
Photodissociation and charge transfer photodynamics in crystalline krypton 
doped with F, and Xe 

H. Kunttu,‘) E. Sekreta, and V. A. Apkarianb) 
Department of Chemistry, Institute for Surface and Interface Science, University of California, Irvine, 
Irvine, California 92717 

(Received 4 February 199 1; accepted 1 March 199 1) 

Long-range migration of F atoms upon photodissociation of F, is demonstrated in mixed 
F, :Xe:Kr solids by monitoring arrival of F atoms at Xe sites. The impulsive migration 
probabilities are wavelength dependent. At excess energies above 2.4 eV migration lengths 
spanning 15 lattice sites are observed. Migration is not observed for excess energies below 1.9 
eV. The photodynamics of charge transfer states in F:Xe:Kr solids is presented. Both diatomic 
Xe + F -, and mixed triatomic ( KrXe) + F - exciplexes are observed. The XeF( C) and 
(KrXe) + F- states are strongly coupled and decay radiatively with a lifetime of 80 ns. These 
states are populated via excited vibrations of XeF(B) and XeF( D). A crossing between 
XeF( D) and KrXeF potentials is identified. Above this crossing the lower manifold of charge 
transfer states are directly populated, while a delay of 10 ns is observed below the crossing. 
XeF (B, u = 0) remains uncoupled from the rest of charge transfer states. Implications with 
respect to solid state exciplex lasers are discussed. 

I. INTRODUCTION 

Halogen-doped rare gas solids (X/RGS) provide con- 
venient systems for probing a wide variety of photodynami- 
cal phenomena in condensed phases. The well characterized 
nature of Rg-Rg’ and Rg-X pair interactions both in the 
ground and excited states, combined with the detailed 
knowledge of the static and dynamic properties of rare gas 
solids, makes X/RGS a simple model system in which rigor- 
ous tests of many-body dynamics can be made. The existence 
of luminescent charge transfer transitions in X/RGS makes 
these systems particularly attractive from an experimental 
point of view, since the sensitive technique of laser induced 
fluorescence can be applied to follow the dynamics of atomic 
fragments. In addition to serving as prototypes of condensed 
phase molecular dynamics, there are practical motivations 
guiding these investigations. The development of solid state 
exciplex lasers,‘-” and optical energy storage4 are two such 
examples. A detailed understanding of charge transfer ener- 
getics and dynamics is a prerequisite for such developments. 
In this paper we report on photodynamics in a solid Kr host 
doubly doped with Xe and F,. The main aims of the study 
are twofold: to probe the long-range migration of F atoms 
upon photodissociation of F,, and characterization of 
charge transfer states and associated photodynamics in 
F/Xe/Kr crystals. 

Due to the simplicity of its electronic states,5 fluorine 
represents a rather ideal diatomic for photodissociation 
studies in RGS. As such, it has been studied theoretically by 
molecular dynamics simulations,6 and several experimental 
studies probing different aspects of the dynamics have al- 
ready been reported.7-9 Upon optical access of the repulsive 
‘II, potential, wavelength dependent quantum yields of dis- 
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sociation in solid Ar’ and Kr9 have been reported. The cage 
exit probabilities in these systems reach unit quantum yield 
at excess energies above 2.5 eV, in agreement with the theo- 
retical simulations. Temperature dependence studies in Kr 
have shown a strong effect for molecule-lattice prealign- 
ment on cage exit probabilities, as predicted by theory.’ Dis- 
sociation of diatomics in rare gas solids is determined by the 
cage exit probabilities of impulsively generated atoms. In the 
case of F atoms, the exit occurs through well defined win- 
dows of the lattice and the fragments maintain most of their 
initial kinetic energy. One of the fascinating consequences of 
this process is that after cage exit, F atoms undergo long- 
range migration along face diagonals of the solid.6 Until the 
present, this theoretical prediction had not been verified ex- 
perimentally, although long-range migration of F atoms had 
been demonstrated in the analogous process of radiative dis- 
sociation of rare gas fluoride exciplexes.7.8 In a solid Kr host, 
doped simultaneously with Xe and F, , it is possible to probe 
long-range migration of F atoms by monitoring their arrival 
at Xe sites. In the present paper we report such studies, and 
show that long-range migration probabilities are strongly 
dependent on initial energy of the fragments. 

A variety of charge transfer states have been discovered 
in halogen doped rare gas solids. In Cl, Br, and I doped solid 
Xe,” and in Cl doped Kr, ’ ’ optical excitation leads to delo- 
calized charge transfer states which can be described as a 
Rydberg progression of holes.” These states relax rapidly to 
the triatomic Rg,X configuration and subsequently decay 
radiatively. In F doped Kr, the Rydberg-hole progression 
collapses, limiting the delocalization of the positive charge to 
the immediate neighbors of the halogen ion.’ As in the case 
of Xe, for all the halogen atoms doped in solid Kr as well, 
emission from the triatomic Kr, X molecular exciplex is ob- 
served.‘” In F doped Xe,” and also in F:Kr doped At-,’ the 
excitation spectra reveal the diatomic XeF and KrF reson- 
ances, however, emission is only observed from the triato- 
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mics-from the mixed triatomic ArKrF exciplex in the lat- 
ter case. The interconversion from diatomic to triatomic 
configurations is fast, estimated to proceed on a time scale 
shorter than 500 fs. In such ternary solids as F/Xe/Ar and 
F/Xe/Ne, the diatomic XeF exciplexes maintain their integ- 
rity in both excitation and emission spectra.‘4V*5 However, as 
will be discussed, in F/Xe/Kr, both diatomic Xe + F - and 
mixed triatomic (KrXe) + F- charge transfer states coexist. 
This is not a unique situation. In studies of Cl/Xe/Ar in the 
liquid phase the coexistence of XeCl and ArXeCl states were 
noted, l6 and in more recent studies, XeCl and NeXeCl states 
were simultaneously observed in emission in solid Ne.” The 
subtle equilibrium between these molecular charge transfer 
states, which is discussed in this paper, has not been pre- 
viously studied in any detail. This dynamics has serious bear- 
ings with respect to laser action in these media. To date, laser 
action has been demonstrated over the D-X, B-X, and 
C-A transitions ofXeF in solid Ar,‘** and the D- X transi- 
tion of XeF in solid Kr’-systems in which the diatomic 
exciplexes maintain their integrity. The failure of observing 
laser action in triatomic solid state exciplexes is ascribed to 
an intense reabsorption by the exciplex.6V7*‘3 However, little 
is known about the upper states responsible for this reab- 
sorption in condensed media. In F:Xe:Kr solids, we discover 
that this reabsorption leads to emission from the D state, and 
as such should be useful in revealing the photodynamics of 
highly excited charge transfer states. Finally, the rather 
mundane question, as to which diatomic exciplex may be 
possible to isolate in a given host is discussed. 

volume of the crystal as inspected by eye, and also on more 
quantitative, however, less direct observations, such as pho- 
todissociation kinetics. In studies of F, photodissociation, 
an induction period in the exciplex emission growth was re- 
lated to nonuniform distribution of dopants, which corre- 
sponded to only few per cent of the total F, concentration.8 
The statistical nature of isolation is verified in the present 
system, as will be discussed below. However, we mention 
that in other guest/host combinations extensive clustering is 
observed in solids grown by these methods. 

Multigas excimer lasers or excimer pumped dye lasers 
equipped with doubling crystals were used as excitation 
sources. The duration of the doubled dye laser pulse was 
measured to be 7 ns. Emission spectra were recorded with an 
optical multichannel analyzer fitted with a gated intensified 
diode array( EG&G OMA III). A mercury penlight is used 
for spectral calibration of the OMA. Growth dynamics of 
different emission bands was monitored with a photomulti- 
plier tube (PMT), and a boxcar integrator after dispersing 
the emission with a l/4 m monochromator. Radiative life- 
times were measured with a PMT or a fast PIN photodiode 
having a rise time of 2 ns. The signals were recorded and 
averaged with a 500 MHz digital oscilloscope (Tektronix 
2440). 

