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Charge transfer excitations of halogen-doped rare gas solids are treated as Rydberg progressions of hole states. The analysis is 
in good agreement with experiments performed in Cl-, Br- and I-doped xenon. 

Recently Fajardo and Apkarian [ 1 ] recognized 
that the optically accessed charge transfer states of 
solid xenon doped with atomic halogens are exci- 
tonic in nature: an electron of infinite effective mass 
localized on the halogen atom and a delocalized hole 
in the extended solid which is bound to the negative 
center via a screened Coulombic potential. The de- 
scription is analogous to that of excited Rydberg 
states of alkali atoms isolated in rare gas matrices 
(with the obvious inversion of signs of charges), an 
analysis of which was recently given by Schwentner 
and Chergui [ 2 1. In this communication, we present 
an interpretation of the observed charge transfer ex- 
citation spectra of halogens in xenon in the Rydberg 
framework and discuss the expected series in the 
lighter rare gases. 

The treatment of excitons in the framework of 
Frenkel- and Wannier-type states and the conditions 
for applying the effective mass approximation are 
well established [ 3,4]. Rare gas crystals show prom- 
inent progressions of excitons [ 5,6], which have been 
discussed in detail as being intermediate between 
Frenkel (for n = 1) and Wannier (for n & 2) exci- 
tons. Hydrogenic progressions in the excited states 
of heavier rare gas atoms doped in lighter rare gas 
matrices, have been attributed to bound excitonic 
states in which the hole is localized at the dopand 
with an infinite effective mass, 1 /M,, = 0 [ 6-9 1. The 

electron wavefunction is then derived from the host 
conduction band and accounted for by an electron 
effective mass, M,_ The Coulombic interaction be- 
tween the electron and the positive ionic core is 
shielded by the host dielectric. A Rydberg series with 
main quantum number n and which converges to the 
bottom of the host conduction band is expected in 
this scheme. For sufficiently large electron orbits, 
characterized by radii r,, the use of the continuum 
dielectric constant, t, for the shielded potential is 
justified. In this effective mass approximation, the 
term values, B,, and radii, r,, of the Rydberg states 
are given by 

B,, = 1 3.6&e2n2 (eV) , 

r,=n*tad,u (A), 

in which 

(1) 

(2) 

l/p=l/M,+I/M,. (3) 

While the more common situation encountered in 
doped insulators is that of an electron orbiting a po- 
sitively charged ion core the formulation of eqs. ( l)- 
( 3 ) should apply as well to the case of a hole orbiting 
a negatively charged ion core. In the latter case a 
Rydberg series of excited hole states is to be ex- 
pected. To the best of our knowledge, such progres- 
sions of excited hole states in typical insulators - such 
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as alkali halide, rare gas, or molecular crystals - have 
not been discussed in the literature to date. The clos- 
est parallel is that of doped semiconductors. The 
ionization energies of donors in the band gap of 
semiconductors are estimated by the first term value, 
B,, of eq. ( 1) with ,u=M, [ 10,111. The correspond- 
ing energies of acceptors above the valence band of 
semiconductors are deduced in analogy replacing p 
by M,, in eq. ( 1). A progression of hole states is to 
be expected by creating deep acceptor levels in the 
band gap - a condition satisfied in the case of rare 
gas crystals when doped with halogen atoms which 
have large electron affinities. Charge transfer in this 
case creates a negatively charged halogen, X-, and 
a hole in the valence band of the solid. The analogy 
to ionization is the creation of a delocalized.free hole, 
R+. The Rydberg series of these charge transfer states 
correspond to excited states, R*, in which the hole 
remains bound in the Coulombic field of the spa- 
tially fixed negatively charged halogen atom. The hy- 
drogenic progression of hole states should converge 
to the top of the rare gas valence band. Since the neg- 
ative charge is localized, 1 /A& = 0. The effective re- 
duced mass in eq. (3) is then given by the effective 
hole mass, Mhr at the top of the rare gas valence 
bands. 

