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I.       INTRODUCTION 
Considerable advances have been made in the production and understanding of 

prototypical cryogenic solid propellant systems within the US Air Force High Energy 
Density Materials (HEDM) program1. This HEDM effort is motivated by thermochemical 
estimates of the performance of rocket propellant systems consisting of light energetic atoms 
trapped in cryogenic solid hydrogen2. These preliminary successes demand further 
improvements in our knowledge of these materials in order to refine our evaluations of 
propellant system performance. For example, the determination of microscopic trapping site 
structures would enable estimates of the bulk fuel density, a critical property affecting 
performance. The simulations described in this manuscript are only part of a broader effort 
in the HEDM program to apply theoretical chemical methods to issues connected with 

advanced chemical propellants. 
Alkali metal/rare-gas (M/Rg) matrices are nearly perfect model systems for the 

cryogenic solid propellants under consideration. In particular, Na/Rg matrices have been 
extensively studied experimentally3-12. Recent experimental efforts in this laboratory have 
demonstrated the existence of novel, previously unaccessed, trapping sites for Li and Na 
atoms in Ar and Kr matrices13-14. The majority of these matrix results take the form of 
optical absorption and emission spectra, and provide an extensive database of experimental 
results for comparison with theoretical calculations. The Na/Ar system is particularly 
amenable to theoretical study because of the applicability of classical molecular dynamics 
and Monte Carlo simulation techniques, and because of the availability of good Na-Ar and 

Ar-AT intermolecular potentials15"21. 
This situation has prompted us to attempt to develop a simple method of connecting 

the observed matrix isolation spectroscopy to the microscopic metal atom trapping site 
structures. Because of the relative simplicity and speed of our approach, it can be easily 
applied to a wide variety of M/Rg systems, hopefully resulting in an improved qualitative 
understanding of the experimental data. Ultimately, lessons learned from these model 
systems should benefit more sophisticated efforts to understand solid hydrogen systems with 
their added complexity (e.g.: quantum solid behavior, chemical reactivity). A preliminary 
report on our Na/Ar work has appeared elsewhere22; this manuscript includes a detailed 
presentation of our model, more recent results, and a comparison with our newest 

experimental data. 



n.  BACKGROUND 
A. Matrix Experiments 

We have previously reviewed the experimental techniques for producing metal doped 

matrices13 and the optical properties of these samples13-14 elsewhere, only a brief summary 
will be given here. Na/Ar matrices are typically prepared by co-condensing Na atoms with 

a large excess of Ar atoms onto a cryogenicaUy cooled substrate held in vacuum. Because 
of the large oscillator strength of the Na atomic resonance absorption (3s(2S)->3p(2P), 
X ,» 590 nm), the most common diagnostic technique applied to these matrix samples is 

optical absorption spectroscopy. The Na atom electronic states are substantially perturbed 
by the matrix environment, with different trapping sites yielding different characteristic 
spectra. In fact, each site yields a different so-called "triplet" absorption feature; in Na/Ar 
matrices the red triplet shows peaks near 578, 588, 595 nm, the blue triplet near 536, 545, 
554 nm, and the new violet triplet near 504, 511, 523 nm. Additionally, a strong, broad 
(FWHM * 1000 cm1) featureless absorption peaking near 460 nm is sometimes observed in 
Na/Ar matrices. This so-called "460 nm" absorption has been variously assigned to Na 
atoms in yet another trapping site, or to Naj molecules or larger clusters, or to colloidal Na 

particles. 

B. Absorption Spectra and Trapping Site Models 
We have also previously reviewed the existing theoretical efforts to explain and 

connect the matrix spectra and the metal atom trapping site structures13'23. 
The appearance of three peaks in the spectra of S->P absorptions in metal-atom/rare- 

gas (M/Rg) matrices is due to the breaking of the three-fold degeneracy of the excited metal 
atom P-state by the matrix environment. The various competing models proposed to explain 

the triplet splitting mechanism fall into one of four classes: 
(1) Crystal field models which invoke a static asymmetry in the equilibrium 

positions of the atoms comprising the trapping environment24-28, 
(2) Dynamic Jahn-Teller (J-T) effect models in trapping sites of high mean 

symmetry, with only minor spin-orbit (S-O) effects due to the matrix 

environment4'11'29-33, 
(3) Dynamic J-T effect models with large S-O modification by the matrix12-3'"0, 

(4) M*-Rg exciplex formation41. 
In evaluating these models, we argued23 as follows for or against each class: (1) studies 
invoking Li and Na atoms trapped at or near grain-boundaries14'42 emphasize the relevance 
of asymmetrical equilibrium trapping environments, and hence of the crystal field models, 
(2) application of the Franck-Condon principle to condensed phases43 suggests" that 



atom trapping site, (3) the recent observation of a well defined triplet absorption feature in the 

low atomic number Li/Ne system23 argues against the importance of external S-0 

modification effects due to mixing of the M atom P-state with Rg states36, (4) finally, we 

argued that M*-Rg exciplex formation may influence M/Rg emission spectra4145, but not 

absorption spectra. Regardless, each of these models raises interesting issues about the 

photodynamics of M/Rg systems; we hope to incorporate the best aspects of each into our own 

model. 
Questions concerning M/Rg spectra cannot be separated from questions about the 

underlying M/Rg trapping site structures. Both unrelaxed and equilibrated proposed trapping 

structures have been evaluated by calculating the M/Rg system energy using various 

approximation schemes46"53. These studies concluded that interstitial sites in close-packed rare 

gas solids are too small to accept an alkali atom, but that plausible trapping sites can be based 

on single or multiple substitutional vacancies in such solids. Trapping sites of various 

equilibrium structure symmetries emerge as likely candidates, supporting both the static- and 

dynamic-distortion absorption spectra models mentioned above. 

C. Other Useful Perspectives 
We arrived at our present model after consideration of the strengths and weaknesses of 

the existing M/Rg absorption spectra models described above. A better appreciation of, and 

perhaps even improvements to, these models can be gained from studies of different but 

related systems. 
Electronic excitations in solid state systems are typically described in terms of 

"excitons," or separated electron-hole pairs54. Excitons are classified into two limiting cases 

according to the extent of the electron-hole spatial separation as either: tightly bound Frenkel 

excitons if the separation is smaller than a lattice constant, or as loosely bound Mott-Wannier 

excitons if the separation is much larger than a lattice constant The lowest electronic 

excitations of M/Rg systems considered in this study are properly treated as tightly-bound 

Frenkel impurity excitons55, whereas higher energy excitations corresponding to M atom 

Rydberg states should be discussed within the Wannier model56-57. In dilute M/Rg systems, 

the lowest excitations are localized on the M atom ionic core, justifying their treatment as 

matrix-perturbed isolated M atom states. 
Much of the theoretical formalism previously applied to the optical spectra of M/Rg 

systems has its roots in the study of F-center defects in alkali-halide crystals (i.e., an electron 

trapped at a negative ion vacancy)4344-58-62. For example, the optical absorption spectrum of 

CsF F-centers displays a triplet feature which is explained by a combination of dynamic J-T 

and S-0 modification effects44-58-62. These studies pointed out the intractability of solving the 



and S-0 modification effects44'58"62. These studies pointed out the intractability of solving 

the fully quantum mechanical dynamic J-T problem, and introduced various approximation 

strategies which nonetheless attempted to include some of the effects of lattice vibrations. 

Several of these strategies will be adopted in this study; e.g.: the "Condon" 
approximation43, classical Franck-Condon principle43-62, and Monte Carlo integration62 (vide 

infra). However, the analogy between the F-center and M/Rg problems must not be 
overstretched. An electron in an F-center is not tightly bound to a central ionic core, rather 

it is delocalized over several nearest neighbor (NN) ion shells59, implying an intermediate 

case between Frenkel and Wannier excitons. Orthogonalization of the trapped electron's 

wavefunction to the occupied electronic states of the crystal leads to wild structure in its 

wavefunction in the neighborhood of the ion nuclei, and thus to large S-0 interactions. A 

closer analogy to the M/Rg case can be made to the spectroscopy of S->P transitions of 

heavy metal ion impurities in alkali-halide crystals63 in which the optically active electrons 

are tied to a central ion core. Similar theoretical methods, however neglecting S-0 coupling 

modifications, were successfully applied to these systems64. Thus, we choose not to 
incorporate S-O coupling modification effects into our M/Rg absorption model at this time. 

