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As a first step in characterizing molecular Rydberg states in the solid state, the absorption spectra arising
from acetylene and benzene impurity states in solid krypton and argon in the far-ultraviolet region have
been obtained. The first member of the acetylene Rydberg series, which appears at 8.155 eV in the gas
phase, is observed to be shifted to 8.67 eV in a krypton matrix and to 9.01 eV in an argon matrix. These
large energy shifts are discussed, particularly with reference to the optical spectra of rare-gas solids and
rare-gas alloys, where similar large blue shifts are observed. The far-ultraviolet spectra of benzene trapped
in krypton and argon matrices show a qualitatively different phenomenon. The Rydberg states of benzene
are observed to interact with conduction-band continuum states to exhibit anomalous Fano-type line
shapes. The Rydberg states repulse the neighboring continuum states to produce sharp decreases in the
continuum absorption intensity. These results are discussed in connection with other systems which show

Fano-type line shapes.

I. INTRODUCTION

TUDY of environmental effects on atomic and
molecular energy levels meant, until recently, meas-
uring solvent shifts in solution. The information ob-
tained through such experiments is seriously limited,
however, by the general lack of knowledge of the prop-
erties of the liquid state. Particularly when the solvent
has a permanent dipole moment, one does not know
how to treat formally the interaction of the solute and
solvent molecules in solution. The physical situation is
improved when an ordered environment is used in place
of a liquid. One can then take advantage of general
considerations which apply to systems possessing trans-
lational symmetry. If, in addition, the matrix consists
of weakly interacting molecules, one can focus attention
on the interactions of interest—those between the
solute and matrix.

Solid rare-gas matrices were used by Pimentel in a
series of infrared optical experiments directed at study-
ing unstable species and vibrational perturbations.!
Later, McCarty and Robinson studied perturbations of
low-lying electronic states of Hg, NH, and C; in the
visible and near-ultraviolet regions,? and Pollack and
Broida have studied the near-ultraviolet absorption
spectrum of NO in crystalline and liquid krypton.?
Schnepp has observed Mn and Mg transitions in solid
rare-gas films,* and Weyhmann and Pipkin have re-
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ported the optical-absorption spectra of alkali atoms
in rare-gas matrices.?

From the results of all these experiments, it is clear
that low-lying electronic states are not strongly affected
by the presence of a surrounding solid rare-gas matrix,
aside from the removal of degeneracies by the matrix
field. Inert-gas atoms do not interact strongly with a
foreign electron, and the first excited state of the rare-
gas atoms lies at least 8 eV above a tightly bound,
closed-shell ground state. Alternatively, one may say
that the overlap between the wavefunction of the low-
lying impurity state and the wavefunction for the sur-
rounding matrix will be very small.

A different situation holds when the excited state of
the impurity is near the energy of the excited states
of the matrix, since in that case the interaction will be
large. Undoubtedly, one reason for the lack of theo-
retical work in the past has been the paucity of data,
which arises from the experimental difficulty of com-
bining cryogenic techniques with vacuum-ultraviolet
spectroscopy. Nevertheless, the vacuum-ultraviolet
region has become accessible enough for several impor-
tant experiments to have been performed. Schnepp and
Dressler have measured the spectrum of solid O, in the
region from 2000 to 1550 AS and Brith and Schnepp
have measured the spectra of CO and N, in the region
from 1600 to 1300 A7 But the most interesting recent
experiments, from the theoretical standpoint, have been
those of Baldini on rare-gas solids and rare-gas alloys.?

Rare-gas alloys and pure rare-gas solids represent
systems in which the lowest transition energy of each
molecule is comparable to the energy of the lowest
matrix transition. Baldini’s results show the rare-gas
atomic doublets LSy—%1 Py shifted to higher energies by
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as much as 0.9 eV relative to the gas phase.®? In addi-
tion, a new series of lines appears which represents tran-
sitions involving loosely bound electron—hole pairs with
a hydrogenic manifold of energy levels converging to
the conduction band of the matrix. At higher energies,
beyond the threshold of the conduction band, annealed
samples show several broad absorption peaks separated
by rather sharp V-shaped troughs.

Until recently, crystal excitations were referred to
as either Frenkel or Wannier excitons, according to
which description was most nearly valid. The lowest
excited states of crystals of aromatic molecules, for
example, are often adequately described as Frenkel
exciton states.l%!! Rare-gas solids, however, represent
an intermediate case in which the overlap of the wave-
function of the first excited state with the medium is
large, but not large enough to make valid a dielectric
screening approximation.