II. EXPERIMENTAL 

The experiments were conducted in free standing crys- 
tals of krypton of - 1 cm3 volume. The crystal growth meth- 
odologies are those developed by Schwentner and co- 
workers’s with minor modifications. The crystals are grown 
in a rectangular Pyrex cuvet of 1 cmX 1 cm cross section, 
fused to a l/4 in. glass tube. The tube is fed through a double 
“0”-ring connection on the cryostat vacuum shroud. The 
Pyrex mold is initially brought into contact with the cryotip 
(Air Products Displex, DE-202), and the premixed gas is 
deposited at a backing pressure of - 200 Torr. After a suffi- 
ciently long crystal is formed, the mold is manually retract- 
ed. The cryotip consists of an OFHC-copper block, in which 
a rectangular hole is cut to anchor the crystal. Temperature 
is measured with a gold-chrome1 thermocouple embedded in 
the crystal during its growth. The solids prepared with this 
method are polycrystals of high optical quality. Scattering 
losses inside the crystal are typically a few per cent, for a 
pathlength of - lcm in the near-uv spectral region. 

Excitation spectra were recorded using the monochro- 
matized output of a 150 W Xe arc lamp. Prior to recording 
the spectra, F, was dissociated with broadband output of the 
lamp. Several hours of irradiation was needed to produce 
sufficient concentration of atomic fluorine for spectroscopic 
investigations. The excitation and detection arms of the 
spectrometer were equipped with 0.3 m monochromators 
(McPherson 282). A PMT of flat spectral response in the 
200-900 nm range (Hamamatsu RG-666) was used to de- 
tect the fluorescence. In most of the experiments the mono- 
chromator slits were adjusted to a -2 nm bandpass. The 
search for vibrational structure in the spectra was conducted 
with a 0.3 nm bandpass. The excitation source was chopped 
at - 1 kHz and the signal was detected with a lock-in ampli- 
fier (SRS, SR-5 10). Background corrected spectra were ob- 
tained after division with the spectral profile of the source, 
recorded under identical conditions. 

High purity gases without further purification were 
used. The manufacturers specifications were: F, (97%), 
Kr(99.999%), Xe (99.999%). Gas samples were manipu- 
lated in either a greaseless, glass vacuum line, fitted with 
Teflon seated stopcocks, or in a Monel vacuum manifold. 

III. RESULTS 

The poor thermal conductivity of the Pyrex mold and 
the RGS combine to yield a large thermal gradient across 
which the crystal grows. The temperature in the center of the 
crystal during deposition is typically 30-45 K. Under these 
conditions, clustering of dopants, or segregation of guest and 
host, are expected phenomena. In the case of F, -doped solid 
Ar and Kr for dilution in excess of 1:3000, no evidence for 
concentration gradients or of clustering has been observed. 
This assessment is based on qualitative observations, such as 
the uniformity of emission or scattering in the irradiated 

A. Photodissociation of F, 

Photodissociation of F, can be accomplished in rare gas 
solids via two distinct mechanisms: (a) direct dissociation 
via the ‘II, absorption continuum of F,, or (b) two-photon 
induced harpooning. 7-9 Either of these mechanisms lead to 
efficient and permanent generation of atomic fluorine when 
carried out at cryogenic temperatures near 10 K. In the pres- 
ent, we concentrate on mechanism (a). Two-photon pro- 
cesses are eliminated by carrying out the studies at low laser 
fluence. The photogeneration of F atoms is followed by mon- 
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itoring emission from a particular rare gas-fluoride exciplex. 
In F, :Xe:Kr ternary solids, this can be accomplished by ex- 
citation of either Xe + F- or Kr + F - charge transfer states. 
As a result, in addition to photodissociation kinetics, infor- 
mation is obtained about the spatial distribution of atoms. A 
minimal knowledge of the spectroscopy of charge transfer 
states in this system is necessary for the understanding of the 
results to be reported in this section. A relatively sharp reso- 
nance, with a threshold near 280 nm, is observed for the 
excitation of charge transfer states in solid Kr doped with 
atomic fluorine. Excitation above this threshold leads exclu- 
sively to emission from Kr,+ F-, which peaks at 453 nm.’ 
The charge transfer states of XeF in solid Kr can be accessed 
in a wide spectral range, the threshold being - 390 nm. De- 
pending on the excitation wavelength, the possible emissions 
are the diatomic D-+X (303 nm), D-+A (364 nm), B-+X 
(428 nm), and C-A (575 nm) transitions. Thus at excita- 
tion wavelengths longer than 280 nm, only those F atoms 
which are nearest neighbors to Xe are monitored. At shorter 
excitation wavelengths, all F atoms in the solid can be moni- 
tored simultaneously. 

Figure 1 (a) shows a typical emission spectrum obtained 
with 275 nm excitation of a solid of original composition 
F, :Xe:Kr of 1: 1:3000. The spectrum was recorded after 
completion of growth of the observed emissions. At this 
wavelength, all of the observed emissions in the spectrum 
grow exponentially with irradiation time. The broad 
Kr2+ F - emission band centered at 450 nm is a direct mea- 
sure of F atoms trapped in the bulk of Kr, and the XeF 
emissions at 303 and 364 nm indicate that a significant frac- 
tion of F atoms reach Xe atoms. The strong Kr,+ F - emis- 
sion overlaps the expected XeF B-+X and C+ A emissions. 
The excitation wavelength in this case matches with both 
KrF( Bt X) and XeF (0+X) resonances; therefore, the 
probe sensitivity for the two transitions is comparable. 

When the temperature of the solid is raised above 20 K, 
the XeF emissions gain intensity while the emission near 450 
nm is drastically reduced, as illustrated in Fig. 1 (b). In fact, 
the Kr,+ F- emission which dominates in trace (a) of Fig. 1, 
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FIG. 1. (a) Emission spectrum from a F,:Xe:Kr = 1:1:3OOOsolid at 12 K. 
Spectrum was recorded with an optical multichannel analyzer (OMA III) 
after extensive irradiation with 275 nm laser (also used as an excitation 
source). The observed emission bands are: 303 nm: XeF (D-X); 364 nm: 
XeF (D-A); and 453 nm: Krl ’ F (b) The same spectrum at 19 K. The 
observed new emissions are: 465 nm: (KrXe) ’ F and 428 nm (shoulder): 
XeFIB-X). 

is completely absent in trace (b). Instead, a new emission 
band at 465 nm is observed. This emission is assigned to the 
mixed triatomic, ( KrXe) + F -, exciplex. Beside the spectral 
shift, this emission can be distinguished from that of 
Kr,+ F - by its narrower spectral width and shorter fluores- 
cence lifetime (80 ns vs 140 ns for Kr,+ F - ) . The observed 
strong temperature effect can clearly be ascribed to thermal 
diffusion of F atoms and subsequent trapping next to Xe. 
The thermal onset of the spectral transformation is 15 K, 
somewhat lower than the diffusion temperature of F atoms 
in pure solid Kr, which is observed to be - 18 K.* Thus it 
can be concluded that Xe acts as a deep trap, and therefore as 
an efficient scavenger for mobile F atoms in solid Kr. This 
result is not too surprising given the fact that the XeF(X) 
potential is nearly an order of magnitude deeper than that of 
KrF( X) .‘9V20 

Similar studies were conducted at 308,35 1, and 360 nm. 
The 308 nm results were qualitatively similar to those at 275 
nm, namely, an exponential growth in the XeF emission in- 
tensity is observed, and upon warmup, this emission intensi- 
fies by nearly fivefold. The exponential growth rates at both 
308 and 275 nm yield quantum yields near unity for the 
dissociation of F, , in agreement with the measurements in 
pure Kr.9 A very different behavior is observed when disso- 
ciation and probing are carried out at longer wavelengths. 
Spectra are shown in Fig. 2 which are taken from a study 
using a dye laser at 360 nm as both dissociation and probe 
source. At this wavelength, while F, readily dissociates, 
only XeF (B /C+- X) resonances are accessible. After exten- 
sive irradiation of the solid at 10 K, only a very weak emis- 
sion is observed (see Fig. 2). Upon warmup of the solid, 
without further irradiation, the XeF B-+X, C-A, and 
( KrXe) + F - emissions become clearly visible. (The sharp 
B-X emission appears as a shoulder on the broad KrXeF 
emission band. ) 

In Fig. 3, the evolution of (KrXe) + F- emission inten- 
sity as a function of exposure to laser pulses at 351 nm is 
shown. A very weak emission is observed immediately after 
exposure to the laser; and at 12 K the emission intensity 
remains essentially constant after - 1000 pulses. At this 

350 400 450 500 550 600 050 7 
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FIG. 2. Emission spectra from a Fz :Xe:Kr = 1: 1:3000 crystal with 360 nm 
excitation. Spectra were obtained after extensive irradiation at 360 nm. 
Lower trace: T= 10 K: upper trace: T = 15 K. Note the different sensitiv- 
ity scale in the low temperature spectrum. For band assignment, see Fig. 1. 
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FIG. 3. (KrXe) + F-- emission intensity as a function of irradiation time 
with 351 nm laser (346 mJ cm - ‘, 10 Hz repetition rate). Each data point 
corresponds to accumulation of 100 excitation pulses with OMA. The origi- 
nal sample composition is F, :Xe:Kr = 1:1:7009. 

wavelength, the photodissociation quantum yield of F, in 
Kr is 0.75.9 Therefore, at the excitation intensity of 
6.1 x 10” photons cm- * pulse- ‘, the F atom growth life- 
time corresponds to 300 laser pulses (using the gas phase 
absorption cross section of F, :0.7x 10 - ” at 351 nm5). 
Upon raising the temperature of the crystal to 19 K, nearly 
500-fold increase in the emission intensity is observed. Thus 
in contrast to the studies at shorter wavelengths, a negligible 
fraction of the F atoms are produced next to Xe in the photo- 
dissociation process at 12 K. In this case, Xe-F pairs are 
formed exclusively by the thermal diffusion of F atoms sub- 
sequent to their photogeneration. 