From a very different perspective, we have gained insights on how to evaluate the 

matrix environment perturbations on the M atom electronic states. Studies of gas phase 

pressure broadening of alkali atom absorptions65-70, and of scattering between S and P-state 

atoms7173 provide the connection between generalized perturbations and the familiar 

adiabatic diatomic M-Rg potentials. This literature also utilizes many of the same 

approximations for treating separated electronic and nuclear coordinates mentioned above in 

connection to F-centers, however in systems sufficiently simple to allow quantitative 

comparisons and evaluations. At higher buffer gas pressures multiple perturber effects 

become important and questions concerning the additivity of many-body interactions67-70, 

ubiquitous to condensed phase discussions, begin to appear. Consideration of bound states 

of gas phase collision complexes leads naturally to the consideration of long-lived MRgn 

clusters. Theoretical studies of the structures and spectra of MRg,, clusters have begun to 

appear in the literature74-78 and have had a strong influence on our own work (see also the 

very recent calculations of BaArn clusters79). We also note the close similarities between 
studies of the electronic transitions of these MRgn clusters and ongoing investigations of the 

vibrational spectroscopy of polyatomic molecules in rare gas clusters. Particularly relevant 

are experimental and theoretical studies of the splitting of the triply degenerate v3 vibration 

of SF6 in AT clusters80-*3. 
In the following section we will attempt to combine the best parts of existing M/Rg 

absorption theories with the insights provided from the other solid state, gas phase, and 



theoretical treatments of M/Rg systems, we will present our model in some detail. We will 

begin with a very general formalism for the absorption lineshape, to establish a firm 

theoretical foundation. We then apply successive levels of approximations to arrive at what 

we believe is the simplest model capable of qualitatively describing the absorptions of M/Rg 

systems. We will discuss the specific applicability of these approximations to M/Rg systems 

throughout our development We hope that this pedagogical approach will help the reader 

assess the validity of our model, and facilitate future improvements to it 

m.      THEORY 
A. Fermi's Golden Rule Lineshape Expression 

We begin with the dipole approximation expression for the absorption lineshape, I(co), 

derived from Fermi's Golden Rule of time dependent quantum mechanical perturbation 

theory8485: 

Kco) = 3 XX (P. -Pb) '<%, I*' H" ^.>l2 8KE, - EJ/ ft- co] (1) 
a     b 

in which: co is the angular frequency of the applied electromagnetic field; p, and Pb are the 

probabilities that the system is in its initial and final states -- »Fa and *Fb -- with energies Ea 

and Eb, respectively; e is the unit vector along the electric component of the applied field; y. is 

the total dipole moment operator for the system; and the Dirac delta function serves to 

conserve energy. We now proceed (following Lax43) to evaluate the different constituents of 

this equation. 

B. Transition Dipole Integral 
We assume Born-Oppenheimer separable wavefunctions of the form 

^.(q,Q) = Xi(q)Vim(Q) <2> 

where: i and m specifically label the electronic and vibrational wavefunctions for the initial 

states, and f and n similarly label the final states. We make the Condon approximation43 that 

the dependence of the transition dipole integrals on the nuclear coordinates, Q, may be 

neglected, thus: 

Kco) = 3 XX (Pun - Pm) 'Sf I2 l<Vfn(Q)IVim(Q)>l2 SUE,,, -EJ/ft - CO] (3) 
i,m f.n 



in which: ßt is the electronic transition moment coupling states £ and xf, averaged over the 

nuclear coordinates. The Condon approximation has been shown to hold to within a few 
percent for the X(2I)->A(2n) and X(2I)-*B(2I) transitions of the Na-Ar diatomic system by 

ab-initio quantum chemical calculations16, and we expect similar behavior for the 

corresponding lowest excitations in larger Na/Ar systems. 
The Franck-Condon (F-C) factors can be approximated by using the closure 

relationship 

£ l\|/fn(Q)xVf„(Q,)l = §(Q - Q) (4) 

to evaluate the summation over the final state vibrational wavefunctions, and then using the 

resulting delta function to evaluate one of the two integrals over nuclear coordinates in Eq. 3. 
Making use of Eq. 4 also requires that we replace the final state energies, Efn, in the delta 
function from Eq. 3 with an approximate value, which we take to be the energy at the classical 

turning points for the final state, QT: 

Efn-E^E^-E^AEUQ*). (5) 

This approximation effectively replaces the summation over overlap integrals in Eq. 3 with an 
integration over the initial state probability distributions in the nuclear coordinates: 

Ko>) = 3 XS (Pi» - Pf) tä I2 jdQ IVim(Q)l2 8[AEfim(QT)/ ft - co]. (6) 
i,m    f 

This approach is also formally equivalent to the so-called reflection approximation86-89 to the 
F-C factors, which is usually applied to bound-»free transitions, but can be generalized to 
include bound-»bound transitions87. In fact, this method can yield a surprisingly good 
approximation of the F-C envelope even for bound-»bound transitions of diatomic 

molecules90. 



C. Summation Over Initial States 

For absorption simulations in cryogenic M/Rg systems exposed to weak optical fields 

we can ignore the final electronic state populations: 

(Pim " Pf)Ä Pi« • 
(7) 

We note that the quantum statistical mechanical ensemble average of a quantity, X, is given 

by85: 

<X>ave = Z^X«- 
(8) 

We assume that the M/Rg system is initially in thermodynamic equilibrium, and define the 
configuration space probability distributions for the initial states, ^(Q), as: 

Pi *,(Q) ^ £    Pim MUQ)"2 = < 'Vi(Q)l2 >ave • <9> 
m 

in which p4 is the probability of finding the system in initial electronic state i. Applying this 

identification to the expression for the absorption lineshape, yields: 

I(to) = 3 XX Pi H412 jdQ P,(Q) 8[AEfl(QT)/ft - ©] (10) 
i     f 

where we have also further approximated the initial state energies, E^, by the energy of state, 

I, in the particular nuclear configurations corresponding to the excited state turning points, 

Ei(QT). 

D. Evaluation of the Lineshape Integral 
Our Eq. 10 is given in Lax's work (and elsewhere) as the final form of the so-called 

Semiclassical Franck-Condon lineshape expression, in which the integration over each initial 
state probability distribution, ^(Q), is to be performed using quantum statistical mechanics. 

However, more detailed analyses87-88-91 point out that in order to evaluate the spatial 

integration specified by Eq. 10, we must first (in the language of the reflection approximation) 

properly "normalize" the delta function, or equivalently: convert its argument from angular 

frequencies to spatial configurations91. In one-dimension this is easily accomplished by 

making the substitution92: 



5[f(X)]^x*i-^i> (ID 
J lf,(xj)l 

where f (x) is the derivative of f(x) and the Xj are the simple zeros of f(x) such that: 

f(Xj) = 0 and f(x) * 0. We generalize this substitution to the present multi-dimensional case 

by replacing: 

8[AEfi(QT)/h - a>] -» *  J  | V [AEfl(QT)] f1 5(Q - QT) (12) 
{QT> 

in which we have substituted the (non-zero) norm of the gradient of the energy difference 

function for the one-dimensional total derivative in Eq. 11. In general for an n-dimensional 

configuration space, the locus of turning points, {QT}, will take the form of a number of 

disconnected, open or closed, n-1 dimensional regions. We drop the superfluous explicit 

integration over the set of turning points appearing in Eq. 12, and make the substitution for the 

delta function in Eq. 10 to yield the final form of our lineshape expression: 

I(co) = 3h XX Pi l^f'2 jäQ W I V[AEfl(QT)] f1 8(Q - QT). (13) 
i     f 

Two major obstacles remain to be resolved in our calculation of the absorption 

lineshape. Firstly, a systematic evaluation of Eq. 13 might proceed by inverting the transition 

energy function, AEfl(QT) - ft co, to yield the complete set of integration points {QT} 

corresponding to each value of to; at best a tedious, and perhaps a badly posed task. We will 

avoid this problem by employing a numerical integration technique (vide infra) in which the 
calculation of the initial state probability distribution, ^(Q), is performed using classical 

statistical methods. The transition energies for each of the relevant configurations can then be 
calculated and their contributions to the spectrum weighted by 0\(Q), yielding the absorption 

lineshape in the Classical Franck-Condon Principle limit43. More seriously, careful 

consideration must be given to the classical divergences arising from integration near possible 

stationary points where V [AEfl(QT)] = Ö. In this manuscript w<? avoid these possible 

unphysical divergences in Eq. 13 by assuming | V [AEfl(QT)] | to be constant throughout our 

simulations. A more critical analysis of the conditions under which this approximation is 

justified will appear in a future manuscript by another group93. 



E. Initial and Final State Energies 
For S-»P transitions of M/Rg systems, both the initial M atom electronic state and the 

rare gas perturbers have spherical symmetry. We will assume that the initial state energy for a 

given nuclear configuration, Ej(Q), can be calculated as a simple pair-wise sura over the Z 

symmetry diatomic potentials: 

Ei(Q) = UM.Rg + URg.Rg=IVM_R8(|RJ) + S2VRg.Rg(|RI-RJ) (14) 
It k   Kk 

where: UM.Rg is the contribution due to M-Rg interactions, UR^ is the contribution due to 

Rg-Rg interactions, the indices k and 1 run over the Rg atoms, the coordinate system is 

centered on the M atom nucleus, and the zero of energy is defined at infinite separation of all 

atoms. 
For the excited M* atom P-state interacting with S-state Rg atoms, there are both 2 

and n symmetry diatomic interactions involved, hence a simple angle-independent pairwise 

summation will not yield the desired M*/Rg energies. However, following the pioneering 

work of Baylis67, Balling and Wright51 (henceforth B&W), and independently Sando, 

Erickson, and Binning69, developed a simple and elegant approximation to the M*/Rg energies 

based on the assumption of additive perturbations to the M* states due to multiple Rg 

perturbers. We have repeated B&W's derivation and reproduce it here for convenience, and in 

order to present the results in a somewhat different format, and also to correct a minor 

(arithmetical or typographical) error. 
We adopt B&W's notation with minor modifications to avoid possible confusion with 

previously introduced symbols. The Hamiltonian for the M atom optically active electron is: 

H = HA(r)+XV(r,Rk) (15) 
k 

where HA(r) is the unperturbed Hamiltonian, V( r, Rk) is the perturbation due to the kth Rg 

atom, and r and Rk are the electronic and nuclear coordinates, respectively, measured from 

the M atom nucleus. The eigenvalues and eigenfunctions of HA( r) are denoted by ea and 

