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1. INTRODUCTILON

The basic facl which influences the physical properties of rare
gases _is the elecfronic configuration with closed shells: 152(He),
2522p6(Ne), 3s43p~ (Ar), hsghp (Kr), and 5525p6(Xe). The inter-
action of ground state atoms is of van der Waals type leading to
solidification only at low temperatures., Some properties charac-
terizing rare gas solids (RGS) are summarized in Table 1. Different
from all the other rare gases, lle solidifies only under consider-
able pressure. It will be not discussed in this paper ure rare
.8ases condense in a cubic close-packed (fce) lattice ( « RGS are
‘in many respects the simplest crystals known to us. Often they arec
regarded as model substances for more complicated van der Waals
crystals,



Table 1 : Propertics of RGS
e Ne - Ar Kr Xe
: , =
melting point (1) .95 24,5 84,0 116.6 161.3
( deg X )
boiling point (1) 4,215 27.2 87.5 120.9 166, 1
(‘deg K )

nearest ncighbour
distance atl

ox (R ) (2) 3.13 3.76 .01 .35
Jionization energy

ol Trece gtom
(ev ) (3) 24,580 21,559 15,755 13.996 12,127

*
at 26 atm

RGS gained much experimental and theoretical interest because of
their outstanding properties indicated above., As for their optical
properties, both experimental (5) and theoretical 6) results have
been reviewved recently. RGS are perfecl insulators. The band gap
energies range from 9.3 eV (Xe) to 21.69 eV (Ne). Aparlt from these
huge band gaps, the most striking feature of the optical properties
is the existence of pronounced exciton series. Whereas the higher
members of these series are Wannier like, the n = 1 members have a
close correspondence to the first resonance lines of the free atoms
and are more Frenkel type excitons. An interesting aspect from a
theoretical point of view is the question whether the optical proper-
ties of RGS can be understood in the framework of band structure or
more atomic like models.

The extreme propertics of RGS make experimental investigations of

the optical properties very complicated. They require a combination
of vacuum ultraviolet (VUV) techniques, cryotechniques, and in sever-
al experiments ultra high vacuum (UHV) techniques. Ten and more years
ago, optical measuremenlts were confined to photon energies below

~ 1l eV because of the poor light sources available in the VUV region.
A break-through was achieved, when in 1969, for the first time,
synchrotron radiation was used for optical investigations of RGS (7).
By use of the new source, since then all spectroscopic standard
methods like absorption-, reflection-, and photoelectron spectro-
scopy (PES) have been applied to RGS,

In the meantime, rare gases gained enormous interest for appli-
cation since it was demonstrated that they are well suited
materials for the development of high power, tunable VUV lasers (8).
"Rare gas lasers are likely to play as important a role in VUV
spectroscopy as dye lasers currently do al longer wave-lengths (9).
Moreover, they may be important for the heating of high density
plasmas for thermonuclear fusion applications (10), Consequently,
the decay processes of excited electronic states of rare gases are



~the decay processes of excited electronic states of rare gases are
investigated since a few ycars. The decay processes not only in-
clude radiative decay of excited states but also Scattefing
processes, the dynamics of excited states, energy transfer phenom-
ena etc., In RGS, the dynamical behaviour of free excitons and ex-
citon lattice interaction play a central rolec.

In the second chapter of this paper, the clectronic structure of

RGS as measured in primary excitation processes is briefly reviewed.
‘In the third chapter, results on the decay processes of excited elec-
tronic states are presented.

2. EFLECTRONIC STATES OIF RARE GAS SOLIDS

2.1  General remarks

The electronic states of RGS have been investigated experimentally
in the last two decades with conventional spectroscopic methods,
From the Kramers Kronig analysis of absorption, reflection or

energy loss data, the spectral dependence of ithe complex dielectric
constant & (Fw) = 81(ﬁw) + A 5?(ﬁw) was obtained. A complete com-
pilation of the data is given in Ref. 5. Comparison with the optical
data of gaseous rare gases showed that several features are similar
in’'the gaseous and solid phase indicating an atomic like character
of the electronic states of these simple solids. Other features of
the optical spectra, however, are clearly related to molecular and
solid state effecl. Simulltaneously Lo the experimental effort, the
electronic states of RGS were investigated theoretically, especially
by numerous band structure calculations (6 . The essential charac-
teristics of the RGS energy bands are very flat valence bands origi-
nating from the tightly bound outermost p electrons of the atoms and
conduction bands with a nearly free electron behaviour. The valence
bands are spin orbit split and distinguished by the total angular
momentum j = 3/2 (upper valence band) and j = 1/2 (Lower valence
band) of the hole. ' : '

A serious difficulty in the understanding of the electronic states
of RGS arises from the strong eleclron-hole interaction of excited
states which is not neglegible in these perfect insulators. As
already demonstrated in the early work of Baldini (12), electron-
hole interaction results in prominent valence exciton series with
binding energies two orders of magnitude larger than binding
energies of excitons in semiconductors. '

Up to now, there exists a controversal discussion whether the one-
electron band structure approach is suited for a detailed under-
standing of the electronic states of RGS., Perhaps a more atomic or
molecular like approach, which has successfully been adopted for the
explanation of core excitations of a variety of solids (13,14),
could lead to a better insight in the electronic states of RGS.



242 Excitons of bulk rare gas solids

The first dinvestigation of the onset of absorption of solid Ar in
the VUV was cavried oult by Nelson and Hartmamm (15), Later on,
absorption mecasurements on solid Ar, XKr and Xe were performed by
Schnepp and Dressler (16 « Since the detailed analysis of the
absorption spectra o{ solid Ar, Kr, Xe for excitation energies up
to 14 eV by Baldini 123 the number of investigations increased
enormously. A survey on the onsel of the optical spectra is given
in Fig. 1. The imaginary part of the dielectric constant, € (hw),
is plotted as a function of excitation energy.
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Iig. 1 TImaginary part of the dielec~
tric constant of RGS. The References
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IMAGINARY PART OF THE DIELECTRI

E (hw) was obtained from more recent reflection data by a Kramers
Kronlg analysis (Ne (17), ar (18), x» (19 , Xe (R0)), A detailed

analysis of the optical data yields the following results:

(1) The pronounced structures at the onset of absorption can be
classified into two exciton series which converge to the bottom
of the conduction band at the center of the Brillonin zone , .
The two series are spin orbit split due to the different holes
of the spin orbit split valence bands involved in the formation
of the excitons. The nomenclature of the exciton series is
n=1,2,3... for the r(3/2) series and n' = 1,2,3... (or some-
times n = 1',2',..) for the P(1/2) series. n and n' are the
main quantum numbers of the excitons. The numbers in the
brackets give the total angular momenta of the holes.
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(2) The excilons in RGS are neither of pure Wannier type nor of
pure Frenkel type but of an intermecdiate type « Only the
excitons with n>1, n'> 1 can be described by the Wannier
formula

En = EG - T5 (1)
n
where E] means the excitation energy of the exciton with
main quantum number n. E_ is the donization limit, which is
‘ddentical with the band {;‘ap, E , for the F’(3/2) series., B
is the binding energy. -

(3) The n = 1 and n' = 1 excitons show a more or less pronounced
deviation from the Wanniey formula, Their energies are close
~to the first [np)(1S ~¢np)(2P /?)(n+1)s] and second
fnp6(180)—>np5(£P1/2 (n+1)5] %eéonance line of rare gas atoms(Bl

In Fig. 1, the quantum numbers of the excitons and B are included.
The splitting between the n = 1 and n' = 1 excitons Is also in-
dicated. This splitting, however, is not the most appropriate value
for the spin orbit splitting because il is also influenced by ex-
change energy and slightly differs from the splitting of the
ionization limits and of the n = 2, n' = 2,.. excitons. In solid Ne,
spin orbit splitting is very small, Tt could be measured only recent-
ly 17) in the solid phase. The splitting increases via Ar, Kr to
Xe. In solid Xe, it exceeds the binding energy of the rkj/z) series,
Therefore, the [(1/2) series of Xe completely overlaps with the
continuum of the ['(3/2) series. In Table 2 the newest values for

the exciton energics, the binding encrgies and spin orbit splitting,
A, are compiled. For solid Ar, Kr and Xe, the values are taken from
Ref. 22, They stem from absorption measurements with a resolution
which is by one to {two orders of magnitude betlter than the line
width of the. excitons themselves. The values in brackets for n = 1
excitons are due to additional peaks which show up in reflection
only on thick layers of RGS and which are not understood up to now.