As illustrated in Fig. 3, the KrXeF emission reaches a 
maximum with irradiation time. Further irradiation causes 
a decay in both KrXeF and XeF (C+A ) emissions. It was 
verified that at temperatures above 20 K, when the sample is 
left in the dark the XeF emission intensity recovers at least 
partially. There are two obvious mechanisms for the reduc- 
tion of Xe-F emission, (a) formation of XeF, , which would 
constitute a permanent loss channel since it does not absorb 
351 nm radiation, (b) radiative dissociation of exciplexes 
which leads to ejection of F atoms out of the trap site. The 
latter mechanism has previously been characterized in sever- 
al studies.‘,* In effect, since several of the radiative transi- 
tions involve repulsive ground states, e.g., KrXeF and 
XeF( C-+,4), F atoms with sufficient kinetic energy are 
created to exit the solid cage. The observation of signal re- 
covery in the dark would indicate that the F atoms are avail- 
able to diffuse back to the Xe sites, presumably from tempo- 
rary trapping sites composed strictly of Kr nearest 
neighbors. Photomobility of F atoms due to radiative disso- 
ciation of exciplexes would imply that at wavelengths where 
both dissociation of F, and excitation of exciplexes is possi- 
ble, only a photochemical steady state between F and F, can 
be established. The suspected presence of XeF, further com- 
plicates this situation, such that in concentrated solids, it is 
difficult to establish the exact number density of F atoms. 

TABLE I. Emission characteristics of F:Xe/Kr solids. 

Species Band center (nm) FWHM (eV) rrarad (ns) 

XeF (D-X) 303 0.1 10 
XeF (D-A) 364 0.23 10 
XeF (B-X) 428 0.07 a 
XeF (C-A) 575 0.4 80 
KrXeF 465 0.24 80 
Kr, F 453 0.39 140 
ArKrFh 343 0.48 60 

*Excitation laser limited. 
b For comparison (Ref. 7 ) . 

6. Emission spectra 
Spectroscopic constants of the different emissions ob- 

served in F:Xe/Kr solids are collected in Table I. Emission 
spectra obtained by excitation at wavelengths between 308 
and 380 nm are displayed in Fig. 4. The spectra are taken 
after extensive irradiation of the solid at 308 nm, and after 
several annealing cycles. Note that at these excitation wave- 
lengths the KrF charge transfer resonances cannot be 
reached. The band assignment of the sharp emission at 428 
nm to XeF (B-X), and the broadband at 575 nm to 
XeF( C- A) is rather straightforward. In the gas phase these 
emissions appear at 35 1 and 450 nm,*’ while in solid argon 
they appear at 411 and 536 nm, respectively.‘~‘4~‘5 The large 
dielectric shift of these transitions is to be expected due to the 
ionic-to-covalent nature of the transitions, and follows the 
well established pattern of other solid state rare gas halides. 
There are in principle two possible assignments for the broad 
emission centered at 465 nm, these are: XeF(C-X) en- 
hanced by interactions with neighboring Kr atoms, or emis- 
sion from the mixed triatomic (KrXe) + F- exciplex. The 
latter assignment is favored, as will be discussed. 

It should be clear from Fig. 4 that the relative intensities 
of the different emissions are a strong function of excitation 
wavelength. The main absorption in this range of wave- 
lengths is due to XeF( B-X). When excited at 308 nm, the 
(KrXe) + F - emission dominates and the XeF(B-X) 
band appears as a small shoulder. When excited near the 
absorption threshold of 380 nm, the XeF(B+X) emission 
dominates the spectrum. The ratio between KrXeF and XeF 
(C-, A) remains independent of excitation wavelength. 

350400450500550800650 
Wavelength (nm) 

FIG. 4. Emission spectra from a 
F,:Xe:Kr = 1:1:3090 solid taken 
with different excitation wave- 
lengths: (a) 308 nm; (b) 351 nm; 
(c) 367 nm; (d) 380 nm. Prior to 
recording the spectra, the sample 
was subjected to extensive irradia- 
tion at 308 nm, and several anneal- 
ing cycles. The spectral features 
are: 428 nm: XeF(B-X); 465 nm: 
(KrXe) + F- and 575 nm: 
XeF(C+A). Note that Kr ’ F 
resonances are not accessed. 
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However, the relative intensities of these emissions depend 
on temperature of the solid. Examples are shown in Fig. 5 for 
excitation at 250 nm, which corresponds mainly to 
XeF(D-X) absorption. It can be seen, that at elevated tem- 
peratures both ( KrXe) + F - and C-+ A intensities increase 
relative to theB+X transition. The temperaturedependence 
of the relative populations of the XeF( C) and (KrXe) + F - 
is also evident in the spectra. 

Emission spectra obtained for excitation wavelengths 
between 232 and 275 nm are shown in Fig. 6. Here, the 
XeF(D-+X) and (D-A) emissions can be seen at 303 and 
364 nm, respectively. Near the XeF(D+X) absorption 
threshold, at 275 nm, emission is observed almost exclusive- 
ly from XeF( D), and the other weak emissions are at least in 
part due to reabsorption of the D-+X and D-A emissions. 
Despite the fact that 275 nm excitation matches with the 
absorption maximum of the strong KrF(Bt-X) transition,’ 
there is almost no contribution from Kr,+ F - emission in the 
spectrum-all F atoms are scavenged by Xe trap sites under 
these conditions. Excitation high in the D manifold, leads to 
efficient internal conversion to populate the B/C and the 
KrXeF charge transfer states [see traces (a),(b), and (c) of 
Fig. 61. 

A rather important observation made was that under 
intense pumping conditions over the XeF(B-X) reso- 
nance, emission from XeF( D) is observed. This is illustrated 
in Fig. 7, in which a strong emission at 303 nm is observed 
when the solid is pumped at 360 nm (pump fluence - 100 
MW cm ‘) . Comparison of the relative emission intensities, 
XeF(D+X),XeF(B-X),and(KrXe) +F-inFig.7,indi- 
cates that the two-photon pumping scheme has a large cross 
section: the integrated intensity of the two-photon induced 
emission is comparable with the emissions due to the linear 
absorption. Although we have been able to demonstrate 
large gain, and amplified spontaneous emission on the 
XeF(D-+X) transition when pumped at 260 nm,3 efforts at 
observing laser action on the lower charge transfer states B, 
C, or KrXeF, by pumping at 351 nm were unsuccessful. A 
reabsorption cross section larger than the stimulated emis- 
sion cross section, would explain the lack of gain on these 
transitions. 
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FIG. 6. Emission spectra from a F, :Xe:Kr = 1:1:3000 solid at 15 K with 
different excitation wavelengths: (a) 232 nm; (b) 240 nm; (c) 250 nm; (d) 
275 nm. Prior to obtaining the spectra, the crystal was subjected to anneal- 
ing at -24 K. The emissions shown are: ?03 nm:XeF(D-X); 
364 nm:XeF(D-A); 428 nm:XeF(B-X), and 465 nm: (KrXe) +F- . 
The XeF( C-A) is not displayed. 

