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The structures of mixed argon-nitrogen clusters of different compositions are investigated by analyz-
ing core level shifts and relative intensities of surface and bulk sites in the Ar 2p3/2 regime in soft X-
ray photoelectron spectroscopy. These structures are confirmed by core level shift calculations taking
induced dipole interactions into account, in which several model structures of the mixed clusters are
considered by Monte Carlo simulations. These results suggest that the mixed argon-nitrogen clusters
show partial core-shell structures, where an argon core is partially covered by nitrogen molecules.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4768423]

I. INTRODUCTION

Structures of rare gas clusters formed by van der Waals
interactions1 are widely investigated by element-selective
core-level excitations and ionizations.2 Most rare gas clusters
with more than 103 atoms are found in face-centered-cubic
(fcc) crystalline structure. Surface and bulk sites of the clus-
ters are clearly distinguished by core level shifts in soft X-ray
photoelectron spectroscopy (XPS).3 Small clusters containing
less than 200 atoms are mostly found in icosahedral struc-
tures, in which the surface of the cluster is not close packed.4

Recently, we investigated changes in surface structures of
small Kr clusters with an average size up to 30 atoms per clus-
ter by using XPS.5 Different core level shifts were assigned
to different surface sites of the clusters. These energy shifts
are caused by induction or polarization of atoms surrounding
the absorbing site and are induced by the singly charged ion
which is formed by the photoionization process.6, 7 The sur-
face sites of clusters have also been distinguished by exchange
interactions of Rydberg electrons with the surrounding atoms
by recent X-ray absorption8, 9 and resonant Auger electron10

studies.
Mixed rare gas clusters are formed either by doping

premade rare gas clusters by another species11–14 or by co-
expansion of two different species.15–20 It is discussed that
mixed rare gas clusters formed by the doping method show
thermodynamically less stable structures than those obtained
from coexpansion of the constituents. Mixed rare gas clus-
ters formed by coexpansion in the size regime of about 103

atoms per cluster were investigated by using XPS.15–18 Be-
cause of the large size of the clusters, their surface energy is
not a dominant factor. On the other hand, the structures of
small mixed clusters are influenced by several factors, where
not only the inter-atomic interaction energies but also the sur-
face energies and the atomic radii play a role. Clarke et al.

a)Electronic mail: nagasaka@ims.ac.jp.

have performed Monte Carlo simulations on mixed rare gas
clusters by changing the inter-atomic interaction energies in
the Lennard-Jones potentials.21 From this work, they revealed
the structural phase diagram of mixed clusters with different
inter-atomic interaction energies. Nagaya et al. measured Kr
K-edge X-ray absorption spectra of small mixed Ar-Kr clus-
ters with low Kr concentrations.19 They found that these
mixed clusters consist of core-shell structures. Recently, we
investigated the structures of small mixed Kr-Xe clusters with
an average size of 30–37 atoms per cluster by using XPS.20

We revealed that small Xe cores are partly embedded on the
surface of Kr clusters. These Xe cores may grow and merge
leading to a phase separation between both rare gas moieties
with increasing the Xe content. Such phase separation has
also been deduced from Monte Carlo simulations.22

The inter-atomic potential of rare gas atom is isotropic.
In contrast, diatomic molecules show anisotropic poten-
tials as a result of the molecular geometry. Several groups
investigated the structures of mixed molecular clusters
before.23–31 Earlier, the structures of rare gas clusters mixed
with SF6 were investigated.32–36 Mixed argon-nitrogen clus-
ters are easily formed due to the small difference in
inter-molecular potentials.37, 38 The structure and electronic
properties of mixed Ar-N2 clusters were investigated by
electron diffraction,39 surface scattering,40 X-ray absorp-
tion spectroscopy, and zero kinetic energy photoelectron
spectroscopy.41 These studies suggested that the mixed argon-
nitrogen clusters show core-shell structures, in which Ar
atoms form a core covered by nitrogen molecules. However,
the structural details of mixed Ar-N2 clusters have not been
fully understood.

In the present work, we investigate the structures of the
small mixed Ar-N2 clusters of different compositions by using
XPS. The mixed clusters are produced by coexpansion of the
gas mixtures by varying the mixing ratio of both gases. Core
level shifts and relative intensities of the surface and bulk sites
are analyzed in Ar 2p3/2 XPS spectra with the help of Monte
Carlo simulations and core level shift calculations.

