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Abstract 

The dynamics of P-state F atoms in solid Kr is studied by molecular dynamics simulations in two frameworks: (i) The 
adiabatic approximation, in which nuclear motion is confined to the lowest adiabatic potential surface of the system; (ii) A 
method that treats semiclassically non-adiabatic transitions between electronic states in the course of the dynamics. The 
simulations deal with the spectroscopy of the F atom at different lattice sites, and with orbital reorientation dynamics due to the 
coupling with lattice vibrations. Also explored is migration of the F atom, following the preparation of an exciplex Kr: F - 
which dissociates radiatively in the lattice. Some of the main findings are: (1) p-orbital reorientation dynamics on very short 
timescales (t < 20 fs) is dominated by non-adiabatic mechanisms. Adiabatically, reorientation effects have timescales of the 
order of 0.25 ps or longer. (2) Lattice vibrations of particular symmetry types are particularly efficient in inducing p-orbital 
reorientation. (3) Dissociation of a Kr: F- exciplex can result in migration of the F atom into several lattice sites. The F atom 
spectroscopy for the different sites is different, and can be experimentally distinguished. (4) The migration probabilities of the 
F atom calculated adiabatically are much greater than the non-adiabatic ones. The results shed light on the coupling between 
electron orbital and nuclear dynamics for P-state atoms in solids. 

1. Introduction the nuclei for a guest F atom in a host rare-gas solid. 
Experimentally, open-shell atoms in solid matrices 

The study of open-shell atoms in rare-gas solids is a 
convenient framework for exploring a very basic ques- 
tion, namely what is the effect of the solvent on the 
dynamics of an electron orbital immersed in it. The 

issue is particularly interesting in cases where a P or D 
state atom is involved, since then electronic degeneracy 
or near-degeneracy arises, and the possible breakdown 
of the Born-Oppenheimer approximation must be 
addressed. The present article explores the dynamics 
of a p-type orbital and its coupling to the motions of 

are a widely studied field. Examples of spectroscopic 
studies of impurity atoms in rare-gas solids, related to 
the topics of the present article, are found in Refs. [ l- 
81. The focus in theoretical work in this area so far has 
been mostly on the interpretation of the electronic spec- 
troscopy. In particular, Balling and Wright developed 
a treatment for the interpretation of the structure seen 
in the electronic spectra of alkali atoms isolated in rare 
gas solids [ 91. Their approach was based on the role 
of electrostatic interactions with lattice atoms in split- 
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ting the degenerate P-state excited levels of the alkali 
atom. Monte Carlo calculations by Fajardo and 
coworkers [ lo,11 ] on alkali atom spectra in matrices 
demonstrated the influence of different guest atom sites 

in the spectroscopy. Fajardo et al. [ 1 l] showed that 
absorption spectra following deposition of very ener- 
getic alkali atoms can differ considerably, due to the 
sites occupied in this case, from the corresponding 
behavior in thermal deposition. Danylichev and Apkar- 
ian presented the adiabatic potential energy surfaces 
for 0(‘S), O(‘D) and 0(3P) in Kr and Xe crystals, 
and reproduced by Monte Carlo simulations the site 

specific spectra of 0(‘S) + 0( ‘D) transition [ 8b]. 
Lawrence and Apkarian treated the I* + I spin-orbit 
transitions in Kr and Xe, and showed that with minor 

corrections to pair parameters ( - 3%) these Jahn-Tel- 
ler split spectra could be reproduced in the limit of 
adiabatic following Ref. [ 8~1. Likewise, theoretical 
simulations of electronic absorption spectra of large 
Ba-(Ar), clusters by Visticot et al. [ 121 proved very 
successful in accounting for the experimental findings 
in these systems. However, these theoretical studies and 
simulations have not attempted to deal with the role 

and dynamics of non-adiabatic effects in such systems. 
Indeed, only very few theoretical studies touch on this 
issue, and very little is known on the mechanisms and 
timescales involved. Benjamin and Wilson carried out 
molecular dynamics (MD) simulations that include the 
role of intramolecular non-adiabatic transitions in the 
photolysis of ICN in Ar [ 131. Non-adiabatic transitions 
due to the interactions of the photoproducts with the 
solvent were, however, not treated. Nearest to our per- 
spective here is the paper by Gersonde and Gabriel 
[ 141 who carried out MD simulations, including a 
treatment of non-adiabatic transitions, for photodisso- 

ciation and recombination of molecules such as HCl 
and Cl2 in rare-gas solids. 