From the Wannier character of the higher members of the exciton
series, the band gap E , the binding energy B and the effective
mass of conduction eleBtrons, m", can be determined., & and B’

are obtained from a plot of E Versus 1/n (examples are shown in
Sec. 2.3). The binding energylof Wannier excitons is given (in the
effcetive mass approximation) by

.x_

N
AN (2)

= 2 2
2Hh £

where E‘o is the static electronic dielectric constant and ,u
the reduced effective mass of the exciton. Due tg the flat alence

bands, in RGS the effective mass of the holes, m is much larger



Table 2 Experimental data of bound exciton states. All energies
in eV; reducced effective masses in electron mass units,
The spin orbit splitting, &, is compared with theoretical

values ( A,.) and atomic values (ASA). E1 y are the Wannier
values for the n = 1 and n' = 1 excitons’
ne(17) 4pt22) xx(22) © xe(22)
n,nt' '(372)  ["(1/2)  [(3/2)  [(1/2) [(3/2) [(1/2)
1 17.83% 12,059 12,236  10.173 10.855  8.37 9.508
(12.502) (10.291) (10.942) (8.43)
2 20.38 13.565 13.749 11.232 11.920 9.072
3 21.09 13.893 14,069 11.439 1.2, 307 9.213
n 21.38  13.969 11.516
5 21,50
E, , 16.44 114793 12.021 10,082 8.311
2
* %
EA 16.67 11.624 11.828 10,033 10. 644 8.437 9.571
E, 21.69 14,155 14,325  11.612 9.326
B 5.24 2.362 2.304 1530 1.015
Y ~ ., 184 . 688 ) 1.3
e - - . =\
D g .18(23) 7R3 en (R 55(23) gy 5(25)
D, 17(3) 1773 .666(3) 1.306(3)
* . -
Ju 617 iy (22) ol?2) . 37(22)
26 2 26 29, : 2
g .45( );.hh( 3) .36( );_35( 3) .30( 3)
* . *% . 6 5
from reflection data EA: energy of at?m}c pP—»Dp s(s')
transitions
* *  x*
than m_. Thereflore, /U¢3mc. Values are given in Table 2. They are -
in gooa agreement with results of band structure calculations 23,2 1
The n = 1 and n' = 1 excitons in RGS do not fit the Wannier formula
but are blue shifted. In Table 2, the Wannier values for the n = 1
and n' = 1 excitons according to Eq. (1) are inclu?ed The shift
iz characterized by the "central cell correction" )
B. - B
. _
C = =5 _ (3)
BE is the experimental binding energy of the n = 1 exciton and B

is defined by Iq. (1).



The essential ingredient fTor the application ol the Wannier model
is a distance between the electron and the hole which is large
compared with the lattice constant. A Wannier exciton is simply an
interacting pair of point charges in a dielectric medium., IFor RGS
n = 1 excitons the assumptltions involved in the Wannier model are
not wvalid, This is evident from a calculation of the exciton radii
from the Wannier model:

?

41~ €o 2
r. o= -:Fq;;— *n (h)
/
The radii of the n = 1 excitons, », = 1.1 3 (Ne), 1.8 R (Ar),

2.5 R (Xr), 3.2 by (Xe) would be considerably smaller than the
nearest neighbour distances (see Table 1).

.The close correspondence between the n = 1 and n' = 1 excitons

with the gas lines suggests an interpretation as FFrenkel excitons,
that means as excited atoms at a certain lattice site. The appli-
cability of the Frenkel model to describe exciton states in RGS is
reduced by the fact, that the involved elecltron states corresponding
to the s-like conduction bands with their considerable width cannot
be described by atomic-like wave functions ?6?.

The spin orbit splitting of the exciton series of solid Ar as well
as the oscillator strengths of the n = 1 and n' = 1 excitons could
be determined accurately enough (22) to calculalte the energy of
optically forbidden triplet excitons and the exchange energy in the
framework of the theory of Onodera and Toyozawa (21 . The wvalence
band holes with j = 3/2, 1/2 couple together with the excited.
electron to exciton states with total angular momentum J = 2,1,1,0.
Optically allowed excitons are those with J = 1 (n = 1 and n' = 1
excitons). Saile (22) found out that the forbidden J = 2 exciton
has an energy ~ 30 meV below the cnergy of the n = 1 exciton. The
J = 0 exciton state has an energy ~20 meV below the n' = 1 ex-
citon, These results are important for Sec., 2.4, The J = 2,0 ex-
citons could not be detected experimentally. The exchange energy
“deduced from the relative oscillator strength of the n = 1 and

n' = 1 excitons (~1:1) has a value of ~23 meV which is by far
smaller than the value of ~330 meV recently obtained by a theo-
retical calculation (27).

2.3 Impurity excitons in doped rare gas solids

A detailed insight into the nature of excitonic excitation of RGS
can-also be obtained by investigation of dimpurity absorption of
doped RGS. In the work of Baldini (28) on the impurity absorption
of RGS doped with rare gases several impurity absorption lines



showed up which (at least in the case solid Ar doped wilth Xe)

seemed to fit a Wannier formula

(5)

i P 5 . : ; i, ;
where hn is the energy of impurity excitations, B” the binding
energy, and Eé the ionization limit,

T .

A crucial test of the hydrogenic behaviour of impurity absorption
lines which justifies their interpretation as impurity exciton
series was given only recently by Pudewill et al (17 . It was
possible to identify dimpurity exciton states of Ar, Kr, Xe in a

- Ne matrix up to n = 4 by an improved sensitivity of the measure-
ments., Because in these systems the impurity excitons are found in
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Fig, 3 Excitation energies of exci-
tons in pure Ne and of the impurity

states of Ar,

Kr, and Xe in a Ne

matrix plotted versus 1/n

the transparency region of the matrix it is possible to detect
impurity states in the reflectance of the substrate of the Ne

sample., They show up as dips.

In Iig.

Ne films on a gold substrate is shown and the
the j = 3/2 and J = 1/2 impurity excitons and the ionization limits

of both impurity exciton series

2 the reflectivity of doped

dips corresponding to



are indicated. In Table 3, the excitatbion energies EY for Ar, Kr
and Xe impurities in a Ne matrix are compiled. The early results
of Baldini (28) are added in brackets. In Fig. 3, a plot of E1
versus 1/n” is presented. The curve for the host excitons is En-
cluded. The straight lines in Fig. 3 represent an excellent proof
for the Wannier character of the host as well as impurity excitons
with n>1, n'>1 in doped RGS. The binding energies of host and
dmpurity exciton series showing up in the slope of the straight

. lines are nearly identical (see Table 3). In other words, 7

Table 3 Excitation energies (in eV) for Axr, Kr, and Xe dimpurities in
: a Ne matrix, the ionization limits Eé and the binding
energies, B., of the impurity exciton series, The values are
taken from Ref, 17. Values in brackets from Ref. 28

_ Ar in Ne Kr in Ne Xe in Ne
ns il i=3/2 ¢ =1/2 J=13/2 4 =1/2 i=3/2 ji=1/2
1 12,59  12.80 10,68 11,29 9.06 10,05
(12.5 ) (12.7 ) (10,62) (11.22) (9.08) (10.04)
2 14,97 15.31 13.45 1h.06 11:32 12.59
(11.28)
3 15.67 16,04 1h,1h 13.32
b 15.90 .55
B 16.23 16. 60 14,78 13,91
B> 5,27 5,18 5,32 5,28

the identity of impurity excitons does not show up in the binding
energy which is a property of the matrix exclusively, The individual
nature of an impurity manifests itself only in the value for the

ionization limit, the excitation energy of n = 1 and n' = 1 ex-
citons and the spin orbit splitting of the series. The n = 1 and
n' = 1 exciton energies deviate from the values predicted by the

Wamnier model in a similar way as in the pure substances. In RGS

it makes no difference for the binding energies of excitons with

n >1 whether the hole involved is a hole in the Tlat valence bands
or localized at an impurity. The electron involved in the forma-
tion of excitons can always be described in terms of wave functions
of* the conduction band of the matrix.

2.0 Surface stales of rare gas solids

In former investigations of the excitonic structure of RGS some-
times weak peaks near the onset showed up which did not fit into

the exciton series (29,30 « A very careful investigation of these
effects carried out by Saile et al (22,21) demonstrated that surface
states show up in the absorption spectra of solid Ar, Kr and Xe.
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The essential experimental conditions under which the surface states

can be detected arec

(1) Preparation of rare gas films and measurements must be carried
out under UHV conditions (pressure 4% 10~ Torr).

(2) Measurements have to be carried out on very thin samples (d ¢
500 R). Otherwise the amount of surface absorption is hidden in
the background of the bulk absorption.

'(3) The thickness of the layers must be controlled precisely in
order to distinguish between interference effects and the ab-
sorption maxima,

20f

Fig., 4 Absorption spectrum

Ar Rl Kr of a clean Ar film (d=40 R)

and of the same film with a

Kr coating. The surface and

bulk excitons are labeled

Ar by their main guantum number

n. A, and A, are the split-

tings resulting from the

11.0 20 13.0 1.0 spin orbit split valence
PHOTON ENERGY (eV) bands.
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The influence of surface states on the absorption of solid Ar is
demonstrated in Fig. /4. The lower curve shows the absorption of an
Ar film (d = 40 R) with a clean surface. Besides the bulk n = 1,2

and n' = 1,2 ( n = 1',2' in the figure) excitons additional peaks
show up at the low energy side of the n = 1 exciton and between the
n! = 1 and n = 2 excitons, In contrast to measurements on thicker
layers (22,30) in Tig, 4 the higher members of the exciton series

do not show up because their diameter is comparable or even larger
than the thickness of the Ar film (the diameter of the n = 3 ex-
citon is 32 R).