The case of a molecule excited to a Rydberg state
within a rare-gas matrix is similar, First, molecular
Rydberg states are atomiclike in the sense that the
manifold of energy levels is hydrogenic. But more
specifically, since the excitation energy is large and
comparable to the excitation energy of the surrounding
atoms, it also represents an iufermediale exciton. It was
with this background that the experiments described
herein were undertaken, and it was hoped that evidence
would be found for configuration mixing of crystal
states and states of free molecule parentage.

II. EXPERIMENTAL PROCEDURE

The experimental procedure is largely based on the
early work of Baldini® and Schnepp and Dressler.®
Spectra were taken using a 1-m vacuum-ultraviolet
scanning monochromator. The gratings used were ruled
with 1200 or 600 line/mm with dispersions of 8.3 and
16.6 A/mm, respectively. The ultimate resolution of
the instrument is approximately 0.3 A. Under the
conditions of the experiment the resolution was approxi-
mately 1.0 to 2.0 A.

A capillary-discharge light source, operated with
hydrogen, provided a line spectrum in the range of this
experiment: from 1650 & to the onset of absorption by
the lithium fluoride windows at 1050 A. The hydrogen
was pumped through the monochromator; the pressure
in the chamber was approximately 5X 10~* mm Hg.

Gas mixtures were prepared in a glass vacuum line
and transferred through stainless-steel tubing directly
onto a sapphire window coated with the phosphor, so-
dium salicylate. The sapphire window was in thermal
contact with a copper rod soldered to the bottom of a
liquid-helium cryostat. Ultraviolet radiation was ab-
sorbed by the sodium salicylate and converted to

9 G. Baldini and R. S. Knox, Phys. Rev. Letters 11, 127 (1963).
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visible radiation which was detected by a phototube
(EM.I. 9514B). The temperature was measured with
a germanium resistance thermometer which was ce-
mented to the sapphire window with Devcon epoxy
glue.

Argon was obtained from a commercial source with
a purity of 99.995%,. The krypton which was used had
been previously purified in this laboratory; its purity
is estimated to be equal to that of the argon. Commer-
cial acetylene was obtained with a purity of 99.6%, and
Spectrograde benzene was obtained from the Eastman
Chemical Company. During the sample preparation,
the gases were passed through a charcoal trap which
was at room temperature for acetylene, at dry-ice
temperature for krypton, and at liquid-nitrogen tem-
perature for argon. Aliquots of the gas mixture were
introduced to the cryostat through a stainless-steel
tube until the light intensity was observed to drop by
30% to 80%,.

A major experimental problem which arises in com-
bining vacuum-ultraviolet spectroscopy with cryogenic
techniques is the slow condensation of extraneous vapors
onto the sample surface, resulting in a general, contin-
uous absorption below 1500 A. Previous workers have
encountered this difficulty and have taken various steps
to minimize it.*6:12%% The problem has never yet been
really solved. In this experiment lithium fluoride win-
dows were used so that the sample-holder-cryostat
system was separated from the rest of the mono-
chromator, eliminating a large source of possible con-
tamination. This, however, limited the experiment to
energies lower than 11.8 eV, which corresponds to the
onset of strong absorption by lithium fluoride. Secondly,
it was found that, if the pumping system was connected
to the cryostat at a position furthest from the sample,
the large cold surfaces of the cryostat, at 77° and 4°K,
acted as very efficient cryopumps eliminating all back
flow of diffusion-pump oil. Under these conditions the
sample could be maintained at the temperature of the
experiment, approximately 20°K, for an hour or more
with a decrease in the light intensity of from 29,-5%,.

A hydrogen-source spectrum was recorded immedi-
ately before the sample was deposited, and again
immediately afterwards. The decrease of intensity at
every hydrogen-emission line was then measured. The
hydrogen spectrum is rich in lines in the region of 1050
to 1600 A and, under the experimental conditions of
relatively high resolution, approximately 40 peaks per
100 A were available. Decrease in the valleys between
emission peaks provided additional points in regions
where the absorption was rapidly changing. The average
of at least two absorption curves was calculated in each
spectrum reported. Due to the slow scanning rate used
(10 A/min) and the short lifetime of a given charge of
liquid helium, the entire absorption spectrum of up to

12 M. Cardona and D. Greenway, Phys. Rev. 131, 98 (1963).
13J. Kwak and G. Robinson, J. Chem. Phys. 36, 3137 (1962).
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300 A could only be measured in several runs, using
several separate sample deposits. The curves obtained
were pieced together by scaling small overlapping
regions after conversion to an optical density (loga-
rithmic) scale.