C. Excitation spectra 

The lamp excitation spectra of XeF( B-+X), 
XeF( C-A), and KrXeF emissions are collected in Fig. 7. 
The bandpass of the excitation source is -2 nm. Excitation 
spectra recorded at higher resolution did not yield further 
structure in the spectra. The excitation spectra of 
XeF( C+A) and (KrXe) + F- are almost identical: thresh- 
old near 380 nm and maximum at 343 nm. It should be not- 
ed, that in the case of (KrXe) + F - emission, direct optical 
access of the emitting state is expected to be Franck-Condon 
forbidden since the difference in the Kr-Xe equilibrium dis- 
tance between the shallow van der Waals ground state and 
the excited ionic states is - 1 A.** Thus for the most part, 
(KrXe) + F- is expected to be formed via the diatomic 
states which can be directly accessed. No traces of vibration- 
al structure is observed in these spectra. On the high energy 
side of the spectra, XeF(C-+A) emission has a slightly 
broader excitation line shape. The inset in Fig. 8 shows a 
second weak excitation maximum of the ( KrXe) + F- emis- 
sion. An identical peak is observed when XeF( C-A) is 
monitored. 

The excitation spectrum of the XeF(B-+X) emission 
peaks at 346 nm, and is red shifted from the other spectra. 
This difference is also evident in the emission measurements, 

380 430 480 530 580 630 680 250 300 350 400 450 500 550 
Wavelength (nm) Wavelength (nm) 

FIG. 5. Emission spectra lrom a F,:Xe:Kr = 1:1:3COO solid at different FIG. 7. Emission spectrum from a F, :Xe:Kr = 1: I:3000 solid at 15 K un- 
temperatures: (a) 11 K: (b) 19 K; (c) 25 K. A,, = 250 nm. For band as- derintensepumpingconditionsat 360nm (- 100MWcm *).The360nm 
signment, see Fig. 4. The XeF D-X and D-A emissions are not shown. band is due to scattered laser light. 
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260 300 320 340 360 360 
Wavelength (nm) 

FIG. 8, Lamp excitation spectra from a F, :Xe:Kr = I:l:SOOO free standing 
crystal. The emission monitored are: solid line: XeF(B+X); dashed line: 
( KrXe) + F ; dotted line: XeF( C-A ). Monochromator slits correspond 
to 2 nm bandpass. Prior to recording the spectra, the crystal was subjected 
to overnight irradiation with broad band output of a Xe arc lamp. Inset 
shows a second excitation maximum (intensity - 15% of the main peak) in 
the XeF( C-A) and (KrXe) +F- emission. 

where excitation near the threshold region of XeF(B+X) 
yields almost pure B+ X emission (see Fig. 4). This excita- 
tion spectrum possesses evidence of vibrational structure 
near threshold. Only two vibrational spacings 286 and 360 
cm-’ are extracted. The B-X absorption threshold is esti- 
mated to be near 390 nm. 

The excitation spectrum of the XeF(D-+X) emission is 
presented in Fig. 9. This broad excitation profile does not 
yield any vibrational information. The strongly perturbed 
spectrum peaks at 260 nm and shows a valley at 252 nm. The 
sudden decrease in excitation efficiency of the D state near 
255 nm, is directly correlated with the excitation resonance 
of the XeF(C+A) and (KrXe) + F- emissions shown in 
the inset to Fig. 8. This information is also contained in the 
wavelength dependent emission spectra shown in Fig. 6. A 
crossing between the D state and the mixed triatomic charge 
transfer states nicely explains these observations. 

D. Excited state kinetics 

In Fig. 10 the time profiles of XeF(B+X), 
XeF( C-t.4 ) , and ( KrXe) + F - emissions when excited at 

230 240 250 260 270 260 

Wavelength (nm) 
FIG. 9. Lampexcitation spectrum of the XeF( D-X) emission. For experi- 
mental details, see Fig. 8. 

-20 0 

Gle (IG) 

60 80 

FIG. 10. Time profiles of XeF(B-X), XeF(C-A), and (KrXe) + F 
emission with 360 nm excitation. The original sample composition is 
F, :Xe:Kr = 1: 1:5000. The periodic oscillations in the signals are due to ex- 
perimental artifact. 

360 nm, are shown. For timing purposes, the laser profile is 
also included. The XeF( B -X) emission is strongly convo- 
luted with the pump pulse profile, as such the lifetime of the 
B state cannot be extracted with any confidence. The 
XeF( C-+ A) and (KrXe) + F - emissions rise promptly and 
both relax with a fluorescence lifetime of 80 ns. This lifetime 
is independent of temperature ( 12-26 K), composition 
( 1: 1:3000-l : 1: 10,000) and excitation details; as such, it can 
confidently be assumed to be controlled by radiation. The 
small difference in rise of XeF(B) vs XeF( C) and KrXeF 
can be explained by convolution of decay times in the rise. 

Figure 11 shows the time profiles of XeF(D-+X) and 
XeF( C-A) emissions when the D state is excited directly. 
Although the time evolution of the D state emission is 
strongly convoluted with the laser pulse, a decay rate of 10 ns 
can be extracted by kinetic deconvolution as will be dis- 
cussed. As in the case of excitation to the B state, excitation 
into the D manifold results in identical time profiles for 
XeF( C+ A ) and ( KrXe) + F - emissions. However, in con- 
trast to the 360 nm excitation, excitation to the D manifold 
leads to a finite risetime in these emissions; moreover, this 
delay depends on the excitation wavelength as illustrated in 
Fig. 11. While the risetime in the case of 250 nm excitation 
can be attributed entirely to deconvolution of the laser pulse, 
the delay in the rise for 260 nm excitation implicates an inter- 
mediate state which feeds into the lower manifold on a time 
scale of 10 ns. These excitation wavelengths correspond to 
the dip and peak observed in the excitation spectrum of the D 
state (see Fig. 9). 

IV. DISCUSSION 
A. Long-range migration 

The major finding of the photogeneration studies in 
these ternary F, :Xe:Kr solids is that the fraction of F atoms 
that reach Xe sites is a strong function of photodissociation 
wavelength. Since Xe centers act as scavengers for thermally 
mobile F atoms in Kr, probing the XeF number densities 
during photodissociation and subsequent to warmup of the 
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FIG. 11. Top panel: Time profile of the XeF( C-A) emission. Short dashed 
line: 250 nm excitation; solid line: 260 nm excitation. Long dashed line rep- 
resents the time profile of the XeF(D-X) emission. Included is also the 
temporal profile of the exciting laser pulse (dotted line). Lower panel: sim- 
ulated risetime of the XeF(Ch.4) emissions according to Eq. (2) (solid 
line) and F$ (3) (dashed line). For parameters used in the simulations, see 
text. Dotted line shows the time profile of the laser. 

solid, could, in principle, yield the fraction of F atoms that 
reach Xe sites during photodissociation. However, the pres- 
ent data are not sufficient to accurately determine this frac- 
tion since the F atom loss channels due to F + F recombina- 
tion, and due to formation of XeF, are unaccounted. 
Despite this shortcoming, important conclusions can be 
reached from the experimental observations that: at disso- 
ciation wavelengths of 351 nm and longer, of the F atoms 
that survive the heating cycle only -0.2% were initially 
produced next to Xe; while in the same solids, when the 
dissociation is carried out at 308 nm and shorter wave- 
lengths, this fraction corresponds to lo%-20%. The frac- 
tion observed in the long wavelength limit can be well ration- 
alized on the basis ofthe statistical probability ofisolating an 
F, molecule next to Xe. Thus for substitutionally trapped 
guests in an fee lattice, the number of dimeric guests can be 
calculated as: ND = 1 2Np2 ( 1 - p) ,I8 in which N is the total 
number of sites and p is the guest mole fraction.23 For the 
typical doping densities used in the present studies of 
F, :Xe:Kr = 1: 1:3000, the fraction of F, molecules that will 
isolate next to Xe can be calculated as N,/( Np) = 4 x 10 - ’ 
(0.4% ). The close agreement of this value with that of 0.2% 
observed experimentally, leads us to two important conclu- 
sions: (a) The initial molecular distribution in these free 
standing crystals is essentially statistical, (b) The F atoms 
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produced by dissociation at 35 1 nm and longer wavelengths 
(photodissociation excess energies < 1.9 eV), remain near 
the original trapping site of the parent. The 2 orders of mag- 
nitude increase in the fraction of F atoms which reach Xe 
sites when the dissociation is carried out at shorter wave- 
lengths, can only be explained as due to long-range migra- 
tion of the F atoms upon the initial photodissociation im- 
pulse. Since it was argued above that initial molecular 
distributions are statistical, a migration range comparable to 
the average separation between F, and Xe of - 15 lattice 
sites is implied for dissociation at wavelengths between 308 
and 260 nm (photodissociation excess energy > 2.4 eV). 
While the fraction of photodissociation events that lead to 
long-range migration is not ascertained, the effects of impul- 
sive cage exit, and subsequent impulsive migration of F 
atoms is clearly established by these studies. Finally, we note 
that the good agreement between the statistical probability 
of F, :Xe isolation with the fraction of XeF observed after 
long wavelength dissociation, would further imply that at 
the lower excess energies the F atom migration is extremely 
limited. 