The Ar film covered with a thin Kr léyer (upper curve) does not
show the additional peaks which is a proof for the surface nature
of’ these structures. The surface nature of the new peaks has been
demonstrated even more convincingly in the case of Xe (Fig. 5). The
full curve shows the bulk n = 1 exciton and the surface pealk at its
low energy side. The thin dashed line gives the absorption of the
same film covered with Ar. The Ar overlayer can be removed by care-

ful heating resulting in a reappearance of the surface peak (thick
dashed curve).,



Fig., 5 Absorption of a Xe film

of’ 30 R thickness in the range of
the n = 1 exciton., The full curve
shows the surface and the bulk ex-
citon, the thin dashed line gives
= the absorption of the same film
XENON n=1 with an Ar coating. The thick
dashed line is obtained after re-
- . moval of the Ar overlayer. .

- T | T I I

12| SURFACE BULK .
+
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Table 4 Excitation energies of surface excitons of solid Ar, Kr. and
: Xe (in eV). Tor comparison the values of the bulk excitons

and of the bulk J = 2, 0 states are given. All values are
taken from Ref. 22, 31, :
Ar - Kr Xe
= ; 11.709 9.935 8,209
‘ n = 1 (surface) 11,808 10,068
n = 1 (bulk) 12,059 10,173 8.3
n' = 1 (surface) 11,93" 10,676
n' = 1 (bulk) 12.236 10.855
n = 2 (surface) 12.987 11.034
13,066
n = 2 (bulk) 13.565 11.232
n=1(J=2) ~ 12,03
n=1(J=0) - ~12.21
The energies of the surface peaks of solid Ar, Kr; and Xe are ,
summarized in Table /I together with the energies of the n = 1 and
n' = 1 bulk (transverse) excitons and of the J = 2,0 forbidden ex-

citons. For the interpretation of the surfa?e eaks of RGS different
possibilities have been discussed by Saile (22), The idea of surface
exciton-polaritons (32) can be rejected because the measured peak
energies are fairly smaller than the excitation energy of trans-
verse excitons whereas surface exciton-polaritons are expected at
‘the high energy side of transverse excitons in the gap between
transverse and longitudinal excitons. The surface maxima also can-
not be due to excitation of tripletl excitons which could gelt allowed
at the surface due to lowering of symmetry fLrom Oh to Chv.
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There is a severe discrepancy between the measured and the calcu-
lated excitation encrgy (in the case of Ar, see Table 4),

In ‘a crude model it was tried to interprete lthe new peaks as ex-
citons the binding energy of which is changed by a modified di-
electlric screening in the region close to the surface, Averaging
the dielectric constant of the bulk and the vacuum

e,=5 (1+e,) (6)
leads to a "surface dielectric constant", €_, which may be in-
troduced into Eq. 2. Hereby it is assumed that the effective mass
approximation is still valid for the surface peaks. This approxi-
mation may be applicable in the case of the large radius-excitons as
for the n = 2 exciton in Kr, r_ _, (bulk) = 10.5 &, For solid Kr,
qualitative agreement between The calculated modified n = 2 exciton
and the measured n = 2 surface peak is obtained. In the case of solid
Ar,; this approach points to the right direction. For the n = 1 and
n'.= 1 surface peaks, this concept completely fails because of the
small spacial extension of these excitations. '

Recently, Wolff (33) interpreted the mn = 1 and n' = 1 surface peaks
as I'renkel type excitons. He analyzed group theoretically the split-
ting of the 3P and 1p states of the Arx 3p5hs configuration in
the lowered symhetry at the surface (Chv) as well as the selection
rules for optical absorption. Under normal incidence only three
transitions are allowed. Morcover, he calculated the multiplet split-
ting (intermediate coupling) of the 3p5hs configuration of an Ar
atom embedded at the surface of an Ar crystal. The polarization of
the nearest neighbours of the excited atom due to the localized hole
was taken into account with the correcct symmetry. The ansatz for the
many body wave function of the 3p545 configuration was split in a
radial part and an angular part centered at the site of the excited
atom. In the radial part of the wave function, parameters were in-
troduced which allowed for a partial Titting to experimental results.
If the splitting of the n = 1 surface states and the ratio of their
oscillator strengths was used for the fitting procedure, the
energetical position of the n' = 1 surface stale as well as its
oscillator strength could be predicled precisely by the calculation.
Similar results have also been obtained for the Kr hp-5s configuration.

2.5 Molecular type absorption and excitons in rare gas solids

A completely new aspect for the understanding of excitonic
structures in the optical spectra of RGS has been given recently
by Tilton et al (3h,35) who measured the absorption of rare gas
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impurities dissolved in alkali metal films for rare £as concen-
trations up to ~40% and compared them with the spectra of pure RGS.

The most interesting results can be summarized as follows:

(1) Sharp absorption peaks are found al excitation cnergics which
are within .2 eV independent of the alkali metal hosts. They
are only slightly blue shifted compared with the energics
of n = 1 and n' = 1 excitons in pure RGS. In Fig. 6, the
absorption of Xe dissolved in K is shown as an example (35).

—
N
~—

The absorption strength per impurity atom increases lincarly
with concentration (Xe and Kr in all alkali metals)

N W NS o

107 i (cm?2/atom)

o

IFig, 6 The optical absorption per
atom of Xe in potassium for various
1.8Y%, | y [ : Xe concentrations (at%) at 7 K. The

7 8 9 10 n arrow marks the energy of the n = 1
PHOTON ENERGY(eV) exciton of solid Xe,

Not only the absorption of one kind of impurities in alkali metals
but also the absorption of metal films doped with two different
kinds of rare gas atoms was measured, ec.g. of Ar/Xe dissolved in
X (35), The absorption structures show a 1:1 correspondence to the
Xe impurity exciton spectrum of Xe doped solid Ar. The height of
absorption peaks is proportional to the product of the impurity
concentrations,

The sharp absorption peaks are explained by molecular type ab-
sorption of pairs of rare gas atoms occupying neighboring sites
in the lattice. The sharp features arising from pair bonds between
rare gas atoms persist up to a concentration of ~40%. For such
high concentrations, an impurity atom must have several neighbours
of the same kind. Obviously these additional neighbours do not
change the pair character of impurity absorption,
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From these wresults, Tilton el al (34,35) conclude that the corre-
sponding excitons in pure RGS or RGS doped with rare gases are due
to molecular type of absorption and that a hole suddenly created
in rare gas lattice cannot be confined to one lattice silte. They
propose that the description of imppurity excitons in RGS should
start with molecular wave functions of lThe diatomic rarc gas molc-
cule.

- In this context it should be mentioned, that molecular type of ab-

X

sorption is well known from the gascous phase of rare gases
and plays an important role for the luminescence properties of
such syslems 37).

2.6 Band to band transitions in rare gas solids

Though the optical properties of RGS have been investigated ex-
perimentally in the energy range of excitations from tightly bound
valence band states to quasi-free conduction band states (see

Ref. 5) we are far away from a detailed understanding of the
features showing up in this part of the spectra, In TFFig. 1, the
imaginary part of the dielectric constant is included for the region
of band to band transitions (Xe,Kr,Ar) above E . Several sharp and
broad maxima show up in this part of the spectra. Though band
structure calculations are available for all RGS it dis not
possible to make an unambiguous assignment of structures in the
optical spectra to structures in the Jjoint density of states. In
the case of heavy RGS (Xr and Xe) the situation is complicated by
the fact that band to band transitions strongly overlap with the
spin orbit split exciton series n' = 1,2.,.. Moreover, il has been
shown by Rossler et al 38) that electron-hole interaction for the
continuum electron-hole states severely influences the spectral
dependence of absorption., Due to Coulomb interaction, a considerable
part of the oscillator strength is transferred from continuum
states Lo bound excilton states (~30% for Xe, ~45% for Kr, ~63% for
Ar). In the pair state continuum resonances are built up at the
expence of the high densily of non interacting pdir states. Such
resonances could be responsible for the rather sharp peaks found
in the region of band to band transitions.

Similar to the atomic like interpretation of n = 1 and n' = 1 ex-
citons in terms ofl pé—;pss transitions, some of the structures in
the continuum region have been explained by atomic p6—-> p5d ex=
citations in the case of solid Xe %25!39). The pronounced 10,3 eV
structure of Xe (seec Fig. 1) closely corresponds to the atomic
paa-y5d lines at 9.9 eV, 10.4 eV (3 and does not wvanish in liquid
Xe (*0) where a band structure based on long range order looses its
meaning. Another interpretation for the pronounced 10.3 eV peak in
the optical spectra of solid Xe has been given by Phillips %H1). The
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10.3 eV maximum should be a hyperbolic exciton connected with the
saddle point of the lowest conduction band at L. These informations
all together may demonstrate that the interpretation of transitions
in the continuum region of RGS either in a band structure model or
"in an atomic like model are still an open question.

