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The energies of the n = 1 excitons in solid neon have been calculated on the basis of the ab initio
repulsive-potential curves of the molecular excited states derived from *P and 'P states of neon and the long-
range Van der Waals interaction of these states. With this rigorous parameter-free calculation a very good
agreement with experimental results is obtained for the first exciton doublet.

I. INTRODUCTION

Rare-gas solids are the simplest of all molecular
solids and during the last decade ground-state
properties have been almost completely under-
stood.! Great strides have been made in the un-
derstanding of excited states but with much less
success. At present the experimental features ob-
served in the optical properties of the rare-gas
solids in the fundamental excitation range have
been mainly described by a band structure asso-
ciated with the Wannier exciton model,? i.e., a
weakly interacting electron-hole pair. The eigen-
values of the modified hydrogenic equation approxi-
mating the interaction between electron and hole
can be expressed in the well -known form

E,=E;-B/n? (1)

with E; gap energy, B binding energy, and n prin-
cipal quantum number. Then the observed bands
form an exciton series from the valence band to
the conduction band at the I" point. However, it
has been recognized from the beginning that such
a model fails to describe the n=1 member of the
Rydberg-Wannier series in rare-gas solids. For
this state the exciton radius becomes so small that
the charge distribution of the electron and hole
overlap, in contradiction with the basic hypothesis
that the pair extends over a distance large com-
pared to the lattice constant. Allowance for core
penetration can be made either by introducing a
charge-transfer model as suggested by Webber

el al.® or by taking account of a central-cell cor-
rection increasing with exciton energy as proposed
by Hermanson e/ al.* With an alternative interpre-
tation assuming the electron and hole to be con-
fined to the same unit cell in the intermediate-cou-
pling approximation, Andreoni et al. have been
able to obtain good agreement for this lowest ex-
citon in neon and argon.>’® However, the Wannier
scheme does not make any direct reference to the
free atomic energy levels. In other respects it
has been remarked by one of us? (E. B.) that the

fundamental absorption spectrum of solid neon is
close to the free-atom transitions 2p% —2p5ns, n’s’.
Further support for this remark comes from the
analysis of the spectra of rare-gas dimers devel -
oped by Tanaka ef al.® and Castex.® They have ob-
served transitions from discrete bound states of
Van der Waals dimers in the ground electronic
state to excited molecular states closely related
to atomic level ns, n's’. In the same spirit Tilton
el al.'® have recently observed rare-gas dimer
spectra in alkali-metal hosts. Cohen and Schnei-
der'"'* have carried out ab initio calculations of
the potential curves of the molecular excited
states derived from 3P and 'P states of neon. Re-
lying strongly on these calculations, we have been
able to deduce directly the energies of both the
n=1 valence bulk excitons of solid neon.

II. GENERAL FORMULATION

In molecular crystals the excitation energy E,
for transition from the ground state to the excited
state fis expressed by!?

E K) =8¢+ D+ Ly(k), (2)

where (i) Ag; is the excitation energy of the free
atom,

(1) D=3 (D0 | Vinn | 05 05) = (D505 | Vi | 5:6%))
" (3)

is the environmental shift in interaction energy of
one excited molecule with all the surrounding
molecules, (iii) L,(k) gives the resonance interac-
tion, and (iv) V,,, is the Hamiltonian of the inter-
atomic interaction which is assumed to be the sum
of the repulsive overlap and Van der Waals inter-
action:

V:V!'eD.+ Vatt. (4)

both for the ground and the excited states.
The approximation of pairwise additivity of the
potential has been extremely fruitful in describing
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the ground-state potential of the crystal' and is
assumed to hold also for the interaction of the ex-
cited molecule with the surroundings, as implied
in Eq. (3). For the attractive part of the potential
(Ci, CY) of the excited states, the matrix element
for an fcc lattice! is

D,;=14.45(C] - C9)/R® + 12.80(C% - C)/R*®, (5)
where C, and C, are given by the Slater-Kirkwood
relations,**

Co/R®=-3¢*/2a il 2% (8)
6 °(a,/N)7?+(a,/N,)'"? R®

where a, and «, are the polarizabilities of the two
interacting atoms, N, and N, are the number of
outer-shell electrons, q, is the Bohr radius, and
the polarizabilities are deduced from the usual
dispersion relation!!

ai=h2e"a02f”/(E‘ -E,)?,
7

where f;; are experimental oscillator strengths
for the transition 7 to j. For the ground-state
atom (0) N, =6 and, for the excited-state atom
(f) N,=1 were used and

Cy/R® = - %(e?/2a,)a?

1
X | 1+ 2(a, N,/N,a,)'"?

. 1 a,a, ) 7
1+ 2(a,N,/N,a,)'? ( R?

R is the nearest-neighbor distance, and the coef-

ficients in Eq. (5) arise from the lattice sums.!

