
tween 110eV and 122¢eV, Cl 2p (200 — 208 eV) as well as Ar
3s (27 —31¢eV) for calibration and control purposes. For CsCl,
Cs 4d binding energy region between 78eV and 88eV was in-
vestigated along with the same regions of Cl 2p and Ar 3s as
for the RbCl.

Table 1 Operation parameters of the adiabatic expansion source and
the 1411 beamline: (Upper half) Stagnation pressure Pytag, nozzle
temperature Tjo,,1e, and predicted mean argon cluster size (Na).
(Lower half) Photon energy /@ and estimated spectral width AEy,;

Sample P, stag [mbar] Thozzte K] <N Ar>
RbCl 1500450 105+5 12000 + 3000
CsCl 1400 4+ 50 8545 26000 =+ 8000

Region ho [eV] AE} [meV]
RbCl Rb 3d 196 120
Cl2p 230 153
CsCl Cs4d 133 132
Cl2p 248 338

2.2 Experimental results

2.2.1 Rubidium chloride. Figure 1 presents core-level
photoelectron spectra recorded for the RbCl cluster beam. Ex-
perimental data points are given by dots. The spectra were
recorded at different oven temperatures, which increases from
top to bottom. The estimated cluster sizes are indicated for
each case. The cluster size estimation method and error limits
for the predicted cluster sizes are discussed further down.

Due to the cluster fabrication process used, certain frac-
tion of uncondenced monomers effusing from the oven are
always present at the ionisation region. This allows us to
make a direct comparison of the cluster response to the par-
ent monomer spectral features. In Fig. 1, the most intense
two peaks, denoted as “Mon”, belong to the alkali halide
monomers. This assignment has been based on a photoelec-
tron spectrum recorded when the Ar clusters were diverted
away from the skimmer thus preventing the alkali halide clus-
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Fig. 1 Photoelectron spectra recorded in a) Rb 3d and b) CI 2p regions for RbCl clusters. Estimated mean cluster size is denoted for each
spectrum. Rb 3ds 5 35 and C12p3 5 1/ monomer related peaks are denoted as “Mon”. In Rb 3d, the cluster response has been fitted with
three or four peak doublets where j = 5/2 components have been denoted by capital letters A-D and given solid shading while j =3/2
components have striped pattern fill. In C1 2p, cluster response has been fitted with only one doublet E. All the spectra have been normalised
with respect to the total cluster peak areas. Dots denote the experimental data points while the solid thick line is the sum of the individual peak
fits. Vertical lines going through the cluster peaks from A to E are given to guide the eye.

ter formation. The binding energies of the monomer peaks are
given in Table 2 as determined by a least-squares spectrum
fitting program with symmetric Voigt profiles (Igor Pro by
Wavemetrics with SPANCF2%27 package). All the other peaks
denoted by capital letters A—E are due to the alkali halide clus-
ters.

Table 2 Experimentally determined electron binding energies for
the alkali chloride monomers. For RbCl M denotes Rb and the main
quantum number n = 3, and for CsCl M denotes Cs and n = 4

RbCl [eV] CsCl [eV]

M nds 117.7(2) 82.7(2)
nd3 5 119.2(2) 85.0(2)

Cl2p3) 202.1(1) 202.4(5)
2p1)2 203.7(1) 204.0(5)

As can be seen from Fig. 1, the response of the whole clus-
ter beam can be complicated by multiple overlapping peaks.
There are several reasons for such complexity. Firstly, the Rb
3d level is split by the spin-orbit interaction into j = 5/2 and
J = 3/2 components, and Cl 2p into j =3/2 and j = 1/2

components. Secondly, the cluster response in itself is com-
posed of signals from atoms in various chemical environ-
ments. Starting from the simplest case, the pure monomer
spectra in the Rb 3d and Cl1 2p regions (not shown) have been
fitted assuming only two peaks, well separated from each other
in energy. From this fit, we have calculated the intensity ratio
and the binding energy separation (the spin-orbit splitting) for
the two peaks in each case - Rb 34 and Cl 2p. The spin-
orbit splitting of Rb 3d derived from fitting and presented
in Table 2 agrees well with the value for atomic rubidium:
1.540.1eV?%2?%, In addition, the fitted Cl 2p spin-orbit split-
ting in RbCI monomer was found to be close to the value of
1.630 £ 0.008eV>" known for Cl, molecule.