The basic aim of the present article is to explore the 
dynamics of a P-state guest atom in a host lattice, 
including the role of the coupling between electronic 
and nuclear motions. An F(2P) atom in solid Kr will 
be used as a realistic model system. A major objective 
in this framework is to explore the dynamics in the limit 
of the Adiabatic Approximation, and to determine its 
shortcomings and the scope of its applicability. The 

adiabatic (or Born-Oppenheimer) approach will be 
carried out by an algorithm that treats the determination 
of the electronic potential surfaces “on the fly”, as the 

dynamics of the atomic motion evolves. The Adiabatic 
MD simulation will be compared with MD simulations 
that include non-adiabatic transitions, treated by a sem- 
iclassical surface hopping method. In this way we aim 
to compare, for instance, the mechanisms and rates of 
p-orbital reorientation in the solid, in the adiabatic and 
non-adiabatic frameworks, respectively. We propose 
to explore the combined electronic-orbital/nuclear 
dynamics for a substitutional F(2P) atom in Kr, in 

thermal conditions, and also for a process in which an 
exciplex Kr:F- dissociates radiatively in the solid. 

The latter will lead us to photoinduced migration events 
for the F atom into different sites, and to comparison 

of the adiabatic and non-adiabatic dynamics for the 
migration process. 

The structure of this article is as follows: In Section 
2 we discuss the modelling of the system, and in par- 
ticular the interaction potentials used. Section 3 pres- 
ents the methods employed here for the dynamics, both 
the “on the fly” adiabatic MD algorithm, and the non- 
adiabatic simulation method. Section 4 presents results 
on the dynamics and spectroscopy of an F atom in a 
substantial site of a Kr lattice. Section 5 gives the results 
for dissociation of a Kr: F- exciplex in solid Kr. Con- 
cluding remarks are brought in Section 6. 

2. System and interaction potentials 

The model system studied in this paper is an F( *P) 

atom embedded in a very large cluster of Kr atoms. The 
number of rare-gas atoms used in the calculations [ 251 
was large enough for the results not to be significantly 
affected by the finite size of the model system. Periodic 
boundary conditions were imposed at the edges of the 
cluster, to correspond to the realistic case of an isolated 
F atom guest in a Kr lattice. 

The total potential function of the system was taken 
to be of the form 

V=C 7_Ji+C u(rii) , (1) 

I i>j 

u( rij) in the second term of Eq. ( 1) is the pair potential 
between the i and j Kr atoms. For the u(r) pair potential 
between Kr atoms, we employed the potential of Aziz 
and Slaman [ 151, which was fitted accurately to spec- 
troscopy, scattering and dilute gas data. Our treatment 
ignores three-body forces among the rare-gas atoms, as 
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we estimate that the latter are unlikely to be important 
enough to affect the properties of interest here. We 
assume also pairwise atom-atom interactions between 
the fluorine and each of the krypton atoms. For the F/ 
Kr interaction we used the potential determined by 
Becker, Casavecchia and Lee [ 161 from their molec- 
ular beam scattering data. The interaction Ui between 
the F and the ith Kr atom can be written 

uizVO(rj) +Vz(rj)Pz(cos yi> , (2) 

where the functions Vo(r), V,(r) are given in Ref. 
[ 161. ri denotes the distance between F and the ith Kr 

atom. The angle yi is interpreted as a coordinate asso- 
ciated with the open-shell electrons. Using a single 
effective electron model for the open-shell of F(2P), 
and in a semiclassical framework, 7; can be considered 
as the angle between this electron and the F-Kr axis. 
Since lJi contains an electronic degree of freedom, it 

does not correspond to a potential function in the Born- 
Oppenheimer sense. Interactions of the form ofEq. (2) 
between 2P and S-state atoms have been accurately 
determined from molecular beam experiments for a 
number of systems in recent years [ 16,171. The theo- 
retical background for using these potentials is dis- 

cussed in Refs. [ 18,19,9]. It should be noted that in 
using the interaction of Eqs. ( 1)) (2) for a polyatomic 
system, as in the present case, one ignores three- and 
higher-order many body interactions between the open 
shell atom and the solvent atoms. The interactions of 
the F atom with the rare gas atoms so constructed are 
at the pairwise level only. The accuracy of such poten- 
tials, and in particular the pairwise additive assumption 
implied by Eq. ( 1) were demonstrated in Refs. [ 8b] 
and [ 8c] to be quite satisfactory at least in stable trap- 
ping sites and at thermal energies. Their validity in 
describing the entire surface and in particular saddle 
points deserves careful future attention, but represents 
the best available model at present. 

