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Excitonic and molecular spectra of rare gases*
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From a comparison of rare-gas pair excitation spectra in metals with the absorption spectra of rare-gas solids

it is suggested that the optically accessible exciton states of rare-gas crystals have a basically diatomic
structure. A specific form is suggested for the exciton wave function.

INTRODUCTION II. DISCUSSION

The interactions among rare-gas atoms occupying
their ground states usually conform quite well to
simple dispersion force models, "although clath-
rate formation' and true molecular bonding' do oc-
cur in some cases. In contrast, excited rare-gas
atoms interact strongly as both the electron and
the hole can take part in bonding. Only Ne, has
been subjected to detailed theoretical study. '
Strong spin-orbit coupling adds complexity for
heavy rare gases, and only a semiempirical study
of Xe, by Mulliken' is available.

Excitation spectra of the solid rare gases, pub-
lished by Baldini, ' show sharp exciton lines and
other features that have been discussed using band
models. ' Electronic carriers do propagate free-
ly"" but the holes are now known to self-trap,
most probably as diatomic molecules, ""Self-
trapping can be expected even in the absence of
such covalency" and exciton models have focused
on holes trapped at one atom. "" It is suggested
in what follows that this emphasis may be incor-
rect, and that the optical excitation process leads
directly to diatomic excitons.

Impurities in rare-gas crystals offer further
complexities and rich spectra not clearly related
to excitonic structure in the pure lattices of either
the host or impurity species. """Results are
also available for deep core holes, ""but a com-
prehensive interpretation of all these "persis-
tence"" impurity absorption spectra is still lack-
ing. Luminescence spectra from rare-gas alloys
have, however, been identified unambiguously with
emission from both homoatomic and heteroatomic
rare-gas pairs. " These lines are Stokes's shifted
from the absorption lines and it could be thought
that lattice relaxation provided the dominant mech-
anism responsible for diatomic emission. It
is suggested here that this may not be the case, since
the oscillator strengths for absorption in the un-
deformed crystal appears to resemble a superpo-
sition of components each associated with one
pair of nearest-neighboring rare-gas atoms.

Xe in K

I3%
I.8%

I

80 10.0 I 20

Pure Xe (b)

8.0 IOQ

m~(ev)
I 20

FIG. 1. (a) Spectrum of Xe at two concentrations in K.
Differences between these curves arise principally from
random pairing at higher concentrations, and are to be
compared with the spectrum of pure solid Xe in (b).

Some selected optical spectra for rare-gas im-
purities in potassium a. e reproduced" in Figs.
1(a)—3(a). Each figure shows a curve for high-im-
purity concentration c s perposed on the limiting
curve for c-0. The sharp structure in the dif-
ference is ascribed in Ref. 23 to absorption
principally by pairs of rare-gas atoms occupying
neighboring sites in the metal host lattice; the
three cases pertain, respectively, to Xe„Kr„
and XeAr diatomic centers. Figures 1(b)-3(b)
show for purposes of comparison the absorption
spectra of thin films of pure Xe, pure Kr, and of
Ar containing -0.1-at.% Xe.' A central point in
this discussion is that the sharp features in the
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FIG. 2. (a) Spectrum of Kr at two concentrations in K.
Differences between these curves arise principally from
random pairing at higher concentrations, and are to be
compared with the spectrum of pure solid Kr in (b).

FIG. 3. (a) Spectrum of Xe at 4-at. % concentration in

K for two concentrations of additional Ar doping. Dif-
ferences between these curves arise principally from
random pairing of Xe with Ar and are to be compared
with the spectrum of Xe at dilution in Ar, shown in (b).

metal spectra fall close to prominent lines in the
rare-gas spectra, . The positions of rare-gas lines
in various host lattices are compiled in Table I.

The absorption spectra of homoatomic and het-
eroatomic rare-gas pairs have not yet been ob-
served, but there are good reasons to believe that
they resemble the pair spectra of the metallic al-
loys. In passing from the lightest alkali metal,
Li, to the heaviest, Cs, the host electron density
decreases by a factor -5. Nevertheless, the pair
peaks exhibit only minor shifts. The pair peaks
are sharp and show no signs of quasiparticle pair
creation processes from coupling to the surround-
ing metal (see Table I). This insensitivity to elec-
tronic environment suggests that no major spectral
changes can be expected in passing from the Cs
host to zero electron density thus isolating the
spectrum of the diatomic molecules in vacuum.
We shall presume in what follows that this is the
case, although the molecular spectra are not avail-
able to verify this deduction.