Measurements were corrected for scattered light and
surface reflection. The scattered light was assumed to
be constant throughout the wavelength region, and
was measured at 900 A where hydrogen does not emit.

The gas-phase spectrum of acetylene was measured
from 2050 to 1050 A in preliminary experiments. A
10-cm cell with LiF windows was used. The pressures
of acetylene were 15, 100, and 323 p Hg. The mono-
chromator slitwidths were 20 u, corresponding to a
resolution of approximately 0.4 A. Below 1650 A the
hydrogen source produces a many-lined spectrum. In
order to utilize the high resolution of the instrument,
the absorption must actually be measured at a number
of wavelengths larger than the number of hydrogen
emission lines, To facilitate this procedure, a digital
data-recording system was used which was designed
to record on punched paper tape transmittance and
wavelength data generated by the spectrophotometer.
After the data from the through beam were recorded
on paper tape and the sample had been placed in the
path, the recording system provided an analog curve
on a strip chart recorder of the ratio of voltages gener-
ated by variations of data received from a paper-tape
reader and transmittance data of the test sample. The
tape reader is designed to be coupled to the encoder on
the wavelength shaft to guarantee correct alignment.
In this way absorption measurements could be made
every 0.06 A, which takes full advantage of the available
instrumental resolution.

III. EXPERIMENTAL RESULTS

A. Acetylene

The Rydberg series of acetylene were first assigned
by Price in 1935, using spectra obtained with a 2-m
grazing incidence spectrograph.* Wilkinson re-examined
the relevant spectral region in 1958 with a 21-ft
spectrograph, and confirmed Price’s assignments.' Moe
and Duncan'® have reported the intensities of the
Rydberg bands, but the photographic techniques they
used are subject to large error and their values are
quite different from those obtained by Watanabe'” and
in this work.

The two series observed fit the formulas

w*=92 076— R/ (n—0.50)2, (1)
y*=91950— R/(n—0.95)%, n=34,5 (2)

4 W, C. Price, Phys. Rev. 47, 444 (1935).

1 P, G. Wilkinson, J. Mol Spectry. 2, 387 (1958).

1% (&, Moe and A. Duncan, J. Am. Chem. Soc. 74, 3136 (1952).
(117 TS Nakayama and K. Watanabe, J. Chem. Phys. 40, 558
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Fi6. 1. Absorption spectrum of acetylene-doped (19,) krypton
matrix from 1200 to 1520 A.

From the limits of the Rydberg series the ionization
potential is calculated to be 11.3540.01 eV.

In the bands having low values of #, much vibrational
structure is observed. For bands having higher principal
quantum numbers, the vibrational structure is obscured
by the overlapping of subsequent electronic transitions.
The first Rydberg transition of 1520 A is very strong.
This and the next two vibrational components at 1479
and 1440 X are well separated from the transitions at
higher energies. This separation was found to be useful
in identifying the bands observed in the solid matrix.
These three bands are separated by intervals of 1820
cmL,

Acetylene is an appropriate molecule to study in the
solid state because, due to its low ionization potential—
relative to other small molecules—the first Rydberg
transition in the gas phase is found at 1520 A which
is in the range of standard sources. Furthermore, it is
isoelectronic with Ny, is small, and is stable. Recently,
Brith and Schnepp have measured the spectrum of
solid N; to 1200 A. But the ionization potential of CO
is 14.1 eV and that of N; is 15.51 eV. Rydberg series
for these small diatomic molecules begin only at wave-
lengths below 1000 A in the gas phase.

Figure 1 shows the absorption spectrum of a krypton
matrix doped with 19} acetylene, The sharp rise at
1220 X represents the threshold absorption of the
krypton matrix. Two sharp absorption peaks are ob-
served at 1430 and 1392 &. Above 1430 & the absorp-
tion drops quickly, and the absorption levels off above
1500 A.