In order to quantify the overlapping cluster responses, the
results from the monomer curve fitting have been used to
determine the underlying spectral structure. As Rb and CI
have nearly closed electronic shell structure in the monomer
Rb(*)C1) form and since spin-orbit splitting is not sensitive
to chemical environment, the spin-orbit splitting and the rel-
ative intensities of the high- and low-j components of the Rb
3d and CI 2p ionised RbCl monomer were taken as fixed pa-
rameters in the cluster response fitting.

" 1-12 |3
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In the topmost two spectra in Fig. 1 recorded in Rb 3d re-
gion, three peaks (labeled as A, B, and C) can be distinguished
at the lower binding energy side of the monomer 3ds, peak.
These have been assigned as the j = 5/2 components of the
spin doublet. The j = 3/2 peaks have been assumed to be at
a corresponding separation at the higher binding energy and
thus obscured by the 3ds/, monomer peak. In the curve fit-
ting, the spin-orbit splitting, the spin-orbit component rela-
tive intensity ratios, and the lifetime broadening contribution
were fixed to the corresponding values derived from the pure
monomer spectra. The parameters left to be optimised for
all spin-orbit components (including the monomer) were the
Gaussian widths, absolute energy positions and the absolute
intensities of the lines.

This procedure was repeated for each spectrum and a to-
tal of four peaks for two spin-orbit components arising from
the clusters have been assigned in the spectra. Only the lower
binding energy components were labeled with A, B, C, or D
(solid colour shading) since the other group of spin-orbit com-
ponents with j = 3/2 is not seen under the monomer 3ds ,
peak and does not bring any additional information due to the
fixed spin-orbit splitting and intensity ratio. Still, the fitted
lower j components are included in the spectra and denoted
by the striped pattern fill. From here on to simplify the dis-
cussion, we refer only to the peaks A-D. In the CI 2p side
however, the peak fitting has been performed assuming only
one doublet, labeled E in Fig. 1b, since no resolved structure
has been detected in the cluster response.

In the topmost spectrum in Rb 3d region in Fig. 1a, three
cluster peaks A—C are visible. As one increases the temper-
ature, the intensity ratios of the peaks change and finally a
fourth peak (D) has to be introduced in order the explain the
overall cluster response. The individual peaks also experience
gradual binding energy shifts towards lower binding energy.
This behaviour can be understood as coming from the chang-
ing cluster size and it has been widely documented for many
types of clusters, including alkali halide clusters !!-16:18:19.31
With increasing oven temperature, the pick-up rate by the Ar
clusters increases which leads to larger alkali halide clusters
(see next section for more discussion).

As briefly mentioned above, the CI 2p photoelectron spec-
tra in Fig. 1b are considerably less structured than the alkali
metal side. The whole cluster response can be explained with
only one doublet (E) which is observed at the higher binding
energy side of the monomer lines. This peak broadens and
shifts slightly towards the higher binding energies as the clus-
ter size increases. The reason for the difference in the sign
of the chemical shift for alkali metal cations and halide anion
has been discussed before (see e.g. Ref.!®). Briefly, it can
be seen qualitatively to originate due to interplay between the
initial and final state (before and after the photoionisation) en-
ergies and the way Coulomb interaction affects these states.

4]

Much of the following discussion will be concentrated around
the cation site (Rb or Cs) spectra but anion spectra are still
provided for completeness.

As already discussed in the introduction, earlier theoretical
calculations '>-1© predict different chemical shifts for the sur-
face sites of alkali halide clusters according to their coordina-
tion where higher coordination leads to correspondingly larger
chemical shift. Furthermore, if the sites can be resolved from
each other, the intensity of these responses should roughly de-
pend on the number of sites with a given coordination, assum-
ing the mean free path of the emitted photoelectrons is larger
than the cluster diameter. The abundance of the low coordi-
nation sites diminish and vice versa for the high coordination
sites as the cluster size increases. Based on all these consider-
ations and the behaviour of the peaks A-D in the experimental
photoelectron spectra, these peaks are assigned to the corner
(A), edge (B), face (C) and bulk (D) sites of the alkali halide
clusters. In general one could argue that the peaks are assigned
to ions with different coordination but as many of the alkali
halides are known to posses the NaCl structure even as small
clusters '>32, the naming is presumed to be well justified. The
assignment of the peak E in the Cl 2p spectra is not as straight
forward and will be discussed in detail later.