In order to calculate the repulsive interaction
we have to briefly indicate the correlation'® be-
tween the monomer, dimer, and exciton states as
shown schematically in Fig. 1 with particular ref-
erence to neon. In the atom only transitions to 3P,
and 'P, are allowed. The 3P, (or 'P)) state is cor-
related to the F |, state in the crystal which is not
split in the crystalline field of symmetry O, and
remains single as there is only one atom per unit
cell. However, in the molecule of symmetry D,
the anisotropic forces split it into 0* and 1 states
and, furthermore, as there are two atoms per mole-
cule, thereare twice as many states 0;, 1,, 0;, and
1,. Thus, in the crystal with only one atom per
unit cell half these states (0; and 1,) disappear. It
is important to emphasize that at the I" point the
excited state | f)=N"'/22 y/ has the symmetry
u and not g just as, for example, the molecular
state u is given by

INZ{(S)CP,)+ (S,)CP, )},

where a, b represent the two atoms and hence the
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FIG. 1. Schematic correlation between monomer,
dimer, and exciton states. (a) Dotted lines indicate
levels which have no correlated states in the crystalline
symmetry. (b) Brackets indicate the state degeneracy.
(c) Ordering of molecular states is deduced from Ref.
11 at nearest-neighbor distance R in the solid.

u states of the molecule and crystal are corre-
lated. As the crystal is isotropic we make use of
the relation

F,,=30,+31,. (8)

This enables us to extract the repulsive interac-
tion for the excited state from the results of
Cohen ef al.,''''? at R equal to the nearest-neigh-
bor distance. It should be remarked that in their
ab initio calculations, Cohen et al. do not include
the long-range part of the potential energy inter-
action which they calculate!! separately using

Eq. (6). For the repulsive part of the ground state
we have taken the results of Farrar e al.'® de-
duced from elastic differential cross-section
measurements of molecular beams. Since the
repulsive potential falls very rapidly, the matrix
element of this part is taken to be 12 times that
of the simple molecule.

The resonance interaction term depends on the
wave vector of the excited state and gives rise to
splitting into longitudinal and transverse excitons.
This leads to the additional terms!"*®

Lj=—3(e+2)(47d*V2 /3R?) (9)

and
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TABLE I. Individual and weighted values of the repul-
sive potential of the excited states of Ne,. All entries in
ev.

0; Cpy) 0.1172

Fiy 0.115°
1, épy) 0.1142
3 a

1, Cpy) 0.087 Fau 0.086"
0; p,) 0.0832
+ (1 a

0; (py) 0.064 Fu, 0.116°
1, (py) 0.1432

2Deduced from Ref. 11 using fundamental constants of
Ref. 1, R being taken equal to 5.964-a.u. nearest-neigh-
bor distance in solid neon.

PIsotropic average Fi =3 0y +35 1,

. [€+ 2) 8rd>V2
Ly —< 3¢ 3R3 (10)
for finite k, where d is the transition dipole mo-
ment given by

. €hf

T 8mmv (11

and f the oscillator strength of the transition with
frequency v. The dielectric constant € in these
equation takes into account not only its shielding
effect but also the amplification of the interaction
of two polarizable atoms. Since only the trans-
verse exciton is observed in absorption,!® only the
first term (9) is taken into account. In the mole-
cule, this resonance interaction gives rise to the
first-order dispersion coefficient Ca/R3 as given
by Cohen et al.!* Thesum of these interactions
gives the total shift D+ Lj, for the electronic tran-
sitions.

III. A PRIORI CALCULATIONS FOR NEON

In Table I we present the values of the repulsive
matrix element of the excited states of Ne, as de-
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duced from the work of Cohen ef al.!'' at R equal
to 5,964 a.u., the nearest-neighbor distance in
solid neon at 4 K. Table I exhibits also the iso-
tropic average per neighbor for the exciton states
in the crystal.

For the attractive part of the potential Cé of the
excited state we used the isotropic part given by
Cohen et al.'™?%; in addition we included also the
C} part.!*'® Then the matrix element D for the
solid is obtained from Eq. (5). In order to calcu-
late the resonance shift for transverse modes we
used the oscillator strength in the solid given by
Pudewill ef al.?® Table II summarizes the different
contributions in solid neon. We compare the ex-
perimental and calculated shifts in Table III. The
agreement between the theory and experiment is
very good particularly when one considers that
this is a completely a priori calculation with no
adjustable parameters.

1V. DISCUSSION

It is to be noted that the total shift between the
exciton in the crystal and the gas phase value is
predominantly determined by the interaction of
the excited atom which interacts with the sur-
rounding atoms more strongly than does an un-
excited atom. In the case of Ne the repulsive
forces are dominant, and hence the total shift is
repulsive. The spin-orbit coupling is introduced
by -Cohen ef al.'' by considering only the Ne*(2p°)
core (or p hole). So this formalism is indirectly
similar to the intermediate coupling approxima-
tion. On introducing this interaction there results
a large potential maximum around 5 a.u. in the
0; (P,) from the crossing of 'T; and ®I1, curves.
However, for this hump the repulsive shift for 3P
states would have been much less than that of 'P,
and not nearly equal to it. The attractive part
being larger for 'P, than for 3P, accounts for the
reduction of spin-orbit splitting in the solid.