Figure 2 shows the spectrum of an argon matrix
doped with 19, acetylene. Two absorption peaks are
observed at 1375 and 1344 X. At higher energies the
absorption is continuous with little structure, although
a few broad peaks are observed. At wavelengths above
1375 A the absorption falls quickly and nearly levels
off above 1430 A. Figures 1 and 2 are very similar;
the argon spectrum is simply shifted in the direction
of higher energy.

The parentage of the observed peaks can be estab-
lished by comparison with the acetylene gas-phase
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FiG. 2. Absorption spectrum of acetylene-doped (1%) argon
matrix from 1200 to 1520 A.

spectrum. The first Rydberg transition in the gas
phase at 1520 & has an absorption coefficient of around
k=15 000 cm™, the second £=1500 cm™, and the third
k=500 cm™. The spacing between the peaks is 1820
cm—, The absorption above 1520 A drops off sharply
and from 1540 to 2000 A the absorption coefficient is
approximately £=10-50 cm~, Toward higher energies,
beyond the first three Rydberg vibronic bands, the
transitions are very close together and apparently
superimposed on a continuum.

The first two peaks observed in each of the solid
spectra are therefore undoubtedly the 1520- and 1479-A
bands of the gas-phase spectrum. The spacing between
these two peaks in Fig. 1 is 1960 cm™ as compared
with 1820 cm™ in the gas spectrum, reflecting a vibra-
tional perturbation induced by the matrix. McCarty
and Robinson? have measured the spectrum of C; in
solid xenon and found the symmetric C-C stretching
frequency in the ground state of C; to be increased from
1618 cm™ in the gas phase to 1720 cm™! in the xenon
matrix. The same vibrational frequency in an excited
electronic state was increased from 1755 to 1940 cm™2.

The remaining Rydberg states, which are resolved
in the gas spectrum, seem to be broadened seriously
and are not resolved in either matrix spectrum.

The first acetylene Rydberg band is shifted from
8.155 eV in the gas phase to 8.67 eV in krypton and to
0.01 €V in argon. Attempts to trap acetylene in a neon
matrix were not successful. In a xenon matrix no ab-
sorption bands were observed at wavelengths higher
than the xenon threshold of absorption at 1500 A. This
sets one limit on the acetylene Rydberg shift in xenon
as greater than 0.17 eV.

The magnitudes of the acetylene shifts are very
similar to those of the xenon 3P, state. The gas-phase
excitation energy of xenon, 8.43 eV, is close to the
acetylene value 8.155 eV. The ®P; state of xenon is
shifted to higher energies by 0.58 eV in krypton and
0.79 eV in argon.

B. Benzene

In studying matrix effects on molecular Rydberg
states it is helpful if the Rydberg system is made up

AND JORTNER

of strong and well-separated lines. The bands observed
in the spectrum of the solid are then readily identified.
Benzene has such a sharply defined Rydberg spectrum.
Price and Wood first observed the far-ultraviolet spec-
trum of benzene and arranged the discrete bands into
the Rydberg series which converged to approximately
the same limit, corresponding to an ionization potential
of 9.24 eV.® Wilkinson repeated the experiment using
a 21-ft spectrograph and observed two additional series
of weaker intensity.®® The two strong series fit the
formulas

y*="T4 587— R/ (n+0.84)*,
v =74 587— R/ (n-+0.54)*,

3
(4)

Table I gives the positions of the lines of the two
strong series. The vibrational components of each
electronic transition are extremely weak and are not
listed in Table I. Price and Wood ascribed this weakness
to the nonbonding nature of the excited electron.

Figure 3 shows the absorption spectrum of a benzene-
doped krypton matrix from 1300 to 1600 A. Below
1600 A the absorption increases rapidly, and at 1543 A
it drops suddenly to give the first of a series of sharp
negative peaks corresponding to decreases in absorption.
Figure 4 shows the absorption spectrum of a benzene-
doped argon matrix from 1300 to 1600 A. It is similar
to Fig. 3 and shows the same anomalous structure but
at different energies. The first several negative peaks
are very sharp and well separated. Those at higher
energies seem to be partially overlapping and are not
as well defined. Table IT lists the energies at the minima
of the negative peaks.

n=2 34, +--,

IV. DISCUSSION

In the past two years, our understanding of impurity
states in rare-gas solids has undergone a major change.
In order to find a suitable approach to the theoretical
treatment of Rydberg states in the solid state, it is
useful to review briefly some recent developments.