2.2.2 Caesium chloride. In a similar manner, Fig. 2
shows photoelectron spectra recorded in the Cs 4d and CI 2p
binding energy regions. Due to the qualitatively similar spec-
tra, the assignments are the same as for the RbCIl. The CsCl
cluster studies have been carried out over a larger oven tem-
perature range.

As with the Rb 3d, the Cs 4d ionised orbital is spin-orbit
split into two components. The energy separation of the
monomer Cs 4ds/, and 4d3;, components given in Table 2
agrees with a previous study >® on atomic Cs 4d, which reports
a spin-orbit splitting of 2.29 £0.05eV. As for RbCl cluster
assignments in Fig. 1, in Fig. 2 for CsCl the spin-orbit cluster
components with the higher j quantum number are denoted
with a solid shading and capital letters A—D while the lower j
components - with only a stripe pattern.

The Cs 4d and CI 2p responses from CsCl clusters have
a similar layout to the Rb 3d and Cl 2p spectra for RbCl
ones, respectively. One notable difference is the larger spin-
orbit splitting for the monomer Cs 4d peaks as was mentioned
above. This allows observation of both high- and low-j com-
ponents of doublet A. As the Rb 3d spectra, the Cs 4d spectra
(Fig. 2a) contain a number of responses with varying relative
intensities and to a lesser extent, energy positions. Unlike in
bulk RbCl where each of the Rb™ cations has 6 C1~ anions in
the nearest coordination shell (the NaCl structure), bulk CsCl
is well known to posses structure where each Cs™ cation is 8-
fold coordinated with C1™ anions (thus the name CsCl struc-
ture). Although for CsClI the same naming convention as for
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Fig. 2 Photoelectron spectra recorded in a) Cs 4d and b) CI 2p regions of CsCl clusters. Estimated mean cluster size is denoted for each
spectrum. Cs 4ds 5 35 and C12p3 5 1/, monomer related peaks are denoted as “Mon”. In Cs 4d, the cluster response has been fitted from two
to four peak doublets where j = 5/2 components have been denoted by capital letters A-D and given solid shading while j = 3/2 components
have striped pattern fill. In C1 2p, the very weak cluster response has been fitted with only one doublet E. All the spectra have been normalised
with respect to the total cluster peak areas. Dots denote the experimental data points while the solid thick line is the sum of the individual peak
fits. Vertical lines going through the cluster peaks from A to E are given to guide the eye.

RbCl is used (corner, edge, face, and bulk) for the responses
A-D in the CsCl spectra, it does not imply directly that CsCl
clusters should posses the same structure as RbCl clusters.

2.3 Alkali halide cluster size estimation

Without using a direct cluster size detection techniques (e.g.
mass spectrometers) or size selectors, one can rely on theoret-
ical modelling either by considering the size dependent change
in the electronic levels of clusters or by predicting the end
results of the cluster formation process. For metal clusters,
a method based on the relation between the cluster to solid
binding energy shift and the cluster size has been used !83!.
Similar approach has also been suggested for small dielec-
tric particles by Makov ez al.3® but in this formulation, the
dielectric constant (relative permittivity) of the particle has to
be known before one can calculate the particle radius. Monte
Carlo simulation was used by Lewerenz et al. >* to model the
coagulation of atoms and molecules in large helium clusters
formed using similar technique to EXMEC. In the present
work we suggest a method which uses similar formalism but
does not involve Monte Carlo technique and also omits mo-
mentum transfer modelling.

The alkali halide cluster size estimation/modelling proceeds
through the following iterative steps:

1. The vapour pressure pg of the alkali halide is calculated
using the temperature 7 of the oven.

2. Ar cluster diameter da; is calculated from the mean (or
remaining) Ar cluster size (Na;).

3. Flight distance between successive monomer captures is
determined from the mean free path of the Ar cluster.

4. Evaporative loss of Ar atoms upon pick-up of alkali
halide monomers is calculated relying on the energy
release in the monomer-cluster collision and the alkali
halide cluster agglomeration.

5. Steps 2-4 are repeated until the Ar cluster has travelled a
distance equal to the pick-up region (oven) length.

No reported solid sublimation pressures were found for the
RbCl and CsClI. Therefore the liquid vapour pressures p; from
Ref.® were extrapolated to lower than melting point temper-
atures T, and then corrected by using a particular form of the

T 1-12 |5



Physical Chemistry Chemical Physics

Clausius-Clapeyron equation>©

)

AH,, /1 1
Inps=1Inp;— ( )7

R \T T,
where AH,, is the enthalpy of fusion for each of the alkali
halides®’, T is the oven temperature and R is the universal
gas constant.