XaC?). The eigenvalues, E, of the total Hamiltonian, H, are obtained from first-order 

degenerate perturbation theory by solving: 

detlVap-(E-ea)8aßl = 0 (16) 



where 

Vap=S<^a(r)|V(r,Rk)|^(r)>. <") 
it 

For a light alkali M atom P-state, spin-orbit coupling is ignored, and the basis set {x«} is 

restricted to the three free atom states: {p.,, p0, Pi). 
B&W proceed by expanding the perturbations in Legendre polynomials (see also 

Ref. 94): 

V(r,Rk) = X V^RJ PL(r,Rk) <18> 
L 

in which r is the magnitude, and f the direction of r, respectively. Since the angular 
dependence of the p-state basis functions is represented by / = 1 spherical harmonics, 
Ylm(r), only the L = 0 and L = 2 matrix elements survive: 

V„p = £ [<^(r)|V0(r,Rk)|^(r)><Ylo(r)|P0(r,4)|Yip(r)> 

+ (<^(r)|V2(r,Rk)|^(r)XYla(r)|P2(r,A)|Yip(r)>].     (19) 

After applying the spherical harmonic addition theorem95 and performing some angular 
momentum arithmetic96, the perturbation matrix becomes: 
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- = Z (<V0(Rk)>i 
k 

f    -pcw^-l)       -3V2 sin0t cos0te"*4        -3sin20t«T2*' 

-3V2 sin0t cos0te*4 2(3cos2 0t -1)        3>/2 sind, cosöte"'** 
-3 sin2 0te

2*4 3>/2sin0t cos0te** -(3 cos2 0t -1) 
+i<v2(Rk)> (20) 

where71'73: 

<V0(Rk)> s <^(r)|V0(r,Rk)l^(r)> = l(VK(Rfc)+ 2VAn(Rk)) (21a) 

<V2(Rk)> S <*0(r)|V2(r,Rk)|^(r)> = fCV«^ - V^^). (21b) 

Combining Eq. 20 and Eq. 21 yields B&W's results, except that we believe that their Eq. 9d 

for Vj3 contains a multiplicative sign error (see Results Section). 
With the present basis set, Eq. 16 will yield up to three distinct energies, E, which 

represent the contribution to the total energy due to the electronic excitation and the M*-Rg 
interactions. These energies can be summed with URg_Rg defined in Eq. 14 to give the total 

system energies for the final states: 

B»(Q) - E + URg_Rg . (22) 

The M/Rg S-»P transition energies are calculated as the difference between final and initial 

state energies, and so the initial and final state Rg-Rg interactions cancel: 

hcofi - EKQ) - Ej(Q) = E - UM_Bg   . (23) 

F. Gas-to-Matrix Spectral Shifts 
We prefer our form of Eq. 20 for the perturbation matrix since each of the terms has 

a simple physical significance. The term containing < V0(Rk)> represents a pure shift in 
the excited state energies due to the presence of the perturbers, while the term containing 
< VjOy > accounts for any splitting of the initial degeneracies. We can make use of this 
separation to derive a simple expression for the shift of the centroid of the S-»P absorption 

band. Since both the initial state U^R, term, and the final state term containing < V^J > 
depend only on the magnitudes of the separations between the M and Rg atoms, recalling 

Eq. 8 we can write: 
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< hcofi - e0>,ve = <(X  <Vo(Rk)>) - UM.Rg>.ve 

= <S [<V0(Rk)> - VXI(Rk)]>.ve = <X Vshift(Rk)>ave (24) 
k k 

which is simply the difference between the spherically averaged excited state M*-Rg 
interactions and the ground state M-Rg interactions, averaged over the thermally accessible 
M-Rg separations; we denote this difference potential by V^fR^). For fairly rigid M/Rg 
structures in which all the atoms have well defined equilibrium positions, the summation and 
ensemble averages in Eq. 24 can be interchanged, and the centroid shift approximated by: 

<h(Ofi-ea>,ve-X Vshift(<Rk>ave) (25) 

where the <Rk>tve are the equilibrium M-Rg separations. 
To summarize: we have combined approximate expressions for the absorption 

lineshape, and for estimating the initial and final state energies, to yield a workable model of 
the absorption spectra of M/Rg systems. Although many severe approximations have been 
made, the model contains no adjustable parameters and remains general enough to be applied 
to gas, liquid, and solid phase systems, as well as to clusters and surfaces. More 
specifically, by including contributions from all thermally accessible nuclear configurations, 
this model includes some of the effects of fluctuations around relaxed, minimum energy 
mean structures, and thus combines aspects of both the static crystal field and dynamic J-T 
models mentioned before. In the following section, we select a specific method of 
generating the configurations required to perform the ensemble averages, and list some of 

the relevant details concerning its implementation. 

IV.     METHODOLOGY 
A.      Monte Carlo Simulation Method 

We have chosen to perform the integration over initial state configurations specified 
in Eq. 13 by using the classical Monte Carlo (MC) simulation technique. The MC scheme 
used in this study is based on the original Metropolis algorithm97, and our implementation 
was described in a recent manuscript on Li atom doped Ne solids53. Briefly: the essence of 
the MC approach is to approximate the true thermodynamic average of some property of 
interest by an average calculated over a finite sequence of configurations of a small ensemble 
of atoms. Each subsequent configuration is generated from its predecessor by random 
displacement of one of the atoms in the ensemble; new configurations are accepted at 
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random, weighted by a Boltzmann factor of the energy difference between the 

configurations: 

P.CCCP, = expf-tE^(Q') - E°ld(Q)]/kBT} (26) 

where T is the absolute temperature of the ensemble, and kB is Boltzmann's constant. If 

Enew (Q') - Eold(Q) is negative, then the new configuration is automatically accepted. If a 

proposed configuration is not accepted, the previous one is kept for the averaging process. 
The work of Metropolis, et al, demonstrated that, if the atoms are constrained to be in a box 
of finite volume, that the ensemble will approach a canonical distribution (N, V, T fixed) in 

the limit of an infinite sequence of configurations. 

B.       Boundary Conditions 
A MC simulation begins with the choice of an initial configuration for the M and Rg 

atoms, and may require the specification of boundary conditions for constrained systems. 
For our Na/Ar matrix simulations, the initial structures were based on an octahedral 
interstitial site, and on one, two, three, four, five, six, and thirteen-atom vacancies in an 
otherwise perfect fee Ar crystal. We also ran simulations of the structure of pure solid Ar to 
test the procedure. In this study we will restrict our attention to these idealized archetypal 
trapping sites, and leave simulations of Na atoms in amorphous matrices and rare gas liquids 

for future efforts. 
We used two different size "cells" in the various matrix simulations; one is a roughly 

cubical arrangement of 6x6x6 {100} planes containing 108 atoms, the other a similar 8x8x8 
plane collection totaling 256 atoms. These cells are "building blocks" from which an fee 
lattice can be generated by repetitive stacking. We used three dimensional periodic 
boundary conditions98 to simulate the infinite solid. The size of the periodic box containing 
the atoms determines their separations and the density of the solid. In our simulations we 
used experimental values" of the temperature dependent solid Ar lattice constant, a. We 
also truncated all interaction potentials and calculations of structural properties for 
internuclear separations greater than half of the length of a cell edge (e.g.: Rcutoff = 7.97Ä 
for the 6x6x6 cell, and Rcutoff = 10.62Ä for the 8x8x8 cell, at T = 10 K). This truncation 
scheme requires the inclusion of consistent long-range corrections to the calculated total 
energies and spectral shifts100. The missing long range summations are approximated by 

integration over a mean density of perturbers: 
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Ecoff = 4*PA,J~   V(R)R2 dR (27) 

in which p^ is the number density of Ar atoms in solid Ar, and V(R) represents VM.Rg, 

VR _R , or VM(t, depending on which correction is desired. These corrections were not 

included in our previous work22, and have the unfortunate effect of worsening the 
quantitative agreement between our results and the experimental data (vide infra). 

For the Ar surface simulations, the ensemble consisted of six close packed {111} 
planes, each containing 36 Ar atoms, stacked to yield a small chunk of fee Ar; the Na atom 
was placed on an outer close packed surface. We used two-dimensional periodic boundary 

conditions to mimic an extended surface, and we allowed the structure to relax along the 
surface normal direction. We neglected any long range corrections, and did not attempt to 

include any effects of surface roughness in these simulations. 
For our simulations of NaArn clusters, the initial Ar atom positions were those for a 

one-atom substitutional vacancy in fee Ar, with the Na atom at the "center" (only for the 
NaAr13 case was the Na atom actually initially surrounded by Ar atoms). 

C.      Na-Ar and Ar-Ar Pair Potentials 
Both the calculations of the transition energies, Eq. 23, and of the MC configuration 

acceptance probabilities, Eq. 26, rely on the use of Na-Ar and Ar-Ar pair potentials. The 
Ar-Ar ground-state potential (HFD-B2, Ref. 21) used in these simulations has been 
constructed to accurately reproduce spectroscopic, scattering, and bulk data, and is expected 
to be very reliable. For the Na-Ar interactions, we chose to use the internally consistent set 
of Na-Ar X^Z), A^Il), and B^Z) potentials calculated by Saxon, et al16. The Na-Ar 

potentials were interpolated using a cubic spline on 0.01 A intervals. We consider the 
quantitative discrepancies between these potentials and the published experimental 
potentials15'17-20 to be relatively unimportant to our application, in view of the simplifying 
approximations we have introduced into our model. We set the asymptotic energy of the 
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excited Na*-Ar potentials, e0 from Eq. 16, to 16968 cm*1, the weighted average of the 

energies of the Na* 2P1/2 and 2P3/2 states101. Fig. 1 shows the various Na-Ar and Ar-Ar 
potentials used in the simulations, as well as the excited-state/ground-state difference 

potential, V^, defined above in Eq. 24. 