The relevant parameters to calculate the term val- 
ues and radii from eqs. ( 1) and (2) are collected in 
table I. Mh has been derived from the M, and p val- 
ues presented by Rijssler [ 5 1. There has been con- 
cern about the accuracy of Riissler’s band structure 
calculations, since both experiments [ 15,161 and 
other calculations [ 51 have yielded broader valence 
bands implying smaller effective hole masses. The 
l-s -Lc splitting and the l-s -Xc splitting according 

Table 1 
Electron effective mass IV, and reduced effective mass p (from 
table 3 in ref. [ 51) used to derive the hole effective mass M,,, 
together with dielectric constant c [ 51 

Ne 
Ar 

Kr 

Xe 

Ref. M, F MI! e 

Kunz [ 121 0.802 0.78 28.4 1.24 
Riissler [ 131 0.48 0.44 5.3 1.66 
Kunz [12] 0.488 0.45 5.8 
Rijssler [ 13 ] 0.42 0.35 2.1 1.86 
Kunz [12] 0.418 0.36 2.6 
Rbssler [ 13 ] 0.35 0.30 2.1 2.18 
Reilly [ 141 0.51 0.40 1.90 
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to Rassler’s calculated values are 0.7 and 0.82 eV, 
respectively [ 5 1. While the most recent experimen- 
tal value for the l-;-L; splitting in bulk xenon is 
0.97 eV [ 111. Despite such discrepancies, we have 
chosen RGssler’s calculated values since they repre- 
sent a consistent set of band structures for Ar, Kr, 
and Xe. 

The potential acting at the hole in the region of the 
X- core, i.e. at distances smaller than the nearest 
neighbor separation, is expected to deviate from the 
Coulomb potential. The influence of the core poten- 
tial can be accounted for by introducing an effective 
main quantum number n* in eqs. ( 1) and (2) in 
analogy to the treatment of Rydberg states in the gas 
phase [ 171. This concept has been applied for ex- 
cited states of pure gases and of rare gas atoms in 
rare gas matrices [ 6, IS, 191. Recently it has been used 
to explain the observed s-p splitting and the higher 
members or Rydberg states of alkali metal atoms in 
rare gas matrices by combining an appropriate po- 
tential with the gas phase n* values [2]. The gas 
phase nso, npo and npn: splitting in NO for n = 3 and 
4 is also observed in rare gas matrices [ 201, Both 
examples indicate that the lifting of the orbital de- 
generacy due to the core is also a very essential fea- 
ture of Rydberg progressions in the condensed phase. 
Despite the problems of the quantum defect models 
discussed in the literature it seems tempting to apply 
as a first attempt the gas phase n* values also to the 
matrix-isolated species. 

A negatively charged halogen is a closed-shell sys- 
tem and corresponds to the core of an alkali atom in 
the next row of the periodic system with only the sign 
of the charge inverted. Thus the hole orbiting around 
X- is analogous to an alkali atom and the relevant 
n* values are those of the corresponding alkali atom. 
The p1* values and their associated term values B’,, 
calculated from eq. (1 ), are collected in table 2 for 
Cl -, Br- and I- in solid Xe. The experimental term 
values B,, obtained from ref. [ 1 ], are also included 
in table 2. The effective mass approximation is re- 
stricted to states with an orbit r, at least as large as 
the nearest neighbor separation. B’, values of states 
with smaller r, values (see table 3) are given in pa- 
rentheses in table 2. These term values are mean- 
ingless because the states within the core experience 
a significant central cell correction, a subject beyond 
the scope of this paper. 
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Table 2 
Calculated term values Be. compared with experimental term values B,, [ I ] ( in eV) in Xe matrix. For n* of Cll, Br-, and I- the values 
for K, Rb and Cs have been taken 