The Ar cluster diameter is calculated from the spherical
cluster approximation as3?

3M \1/3
)T @

dar = 21y <NA1'> = 2(47TPNA

where r, is the Wigner-Seitz radius of Ar, calculated from
its molar mass M and liquid density at boiling point3” of p =
1396kg/m?>. Ny is the Avogadro constant.

As the mean free path for the individual monomers in the
oven is much larger than the mean diameter of the Ar cluster,
the latter was assumed to behave as any other molecule in a gas
filled volume. Furthermore, as the Ar cluster is larger than the
monomer, the cluster diameter is used to define the collision
cross-section. Thus, the mean free path for the Ar clusters was
calculated by assuming collisions with an ensemble of alkali
halide monomers having a Maxwellian speed distribution as

o 4kgT Vveluster
= , 3)
O ps <Vr> ”dArps <vi’>

(= kT Veluster

where kg is the Boltzmann constant, ¢ = 7(d,/2)? is the ge-
ometric cross section for the Ar cluster representing the col-
lision cross-section, vejygter 18 the speed of the cluster beam 39
and (v,) is the mean relative speed between the cluster beam
and the monomers. These quantities were calculated from

2kpThoz1
Vcluster — \/ miozz £ }’Z 1 “4)
r
8kpT
<Vr> - \/vgluster + <Vm0n>2 - \/vgluster + Y ’ ®)
Mmon

where ¥ = 5/3 is the specific heat ratio for a monatomic gas
(argon), mp, is the atomic mass of argon, mpo, is the atomic
mass of the alkali halide monomer and (vmon) is the mean
speed of the monomers. In a standard formulation of the mean
free path for an ensemble of identical molecules, the ratio
Veluster/ (Vr) 18 replaced by a constant value of 2712 n our
calculations with the parameters given, the ratio turned out to
be close to this value because the cluster beam speed for Ar is
of the same order than the monomer speed.

When the crucible vapour pressure is low, the evaporative
loss of Ar is negligible and mean free path of Ar clusters re-
mains constant. As the vapour pressure increases, so does the
pick-up rate which increases the Ar evaporation rate. Weak

6|

indications of the Ar cluster shrinking were seen during the
experiments as increasing surface to bulk signal ratio in the
Ar cluster 3s photoelectron response, which in previous stud-
ies 10-144041 have been resolved also for other rare gas clusters.
However, because the energy resolution was not optimised for
the Ar 3s but for the deeper core-levels in the alkali halides,
the surface to bulk response separation remained modest and
thus, the uncertainties are significant. The overall Ar 3s cluster
signal decreased linearly to a point of complete disappearance
as the oven temperature was increased, ultimately making the
bulk to surface separation in Ar 3s impossible for the highest
temperatures.

The mean collision energy (E.) is calculated as a sum of
the collisional kinetic energy between the monomer and the
Ar cluster averaged over all angles and the internal energy of
the monomer3*

5 m
<Ecol> = ZkBT + ;OH Vzluster' (6)

Binding energy of 6.82eV per monomer addition for CsC14?
was used to describe the heat released by agglomeration. The
RbCl monomer binding energy of 7.2eV was interpolated
from the values of NaCl (7.92eV*?) and CsCl. Bulk enthalpy
of vaporisation of Ar37 (6.447kJ/mol) was taken to approx-
imate the energy needed to release Ar atoms from the clus-
ter. With these assumptions, pick-up of each alkali halide
monomer evaporated roughly 90-110 Ar atoms.

The calculated size range extended from 100 to 210
atoms/cluster for RbCl and from < 10 to 430 atoms/cluster
for CsCl as indicated in Figs. 1 and 2. The error estimates of
the alkali halide cluster sizes are completely based on the Ar
cluster size error limits given in Table 1. Validity of this model
is investigated in the discussion section.