0021-9606/2012/137(21)/214305/7/$30.00 © 2012 American Institute of Physics137, 214305-1
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II. METHODS

A. Experiments

The XPS measurements on mixed Ar-N2 clusters were
performed at the soft X-ray in-vacuum undulator beamline
BL3U at the storage ring UVSOR-II.42 The excitation energy
was set to 302 eV to probe the Ar 2p3/2 regime. This yields
a kinetic energy of the photoelectron of about 50 eV, since
the 2p3/2 binding energy of Ar atom is 248.629 ± 0.010 eV.43

The present XPS may be surface sensitive considering a small
attenuation length of ∼50 eV kinetic energy electrons.44 The
XPS spectra were measured by using a hemispherical elec-
tron energy analyzer (SCIENTA SES-200 combined with a
MBS A-1 control system). The analyzer is mounted at ∼55◦

to the horizontal polarization plane of the synchrotron radia-
tion (magic angle) to avoid the angular distribution effect of
electron emission.45 The pass energy was set to 50 eV, and the
bandwidth of the incident photons was set to 200 meV, yield-
ing a total energy resolution ∼225 meV. The cluster peaks in
XPS spectra were observed at the lower binding energy of the
atomic signals, similar to earlier work.3, 5 The Ar atomic peaks
in XPS spectra were fitted by Voigt profiles, in which the ef-
fective Gaussian contribution is 251 meV and the Lorentzian
width is 118 meV, considering the core-hole life time.46

Although X-ray absorption spectroscopy near the nitrogen
K-edge of nitrogen clusters was previously reported,47, 48

N 1s XPS measurements were difficult using the present ex-
perimental setup since the photon flux at the N 1s region in
the beamline BL3U is lower than that at the Ar 2p region
and it is not sufficient to measure XPS spectra of small mixed
Ar-N2 clusters. Valence photoelectron spectroscopy is an ef-
fective method to observe the contributions of both Ar and N2

in the mixed clusters, but it is generally difficult to distinguish
the surface and bulk sites.49 Therefore, we focus on the core-
level photoelectron spectroscopy in the present work.

Mixed Ar-N2 clusters were formed in a supersonic gas
expansion of the primary gas mixtures. The detailed experi-
mental setup has been described previously.5, 20 The gas mix-
tures containing 10–40 at. % Ar was controlled by a real
time gas mixing apparatus (GB-2C, Kofloc Co., Ltd.). The
gas mixture was expanded through a 50 μm nozzle into the
vacuum with a stagnation pressure of 0.5 MPa at a temper-
ature of 163 K. The average cluster size of homogeneous Ar
clusters was estimated to be 200 atoms per cluster considering
the expansion conditions and the correlation with the average
cluster size proposed by Karnbach et al.50 The fraction of Ar
atoms in the mixed clusters is evaluated from the Ar 2p3/2

XPS-intensities in comparison with that of the homogeneous
Ar clusters with an average size of 200 atoms per cluster. The
average number of Ar surface and bulk sites is obtained from
the different binding energy shifts of the cluster peaks be-
cause the binding energy shift reflects the size of the cluster
(cf., e.g., Ref. 5). The average size of nitrogen clusters in the
jet is estimated from the expansion conditions, as based on
earlier work (cf. Refs. 24, 47, 48, and 51). Note that only the
partial stagnation pressure of nitrogen in the gas mixture is
used for this estimate. The expansion condition would lead
in neat expansions of the Ar and N2 components to mas-
sive cluster formations. Then, the estimated quantity of N2

molecules in mixed clusters might be different from the true
value. However, in a Ar/N2-gas mixture, both the components
can act under the applied expansion condition as a seed for
further growth of mixed clusters. Therefore, any corrections
of the above mentioned assumptions to estimate the average
cluster size appear to be arbitrary. As a result in the present
work, the average composition of the mixed clusters is deter-
mined by a summation of both individually determined sizes
of the constituents. The average size of the mixed clusters
formed from the 10, 20, and 40 at. % Ar mixtures are eval-
uated to be Ar28(N2)48 (37% Ar), Ar62(N2)31 (67% Ar), and
Ar136(N2)11 (97% Ar), respectively. The cluster size estima-
tion is not only based on the peak intensity analysis but also
on the site-dependent peak shift analysis. A similar discussion
on the cluster peak shift has been recently reported.52 A pre-
vious surface scattering study revealed that the gas mixture
containing 9 at. % Ar yields 35% argon in the mixed Ar-N2

clusters.40 This result is consistent with the present estimate
on the composition of the mixed clusters.