The first serious calculations on excited states in
rare-gas crystals were performed by Knox in 1959.2

TasrLe I. Benzene Rydberg energy levels—observed values.»

Series I Series II

n (eV) (&) (eV) (1)
3 8.145 1522 8.37 1481
4 8.59 1444 8.68 1428
5 8.80 1408 8.85 1400
6 8.93 1388 8.95 1384
7 9.01 1376 9.92 1374

8 See Ref. 18.

BW. Price and R. Wood, J. Chem. Phys. 3, 439 (1935).

B P, G. Wilkinson, Can. J. Phys. 34, 596 (1956); J. Opt.
Soc. Am. 45, 1044 (1955).

# R. Knogx, J. Phys. Chem. Solids 9, 238, 265 (1959).
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He presented a formalism based on Frenkel’s theory
of excitons? from which excitation energies, band struc-
ture, effective masses, and integrated absorption cross
sections could be calculated. He then proceeded to
apply the formalism to the case of crystalline argon.
The justification given for applying the Frenkel-Peierls
theory to rare-gas solids was that these solids consist
of cubic lattices of tightly bound closed shells in the
ground electronic state, and have large lattice constants.
The Frenkel-Peierls formalism led to a calculated red
shift of 2 eV, whereas the experimental spectrum
showed a shift of 0.5 eV to the blue® Gold® used a
similar approach to predict a 4-eV blue shift of the
argon !S;—3P; transition in a neon matrix, whereas the
experimentally observed blue shift is 0.5 eV.

The experiments of Baldini which showed these
calculated matrix shifts to be in serious error simul-
taneously revealed the existence of additional absorp-
tion lines which could not be meaningfully explained in

Wavelength, &
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08 T T I
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log(Ig /1)

hy, eV

Fi1c. 3. Absorption spectrum of benzene-doped (1%) krypton
matrix from 1300 to 1600 A.

terms of the Frenkel model®® The lines could be ex-
plained in terms of Wannier excitons, since their ener-
gies fit a hydrogenic formula as modified for effective-
mass impurity states®:

En=(m.*¢!/2he) (1/%°), (5)

where m,* is the effective electron mass and e the dielec-
tric constant. This failure of the Frenkel model in rare-
gas solids, in spite of the tightly bound closed-shell
ground states and large lattice parameters, led to the
general agreement that excitons in rare-gas solids were
of an intermediate radius, and that the Frenkel and
Wannier models were complementary.

If the exciton radius is intermediate in magnitude,
the reason for the inadequacy of the Heitler~London
scheme is its failure to take into account any charge
delocalization in the excited crystal. One way of intro-
ducing this charge delocalization into the calculations

21§, Frenkel, Phys. Rev. 37, 17, 1276 (1931).

A, Gold, J. Phys. Chem. Solids 18, 218 (1961); Phys. Rev.
124, 1740 (1961).

8'W. Kohn, Solid State Phys. 5, 257 (1959).
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Fic. 4. Absorption spectrum of benzene-doped (1%) argon
matrix from 1300 to 1600 A.

is to mix charge-transfer states into the crystal wave-
function. Webber e al.* calculated the first transition
of crystalline neon and found that charge delocalization
did indeed decrease the energy of the exciton orbital.
Webber ef al. also calculated the energy of the first
electronic excitation of an argon atom in a neon matrix,
the same problem Gold had studied. By including
extensive charge delocalization the predicted transition
energy was found to be 13.1 eV, compared with the
experimental value of 12.7 eV. This represents a sub-
stantial improvement over the earlier calculation.
Examining the possibility of representing charge
delocalization without charge-transfer states, Webber
et al. also tried a pseudopotential formalism®*®—% to-
gether with a model Hamiltonian of a dielectrically
screened hydrogenic type.

The supermolecule formalism is essentially a Frenkel
scheme with large charge delocalization introduced by
adding charge-transfer states. The pseudopotential
formalism with a dielectrically screened hydrogen model
Hamiltonian is, similarly, a modification of the Wannier
scheme. Thus, the result of Webber’s work is to offer
two more reasonable alternatives than the Frenkel and
Wannier schemes provided.