3 Computations

3.1 Computational methods

In order to get more information on the origin of the pho-
toelectron peaks assigned to different sites of the cluster re-
sponse, binding energy shift (chemical shift) calculations with
respect to free monomer cases were performed. The binding
energy shifts between the monomer and clusters were calcu-
lated using a simple ground-state potential model (GPM) and
more involved relaxation-potential model (RPM) introduced
by Davis and Shirley**~*>. In GPM the shift is taken to be the
difference between the (reference) potential of the monomer
and the potential in the cluster calculated at corner, edge, face
or bulk sites. The binding energy shift AE), thus takes the form
AE), = —(VRef _yClusiery '\here

Va= Y (wilr'lwi) = Y Zi/Rja- 0
i Jj#a
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The summation index i runs over all occupied single electron
wavefunctions y; in the calculation. The second term accounts
for the potential created by the nuclei Z;, omitting the nucleus
at position a. The model yield the same shift for all orbitals of
the same site and it was originally developed to give estima-
tions for K-shell chemical shifts. However, it seems to work
fairly well for higher orbitals as well (as long as the orbital is
local on the studied site). This assumption is further justified
by the recent experimental observation that the chemical shifts
in metallic clusters do not vary significantly between different
core orbitals3!.

The RPM improves GPM by adding term —AV, represent-
ing the contribution from the relaxation of the wavefunctions
at the final singly ionized state. The term is given by equation
V,=1/2(V,} —V,), where V! is the potential at site a with
electronic wavefunctions Wi+ calculated in Z, + 1 nuclear po-
tential. Note that in GPM all binding energy shifts are ob-
tained from a single calculation, whereas in RPM the wave-
functions have to be optimised for each studied site individu-
ally. In the original papers of the model***, CNDO wave-
functions were used with some further simplifications. Due to
the development of computational resources, the present cal-
culations were done by computing directly the potentials V,
from (7) with Hartree-Fock wavefunctions and Gaussian basis
sets.

The electronic wavefunctions were obtained by using the
Orca quantum chemistry program (version 2.9.1)4°. The cal-
culations were performed in single configuration Hartree-Fock
scheme using the Ahlrichs-VDZ basis sets*’ with effective-
core potentials for Rb and Cs*®. The rather small basis set was
chosen due to dramatic increase of computational time and in-
stabilities in convergence for larger cluster sizes. The calcu-
lations were however checked with Ahlrichs-TZVP basis for
small cluster sizes and the binding energy shifts did not change
considerably. The clusters were assumed to have a NaCl crys-
tal structure, which has been found to be the lowest-energy ge-
ometry for small alkali halide clusters (see, e.g. Refs.324%-30
and references therein). The bond length of 3.285 A for RbCl
clusters was taken to be the experimental value derived from
bulk RbCI°!. Since CsCl does not have NaCl structure in the
bulk form, a bond length value of 3.571 A based on geom-
etry optimisation of an (CsCl)4 (2 X 2 x 2) cluster was used
for CsClI clusters. The reference RbCl and CsCl monomer
bond lengths were taken from the experimental values of the

monomer>2.

3.2 Computational results

Results of the GPM (upper row) and RPM (lower row) cal-
culations are collected into Fig. 3. As all the clusters were
assumed to have the NaCl lattice structure, the sites (and their
number of nearest neighbours) that appear in the geometry are
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located at the corner (3), edge (4), face (5), or bulk (6) of the
cluster. In Fig. 3 the calculated cluster to monomer binding
energy shifts AE, are shown as a function of the cluster con-
figurations. Because clusters with the same number of cations
and anions were considered, i X j X k = even for all the con-
figurations. In this notation scheme, the indices 7, j, and k give
the number of atoms along each of the three mutually perpen-
dicular edge directions. The values of the shifts are averages
of the slightly differing chemical shifts of the atoms belonging
to the same coordination but different positions in the cluster.
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Fig. 3 Calculated binding energy shifts AE}, for the RbCl and CsCl
clusters as a function of cluster configuration. Results have been
computed with (RPM) and without (GPM) the final state relaxation.
Triangles represent binding energy shifts for the halogen (chlorine)
ions and circles for the alkali metal ions (Rb or Cs). Sites are
separated by the use of orange (corner), green (edge), purple (face),
and blue (bulk) lines.

The calculations predict negative binding energy shifts, i.e.
towards lower binding energies relative to the monomer, for
the alkali metal cations and positive shifts for the halogen an-
ions. For the different sites, the absolute values of the shifts
increase from the corner ion site with lowest coordination to
the bulk site with the highest coordination. An exception to
this order is observed for the 3 x 3 x 4 configuration, where
the edge and face site chemical shifts switch order. This is
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most likely linked to the appearance of the first bulk site to
the configuration which changes the local potential momentar-
ily. Both the Coulomb interaction between ions and the charge
induced dipole interaction depend on the coordination of the
site in question which qualitatively explains the site order as
described more thoroughly by Zhang et al. '°.