247 Core excitations of rare gas solids

~In the previous scctions, excitations of the p-symmetric wvalence
clectrnns of RGS have been discussed. The s~elcctrons of the same
shell are only of minor importance in the solid because the lower
conduction bands of RGS have s- and d-symmetric parts. Therefore,
excitation of 5s(Xe), lUs(Xr), BS(Af) electrons only leads to weak
structures. In the case of Ar and Ne, they are similar in the solid
and the gascous phase both as regards the weak oscillator strength
and the asymmetric window shape “2). With increasing excitation
energy the next core electrons which come into play are the 4d(Xe),
3d(Kr) and 2p(Ar) electrons. Excitation of these electrons leads
to pronounced structures in the optical spectra., In Fig. 7, a '
general view is given on the absorption of Xe from 8 eV to 1000 eV
The solid curve between

(5,
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Fig., 7 Absorption coeflfficient ol Xe., Below 20 eV (solid Xe):
solid line from Ref. 44, 29; dashed-dotted curve from Ref. 12.
30 eV - 250 eV region: solid line (Solid Xe) and dashed line
(egaseous Xe) from Ref. 43. The points are from Ref. 45 (o),
Ref. U6 (o), Ref. 47 ( ), and Ref. 48 ( ).

30 eV and 300 eV shows the first continuous measurement of the ab-
sorption of solid Xe in the region of hd excitations h3 « L1t 4.8
compared with a measurement on gaseous Xe (dashed line) (43). In
both mecasurements, synchrotron radiation was used, The points re-
present different measurements with conventional light sources
,(x-ray tubes). In the region of Xe 4d excitations a close overall
agreement between the optical spectra of the gaseous and the solid
phase is observed., The same is true for Kr 3d (43) and Ar 2p 49
exciltations, Striking differences between the gaseous and solid
rhase are observed in the onset region of core transitions. This
is demonstrated in Fig. 8 which shows the onset of Xe 4d absorption
in larger scale. ' -
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Fig, 8 Absorption coelfi-
cient of solid Xe and gasecous
Xe (dashed curve) al the on-
set of hd transitions. Spin

" A - orbit partners are denoted by
2_(j] ____ ;,.I """ ’ 006 eV Sitwidth prime% and unprimed let-
B ters ¢
65.09eV 672.02eV
1 1 1 1 | L 1 1 1 |
64 66 68 7 7 7
hv (eV)

In the gaseous phase narrow absorption lines are observed, They are

due to Rydberg series of the type Md10(18b)-»“d9(2D./ 3/
series are spin orbit split by the spin orbit splitTing o%

)np. The
.the Ud

hole. In the solid, rather broad as well as sharp (B,B'-maxima)

structures are found. Rossler
region by transitions from Cthe
band states. In this case, the

of the conduction band density

(50) has tried to @interprete this

very flat core levels to conduction
optical funciion if a superposition
off states with the spin-orbit split-

ting and degeneracy of the core levels taken into account.

L XENON
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H
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1t MLL‘L\’,’
exp. 11 .
—  cale. HH Fig, 9 Onset of abs?fggion
5 : from Xe - Ad levels \F in
4 . N i i g ; i comparison with densfyﬁ of
65 66 67 68 69 70 71 EteV) states calculations \~ ¥,
In I'ig. 9 the measured absorptlion coefficient of Lhe onset

Xe Ud transitions is compared with the calculated spectrum

{50)

Good agrcement between both curves can be sltated except of

«the narrow maxima B,D'
Frenkel type excitons.

which are explained as spin orbit split
It is interesting to note that the one

-electron band structure is able Lo interprete the onsel of core
transitions quite well but fails in the interpretation of wvalence
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excitations. This behaviour of RGS is not understood up to now, A
good agrecment between theory and experiment has also been obtained
for the onset of Kir 3d absorption ()0 ?6) and Ar 2p excitations ()0)

The absorption specltra of core electrons above threshold with the

great similarity in the gaseous and solid phase are interpreted in
atomic models 5' . This topic is beyond the scope of this paper.

248 Valence band sbructure of rare gas solids

In the past it turned oult thal not only optical spectroscopy but
also photoelectron spectroscopy (PES) is an extremely useful tool
for the investigation of the electronic structure of matter. In the
case of dinsulators like RGS, charging ol the samples is a severe
problem for PES, Therefore, up Lo now, only thin evaporated layers
of RGS have been investigated (d £ 1000 X) A strong effort was put
into. the study of energy transfer and relaxation phenomena (sce
chapter 3). From the electronic states of RGS the valence band
structure has been deduced from energy distribution curves {EDC'S%
In Fig. 10, EDC's of solid Ne, Ar, Kr and Xe are presented 52, 5
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The excitation energies for the different curves are included,

E,, means the ecncrgy of the vacuum level measured from the top .of -
the valence band. The values of E  are deduced from the EDC's., The
excitation energies used are all below Lhe onsel of electron-
‘electron scattering.

Above threshold, the width of the EDC's increases with inercasing
photon energy until the photon energy is sufficient to excite eclec-
,trons from the bottom of the valence baud. Then the width of the
.EDC's is independent of photon energy. 1t represents the total widlh
of the wvalence bands (NL. 1,3 eV, Ar: 1.7 eV, Kr: 2.3 eV, Xe: 3.0 QV)

52,53 « It considerably exceeds the spin orbit splitting of the
valence bands anq+indicates the non-neglegible dispersion of the
valence bands in k-space,

In the EDC's of solid Xe, for excitalion energies between 13 eV

and 16 eV, three maxima can be clecarly separated, the energy of
“which is independent of photon energy. Thercefore they are altributed
to density of states maxima of the valence bands. These density of
states maxima stem from the region close to the Brilloun =zone
boundaries and indicate a considerable crystal field splitting of

the j = 3/2 valence band. The two maxima with binding energies less
than 2 eV originate from the upper (j = 3/2) valence bands. The
third maximum stems from the lower (j = 1/2) valence band. In Kr, Ar,

Ne a partial overlap of the three maxima is found because the spin
orbit splitting and the dispersion of the bands decreases.

Recently (54) the experimental EDC's of Ar and Kr have been com-
pared with different band structure calculations. It turned out
that self consistent Hartree-Fock calculations corrected for both
long fqnge correlation effects (poldrlzaLLon) and short range
effects (relaxation) are suited to- obtain a reasonable agreemcnt
between theory and experiment.

3. DECAY OF EXCITED STATES OF RARE GAS SOLIDS

3.1 General wrcecmarks

The decay of excited states of RGS is not a single step process but
contains different contributions. These may be generally divided into
- two groups: ‘

(1) Radiative decay processes,
(2) Non - radiative decay processes.

.The radiative decay processes are investigated by luminescence
speclroscopy. Luminescence can be only measured {rom more or less
long - lived intermediate states during the decay of electronic
excitation. Obviously, these intermediate states are on the final
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stage of" a series of non -~ radialive cascading decay processes. This

can be seen most convincingly from the fact, that luminescence
spectra of RGS are nearly independent from the kind of excitation

(see Scc. 3.2).

The non - radiative processes influence the quantum efficiency of

luminescence and also show up in
essentially need a tunable Light
The different processes can only
cited state is picked out by the’
fore, among the various kinds of
of special interest. In the case
as PES gained very much from the

ENERGY

vB

In Fig., 11, a schematic outlline o

PES. Experimental investigations
source for the primary excitation,
be unfolded if a well defined ex-
excitation process itself. There-
luminescence, photoluminescence is
of RGS, photoluminescence as well
use of synchrotron radiation.

Iig. 11 Model for the decay of

a conduction band state of RGS.
e dis the excitation energy,

faiw' is the energy of luminescence
photons. VB: valence band, CB:
conduction band.

f the decay processes starting

from a well defined excited conductlion band state is given. In pure
RGS we have to distinguish between four different steps:

(1) The high kinetic energy phot
scattering (e.g. electron-ph
tering).

(2) The slowed down electrons ar

oelectrons are slowed down by
onon or electron-electron scat-

e cﬁptured by the holes and ex-

citons are formed which relaxe to lower excitonic states.

(3) The excitons relaxe to local

ized states ("self trapping").

(h)l The "self trapped exciton" (STE) decays radiatively to its

ground state which is not in
Equilibrium with the lattice
relaxation of the STE ground

This model is very crude. Effects
before capture of the eleclron ar

equilibrium with the lattice.
is obtained by non radiative
state.

like self trapping of the hole
e neglected,



Lf Vlwe are dealing with doped RGS, energy Lransfer Trom the host to
the guest may compete wilh all four sleps. As acceptors not only
doping atoms but also the substrale of the sample and atoms ad-
sorbed at the surface play an important role. Energy transfer
processes are influenced very much by the motion of free excitons

in the lattice. All these processes can be investigated by measuring
the following quantitics:

.(1) Laminescence spectr;: the spectral distribution of luminescence
Light., § -

(2) Photoluminescence yield spectra'(PLY) or excitation spectra.
They give the efficiency of luminescence as a function of ex-
citation enecrgy.

(3) Energy distribution of photoelectrons (EDC's) under excitation

© with monochromatic light.

(4) Photoelectric yield curves (PEY) which give the efficiency of

photoemission as a function of excitation energy.