In calculations of the dynamics, the interaction V is 
represented in a basis of orbitals, which represent the 
single effective open-shell electron. Introducing an 
external coordinate system for the solid with the atom 

in it, the basis set we use to represent the electron is pX, 
pY, pz. Using the functional forms of these orbitals (only 
the angular dependence is required in our model), and 
Eq. (2)) one can readily obtain both the diagonal and 
the non-diagonal elements V, of V in Eq. ( 1) , where i, 

j = ( p,, p), p,). The V, are functions only of the nuclear 
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Fig. I, (a) Adiabatic potential functions for the displacement of F 

along the x-axis in a substitutional site in a Kr lattice. (b) Adiabatic 

potential functions for the displacement of F along the x-axis in an 

0, interstitial site in Kr. 

positions of the F and of the Kr atoms, r,, . ., r,, where 
N is the number of atoms in the system. In the adiabatic 

approximation, the potential matrix V,(r,, . . . , rN) is 
diagonalized, and nuclear motions are confined to a 
single adiabatic potential surface. (We shall describe 
later an algorithm for determining the adiabatic poten- 
tial surfaces and the corresponding electronic states 
“on the fly”, as the trajectories of the system are prop- 
agated). The adiabatic potential surfaces will be 
denoted by V 7 , V;, V: . It will be useful for the purpose 

of gaining insight into the dynamics later, to note some 
of the properties of these potential surfaces for our 
system. 

Consider first the case where the F atom occupies a 
substitutional site in the Kr solid. Fig. la shows the 
adiabatic potentials for the system when all the Kr 
atoms occupy perfect fee lattice positions, and the F 
atom is displaced from its equilibrium position along 
(00 1) direction of the system to which we refer below 
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Fig. 2. (a) Adiabatic potentials vs. an asymmetric distortion of the 

cage for F in an 0, interstitial site in Kr. (b) Adiabatic potentials 

I’ersus an asymmetric distortion of the cage for F in a T,, interstitial 

site in Kr. 

as the x--axis. For such displacements, there is a two- 

fold degeneracy V; (r) = Vi; (r) . The curves do not 
exhibit a conical intersection structure, since the shift- 

ing of the F atom along the x-axis is not a Jahn-Teller 
degeneracy removing mode. The adiabatic potentials 
for this displacement when the F atom is at a substitu- 
tional site are harmonic and shallow near the origin. 
Fig. I b shows the corresponding behavior of the poten- 
tials in the case where the F atom is at an interstitial Oh 
site. The Kr atoms are again placed at perfect lattice 
positions, and the F is displaced in the x direction 
(001). Also in this case V; = V; by symmetry. Note 
that for this site, Vf has a very shallow double well 
structure along the displacement, while Vl is steep and 

harmonic. Although the potential energy curves look 
hke JT splitting, in reality a quadratic effect is pre- 
sented. Fig. 2a is again for an F atom at an 0, interstitial 
site in the Kr lattice, but in this case the displacement 
considered is a Jahn-Teller degeneracy lifting vibra- 
tion, corresponding to an asymmetric vibration of the 

cage ( EZg modes). There is a barely noticeable Jahn- 
Teller behavior for Vy and V; in this case. However. 

the effect is very weak. Fig. 2b shows Vy, V; as a 
function of an asymmetric cage vibration when the F 
atom is at an interstitial Td site. In this case the JT active 
mode corresponds to and E-type vibration of the tet- 
rahedron. In this case, a pronounced Jahn-Teller split- 

ting structure is seen. This is obviously a consequence 

of the fact that the T, site is more compressed, and the 
interactions of the F atom with the crystal are much 
stronger. Figs. 1 and 2 point to two important features 
of the system studied: The behavior for different sites 
should be very different, and electronic degeneracy and 
Jahn-Teller effects are expected to play a very major 
role. 

In considering the state and interactions for this sys- 
tem, we ignored spin-orbit coupling effects. This is 
justified for an F atom in rare-gas media, although the 
situation for the heavier halogens is quite different. The 

spin-orbit split states of iodine were discussed in depth 
in Ref. [ 8~1. Spin-orbit coupling was found to play a 
major role for the dynamics of Cl( ‘P) in solid Ar [ 201. 

