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Abstract

Applications of combined diatomics-in-molecules/ab initio approaches to Ne+n , Ar∗n, ArnCl2, and ArnNO clusters are
discussed. Simple perturbative models within these procedures are suggested to interpret the predicted cluster structures,
obtained using a basin-hopping global optimization algorithm. The topological peculiarities of the Ar–NO potential are analyzed
in terms of the perturbation of the Ar–N and Ar–O interactions within the complex. The correlation between the solvation of
a chromophore species in the cluster and the relative strength of the solvent–solvent and chromophore–solvent interactions is
also analyzed. 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Rare gas atomic clusters, Rgn, have been studied for many years as accessible experimental systems with
relatively simple isotropic interactions associated with the closed-shell nature of the Rg atoms. The latter
simplification also implies that there is usually only one low lying electronic state for such a system.

The properties of ionized clusters, Rg+
n , are complicated by the open-shell structure, which leads to anisotropic

Rg–Rg+ interactions and/or to charge transfer. Both possibilities produce numerous low-lying electronic states
associated with different charge distributions and (for Rg heavier than He) different orientations of the half-
occupied atomic orbital in Rg+.

For neutral Rydberg-excited clusters, Rg∗
n, there are also open shell effects and, from an atomistic viewpoint,

associated coupling of angular momenta. These effects further extend the variety of possible electronic states in
the cluster. For instance, for the lowest-energy excitation of a single Rydbergs-orbital in Rg, there appear singlet
and triplet sets of nonrelativistic states, which are further split by spin–orbit coupling.
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For rare gas clusters with embedded molecules or atoms, the electronic structure of the dopand is another factor
determining the low-lying states of the system. With a closed-shell molecular or atomic dopand, the situation is
similar to that for homoatomic clusters, unless there occurs a significant charge or excitation transfer from the
host. With an open-shell dopand, and a ground state Rgn host, the electronic states of the free dopand may directly
correlate with those of the interacting system, except for possible symmetry breaking effects, such as the splitting
of aΠ state.

Accurateab initio calculations for such weakly bound systems become a serious problem for largen, while the
closed-shell nature of rare gas atoms suggests that model potentials may provide a useful alternative. A combination
of ab initio and empirical potentials therefore appears attractive, using models based on the electronic structure and
readily accessibleab initio data for small fragments of the system. One such combined approach is based on the
diatomics-in-molecules (DIM) method. Here we review recent applications of DIM to various clusters belonging
to all the above mentioned categories: pure ionic Ne+

n , Rydberg-excited Ar∗n, doped closed-shell ArnCl2 and open-
shell ArnNO. Some additional data and discussion of the results are also provided.

2. General computational procedure

2.1. DIM potential energy surfaces

The diatomics-in-molecules (DIM) method [1] employs a formally exact separation of then-atom Hamiltonian

Ĥ =
n∑
i>j

Ĥij − (n− 2)
n∑
i

Ĥi , (1)

into parts corresponding to diatomic (ij ) and atomic (i) fragments. The potential energy surface (PES) of the
system is therefore decomposed in terms of its fragments by diagonalizing the Hamiltonian matrixH constructed
in a suitable basis set.

The basis set is constructed from products of atomic wavefunctions of the states reached asymptotically by
the total system upon atomization. The diatomic wavefunctions are associated with valence-bond-type linear
combinations of atomic functions with the appropriate symmetry properties. For this approach to be useful, the
electronic structure of the atoms must be only weakly perturbed within the diatomic fragments and the remainder
of the system.

For ionic rare gas clusters, Rg+
n , the relevant fragments are Rg, Rg+, Rg2, Rg+

2 , and for neutral Rydberg-excited
clusters we replace+ by *. We consider 3n basis functions for the Rg+n or Rg∗

n cluster as follows:

Ψiλ =ψS(1) . . .ψS(i − 1)ψPλ(i)ψS(i + 1) . . .ψS(n), i = 1, . . . , n; λ= 0,±1,

whereψS andψPλ represent Rg(1S) and Rg+(p5 2P ) (or Rg∗(p5s 3P ) for the lowest Rydberg state) wavefunctions,
with λ= ±1,0 the value of theML quantum number for theP term. Here we discuss the nonrelativistic case and
separate triplet and singlet Rydberg states, which can be considered similarly.