(5) Time dependence of luminescence,
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investigation of RGS luminescence in-
cluding PLY curves. Synchrotron ra-
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In IFMig. 12, an experimental set-up for the ihvestigation of’ RGS
luminescence including PLY mcasurements is given (55).Synchrotron

‘radiétion is monochromatized by a near normal incidence monochro-
mator. The. monochromatized light is focused onto the sample. The
focus serves as entrance slit of a Seya Namioka monochromator with
which the emitted light is analyzed, This is an optimal fitting of
an analyzing monochromator to the luminescing sample. Windows and



optical components to handle the luminescence light are avoided.,
Therefore, - luminescence can be investigated from the far VUV

(NBO eV) down to the visible. The samples are prcpared.by conden-
sation of the rarc gas on a gold-coated sapphire plate mounted

on a lle cryostat.

In order Lo mecasure a luminecscence spectrum, the near normal in-
cidence monochromator is fixed to a certain excitation energy and
~the Seya Namioka monochromator is scanned. PLY's of a certain
luminescence band are obtained by fixing the Seya Namioka to the
energy of the luminescence band and scanning the primary monochro-

mator,
o
RI“ ) I ljt!lfll‘l‘l'r'.'.‘

Fig. 1% Set up for simultaneous photoemission and reflection measurec-
ments (50), SR synchrotron light, M monochromator, EX exit slit,

SC sample chamber, K cryostat with CS cooling shields, GH gas
hdndling, I sample holder, EEA electron energy analyzer with CH
chamneltron, D1 measures the reflectance, with D2 the thickness of

Lthe samples is measured, 1. laser, '

In TFig. 13, a typical set-up for PES on RGS is given (56). The role
of the Seya Namioka is taken over by an energy analyzer for photo-
electrons. PEY's, however, are not measured with the analyzer
(because of intensity reasons) but with a copper grid in front of
the sample. The copper grid is kept at a potential of +1 kV and
electrons are measured independent of their kinetic energy (total
yield in contrast to "partial" yield curves in luminescence).

The set up of Fig. 13 also includes the possibility to measure the
‘thickness of rare gas layers by interference patterns as well as
reflectivity of the samples.

- e

The discussion of the decay processes in RGS will be divided into
three parts:



( 1) Radiative decay.

(2) PLY and PEY curves in the ecxcitonic region of excitation
which contain information aboutl energy transfer phenomena
and motion of excitons,

(3) PLY and PEY curves alb higher excitation energies. Here mainly
electron-clectron scattering will be discussed. EDC's play
an important role in this context,

J.2 Radiative decay of exciled states of rare gas solids

The first luminescence measurements on RGS have been published by
Jortner et al (57) who used an A -source (210P0) for excitation
purposes. Since then, scveral investigations have been carried out
using different excitation sources like high energy electrons

(MeV region) (58:8,59“6h), Low oner,y-electrons (~500 eV)(65“67),
X-rays 7?‘75), &K -particles (76-81 and finally VUV-light (82‘88;55).
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Fig. 14  Luminescence bands of RGS. The Xe, Kr, and Ar bands are
taken from Ref. 89 (optical excitation, 5 K). The Ne spectrum
is taken from Ref, 73 (X—ray excitation, 6 K).

In Tig. 14, a survey is given on the main luminescence bands which
are found with all kinds of excitation., In the case of Ar, Kr and
Xe, broad bands are found withoutl fine structure (Ar: 9.8 eV, Kr:
8.25 ev, Xe: 7.1 eV). These bands are strongly shifted to lower
encrgics compared with the onset of absorption (Stokes shift). The
relevant parametlers are given in Table 5. The Ne emission consists
of one rather narrow band at 16.7 eV (close Lo the energy of the
"n = 1 exciton) and two broad bands al lower energy (16.1 eV and
~1l OV}. A high resolution analysis of the narrow emission band
(65:7“ exhibits some fine structures. The broad RGS luminescence
bands are the promising candidates for VUV lasers.
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The results obtained by different groups do not agree in all de-
tails Dboth for different and identical cxcitation. The diflerences
scem to be explainable by different puriflication as well as pre-
paration conditions, Morecover, depending on the kind of excitation,
defects may be introduced which influence the luminescence spectra,

. Lable 5 Luminescence properties of RGS. The dominating bands (of
Ar, Kr, Xe) (relaxed STE) were mecasured by several groups (e.g.

- Ref. 57, 62, 68, 75, 86G). The half width is given in brackets. (ALl .
energies in eV) : S

Ne Ar Kr Xe
emission of the 9.8 B.25 T 1
relaxed STE - (0.55) (0.45) (0.4)

emission of the 16.1(73’62) 11.37(68)
unrelaxed STE 16.0

1.0 (64,73)

86) (59,62,
7.6 '79’89)

"high tempera- 11.1(
ture" band

emission of "free!" excitons

Ne 16.49; 16.6h; 16.66;5 16.7h; 16.79; 16.80; 16.91; 17.01 (Ref.
62) :
16.6; 16.7; 16.75; 16.9; 16.95 (Ref. 65)
16.65; 16.7; 16.8; 16.9 (Rel. 73)
16,7 (Ref. 6U)

center 16,7

Ar 10.58; 10.74;5 10.89; 10.99; 11.53; 11.56; 11.61; 11.67
(Ref. 62)
11.58; 11,64 (Ref. 68)

Kr 9.92; 9.96; 10.02; 10.12; 10.13 (Ref. 62)

Xe 8.18; 8.24; 8.3h; 8.36; 9.0; 9.2; 9.4 (Ref. 62)

8.18; 8.33 (Ref. 69)
8.2 (Ref. 81)

The striking features of RGS luminescence (IMig. 1) are:

(1) They are very similar to the emission bands of liquid and
gaseous rare gases al higher pressures ( 500 Torr) L
This is a striking behaviour compared to other kinds of
solids, 4

(2) RGS luminescence bands have a very large Stokes shiflt,

—~
e
~—

RGS luminescence bands have a large width and no fine
structure (except of Ne).
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Besides the luminescence bands shown in Pig. 14, under certain
experimental conditions, somec other bands show up, which are due to
the pure RGS and not to impurities or defects:

‘(1) At elevated Lemperatures (T x50 K), solid Xe emits an addi-
tional broad band centered at ~7.6 eV 59,79,89), & typical
selt of luminescence spectra at different temperatures is
presented in IFig. 15. The branching ratio between both bands
has a remarkable temperature dependence. IFor solid Ar, there
is some indication that besides the 9.8 eV band a weak band at
1.1 ev (86) (17220 k) and 11.37 ev (68) exists.

(2) Desides the broad luminescence bands very weak sharp lumi-
nescence lines are found for solid Ar 62,68 ’ Kr (02) and
Xe (62:69,81). These lines are slightly Stokes shifted comparecd
to n = 1 excitons. Obviously they are only found in well
annealed samples. In Fig. 16, we present the Xe results as an
example 69 .
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IFig. 15 Temperature de- Fig. 16 Luminescence of solid
prendence of the Xe lumines- Xe including the Yea% "free
cence bands excited by & - exciton" emission 69

particles (resolution .2 eV)
and VUV=1light (dashed curves;
‘resolution .4 eV) (89

Another group of luminescence bands of RGS which mainly show up

under e -excitation should be me?tioned. hey are found between
7 eV and 4 eV for Ar, Kr and Xe 8,60,62), In other investigations



they do not show up (e.g. under A -excitation and optical excitation)
In Ref., 63 and 84 it was indicated that these bands may be due to
impurities. Therefore they are no longer discussed here.

The explanation of the radiative decay mechanism in RGS starts from
the close similarity of the luminescence bands in all three phases,
FFrom this similarity it was concluded that in the solid the decay
mechanism should be similar to the decay mechanism of the gaseous
phase. In gaseous rare gases, it has been sliown by Tanaka 90

- that an excited rare gas alom R*(BP_ ) can form a covalently bound
molecule together with a R(1So) groud state atom:

1{*(31)1,2) g ]1(180)-_;]1;(1’3211)- (7)

The potential curves of such molecules in the gas phase have been
discussed by Mulliken (91 + A schematical configurational coordinate
diagram is given in IPMig, 17. The ground state of this molecule is
strongly repulsive apart from a very shallow van der Waals minimum.

2
:C, (Ar,Kr,Xe) |
o | (Ne)
B e
£ (Ne) |
O Iy =
o 9 L
ul [
= I
i |
[
[
|
[ : — -,
I : Mg, 17 Potential curves of a diatomic
: rare gas molecule (realistic for Arz).
| ‘ | The vibrational relaxation process

2 3 4 5 (Ar,Kr,Xe) and the explanations of the
INTERNUCLEAR DISTANCE(R) dominating luminescence bands are indi-
cated by arrows.