Impulsive cage exit and subsequent long-range migra- 
tion of F atoms was recently discovered in molecular dynam- 
ics simulations of F, photodissociation in crystal argon.6 
The strongly guided migration of F atoms in the lattice is 
unique to this system, and has not been observed in related 
simulations of H and Cl trajectories in solid Xe.24*25 Out of 
50 trajectories simulated at each energy, long-range migra- 
tion of F atoms was observed at the two highest energies used 
in the simulation: one trajectory at an excess energy of 2.0 
eV, four trajectories at 2.8 eV. Due to the limited size of the 
lattice used in the simulations, the range of migration could 
only be estimated as - 10 lattice sites. Despite the fact that 
the simulations were carried out for solid argon and the ex- 
periments discussed are in solid Kr, the agreement between 
the two is satisfactory with respect to both the threshold of 
this process, and the range of flight of the F atoms. As dis- 
cussed above, it is more difficult to compare the probabilities 
of such trajectories except in a semiquantitative fashion. We 
suffice by indicating that at the theoretical threshold of 2 eV, 
- 10% of the trajectories undergo long-range migration. 
Experimentally it is observed that for excess energies of 2.4 
eV, of the F atoms that survive the heat cycle between 10% 
and 20% reached Xe sites; which would imply order-of- 
magnitude agreement between experiment and theory. 

6. Charge transfer states 
1. Diatomic states 

The spectroscopy of a variety of rare gas halide exci- 
plexes in X/Rg/Rg’ ternary solids were reported in an early 
study by Ault and Andrews.14 This was followed by a de- 
tailed study of photodynamics in XeF doped solid argon and 
neon by Goodman and Brus.15 Also relevant to the present 
are the liquid phase studies of rare gas fluorides,26 and the 
vast literature on gas phase studies of rare gas halide exci- 
plexes.*’ In solid Ne, vibrationally resolved spectra with 
clear zero-phonon lines are observed in both excitation and 
emission over the XeF(D-X) transition-the emission max- 
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imum is assigned to the v’ = O-v” = 2 transition, at 270 nm. 
The vibrational assignment also corresponds to the Franck- 
Condon maximum of this transition in the gas phase which 
occurs at 265 nm.** In solid Ar, the D+ Xemission is further 
shifted to 287 nm, shows no vibrational structure, and de- 
cays with a radiative lifetime similar to that in the gas phase 
of 11 ns.15 The structureless, but relatively sharp emission at 
303 nm in Kr, which decays with a radiative lifetime of 10 ns, 
can confidently be assigned to XeF( D-+X). Although weak, 
the same transition is also observed in liquid Kr at 3 12 nm.26 
Due to the repulsive nature of the A potential, a broad D-A 
emission is expected to accompany the D-X transition. 
While this is clearly observed in both solid Ar and solid Kr, 
at 345 and 365 nm, respectively; it was surprisingly reported 
to be absent in solid Ne.15 If we assume that the D- X transi- 
tion in Kr also terminates on v” = 2 of the Xpotential, then a 
spectral shift of 0.59 eV is observed between the gas and solid 
state. This shift is attributed to the ionic-to-covalent nature 
of the transition, in which the giant dipole of the excited state 
is solvated by polarization of the medium. That the main 
contribution to the shift is due to lowering of the upper state 
is consistent with the observation that the differential shifts 
between Kr and Ar for the D-+Xand D-+A transitions are 
nearly identical-O.21 and 0.19 eV, respectively. However, it 
will be argued below that significant stabilization of the 
ground state is also expected, and necessary to interpret the 
data consistently. 

dissociation of an F atom donor. With the aid of delayed 
gated detection, the long lived C-X emission has been iso- 
lated at 407 nm in Ar to further verify this assignment.29 In 
Kr, the broad emission at 575 nm is assigned to C-A, which 
is consistent with 550 nm assignment for this transition in 
liquid Kr.26 The differential shift of 0.16 eV between Ar and 
Kr for this transition is in accord with that of the D--+A 
transition. Finally, in F doped solid Xe, emission only from 
Xe, F is observed, however, the excitation spectra could be 
simulated as the envelopes of the B+ X, Dt Xabsorptions.” 

While the XeF(B+X) and (CC X) absorptions have 
been characterized in Ne, direct optical access of these states 
did not yield any radiative relaxation via the expected B-X 
and C-A channels.‘4v’5 The absence of emission from the B 
state could be rationalized as due to a change in the ordering 
of B and C states in Ne as compared to the gas phase, with 
the additional stipulation of strong coupling between v = 0 
of B and the C state. However, this explanation makes the 
reported absence of C-, A emission difficult to rationalize. In 
Ar, the B-Xemission peaks at 411 nm, decays with a radia- 
tive lifetime of 6 ns, and shows partially resolved vibrational 
structure.‘5 The vibronic transitions are broadened and 
overlap, making definite assignments difficult. In Kr this 
transition further shifts to 428 nm, and as in the case of D--+ X 
in Ar, shows no vibrational structure. The fluorescence de- 
cay over this transition is laser limited, however consistent 
with a lifetime of -5 ns. The differential shift between Kr 
and Ar of 0.12 eV for this transition is significantly smaller 
than that observed for the D state. The spectral range in 
which this transition occurs is congested in liquid Kr by 
emissions from Kr,F and possibly KrXeF, and the assign- 
ment of 475 nm to B-+X by spectral deconvolution may not 
be very reliable.26 

While this completes the spectroscopic assignments of 
the diatomic XeF charge transfer transitions in rare gas sol- 
ids, significant uncertainty remains as to the exact locations 
of the different potentials which are key to the understand- 
ing of both energy transfer and molecular dynamics. This 
task is made difficult by the absence of vibrational structure 
in the transitions observed in Kr. We therefore concentrate 
on analysis of the bound-to-repulsive transitions with two 
reliable assumptions kept in mind: (a) It is assumed that gas 
phase pair potentials are a fair representation for the section 
of the A potential of concern, since this corresponds to a 
repulsive surface -0.5 eV above ground; (b) It is assumed 
that the v = 0 wave functions in the different ionic states are 
well represented by Gaussians with harmonic frequencies 
identical to those of the gas phase. For the simulations, the 
experimental potentials of Aquilanti et aZ.19 for the A state 
are used. In the range of interest, the potential is well fit to an 
exponential with amplitude A = 19 798 eV and steepness 
a = 4.15 A - ‘. It is then possible to simulate the bound-free 
spectra by reflection of a Gaussian from an exponentially 
repulsive wall:30 

2.3 
I(C) = B ” 

a(Eo -V) 

Xexp( -B [+I&+) - ro12}A, (1) 

The broad C-A emission which decays with a radiative 
lifetime of 120 ns can be clearly observed at 536 nm in Ar. 
Prior confusion about this assignment was based on the ob- 
servation of variation in the relative intensities of the B-X 
and C-A emissions.15 This variation can be ascribed to dif- 
ferences in nonradiative relaxation cross sections of the B 
and C states when isolated near impurities other than Ar’- 
an experimental difficulty that cannot be avoided in these 
systems since the exciplexes are prepared in situ, by photo- 

in which V is the transition energy in wave numbers; 
E, = To + wJ2 is the zero point energy of the excited state; 
A and a are the amplitude and steepness of the exponentially 
repulsive XeF( A) state; B and /3 are, respectively, the nor- 
malization constant and the width of the upper state Gaus- 
sian wave function; and r, is the equilibrium bond length of 
the excited state. For the C state, w, = 346 cm - ’ and 
r, = 2.45 A are adapted from gas phase data;*’ whereas for 
the D state, w, = 3 16 cm ’ is taken from matrix isolation 
studiesI4 and a trial r, = 2.5 d; is used as a starting point for 
the D+ A line shape. The electronic energy E, of the excited 
state is left as a free parameter to match the emission maxi- 
mum, and the equilibrium distance of Xe + F- is varied to 
match the width. 