In Table II the shifts are quoted without any
statement of error limits as Cohen et al.}! do not

TABLE II. Collective contribution of the various interaction potentials for different states

of pure solid neon. (Discrepancies of 0.001 eV between columns arise from truncation).

150 1P1 lpl_lso ;}P1 3P1_lso 3P2 KPZ_ISO
Repulsive Vg, (R) 0.015 1.399 1.384 1.381 1.366 1.031  1.016
Attractive — C¢/R® 0.069 0.502  0.434  0.467  0.398  0.460  0.391
Attractive — Cy/R® <0.01  0.069  0.069  0.052 0.052  0.058  0.058
Resonance — L} 0 0.097  0.097  0.087  0.087 0 0
Viep(R)+C¢/R%+ L} 0.054 0.800 0.853  0.827  0.882  0.570  0.625
Vrep(R)+C¢/R+Cy/R8+ Ly 0.054 0730  0.784  0.775 0.830  0.512  0.567
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TABLE III. Comparison between experimental and calculated values E; for the fundamental

excitation of neon.

Atomic Oscillator  Oscillator Ey Ey Es E¢
transition = Gas? strength®  strength® solid® solid? experiment® experiment®

ip,-1s,  16.848 0.162 0.11 17.701  17.632 17.48 17.58

3P0—1SO 16.715 not allowed in the solid

3P1-130 16.671 0.0118 0.11 17.553 17.500 17.48 17.48

Sp,-1s,  16.619

not allowed in the solid

2In the gas, from Ref. 19.

®In the solid, from the absorption reflection measurements of Pudewill et al.

(Ref. 20).

¢ Present work: calculated shift with the repulsive, resonance and CG/R6 interactions plus

gas phase energy.

dPpresent work: calculated shift with above interactions +Cg/RB plus gas phase energy.
¢From the absorption measurements of Boursey et al. (Ref. 7).

specify the accuracy of their results. Further-
more, the utilization of the Slater-Kirkwood'*
relation is also subject to unknown errors. Thus,
the agreement within 0.05 eV may be somewhat
fortuitus, but this method seems promising for
the rare-gas family, at least to deduce qualitative
trends.

Now, regarding intensities, the 1, (°P,) becomes
slightly allowed in the molecule at a distance of
about 5.5 a.u., but, in the solid transitions to the
E,+F,, state to which the *P, state is correlated
as shown in Fig. 1, is strictly forbidden. For the
molecule the 0; (°P,) state becomes even more al-
lowed as the 'Z; component gains dominance over
the 311, component when the interatomic distance
decreases, but this change is relatively small.
However, in the solid as each atom overlaps with
12 neighbors we conjecture that this would lead to
a considerable enhancement of the P, state and
this explains the nearly equal oscillator strength
of the spin-orbit components in the solid. From
the first derivative of the total potential of the ex-
cited and ground state one can deduce the shift of
the exciton band with the lattice spacing. We find
that it is about —0.07 €V per angstrom, so if the
crystal expands the shift would be toward smaller
energies. However, the zero-point displacement
of the neon atoms in the solid would not produce
any shift; on the other hand, it would lead to a
broadening which can be estimated from the sec-
ond derivative of the potential and the mean-square
amplitude® of 0.29 A. We find this to be about 0.08
eV, and this seems to be in qualitative agreement
with the observed width of 0.05 eV of the two ex-
citon bands.

We believe that the results obtained indicate a

new approach to the understanding of the exciton
structure of solid rare gases and their relation-
ship to the potential curves of the dimer and atomic
spectrum. It would be possible to test this model
on argon if first-principles calculations of the po-
tential curves of the first excited states of Ar, are
available, but we could probably even invert the
procedure and obtain the isotropic part of the re-
pulsive potential of the resonance states at the
nearest-neighbor distance of the crystal, knowing
the ground-state potential and the attractive part
of the upper state. It is also clear why only Xe
exhibits a shift to lower energies in the solid; this
is certainly due to the very large polarizability of
the excited states and the nearest-neighbor dis-
tance being so large that the attractive part dom-
inates the picture. As this distance increases, we
can predict that the shift will continue to increase
toward lower energies. Only at very large dis-
tances would it approach gas phase values, but long
before that the crystal would have melted. How-
ever, pressure-dependent studies would allow the
determination of the repulsive potential at distan-
ces smaller than the potential minimum of the
ground-state pair. Despite the lack of transparent
windows in the first exciton region for lighter rare
gases it may be open to study in the near future by
multiphoton absorption.
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