Initially after formation the molecule is vibrationally excited.
Via collisions with rare gas atoms it can relaxe to the vibrational
ground state of the electronic excited state. The vibrational re-
laxation competes with the radiative decay of the molecule. At

high pressures (p 2500 Torr) the vibrational relaxation is much
faster than the radiative decay of vibrational excited states.
Therefore, only the radiative decay of the vibrationally relaxed
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molecule can be measured (the so~-called second continua of gaseous
rare .gases). Al lower gas pressures, the vibrational relaxation is
slowed down. In this case, luminescence is obtained from the vi-
brational excited molecules (the so-called first continua of

gasecous rare gases). The large Stokes shift of "rare gas luminescence
is explained within this model by a) the depth of the potential
curve of the excited state, and b) the height of the repulsive
ground state potential curve at the internuclear distance at which
the radiative decay takes place. The width of the broad luminescence
bands directly reflects the steep slope of the repulsive ground
state, '

In the solid, we know (see Sec. 2.2) that the n = 1 excitons are
located within - roughly speaking - one unit cell. They closely
correspond to an atomic excitation (n = 1 Q‘R*(BP )). It is assumed

that a slight spacial displacement of such an excited atom and a
nearest neighbour in its ground state relative to each other leads
to molecule formation within the solid. This bProcess is called
"self trapping" of the exciton, and the molecule itself "self
trapped exciton" (sTE). %he formation of STE has been treated
theoretically by Martin 92’933 and Molchanov (94),

The time tT_,, required for the self trapping process has becen
calculated by Martin (93) and is of the order of 5 x 10-12 gec,
This is very fast compared to the radiative lifetime of a dipole
allowed transition.

Similar to the gas phase, also in the solid the molecular center is
Tormed- in a highly vibrational excited state. Via coupling to the
lattice, wvibrational energy can be converted into phonons. Multi-
phonon processes are nécessary because the vibrational quanta ex-
ceed the energy of phonons. In Ref. 11 an estimate for the order N
of multiphonon processes is given. With increasing atomic weight,
it decreases from N =18 for Ne* to Na3 - 6 for the heavier rare
gases. Therefore the vibrational relaxation is slow in solid Ne
and fast in solid Ar, Kr and Xe.

The vibrationally relaxed STE is the lowest excited electronic
.state in RGS. It's radiative decay leads to the broad emission
bands which are observed in solid Ar, Kr and Xe. They correspond
“to the second continua of the gas phase. In solid Ne, the relaxed
STE is not reached. The vibrationally excited STE decays before a
complete relaxation. Two luminescence bands can show up in this
case corresponding to the two turning points of the vibrationally
excited STE, In Ref. 73 the two broad luminescence bands at 16.1 eV
and 14 eV are attributed to the radiative decay of the vibrationally
excited STE atl both turning points and thus correspond to the first
continua of the gas phase. The diffTerent behaviour of Ne compared
with Ar, Kr and Xe is indicated in Fig. 17. The weak 11,37 eV band
of solid Ar (68) seems to be due to the decay of the Vibrationally
excited STE in analogy to the behaviour of solid Ne. Tor the

"high temperature" bands (see Table 5) of solid Ar and solid Xe,

an unambiguous explanation is still lacking.
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IFrom otlier solids like semiconductors it is known that free ex-
citons contribute to luminescence. In RGS, the radiative decay of
free excitons competes wilh the self trapping process. Because
T op & tHl’ in early measurements no radiative decay of free ex-
cifons was obscrved. The question whether there exist sharp Llumi-
nescence lines duc to the radiative decay of free excitons gained
much theoretical interest. Toyozawa (95) pointed out, that the
free exciton state in RGS should be metastable with respect to
_excitbn-lattice interaction and not unstable. In other words, the
free exciton and the STE should be separated by a potential barrier.
As a consequence, sharp emission lines of the free excitons should
show up in RGS. This was proved recently by different groups (see
Table 5).From the branching ratio between the emission of the vi-
brationally relaxed STE and the free exciton, the self trapping
time for Xe excitons could be estimated (81). The experimental
value of T‘T ~ 2 x 10=11 gec is slightly longer than the wvalue
calculated Ey Martin (93). The sharp emission lines (see e.g.IMi.g. 16)
are slightly Stokes shifted (some tenths of an eV). The Stokes shift
is explained by a cubic relaxation of the lattice around the free
exciton. : —

In solid Ne, the main emission band at 16.7 eV is explained by the
radiative decay of free exciltons aflfter the cubic relaxation. The
potential barrier between the free state and the STE seems to be
so high that 'C'R <, CST'

Measurements of radiative lifetimes of the STE as well as of the

free excitons in RGS have nolt been published up to now, Such measure-
ments would give detailed information on the molecular states of

the STE which split in the crystal field of the solid 94 . Life-
time measurements on RGS age performed now with pulsed electron ex-
citation by Hahn et al . Preliminary results on solid Xe in-
dicate two components of the STE luminescence: a fast one of some

ns and a slow one, the decay time of which varies beltween ~150 ns and
~I /us depending on temperature (96). The time characteristics of
solid Xe luminescence seem to be similar to the behaviour of the
gaseous phase at high pressures 97 concerning lhe appearance of a
slow and a fast decay time. But the long decay time exceeds the gas
-value by an order of magnitude at low temperatures.

3.3 Photoluminescence and photoelectric vield of rare gas solids
in the excitonic region of excitation

In the previous secltion we have discussed steps 3 and 4 of the
decay processes outlined in Fig. 11. Now we proceed with step 2.
Step 2 includes (1) relaxation of higher members of the exciton
series to the n = 1 exciton, (2) motion of free excitons, (3)
energy transfer in doped samples from the host excitons to guests.
It turns out that all these processes show up in the yield curves
of the two decay channels photoluminescence and photoelectron
emission,
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Fig., 18 Photoluminescence yield of the 7.1 eV band of

solid Xe (86). The dashed curve is an absorption spectrum

of’ solid Xe 20). The luminescence intensity is normalized

to the incident intensity of the exciting light.
The first photoluminescence yields (PLY) of RGS luminescence bands
were measurcd by Nanba et al 83) (7.1 eV band of Xe) and Brodmann
et a1 (85,86) (7.1 eV band of Xe, 8.25 eV band of Kr and 9.8 eV
band of Ar) with the set up of IMig. 12, In Fig. 18 the result on

solid Xe of these early measurements is shown 8 together with

an absorptlion curve of solid Xe 203. The main features of the PLY
are pronounced maxima at the low and high energy side of the ex-
citons (especially off the n = 1 lﬂ(3/2) exciton) and deep minima

at the energy of the excitons themselves. This indicated a low
luminescence efficiency for excitation at the energy of absorption
maxima and a high luminescence efficiency for excitation of the
tails of absorption maxima. This behaviour was not understood at all
at the beginning of these investigations.

It was argued, however, that perhaps surface effects could play an
important role 86), Improving the vacuum in the sample chamber to
~10~9 Torr made it possible to investigate the influence of surface
effects (55!87). It turned out, that even a fraction of a monolayer
of contamination is able to quench the luminescence. This is de-
monstrated in the left part of Fig. 19 which shows a sel of PLY
curves of the Kr 8,25 eV luminescence band. Curve I has becen oblained
from a sample immediately aflter preparation. The minima in this
curve at 10.2 eV, 10.85 eV and 11.22 eV coincide with the energics
of the n = 1 P(S/Z), n' =1 P(1/2) and n = 2 P(B/E) excitons. Curves
IT to V are obtained from the same sample witlh increasing surfacec
contamination. The minima get more and more pronounced until nearly
.static curves are obtained (curve V). '

This behaviour is explained by an encrgy Lransfer L{rom excitons to
the contaminant at the surface. Because the acceplors for the
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Fig. 19 Time dependence of the PLY curves of the

8.25 ¢V Kr luminescence band due to idncreasing con-
tamination. Experimental results on the left. Comparison
with model calculations on the right.

encrgy transfer are in a geomelrically well defined position of the
samples, their influence on the PLY can be calculated quantitatively.
However, assumptions must be made on the kind of energy transfer
which takes place 55 .

In the case of PLY spectra of RGS, two different models for the
energy transfer have been applied (55,87

(1) Diffusive motion of free exciltons and "collision induced"
energy Lransfer to the acceptor atoms at the surface.

(2) ~Energy transfer from immobile excitons (STE) to the acceptor
atoms at the surface bg dipole - dipole interaction according
to Forster's theory (9 ).

In the "diffusion model" the starting point is the fact that the PLY
is proportional to the steady state number of STE which itself is
proportional {to the steady state number of free excitons, N. Under
normal incidence conditions, N is given by

d
N ~~ f n(x)dx ) (8)

where x means the coordinate perpendicular to the surface and

d means the thickness of the sample. n(x) is the steady state con-
centration of free excitons. » -

'n(x) is calculated from a diffusion equation

D . d n = n - Jo.doexp(—dJ{) (9)
dx ST
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containing a diffusion term (D: diffusion coefficient of free ex-
citons), a .deccay term for free excitons ('C wnt self trapping life’
time; the radiative lifetime being neglectegf and a generation
tefm_(J ¢ intensity of dincident light, o : absorption coefficient),.
“The inf?uence of energy transfer from excitons 1o the acceptor
atoms is introduced by the boundary conditions

d d *
—D'(EE) = —n(O)-s; D(E% = en(d)‘s ) (10)
XxX=0 x=d

(s,s : surface recombinatlion velocity at the front and the back,
respeclively),
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The dependence of N on the excitation energy is introduced by the
encrgy dependence of the absorption coefficient. The solution for
the PLY curve contains {two unknown quantities:- the diffusion length

Lo i VD-C o' free excitons and the ratio s/vD where vy means the
diffusion velocity v_ = Lo/‘CST. s* does not sliow up in the so-

lution, if d>» 1. In Fig., 20 a set of calculated PLYs is given

for different values of s/v,, together with the input data of the
absorption coefficient ¢ (18) and reflectivity r(R0), s/vD = 0

means no encrgy transfer at the surface (no acceptor atoms being
present), 53> vV means n(0)~0, all free excitons rcaching the
surface transfer their energy to acceptor atoms. With s = 0 a fairly
“good fit of the PLY of the neérly clean sample is possibie. This

is demonstrated in IFig. 19 (upper two curves in the right part).