3. Methods for simulating the dynamics 

3.1. Molecular dynamics in the adiabatic 

approxililation by an “on the jy ’ ’ algorithm 

In this approach, nuclear motions are assumed to be 
confined to a single adiabatic potential energy surface, 

e.g. the lowest adiabatic surface. The implementation 
of the method is straightforward. Suppose that at time 

t we have the state of the system: the configuration 
r(f) = I, ( t), . . . , m,,,(t) of the atoms and their velocities; 
the adiabatic potential VT (r(t)) on which the atoms 
move; and the electronic wavefunction which describes 

the single effective electron assumed to model the 
open-shell of the F. The electronic wavefunction can 
be written 

ti(@, $3 t)=CI(t)P,+C:(t)P,+C:(t)pZ, (3) 

where 0, 4 are orientation angles in the external coor- 

dinate system of an axis from the F nucleus to the 
instantaneous position of the effective electron. To 

propagate the system to time t’ = t + At, we solve New- 
ton’s equations for the ri on the adiabatic potential 
surface: 
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d 2r, 
mi 2 = -V,V;(r,, . . . . rN), i=l, . . . . N. (4) 

Approximating the forces on the right hand side of Eq. 

(4)) by the value of the forces at time t, we can integrate 
the equations for a small time-step and obtain 
r,(r+ At), ..., r,(t+ At). The representation of the 
interaction V(r( t+ At), 0, 4) of Eqs. ( 1) and (2) in 
the basis of the p-orbitals can then be computed. The 
3 X 3 matrix obtained will be denoted V,(r(t + At) ), 
with i,j = { pX, pr, p,). Diagonalization of the latter gives 

V; (r ( t + At) ) (as well as the other adiabatic surfaces 
at t + A.t) . The components of the corresponding eigen- 
vector (Cl (t+ At), C:(t+ At), C:(t+ At)) are the 
coefficients of the electronic wavefunction at 
t’ = t + At. Using the adiabatic potential at r( t + At), 
one can obtain the configuration for the next time-step 
from Eq. (4), and so on. Thus, the electronic wave- 
function and the adiabatic potential surface are 
calculated along and with the trajectory. The method is 
strictly within the Born-Oppenheimer framework. The 
properties of the system as described by the method 

can, however, differ very significantly from these sys- 
tems of closed-shell, spherical atoms. The present 
description includes, for instance, reorientation effects 
of the electron orbital, although the latter occurs here 

strictly due to adiabatic following by the orbital of the 
neighboring atoms. Although the interaction potential 
V in Eq. ( 1) was constructed from pairwise atom-atom 
terms, the adiabatic potential surfaces VJ’ (r,, . ., r,,,) 
are not in general pairwise functions. Indeed, effects 
implied by the electron orbital following dynamics can 
be inconsistent with a potential surface that is a sum of 
pairwise atom-atom potential functions [ Scl 

3.2. Non-adiabatic dynamics with surface hopping 

There is a considerable arsenal of theoretical meth- 
ods for treating non-adiabatic processes in condensed 

phases 121-261. The usefulness of these methods in 
selected applications has been demonstrated, but there 
is a lack of knowledge as to the scope of validity and 
accuracy of each of the methods in more general appli- 
cations. The approach taken here is very similar in 
principle, although different in some technical aspects, 

to Tully’s method [ 231. In this approach, the system 
can “hop” from one potential surface to another, 
according to a probability function for such non-adia- 

batic transitions that is evaluated along the dynamical 
evolution. Between hopping events, the atomic nuclei 
propagate on a given potential surface according to 
classical dynamics. Tully’s method can be introduced 
for adiabatic or for diabatic states, depending on the 
physical advantages for a given system [23]. We intro- 
duce here the method for the crude basis of p-orbitals, 
pX, p,,, pZ. When the electronic state is described by one 
of these orbitals, pk, the potential surface that governs 
nuclear motions is, using Eq. ( 1) : 

Vdr1, . ..> r!v) = c tIPA. I vi IPk) + c u(rij>. (5) 
I r>j 

As long as a non-adiabatic transition to another surface 

has not occurred, nuclear dynamics is propagated 
according to V,,(r). Let r(t) denote the trajectory of 
the atom on this potential. Substituting the trajectory 
function in Eq. (2)) one obtains a time-dependentinter- 
action that acts on the electronic degrees of freedom: 