D.      Computational Details 
As described above, each simulation begins with an ensemble in an artificial, non- 

equilibrium configuration. We monitor the ensemble's relaxation towards an equilibrium 
structure by recording values of the total ground state energy, E,(Q). Precipitous drops in 
E,(Q) correspond to abrupt structural rearrangements; eventually E,(Q) levels off and 
fluctuates around some value that is characteristic of a particular local minimum energy 
mean structure. There is in general no a priori way of knowing when the system has found 
the global minimum region of configuration space, hence there is no guarantee that fully 
relaxed equilibrium structures are being simulated. We mention briefly some of the 
difficulties we encountered along these lines during our Na/Ar matrix simulations in the 
Results section, below. Nonetheless, the value of E,(Q) does serve as a diagnostic of the 
stability of the system in a particular region of configuration space, so that the averaging 
process can be carried out over a single mean structure. Caveat: subtle isomerizations, 
common in the NaArn cluster simulations, may be more difficult to identify than this 

statement suggests74. 
Typical choices of computational parameters are as follows: The maximum distance 

that an atom is allowed to "hop" in an attempt to reach a new configuration was chosen to 
yield a 40 to 60% acceptance rate of new configurations. For the matrix, cluster, and 
surface simulations at temperatures between 10 and 50 K, this hop size is about ± 0.1 A in 
each Cartesian coordinate. Each simulation ran for approximately 50,000 "cycles" where 
each atom is given one opportunity to hop per cycle. Thus, the total number of 
configurations generated is 50,000 times the number of atoms in the ensemble. 

In addition to the absorption lineshape, we also calculate the Na-Ar radial 

distribution function (RDF or "g(R)") for a given mean structure. The Na-Ar RDF 
measures the probability of finding an Ar atom at a given distance from the Na atom, 
relative to the same probability calculated for an ideal Na/Ar gas at the same mean 
density85»100. We actually prefer to work with the radial probability distribution function 

(RPDF), defined as: 

RPDF s 4 it R2 g(R) dR (28) 
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which gives the probability of finding an Ar atom in the interval R to R + dR from the Na 
atom. We calculate the RPDFs directly as histograms by rounding the Na-Ar distances to 
the nearest 0.01 A and binning the contributions. The absorption lineshapes are calculated 

similarly, by binning the transition energies from Eq. 23 with a resolution of 15 cm-1. 
Averaging of the RPDFs and of the absorption lineshapes begins only after the first 10 to 
20% of the configurations have been generated and discarded. Contributions to the averages 
are calculated at the end of each cycle. Other useful diagnostics are "snapshot" records of 

the atomic positions at the beginning and end of the averaging process, as well as the 

calculated average positions. 

V.      RESULTS 
A. NaAr Diatomic 

The simplest Na/Ar system provides the opportunity to test certain aspects of our 
model and its computer code implementation. We confirmed that the excited state energies 
calculated from Eq. 16 for a single Ar atom perturber at an arbitrary position agreed 
numerically with the Na-Ar A^Il) and B^Z) potentials input into the calculation. Similar 

calculations using the original Balling and Wright Eq. 9d failed this test, confirming the 

presence of an arithmetical or typographical error. 
We also compared the classical NaAr RPDF calculated at T = 10 K with the square 

of the ground state NaAr vibrational wavefunction calculated by numerical integration102-103 

of the one-dimensional radial Schroedinger equation for the Na-Ar X^Z) potential. The 

quantum ground state Na-Ar probability distribution peaks at 5.08 A and has a full width at 
half maximum (FWHM) of 0.71 A; our calculated classical distribution peaks at 4.99 A, 

with a FWHM of 0.55 A. Thus, in this case our classical method at T = 10 K 
underpredicts the spread of positions available to the system even at T = 0 K, and should 
therefore also underpredict the width and splitting of the absorption lineshape. This 
systematic error most likely pervades all of our Na/Ar cluster, surface, and matrix 

calculations. 

B. Na/Ar Clusters 
Fig. 2 shows the absorption spectra of NaArn clusters containing one, two, three, six, 

11, and 12 Ar atoms, at T = 10 K. Table 1 includes the absorption peak positions, as well 

as the calculated peak shifts from the free Na atom transition energy. We do not show the 
corresponding Na-Ar RPDFs, but Table 2 contains a summary of the RPDF peak positions, 
the number of Ar atoms in each peak, and the equilibrium structure symmetry for the entire 
cluster. The calculated equilibrium structures correspond to nearly close-packed Ar clusters 
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Table 1. Summary of optical absorption peaks calculated in this study at T = 10 K. Peak 

positions are rounded to the nearest 15 cm-1, and shifts from the free Na atom 
3s(2s)_»3p(2p) transitions centered around 16968 cm-1 are rounded to the nearest 5 cm1. 

The matrix site values are from simulations employing the 6x6x6 {100} plane cell and 

include a long range cutoff correction of -210 cm-1. 

system 
absorption 

peak energies (cnr1} 
peak shifts from 

free Na atom (cnv1} 
centroid 
shift (cnr 

clusters: 
NaAr 16925, 17195 -45, +225 + 130 

NaAr2 16895, 16955, 17330 -75, -15, +360 + 180 

NaAr3 16940, 17480 -30, +510 +220 

NaAr6 16880, 17030, 17585 -90, +60, +615 +280 

NaArn 16880, 17090, 17660 -90, +120, +690 +330 

NaAr12 17015, 17060, 17765 +45, +90, +795 +390 

surface site: 16775, 17720 -195, +750 . +210 

matrix sites: 
(\ interstitial 17540, 17675, 18155 +570, +705, +1185 +805 

<\ int. annealed 17585, 17810, 17975 +615, +840, +1005 +820 

1-atom subst. 17630, 17765, 17930 +660, +795, +960 +800 

2-atom subst. 15770, 18455, 18770 -1200, +1485, +1800 +690 

3-atom subst. 16745, 16985, 19325 -225, +15, +2355 +715 

4-atom subst. 17540, 17645, 17765 +570, +675, +795 +680 

S-atom subst 17150, 17705, 17840 + 180, +735, +870 +600 

6-atom subst. 17360, 17435, 17510 +390, +465, +540 +465 

13-atom subst. 16955, -15 -15 
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Table 2. Summary of results of the NaArn cluster and Na/Ar surface RPDF simulations at T 

= 10 K. The first entry gives the position of a peak maximum in the RPDF; the second 

entry gives the mean position calculated over the entire peak, and the number of Ar atoms in 

that peak. For the cluster simulations, the last column lists the symmetry point group of the 

entire cluster. 

svstem: IstNN 2ndNN 3rdNN symmetrv 

clusters: 
NaAr max. 

mean 

4.99 
5.17, 1 

— — C-v 

NaAr2 max. 

mean 

5.00 
5.12,2 

— — c2v 

NaAr3 max. 

mean 

4.98 
5.16, 3 

— — Cav 

NaAr6 max. 

mean 

4.96 
5.04,4 

7.60 
7.62, 2 

— c2v 

NaArn max. 

mean 

4.92 
4.99,5 

7.51 
7.44,5 

8.60 
8.61, 1 

c, 

NaAr12 max. 

mean 

4.95 
4.97, 6 

7.55 
7.56, 5 

8.77 
8.78, 1 

c5v 

surface: max. 

mean 

4.76 
4.76, 3X 

6.1 
6.0, 3K 

7.4 
7.3, 9 

— 
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Table 3. Summary of calculated ensemble averaged total ground state energies, 
<Ei(Q)>,ve, and the contribution from the averaged M-Rg energy, <UM_Rg>ave, for 
simulations carried out at T = 10 K. The matrix simulation values include long range cutoff 

corrections of -390 cm-» from the Na-Ar ground state interactions, and -75 cm-VAr atom 

from the Ar-Ar interactions. All energies are rounded to the nearest 10 cm-1. 

# of atoms 
system: in ensemble <E,(Q)>,ve < uM.Rg > ave 

clusters: 
NaAr 2 -50 -50 

NaAr2 3 -200 -110 

NaAr3 4 -450 -160 

NaAr6 7 -1410 -240 

NaAr,, 12 -3440 -340 

NaAr, 2 13 -3980 -390 

surface site: 217 N/A -510 

matrices: 
pure fee Ar 108 -85,060 N/A 

Oh interstitial 109 -82,640 -670 

<\ int. annealed 109 -82,660 -700 

1-atom subst. 108 -83,870 -600 

2-atom subst. 107 -82,760 -1020 

3-atom subst. 106 -81,970 -1340 

4-atom subst. 105 -81,340 -1750 

5-atom subst 104 -80,050 -1730 

6-atom subst. 103 -79,040 -1810 

13-atom subst. 96 -70,890 -1530 
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plus a surface Na atom, in agreement with previous findings74'76-77-104. This result can be 

understood by considering the differences in the Na-Ar and Ar-Ar ground state pair 
potentials. Since the Ar-Ar potential minimum occurs at shorter separations and is deeper 

than the Na-Ar well, energy minimization demands the close-packed Ar structure and the 

exclusion of the Na atom (see also the more complete discussions based on molecular 
dynamics simulations in Refs. 81 and 105). Table 3 includes the ensemble averaged total 
ground state energy, <Ej(Q) >.ve, and the contribution from the averaged M-Rg energy, 
< U„ o >    .for simulations carried out at T = 10 K. For these cluster systems and our 
choice of energy zero, the ensemble averaged ground state energy can be thought of as the 
"classical binding energy," averaged over the thermally accessible configurations. 