The energy dependenqe of the PLY in the excitonic region of ex-
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citation' is ecxclusively introduced by the reflectivity of the sample
(PLY is normalized to the incident intensity)., With s > v and a
diffusion length of 200 ] a fairly good filt of the PLY V of Tig. 19
is possible gsee right part of IMig. 19, lower cuirves). Ackermann

et al (55:87 conclude:

(1) The diffusion length of free excitons in solid Kr is ~200 R,
provided, excitons do move, '

'(2) The speclra can be explained by approximately the same dif-
Tfusion length for the n' = 1 as well as for the n = 1 ex-
citon,

The latter point perhaps indicates an electronic relaxation of
higher excitons to the n = 1 exciton which is much faster than self
trapping ( Cheqs Cé ). In this case only the dynamics of the n =
exciton show up in %he PLY,

The dipole - dipole transler model is also able Lo explain the PLY,
In this model, the interaction strength belween inmobile excitons
and the acceptor is characterized by a critical radius R 98)., For
the geometry used in the experiment it is more convenien® to
characterize the energy transfer to the surface by a length, do’
given by

—
v

6
R n, (11)

where n_ means the number of acceptors/cm2 at the surface. d_can
be regarded as the thickness of a "dead layer" for excitons near
the surface. IFig. 21 shows a comparison of a calculated PLY and
the measured PLY V of Fig. 19. IFrom d_ = 80 R, a value of R =az 22
is obtained. This value is in good a rgyment with RO: 17 ! Calcu-
lated according to TForster's theory 98),

— measured
—— calculated (dg=80 AE)

Fig., 21 Comparison between the
measured PLY of the 8.25 eV Kr band
(curve V of Fig. 19) and a model
calculation (dipole-dipole energy
transfer model).

LUMINESCENCE INTENSITY (arb. units)
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At the present time, from point of view of PLY spectroscopy, it is
not clear whether diffusive motion of Tree excilons or dipole -~
dipole interaction between immobile (STE) excitons and acceptor
atoms is the dominating contribution to energy transfer processes,

Recently, the PLY of both the host and guest luminescence of C6H_
doped RGS has been measured as a function of impurity concentration
99). The ratio of the luminescence intensities not only depends on
the concentration but also on the excitation energy, ILt.was con-
"cluded that a complicated balance between both encrgy transfer
processes has Lo be taken into account in this special system,

As an excellent tool for the investigation of electronic relaxation
processes and of the dynamics of free excitons in RGS, PEY-measure-
ments can be used,

Since the early work of O'Brien et al (100) who investigated the PEY
of .solid Kr and Xe for excitation energies below the Lil® cutoff it
is known that photoemission not only occurs above the threshold
given by the vacuum level but also below the intrinsic threshold.
This kind of photoemission was explained by exciton-impurity inter-
action. The mechanism of this impurity enhanced photoemission is
explained in Fig. 22, It shows an energy scheme of a RGS with the
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Fig, 22 Models for the pholo-

. - -1 emission mechanisms in pure
mva \\Rx\\\\\\\\\\\\s m and (]_oped RGS.
A B c ' ‘

valence band, VB, the conduction band, CB, the host exciton levels
n=1,2... and impurity exciton levels El - B = represents the ener-
getical position of the vacuum level. If''a ho%% exciton transfers
its energy En to the guest G, the latter may be ionized. Depending
on the depth of the impurity level and the position of E__, the
free electron can have an energy above or below ETH' If 1ts ?e¥gy
%s above ETH’ photoemission shows up. In a series of papers o=
106), impuritly enhanced photoemission of RGS was investigated con-’
sciously in order to study exciton dynamics and energy transfer
phenomena.,



Two methods have been applied:

(1) Detection of photoelectrons resulting Crom the decay of free
) excitons al the interface sample-vacuum or sample-substrate
in pure RGS To2,105,107) (extrinsic photoemission).

(2) Detection of photoelectrons resulting from impurity ionization
in doped RGS (Tol1,103,704,106,107),

.In the Tirst group of experiments, for the interaction between ;
excitons and the substrate (Au) two mechanisms have been considered:
(1) rorster - type dipole -~ dipole interaction between ST and

the Au substrate.

(2) Diffusion of free excitons and "collision induced" energy
transfer to the substrate.

The key experiment in order Lo distinguish between both encrgy Lbrans-
fer processes was the dependence of PEY curves on the thickness of
the layers. Iérster - type energy transfer was ruled out from the
results. In the framework of exciton diffusion, the steady state con-.
centration of free excitons, n(x), was calculated from a diffusion
equation similar to Eq.(9) under the assumption of the following
boundary conditions: n(0) = 0, n(d) = 0, d being the thickuness of

the layer. From n(x), the flux of free excitons through the inter-
face (-D-dn/dx),"d was calculated. The number of photoelectrons
leaving the substrate is proportional to the exciton flux. Multi-
plication of the flux with exp(-d/l1), 1 being the attenuation Llength
of photoelectrons in the sample results in the exciton enhanced PLY.
From fils of the experimental data (dependence of PEY on thickness

as well as excitation energy) values are obtained for the diffusion
lengths of free excitons as well as attenuation lengths for photo-
electrons in RGS are obtained. The results are summarized in Table 6
together with exciton diffusion lengths extracted from PLY curves.

Table 6 Diffusion lengths (Lo) of free excitons and attenuation
lengths (l) of photoeélectrons in RGS

Ne Ar Kr Xe . Method
Lo (K) 2500(107) 120(105) 75(101) excilon enhanced
150(104) impur%ty photo-
emission
7 10!
L (R) >h000(10/) 300(10#) extrinsic photo-
° N ' emission
Lo (R) 50(87) 200(55) 150(87) PLY curves.
(T4 10K) 7
!
1 (K) 3500(107) 1200(105) 850(10‘) extrinsic photo-

emission



Fig., 23 Photoelectric yield per
photon penetlrating the sample for
_ 0.3% Xe in Ar (solid curve) and
pure Ar, The insert shows the re-
flectance mecasured simultaneously,
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In the second group of photoemission experiments, the PEY of doped
RGS is measured. In Tig. 23 a typical result is presented ( .3% Xe
in Ar) 105), Three energy regions in the PEY must be considered. In
region A, impurities are directly excited above the impurity
threshold. In region B, exciton states of the host are excited.

In this case, energy transfer from the host exciton states to the
impurity states leads to photoemission. In region C, direct photo-
emission from the host matrix at energies above Lhe matrix threshold
is" observed. The processes A, B, C are clucidated in Fig., 22. A
comparison between the PEY of the Xe doped sample (full curve) and
of undoped Ar (dashed curve) clearly shows an enhancement of the

PEY by doping. The line shape of the PEY in region B sensitively
depends on thickness. In very thin layers ((1:&90 R) the PEY shows
maxima which coincide with the absorption maxima of the matrix. With
increasing thickness, the PEY shows dips corresponding to the ab-
sorption maxima of the matrix. These dips are similar to the minima
in the PLY curves of samples with a surface layer of acceptors.

The shape of the PEY in region B contains information about the

kind of energy transfer from the host exciton states to tLhe im-
purities. Only free excitons have to be considered because the
energy available from the STI is smaller than the impurity threshold
energy. The PEY is given by

d
Y = 5 LR] u{ exp(=x/1) * n(x)dx (12)

where n(x) is the steady state concentration of frece excitons, 1 the
attenuation length of photoelectrons, d the sample thickness,

[R] the concentration of impurities, S the rate constant for
impurity ionization and Jo the incident light intensity., n(x) is
governed by a diffusion equation similar to Eq.(9) which must be
completed by an energy transfer term —S-[Rj-n(x) (steady state
conditions)., The model calculations for the PLY according to Eq. 12
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with n(x) obtained from the diffusion model fit the experimental

results quite well if the boundary conditions n(0) = 0,n(d) = 0

are used. This is shown in Fig. 24 where PEY curves of three samples

with different thicknesses are compared with the model calculations.

Not only the yield itself but also its dependence on the impurity
concentration was measured and compared with the model calculations.
From the fits of the measurements by the model calculations the
following quantities are obtained: the diffusion length of free ex-
citons and S+T_ (T.: lifetime of free excitons). The results for
solid Ne, Ar, Kr, and Xe are summarized in Table 6. Good agrecment
between the values for the diffusion lengths obtained by luminescence
and photoemission measurements is found.

From the PEY curves of exciton enhanced impurity photoemission it
cannot be decided from which host state the energy transfTer takes
place if a higher exciton is excited. Such informations are obtained
from EDC's.’

In the case of Xe doped Ne and Xe doped Ar such measurements have
been carried out for the first time by Schwentner and Koch ?)