To obtain a criterion for the occurrence of a non-adia- 
batic transition, we expand the perturbed electronic 
state in the p-orbital basis: 

Applying the time-dependent Schrodinger equation to 
the evolution of this wavefunction we obtain 

ifi,4(d = J$ a,,tt)U,,,(t> , (8) 
In= I 

for 1 = 1, 2, 3. U,, is the matrix element of U( t; 8, 4) 
in (6) between the orbitals p1 and pn,. Suppose that the 
integration has begun at t = to, with the initial conditions 
uk( to) = 1, a,, k( to) = 0. Initially, and before the system 
reaches regimes of strong coupling between different 
electronic states, ujtk(t) is bound to be very small, 
compatible with the fact that the atoms are propagated 

on V,,(r). At each time point, a random number 5, 
O&t< 1 is generated, and compared against 

I %+!At> I 2. If 

lhk (t> I’>[, (9) 

a transition to the electronic state 1 is taken to occur. 
The transition is modelled as an abrupt surface hopping, 
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and the potential surface that governs nuclear motions 
ischangedtoV,,(r,, ..., +). At the transition, the atoms 
are assumed to retain their positions. All the (heavy) 
Kr atoms retain their momenta upon transition, as 

expected in the spirit of the classical limit for such a 
transition. The momentum of the F atom is scaled so 
as to yield energy conservation for the transition. The 
scaling is due to the momentum component in the direc- 

tion for which the coupling U,,(r) is maximal. Upon 
the transition, we reset the values of the wavefunction 

coefficients: al( t, ) = 1, a,, + ,( t, ) = 0. We propagate the 
atoms on the potential surface V,,(r), use the trajectory 
from this surface to obtain the time-dependent inter- 
action (6) between the electronic states, and solve Eq. 
i 8) in time with the above mentioned initial conditions. 
We will discuss elsewhere the different possible vari- 

ants of the above method, e.g. the use of crude diabatic 
or of adiabatic states [ 20 3, the possible choices of other 
conditions for the electronic transition, the initialization 
of the trajectory after a jump, etc. We also leave for 
another framework the discussion of the (relatively 

small) differences with Tully’s [ 231 approach and the 
comparison of the two algorithms. The indications are, 
however, that the method used here is at least semi- 
quantitatively reliable for this system. The results for 
observables will not change much if we use, e.g. the 
adiabatic representation. We used the method here pri- 
marily to assess the validity of the adiabatic approxi- 
mation. 

4. Results and discussion: F in solid Kr at thermal 

conditions 

The results presented in this Section are for an initial 
state in which the F atom is at an interstitial site of the 
fee Kr lattice, and the system was equilibrated at a given 
temperature. The dynamics was studied at three tem- 
peratures: T = 12,25 and 75 K. The main results are as 
follows: 

(a) Spectroscopy. Energy spectra for the transitions 
between the different electronic states of the F atom in 
the matrix were calculated both in the adiabatic and in 
the non-adiabatic scheme. It should be emphasized that 
the spectrum discussed here is essentially an energy 
spacing distribution between the two electronic states 
involved. It does not correspond directly to an experi- 
mentally observed spectrum. Indeed the IR transitions 
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Fig. 3. (a) Electron energy spectrum for the 0 + 1 band of F in Kr 

from adiabatic simulation. (b) Electronic absorption spectrum from 

non-adiabatic simulation. 

between the levels involved are symmetry forbidden. 

The transitions may be activated in the real system by 

mixing with excited charge-transfer electronic states, 

i.e. by induced dipoles or quadrupoles, depending on 
the local symmetry. These mechanisms will, however, 

affect the intensities, and no attempt was made here to 
model this. The calculations were carried out as for 

direct absorption or emission. The frequencies are, 

however, relevant also for the Raman case. In the adi- 
abatic approach, the system is propagated on the lowest 
adiabatic potential surface, and at random time points 

after equilibration the vertical difference between the 

ground and the excited potentials is calculated at the 

corresponding configuration of the system. This gives 

the frequency of the transition. The intensity is propor- 

tional to the total time the system has spent at that 

configuration. The results for the 0-t 1 electronic 

absorption band is shown in Fig. 3a. The main point is 

that although the adiabatic potentials are degenerate for 

the perfect lattice configuration, there is a dynamical 
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Fig. 4. (a) Correlation function for orbital orientation versus time. 