B. Theoretical simulations

The core level shifts of the surface and bulk sites in
several structural models of mixed Ar-N2 clusters were de-
rived by taking the induced polarization into account. Sev-
eral model structures of the clusters were optimized by Monte
Carlo simulations (cf. Ref. 20).

The potentials of Ar-Ar, Ar-N2, and N2-N2 pairs were re-
ferred from previous work of Hewage et al.37, 38 The interac-
tion of the Ar-Ar pair was described by the HFD-C potential
proposed by Aziz and Chen.53 The well depth and the equi-
librium distance of the potential are 143.22 K and 3.76 Å, re-
spectively. The interaction of the Ar-N2 pair was proposed by
Bowers, Tang, and Toennies.54 The radial potentials at three
different angles (0◦, 45◦, and 90◦) between the N2 bond vector
and the dimer axis were described by Born-Mayer and disper-
sion terms. The potential at any other angle was obtained from
Legendre polynomial interpolation of the three radial poten-
tials. The potential at an angle of 90◦ is most stable, in which
the well depth and the equilibrium distance are 160.91 K and
3.65 Å, respectively. The interaction of the N2-N2 pair was de-
termined by Böhm and Ahlrichs.55 The N2 molecule is treated
as a rigid rotor, and the potential is described in terms of four
coordinate variables as the molecular distance, the polar an-
gles of the two molecules relative to the dimer axis, and the
azimuthal angle between both molecules. The potential con-
sists of a Buckingham term describing the repulsion between
the molecules and the electronic potential of the quadrupole
moment. The N2-N2 pair shows two stable structures: (i) a
T-shaped structure, where one N2 bond vector is perpendicu-
lar to the other one, and (ii) a canted parallel structure where
two N2 bond vectors are parallel to each other with a tilt an-
gle of 57◦. The well depth and equilibrium distance of the
T-shaped structure are 148.00 K and 4.15 Å, whereas the pa-
rameters of the canted parallel structure are 147.40 K and
3.98 Å, respectively.

The Ar clusters were optimized from randomly dis-
tributed atoms at 100 K by cooling these gradually to 0 K
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by using the Metropolis method.56 The aim of the present
simulations is a comparison of typical model structures in or-
der to simulate the experimental results, rather than the com-
plete optimization of the global minimum of cluster struc-
tures. This appears to be reasonable, since it is known that
kinetically controlled defect structures are often formed in jet
expansions.4, 5 Finally, for initial geometries of mixed Ar-N2

clusters, we used the optimized structures of argon clusters
at 0 K and replaced some of the Ar atoms by N2, so that the
experimentally estimated mixing ratio of both moieties was
reached. After replacing some of the Ar atoms, the mixed
cluster structures were relaxed at T = 0 K in order to reach
the appropriate inter-molecular distances in the mixed clus-
ters. Note that both the position and orientation of the nitrogen
molecule is optimized by using the potentials of the Ar-N2 and
N2-N2 pairs.54, 55 These optimized structures do not consider
the thermal excitation, which is contained in the jet expan-
sion. This seems to be justified, since we are only modeling
reasonable structural motives.

The core level shifts at the surface and bulk sites in mixed
Ar-N2 clusters from the isolated Ar atom were determined
by using energy shift calculations considering induced dipole
polarizations.6, 7 This method was also applied to the molec-
ular clusters.31, 57–59 The molecule i near an ionized atom has
the induced dipole moment pi = αi Ei. The polarizability α of
Ar is 1.64 Å3.60 The polarizabilities of N2 along the molec-
ular and the perpendicular axes are 2.38 Å3 and 1.45 Å3,
respectively.61 The electric field vector Ei,μ of the molecule
i is described by

Ei,μ = E0
i,μ − 1

4πε0

N∑

j �=i

3∑

v

Mμv(ri − rj )pj,v. (1)