Cl- 

n= B’, 

Br- I- 

.* B’, B. .* B’, B, 

4s 1.770 (1.92) 
4P 2.234 (1.20) 
5s 2.801 0.76 0.72 1.805 (1.84) 
5P 3.265 0.56 0.54 2.280 (1.15) 
6S 3.810 0.41 0.41 2.845 0.74 0.73 1.869 (1.72) 
6P 4.275 0.33 3.317 0.54 0.53 2.329 (1.11) 
7s 4.814 0.26 3.856 0.40 0.40 2.920 0.70 0.73 
7P 5.280 0.22 4.329 0.32 3.374 0.53 0.54 
8s 4.86 1 0.25 0.22 3.934 0.39 0.40 
8P 5.335 0.21 4.389 0.3 I 0.32 
9s 4.940 0.25 0.22 
9P 5.396 0.2 1 

The agreement of the predicted term with the ob- neutral ground state. These excitation spectra are 
served ones is quite stimulating (table 2). The dis- similar to absorption spectra and are reproduced in 
crepancies are smaller than 0.04 eV, which is sur- fig. 1. The broad continuum to the right-hand side 
prisingly good. The experimental term values have has been attributed to the charge transfer excitation 
been derived from excitation spectra by monitoring continuum leading to X- and a free hole R+ [ 11. 
the intensity in a strong luminescence band in well- The ionization energies C, given by the thresholds 
annealed samples [ 11. The luminescence is due to follow quite well the expected relation 
the decay of XeZX- charge transfer states to the C,=IP-EA+P+-P- (4) 

Table 3 
Calculated term values B’, and exciton radii r, compared with experimental term values B,, (in eV) and successive radii a, (in A) of 
shells in a fee lattice for I- in Ne, Ar, Kr and Xe matrices. no. means no progressions observed 

6s 6P 7s ?P 8s 8P 9s 9P 

71.9 
no. 

0.07 

7.5 
n.0. 

0.59 

46.3 29.4 22.0 16.2 13.0 10.3 S.62 

0.58 

0.90 

4.95 

0.11 0.17 0.23 

4.83 3.07 2.30 

0.30 0.39 

1.69 1.36 

0.49 

1.07 

0.92 1.45 1.94 2.63 3.27 4.15 
3.755 

0.34 1.52 0.97 0.73 0.53 2.36 
n.0. 

1.64 

0.43 0.28 

13.68 2.55 4.01 5.35 
3.992 5.646 

1.11 0.70 0.53 
0.73 0.54 

2.98 4.69 6.26 
4.340 6.138 

7.27 9.05 11.47 
6.914 7.984 8.927 

0.39 0.31 0.25 
0.40 0.32 0.22 
8.51 10.59 13.42 
7.517 8.680 9.705 

1.72 0.21 

16.01 1.92 
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1.2 0.8 0.4 0.0 -0.4 
binding energy (eV1 

Fig. I. Experimental charge transfer excitation spectra of I-, Br-, 
and Cl-doped xenon taken from ref. [ 1 ] arc shown in (a), (b) 
and (c), The abscissa corresponds to the binding energy of the 
hole. The spectra are shifted to match a common origin which is 
lined up with the broad feature assigned to the creation of a free 
hole. The indicated lines correspond to term values of the first 
three members in s and p progressions. The term values and ef- 
fective quantum numbers are collected in table 2. 

within the error limits of the polarization energies 
P+ and P- of the hole and the negative charge, re- 
spectively [ 11. IP is the gas phase ionization energy 
of Xe and EA the elettron affinity of the particular 
halogen. P+ and P- are the self energies of the hole 
and negative ion as discussed in ref. [ 11. The ioni- 
zation thresholds in fig. 1 have been placed at zero 
energy for comparison. The structures below the 
continuum represent the bound states of the Xe+ 
hole. They have to be compared with the calculated 
term values, which are given by the stick pattern. Fig. 
1 demonstrates that the agreement is really encour- 
aging and the discrepancies are only of the order of 
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the accuracy of the reading of the peak position. In 
view of the uncertainties in the hole masses and the 
assumptions involved in using n* the agreement 
seems perhaps to be somewhat fortuitous. The direct 
excitation of the first term value from the ground 
state cannot be obtained from eq. ( 1) alone because 
it includes the charge transfer to the halogen atom. 
Therefore eqs. ( 1) and (4) together are required to 
predict this transition energy. The situation is dif- 
ferent in this respect from the case of alkali atoms in 
matrices where the ground state is already a Rydberg 
state. 