Diatomic wavefunctions are associated with valence-bond-type linear combinations of atomic functions. The
Rg2 ground stateX1Σg for atomsi andj is associated with allΨkλ products wherek �= i, j . The Rg+/∗2 states
for atoms i and j are associated with the linear combinations[Ψiλ ± Ψjλ]/

√
2; these will beΣu,g or Πu,g

states depending uponλ. Hereafter we drop the multiplicity so that ionic and Rydberg states can be treated
simultaneously.

Atomic and diatomic Hamiltonian matrices can now be constructed via

ĤiΨiλ =E(Pλ)Ψiλ; ĤiΨjλ =E(1S)Ψjλ, j �= i,
ĤijΨiλ = 1

2

[
E(Λu)+E(Λg)

]
Ψiλ + 1

2

[
E(Λu)−E(Λg)

]
Ψjλ,

ĤijΨkλ =E(X)Ψkλ, k �= i, j,
(2)
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with known atomic energiesE(1S),E(Pλ), and diatomic potentialsE(X)≡E(X1Σg) andE(Λu,g)=E(Σu,g) or
E(Πu,g). Here we use the fact that̂H can always be partitioned, as in Eq. (1), so that, e.g.,Ĥi is the Hamiltonian
of Rg or Rg+/∗ when theith atom is in the ground1S or ionic/Rydberg-excitedP state, respectively. Further
transformations of the diatomic matrices are associated with rotation of the quantization axes of separate diatoms
to a chosen coordinate system of the cluster, and are determined by the symmetry properties of atomicP -states.
If the matrix that specifies rotation of the diatomic axis system to the reference frame isT then the appropriate
diatomic matrix isH′

ij = THijT−1. Finally, the transformedH′
ij andHi matrices are combined in accord with

Eq. (1) to produce

H =
n∑
i>j

H′
ij − (n− 2)

n∑
i

Hi .

We note that this matrix represents the action ofĤ on the column vector of basis functions,Ψ , i.e.ĤΨ = HΨ ,
rather thanH = Ψ ĤΨ †. These two possible definitions ofH are only equivalent if the basis is orthonormal. The
present approach does not explicitly involve overlap integrals and does not require any orthogonality assumptions
for the basis (see Ref. [2] for more discussion).∑n

i Hi vanishes if the energy origin is chosen as the(n − 1)Rg + Rg+/∗ asymptote, since
∑n
i ĤiΨjλ =

[(n − 1)E(1S) + E(Pλ)]Ψjλ. The diatomic potentials forHij can be taken from experiments or high-level
ab initio calculations, making the DIM procedure semi-empirical orab initio, respectively.

For Rgn clusters doped with a diatomic molecule, XY, the basic approximation of the traditional DIM approach
can be broken if there are strong intramolecular forces perturbing the electronic structure of the atoms X and
Y. The Rg–X and Rg–Y interactions are then distorted and cannot be interpreted in terms of isolated RgX and
RgY diatomics, unless the basis set is extended to include a sufficient number of their excited states to adequately
describe the perturbation. This approach would require accurate XY∗, RgX∗ and RgY∗ potentials. Alternatively,
we can treat XY as another monomer (an effective atom) whose electronic structure is weakly perturbed by the
interaction with Rg, which is described by a reliable empirical orab initio PES. For a closed-shell XY molecule,
the potential hypersurface of a cluster withn Rg atoms is then approximated as a simple sum of this PES and the
Rg2 interactions, which are usually written as a series starting with two- and three-body terms:

V ≈
n∑
i

VRgiXY +
n∑
i>j

VRgiRgj +
n∑

i>j>k

VRgiRgjRgk + · · · . (3)

For ionic molecules the contribution from the interaction of induced dipoles on Rg atoms may be significant
and can be added as a separate term. In particular, for the case of Rg+

n clusters considered above, such terms
can be added to the diagonal elements of theH matrix, and then correspond to a specific charge location. For
RgnXY systems the charge-transfer (or excitation-transfer) between XY and Rg could also be taken into account

by considering a Rg+/∗n subsystem, but this approach lies beyond the scope of the present work.
For an open-shell molecule there may be more than one PES associated with the same Rg+ XY asymptote,

in which case we use a matrix-additive description to generalize Eq. (3) and account for possible mixing of the
associated XY states by the interaction with Rg:

V ≈
n∑
i

VRgiXY + I

(
n∑
i>j

VRgiRgj +
n∑

i>j>k

VRgiRgjRgk + · · ·
)
, (4)

whereV andVRgiXY are matrices in the basis of the relevant XY states andI is the appropriate identity matrix.
When some RgXY states are sufficiently close in energy, they may be mixed significantly by spin–orbit coupling.