In Fig. 12 the simulated D-A and C+A emission pro- 
files are superposed with the experimental spectra. The base- 
line in the experimental D+ A emission is due to partial over- 
lap with the D-+X and B--+X emissions; the C-+ A line shape 
is overlapped by the tail of the strong ( KrXe) + F - emis- 
sion. The best fit for the D-+A emission is obtained with 
E. = 3.8 eV and r, = 2.59 A, the emission terminating with 
0.425 eV of repulsive energy on the A surface. The obtained 
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FIG. 12. Top panel: XeF(D-A) emission with 275 nm excitation. The 
original sample composition is F, :Xe:Kr = 1: 1:3090. The nonzero baseline 
is due to partial overlap by XeF(D-X) and XeF(B-X) emissions. 
Dashed line represents the line shape obtained from the classical reflection 
treatment. Lower panel: XeF(C-A) emission with 308 nm excitation. On 
the high energy side the emission is overlapped with that of (KrXe) + F- . 
Dashed line shows the simulated emission profile. 

bond length is in acceptable agreement with the ab initio 
prediction of 2.62A. 3’ However, the electronic origin of the 
XeF(D) is not consistent with the experimental D+Xemis- 
sion spectrum. Based on the assumption of a Morse poten- 
tial, Goodman and Brus report 0.15 eV binding of XeF( X) 
isolated in solid neon, a nearly 30% increase in binding ener- 
gy as compared to the gas phase.28 Adding this, and the 
spin-orbit splitting in F of 0.05 eV to the determined E, 
value, the D + X (0,O) transition would be placed at 308 nm, 
while the experimental value is 303 nm. In order to make the 
energetics consistent, an additional -0.1 eV contribution is 
needed for the binding of the ground state. This is quite rea- 
sonable if we note that the ground state potential should be 
given as a sum over all nearest neighbors and that the bind- 
ing energy of KrF(X) in the gas phase is 0.016 eV.‘9*20 The 
ground state potential in this case should be strongly per- 
turbed, and given the narrow, structureless D-+X emission, 
it is safe to assume that at the excited state minimum of - 2.6 
A the ground state surface is nearly flat. Little information is 
obtained from the excitation spectra of the D state as to its 
energetics. The excitation threshold of -4.35 eV, would im- 
ply that the D state minimum is significantly shifted to long- 
er bond length than the Xstate minimum which is near 2.3 A 
in the gas phase. 
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The best simulated line shape for the C+A emission is 
obtained with E, = 2.75 eV and r, = 2.48 A. The equilibri- 
um distance compares favorably with the gas phase estimate 
of 2.45 A.*’ Thus the radiative dissociation of XeF(C) 
would lead to creation of neutral atoms with -0.7 eV of 
repulsive energy. This energy was experimentally verified to 
be sufficient for F atom cage exit in F:Xe/Kr and F:Xe: 
Kr/Ar solids.7s8 Since the B+X emission does not possess 
any vibrational structure, and the (O-O) absorption of the 
B-X is not observed, it is difficult to estimate the exact 
location of the B state. If, as in the gas phase and as in solid 
Ar, the peak of the B+Xemission at 2.9 eV is taken to termi- 
nate at u” = 3 of the X potential, the electronic origin of the 
B state would be at 2.82 eV. This treatment would place the 
C state 580 cm-’ below the B as compared to 775 cm-’ 
observed in the gas phase.2’ However, if we assume that the 
ground state is further lowered due to F-Kr interactions by 
an additional 0.1 eV as concluded above, then the B state 
would be located at 2.72 eV, i.e., below the C state by one 
vibration. The observation of C-X emission to the blue of 
the B + X emission in solid Ar, would indicate that C is above 
Bin Ar as well. The two states may very well be in accidental 
resonance in solid Ne, which could perhaps explain the ab- 
sence of B or C emissions there. In summary, the limited 
information provided by the emission spectra, indicate that 
the ionic potentials of diatomic XeF in solid Ar and solid Kr 
maintain a close similarity with the gas phase, however, giv- 
en the large spectral shifts of -0.5 eV, differential solvation 
and even a change in the ordering of B and C states is sus- 
pected. As far as the ground state of XeF is concerned, given 
the absence of any vibrational structure or even a Franck- 
Condon contour on emissions terminating in the X state, we 
conclude that the potential is strongly perturbed by many- 
body Kr-F interactions. 

2. Triatomic states 
The broad, long-lived emissions at 453 and 465 nm in Kr 

do not have a direct relation to diatomic XeF states. The first 
of these develops when the sample is irradiated at low tem- 
peratures, and disappears upon warmup. Its line shape, and 
lifetime are nearly identical to the only emission observed in 
F/Kr solids, and can therefore be confidently assigned to 
Kr, F. This bound-to-free transition has been previously 
analyzed in some detail by the reflection approximation, 
with the conclusion that most of the spectral width, there- 
fore repulsion on the lower surface, is due to the Kr-Kr 
coordinate.7 

The broad emission at 465 nm grows with annealing at 
the expense of loss in the Kr,F emission. The emission is 
therefore due to F atoms deeply bound in the ground state, 
evidently due to trapping as nearest neighbors to Xe. More- 
over, the upper state responsible for this emission is strongly 
coupled with XeF( C), since it shows the same fluorescence 
lifetime and tracks the XeF( C-A) intensity at all excitation 
wavelengths. Since the XeF( C) state maintains its integrity, 
the present emission is clearly due to a distinct charge trans- 
fer complex, as opposed to XeF( C) perturbed by Kr. Given 
the spectral width of this emission, assignment to C+Xcan- 
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not be justified. The mixed triatomic ( KrXe) + F - is the 
alternate assignment. Since the XeF( C) and KrXeF charge 
transfer states are in thermal equilibrium at these cryogenic 
temperatures, the two states must be isoenergetic, presum- 
ably separated by a small barrier. Although several mixed 
triatomic rare gas halide exciplexes have been characterized 
in the gas phase, 32 KrXeF has not been identified. A possible 
reason for this failure may be the fact that the more stable 
Kr,F emission occurs in the same spectral range, which 
would be present in gas mixes designed to produce the mixed 
triatomic. The same difficulty exists in liquid Kr.“j 

The observation of equilibrium between XeF and 
KrXeF raises important questions about structure and sta- 
bility of charge transfer configurations in these solids. In 
binary X/Rg solids, no emission from diatomic charge 
transfer states can be observed. The optically accessed states 
rapidly relax to the lowest energy charge transfer configura- 
tion which is usually the triatomic Rg,X exciplex. This has 
been amply demonstrated for all halogen atoms trapped in 
Xe,30 for F8 and C133 trapped in Ar, and for all halogen 
atoms trapped in Kr.i3 Since the data on the latter is scat- 
tered in the literature, we provide in Table II the emission 
peaks, widths, and lifetimes of all solid state Kr,X species 
observed in our laboratory. The ternary X/Rg/Rg’ solids 
provide a more subtle balance of energetics and dynamics. 
As discussed above, in such solids as F/Xe/Ar and 
F/Xe/Ne, the only observed exciplexes are those of the di- 
atomic XeF. Similarly, only the diatomic ArCl and KrCl 
exciplexes are observed in Cl/Ar/Ne and Cl/Kr/Ne sol- 
ids.” In contrast with these solids, only the mixed triatomic 
ArKrF exciplex is observed in F/Kr/Ar.’ In Cl/Xe/Ar, 
Cl/Xe/Ne, as in the present, emission from both mixed tria- 
tomic NeXeCl, ArXeCl, and diatomic XeCl states are re- 
ported.” Which diatomic exciplexes can be isolated in a giv- 
en rare gas host? Or equivalently, what prevents the 
formation of RgRg’X mixed triatomic exciplexes in ternary 
X/Rg/Rg’ solids? The binding in Rg + X - is predominantly 
Coulombic, as such it would be expected that as long as the 
(RgRg’) + ion is bound, the mixed triatomic exciplex would 
be lower in energy. This consideration is well justified for the 
deeply bound diatomic rare gas ions. A good correlation can 
be made between the binding energies of (RgRg’) + and the 
spectral shift between RgX and RgRg’X exciplexic emis- 
sions observed in the gas phase, as seen in Table III. The 

TABLE 11. Emission bands of solid state triatomic krypton halides 
(Kr,X).” 