Adiabatic calculation. (b) Correlation function for orbital orientation 

versus time. Non-adiabatic calculation. 

level splitting due to the excursions of the atoms away 

from the exact symmetry conjiguration. As expected, 
the spectrum is broader at higher T, because the excur- 

sions are of higher amplitude. The results for the 0 + 2 

band are qualitatively very similar. Fig. 3b shows the 

absorption intensities from the non-adiabatic simula- 
tion. In this case, even if we select the initial electronic 

state, say at the ground state, the system will populate 
all the electronic surfaces, due to the electronic transi- 

tion. Comparison of Figs. 3a and 3b suggests that the 
adiabatic spectra have some correct qualitative fea- 

tures, such as the peak position (very roughly) and the 

temperature effect, but are wrong on important details 
because the effects of hopping between surfaces can 

play a major role in this system. 

(b) Orbital reorientation dynamics. Fig. 4a shows 
the autocorrelation function for the electronic orbital 

reorientation, computed in the adiabatic approxima- 

tion. The correlation function ( 1 L(t) -L(O) ( ) is 

defined in terms of a unit vector L, chosen to haoe a 

direction along the axis of maximal electron density. A 
fast (ts0.4 ps) and a slower, oscillatory decay are 
seen. The decay is to a value of 0.5, found to be the 
statistical limit of the correlation function. (This limit 
is obtained, for the adiabatic case, by calculating the 
orientational average between a rotor and a given axis). 
The initial decay in Fig. (4a) is due to adiabatic 
“orbital following”, which leads to reorientation as the 

F atom in its cage vibrations approaches different IQ 
atoms. The oscillations were found to be due to COU- 

pling between the electronic orbital and a particular 
asymmetric cage vibration, that has a distortion leading 
to an anisotropy that by Eq. (2) implies a strong torque 
for orbital reorientation. The amplitudes of the oscil- 
lations of the correlation function decrease with T, since 
at higher T the distortions are greater and the stronger 
coupling also with other types of distortion has an atten- 
uation effect. Fig. 4b shows the decay of the same 
correlation function in the non-adiabatic calculation. 
Also in this case the limit to which the correlation 
function decays is the statistical limit, but the value of 

this limit is different from the adiabatic case, since in 
Fig. 4b three electronic states are involved. The behav- 
ior of the correlation function calculated non-adiabat- 
ically is very different from that seen in the adiabatic 
case: there is an initial, very fast decay (t < 20 fs), 

followed by a much slower decay (t < 0.4 ps) . The 
oscillatory, long time regime of the adiabatic case is 
not found. Detailed analysis of the solutions shows that 
the uery short time reorientation in Fig. 4b occurs by 

a very diflerent mechanism from the adiabatic case, 

and is governed by transitions between different elec- 

tronic states. On the other hand, the second time 
domain 0.02 ps <t < 0.4 ps probably involves correla- 
tion function decay by a mechanism similar to the adi- 
abatic (orbital following as the F approaches different 
Kr atoms). The decay in the non-adiabatic calculation 
is too strong for the long-time oscillations to survive. 
In conclusion, the adiabatic approximation is in serious 

errorforpart of the time domain over which the orbital 
orientation decays, although a regime where it pro- 
vides the main mechanism exists. 

(c) Orientational distribution of the orbital in the 

cage. Fig. 5 shows the orientational distribution of the 
p-orbital of the F atom in the matrix. While we do not 
show here two dimensional distributions in (8, (b) on 
the unit sphere, inspection of the numerical data shows 
that the peaks do indeed correspond to the Oh symmetry 
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Fig. 5. (a) Orientational distribution of the F orbital in the cage: The 

polar angle 0 dependence. (b) As in (5a), but for the azimuthal 
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of the site. The result is for a lattice at thermal equilib- 
rium (T= 12 K), but with only the lowest electronic 
adiabatic state populated. The calculations were done 
in the adiabatic approximation. The distribution of the 
electronic orbital is clearly anisotropic. The peaks of 
the histograms correspond to complexes of the F( ‘P) 

atom with one of the neighboring Kr atoms, in which 
case the p-orbital has the appropriate orientation. The 
result shows the strongly anisotropic nature that p- 
orbital states can have even when placed in a relatively 
isotropic cage. 

(d) Migration. No migration of the F atom from the 
substitutional site was found even at 75 K over the 
timescale of the simulation (t = 20 ps) either in the 
adiabatic or in the non-adiabatic framework. 

