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I. INTRODUCTION

Since several years ago, rare gas solids (RGS) have attracted
much interest because they are the simplest solids known to us (1).
As purely Van der Waals bound crystals they are the model substances
for the variety of molecular solids. In this respect they play a
similar role to that of Si, Ge for solids with covalent bonds, the
alkali metals for metallic binding and alkali halides for ionic
crystals.

The electronic structure (2) as well as the crystal properties
are an immediate consequence of the closed shell configuration of
the valence electrons (Table 1). The ionization energies of free
atoms and the band gaps of RGS are very large. The onset of absorp-
tion is governed by two spin-orbit split exciton series (Fig. 1).
The exciton series are classified by the total angular momentum
j=3/2 (main quantum number: n) and j=1/2 (main quantum number: n')
of the holes. Excitons with n,n'>1,1' are Wannier excitons. The
members n=1, n'=l' are localized to about one unit cell and there-
fore are more Frenkel-type excitons. Often they are attributed to

the first (n=1 = 3PQ and second (n'=1' = 1%) resonance line of
the atom. The very large binding energies, the spin-orbit splitting,
the energies of the n=1, n'=1' excitons, the ionization limit of

the j=3/2 series (= band gap, Eg) are summarized in Table 1.

RGS solidify only at rather low temperature (Table 1). Under
normal conditions they crystallize in a fcc lattice with one atom
in the unit cell, and a large nearest neighbour distance (Table 1).
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Optical phonons are absent. Acoustical phonons have small ener-
gies due to the weak binding (Table I). These unique p¥operties of
the phonon spectra are important for an understanding of the lumi-
nescence and relaxation processes.

In contrast to the electronic structure and the crystal pro-
perties, luminescence of RGS is a rather young field. It was opened
by Jortner et al. (3) in 1965. Since it became known that condensed
rare gases are suited for vacuum ultraviolet (VUV) laser application
(4) there was an exploding number of luminescence experiments (5).
Besides the luminescence properties and the nature of the radiative
states the radiationless processes between the creation of a high
excited state of the crystal and the population of the radiative
states are of particular interest.

Detailed information on luminescence as well as the radiation-
less processes are obtained under excitation with monochromatic
light. Due to the lack of suitable light sources in the VUV, RGS
were excited predominantly with o-particles, x-rays, and electrons.
The references are listed in (5). Photoluminescence experiments were
very scarce (6). A break-through was achieved when in 1974 for the
first time monochromatized synchrotron radiation was used for exci-
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Fig. 1: ¢, of solid Ne (5 K), Ar (10 K), Kr, and Xe (20 K) (2,5).

Shaded curves: photoluminescence of solid Ne (14), Ar, Kr,
Xe (5) ( 5 K).



Table 1. Some basic data characterizing RGS (1,2,5)
Ne Ar Kr Xe

electronic configuration 2, 6 2, 6 2, 6 2. 6
of Free atoms 258" 2p 38" 3p 4s 4p 58" 5p
melting point (deg. K) 24.5 84.0 116.6 161.3
nearest neighbour distance
fcc-lattice, O K &) 3.13 3.76 4.01 4.35
maximal phonon TA(X) 4.5 6.2 4.15 3.7
energies (meV) LA(X) 7 8.3 6.2 5.4
ionization energy of free
atoms (eV) 21.6 15.8 14.0 12.1
energies of . =1 . 17.59 12.06 10.17 8.37
excitons (eV) n'=l' 17.79 12.24 10.86 9.51
band gap (eV) 21.69 14.16 11.61 9,33
binding energy of the j=3/2
sxcitos periss {e%) 5.24 2.36 1.53 1.02
spin-orbit splitting (eV) o) .184 .688 1.3

‘These data are taken from Ref. 8

tation purposes (7). Only with this light source was it possible to
scan simultaneously both the excitation and luminescence wavelength
over a large spectral range.

Luminescence experiments on RGS are not merely complicated by
the fact that both the excitation and luminescence light are in the
VUV. They also need low temperature and ultra-high vacuum techniques
especially if surface sensitive excitation is used (e.g. photo exci-
tation). A weak aspect of the investigations done so fare is the
fact that condensed films or bulk polycrystalline samples are used
but no real single crystals. In situ preparation of single crystals
would mean another very hard requirement for the experiments.

Luminescence experiments on solid He have not been done so far
because He only solidifies under pressure (26 atm). Therefore He is
not discussed in this contribution.