The first term in Eq. (1) is the initial electric field caused by
the Coulomb interaction of the singly charged ion and by the
quadrupole moments of the N2 molecules. Note that the in-
teraction of the quadrupole moment of the N2 molecule is
at the same level as the induced dipole-dipole interactions.
The second term is the electric field of the induced dipole
moments from surrounding molecules j. The tensor Mμν(R)
is described by Mμv(R) = (δμ,vR

2 − 3RμRv)/R5. Since Ei,μ

includes the contribution from different molecules j, the solu-
tion should be obtained self-consistently. The core level shift
Sa at the singly charged ion a is obtained from the sum of the
induced dipole moments and the initial electric field as

Sa = −1

2

N∑

i

pi · E0
i . (2)

Although the initial state of the cluster is shifted from the iso-
lated atom due to the induced dipole moments caused by the
quadrupole moment of the nitrogen molecule, we have con-
firmed this energy shift is too small (within −0.001 eV) to
affect the calculated core level shifts. Finally, we summed up
the contributions of all Ar atoms a in the cluster to derive
the simulated spectra after convolution by a Gaussian profile
with a width of 0.3 eV. The number of the nearest neigh-
bors at the bulk sites is expected to be 12, where the other
species correspond to various surface sites with slightly dif-

ferent coordination numbers ranging between 6 and 9 for per-
fect icosahedra.62

III. RESULTS AND DISCUSSION

A. Core level shift analysis of experimental spectra

Figure 1 shows the Ar 2p3/2 XPS spectra of the mixed
Ar-N2 clusters with different compositions, as derived from
the approach outlined in Sec. II A. The cluster peaks show a
lower binding energy compared to the atomic peak. They are
blended and can be de-convoluted by the fitting procedures
using Voigt profiles, as described in Sec. II A. This allows us
to distinguish surface and bulk sites of the clusters, where the
lowest binding energy is observed for the bulk sites, similar to
the earlier work.3, 5 The binding energies and the relative in-
tensities of the surface and bulk sites are compiled in Table I.
We have estimated that the signal-to-noise ratio is about
10% in the XPS spectra of the mixed Ar28(N2)48 clusters
(37% Ar). Considering that the average composition of Ar in
mixed clusters is 28 atoms, leads to an error limit of ±3 Ar
atoms. The error in the binding energy shift is estimated to be
within 0.03 eV.

In Ar200 (100% Ar), the surface and bulk sites show a
shift to lower binding energy by 0.62 eV and 0.90 eV relative
to the atomic signal, respectively. The intensity ratio of the
surface and bulk sites is used to estimate the average num-
ber of surface and bulk sites, yielding 124 surface sites and
76 bulk sites, respectively. This estimate is reasonable, con-
sidering that small clusters with a size of 200 atoms have
∼120 surface atoms (115 for icosahedral or cuboctahedral fcc
structures). Therefore, in the present work, the photoelectrons

FIG. 1. Ar 2p3/2 XPS spectra of mixed Ar-N2 clusters. The average fraction
of Ar is shown in parentheses. The horizontal axis is the relative binding en-
ergy from atomic argon. The contributions of Ar atoms as well as Ar surface
and bulk sites in mixed clusters are derived from a fitting procedure (see text
for further details).
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TABLE I. Experimental and calculated Ar 2p3/2 binding energy shifts (in
eV) of surface and bulk sites in mixed Ar-N2 clusters relative to the atomic
peak. The estimated average fraction of Ar atoms is indicated in parentheses
in column 1. The numbers of Ar atoms at surface and bulk sites of the clusters
is indicated in parentheses of columns 2 and 3.

Binding energy shift (eV)

Composition Surface Bulk

Experiments
Ar200 (100% Ar) − 0.62 (124) − 0.90 (76)
Ar136(N2)11 (93% Ar) − 0.52 (79) − 0.79 (57)
Ar62(N2)31 (67% Ar) − 0.45 (32) − 0.72 (30)
Ar28(N2)48 (37% Ar) − 0.41 (11) − 0.64 (17)

Calculations
Ar200 (100% Ar) − 0.58 (122) − 0.90 (78)
Ar136(N2)11 (93% Ar) − 0.56 (80) − 0.87 (56)
Ar62(N2)31 (67% Ar) − 0.53 (34) − 0.82 (28)
Ar28(N2)48 (37% Ar)
Model A − 0.51 (22) − 0.79 (6)
Model B − 0.50 (20) − 0.77 (8)
Model C − 0.71 (10) − 0.78 (18)
Model D − 0.54 (11) − 0.78 (17)

with ∼50 eV kinetic energies emitted from the bulk sites of
∼200 atoms do not seem to be influenced significantly by the
small escape depth, namely, the intensity suppression caused
by the inelastic scattering.44