5. Results and discussion: radiative dissociation of 

the Krz F- exciplex in Kr 

Charge-transfer absorption of F atoms in Rg solids 
leads to the formation of the Rg: F- exciplex [ 27,281. 

This complex relaxes by radiation, and as the Franck- 
Condon region corresponds to a repulsive potential 
region of the (ground state) Rg,F system, the latter 
undergoes dissociation. We carried out simulations of 
the dynamics following the dissociation of Kr,F in solid 
Kr. The main focus was on whether F atom migration 
to new sites can be induced by this dissociation. Both 

adiabatic and non-adiabatic calculations, as described 
in Section 3, were carried out. The topic is closely 
related to photodissociation, and subsequent atom 
migration, of small molecules in rare gas solids and 
several such processes were studied by MD simulations 
in recent years [ 29-341. In two of these studies, the 

photodissociation of F2 in Ar and in Kr was investi- 
gated, including the issue of cage exit and subsequent 

migration of the F atom following photolysis [ 32,331. 
These studies were strictly in the Born-Oppenheimer 
framework. However, in an effort to interpret experi- 
mental data on the quantum yield for photolysis of F, 
in Kr, a heuristic model was used to represent the ori- 
entation effect of the p-orbital on the F/Kr interaction 

potential [ 331. The improved quantitative agreement 
so obtained suggests that the anisotropic aspect of the 

interaction may play arole in the migration of F in solid 
Kr. One of our objectives is to explore this more rig- 
orously, using both the adiabatic approximation and 
the simulations that incorporate electronic transitions. 

In the photolysis of F2, the F atom produced has a large 
amount of kinetic energy that can overcome the barrier 
to cage exit and short-range migration. When Kr2F 
dissociates following radiative emission of Kr; F- , 

most of the repulsive energy in the ground state of the 
system is along the Kr-Kr coordinate, and the kinetic 
energy of the F atom is only about 0.2 eV. One expects, 
however (and there is) a “kinetic heating” of the cage 
due to the released Kr-Kr repulsion energy. It is inter- 
esting to investigate whether this suffices to induce F 
atom migration. In simulating the initial state of the 
process, we used the ab initio calculations from the data 
of Wadt and Hay [ 351 for the geometry of Krz F- 

This exciplex was assumed to relax and equilibrate in 
the solid cage before undergoing radiation to the 
ground state of Kr,F. Assuming a vertical transition, 
the initial configurations for the MD simulations were 
readily obtained. We proceed to discuss the results. 

(a) Photoinduced migration in the adiabatic 
approximation. Fig. 6 shows the distribution of dis- 
tances between the F atom position 4 ps after the Kr,F 
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Fig. 6. Distribution of distances of F atoms from the initial position, 

4 ps after the dissociation of Kr: F- in Kr. 

dissociation, and the initial position of the F atom in 
the cage. The initial position was found to approximate, 
although not exactly, an interstitial Oh site. This distri- 

bution is found to be due to the fact that migration 
occurs to nearby sites, these being both 0, and T, sites. 
The “cage heating” effect upon the dissociation of 

Kr,F discussed above thus suffices to bring about 
migration. The total probability of migration following 
the dissociation in the adiabatic calculation is very high 

-about 50%! Typical trajectories that lead to migration 
and that fail to result in migration, are shown in Fig. 7. 

We note that the migration is relatively slow. The sit- 
uation after 4 ps is essentially already stabilized. 

(b) Site-selective spectroscopy. The difference 
energy distribution of F atoms in Td and in Oh sites is 
shown in Fig. 8. The two spectral bands are almost non- 
overlapping. The important implication of this result is 

that it should be possible to monitor experimentally the 

migration of F atoms into different sites. 

(c) Effect of electronic transitions on F atom migra- 

tion. The results of the simulations with electronic tran- 

sitions for the dissociation of Kr,F in solid Kr are shown 
in Fig. 9. These results show the distribution of dis- 

tances of the F atom 4 ps after dissociation from the 
initial position of the atom. The striking result is that 

the migration probability is very small, 50 times 

smaller than the adiabatic one! The reason for the 

difference was found to be transfer of F atom kinetic 

energy into electronic excitation energy upon cage exit 

in the non-adiabatic simulation. As a result the F atom 
is left with too little translational energy in most trajec- 

tories for surmounting the barrier for diffusion. This is 

reflected in Fig. 10, which shows the kinetic energy of 

the F atom versus time in both the adiabatic and non- 

adiabatic calculations. On the whole, the adiabatic 
approximation gives roughly the correct variation of 