The latter contribution can be introduced within the atoms-in-molecules approximation [3] by associating the major
contribution with the corresponding spin–orbit Hamiltonian matrix elements for intra-atomic regions unaffected
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within the molecule. This matrix is constructed in the specified basis set of XY states and then added to the
nonrelativistic potential matrix before diagonalization:

Vrel ≈ V + HSO. (5)

Mixing between the nonrelativistic states of a molecule can be neglected if the spin–orbit splitting is much smaller
than the zeroth order energy separation, as is usually the case for closed-shell molecules in the ground state near
equilibrium. This simplification may considerably reduce the dimensionality ofVrel, for example, in ArNO [4],
and may produce a scalar potential, as for ArCl2 and ArI2 [5,6].

2.2. Global optimization

To determine the global potential energy minimum as a function of cluster size we have employed the ‘basin-
hopping’ [7] or Monte Carlo plus minimization [8] approach. The potential energy,E, is transformed to give a new
surface:

Ẽ(X)= min
{
E(X)

}
, (6)

whereX is the vector of nuclear coordinates and min signifies that an energy minimization is performed starting
from X. An efficient implementation of basin-hopping therefore requires a fast minimization routine, and we
currently employ Nocedal’s LBFGS algorithm [9] for this purpose.

The transformation defined by Eq. (6) therefore changes the energy at any pointX to the energy of the local
minimum obtained after applying some specified minimization algorithm toE(X). The new surface,̃E(X), is
therefore a set of plateaus, each consisting of those geometries lying in the catchment basin of a given minimum
[10]. The most successful applications of global optimization to clusters have all generally employed the above
transformation in Eq. (6), either explicitly or implicitly [10]. Hopping between the basins of attraction of different
local minima is accelerated because the transition state regions are removed by theẼ transformation. All the results
described below were obtained by exploring theẼ surface using canonical Monte Carlo (MC) sampling at a fixed
temperature. At each step all the Cartesian coordinates are perturbed by a random number drawn from the interval
[−1,1] scaled by a maximum step size, which was adjusted dynamically to obtain an acceptance ratio of about
a half. Typical maximum step sizes are between 0.3 and 0.4 times a pair equilibrium separation for temperatures
a little above the melting point on the transformed landscape.

The convergence criterion for the local energy minimizations need only be tight enough to be sure of
distinguishing different structures by their energies. All the lowest minima were optimized to a root-mean-square
force of less than 10−6 reduced units at the end of each run. In the present work the coordinates were reset to those
of the current minimum in the Markov chain at each step, which seems to be the most efficient procedure [11]. The
clusters were confined to a spherical container of radius one plus the value required to contain the same volume per
atom as the fcc primitive cell. For the present systems the container should have little effect—it basically serves to
prevent evaporation.

We used the pair energies, where available, to implement angular displacements of single atoms, enabling them
to move around the surface of the cluster more rapidly [7]. If the highest pair energy exceeded a fractionα of the
lowest pair energy then the corresponding atom was moved through a random angular displacement, with the other
atoms held fixed. The fractionα was adjusted in parallel with the maximum Cartesian coordinate displacement; a
typical value was 0.4.

For each cluster size five runs of 5000 or 10,000 MC steps were performed from random starting geometries.
These short runs are generally sufficient for the relatively small clusters considered in the present work; all five
runs usually produced the same lowest minimum. As a check we also included runs of 200 steps starting from the
global minima obtained for the clusters containing one atom more and one atom less. Starting from the cluster
containingn− 1 atoms we only allowed angular moves of thenth atom during the first 100 steps. Starting from
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the global minimum atn+ 1 the atom with the highest pair energy was removed and 200 unrestricted Monte Carlo
moves on the transformed landscape were then allowed.