At present, we could find no experimental spectral data in the literature on NaArn 

clusters for n > 1. Moreover, a direct comparison with results of previous structural and 

spectral simulations is possible only for the NaAr6 cluster76. Our simulations reproduce the 

correct equilibrium structure at T = 10 K: the so-called ai isomer in the notation of Ref. 
76. Our absorption spectrum shown in Fig. 2d, and our peak positions listed in Table 1, 
also agree well with the simulated NaAr6 spectrum shown in Fig. 12a of Ref. 76, from 
which we estimate peak positions near 16860, 17060, and 17520 cm1. 

The simulated cluster absorption spectra all show two more or less resolved red 
components along with one broad, blue shifted component (see also Ref. 79). Since the 
equilibrium structures of these clusters, close packed Ar plus an excluded Na atom, 
introduce the Na-Arn axis as a strongly preferred direction, we can make an analogy to the 
NaAr diatomic case and attribute the absorption features to transitions to "Il-like" arid 
"X-like" excited electronic states. In particular, Fig. 2 shows a progressively greater shift of 

the blue satellite absorption feature, which is roughly proportional to the number of Ar 
atoms in the first NN shell. The magnitude of the calculated shift is - 150 cm-1 per first NN 

AT perturber, comparable to the difference between the NaAr^I) and NaArpPZ) 
potentials (- 250 cm-1) at the typical first NN separation of R - 5 A. We will encounter this 

"doublet plus singlet" absorption lineshape again in our Na/Ar surface and matrix 

simulations. 

C.      Na/Ar Surfaces 
Fig. 3 shows the RPDF and simulated absorption spectrum for a Na atom trapped on 

a close-packed Ar {111} surface at T = 10 K. The plotted RPDF, and its analysis included 
in Table 2, indicate that at T = 10 K the Na atom is for the most part trapped at a three- 
atom hollow. However, examination of the final configuration generated in that particular 

simulation found the Na atom some 20 A from its original position, indicating that the Na 
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FIG. 3. Simulated RPDF and 3s-»3p absorption spectrum of a Na atom on an Ar {111} 

surface at T = 10 K. Panel (a) shows the RPDF calculated for an ensemble of one Na atom 

and 216 Ar atoms, and employing two-dimensional periodic boundary conditions to mimic 

an infinite surface. The solid curve in panel (b) shows the simulated optical absorption 

spectrum, the thin curves show the underlying unresolved components of the red shifted 

doublet. 
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atom also regularly samples configurations connecting the various three-atom hollows. The 

simulated spectrum qualitatively resembles the NaAr and NaAr3 spectra, and shows the same 

centroid shift as the NaAr3 spectrum, however with a much larger splitting between the two 

peaks. 
We also performed simulations of this system at temperatures up to T = 50 K. 

Already by T = 30 K most of the structure past the first peak in the RPDF was washed out, 
except for a broad maximum near 8 A (almost twice the first NN separation) reminiscent of 
the pair distribution function for a fluid system. The Na atom remained on the exterior of 
the Ar surface, and we did not observe any tendency towards solvation or incorporation of 
the Na atom into the Ar bulk. The higher temperatures served to broaden the individual 
peaks in the simulated absorption spectra; for example: the FWHM of the sharp red-shifted 
and broad blue-shifted peaks changed from » 100 cm1, and « 300 cm-1 at T = 10 K, 
respectively, to - 150 cm-1 and - 600 cm-1 at T = 50 K. In contrast, the respective peak 

maxima shifted only slightly, by +45 cm-1 and -45 cm-1. 

D. Pure Solid Ar 
We once again take advantage of a simple prototypical system to test our model and 

its computer code implementation. Table 4 includes a synopsis of the results of our 
simulation of the structure of pure fee solid Ar at T = 10 K, which agrees with the known 
equilibrium structure (note however that this agreement is primarily due to our use of 
periodic boundary conditions and a constant volume cell). The FWHM of the second, third, 
and fourth NN peaks in the simulated Ar-Ar RPDF were « 0.22 A. By considering the 

generated positions of the non first NN Ar atoms as random independent variables, we can 
divide these peak widths by >/2 to yield the root-mean-square displacement, < u2>in, for 
an AT atom of - 0.16 A. This result is somewhat smaller than the value of < u2 > m - 0.18 

A estimated for the quantum 2»ro-point motion (ZPM) which dominates <u2> m for solid 
Ar from T = 0 to 10 K106»107. Thus, our classical Na/Ar matrix simulations should be 
limited to temperatures greater than T » 10 K, in order to avoid seriously underpredicting 

the spread of the correct quantum initial state probability distribution. 

E. Na/Ar Matrices 
1. Finite size effects 

We checked for finite size effects, and the efficacy of our long range cutoff 
correction scheme, by comparing the results of simulations of a Na atom in a single atom 
substitutional vacancy carried out using the 6x6x6 and 8x8x8 cells. The calculated RPDFs 
were virtually identical, with peak positions and centroids all agreeing to-within ± 0.01 A, 
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Table 4. Summary of results of the Na/Ar matrix RPDF simulations at T = 10 K. The 

first entry gives the position of a peak maximum in the RPDF; the second entry gives the 

mean position calculated over the entire peak, and the number of Ar atoms in that peak; the 

third entry is the expected peak positions around the center of each site for an i undistorted fee 

AT lattice. The last column lists the symmetry of the first NN shell of Ar atoms. The 

simulations employed the 6x6x6 {100} plane cell. 

RPDF peak nositinns (k\. # of atoms in peak 

trapping site IstNN 2ndNN 3rdNN 4th NN symmetry 

pure fee AT    m»x. 3.75 5.31 6.50 7.51 — 

mean 3.75, 12 5.31,6 6.50, 24 7.51, 12 

ideal 3.76, 12 5.31,6 6.51, 24 7.51, 12 

Oh interstitial max. 3.91, 4.3sh 5.42 6.54 7.57 = c2v 
mean 4.02, 13 5.37, 5 6.60, 25 7.63, 13 
ideal 2.66,6 4.60,8 5.94, 24 7.97, 30 

C^ int. ann.    max. 3.96 5.35 6.59 7.60 -o. 
mean 3.96, 12 5.26, 6 6.61, 26 7.61, 12 
ideal 2.66,6 4.60,8 5.94, 24 7.97, 30 

1-atOm SUbSt.   max. 3.93 5.31 6.55 7.57 o,, 
mean 3.93, 12 5.31,6 6.55, 24 7.57, 12 
ideal 3.76, 12 5.31,6 6.51, 24 7.51, 12 

2-atom subst. max. 3.69 4.18 4.44 4.77 Cjv 

mean 3.70, 4 4.17,2 4.44,2 4.75,4 
ideal 3.25,4 4.20, 4 4.97, 8 5.63, 6 

3-atom subst. max. 3.63 3.95 4.44 4.89 c3v 
mean 3.63, 1 3.96, 3 4.42, 3 4.91, 6lA 
ideal 3.07, 1 3.76, 3 4.34, 3 4.85, 6 

4-atom subst. max. 4.50 5.78 6.92 7.89 Td 

mean 4.50, 12 5.78, 12 6.92, 16 7.87, 24 
ideal 4.40, 12 5.79, 12 6.90, 16 7.86, 24 

5-atom subst max. 4.51 5.78 6.92 7.89 c, 
mean 4.51, 11 5.78, 12 6.92, 16 7.87, 24 

6-atom subst. max. 4.64 5.93 — — 0» 
mean 4.67, 8 5.94, 24 — — 

ideal 4.60,8 5.94, 24 7.97, 30 — 

13-atom subst. max 4.69 5.25 6.4 7.45 ^3v 

mean 4.73, 3 5.27, 3 6.33, 19 7.39, 15 
ideal 5.31,6 6.51, 24 7.51, 12 — 

sh = shoulder 
- 
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FIG. 4. Simulated RPDF and 3s-»3p absorption spectrum for a Na atom in a relaxed O,, 

interstitial site in solid Ar at T = 10 K. The solid curve in panel (a) shows the RPDF 
calculated for an ensemble of one Na atom and 108 Ar atoms in a volume normally occupied 
by 108 AT atoms in solid Ar. The vertical bars indicate the positions of the second through 

fourth NN shells around an unrelaxed 0„ interstitial site. The solid curve in panel (b) shows 
the simulated optical absorption spectrum, the thin curves show the individual underlying 

components. 
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FIG. 5. Simulated RPDF and 3s-»3p absorption spectrum for a Na atom in a relaxed O,, 

interstitial site in solid Ar at T = 10 K, after "annealing" toT = 50 K. The solid curve in 
panel (a) shows the RPDF calculated for an ensemble of one Na atom and 108 Ar atoms in a 
volume normally occupied by 108 Ar atoms in solid Ar. The vertical bars indicate the 
positions of the second through fourth NN shells around an unrelaxed O,, interstitial site. 
The solid curve in panel (b) shows the simulated optical absorption spectrum, the thin curves 

show the individual underlying components. 
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FIG. 6. Simulated RPDF and 3s->3p absorption spectrum for a Na atom in a relaxed 

one-atom substitutional site in solid Ar at T = 10 K. The solid curve in panel (a) shows the 