TasrLe II. Transmission increases observed in benzene-doped

matrices.
Argon Krypton
(A) E (eV) (A) E (eV)
1527 8.12 (8§)= 1534 8.08 (S)
1494 8.30 (S) 1501 8.26 (S)
1462 8.48 (S) 1470 8.43 (S)
1438 8.62 (D) 1441 8.60 (D)
1412 8.78 (D) 1424 8.70 (D)
1394 8.89 (D) 1413 8.77 (D)
1363 9.09 (D) 1384 8.96 (D)

2§, sharp; D, diffuse.

24 S, Webber, S. Rice, and J. Jortner, J. Chem. Phys. 41, 2911
(1964) ; 42, 1907 (1965).

% J. C. Phillips and L. Kleinman, Phys. Rev. 116, 287 (1959);
118, 1153 (1960).

2% M. Cohen and V. Heine, Phys. Rev. 122, 1821 (1961).
(12976];3 Austin, V. Heine, and L. Sham, Phys. Rev. 127, 276
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The criteria for determining which of the alternatives
is more useful in a given case are now fairly specific.*
In cases where the conduction band of the solid matrix
is free-electron-like, the excited hydrogenic orbital is
much larger than the localized wavefunction, and a
dielectrically screened hydrogenic Hamiltonian will
provide an accurate description of the crystal states.
If the conduction band is not free-electron-like, the
Wanner function is spread out over many unit cells so
that the central cell correction becomes large, and it is
then necessary to use the supermolecule formalism.

The problem of treating intermediate excitons, such
as molecular Rydberg states in rare-gas solids, would
seem best approached through the use of the model
Hamiltonian technique because of the free-electron-like
nature of the matrix. Although a simple dielectrically
screened hydrogenic Hamiltonian may not be adequate,
the pseudopotential formalism will undoubtedly prove
useful.

Comparing Table IT with the gas-phase Rydberg
levels of Table I reveals a similarity in the location of
the transmission increases and the Rydberg levels, but
not a one-to-one correspondence. The striking features
clearly represent some interaction between the benzene
molecular states, most likely the Rydberg states, and
some matrix states, most likely the continuum states
of the conduction band. Configuration interaction be-
tween discrete atomic states and atomic continuum
states has been observed previously to give anomalous
line shapes, either strongly asymmetric absorption
peaks or transmission windows of the type observed
here. Fano is responsible for the development of the
theory describing such anomalous line shapes as were
first observed in optical spectra associated with auto-
ionization in simple atomic systems.?

It is configuration interaction between the continuum
of states which exists at energies higher than the first
atomic ionization potential, and a configuration in
which two electrons are excited, that gives rise to auto-
ionization, since the wavefunction of the quasidiscrete
level becomes coupled with those of the neighboring
levels of the continuum.? Predissociation is the analo-
gous phenomenon in molecules, whereby a molecule may
spontaneously dissociate if it is put into a quasidiscrete
state in which its energy exceeds the energy necessary
for dissociation. This problem was treated first by
O. K. Rice in 1933.%

The first observation of anomalous line shapes in
absorption experiments was made in rare-gas spectra
in the region between the two ionization thresholds
corresponding to the doublet 2P;; ground states of
rare-gas ions.** The atomic Rydberg levels converging
to the %P, limit lie at energies higher than the 2P

8], Fano, Phys. Rev. 124, 1866 (1961).

# E. Condon and G. Shortley, The Theory of Atomic Spectra
(Cambridge University Press, Cambridge, England, 1959), p. 370.

3 Q. K. Rice, J. Chem. Phys. 1, 375 (1933).

3 H. Beutler, Z. Physik 93, 177 (1935).
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limit, and the absorption peaks between the two limits
are strongly asymmetric. Fano treated this particular
problem in an early theoretical paper.®

Autoionization in He is of interest since a transition
to discrete levels above the first ionization limit requires
that both electrons be excited. Transitions to auto-
ionizing energy levels in helium have been observed
near 60 eV. The line shapes are strongly asymmetric,
absorption being enhanced on the low-energy side and
reduced on the high-energy side.®

Autoionization can result from the excitation of
inner-shell electrons as well as from double-electron
excitations. Samson* has observed autoionized energy
levels in argon and krypton at around 25-30 eV, which
showed a decrease in absorption with no accompanying
increase.