In mixed Ar-N2 clusters, the binding energy shifts of both
the surface and bulk sites become smaller with decreasing the
Ar mixing ratio. The intensity of the Ar surface sites also de-
creases in comparison with that of the Ar bulk sites. In the
Ar28(N2)48 clusters (37% Ar), the binding energy shifts of the
surface and bulk sites are 0.41 eV and 0.64 eV, respectively.
The average number of Ar atoms in the surface sites is 11,
and is smaller than that of the bulk sites (17 atoms). The de-
crease of the Ar surface sites is rationalized by the fact that the
argon is covered by nitrogen. This is consistent with earlier
findings obtained from photoion yields of mixed clusters.41

The polarizability of nitrogen molecule at the molecular axis
(2.38 Å3)61 is larger than that of argon (1.64 Å3),60 but the po-
larizability of nitrogen at the perpendicular axis (1.45 Å3)61

is smaller than that of the argon atom. The smaller binding
energy shifts of the Ar bulk sites would imply that nitrogen
molecules occupy the surface in mixed clusters, which are
perpendicularly oriented relative to the argon atoms. This is
consistent with the potential of the Ar-N2 dimer, in which the
most stable structure is the perpendicular orientation of the N2

bond vector relative to the dimer axis.54 The reduction in size
of the mixed clusters also affects the smaller binding energy
shifts of the Ar bulk sites. The relations between the energy
shifts and the structures of the mixed clusters are discussed
in Sec. III B. The binding energy shifts of the surface sites in
mixed clusters are also important for investigating their struc-
tures. The energy shifts of the surface sites are discussed in
comparison to results from calculation shown in Sec. III B.
If the Ar core is covered by N2 in Ar28(N2)48 clusters
(37% Ar), the statistical average number of argon occupying
surface sites is estimated to be 12. This estimate is close to the

experimental result, where 11 argon sites are derived to be on
the surface. The intensity ratios of the surface and bulk sites
in Ar62(N2)31 (67% Ar) and Ar136(N2)11 (93% Ar) can be an-
alyzed in a similar way. This also leads to the conclusion that
these clusters also show the core-shell structures, in which Ar
atoms preferably occupy the bulk sites and are covered by ni-
trogen molecules.

B. Comparison with model calculations

In order to compare the experimentally proposed struc-
tures of mixed Ar-N2 clusters with plausible model structures,
the binding energies and intensities of the XPS spectra were
simulated by the theoretical approach outlined in Sec. II B.
Figure 2 shows simulated Ar 2p3/2 XPS spectra for four dif-
ferent model structures of Ar28(N2)48 (37% Ar). The binding
energy shifts and the intensities of the surface and bulk sites
in the different models of the mixed clusters are enlisted in
Table I. The number of Ar atoms at surface and bulk sites
of Ar200 is 122 and 78, respectively. This is consistent with
the experimental results. In the case of mixed clusters, we
considered first model A for Ar28(N2)48 clusters (37% Ar),
in which the Ar atoms and N2 molecules are randomly dis-
tributed. Note that both the position and orientation of the ni-
trogen molecule are optimized by using the potentials of the
Ar-N2 and N2-N2 pairs.54, 55 Clearly, the number of bulk sites