II. EMISSION BANDS OF PURE RARE GAS SOLIDS

The emission bands of RGS are due to pure samples. They are
not due to the unperturbed, ideal lattice but stem from a lumines-
cence centre which is created after excitation and disappears after
the luminescence process. RGS show broad band ordinary luminescence
(OL) dominating in Xe, Kr, Ar, broad band hot luminescence (HL)
established so far in Ar, Ne, and narrow line luminescence (Xe, Kr,
Ar, Ne) dominating in Ne.

II.A. The Main Luminescence Bands of Xe, Kr, Ar (OL)

Fig. 2 and Fig. | show the dominant RGS luminescence bands. Solid
Xe, Kr, Ar yield broad, Stokes-shifted bands. The energies, widths and
Stokes shifts are summarized in Table 2. The Stokes shifts are illu-
strated in Fig. l. An exciting feature of Xe, Kr, Ar luminescence 1is
its close similarity to the luminescence of the liquid and the dense
gaseous phase' (pressure < 1000 Torr) (3). The Xe, Kr, Ar bands of
Fig. 2 have been obtained under optical excitation (5). They are inde-
pendent of the energy of optical excitation as well as of the kind of
excitation. They are natural candidates for VUV lasers (mainly in the
dense gaseous phase (9)). The energetic position somewhat depends on
sample preparation and annealing conditions (10). With increasing tem-
peratures they shift slightly to lower energies (10, 11).

II1.B. Luminescence of Solid Ne

Ne obviously behaves differently from Xe, Kr, Ar. Its lumines-
cence (Fig. 2) consists of a rather sharp band (16.7 eV) with a Stokes
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Fig. 2 The main luminescence bands of RGS (5K). The Xe, Kr, Ar
and dotted Ne curves: optical excitation (5,14). Full Ne
curve: x-ray excitation (13)



shift of less than | eV. This band shows splitting into sharp compo-
nents (see II.C.). At the low energy side two broad bands are found

at V14 eV and V16 eV under electron (12) and x-ray excitation (13).
Optical excitation (14) results only in a low energy tail extending
down to less than 14 eV. The 14 eV and 16 eV band are hot luminescence
and no OL band similar to the bands of Xe, Kr, Ar exists (Sec. III).

II.C. Hot Luminescence and Narrow Line Luminescence

Fig. 3 shows luminescence spectra of Xe (15), Kr (16), Ar (11)
found between the OL-bands and n=1 exciton absorption. The integrated
intensities of these weak bands are three to four orders of magnitude
smaller than the intensities of the OL bands. For comparison a high
resolution analysis .of the 16.7 eV Ne band (13) is added. Note, how-
ever, that for Ne this is the main contribution to luminescence. In
all cases, narrow line luminescence is found which is omnly slightly
Stokes shifted compared to n=1 exciton absorption (Table 2). The
emission lines nearly coincide with the lowest levels (included in
Fig. 3) of the free atoms. For Ar at the low energy side of the
narrow lines, a broad asymmetric band (11.37 eV) has been well estab-
lished (11). It corresponds to the 16 eV Ne HL band. The weak 9.69 eV
Kr band may also be a HL band but this is not established so far. In

Table 2. Luminescence bands of RGS

Xe Kr Ar Ne

energy of broad band ordi- 7.1 8.25 9.8 N
nary luminescence (eV) ’ ’ ’
fwhm of the OL bands (eV) A .45 .55 -
Stokes shift of OL (eV) 1.3 1.9 2.3 -
energy of broad band hot 5 " 14
luminescence (eV) ’ 959 % 11'37 16.1
narrow line luminescence 8.18 9.92 11.59 16.66
(eV) ! 8.33 10.12 11.64 16.71

16.8

16.9
Stokes shift of narrow line 19 25 47 93

luminescence (eV)

difference between energy of n=1 excitons in absorption (Table 1)
and the low energy component of narrow line luminescence.
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Fig. 3 Narrow line and hot luminescence of Xe, 4K-60K (15), Kr,
40K (16), Ar, 4.5K (11), Ne, 11K (13). For comparison pur-
poses, the energies of the lowest excited atomic states
are indicated.

Xe, an analogous band has not so far been found. The results on Kr
(16) and Ar (11) indicate that the relative intensities of the fea-
tures of Fig. 3 depend somewhat on temperature. In general, there

is an increasing tendency for narrow line luminescence as well as HL
when progressing from Xe to Ne.