The optical absorption spectra of metal vapors, corre-
sponding to the excitation of an inner electron from a
closed subshell, provide examples of several possible
types of line shapes. Calcium shows discrete peaks of
normal symmetric shape which are much stronger than
the accompanying continuum.?® Thallium vapor shows
a highly asymmetric peak near 2000 A, with a dip in
the ionization continuum followed by a sharp peak.:
Lead vapor near 1672 A shows a sharp minimum in the
ionization continuum without a corresponding peak.¥

Fano-type line shapes are therefore not unusual in
atomic spectra. In fact, the Rydberg series associated
with inner-electron or multiple-electron excitations be-
come the dominant features of atomic spectra in the
far-ultraviolet absorption region. Two recent reviews
have summarized the experimental data in this field.®
Similarly, spontaneous ionization may occur in mole-
cules, and the spectrum of N, near 700 & shows sharp
minima in the ionization continuum associated with
such preionization.®

The mechanism whereby configuration interaction
of the kind just discussed arises may be either inner-
shell-electron or two-electron excitations, but is not
limited to these. In the case of the solid-benzene-matrix
system continuum states can be provided by the con-
duction band of the matrix. Phillips®® has discussed the
fundamental optical spectra of a large number of solids
with respect to line shapes and configuration interac-
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tion of exciton resonances, and Jain® has considered
in detail the spectrum of solid xenon. From their work
we can make the following comments,

The optical spectra of solids include features arising
from both interband and intraband transitions. Direct
interband transitions are associated with the production
of free-electron-hole pairs and are characterized in the
spectra by absorption edges. In addition to the first
absorption threshold there may be absorption edges at
higher energies corresponding to transitions taking place
at other points of the Brillouin zone.

Intraband transitions are associated with exciton
states which arise as a result of electron-hole attraction.
In this approach it is the Wannier exciton model which
is generally valid, since the Wannier exciton is con-
structed from an electron wave packet made up of
states from the conduction band and a hole wave packet
of states from the valence band. Below the direct
absorption threshold a Rydberg series of hydrogenic
excitons is formed representing bound states.

Exciton resonances may also occur above the direct
threshold absorption and are associated with the higher
energy interband structure. Because these excitons lie
above the direct interband threshold and configuration
interaction with scattering states is possible, they do
not represent stable bound states.

Jain, in analyzing the solid xenon spectrum, noted
that stable bound excitons below the direct absorption
threshold are characterized by narrow resonances sepa-
rated by broad antiresonant minima, whereas meta-
stable excitons show broad resonant peaks and sharp
narrow antiresonances.

From the convergence limit of the hydrogenic bound
exciton states observed in rare-gas solids, we can obtain
a value for the energy gap Eg between the valence and
conduction bands, since

(hv)n=Eq— (G/nY), n=1,23 -,
G=ue? Ry, (6)

where u is the reduced mass of the exciton, and Ry is
the Rydberg constant, 13.6 eV. From the data of
Baldini*® on solid rare-gas alloys we find E¢=9.28 eV
for xenon, 11.67 eV for krypton, and ~14 eV for
argon.

When a xenon atom is placed in an argon matrix the
hydrogenic lines of xenon are still observed but the
series converges to the conduction band of the matrix,#
Continuum states are reached by transitions at much
lower energies in the solid than in the gas. For example,
the ionization potential of gaseous xenon is 12.08 eV
whereas transitions to continuum states in the solid,
whether the pure xenon solid or some other matrix,
occur at 9-10 eV,

41 X. Jain, Phys. Rev. 139, A544 (1963).

2 R. S. Knox, Theory of Excitons (Academic Press Inc.,, New
York, 1963).

4 (3. Baldini, Phys. Rev. 128, 1562 (1962).

# G. Baldini and R. S. Knox, Phys. Rev. Letters 11, 127 (1963).
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The spectra displayed in Figs. 3 and 4 can be readily
explained in terms of transitions to discrete molecular
states which overlap the conduction-band states of the
matrix. The sharp antiresonance in Fig. 1 at 9.9 eV
might similarly represent one of the higher-series mem-
bers of acetylene interacting with krypton conduction-
band states, which would imply that the energy gap
between the impurity level and the matrix conduction
is between 9.0 and 9.9 eV.