A natural explanation of the similar features ob-
served in these pair spectra and the solid rare
gases is now that both contain principal components
derived from the diatomic molecular spectrum.
The alternative explanation, that rare-gas atoms

cluster into local regions of rare-gas solid in the
metal, is not consistent with the experimental
evidence. '4 In the cases of pure Kr and pure Xe
the exciton lines of the solid hosts also fall close
to resonance levels of the isolated rare-gas atoms.
Their coincidence with pair lines in metals there-
fore does not provide definitive evidence for pair-
ing effects in solid rare gases. For the XeAr re-
sults this ambiguity does not exist. The low-ener-
gy XeAr pair lines coincide with neither the reso-
na, nce lines of isolated Ar nor Xe atoms; rather,
they conform only to the spectrum of Xe in dilution
in Ar. These data therefore do provide strong
evidence that the oscillator strength in the solid
rare gases is somehow disposed in a pairwise
fashion. Our remaining discussion will center on
the implications of this unexpected result, and on
the nature of exciton spectra when the molecular
splittings exceed the instantaneous phonon split-
tings.

Electronic localization in an otherwise transla-
tionally invariant system normally occurs through
coupling between the excited electrons and the
phonon system of the host. It is in principle well
understood in many cases, such as V„centers in
salts, which show molecular pairing effects rather
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TABLE I. Energies (in eV) of Xe&, Kr&, and XeAr pair peal. s in alkali-metal hosts and in

solid rare gases. The last column (rare gas) gives prominent lines of Xe in Xe, Kr in Kr,
and Xe at dilution in Ar. Only for Xe in K (marked ) has the apparent concentration dependence
been extrapolated to c =0 from the typical measurements at c- 2 at. to.

Li K (:s Rare gas (Ref. 7)

Xe(P,&, )

Kr(P3~2)
Kr(&, ~2)
Xe-Ar (1)

(2)
(3)

8.58
10.37
11.00

8.57
10.39

8.68*
10.36
11.02
9.13
9.94

10.44

8.52
10.33
11.00

8.50
10.34
10.95

8.36
10.17
10.81
9.22
9.97

10.53

similar to those suggested here for rare gases. "
However, self-trapping by static phonon displace-
ments plays a central part in electronic localiza-
tion of the V~ center, and is mainly responsible for
the observed degradation of electronic propagation
into incoherent hopping between translationally
equivalent sites." Large displacements of this
type cannot be present in the lattice configurations
accessible to rare gases during low-temperature
absorption spectroscopy. Any pairwise disposition
of oscillator strength evident in the spectra there-
fore requires a different explanation.

There are now available fairly clear indications
that a hole suddenly created in a rare-gas lattice
cannot be confined to one site. Detailed calcula-
tions for the Ne, ' molecule ion'-' reveal splittings of
the free atom levels by -50 meV at the spacing
relevant to solid Ne in equilibrium. The total
splittings arise from comparable contributions
from the coupling of angular momenta to the mole-
cular axis and from tunnel splitting by excitation
transfer between the component atoms. Both com-
ponents exceed typical phonon energies for the
solid by a factor -5. One therefore deduces that
a hole, suddenly created in the valence band of the
solid can and will transfer from one atom to the
next in a time corresponding to a fraction of one
phonon period, even if the sites are nonequivalent
by several phonon energies. The appropriate hole
states are thus somewhat delocalized and probably
contain components derived from various mole-
cular splittings.

Splittings and couplings very similar in magni-
tude to those for Ne, ' are calculated for the neu-
tral Ne, excited molecule constrained to the inter-
atomic separation of the solid. For this reason
the optical excitations accessible to the solid at
low temperatures probably also spread to more
than one site and have components corresponding
to various molecular couplings. We note that
molecular couplings of the relevant type are ne-
glected in simplified exciton models that have the
electron orbiting in the lattice near a hole possess-

ing a fixed total angular momentum and located on

one atom. "" This is the model employed in the
most realistic available calculations of exciton
states in rare gases.