For both alkali metal and halogen ions, the chemical shift
of the corner site stands apart from the rest, which more or
less group together. The grouping is more pronounced in the
halogen ion sites than in the alkali-metal ion sites. In addition,
different sites in RbCl tend to be more separated in energy
from each other than in the CsCl. The binding energy shifts
are slightly larger in magnitude for the RbCl than for the CsCl
but the results for the two compounds are quite similar.

In the RPM the alkali metal cation binding energy shifts
are larger and the halogen anion shifts smaller in comparison
to the GPM. Moreover in RPM, the edge, face and bulk sites
are more densely grouped for the halogen ions, whereas the
alkali-metal sites become more separated in energy.

In both models the overall trend of the binding energy shifts
as a function of cluster size is quite flat. The calculated shifts
especially for the smallest cluster configurations should be
seen more as orientating rather than accurate predictions since
geometry optimisation was not performed. In some previ-
ous studies on small alkali halide clusters'>*°, the latter were
shown to adopt geometries that did not resemble bulk NaCl
structures. As the cluster size increases NaCl structures be-
come more probable and the shift values can be assumed to
converge towards the values calculated for the largest 4 x 4 x 4
clusters.

4 Discussion

The experimental results show that the core-level photoelec-
tron response from alkali halide clusters evolves in shape and
size significantly as the cluster size changes in a relatively nar-
row range below one-two hundred atoms/cluster. The compu-
tational results indicate that the structures seen in the alkali
metal (Rb and Cs) spectra originate from the different surface
sites (corner, edge, and face) and from the bulk of the cluster.

4.1 Binding energy shifts

The binding energy shifts between the monomer and the dif-
ferent cluster peaks obtained by fitting the experimental spec-
tra have been plotted in Fig. 4 for the RbCl and CsCl as a func-
tion of the estimated mean cluster size. The error bars for the
shifts were derived from the Gaussian FWHM'’s of the fitted
peaks after subtracting the beamline and analyser broadening
contributions from it. The corresponding standard deviation
was then used to describe the uncertainty of each peak’s posi-
tion. Cluster size error bars have been left out for the sake of

8| —

clarity but can be found from Figs. 1 and 2.
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Fig. 4 Experimental cluster to monomer binding energy shifts for
a) RbCl and b) CsCl as derived by curve fitting from the spectra
presented in Figures 1 and 2. Markers for shift values (and the
corresponding peaks in the spectra) are as follows: Circles (A),
upward pointing triangles (B), hollow squares (C), solid squares (D),
and left pointing triangles (E). The calculated binding energies of
the 4 x 4 x 4 cluster from the RPM are shown as small horizontal
ticks beside the binding energy axis.

The chemical shifts of Rb 3d levels for RbCI clusters in
Fig. 4a range from —1.1eV for the peak A to —3.2¢eV for the
peak D. Calculated shifts for the 4 x 4 x 4 cluster are presented
as small ticks beside the vertical energy scale. A small overall
shift towards lower binding energies is observed in the values
as the mean cluster size increases. The magnitude of the bind-
ing energy shifts for the peaks A, B, C, and D correspond quite
well to the calculated shifts of the RPM for the corner, edge,
face, and bulk sites presented in Fig. 3, respectively. Simi-
lar analysis of the CsCl in Fig. 4b shows that the Cs 44 shifts
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(peaks A-D) are slightly smaller than the corresponding shifts
in Rb 3d ranging from —1.0eV (peak A) to —3.0eV (peak D).
This difference in the overall shift magnitude between the two
alkali metals is also predicted by the calculations.

The chemical shift of the halogen anion in RbCI and CsCl is
considerably smaller in magnitude than any of the alkali metal
cation shifts. The only cluster related peak (E) in Cl 2p retains
a positive shift of about 0.5eV which is in line with previous
work on NaCl'¢ and KC1' reporting binding energy shifts of
about +1eV and +0.7eV, respectively. The decreased anion
binding energy shift across the chloride series can be quali-
tatively seen as resulting from the increasing interionic dis-
tance when moving from NaCl to CsCl which decreases the
Coulomb interaction. Even though the calculations predict
that the corner site should be resolvable from the other sites,
no other peaks are seen in the spectra. It is possible that the
corner peak is overlapping with the monomer signal, but the
reason can be as well that the chemical shift is overestimated
by the calculation and the corner response is bunched together
with the other peaks. We may speculate that it is due to the
limitation of the single determinant HF approximation as well
as insufficiently included final state orbital relaxation.