For clusters containing dopands such as NO and Cl2 the dopand coordinates were held fixed and only the Rg
atoms were moved. We did not find it necessary to optimize the temperature of the MC basin-hopping runs very
carefully for the present systems. Typically we used temperatures corresponding to about a pair well depth for
the rare gas atoms, with maximum atomic displacements of order 1 Å. Our results can be downloaded from the
Cambridge Cluster Database [12].

The basin-hopping approach appears to work well for two reasons. Firstly, the elementary moves between
local minima correspond to relatively large distances in configuration space. The system can pass between local
minima at any point on the catchment basin boundary, and atoms can even pass through each other. However, the
thermodynamic properties of the transformed surface are also helpful in locating the global minimum for multi-
funnel landscapes [13]. The occupation probability of the funnel corresponding to the global minimum on the
transformed landscape has been found to remain significant at temperatures where the inter-funnel free energy
barriers are still relatively small. This feature of the transformation helps to overcome one of the central problems
of global optimization, namely that the free energy minimum changes at a temperature where the free energy
barriers are too large to overcome on the time scale of the calculation.

3. Results and discussion

3.1. Ionic and Rydberg systems: Ne+
n and Ar∗n

The above DIM model for Rg+/∗n was employed [2,14] to investigate the structures of Ne+
n and Ar∗n clusters

for 3 � n� 25. High-levelab initio data [2,15] for Ne+2 (coupled-cluster level) and Ar∗
2 (multireference CI level)

potentials, together with accurate empirical ground state Ne2 and Ar2 curves [16,17], were used as input.
Fig. 1 shows the PES of the Ne+

3 ground2Σ+ and Ar∗3 lowest Rydberg3Σ+ states for linear (C∞v) geometries.
Both systems exhibit symmetric (D∞h) equilibrium configurations; the well for Ne+3 is flatter and for Ar∗3 the
minimum is separated from the Ar+ Ar∗2 asymptote by a small potential barrier. TheseΣ+

u configurations have the
charge/excitation distributed over all three atoms, but concentrated mainly on the central atom, especially for Ar∗

3.

Fig. 1. DIM potential energy surfaces for Ne+
3 (left) and Ar∗3 (right) in the linear (C∞v) geometry. The contour step is 2 mhartree.
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Fig. 2. DIM potential energy surfaces for Ne+
3 (left) and Ar∗3 (right) in the T-shaped (C2v ) geometry. The contour step is 2 mhartree.

DIM results for Ne+3 have been shown [18] to reproduceab initio results of accuracy equivalent to that employed for
the diatomic curves, but do not support the other local minimum corresponding to a linear asymmetric configuration
Ne–Ne+2 , found inab initio calculations [19–21].

The ionic system has also a somewhat shallower local minimum for the T-shaped (C2v) geometry (Fig. 2),
corresponding to the polarization interaction of Ne with almost unperturbed Ne+

2 , and separated from the global
minimum for the linear geometry by a significant barrier. A similar, though slightly lower barrier, exists for the
Rydberg system, but no noticeable binding occurs for Ar in the T-shaped geometry because of the electrical
neutrality of Ar∗2. For each system the minor higher-energy minimum near the barrier top is due to intersection

with a low-lying excited state of different symmetry. No other low-energy minima have been found for Rg–Rg+/∗
2

in any geometry.
To interpret the structure of larger clusters obtained with the DIM potential, we consider the interaction of a

single atom with the triatomic core. We first consider a simplistic model, assuming this interaction to be weak
enough not to perturb the charge/excitation distribution. At equilibrium, Ne+

3 is then approximately represented as
Ne–Ne+–Ne with probabilityq0 ≈ 50% and Ne+–Ne–Ne or Ne–Ne–Ne+ with probabilityq1 ≈ 25% each. The
corresponding values for Ar∗

3 are 80 and 10% [2,14]. The Rg–Rg+/∗
3 potential can then be written as

V ≈ q0V010+ q1(V100+ V001), (7)

whereV010, V100, andV001 are the Rg–(Rg–Rg+/∗–Rg), Rg–(Rg+/∗–Rg–Rg), and Rg–(Rg–Rg–Rg+/∗) potentials,
respectively. This expression coincides with the result of first-order perturbation theory applied within the DIM
framework. The potential can be split into diatomic components, such as