RPDF calculated for an ensemble of one Na atom and 107 Ar atoms in a volume normally 
occupied by 108 Ar atoms in solid Ar. The vertical bars indicate the positions of the first 

four NN shells around an unrelaxed single substitutional site. The solid curve in panel (b) 

shows the simulated optical absorption spectrum, the thin curves show the individual 

underlying components. 
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FIG. 7. Simulated RPDF and 3s->3p absorption spectrum for a Na atom in a relaxed 

two-atom vacancy in solid Ar at T = 10 K. The solid curve in panel (a) shows the RPDF 

calculated for an ensemble of one Na atom and 106 Ar atoms in a volume normally occupied 

by 108 Ar atoms in solid Ar. The vertical bars indicate the positions of the first eight NN 

shells around the center of an unrelaxed two-atom substitutional site. The solid curve in 

panel (b) shows the simulated optical absorption spectrum, the thin curves show the 

individual underlying components. 
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FIG. 8. Simulated RPDF and 3s-»3p absorption spectrum for a Na atom in a relaxed 

three-atom vacancy in solid Ar at T = 10 K. The solid curve in panel (a) shows the RPDF 

calculated for an ensemble of one Na atom and 105 Ar atoms in a volume normally occupied 

by 108 AT atoms in solid Ar. The vertical bars indicate the positions of the first eleven NN 

shells around the center of an unrelaxed three-atom substitutional site. The solid curve in 

panel (b) shows the simulated optical absorption spectrum, the thin curves show the 

individual underlying components. 
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FIG. 9. Simulated RPDF and 3s-»3p absorption spectrum for a Na atom in a relaxed 

four-atom vacancy in solid Ar at T = 10 K. The solid curve in panel (a) shows the RPDF 
calculated for an ensemble of one Na atom and 104 Ar atoms in a volume normally occupied 
by 108 AT atoms in solid Ar. The vertical bars indicate the positions of the first four NN 
shells around the center of an unrelaxed tetrahedral four-atom vacancy. The solid curve in 
panel (b) shows the simulated optical absorption spectrum, the thin curves show the 

individual underlying components. 
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FIG. 10. Simulated RPDF and 3s->3p absorption spectrum for a Na atom in a relaxed 

five-atom vacancy in solid Ar at T = 10 K. The solid curve in panel (a) shows the RPDF 

calculated for an ensemble of one Na atom and 103 Ar atoms in a volume normally occupied 

by 108 AT atoms in solid Ar. The vertical bars indicate the positions of the first four NN 

shells around the center of an unrelaxed tetrahedral four-atom vacancy. The solid curve in 

panel (b) shows the simulated optical absorption spectrum, the thin curves show the 

individual underlying components. 
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FIG. 11. Simulated RPDF and 3s->3p absorption spectrum for a Na atom in a relaxed 

six-atom vacancy in solid Ar at T = 10 K. The solid curve in panel (a) shows the RPDF 

calculated for an ensemble of one Na atom and 102 Ar atoms in a volume normally occupied 

by 108 AT atoms in solid Ar. The vertical bars indicate the positions of the first three NN 

shells around the center of an unrelaxed octahedral six-atom vacancy. The solid curve in 

panel (b) shows the simulated optical absorption spectrum, the thin curves show the 

individual underlying components. 
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FIG. 12. Simulated RPDF and 3s-»3p absorption spectrum for a Na atom in a relaxed 

thirteen-atom vacancy in solid Ar at T = 10 K. The solid curve in panel (a) shows the 

RPDF calculated for an ensemble of one Na atom and 95 Ar atoms in a volume normally 

occupied by 108 Ar atoms in solid Ar. The vertical bars indicate the positions of the first 

three NN shells around the center of an unrelaxed octahedral thirteen-atom vacancy. The 

solid curve in panel (b) shows the simulated optical absorption spectrum, the thin curves 

show the individual underlying components. 
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from which we conclude that the use of the 6x6x6 108 atom cell is sufficient to obtain the 

correct, size converged trapping site structures for this system, and for the multi- 
substitutional trapping sites. Likewise the splittings between the peaks in the calculated 
optical absorption spectra agreed to within the 15 cm-1 spectral bin size. However, 
neglecting long range corrections to the spectral shifts lead to a strong dependence of the 
absolute position of the centroid of the absorption band on the size of the ensemble. For 
example, the uncorrected gas-to-matrix centroid shift for the 6x6x6 cell was +1010 cm1, as 
compared to +845 cm-1 for the 8x8x8 cell. The long range corrections appropriate for these 
two cases are -210 cm-1, and -50 cm-1, respectively, resulting in good agreement between the 

final, corrected centroid shifts of +800 cm1 and +795 cm-1, respectively. All of the 
calculated spectral shifts and total energies from the Na/Ar matrix simulations reported in 

the tables include the appropriate long range corrections. 

2. Simulations atT= 10 K 
Figs. 4 through 12 show the results of our simulations of the relaxed structures and 

optical absorption spectra of Na/Ar matrices at T = 10 K, for initial geometries based on O,, 
interstitial, annealed Oh interstitial, and one, two, three, four* five, six, and thirteen-atom 
substitutional vacancies in fee Ar, in that order. The spectral data are summarized in table 
I, the calculated mean ground state energies in Table 3, and the RPDFs in Table 4. 

The relaxed trapping site structure simulated at T = 10 K for a Na atom initially 
placed in an O,, interstitial site (Fig. 4a) appears to be a "crowded" version of the relaxed 
one-atom substitutional site (Fig. 6a), with thirteen instead of twelve first NN Ar atoms 
around the Na atom. Comparison of the positions of the peaks in the Na-Ar RPDF in 
Fig. 4a with the vertical bars representing the expected peaks around an C^ interstitial site 
indicates the gross rearrangement resulting from relaxation. The extra first NN Ar atom 
reduces the symmetry of the equilibrium positions of the Ar atoms in the first NN shell from 
Oh to roughly C*. This "static" distortion is responsible for the "doublet plus singlet" 

absorption lineshape. 
We tested for the possibility of other relaxed trapping site structures based on the O,, 

interstitial site by running the same simulations at temperatures up to T = 50 K, and then 
quenching back to T = 10 K. We loosely refer to this procedure as "annealing" the 
ensemble, and to the resulting new trapping site structure as the "annealed," relaxed C^ 
interstitial site. Fig. 5 shows the RPDF and absorption spectrum for this trapping structure 
in which extra Ar atoms appear in the third NN shell. The local structure around the Na 
atom is very similar to that around the relaxed one-atom substitutional site, and the 

35 



absorption spectrum shows only a minor asymmetry in its triplet pattern. As Table 3 shows, 

the two Oh interstitial based trapping structures differ in total energy by only 
- 20 cm*1, making an absolute assignment of the global minimum geometry problematical. 

We attempted, quixotically, to produce the annealed, relaxed structure directly at T = 10 K 

by initially introducing the Na atom into a one-atom substitutional site and adding an extra 
Ar atom to the third NN shell. In all these cases the ensemble reverted back to the locally 

crowded structure depicted in Fig. 4a. 
The simulated spectrum for a Na atom in a relaxed single substitutional vacancy at 

T = 10 K presented in Fig. 6b shows the classic triplet absorption pattern ubiquitous to 
Na/Rg matrix spectra. Fig. 6a and Table 4 show that the ensemble required only minor 
radial relaxation of the Ar atoms surrounding the central Na atom to reach equilibrium. 
This result is somewhat surprising to us, since an estimate of the relative "volumes" of the 
Na and Ar atoms based on Eq. 1 from Ref. 23 and the Na-Ar and Ar-Ar pair potentials 
indicates that the removal of roughly two Ar atoms is required to accommodate a Na atom. 
However, these simulations suggest that the Ar lattice is capable of supporting a Na atom in 

even tighter trapping sites. 
Introducing a Na atom into a two-atom vacancy at T = 10 K once again results in a 

relaxed trapping site structure with an equilibrium symmetry low enough to split the excited 
Na* states into a doublet plus singlet pattern. However, in this case the doublet to singlet 
spütting shown in Fig. 7b is nearly 3000 cm1. Fig. 7a shows the RPDF for this site which 
indicates an outward relaxation by the four first NN Ar atoms of « 0.5 A from their initial 

positions, and the splitting of the second NN peak into two distinct features. The third and 
fourth NN shells appear to actually contract towards the central Na atom. This relaxation 
results in a local equilibrium trapping structure of approximately Cjv symmetry. 

Fig. 8 shows the RPDF and spectrum for a Na atom in a three-atom substitutional 

vacancy at T = 10 K. The equilibrium local trapping environment symmetry is Cjv, with 
one Ar atom on the C3 axis pushed very close to the Na atom. As for the two-atom vacancy 
case, the absorption spectrum shows a strongly split doublet plus singlet pattern. This 
trapping site results in the largest shift of a spectral feature observed in this study: the 
singlet component is shifted about +2400 cm-1 from the free Na atom transition energy. 

The four-atom substitutional vacancy readily accepts a Na atom with only = 0.1 A 

radial distortion of the first NN shell Ar atoms required for equilibration at T = 10 K. This 
expansion is due more to the absence of the long range attraction usually contributed by the 
four removed Ar atoms than to repulsive interactions with the substituted Na atom. The 
resulting RPDF and absorption spectrum are shown in Fig. 9. The first NN Ar atom shell 
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has Td symmetry, and the corresponding absorption spectrum shows a symmetrical triplet 

feature similar to that for the <\ one-atom vacancy. 
The five-atom substitution^ site also readily accommodates a Na atom at T = 10 K. 