Emission peak FWHM 
(nm) (ev) 

Kr, I 280 0.38 
Kr, Br 320 0.38 
Kr, Cl” 355 0.38 
Kr, F 463 0.39 

il For emission spectra see Ref. 13. 
‘Reference 16. 
c Reference 17. 

Radiative lifetimes 
(ns) 

210 
220 
217 
140 

TABLE III. ( RgRg’) + X - and Rg’ + X - emissions in gas phase 

7828 Kunttu, Sekreta, and Apkarian: Photodynamics in crystalline krypton: F2, Xe 

Center Rg’+X- 
(RgRg’) +X- (nm) (B-X) AE(eV)” 4 (eV)” 

Ar, F 292’ 193 2.17 1.269 
Kr, F w 248 1.9 1.150 
Kr, Cl 325’ 221’ 1.8 1.150 
Xe, F 610’ 351 1.5 1.03 
Xe, Cl 49or 308 1.5 1.03 
ArKrF 3056 248 0.9 0.528 
ArKrCl 27od 221’ 1.0 0.528 
KrXeCl 37od 308 0.68 0.385 
KrXeF 428s 465s 0.2 0.385 
ArXeF not observed 0.176 

“AEis the difference between the triatomic and the Rg’ + X - (B-X) emis- 
sion centers. 

“D,, is the binding energy of the corresponding (RgRg’) + ion (Ref. 35). 
‘Reference 32. 
d Reference 30. 
‘Reference 33. 
‘Reference 34. 
&Solid Kr numbers, not observed in the gas phase. 

stabilization energies of the triatomic exciplexes relative to 
their diatomic counterparts is even better correlated with 
binding energies of the rare gases than the spectral shifts 
would indicate, since a significant contribution to the ob- 
served spectral shift is due to increased repulsion on the Rg- 
Rg’ coordinate of the triatomic ground states. According to 
the relative emission intensities, and their temperature de- 
pendence, the KrXeF and XeF( C) states are within - 20 
cm-’ in energy, yet the binding energy of KrXe + is 0.385 
eV. ArXe + is bound by 0.176 eV, yet XeF in Ar remains as 
the stable exciplex. Clearly, the binding energy of 
( WW + is not sufficient to determine the stability of the 
mixed triatomic exciplex relative to the diatomic. The nature 
of the halogen ion can significantly alter the stability of a 
particular charge configuration. For example, while XeF is 
stable in Ar, ArXeCl and XeCl coexist in Ar,‘@” and in 
Br/Xe/Ar the only observed emission should be assigned to 
ArXeBr.14 Therefore, in the case of (ArXe) +X -, the sta- 
bility relative to Xe + X - increases in the series F, Cl, Br. It is 
possible to rationalize this correlation by the extent of charge 
localization in the ionic counterparts. The localization of 
charge in F - would be expected to favor hole localization on 
a single atom thus favoring the formation of diatomic exci- 
plexes. Larger halides may accommodate more diffuse hole 
wave functions that are presented in diatomic rare gas ions. 
To complete such arguments in dense media, host polariza- 
bilities and lattice relaxation energies need to be taken into 
account. The subtle balance in energetics provided by these 
considerations can be discerned by comparing the stabilities 
of these charge transfer states in different phases. As an ex- 
ample, in the case of Cl/Xe/Kr, in the solid state the main 
emission is due to Xe + Cl - ,30 while in the liquid phase only 
( KrXe) + Cl - is observed.16 Presumably, the lattice relaxa- 
tion energy required to stabilize the triatomic is too prohibi- 
tive in the solid state. A more rigorous treatment ofenerge- 
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tics in these systems is clearly warranted for both practical 
and fundamental considerations, at present we suffice by 
noting these general correlations. Instead, we concentrate on 
the details of dynamics between the different ionic states in 
the particular example of F/Xe/Kr. 

An estimate of the location of the (KrXe) + F- poten- 
tial minimum is useful for the rationalization of the observed 
dynamics in this system. Previously, the emission line shapes 
of the different Xe, X (X = F, Cl, Br, I) species have been 
analyzed by a two dimensional reflection approximation.30 
The FWHM of these emissions was observed to be quite 
independent of the halogen, dominated mainly by the poten- 
tial gradient along the Xe-Xe coordinate on the ground sur- 
face. Similar considerations apply for the triatomic krypton 
halides which show similar line shapes (see Table I), and 
spectral analyses of Kr, F and Ar, F have previously been 
presented. ‘q8 In the present, the energy of the ionic upper 
state of KrXeF is fixed by the observed interconversion equi- 
librium at 2.75 eV. Given the 0.5 eV blueshift of the triato- 
mic emission relative to XeF( C-A), which terminates at 
-0.7 eV above the separated atom limit, it is possible to infer 
that the triatomic emission terminates at -0.2 eV above 
ground. Attributing this repulsive energy strictly to the Kr- 
Xe coordinate, and using Kr-Xe pair potentials, it can be 
concluded that the KrXe ’ minimum occurs near 3.3 A (the 
van der Waals distance of KrXe is 4.2 A) .36 In comparison 
with the minima of the more strongly bound homonuclear 
ions-3.17 A”’ for Xe,+ and 2.79 A3* for Kr,+-it is clear 
that KrXe ’ is less tightly bound, nevertheless, the forma- 
tion of the triatomic exciplex involves a significant bond 
compression along the Kr-Xe coordinate. The similarity of 
emission line shapes of KrXeF and Xe, F can be simply ra- 
tionalized by the similarity of ground state Kr-Xe and Xe- 
Xe potentials in the 3.0-3.4 A range.” Thus the formation 
of the triatomic charge transfer configuration, which is di- 
rectly correlated with XeF( C), involves a significant lattice 
relaxation: large compression of the KrXe separation along 
with elongation in the F-Xe coordinate. This interconver- 
sion must be accompanied by an adiabatic barrier, i.e., the 
excited ionic surface must contain two well defined minima, 
in order to sustain the two well defined emissions assigned to 
the triatomic and diatomic configurations. The two configu- 
rations relax with the same fluorescence lifetime of 80 ns, 
and therefore interconvert on a time scale shorter than 
- 10 - ’ s. The observed lifetime is in line with the radiative 
lifetime of ArKrF of 60 ns, and shorter than what would be 
expected for XeF( C), which has a radiative lifetime of 120 
ns in Ar. It is therefore possible to rationalize that the decay 
of these coupled states is controlled by the purely radiative 
lifetime of the triatomic. It is remarkable to observe that 
these states, in their vibrational ground states, are complete- 
ly decoupled from XeF( B) . However, it is also clear from 
the excitation spectra that the vibrationally excited states of 
XeF( B) are strongly coupled to C and KrXeF. 

C. Excited state kinetics 
The lack of vibrational structure in the excitation spec- 

tra could have its origins in both a strong coupling of the 

ionic excited state to lattice phonons, and an efficient energy 
transfer from the optically accessed states to the neighboring 
charge transfer manifold. Spectral broadening due to cou- 
pling to phonons alone would not be expected to have a 
strong dependence on vibrational states, and a Franck-Con- 
don analysis based on the gas phase potential parameters is 
to be expected to reproduce at least the envelope of the exci- 
tation spectra (see, e.g., the cases of XeF in solid Xe,” and 
KrF in solid Ar.’ ) The spectra in the present are strongly 
perturbed and could not be expected to be reproduced by 
considering diatomic coordinates alone. The complicated 
coupling between the nested diatomic and triatomic charge 
transfer potentials is most pronounced in the excitation spec- 
trum of the XeF(D-+X) emission where a minimum is ob- 
served at -252 nm, coincident with the onset of excitation 
into the XeF( C) and KrXeF states. A crossing between 
XeF( D) and the mixed triatomic charge transfer potentials 
is an obvious source of this perturbation, a proposition 
which is further supported by the wavelength dependence of 
fluorescence rise times in the lower charge transfer manifold. 