V010= VRg−Rg + VRg−Rg+/∗ + VRg−Rg, (8)

with each component evaluated at the interatomic distance corresponding to the configuration of interest. We can
use accurate empirical Rg2 potentials forVRg−Rg and take into account the anisotropy ofVRg−Rg+/∗ via a proper

valence-bond combination of the Rg+/∗
2 potentials:

VRg−Rg+/∗ = 1
2(VΣu + VΣg)cos2 θ + 1

2(VΠu + VΠg)sin2 θ, (9)

whereθ is the polar angle of Rg relative to the position of Rg+/∗.
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Fig. 3. Model potential energy surfaces for the interaction of Ar with Ar∗
3 fixed at its equilibrium geometry and positioned at the origin along

thez-axis.x andz are the coordinates of Ar relative to the centre of Ar∗
3. The contour step is 0.05 mhartree.

For the Ar–Ar∗3 interaction, this simple model predicts saddle points at both the linear and T-shaped
configurations, and a very shallow minimum for a bent configuration, with the fourth Ar at about 45◦ from the
central atom of the core (Fig. 3). Full DIM calculations [2] confirm this result and predict Ar∗

3 to exist as an almost
unperturbed core in larger clusters, with more ground state Ar atoms filling the shallow well near one end of the
core and forming equilibrium neutral Arn−2 structures that include the nearest core atom. We therefore predict that
‘magic number’ clusters, which are particularly stable relative to neighboring sizes, should occur for Ar∗

n atn= 9,
15, 21 and 25, because the corresponding magic numbers for Arn−2 occur at 7, 13, 19 and 23 (Fig. 4). Full DIM
results confirm that the Ar∗

3 core is only weakly perturbed asn increases. The core thus remains attached to the
cluster surface, at least in the size rangen� 25, unlike Ar+n clusters where the Ar+

3 core is surrounded by neutral
atoms [22–24].

However, the perturbative model fails for the Ne–Ne+
3 interaction, predicting a saddle point for the linear

configuration and a wide well for the T-shaped configuration. Complete DIM calculations, allowing for arbitrary
charge redistribution, predict instead formation of a symmetric (D∞h) Ne+

4 structure with most charge (2q0 ≈ 92%)
on two closely spaced central atoms. This result is different from the relatively stable triatomic core in Ar+

n clusters
[22–24], and is a consequence of the topology of the Ne+

3 PES, which is very flat along the antisymmetric
stretch coordinate (Fig. 1), so that the interaction with an additional Ne atom is a strong perturbation. The
De(Ne+

n → Ne+
n−1 + Ne) dissociation energies [2] support this conclusion, since the dissociation energy for Ne+

4
is 35% of that for Ne+3 , compared to 13% for Ar∗4 versus Ar∗3, which explains the accuracy of the perturbative
treatment for the latter Rydberg system.

We can modify the perturbation model to allow for a tetra-atomic core by adding an extra term:

V ≈ q0(V0100+ V0010)+ q1(V1000+ V0001). (10)

This potential predicts a saddle point for the linear configuration of Ne+
4 interacting with a single Ne atom, and

a deeper and wider well near to the T-shaped configuration, with shoulders at about 3 bohr from the equilibrium
geometry (Fig. 5). This result is consistent with the structures obtained for larger clusters [2], where additional
Ne atoms form a ‘belt’ in the central plane of the Ne+

4 core until we reachn = 9 (a magic number), after which
two such belts appear at the shoulders of the potential (Fig. 6). Full DIM results suggest that the Ne+

4 core is only
weakly perturbed up ton= 14 (another magic number). When more neutral atoms are added, the core becomes an
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Fig. 4. Selected global minima Ar∗
n clusters:n= 9, 15, 21, 25. The shading indicates the excitation distribution.

Fig. 5. Model potential energy surface for the interaction of Ne with Ne+
4 fixed at its equilibrium geometry and positioned at the origin along

thez-axis.x andz are the coordinates of Ne relative to the centre of Ne+
4 . The contour step is 0.1 mhartree.
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Fig. 6. Selected global minima Ne+
n clusters:n= 9, 14, 18, 21. The shading indicates the charge distribution.

asymmetric triatomic with two atoms bearing most of the charge, and is gradually solvated asn increases further.
The diatom bearing most of the charge is solvated atn = 18 and the whole triatomic core is solvated atn = 21,
both these sizes exhibiting 3-fold symmetry and corresponding to magic numbers.