The RPDF shown in Fig. 10a indicates a structure very similar to the four-atom Td vacancy, 
however with only eleven Ar atoms in the first NN shell. The missing atom reduces the 
local trapping site equilibrium symmetry to C, and results in a doublet plus singlet 

absorption feature. 
Fig. 11 shows the results of the simulation of a Na atom in a six-atom vacancy at 

T = 10 K. The Ar trapping cage retains its Oh symmetry. At this low temperature, the 
thermal trapping site geometry fluctuations are barely able to split the absorption lineshape 

into the triplet pattern. 
Fig. 12 shows the simulated RPDF and absorption spectrum for a Na atom in a 

spacious thirteen-atom vacancy at T = 10 K. This vacancy was created by removing an Ar 
atom and its twelve first NN Ar atoms from the fee lattice. Since the distance from the 
center of this site to the nuclei of the first NN Ar atoms (= 5.3 A) is larger than the 
equilibrium separation of the Na-Ar ground state pair potential (= 5.0 A), the Na atom will 

experience a very flat potential surface near the cage center, allowing it to readily sample 
off-center positions. However, this form of "long-range" asymmetry is apparently 
ineffective in splitting the degeneracy of the excited Na* atom, and the absorption spectrum 
in Fig. 12b shows only a single broad peak, almost unshifted from the gas phase transition 

energy. 
Examination of the absorption band centroid shifts listed in Table 1 confirms the 

expected trend towards increased gas-to-matrix blue shifts for smaller volume trapping sites. 
Furthermore, the magnitude of the calculated centroid spectral shifts can be accurately 
estimated from Eq. 22 by substituting for each < Rk > ,ve the position of the centroid of the 
RPDF peak containing that particular Ar atom. For example, for the single substitutionally 
trapped Na atom, including the 54 Ar atoms comprising the first through fourth NN shells 
into Eq. 25, and the -210 cm-1 long range cutoff correction, yields an estimated band 
centroid shift of +810 cm-1, very close to the calculated +800 cm1 listed in Table 1. 

3. Temperature Effects 
In order to test the effects of larger fluctuations from the equilibrium trapping site 

structures on the absorption spectra, we also performed a few simulations at temperatures up 
to T = 50 K. Fig. 13 shows the results for an initially interstitially trapped Na atom; at the 

higher temperatures the absorption feature changes from the doublet plus singlet lineshape to 

a more symmetric triplet pattern. In fact, the T = 50 K interstitial absorption spectrum 
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FIG. 13. Temperature dependence of the simulated 3s-»3p absorption spectrum for a Na 

atom in a relaxed <\ interstitial site in solid Ar. Traces (a) through (e) show the spectra 
calculated for T = 10 K to 50 K, in 10 K increments. The spectrum changes from a doublet 

plus triplet pattern to the classic triplet pattern at the higher temperatures. 
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strongly resembles the spectrum calculated for a single substitutionally trapped Na atom at 

the same temperature, as can be seen from a comparison with Fig. 14e and the peak 
positions listed in Table 5. A comparison of the RPDFs for the two systems at T = 50 K 
(not shown) reveals them to be virtually identical, except for extra Ar atoms in the third NN 
shell in the interstitial case. As was discussed above, lowering the simulated temperature 
yielded the relaxed, annealed trapping structure depicted in Fig. 5. The various spectra for 
the single substitutional system plotted in Fig. 14 show a general increase in both the 
separations between the components of the triplet, and in their individual linewidths, with 
increasing temperature. Fig. 15 shows the same behavior for the components of the blue 
shifted doublet in the absorption spectra of a Na atom in a two-atom vacancy. However, for 
this trapping site the higher temperatures do not convert the spectrum into the classic triplet 

lineshape. 

VI.     DISCUSSION 
A.       Contributions of the Present Model 

As promising as some of our results appear at first glance, we must conclude that our 
model fails to quantitatively predict or explain the experimental absorption spectra of Na/Ar 
matrices. Consideration of the experimental data summarized in Table 6 shows that we do 
not reproduce the exact magnitudes of either the absorption peak splittings, nor of the gas- 
to-matrix shifts of the centroids, for any given triplet feature. Nonetheless, our model does 
yield good qualitative agreement with many aspects of the experimental data. These partial 
successes encourage us to attempt to extract from our efforts at least a few generally or 

specifically applicable conclusions. 
First, our simulations succeeded in producing several, plausible, candidate trapping 

sites for the Na/Ar matrix system, in agreement with the multiple trapping sites observed 
experimentally. We confirmed that true interstitial sites in the Ar solid cannot support an 
intruding Na atom without undergoing major rearrangement upon relaxation. Thus, the 
notion of a characteristic minimum trapping site volume23 for a given van der Waals 
guest/host system appears vindicated, even if our back of the envelope method for predicting 

that minimum volume (embodied by Eq. 1 from Ref. 23) failed. 
We are tempted to try to use the calculated average total ground state energies listed 

in Table 3 to choose a most stable, and hence "preferred," Na atom trapping site structure. 
Such an approach would select the close packed Ar solid plus an excluded Na atom as the 
preferred structure, over even the relaxed Na/Ar trapping site originating as a one-atom 

vacancy. However, we remind the reader that the experimental M/Rg matrix systems are in 
practice produced by depositions at a surface not at true thermodynamic equilibrium, and 
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FIG. 14. Temperature dependence of the simulated 3s->3p absorption spectrum for a Na 

atom in a relaxed one-atom substitutional site in solid Ar. Traces (a) through (e) show the 

spectra calculated for T = 10 K to 50 K, in 10 K increments. The spectrum retains its 

classic triplet lineshape at all temperatures. 
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Table 5. Summary of temperature dependence of the optical absorption peaks calculated in 

this study. The simulations of the Oh interstitial site at 10, 20, and 30 K represent the un- 

annealed trapping site structure (see text). These simulations employed the 6x6x6 {100} 
plane cell and the values in this table include a long range cutoff correction of -210 cm-1. 

Peak positions are rounded to the nearest 15 cnr1, and shifts from the free Na atom 
3s(2S)_43p(2p) transitions centered around 16968 cm-1 are rounded to the nearest 5 cm1. 

svstem 
absorption 

peak energies fern1) 
peak shifts from 

free Na atom fenr1) 
centroid 
shift (cnr1) 

Oh interstitial 
T= 10 K 17540, 17675, 18155 +570, +710, +1185 +805 

T = 20K 17495, 17690, 18170 +525, +720, +1200 +790 

T = 30K 17450, 17675, 18185 +480, +710, +1215 +750 

T = 40K 17405, 17750, 18140 +435, +780, +1170 +770 

T = 50K 17345, 17720, 18125 +375, +750, +1155 +740 

1-atom subst. 
T = 10 K 17630, 17765, 17930 +660, +795, +960 +800 

T = 20K 17540, 17765, 17975 +570, +795, +1005 +785 

T = 30 K 17480, 17750, 18020 +510, +780, +1050 +770 

T = 40K 17420, 17735, 18050 +450, +765, +1080 +755 

T = 50K 17375, 17735, 18080 +405, +765, +1110 +740 

2-atom subst. 
T = 10 K 15770, 18455, 18770 -1200, + 1485, +1800 +690 

T = 20K 15815, 18410, 18740 -1155, + 1440, +1770 +685 

T = 30K 15875, 18365, 18740 -1095, + 1395, +1770 +680 

T = 40K 15935, 18290, 18725 -1035, + 1320, +1755 +670 

T = 50K 15965, 18245, 18710 -1005, + 1275, +1740 +665 
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Table 6. Summary of experimentally observed optical absorptions of Na/Ar matrices. Peak 

positions given in cm-'; data from Reference 14. Peak shifts are relative to the gas phase Na 
atom Bs^SJ-^p^P) transitions centered around 16968 cm1. 

As deposited samples Annealed samples 
Feature nomenclature peaks shifts peaks shifts 

red triplet 16830 
17080 
17440 

-140 
+ 110 
+470 

N/A 

blue triplet 18050 
18360 

+ 1080 
+ 1390 

18100 
18390 

+ 1130 
+ 1420 

18670 + 1700 18680 + 1710 

violet triplet 19130 
19510 

+2160 
+2540 

19120 
19570 

+2150 
+2600 

19820 +2850 19840 +2870 

"460 nm" absorption 21930 +4960 21930 +4960 
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furthermore can exhibit multiple M atom trapping sites within the same sample. Thus, even 

correct free-energy calculations utilizing more general ensembles than we employed cannot 
by themselves unambiguously designate a "preferred" trapping site for the matrix deposition 

process. 
Our calculated energetics do, however, suggest a further refinement of the 

microscopic trapping site formation dynamics model developed in Refs. 13, 14, and 23. 
Our discussions of the trapping site generation mechanisms have so far focused on the 
relative thermodynamic stabilities, and hence total energies, of the candidate trapping sites. 
For example, we have explained the absence of the novel Na/Ar violet triplet absorption in 
matrices produced using slow Knudsen oven generated Na atoms as due to the inability of 
these atoms to access the "high energy" site responsible for the violet triplet14. However, 
the results in Table 3 show only small differences in the calculated total energies for the 
various candidate tight sites. This suggests that for the Na/Ar system the repulsive forces 
which arise from the small Na-Ar separations may be the determining factor in trapping site 
formation, rather than the total Na/Ar system energy. Thus, for other than 
thermodynamically equilibrated bulk Na/Ar systems, the localized stresses associated with 
these repulsive interactions may dynamically favor the formation of larger volume trapping 

sites. We hope to resolve more of the details of this model in the future via use of the 

molecular dynamics simulation method. 
We note a surprisingly clean separation of the effects on the absorption spectra of 

"static" vs. "dynamic" distortions of the Na atom trapping environment. More precisely: 
(1) trapping sites in which the equilibrium positions of the atoms form a structure belonging 
to a high symmetry point group (i.e., Oh or TJ yield the classic triplet absorption pattern. 