They found striking differences between both systems. In Xe doped
Ne, the internal relaxation Lfrom higher members of the exciton
series to the n = 1 exciton is so fast, that in the EDC's of the
exciton enhanced impurity photoemission only a transfer of the
energy of n = 1 excitons can be found. In Xe doped Ar, however,
also unrelaxed n = 2 excitons show up in the EDC's, PFrom this kind
of measurements it was possible to obtain time hierarchies for the
various competing decay processes in these systems.
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Tl Photoluminescence - and photoemission vield curves for
higher excitation energices

In this chapter we want to discuss the yield spectra for exci-

~ tation encrgiecs up to ~50 eV. In this energy range where the inj-

tial excitation process results in a hole and an electron with high
kinetic energy, the processes summarized as step 1 of the crude
decay model of Fig. 11 show up. These are mainly electron - phonon
scattering, electron - electron scalttering and in doped samples
electron-impurity scattering. Electron-phonon scattering in solid
rare gases is rather inefficient because of lack of optlical phonons
and because the acoustical phonons have very small energies (108).
Therefore clectron-clectron scattering will be in the foreground

of discussion,

The nature of scattered states can be concluded Trom the yvield
curves of bolh kinds of measurecments. The scattlering probability
can be obtained from an energy analysis of the photoelectrons. It
also shows up in PLY's. A quantitative deduction of scalttering
probabilities from PLY's of RGS, however, is not available up to
now.

YIELD [ARB.UNMS]

= Fig. 25 DPhotoemission yield curves
PHOTOR ENERGY (eV) ol solid Ne, Ar, Kr, and Xe.

In Mg, 25, tgg PEY curves of RGS are shown for excitation energies
up to 30 ev (52), Above threshold, ﬁT-’ the PEY is nearly in-

(Eex: energy of the n = 1 exciton) is reached. Above E1, the " PEY
of solid Kr and Xe show a marked decrease, This decrease is not

‘present in the curve of solid Ar. The enerfg E1 % interpreted as
2,10

the onset of electron-eclectron scattering It is assumed
that at the onset the initially excited photoelectron is scattered
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to the bottom of the conduction band and an exciton (n = 1) is Pro-
duced.. Tn the casc of solid Kr and Xe, both scattered states are -
below lhe threshold encrgy LI, f'or photocmission. Therefore electron-

electron scattering leads to a decrease of the PEY around the onset,
‘In the case of solid Ar, the vacuum level is below the bottom of the
conduction band. The scattered pholoelectron still contributes to
photoemission and the PEY is not influenced by elecctron-electron
scattering at the onset. (The vacuum levels of RGS are indicated in
TPFPig., 10 as B ). With increasing excitation energy, TW> 2 the PEY's
of solid Kr Xnd Xe incrcase again. This indicates that now at least
one of Lhe scattered states has an cnergy above the vacuum level.
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Much deeper insight into electron-clectron scattering is obtained
from EDC's as presented in Fig. 26 110), The excitation energies
indicated in the IFigure have been chosen from the region slightly
below and above 2E . The unshadded parts of the EDC's show the
energy distributioﬁ of photoelectrons which have not been scattered
whereas the shadded curves show the energy distribution of
scattered electrons. The maxima A, B contain information about the
density of stales of the valence bands (see Sec. 2.8). With in-
creasing excitation energy the ratio A/B is drastically changed
because the scattering onset for photoelectrons from the upper
valence band (~ maximum A) has a lower energy than the scattering
onset for photoelectrons from the lower valence band (~maximum B),
In the case of Ar and Xe, in Fig. 26 results Trom:samples with
‘different thickness are included. Schwentner (11°2) deduced the
energy dependence of the mean freec path L(I) from both the de-
crease ol the number of unscattered electrons associated with a
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distinct initial energy when the electron kinefic'energy is varied
through Hw and also from the thicknecss dependence of the number

of unscattered electrons., In Tig., 27, L(E) is shown as a function

of electron energy mecasured from the top of the valence band. TFor
excitation energiecs below E1 = Eg+Eex’ the scattering lengths exceed

1000

Lol

1
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(=1
o

il

—
[=]

ELECTRON MEAN FREE PATH [A]

1 =
L 1 |
15 20 25 3 IFig. 26 Mean free path of photo-
ELECTRON ELERGY [eV] electrons in the region of electron-
above valence bands electron scattering for solid Ar,

Kr, and Xe.

~1000 &, The energy E1 is included in Fig. 27 with "II". With in-
creasing energy ol the photoelectrons, the scattering length is
drastically reduced to values around 1 - 5 % in the case of Kr and
Xe and to ~10 & for Ar (for Ar perhaps the minimum cannot be
reached within ithe range of electron energy covered by the ex-
periment). The small scaltering lengths are found for electron
energies slightly above 2 x E_ (indicated by "IIL")., The curves
in Fig. 27 are the resultlts of a model calculation (116)'f0r L{BY =
This calculation gives information about the onset of electron-
electron scattering, ESC’ which is included in Fig. 27 by arrows.
In the case of solid Kr and Xe, B is very close to twice the
energy of the n = 1 excitons, indicated by "I",

These results are very surprising. They indicate that at the onset
both scattered slates are excitons. In the case of solid Ar, the
onset encrgy ESC corresponds more to ¥, dindicating that the scat-
tering process al the onset is governed by the production of one
“exciton and one electron-hole pair. These results will be discussed
below in connection with similar luminescence results.
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Photoluminescence yield curves for higher excitation energies have
been published up to now only in the case of solid Ar 88 . In

Fig. 28, the PLY curve (luminescence quantum efficiency in relative
units) of the intrinsic Ar luminescence band at 9.8 eV is presented.
The most exciting feature of this curve is the stepwise increase
with increasing excitation energy. The onset energies for these

steps are indicated by arrows (m = 1,2,3). They closely correspond
to, the enecrgies E +me*E < which are the expected onsets for the
production of one®PelecfFon-hole pair and m excitons (n = 1) via

electron scattlering of the initially excited state. In contrast

to photoemission, in luminescence all the scaltered states show

up in the radiative decay channel which explains the steps of

Fig. 28, The step m = 1 has been discussed in more detail

In Fig. 29 the PLY is compared with the scattering length of photo-
electrons in solid Ar, taken from Fig. 27. The energetic position
of the luminescence increase and the decrease of the scattering
length (indicating an increase of the scattering probability) are
in excellent agreement. It was pointed out (88) that the three

step model underlying a temporary description of electron-electron
scattering ((1) initial excitation, (2) motion of the prhotoelectron,
(3) scattering process) might be problematic for scattering processes
characterized by a scattering length smaller than the nearest
neighbour distance of the solid. Therefore, in Ref. 88, it was
proposed that perhaps the process of excitation itself produces the
scattered states in the framework of "electronic polaron complex"
excitation, discussed by Devreese et al (111) for alkali halides.

An execited state of the "electronic polaron complex" consists of

an electron and a hole, both surrounded ("dressed“) by an electronic
polarization cloud, and an additional exciton. This exciton is a
real guantum of the (exciton) boson field which couples to excess
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charges in insulators forming the electronic polaron (111). Two
different types of electronic polaron complexes are possible: in the
bound complex, the dressed electron is coupled to Lhe dressed hole
via Coulomb interaction; in the free complex, this Coulomb inter-
action is neglected,

In Fig. 29, the expected cross sections for electronic polaron
complex excitation are sketched in analogy to the curves presented
for alkali halides (111 . Whereas the bound complex does not show

up significantly in the PLY the increase of luminescence around

E =EFE + E nicely corresponds to the cross section of the free
compleX. The question arises whether such an excitation also shows up
in absorption. Because no direct absorption measurements on solid

Ar are available for photonenergies around 2 E we analyzed re-
flection measurements on solid.Ar in this energy range (109 Indeed,
there shows up a pronounced structure in reflection which could
correspond to the free complex.

PLY measurements perhaps are not conclusive enough to establish

the creation of excited electronic polaron complexes. Ilowever, Gthe
onset energies E_, for electron-electron scattering in photoemission
of solid Kr and Xe also point to the creation of eleclronic polaron
complexes. ESC of solid Kr and Xe closely corresponds to 2-1 e
This onset can hardly be understood in a temporary model, It

could be easily understood in the framework of the bound electronic
polaron complex.
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As already mentioned, inelastic electron-phonon scattering is ralher
inefficient in RGS. The situation can change drastically when the .
fece structure of RGS is changed to hep. Then optical phonons are
“present which amplify inelastic electron-phonon scattering. Such a
phase transition leading to a mixture of fcc and hep has recently
been found in solid Ne at 10.5 K by Schuberth et al (7“,112) with
aid of luminescence spectroscopy. At 10.5 K, the ¥ -induced lumines-
cence of solid Ne increcases by nearly an order of magnitude compared
“to lower temperatures. This effect is due to a drastic reduction of
competing non radiative processes because in the new phase slowing
down of photoelectrons is accelerated by inelastic electron-phonon
scattering. The interpretation of the measurements with a partial

" fee~»hep phase transition was proved by the same authors by measuring
Raman scattering below and above 10,5 K. Above 10.5 K a Raman active
“optical phonon clcecarly showed up whereas it was absent below 10.5 K.
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