Certain complexities attend efforts to define pre-
cisely the extended optically accessible exciton
states of rare-gas lattices in the presence of an
instantaneously irregular lattice and strong elec-
tron-lattice coupling. To the neglect of interac-
tions with the radiation field, which introduce blur-
rings probably ~10 peV, there do exist exact
vibronic eigenstates, however complex, contain-
ing coupled electronic and lattice coordinates. To
the extent that the excitons do finally trap as dia-
tomic molecules, "the exact vibronic states must,
without question, comprise a superposition of dia-
tomic rnoleculelike parts, each carrying with it a
self-consistent description of the relatively unex-
cited electronic system of the remaining atoms at
the instantaneous lattice coordinates. The feature
introducing difficulty is that optical absorption oc-
curs near lattice coordinates for which alternative
neighboring configurations of the diatomic center
are nearly degenerate and could possibly mix to
regain some of the translational symmetry of the
perfectly regular lattice. Sufficiently large mixing
matrix elements of this type break down the basic
diatomic form of the local electronic structure and
thereby remove the moleculelike disposition of os-
cillator strength from the optically accessible
spectrum. Qualitatively, it is clear that intra-
molecular tunneling is not z~e& y much faster than
typical phonon frequencies, so the superposition
of electronic components reached by optical pro-
cesses must comprise resonances that are spa-
tially quite localized. It remains to be determined
whether or not the interactions among alternative
molecular components within this localized region
are strong enough to break down molecular cou-
pling s.

In the case of impurity excitons it is possible to
be quite specific by presenting two extreme choices
for the exciton wave function. The first choice has
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been employed in the literature to investigate rare-
gas excitons'"'"'"

in which p„ is an atomiclike hole state localized on
one atom while g„represents the electron orbiting
in the combined hole and lattice field. The alterna-
tive choice we propose here starts with molecular
wave functions (t) „ for the &th molecular state of
the impurity interacting with the near neighbor
labeled by». The first approximation to the ith
wave function is then

+((Q)=Jr..;(Q)P..(Q), (2)

in which the dependence on the instantaneous lat-
tice coordinates Q is indicated explicitly, using
the Born-Oppenheimer approximation for individual
vibronic components. In principle, the coefficients
y (Q) are to be determined by diagonalizing the
Hamiltonian in some approximation, but in the ab-
sence of available molecular wave functions this
does not appear feasible even for periodic lattices
at present. One may nevertheless ask whether the
available evidence indicates that Eq. (2) represents
a suitable choice of wave function or whether, to
the contrary, basic states of the form given in Eq.
(2) are so intermixed in higher approximations
that the diatomic features are largely obliterated
and Eq. (1) is to be preferred.

The experimental evidence under discussion in
this paper appear to cast fresh light on this ques-
tion. This is particularly the case for the data
concerning XeAr interactions. For this case these
data seem to provide unambiguous evidence that
the exciton wave functions possess energy levels
closely related to the diatomic molecular form
given by Eq. (2), so that this form is to be pre-
ferred over the customary choice represented by
Eq. (l). The data for homoatomic pairs are con-
sistent with a similar conclusion, but the coinci-
dence of the pair lines with the resonances of iso-
lated rare-gas atoms introduces ambiguities into
the interpretation of these cases.

One further point that warrants mention here
concerns the detailed vibronic description of hole
and exciton states in rare gases. These may differ
in one important respect. Mulliken' first drew at-
tention to the possible presence of potential bar-
riers in the interatomic potential for Xe, ~ that are
absent for (Xe, )*. For Ne these features are re-
produced in detailed calculations of the Ne, * en-
ergy. ' It is therefore possible that, in some or
all the rare-gas solids, the suddenly created hole
can pass directly into the self-trapped state within
very few phonon periods. In contrast, the potential
barrier present in the interatomic potential for the
essentially diatomic excitons proposed herein may
lend the exciton some transient stability against
immediate trapping. A final elucidation of the
dynamics must, of course, await detailed studies.
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DMR-7203026.
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