The total chemical shift for an ion in a particular site in
the alkali halide cluster is influenced by the Coulomb inter-
action, the polarisation interaction and the repulsive overlap
of nearby atomic orbitals (see e.g. Refs.!®!° and references
therein). The binding energy shift caused by these interac-
tions scales as a function of coordination. For NaCl lattice the
coordination ranges from 3 (corner site) to 6 (bulk site). If the
peaks observed in the photoelectron spectra of clusters origi-
nate from different sites (corner, edge, face, or the bulk) as the
calculations suggest, ratios of the shift values could reflect the
coordination on each site.

As a case in point, binding energy shift ratios of the alkali
metal region cluster peaks from RbCl and CsCl are shown in
Fig. 5. For all the sites, each binding energy shift value has
been divided by the edge site shift. These have been scaled
so that the edge site ratio always corresponds to 4. As can be
observed from the figure, the face and bulk site ratios coincide
with their expected coordination (5 and 6) when the edge site
coordination is fixed. Since the three sites are so evenly spaced
in binding energy, fixing the ratio for any of the three sites pro-
duces qualitatively identical results. The corner site however
deviates from the predicted coordination of 3 throughout the
measured spectra and acquires a value of approximately 2.5.
The smaller than expected binding energy shift for the cor-
ner site could be a result of site dependent changes such as
decreasing polarisability of ions, especially anions, with in-
creasing coordination as proposed by Zhang et al. '°.
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Fig. 5 Scaled binding energy ratio as a function of mean cluster
size. The ratio has been calculated by dividing the individual site
binding energy shifts with the edge site shift value and then by
multiplying it with 4, corresponding to the edge site coordination in
NaCl structure. Circles represent the RbCl and triangles the CsCl
data. Shift ratios based on the computational results for the 4 x 4 x 4
are shown on the left (RbCl) and right (CsCl) of the figure as thick
horizontal ticks.

4.2 Site fractions

As follows from our results presented in Figs. 1 and 2, the rel-
ative intensities of peaks A—D change as a function of cluster
size. Since each peak corresponds to one coordination site in
the cluster, the intensity ratios, or site fractions from here on,
are proportional to the number of atoms occupying the sites of
the cluster (assuming that the size of the cluster is smaller than
the photoelectron escape depth). The site fractions change as
a function of cluster size and geometry. As the cluster beam
contains multiple sizes, the photoelectron spectrum is a super-
position of sets of site fractions. By comparing the experimen-
tal site fractions to the statistically derived ones, one can gain
insight about the (average) cluster geometry. For size selected
clusters one could even detect individual isomers as proposed
by Aguado et al. 13

Figure 6 shows calculated site fractions for two different
crystal structures. The upper panel presents NaCl structure
and the lower panel bcc thombic dodecahedron structure (re-
ferred as CsCl structure3?). In order to account for the size
distribution in the experiment, each NaCl site fraction was
formed by taking an ensemble of clusters with a Gaussian
size distribution and a standard deviation given by the present
mean cluster size. For the CsCl structure, site fractions were
calculated for full rhombic dodecahedral atomic shell closings
where the number of shells goes from 1 to 5.

Label i x j x k denotes the number of atoms along each
edge. Only configurations with at least one even edge index
were considered as the clusters were assumed to be composed
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of diatomic molecules. Also configurations with large edge
index differences (such as 6 x 2 x 2) were discarded as being
improbable in the experiment, since cubes and closely related
cuboids tend to be more stable*?.

a) NaCl structure J Corner 2 Edge Face [ Bulk

o
©
1

Site fraction
o
>

|
»
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o
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1

0.0

Mean cluster configuration (i x j x k)

b) CsCl structure O Vertex = Edge Face 1 Bulk

0.8

0.6
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0.4

0.2

0.0 O

Cluster size [atoms]

Fig. 6 Calculated site fractions for a) NaCl structure and b) bec
rhombic dodecahedron (CsCl) structure. In the upper panel, mean
cluster configurations are given under the horizontal axis and the
mean cluster sizes are indicated above the columns. Cluster sizes in
the lower panel are exact (see text for details).