FIG. 2. Calculated Ar 2p3/2 binding energies (relative to the atomic values)
and intensities of the surface and bulk sites in four different model structures
of the Ar28(N2)48 clusters (37% Ar), in comparison with the Ar200 cluster.
Simulated model structures of the mixed clusters are shown, in which Ar and
N atoms are indicated by green and red spheres, respectively. Each vertical
bar corresponds to the core level shift of different Ar sites in clusters. These
are broadened by Gaussian line shapes (see text for further details). The total
energy of models B, C, and D relative to model A are +0.07 eV, −0.20 eV,
and −0.12 eV, respectively.
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is smaller than that of surface sites in icosahedral structures.
Therefore, the intensity of the bulk sites is lower than that
of the surface sites. However, this intensity ratio is quite in-
consistent with the experimental results. In model B, a phase
separation between Ar and N2 has occurred in mixed clus-
ters. Note that our recent experimental work on small mixed
Kr-Xe cluster shows such phase separation behavior.20 How-
ever, for argon-nitrogen mixtures the intensity ratio of the
surface and bulk sites is also inconsistent with the experi-
mental XPS spectrum (see Fig. 1). Clarke et al. proposed a
phase diagram of mixed atomic clusters.21 This phase dia-
gram relates the interaction energy of atoms and the structures
of mixed clusters. Although mixed argon-nitrogen clusters
are not atomic clusters, it is interesting to discuss the struc-
tures of the mixed argon-nitrogen clusters along with differ-
ences of the interaction energies. Therefore, we use its gen-
eral results in order to discuss the structures of the mixed
argon-nitrogen clusters. The phase diagram suggests that a
phase separation in mixed cluster will occur, if the inter-
actions of both the Ar-Ar and the N2-N2 pairs are strong.
The lowest well depth of the N2-N2 potential (148.00 K
for the T-shaped isomer) is close to that of the Ar-Ar poten-
tial (143.22 K), as outlined in Sec. II B. However, the aver-
age well depth of the N2-N2 pair is smaller than that of the
Ar-Ar pair because of the anisotropic potential of the N2-N2

dimer due to the linear shape of nitrogen molecule.55 There-
fore, no phase separation is expected to occur in mixed Ar-
N2 clusters. Model C considers an isotropic core-shell struc-
ture, in which Ar atoms form a core, which is covered by
N2 molecules in an isotropic manner. In the calculated XPS
spectrum, the intensity of the surface sites is smaller than that
of the bulk sites. This intensity ratio is consistent with the
experimental result. The intensity decrease of the Ar surface
sites means that Ar atoms are covered by N2 molecules. How-
ever, the difference in binding energy between the surface and
bulk sites is only 0.075 eV. This energy difference is signifi-
cantly smaller than that obtained from the experiments, where
0.23 eV are derived. Specifically, the Ar surface sites show a
lower binding energy shift due to the induced polarization of
the shell of N2 molecules, which evidently does not occur in
the experimental structures. In model D, we consider a partial
core-shell structure, in which Ar atoms form the core, and N2

molecules partially cover this core. The calculated spectrum
shows that the number of Ar atoms occurring at surface sites
is 11, and that of bulk sites is 17. The composition ratio of
surface and bulk sites is fully consistent with the experimental
results. The difference in binding energy between the surface
and bulk sites is 0.24 eV, which is also consistent with that ob-
tained from the experiments. In the phase diagram proposed
by Clarke et al.,21 the partial core-shell structure is dominant
when the Ar-N2 potential is close to the N2-N2 potential, and
the interactions of both the Ar-N2 and N2-N2 potentials are
smaller than that of the Ar-Ar potential. In fact, the well depth
of the Ar-N2 potential (160.91 K) is close to that of the N2-N2

potential (148.00 K for the T-shaped isomer). Both, the Ar-
N2 and N2-N2 potentials are anisotropic, and the average well
depths of these potentials are smaller than that of the isotropic
Ar-Ar potential. These potentials are favorable to yield par-
tial core-shell structure, as proposed by the phase diagram.

These results clearly confirm that the Ar28(N2)48 cluster
(37% Ar) shows a partial core-shell structure, in which Ar
atoms occupy the bulk sites and are partially covered by N2

molecules.
The total energies of models B, C, and D relative to that

of model A in the Ar28(N2)48 cluster (37% Ar) are 0.07 eV,
−0.20 eV, and −0.12 eV, respectively. The isotropic core-
shell structure (model C) shows the lowest total energy, and
the partial core-shell structure (model D) is the second low-
est one. Due to the stronger Ar-Ar interactions relative to the
Ar-N2 and N2-N2 interactions, argon tends to form the core
of mixed clusters, which is consistent with the earlier work.41

Furthermore, it becomes clear that the lowest energy struc-
tures are not always formed in jet expansions, which is also
consistent with earlier studies on van der Waals clusters.4 The
difference in total energy between models C and D is evi-
dently too small (0.08 eV) to confine the mixed clusters in
a unique lowest energy structure, so that reliable structure
models simulating the experimental spectra cannot be based
exclusively on a simple stability consideration. The partial
core-shell structure also has the advantage regarding entropic
effects, since the entropy of a partial core-shell structure is
larger than that of an isotropic core-shell structure.