It should be clear from Fig. 11, that there is a finite delay 
in the population rise in XeF( C) when the D state is accessed 
at 260 nm, as compared to excitation at 250 nm, which corre- 
sponds to the dip in the excitation spectrum of the D state. 
The delayed rise in population can be simulated by assuming 
fast vibrational relaxation in the D state, and a slow cross- 
over to the lower charge transfer manifold. A minimal kinet- 
ic model that can reproduce both the delayed rise in the C 
state and the time profile of the D state could be presented as: 

XeF(X) + hv(260 nm) -+XeF(D,u = u*), (2a) 
XeF(D,u = u*) +XeF(D,u = 0) fast, (2b) 
XeF(D,o = 0) +XeF(X) + hv k,, (2c) 
XeF(D,u = 0) -+XeF(C) k,, (2d) 
XeF( C) +XeF(A) + hv k,. (2e) 

The fast relaxation in Eq. (2a) is accounted by assuming 
that u = 0 is directly pumped by the laser pulse, and there- 
fore the laser pulse profile is directly integrated to simulate 
the population rise in D. For the radiative relaxation rates, 
k, = 0.012 ns- ’ is directly obtained from the fall times. For 
a choice of k, = k, = 0.1 ns - ‘, both the XeF(D, u = 0) 
time profile, and XeF( C) rise are reproduced (see Fig. 11). 
It is not possible to simulate the C state time profile for 250 
nm excitation with the same model. Direct pumping of the C 
state, with rapid vibrational relaxation in the C manifold are 
required to reproduce the fluorescence rise in this case. The 
kinetic model used in this simulation can be summarized as: 

XeF(X) + hv(250 nm) +XeF(C,v = u*), (3a) 
XeF(X) + hv(250 nm) -+XeF(D,v = u*), (3b) 
XeF(C,v=u*)-+XeF(C,u=O) k. (3c) 

A vibrational relaxation rate constant, k = 100 ns - ’ is nec- 
essary to reproduce the population rise in the C state, as 
shown in Fig. 11. It should be noted that in the above models 
it is implicitly assumed that XeF( C) and KrXeF are in fast 
equilibrium; the present experiments do not distinguish 
between these two states. These simulations are used to re- 
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enforce the interpretation that the dip in the D state excita- 
tion spectrum corresponds to a crossing with a charge trans- 
fer potential closely connected with the states of the lower 
manifold. The most likely candidate for such a crossing is the 
triatomic exciplex. 

As shown in Fig. 9, when the solid is excited at 360 nm, 
the strongest emission is observed to emanate from the D 
state, at 303 nm. The D state emission in this case is clearly 
due to a two-photon absorption. In several prior studies on 
condensed phase triatomic rare gas halides, failure to ob- 
serve laser action was attributed to reabsorption from the 
4’r state. The same process has been characterized in gas 
phase Kr, F and Xe, Cl in which the main reabsorptions are 
assigned to 9*lY +- 4*r. 40 It has been shown in the gas phase, 
that reabsorption leads to dissociation of the triatomic and 
emission from diatomic (B,C) states. A continuum of 
charge transfer states with possible delocalization of the hole 
can serve as the upper state of such an absorption in the solid 
state. However, to date, these states have defied analysis. 
The present system is the first example in which the reab- 
sorption results in a clear signal that can be monitored to 
elucidate the nature and spectroscopy of the ionic states near 
the charge separation continuum. Such studies are planned. 
Here, we note that the absence of gain on the lower manifold 
of charge transfer states would imply that the reabsorption 
cross section is much larger than the stimulated emission 
cross section of KrXeF which can be estimated to be 
-2x 10-l’ cm*. It is important to note that although the 
reabsorption is attributed to KrXeF, it also suppresses emis- 
sion from the B and C states. Equilibrium between C and 
KrXeF explains the latter. However, since XeF( B, u = 0) is 
not coupled to the triatomic states, suppression of the B state 
emission would only be possible if vibrational relaxation in 
this state occurs through a cascade with a bottleneck in the 
neighboring electronic manifold. Note that this would re- 
quire a reabsorption rate that could compete with vibration- 
al relaxation, therefore much larger than the limit set by the 
stimulated emission cross section of KrXeF. Further studies 
of these processes are required. 

tomobility of F atoms in both Ar and Kr solids had previous- 
ly been noted in experimental studies, although the emphasis 
in those studies had been on photomobility induced by radia- 
tive dissociation of exciplexes.‘~‘** Thus several different 
mechanisms lead to extensive mobility of F atoms in cryo- 
genic RGS, and therefore F atoms are well suited for bimo- 
lecular chemistry in these media. 

V. CONCLUSIONS 
Impulsive, long-range migration of F atoms was discov- 

ered as a unique trait of F, photodissociation in rare gas 
solids by molecular dynamics simulations6 That prediction 
was verified in the present study. Migration of F atoms is 
observed to take place over a distance of - 15 lattice sites in 
solid Kr when the dissociation is carried out at excess ener- 
gies above 2.4 eV. At photodissociation excess energies be- 
low 1.9 eV, the F atoms remain within the vicinity of the 
initial molecular site. These observations are in good agree- 
ment with theory. The technique introduced for these mea- 
surements, namely double doping of the solid with the mo- 
lecular impurity and a scavenger of the atomic fragments 
could be applied with variations to a host of solid state dy- 
namical measurements. A most fascinating prospect for this 
methodology is its potential in real time applications. Using 
short laser pulses, it should be possible to measure the arrival 
time of fragments at the scavenger sites-a solid state time of 
flight measurement. Finally, it is important to note that pho- 

A large number of solid state rare gas halide exciplexes 
have been identified in the past few years. These seemingly 
simple species, charge transfer complexes of atomic solids 
doped with atomic impurities, show a rich variety of behav- 
ior worthy of theoretical scrutiny. Some progress in this di- 
rection has been made, in particular by Last and George.4’ 
Ternary X/Rg/Rg’ solids should present a more rigorous 
test of theories due to the subtle balance of energetics 
between diatomic and triatomic charge transfer configura- 
tions. From correlations between the stability of different 
ionic states, and the observed mixed triatomic exciplexes in 
condensed phases, some simple conclusions can be made. 
Thus although all (RgRg’) + ions are bound, this does not 
imply that the mixed triatomic exciplexes are more stable 
than their diatomic counterparts in solids. The exclusive iso- 
lation of XeF in solid Ar is a counterexample. In a given 
series, the heavier the halogen ion, the more stable the mixed 
triatomic configuration-( ArXe) + Cl - is observed in equi- 
librium with Xe + Cl - ,” and it seems that ( ArXe) + Br - is 
the exclusive emitter in Br/Xe/Ar solids.14 In the present 
we find that the XeF( C) and KrXeF charge transfer config- 
urations are in dynamic equilibrium, while XeF(B, u = 0) 
which is separated from these states by only a few vibrations 
remains completely uncoupled. Some information about 
these multidimensional potentials is obtained from the anal- 
ysis of spectral line shapes, and in particular, by the observa- 
tion of a crossing between XeF(D) and KrXeF surfaces. 
However, due to the absence of vibrational structure in the 
excitation and emission spectra in F/Xe/Kr solids, signifi- 
cant uncertainty remains as to the exact locations and shapes 
of excited and ground state potentials. The energetics and 
dynamics of these charge transfer states are clearly relevant 
to developments of solid state exciplex lasers. Laser action 
was recently demonstrated on the XeF(D-+X) transition in 
solid Kr when pumped at 260 nm.3 The efficiency of this 
process can now be understood. When pumped at 260 nm, 
nonradiative transfer from the D state to the lower manifold 
proceeds on a time scale of 10 ns, the same as the radiative 
relaxation time scale of the D state. Thus - 50% of the popu- 
lation relaxes radiatively, in effect, XeF( D) can be assumed 
to be isolated from the lower manifold of charge transfer 
states. In contrast with the D state, gain has not been ob- 
served from the lower manifold of charge transfer states. In 
fact, under strong pumping conditions over the XeF(B+-X) 
transition, emission is observed from the D state due to two- 
photon absorption. Thus clearly, a very strong excited-ex- 
cited absorption competes favorably with stimulated emis- 
sion cross sections in the lower manifold of charge transfer 
states. This mechanism had in the past been postulated to 
explain the lack of laser action on all previously attempted 
condensed phase triatomic exciplex lasers, yet no direct 
proof had been obtained. Note that although the XeF(B, 
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u = 0) is isolated from XeF( C) and the triatomic states, the 
reabsorption suppresses the B state population as well. This 
would indicate that vibrationally excited states in B are 
strongly coupled to the neighboring states, which is also veri- 
fied by the excitation spectra monitoring the different emis- 
sions in the system. The very strong two-photon absorptions 
observed in these sohds, although detrimental to laser ac- 
tion, are fascinating since they lead to highly excited charge 
transfer states which are poorly understood. F/Xe/Kr sol- 
ids, provide a good system for probing these states. 
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