kinetic energy with time. However, it makes an error 

in a particular time interval, around 0.8 ps, where trans- 

lational to electronic energy transfer occurs in the non- 
adiabatic case, and this is exactly the “time window” 

critical for surmounting the barrier for migration. In 

conclusion, electronic transitions can have a critical 

effect, at least in some cases, on p-orbital atom migra- 

tion, while the overall kinetic energy cooling of a hot 

atom is represented roughly correctly in the adiabatic 

framework. Finally, we note that although the non- 

adiabatic effects reduce greatly the occurrence of 
migration following photolysis, the effect still exists. 

Migration of F atoms induced by radiative dissociation 

of exciplexes has been shown in multiply doped matri- 

ces, e.g. in crystalline solid Ar doped simultaneously 

with F, Xe and Kr [ 281. In such solids, by proper choice 

of excitation wavelengths, it is possible to shuttle F 

atoms between different scavenger centers (Xe and Kr 

in this case [ 281). The initial kick to the F atoms in 

this case is due to the radiative dissociation of the dia- 

tomic Rg+F- via the C + A transitions. This kick, due 

to the repulsive RgF( A) surface, is quite different from 

the one simulated here. Photomobility induced by radi- 

ative dissociation of a triatomic exciplex has been most 

clearly demonstrated in F/Ar crystals to lead to long- 

range migration [ 281. Indeed, the terminal Rg2F con- 

figurations reached by radiation of Kr2F and Ar,F are 

quantitatively different. While in the first, most of the 

excess energy is along Kr-Kr [ 281, in the case of Ar,F, 

based on spectral inversions, the neutral fragment is 
created with - 1 eV along Ar-Ar and - 0.74 eV along 

Ar2-F coordinates. This excess energy should lead to 

significantly higher mobility of F/Ar, as verified exper- 
imentally [ 281. 
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(b) 

Fig. 7. Typical adiabatic trajectories for the dissociation of Kr2F in a Kr matrix. The path of the F atom is shown. (a) NO cage exit; (b) direct 

cage exit with stabilization in the 0, interstitial site; (c) Direct cage exit with stabilization at T, 
interstitial site: (d) Indirect cage exit. 

6. Concluding remarks quite severely. Thus, the adiabatic approximation 

describes roughly the electronic absorption frequencies 

In this article we studied the dynamics of a p-state 
and bandwidths of the open shell atom in the solid. It 

atom, F(*P), in a solid medium consisting of chemi- 
also describes a limited part of the orbital reorientation 

tally inert, spherical atoms. We explored the behavior 
behavior in time, and the overall pattern of the cooling 

of the system at thermal conditions, and also following 
in time of a hot open-shell atom in the solid. On the 

dissociation of an exciplex in the solid, which can pro- 
other hand, the adiabatic approach is inadequate for 

vide an initial impulse for migration. It was found that 
understanding, e.g., the short-time behavior ofp-orbital 

the orientation, or anisotropy, of the p-orbital plays a 
reorientation that in the present case is due to non- 

major role in the dynamics of the system. It was shown 
adiabatic transitions. The adiabatic approach was also 

that there are some properties that can be described by 
found to be in dramatic error for migration of F atoms 

the adiabatic approximation, in which case p-orbital 
following dissociation of Kr2F in the solid. Kinetic to 

reorientation occurs only through “adiabatic follow- 
electronic energy transfer was found in this case to 

ing” of the nearby rare-gas atoms. For many properties, 
reduce migration by a factor of 50! 

however, the adiabatic approximation breaks down 
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Fig. 8. Absorption lineshapes of F atoms at 0, and at Td interstitial 
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4 ps after dissociation of Kr,F. The result is from non-adiaburic 

simularions. The distances are in lattice constant units. 

500.0 

400.0 

300.0 

Q 

B 
8 

g 
200.0 

100.0 

0.c 

r 
adiabatic approach 

nokdiabatic approach 

1.0 2.0 

Time (ps) 

_I _ ̂  
3.0 4.0 

Fig. 10. Kinetic energy versus time of F atom following dissociation 

of Kr>F in Kr. Results of the adiabatic and non-adiabatic calculations 

are shown. 

The physical insights gained, and the methods 
employed, should be very useful for future studies of 
the combined dynamics of electronic and nuclear 
degrees of freedom in dense media. 
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