We can attempt to predict whether or not the core will be solvated by comparing the Rg–core and Rg–Rg
interactions. Since a solvated core is surrounded by atoms, the isotropic component of the corresponding potential,
representing an angular average, is likely to be the most important term. In the case of Ar∗

n the situation is
straightforward, and we consider the angular average of the Ar–Ar∗

3 potential. In the case of Ne+
n , the core changes

with cluster size, but always includes a diatom carrying�92% of the charge plus one or two almost neutral atoms.
It seems therefore reasonable to assume that the Ne–Ne+

2 interaction is mainly responsible for the core solvation.
The isotropic component of the Ne–Ne+

2 potential provides stronger binding than the Ne–Ne potential, as
expected from the extra electrostatic terms. The averaged Ar–Ar∗

3 interaction turns out to be somewhat less
attractive than the Ar–Ar potential. These results are in good agreement with the observed degree of solvation
of the respective cores in the ionic and Rydberg clusters, found by the full DIM approach.

3.2. Closed-shell and open-shell dopands: ArnCl2 and ArnNO

For the interaction of the closed-shell ground state Cl2 molecule with Ar atoms, the simple pairwise-additive
potential (3) can be used. The contribution of 3-body interactions was investigated [25] and found to be
unimportant, at least in the range 2< n< 25. A high-levelab initio Ar–Cl2 PES [5], scaled to accurately reproduce
the experimental bond energy and microwave spectrum, was employed.
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Fig. 7. Selected global minima ArnCl2 clusters:n= 11, 13, 17, 23.

The Ar–Cl2 PES exhibits two local minima of similar depth for the linear (L) and T-shaped configurations, due
to the anisotropy of the Ar–Cl interaction and because the ArCl(2Σ+) potential exhibits a well about twice as deep
as that for ArCl(2Π ). This situation favors ArnCl2 structures with Ar atoms occupying positions near the T-shaped
configuration, for smalln. As n increases the presence of the L-well starts to be felt, and we find that in the lowest
energy structures the Cl2 core turns so that one end points towards the Arn substructure and sinks into it (Fig. 7).
One end of the Cl2 molecule is still in the surface atn= 11, giving aC5v global minimum with an Ar atom lying
along the core axis and two five-atom belts around the middle. TheC6v n = 13 global minimum is similar, with
two six-atom belts. Both these clusters are particularly stable relative to neighboring sizes, with large contributions
to the binding energy from the argon subsystem inn= 13 and the Ar–Cl2 interactions inn= 11 [4]. Asn increases
further the core becomes completely surrounded by Ar atoms in the predicted global minima. Further local stability
maxima appear atn= 15 andn= 17, the latter cluster exhibiting aD5h double icosahedron structure, with the Cl2
atoms occupying the central sites (Fig. 7). The next ‘magic’ size appears not atn= 20, which has three six-atom
belts, but instead atn = 23, where the double icosahedron motif is extended by another axial atom and a fourth
five-atom belt. Bothn= 17 and 23 are particularly stable due to favorable Ar–Cl2 interactions.

The observed solvation of Cl2 by Arn is consistent with the angularly averaged Ar–Cl2 potential, which exhibits
a deeper minimum than exists for Ar2.
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The nonrelativistic Ar–NO(2Π ) interaction is asymptotically doubly degenerate with respect to the states of
A′ andA′′ symmetry, which correspond to the half-occupiedπ -orbital of NO parallel and perpendicular to the
Ar–N–O plane, respectively. In the van der Waals region these two states are split and two distinct PES’s result
due to the open-shell character of NO. The main features of these surfaces can be interpreted using an anisotropic
atom–atom model. The relevant ArN(4Σ−) potential remains isotropic in Ar–NO if we assume that the N atom is
unperturbed. The Ar–O interaction, however, is clearly anisotropic due to the difference between theX 3Σ− and
3Π Ar–O potentials. By relating the electronic configuration of NO to the occupation of orbitals in N and O, the
Ar–NO PES can be expressed approximately in terms of the corresponding ArN and ArO potentials:

VAr–NO(A′,A′′) ≈ VArN + VArO(A′,A′′),

VArO(A′) = VArO(Π) cos2 θO + VArO(Σ) sin2 θO, VArO(A′′) = VArO(Π),
(11)

whereθO is the polar angle of Ar relative to O with NO fixed at its equilibrium geometry.
PES’s corresponding to Eq. (11) and employingab initio Ar–N and Ar–O potentials are shown in Fig. 8.