A complete analysis of the line shapes in Figs. 3 and 4
is made difficult by the overlapping of neighboring anti-
resonances. In particular, one cannot evaluate Fano’s
parameter ¢? which represents the relative transition
probabilities to the discrete state, as modified by contin-
uum states, and to the bandwidth of unperturbed con-
tinuum states. One can only say that, since nearly pure
transmission windows are observed, with little or no
increased absorption, ¢ is much smaller than unity. Since
transitions to the discrete states in the gas phase have
absorption coefficients as high as 108 cm™!, this result
implies that the discrete states are greatly modified in
the solid. Values of the bandwidth I' vary from about
0.03 to 0.05 eV, corresponding to a decay rate of ~6X
102 sec™! for the metastable state. Since T is related
to that interaction element V of the energy matrix
connecting the discrete state ¢, with appropriate con-
tinuum states y;, we have

V=i H|¢)=(T/m)i=0.11 eV. (7)

The spectrum of pure solid benzene, and pure solid
acetylene, showed only strong broad continuous absorp-
tion in the region from 1600 to 1300 A. It seems, there-
fore, that a proper, i.e., free-electron-like, conduction
band is required for the appearance of molecular anti-
resonances, This fact prevents the exact location of the
photoconducting level in solids whose band structure is
more complicated than that of rare gases. One can say,
in the case of benzene in a rare-gas solid, merely that
the level is below 8.0 eV, which is certainly a reasonable
limit. Photoconductivity experiments in benzene-doped
matrices would confirm the conclusions of this work,
and experiments on solid benzene would locate the
band gap where the optical method fails.

In conclusion, it is in order to discuss the relevance
of this experiment to the problem of describing molec-
ular crystal excitations in general. It is commonly
assumed that the Frenkel model of molecular excitations
is a useful formalism to describe the lower excited states
of crystals of aromatic molecules. The justification
given is that the spectrum of the molecular solid is
similar to that of the gas with regard to transition
energies. This similarity is offered as evidence that the
molecular wavefunctions are only slightly perturbed
from those of the isolated molecule.

Even in the case of solid rare gases, early workers
used an unmodified Frenkel scheme, with the justifica-
tion that the ground states of the atoms were tightly
bound closed shells and only van der Waals forces

Downloaded 25 Feb 2009 to 132.66.152.26. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



3004

stabilized the crystal.’® Also, from Baldini’s studies we
know that the 15,-3P; transition energy in xenon
changes only slightly in going from the gas to the solid.
This was also used as evidence that the Frenkel scheme
was appropriate for rare-gas solids.?® In retrospect it
is clear that the Frenkel model is not valid for solid
rare gases. The argument concerning the tightly bound
ground state is irrelevant to the location of the first
crystalline excited state, and the small shift in going
from the gas to the solid can be shown merely to reflect
the delicate balance between large Coulomb and ex-
change effects. It is now clear that the rare-gas 1.5,
transition should be treated either by a Frenkel scheme
modified by the inclusion of large charge delocalization,
or in terms of the first member of a Wannier hydrogenic
series, In fact, the remaining features of the rare-gas
crystal spectra can be treated only within the Wannier
framework.

i Finally, even in cases where the Frenkel scheme
would seem to be most applicable, such as the low-
energy excitation of crystalline naphthalene, charge

PYSH, RICE, AND JORTNER

delocalization must be introduced—via mixing of
charge-transfer states—in order to calculate the correct
Davydov splitting.# But inasmuch as charge-transfer
states have not yet been observed directly in aromatic
crystals,# the results of the present experiment consti-
tute the only unambiguous evidence that aromatic
crystals cannot be described solely in terms of slightly
perturbed free-molecule wavefunctions.
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Eigenparameters for the 1so, and 2ps, electronic orbitals of the hydrogen molecule ion are investigated.
The appropriate parameters are tabulated for the internuclear separations R=1.0(0.5)30.0 ao, and more
extensive tabulations, available elsewhere, are described.

HE hydrogen molecule ion (Hz*) is of considerable

practical and theoretical interest. Knowledge of the
higher vibrational states of the electronic ground state
is required for study of various dissociation mecha-
nisms,'? and the potential curves for higher electronic
states are needed;® if processes involving electronic
transition are of interest. Also, energy differences be-
tween the 1s¢, and 2ps, states are required, especially
at large R, for the treatment of charge transfer*$
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between the proton and hydrogen atom. Many prob-
lems concerned with molecular structure, such as the
evaluation of various matrix elements’ and the treat-
ment of scattering phenomena?* require the eigen-
functions as well.

The useful tabulation by Bates, Ledsham, and Stew-
art® provides the necessary eigenparameters for a num-
ber of states over the range of internuclear separations
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Wallis and Hulburt® tabulate the eigenparameters for
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