ITII. THE LUMINESCENCE CENTRLS AND EXPLANATION OF THE LUMINESCENCE
SPECTRA

®
III.A. Formation and Properties of the Molecular Centre, R2

From the close similarity of the main luminescence bands of
Xe, Kr, Ar in the condensed and gaseous phases, Jortner et al. (3)
already concluded that the centre responsible for these bands is
the diatomic rare gas molecule, R; (R stands for any kind of rare
gas atom). In the gas phase, these molecules are well established
(excimers). They have a strongly repulsive ground state (apart from
a shallow Van der Waals minimum at large internuclear distances).
The lowest excited electronlc states are bound and stem from the
excited atoms R*( P, )and R (5P ) and ground state atoms R(!S ) The
neutral, bound R2 molecules can also be regarded as molecules con-
sisting of the well known molecular ion, R}, as a core, and an
electron occupying a Rydberg orbital of the R}. The molecular states
have been treated theoretically by Mulliken (Xe) (17), Lorents and
Olson (18) (Ar) in a phenomenological way. Ab initio calculations
exist for Ne: (19).

<



In the solid, the molecule acts like an impurity in a matrix
of the same kind of atoms for the following reason. The equilibrium
distance (Ne3~ 2 & (19), Ar3~2.5 & (18), Kr5~2.8 & (20), xejv3.3 &
(17)) of the molecule is much smaller than the nearest neighbour
distance in the uperturbed lattice (Table 1). With an internuclear
distance reaching the value of the nearest neighbour distance of the
lattice, the molecule already dissociate.

The molecular centres are only created after electronic exci-
tation in two different ways:
(i) Starting from an excitonic excitation, excitons are self-
trapped in the lattice. Excitons can migrate in the crystals via
resonant transfer between nearest neighbours. In each transfer
step both the atoms involved can be regarded as a molecule near
the dissociation limit in a very high vibrational state. Via coup-
ling to the lattice phonons it is possible to transfer some vi-
brational energy to the lattice during a resonant transfer of the
exciton. After such a conversion of (local) vibrational energy
into lattice phonons the energetic resonance with other nearest
neighbours is destroyed: the free exciton is then self-trapped
(21). The self-trapped exciton (STE) is nothing else than the
R} molecule. Because in an fcc lattice the nearest neighbours
are found in the 110-direction, the molecular axis is aligned
to a 1l0-direction.
(ii) Starting from a free electron-hole pair (band to band exci-
tation), it is well known from transport properties (22) that the

‘holes are self-trapped similarily to the excitons.The self-trapped
holes (STH) can be regarded as molecular ionms, RE. Calculations of
the STH-properties confirm the intuitively assumed geometrical align-
ment along the 110-direction and show that the lattice around the
centre is affected only very little (23,24). The STH can capture

a slow free electron (from the bottom of the conduction band) re-
sulting in the STE # RE.

The influence of the surrounding lattice comes into play in
the following processes which are discussed in more detail in part
II (25), together with the time hierarchies involved.

(1) Vibrational relaxation of the molecular centre via coupling

of local modes to the phonon bath of the crystal.

(ii) Splitting of the states of the free molecule and modification
of oscillator strengths by the crystal field.

ITI.B. Radiative Decay of the Molecular Centre

The potential curves of the centre are sketched in Fig. 4.
The internuclear distance of the molecule acts as configurational
coordinate. Immediately after formation, the centre is vibrationally
excited. Vibrational relaxation competes with radiative decay. The



spacing of vibrational levels increases going from Xe to Ne. Due to
the low phonon energies, multi-phonon processes are required for vi-
brational relaxation. Whereas the order of multi-phonon processes

is small in Xe and only slightly increases via Kr to Ar, there is a
dramatic jump from Ar to Ne (numerical values given in part II (25)).
This is the reason for the different luminescence behaviour of Xe,
Kr, Ar on the one hand and Ne on the other.

In Xe, Kr, Ar, thermal equilibrium is obtained before radia-
tive decay. The main luminescence bands stem from the vibrationally
relaxed molecule and terminate in the repulsive part of the ground
state. The Stokes shift is composed of (i) the depth of the excited
state potential curve (v.5 eV (Xe) up to n1 eV (Ar)) and the height
of the ground state potential curve. The width of the luminescence
bands simply reflects the slope of the ground state.

In Ne fast vibrational relaxation starts in the anharmonic
part of the potential but is slowed down dramatically reaching
lower vibrational levels. Yakhot et al. (26) showed that relaxation
sticks in the 3rd vibrational level which decays radiatively. They
calculated the Franck-Condon factors for this transition using the
ab initio potential curves for Ne (19). In Fig. 5, these results
are compared with experiment. The broad 14 eV and 16 eV Ne lumi-
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Fig. 4 Potential curves of the molecular centre (realistic for Ar;).
The main luminescence transitions are indicated schematically.



nescence bands are well reproduced. This proves that the Ne lumi-
nescence 1is hot luminescence except for the 16.7 eV band. Ne seems
to be a prominent example in the field of HL.