Figure 7 shows the experimentally derived site fractions as
a function of the estimated mean cluster size. Error bars esti-
mate the oscillation in the fitted peak areas during the curve fit-
ting procedure. A vertical dashed line in the site fraction plots
labeled saturation point (SP) denotes a point were the Ar clus-
ter signal vanishes from the photoelectron spectra completely.
This point is always achieved when high enough pick-up oven
temperature (vapour pressure) is reached. As can be seen from
the CsCl site fractions in Fig. 7b and photoelectron spectra in
Fig. 2, even though the Ar cluster signal has disappeared in
the last spectrum beyond the saturation point, the alkali halide
cluster signal is still present, although with a slightly reduced
intensity. If the oven temperature is decreased, the Ar cluster
signal recovers. This is an indication of the fact that after a
certain point, the saturation point, nearly all or all of the Ar
atoms have evaporated from the cluster and the evaporative
cooling mechanism is removed. This is also predicted by the
alkali halide cluster size estimation procedure.
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Fig. 7 Experimentally determined relative peak areas, denoted as
site fractions, for a) RbCl and b) CsCl. The capital letters refer to
the peaks observed in the photoelectron spectra. The point at which
the Ar cluster signal disappears from the photoelectron spectra
almost completely is marked with a vertical dashed line and an
abbreviation SP which stands for saturation point.

The experimental RbCl site fractions quantitatively follow
from the simple consideration that the low-coordination site
fractions decrease with the size. One can suggest a method
for size estimation based on the comparison of the experimen-
tal and calculated site fractions. For RbCl, this method seems
to overestimate the size of the smallest clusters but the agree-
ment improves somewhat for the largest sizes. Overall the
behaviour of the experimental site fractions can be explained
by the NaCl structure.

In the case of CsCl the cluster size range is larger than
for RbCl and starts at around 10 atoms/cluster. This allows
observing both the initial increase and the slow decrease of
the edge site fraction. For smaller clusters (up to about 90
atoms/cluster) the experimental site fraction distributions re-
flect the statistical distributions of NaCl structure fairly well,
which allows us to conclude that CsCl clusters have a NaCl
structure in this size range. On the other hand, in the case
of larger clusters (from size about 130 atoms/cluster onwards)
the experimental signal from the bulk sites increases notice-
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ably. This behaviour could be understood assuming the ap-
pearance of a significant concentration of clusters with CsCl
structure in the interaction region as a previous study has
placed the structural phase transition point from NaCl to CsCl
structure at around 370 atoms/cluster32. Figure 6b shows that
for rhombic dodecahedral structure the bulk site fraction dom-
inates from around 150 atoms/cluster onwards which is in
close agreement with the experimental observations.

The largest cluster size of 430 atoms presents some pecu-
liar behaviour. The corner and edge fractions have increased
whereas the face and bulk fractions have decreased. This be-
haviour could be explained by the assumption of formation
of surface terraces which are built onto the complete cluster
faces. These additional low coordination sites would decrease
the face site fraction in the favour of corner and edge sites.
Also, previous mass spectroscopic studies*> have found evi-
dence of such structures in the corresponding size range. Sig-
nal suppression due to inelastic scattering of photoelectrons
could also play a part in the decreasing bulk site fraction, par-
ticularly at the largest cluster sizes in the experiment.

5 Conclusions

The present results demonstrate the possibility to gather site
specific information from multicomponent clusters using pho-
toelectron spectroscopy. The observed responses in the core-
level photoelectron spectra of RbCl and CsCl clusters were
linked to different atomic coordination sites. By monitoring
the surface site signals as a function of cluster size, informa-
tion about the cluster geometry was deduced. The chemical
shift data provided information about the local, site-specific
interaction mechanisms and indicated a non-linear scaling of
the binding energy shifts observed for the different sites which
could be associated to the changes in the electron structure
such as ion site dependent polarisabilities .

The RbCI clusters were seen to display site fraction pat-
terns typical for a bulk NaCl structure. Similar association
to this structure was also made for the smaller CsCl clusters,
whereas the largest clusters contained evidence that a signif-
icant fraction of the clusters in the beam possessed the bulk
CsCl structure.

Applications of the presented technique could include
chemical reaction analyses on the surface of free clusters in
a manner similar to single crystal surface catalysis studies.
These kind of studies would provide interesting insights to
site-specific catalytic processes.
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