As described above, the present results suggest that the
Ar28(N2)48 cluster (37% Ar) shows the partial core-shell
structure. We have also investigated whether the mixed Ar-
N2 clusters at high Ar contents show the partial core-shell
structures, or not. Figure 3 shows the calculated Ar 2p3/2

XPS spectra for the mixed Ar-N2 clusters with different com-
positions. The binding energy shifts and the intensities of

FIG. 3. Calculated Ar 2p3/2 binding energies (relative to the atomic values)
and intensities of the surface and bulk sites in mixed Ar-N2 clusters of dif-
ferent compositions, in comparison with the Ar200 cluster. Simulated model
structures of the mixed clusters are shown, in which Ar and N atoms are in-
dicated by green and red spheres, respectively. Each vertical bar corresponds
to the core level shift of different Ar sites in clusters. These are broadened by
Gaussian line shapes (see text for further details).
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the surface and bulk sites in the mixed Ar-N2 clusters are
indicated in Table I. The intensity of the argon surface sites
is smaller than that of the bulk sites in Ar28(N2)48 clusters
(37% Ar). In Ar62(N2)31 clusters (67% Ar), the intensity of the
argon surface sites increases, where the number of Ar atoms
on the surface and at bulk sites are found to be 34 and 28,
respectively. The intensity ratio is consistent with the experi-
mental results, in which the number of Ar atoms at surface and
bulk sites is 32 and 30, respectively. The difference in binding
energy between the surface and bulk site is 0.29 eV, which
is close to the experimental value (0.27 eV). The Ar136(N2)11

clusters (93% Ar) mainly consist of Ar atoms, and the calcu-
lated spectrum is close to that of homogeneous Ar cluster. The
number of Ar atoms at surface and bulk sites is 80 and 56, re-
spectively. These numbers are also in full agreement with the
experimental results, where the number of Ar atoms at sur-
face and bulk sites corresponds to 79 and 57, respectively. As
a result, the mixed Ar-N2 clusters show the partial core-shell
structures irrespective of their composition.

IV. CONCLUSION

The structures of mixed Ar-N2 clusters of different com-
positions were investigated by XPS spectra in the Ar 2p3/2

regime. The mixed Ar-N2 clusters were formed in a super-
sonic jet expansion of the pre-mixed gases. The composition
of Ar atoms in these mixed clusters was estimated from the Ar
2p3/2 XPS intensities by using neat Ar200 clusters as a refer-
ence. The average number of N2 molecules in mixed clusters
is obtained from the previously published work on the clus-
ter formation of nitrogen clusters in jet expansions,24, 47, 48, 51

where the partial stagnation pressure of nitrogen in the gas
mixture is used for this estimate. As a result, the compositions
of the mixed Ar-N2 clusters produced from the 10, 20, and
40 at. % Ar mixtures are evaluated to consist of Ar28(N2)48

(37% Ar), Ar62(N2)31 (67% Ar), and Ar136(N2)11 (97% Ar),
respectively.

The Ar 2p3/2 XPS spectrum for the Ar28(N2)48 clusters
(37% Ar) shows that the intensity of the Ar surface sites is
smaller than that of the Ar bulk sites. This result suggests that
Ar atoms are covered by N2 molecules in the mixed clusters.
We simulated the spectra for the several model structures of
the mixed Ar-N2 clusters, and compared those with the ex-
perimental results. This suggests that the Ar28(N2)48 clusters
(37% Ar) show a partial core-shell structure, in which Ar
atoms form a core and are partially covered by N2 molecules.
Note that the proposed structure still remains somewhat am-
biguous, due to the low signal strength of the XPS spectra,
since we focused in the present work only on small sizes
of mixed Ar-N2 clusters. We also found that the mixed Ar-
N2 clusters of different compositions also show similar par-
tial core-shell structures. These results are also rationalized
in terms of the strength of anisotropy of inter-molecular in-
teractions of the components bound in mixed clusters, where
XPS is shown to be a sensitive and element-selective probe
to study the internal structure of mixed clusters via bind-
ing energy shifts and the intensities of surface and bulk
sites.
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