The 11.37 band of Ar is also explained as HL starting from
high vibrational levels of the Ar% centre. Not only the calculation
of vibrational relaxation rates (27) but also comparison with gas
phase data lead us to this interpretation. In the gas phase, the
relaxation rate can be slowed down continuously by decreasing gas
pressure (28) and HL shows up. Depending on pressure, the maximum
of HL is found between 11.6 eV and Il eV. The 11.37 eV band nicely
fits into this range.
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Fig. 5 Comparison between experiment (13) (full curve) and cal-
culated hot luminescence spectrum of solid Ne (26)

I1I.C. Origin of the Narrow Luminescence Lines

A detailed understanding of the narrow luminescence lines has
still to be achieved. Recently they have been ascribed to the decay
of free excitons (15,29). For Kr and Xe, the very small Stokes
shifts could be caused by reabsorption. The Stokes shifts of the Ar
and Ne lines, however, indicate the excistence of an atomic centre
formed by a medium relaxation around a n=1 exciton (30). Due to this
medium relaxation, the transition energies come very close to the
free atom values. Tentatively the two components (see Fig. 3 and
Table 2) may be ascribed to the decay of "atomic" 3Pzand 3P1 states
to the 150 ground state. The lower (3P2-+IS ) transition may become
allowed through the influence of the crysta? field. In Ne, spin-
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orbit splitting is so small that all four components of the 3p°4s
configuration may contribute to luminescence.

The relative intensity of the molecular emission and the
narrow line emission seems to be controlled by a potential barrier
between both centres (self-trapping barrier). In Xe and Kr this
barrier seems to be very small. Values have been estimated for Ar
( 3meV) and Ne ( 10meV) (11). The relatively large Ne value seems
to be responsible for the dominance of the narrow line lumines-
cence.

IV. PHOTOLUMINESCENCE YIELD SPECTRA

Photoluminescence yield (PLY) spectroscopy is a special tech-
nique offered by photo-excitation. In a PLY experiment (often called
excitation spectrum) we measure the quantum efficiency (in relative
units) of a certain luminescence band as a function of the excita-
tion energy. A PLY thus probes the processes which influence the
population of the radiative state after excitation of an energeti-
cally selected excited state of the system.

IV.A. PLY for Excitonic Excitations

Here we are dealing with excitation energies covering the
exciton series (Fig. 1). In Fig. 6, the PLY curves of the main lu-
minescence bands of Xe (31), Kr (32), Ar (33) are shown. They show
pronounced minima which coincide with the excitonic maxima of ab-
sorption. This is typical for samples with a surface covered with
acceptor atoms. The quantum efficiency of samples with a clean sur-
face (32) is nearly independent of excitation energy in the range
covered by Fig. 6. The minima due to surface coverage indicate sur-
face quenching of free excitons which reach the surface before self-
trapping. Quenching is only effective if the excitons are created
near to the surface (penetration depth of exciting light comparable
with the diffusion length L).

In (32) it is shown that the PLY curve can be calculated taking
into account exciton diffusion and '"collision-induced" energy trans-
fer from excitons to the acceptor atoms at the surface. Results of
such calculations are shown in Fig. 6 (dotted curves). From a com-
parison between experimental and model curves, values for L of free
excitons can be deduced: 150 & - 1000 & for Xe (L sensitively de-
pends on annealing of the samples), 200 ® for Kr, and 40~ 80 R for
Ar. Thus PLY spectroscopy is well suited to the investigation of the
exciton dynamics of RGS excitons.
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In part II (25) it will be shown that L is not a constant but
depends on excitation energy which follows for example from photo-
electron emission measurements on RGS. There exist two PLY results
up to now which point in the same direction.

(i) In (31) PLY spectra have been obtained from very thin samples
(d~ 100 X) with a metal substrate (perfect quencher for excitons
reaching the RGS/metal interface), For all excitation energies, lumi-
nescence was completely quenched with one exception: the maximum of
the PLY spectrum at the low energy tail of the n=1 exciton persists.
Obviously the diffusion length drops down dramatically in the low
energy tail of the n=1 exciton to values far below 100 R (experi-
ment only done for Xe). In Fig. 6, this range of energy is not
covered by the model calculation because the absorption coefficient
is not known well enough in the low energy tail of n=1 excitoms.