In these cases the splitting of the degeneracy of the excited Na* atom 2P state can only be 
due to fluctuations away from the equilibrium trapping site structure. This conclusion is 
further supported by the results of simulations of these highly symmetrical sites at higher 
temperatures, which show an increase in the peak splittings with temperature. Conversely: 
(2) trapping environments with equilibrium structures of lower symmetry, in which a strongly 
preferred direction exists (i.e., CorD point groups), exhibit a well-separated doublet plus 
singlet absorption pattern. For these sites the static axial asymmetry dominates the doublet 
to singlet splitting, while geometry fluctuations determine the splitting within the doublet 
feature itself. In the specific case of the Na atom trapped in the two-atom vacancy, we also 
showed that this axial asymmetry and the associated doublet plus singlet pattern persists even 
to T = 50 K. Alternatively: (3) trapping sites with only minor deviations from a highly 

symmetrical structure (e.g., the initially interstitial site) can yield the doublet plus singlet 
pattern at low temperatures, and a symmetrical triplet pattern at higher temperatures. The 
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increased magnitude of the geometry fluctuations at higher temperature apparently 
overwhelms the original axial asymmetry of these sites. Such intermediate cases provide for 

a direct comparison of the relative importance of static and dynamic distortions in 

determining the absorption lineshape. Finally, we also note that "tighter" trapping 
structures, i.e., those corresponding to smaller vacancies or to lower temperatures for a 
given trapping site, typically give larger blue shifts of the centroid of the absorption band 

than do "looser" structures. 
We should point out here that our omission of any simulations of amorphous matrix 

or liquid structures further limits the generality of some of our conclusions. If one considers 
each different nuclear configuration, Q, as a distinct "isomer" of the Na/Ar system, then our 
calculated absorption lineshapes can be thought of as inhomogeneously broadened spectra in 
the sense that they are calculated as an average over the multitude of isomers. Since our 
MC method in principle does not include any dynamical effects, we cannot distinguish 
between an ensemble average taken over a superposition of static amorphous sites vs. an 
average over dynamically distorted crystalline sites. Thus, our results do not preclude the 
possibility that simulations of amorphous or liquid Na/Ar systems may also yield well 

defined triplet absorption features. 

B.       Comparison with Experiments and Previous Models 
Even though our results do not allow us to make any definite assignments between a 

given triplet absorption feature and a proposed trapping site structure, we can now speculate 
on the nature of the trapping sites from a better informed perspective. We associate the 
observed red, blue, and violet triplet absorptions with Na atoms trapped at sites lacking a 
single strongly preferred direction; perhaps even with sites possessing equilibrium structures 
of high symmetry. This assignment further constrains our recent adoption14 of a previously 
proposed model42 of the red triplet site structure as "Na atoms trapped at or very near to 
internal surface defects in the matrix." Our present view is that Na atom trapped even on 
atomically rough Rg surfaces would exhibit a doublet plus singlet absorption pattern, not the 
observed symmetrical triplet feature. We thus refine our model of the red triplet absorption 
to include only Na atoms trapped "very near to," but not on, internal matrix surfaces. We 
can also suggest that the broad featureless "460 nm" absorption observed in Na/Rg matrices 
may be the blue shifted singlet component of a doublet plus singlet type absorption of Na 
atoms trapped in a site with a strong axial static asymmetry. Such a structure was 
previously proposed46 to explain the reversible photobleaching phenomena associated with 

the 460 nm feature. 
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Our results also permit us to comment on the various previously proposed models of 
the spectra of S-»P transitions of M/Rg systems. Essentially: the arguments we presented 

above in the Background section appear to have been borne out. The basic approach of 
treating the excitations as tightly bound Frenkel excitons in general, and as matrix perturbed 
excited metal atom states in particular, appears sound. Our model includes aspects of both 
the static crystal field, and dynamic J-T effect models, but rejects the importance of large 
external S-0 modification effects On the electronic spectra of light metal atoms. We prefer 
the MC simulation approach to previously used analytical theoretical methods since it allows 
us to make fewer assumptions about the type and form of the results, and eliminates several 

opportunities to introduce human biases into the calculations. 

C.      Limitations of the Present Model 
The lack of quantitative agreement between the results of our simulations and matrix 

experiments prompts us to examine our model for inherent deficiencies and possible 
improvements. We believe that the Semiclassical Franck-Condon Principle lineshape 
expression, Eq. 13, can yield quantitatively correct absorption spectra, provided the 
availability of accurate methods for calculating the initial state probability distribution, 
^(Q), and the excited state energies, E^Q). This is in spite of the neglect of the dynamical 

aspects of the Jahn-Teller problem imposed by the reflection approximation, and of the 
questionable assumption of Born-Oppenheimer separability near electronically degenerate 

nuclear configurations. 
In our model we incorporate a classical method for generating and integrating over 

the initial state nuclear coordinate probability distribution. Even for the Na/Ar matrix 
systems, this method somewhat underpredicts the extent of geometry fluctuations away from 
the equilibrium structures. As the absorption data in Fig. 14 and Table 5 show, at the 
expense of introducing the simulation temperature as an adjustable parameter into our 
model, we could have achieved better cosmetic agreement with the observed peak splittings 
by running our simulations at higher temperatures, claiming to be compensating for this 
error. The incorporation of a quantum statistical mechanical method for calculating 0\(Q) 

should alleviate this problem, and generalize the applicability of our approach to even lighter 

matrix systems. 
Our adaptation of B&W's method for calculating the excited state energies has the 

compelling practical advantages of being conceptually simple and extremely fast from a 
computational standpoint. However, in part due to its simplicity, it suffers from an inability 
to account for several potentially important effects. Most distressing is the absence of even 
a "particle in a box" level treatment of the energy shifts caused by confining the M atom 
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valence electron in tight trapping sites. Our expression for the shift of the centroid of the 
absorption band depends only on the absolute distances between the M and Rg atoms, and is 
completely independent of the angular orientations (e.g., open vs. closed structures) of the 
Rg atoms. The only contribution to the confinement energy comes from the repulsive parts 
of the Na-Ar excited state pair potentials. We believe that this deficiency is responsible for 
the model's consistent underprediction of the blue shifts of the absorption band centroids. 
Another important limitation of the B&W model is the use of only first-order perturbation 
theory and the minimum {p.,, p0, pj} basis set. This approach neglects any possible mixing 
of the p-states with other Na atom electronic states, and thus cannot reproduce the spatial 
distortions of the valence electron excited state probability distribution observed in other 
Na/Rg calculations74. We are presently investigating alternatives to the original B&W 
formalism, including higher order perturbation theories and larger M* atomic basis sets. 

Our omission of spin limits the applicability of our model to S-»P transitions of M 
atoms for which the magnitude of the intrinsic S-0 splitting of the excited p-states is smaller 
than a few tens of wavenumbers. In matrix absorption spectra of 2S->*P transitions of heavy 

M atoms (e.g., Cs, Ag, Au) the splitting between the observed doublet plus singlet 
components is due to the intrinsic S-0 splitting of the M atom. We caution the reader here 
not to confuse the doublet plus singlet lineshapes generated in some of our Na/Ar 
simulations with these observations from heavy M atoms matrices. We are currently 
working on the inclusion of S-0 coupling effects into our model by expanding the basis set 
to the six 2P, spinorbitals and including a term for the intrinsic M atom S-0 coupling in our 
valence electron Hamiltonian. We hope that this approach will also ultimately lead to a 
method for simulating the magnetic circular dichroism (MCD) spectra of matrix isolated M 

atoms. 

vn.    CONCLUSIONS 
We have developed a method for calculating the relaxed structures, and optical 

absorption spectra of S->P transitions, of M/Rg systems. The model is based on a 

combination of the classical MC method and a simple first-order perturbation theory 
treatment of the excited M* states, and as such is computationally very fast, but yields only 

qualitatively correct results. 
We have applied this method to the specific cases of Na/Ar clusters, surfaces, and 

solid phase systems. The minimum energy structures for Na/Ar systems consist of 
approximately close-packed Ar atoms with a surface Na atom. If the Na atom is constrained 
to remain in the Ar bulk, it can be accommodated in as small a site as a single substitutional 
vacancy, resulting in minor radial distortions of the Ar surroundings. A"Na atom is readily 
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accommodated in a four-atom substitutional site with negligible distortion of the Ar lattice. 

Trapping sites of high static symmetry yield the well known triplet absorption lineshape 

observed in the spectra of matrix isolated light alkali atoms. Na atoms in Ar clusters, on Ar 

surfaces, or in matrix trapping sites with a strong axial asymmetry result in a double plus 

singlet absorption lineshape. We have identified several deficiencies in our model in its 

present form, and are actively pursuing improvements. 
We hope that these results will contribute to the ongoing effort108"110 to explain the 

structures and photodynamics of light atoms in solid hydrogen. 

VIE.   FUTURE PLANS 
We have begun to perform simulations of emission spectra from excited state Na* 

atoms in relaxed trapping site structures. We use the B&W formalism for calculating the 

Na* atom energies and treat the lowest energy as a point on an adiabatic potential energy 
surface on which we perform the MC simulation. Our preliminary results show strongly 
Stokes shifted emissions, and strong local lattice distortions which may be loosely 
interpreted as "NaArn exciplex formation." We will also soon begin simulations of the 
optical absorption spectra of Na atoms in liquid and random close-packed solid Ar, in 
support of an in-house effort to observe these absorptions experimentally. We will report all 

of these results elsewhere upon their completion. 
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