They are degenerate for the linear geometry, and have deep minima near the T-shaped configuration, slightly

Fig. 8. ModelA′ (upper) andA′′ (lower) potential energy surfaces for the interaction of Ar with NO(X2Π) fixed at its equilibrium geometry
and positioned at the origin along thez-axis.x andz are the coordinates of Ar relative to the centre of NO. The contour step is 1 meV.
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shifted towards the N or O end for theA′ andA′′ states, respectively. TheA′ PES shows another minimum for
the linear Ar–O–N configuration due to the anisotropy of the Ar–O potential, but this feature becomes a saddle
point on theA′′ PES, for which the latter diatomic potential is isotropic. For both states the model defined by
Eq. (11) predicts a saddle point for the linear Ar–N–O configuration as a consequence of the isotropic Ar–N
potential.

Full ab initio calculations, at the same level of theory as for the diatomic potential curves, are in good agreement
with most of the above features [4]. However, they also predict a shallow well for the linear Ar–N–O configuration
on theA′ PES and the deep minima move a little towards opposite ends of the NO molecule. At this level of theory
both surfaces are somewhat more attractive than the model of Eq. (11), and the deepest minima are more stable with
respect to bending. These differences can be attributed to the perturbation of the Ar–N and Ar–O potentials due
to the electron density redistribution associated with the formation of a strong N–O bond, which is not accounted
for by the simple model. In particular, both the displacement of the deepest well in theA′′ state towards the N end
of NO, and the appearance of the nearby shallow minimum in theA′ state, are consistent with a shift of electron
density from N to O, in accord with the dipole moment of NO.

The above two states represent a natural basis for relativistic calculations, since the nonrelativistic ground state
of NO is well separated (by several eV) from the first excited state around the equilibrium distance of interest.
Relatively weak spin–orbit coupling effects can therefore significantly mix theA′ andA′′ states. The spin–orbit
Hamiltonian matrix in such a basis set can be represented using an atoms-in-molecules formalism [4], using a 2×2
matrix and a single parameter*, chosen to reproduce the experimental splitting of the lowestΩ = 1/2 and 3/2
states of NO. The resulting relativistic Ar–NO surfaces are then

VAr–NO(1/2,3/2)≈ 1
2

[
VAr–NO(A′) + VAr–NO(A′′) ∓

√
(VAr–NO(A′) − VAr–NO(A′′))2 +*2

]
. (12)

These surfaces have different energies for any configuration and the topologies are mixtures of the nonrelativistic
results. The deepest minimum shifts closer to the T-shaped configuration for both states, and is only slightly
displaced towards the O end of NO for theΩ = 1/2 state and the N end for the 3/2 state (Fig. 9). The well
for the linear Ar–O–N configuration for theA′ state flattens due to the saddle point that appears there in theA′′
state. Similar behaviour was obtained usingab initio surfaces [4].

For ArnNO clusters, theA′ andA′′ states associated with each Ar are mixed according to the orientation of the
half-occupied NOπ -orbital with respect to the particular Ar–N–O plane. This mixing can be expressed in terms
of 2×2 matricesVAr−NO in the basis of two orthogonalπ -orbitals of NO [4], which are then added together to
produce the total matrixV for the cluster as in Eq. (4). Diagonalization of this matrix, with the spin–orbit matrix
added for the relativistic case, yields analytic expressions for the PES of ArnNO, which can be written as [4]

VArn−NO(1/2,3/2) ≈
n∑
i>j

Vij + 1

2

[
n∑
i

(V ′
i + V ′′

i )