A precise knowledge of a is an essential ingredient for the model
calculation.

(ii) The result on Ar (33) of Fig. 6 could only be fitted satisfac-
torily with a value of L increasing from ~40 2 (n=1 exciton) to
80 & (n=2 exciton).

The dependence of L on excitation energy must contain infor-
mation on electronic relaxation from higher excitons to lower exci-
tons. Quantitative results, however, need more precise measurements
which should be made on single crystals.
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Fig. 6 PLY spectra of the 7.1 eV Xe, 8.25 eV Kr, and 9.8 eV Ar
luminescence band at 5K. Dotted curves: model calculations.



IV.B PLY Spectra in the Range of Band-to-Band Transitions

With excitation energies larger than the band gap, free photo-
electrons are created. If the initial kinetic energy is high enough,
the photoelectrons can be scattered inelastically at valence elec-
trons and additional excitations (excitons or electron-hole pairs)
are created. In solid Ar (34), such scattering processes lead to a
stepwise increase of the PLY curve (Fig. 7). Onset energies for the
scattering processes of the form E,+m*E.4 could be deduced, m=1,2,3
(Eeyx: energy of n=1 excitons). Therefore at the onset of the steps
the photoelectron is scattered to the bottom of the conduction band
and excitons are created. The first step at an excitation energy
E,+Eqex v 2 E, is not contradictory to the situation in semiconductors
(§5) because the effective mass of valence holes is much larger than
the electron mass (case u=0 in Autoncik's paper).

The result on Ar shows that the main contribution to relaxa-
tion of highly kinetic photoelectrons is due to inelastic electron-
electron scattering. From a more general point of view it is inter-
esting to note that the results seem to indicate creation of elec-
tronic polaron complexes (36) by the excitation process itself (34).
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Fig. 7 PLY spectrum of the 9.8 eV Ar luminescence band at 5K (34)

V. LUMINESCENCE OF RGS WITH ISOELECTRONIC IMPURITIES

Isoelectronic impurities in RGS lead to a variety of luminescence
features (10,11,37-40) which are important for the investigation
of electronic multi-phonon relaxation, lattice relaxation, and

energy transfer processes (30). Some of these aspects will be covered

in part II (25). Here we only want to sketch some typical lumines-
cence phenomena observed in RGS doped with isoelectronic impurities.

-12-
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In these systems with increasing impurity concentration the
host luminescence is quenched and different impurity bands show up.
At low concentrations, the emission of isolated impurities X* is
found. It is Stokes shifted compared with impurity absorption but
nearly coincides with the resonance lines of the free atoms. Both
the 3P1 and 1P, lines are established. Besides X* emission, hetero-
nuclear molecuies RX* (R: host atom) show up in luminescence. At
larger concentrations, Xf molecules radiate and finally dominate.

The luminescence spectra not only depend on concentration but
also on the excitation energy. This can only be probed with mono-
chromatic photoexcitation. As an illustrative example, in Fig. 8 re-
sults on Ar doped with 3 7 Kr are shown (39). In this system, all
kinds of impurity emission exist: Kr*!P. (I), Kr* 3P1 (1D, ArKr*
(III,IV), Kr¥ (VI). Curve a) was obtained under host excitation.
Excitation of Kr 3P1 and Kr !P. in the Ar matrix leads to the lumi-
nescence spectra b) and c¢). In b), of course, the Kr* 1P1 band is
missing. In c¢) the Kr* 1P, band is much stronger than the 3P_ band
(intersystem crossing ine%feccive). Curve d) was excited with 10.2 eV
photons. Both Kr* bands are absent. The PLY of the ArKr* 9.88 eV band
indicates that in the '"transparancy region' of the matrix a conti-

L R L
K3 (pure Ke) i, e, p nel V'
(Kr atom)  (Kr wa Ar) (Ar)
EXCITATION ENERGY
1176V
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i (d)

| S
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Fig. 8 Impurity luminescence of Kr doped Ar and PLYs (shaded curves)
at 5K. Excitation energies for luminescence, and luminescence
energies for PLYs are given in the figure. Resolution v.3 eV
(luminescence) and V.05 eV (PLY curves).



nuous background of states exists perhaps due to molecular Ar-Kr
interaction. The absorption of isolated Kr atoms is sorted out from
this background in the PLYs of the Kr* luminescence bands (see b),
c) of Fig. 8). The PLYs of energetically selected luminescence bands
of samples with known thickness seem to be a measure for host-impu-
rity interaction. More detailed investigations should enable us to
discriminate between states of isolated impurities and host-impurity
molecular states.
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