The first strong transition in the experimental 
spectra of fig. 1 contains most probably the first term 
value with a sufficiently large r, to fulfill the prep- 
ositions of the effective mass approximation and also 
the excitations within the ionic core which will be 
modified by a central cell correction. The intensity 
and the width of the transition will be enhanced by 
this convolution. The intensities of the higher mem- 
bers should go down with (n*) -3 in each ns and np 
series, The expected decrease from the second max- 
imum to the forth maximum would be a factor of 2.2 
for XeI, which is consistent with the experimental 
data. 

The hole orbits, r,,, are compared with radii, a,, of 
successive shells in the fee lattices of Ne, Ar, Kr and 
Xe crystals for an I- dopand in table 3. The prep- 
osition of the effective mass approximations of r, > u, 
with the nearest neighbor separations is fulfilled for 
Xe and Kr crystals already by the third term value, 
for Ar it is the seventh term value and for Ne it would 
be far beyond the eighth term value. Members of 
Rydberg progressions as high as 7 have never been 
observed in insulators such as rare gas crystals or al- 
kali halides presumably because of intensity reasons, 
and due to broadening and merging of these reso- 
nances into the continuum. The model predicts that 
hole Rydberg progressions should appear in Xe, per- 
haps ICr but not in the lighter rare gases Ar and Ne. 
The favour of heavier rare gases for hole Rydberg 
progressions is opposite to the trend for electronic 
progressions. r,, is proportional to I/p according to 
eq. (2). p corresponds to the hole effective mass for 
hole progressions and it decreases with atomic weight. 
For electron progressions fl corresponds to M, and 
increases with atomic weight. Therefore the r,, values 
of electronic progressions are largest for a given n in 
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Ne and the most pronounced exciton progressions 
have been observed in pure and doped Ne. For hole 
progressions the r, values are largest in Xe and it is 
until now the only matrix to show a hole progression. 
The trend derived from P is enforced by the t values. 
Kr could be a further matrix to sustain hole 
progressions. 

There is an interesting accidental correlation be- 
tween a, and a2 and the r,, values of the first two ob- 
served term values (table 3). The hole is orbiting in 
the vicinity of the first or second shell of Xe atoms 
and the requirements of a continuum model are 
therefore more easily fulfilled. For the next higher r, 
values several shells of atoms come into play and a 
continuum picture is appropriate. The correlation of 
r, with the lattice structure has already been recog- 
nized in ref. [ I]. There, the progressions have been 
explained by a distribution of static holes in the Cou- 
lomb potential of the negative charge, fixed at dis- 
tances corresponding to the shell radii r,. The pre- 
dictions by this model are in similar good agreement 
but only if the value of the Coulomb potential is re- 
duced by a factor of two. This observation points to 
an orbiting charge as has been mentioned in ref. [ 11. 
The binding energy for an orbiting charge is just half 
of the potential energy due to the balance in kinetic 
and potential energy. Obviously the fits in ref. [l] 
are an independent justification of the model pre- 
sented here. The problem of predicted alternating in- 
tensities due to the occupation numbers of the shells 
is also resolved by the present exciton model. 

We hope that the success of this heuristic treat- 
ment of hole Rydberg progressions in insulators 
stimulates an experimental search in other charge 
transfer systems and leads to more profound theo- 
retical investigations of the problem. 
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