∓
√√√√ n∑

i

(V ′
i − V ′′

i )
2 + 2

n∑
i>j

(V ′
i − V ′′

i )(V
′
j − V ′′

j )cos2(φi − φj )+*2

]
,

(13)

whereVij = VAriArj , V
′
i = VAri−NO(A′), V ′′

i = VAri−NO(A′′) andφ is the torsional angle of the Ar atom. Even in the
absence of spin–orbit coupling (*= 0), these surfaces differ from the pairwise-additive result for a closed-shell
molecular dopand unless either all the Ar atoms and NO are in the same plane (φi = φj for all i andj ), or theA′
andA′′ states are essentially degenerate (V ′

i ≈ V ′′
i ), when Eq. (13) reduces to Eq. (3). For the relativistic case the

two PES’s remain split for any configuration.
For each Ar–NO pair the spin–orbit coupling parameter*≈ 120 cm−1 is considerably larger than the energy

difference between the two nonrelativistic states, which are therefore strongly mixed. This mixing results in similar
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Fig. 9. Model Ar–NO(X 1/2) (upper) and Ar–NO(3/2) (lower) relativistic potential energy surfaces. The coordinates and contours are the same
as in Fig. 8.

surfaces forΩ = 1/2 and 3/2, which are close to the average of theA′ andA′′ surfaces, split by about*
everywhere [Eq. (12)]. If we assume that this approximation holds for more than one argon atom, then Eq. (13)
reduces to a pairwise-additive potential and the relativistic Ar–NO surfaces represent the interaction of each Ar
with NO within the cluster.

The approximately T-shaped equilibrium configuration of Ar–NO is consistent with the ArnNO global minima
[4], in which both atoms of NO usually lie in the surface of the Arn subsystem, or are partly submerged in it with
the closest Ar atoms forming T-shaped units. The isotropic component of the Ar–NO interaction is slightly less
attractive than the Ar2 potential, which is consistent with a surface location for NO in the clusters and with the
predicted magic sizes atn= 6, 12, 18, 22, corresponding to those for Arm with m= n+ 1 (Fig. 10). These sizes
are found to be particularly stable with respect to dissociation channels associated with detachment of Ar or NO,
and are structurally almost identical to the global minima predicted for pure argon clusters when NO is replaced
by another argon. The structures and magic numbers are the same for both relativistic states due to the similarity
of their PES’s.
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Fig. 10. Selected global minima ArnNO clusters:n= 6, 12, 18, 22.

4. Conclusions

Application of DIM procedures involvingab initio atom–atom and atom–molecule potentials as input have been
illustrated for rare gas clusters that are ionic, Rydberg-excited, or doped with a closed- or open-shell molecule.
The total potential energy surfaces are obtained from DIM models at different levels of theory, ranging from the
simplest pairwise-additive assumption to diagonalization of appropriate Hamiltonian matrices. In the latter case,
simple perturbative approximations have been employed to interpret the predicted cluster global minima.

While in Ne+
n the ionic core is surrounded by neutral atoms, the Ar∗

3 core of Ar∗n is attached to the surface of
the remaining Ar cluster via a shared atom. This result can be viewed as a surface exciton described by electronic
structure calculations. As a consequence of this structure, it is energetically favorable for the Ar∗

3 core to detach
from the rest of the cluster as a whole rather than by releasing the protruding diatom [14]. Ionization of the Rydberg-
excited state in a cluster is likely to cause a considerable structural change associated with the charge sinking into
the bulk of cluster.

For molecule-doped clusters, the molecular dopand XY can be treated as an effective atom whose interaction
with Rg atoms is represented by an Rg–XY PES. Comparison of simple atom–atom models for such surfaces with
full ab initio calculations allows us to predict and interpret the main topological features and to analyse how the
surfaces are affected by perturbation of the X, Y atoms within the molecule. In particular, for ArNO the associated
distortions of the Ar–N and Ar–O potentials lead to the intersection of theA′ andA′′ nonrelativistic surfaces [4],
which is removed by spin–orbit coupling.
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In general, the structures of pure Rgn clusters are significantly perturbed by solvation of either a charge, as in
Ne+
n , or a molecule, as in ArnCl2. In cases where solvation is unfavorable, as for the Rydberg excitation in Ar∗

n or
the molecular dopand in ArnNO, the host structure is generally preserved by isolating the excitation in the surface
(for Ar∗

n) or by incorporating the dopand as another pseudo-atomic unit (for ArnNO). Whether or not solvation
occurs appears to be predictable by considering the relative binding between Rg atoms and between Rg and the
dopand or the core that carries the charge or excitation.

The predicted cluster global minima have been used to predict the Ne+
n and Ar∗n photoabsorption spectra, Nen

ionization, Arn Rydberg excitation, Ar∗n emission, and ArnNO(1/2→ 3/2) spectra [2,4,14].
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