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Electronic excitations of pure and doped rare-gas fluids: Theory and experiment
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It is shown that a mean-spherical model with no adjustable parameters developed by Chandler,
Schweizer, and Wolynes [Phys. Rev. Lett. 49, 1100 (1982)] is in rough agreement with the exper-
imentally observed shifts of photoconductivity thresholds in pure and doped rare gases. This holds
for a wide density range. However, the theory always yields a red shift for discrete absorption
lines and bands, while in the experiments blue shifts are dominant, essentially as a result of corre-
lation eA'ects.

For pure and doped fiuids of the rare gases Xe, Ar, and
Kr, there exists a profusion of experimental data '

describing the evolution of electronic states from densities
of a dilute gas to that of a triple-point liquid. These data
have been interpreted mainly by drawing on the similarity
and continuity with the respective gas and solid samples:
They were discussed in terms of broadened and shifted
atomic lines influenced by molecular interactions, free and
trapped excitons, as well as valence and conduction bands.
However, in spite of the basic importance of the rare-gas
fluids and the wide scope of results available, the data
have not yet been used for comparison with fundamental
theories on electron states formulated specifically for
fluids. The present Rapid Communication intends to
bridge this gap between theory and experiment.

We shall compare experimental results with a linear
response theory of the dielectric properties of liquids.
Many such theories can be viewed as mean-field theories
of the atomic dynamic polarizability; the induced dipole in
the atom is acted on by a local field produced, in turn, by
the polarized surrounding medium. Adopting the simplest
possible model for the dynamic polarizability a(ro) of an
isolated atom (ao being the static atomic polarizability)

a(co) =
1 —(co/coo) '

with a single resonance at the frequency coo, such theories
can predict a frequency shift due to the solvent efrect.
We have chosen to make a comparison with a more recent
version of the linear response theory developed by
Chandler, Schweizer, and Wolynes (CSW) based on a
quantum reformulation' of the statistical mechanics of
molecular liquids, and utilizing the "mean-spherical"
scheme of approximation (MSA). "' This theory has
the advantage of being essentially free from adjustable pa-
rameters. ' As usual in MSA theories, the liquid struc-
ture is approximated by assuming hard-core repulsion be-
tween the molecules. It predicts, for the pure fluid, an ab-
sorption band within a finite range of frequencies
(co ( co ( ra+, see below), corresponding to the "atomic
line" at coo.

The boundaries of the absorption band are given by Eq.

(8) of CSW:

cv t- = cu [1+a b ~ (sa a ) ' ] (2)

For the parameters a and b we used the formulas

a = per Iz(per ),=2K
3

a S I2 (pa')
5 I3(pa')0'

(3a)

where p is the number density, o is the hard-sphere diam-
eter, and the functions Iz(x) and I3(x) are given in Ref.
13. Equations (3a) and (3b) differ from the correspond-
ing Eqs. (6a) and (6b) of Ref. 9 by the numerical factors:
They were obtained by using the Pade approximant [Eq.
(5) in Ref. 9]

e 2

P+= 1 ——
20'p E

(5)

pro being a hard-core diameter and e the (optical) dielec-
tric constant.

E(a) aa/(1+ha),
consistent with the expression for the dipolar part—3(a/P)E(a) of the internal energy (P=1/kttT, ktt be-
ing the Boltzmann constant and T the absolute tempera-
ture) and on taking the parameter y appearing in Ref. 13
as y 4trap/3. Only with the numerical factors resulting
from this assumption [and appearing in Eqs. (3a) and
(3b)] could the shapes of the absorption curves presented
in Fig. 1 of Ref. 9 be reproduced. '

The most convenient experimental system for compar-
ison is that of fluid xenon; for this substance data are
available on the evolution of electronic states with den-
sity, ranging from that of the dilute gas up to the triple-
point liquid; this includes the photoconductivity threshold
Epc, and the minimum energy of the conduction electron
Vo (the bottom of the conduction band). Moreover, it was
shown that the polarization energy P+ of the medium
due to the hole created simultaneously with the photoelec-
tron can be satisfactorily estimated by means of the sim-
ple formula ("Born charging energy formula" ' ):
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The above quantities are related to each other through
the relation '

Epc -I+Vo+P++E (6)

I being the first-atomic-ionization potential and E' a
correction term (not known), due to the fact that the top
of the "valence band" in the dense fluid is shifted with
respect to the ground state of the atom. Since Vo and P+
are essentially final-state corrections due to the interaction
of the free electron or hole with the medium, the CSW
theory cannot be expected to account for them properly.
In Fig. 1, we compare, as a function of the density, the
low-energy threshold of the absorption band developing
from the first-ionization limit of the isolated xenon atom
(12.127 eV) with Epc —P+ and with I+Vp. It is seen
that I+ Vp )Epc P+, implying [see Eq. (6)] that
E'&0 as expected. Moreover, the theoretical curve is
bracketed between the two experimental estimates, and
the total variation with density is similar in the three cases
(0.5-1 eV). It should be pointed out also that the Epc
values measured at low pressures are limited by an essen-
tially molecular process, with a threshold of 11.10 eV.
This process is the creation of a molecular-ion- free-
electron charged pair;' it is not dealt with in the CSW
theory and it prevents the extrapolation of the measured
Epg values at low densities from being equal to the first-
atomic-ionization potential, 12.127 eV.

According to the CSW theory, all excitations should
shift toward lower frequencies with increasing density in a
pure rare-gas fluid. Experimental data on the evolution of
pure fluid xenon, krypton, and argon absorption spec-
tra with density show that above a characteristic threshold
density, excitonic bands also appear at the wings of the
broadened and shifted atomic lines. This feature compli-
cates comparison with theory. Even so, the overall ten-
dency of all bands is a slight red shift at the lowest densi-
ties, followed by a blue shift of the order of a few tenths of
an eV at the highest ones. Thus the CSW theory implies a
shift mostly in a direction opposite to the experimental
one in these cases.

The CSW theory predicts for an impurity at low con-
centration in a fluid, with cop I & cop, cop I being the impuri-
ty atomic absorption line, coo that of the host, an absorp-
tion spectrum of the form of a b function (it does not take
into account the various interactions causing broadening).
The position of the 8 function is given by the zero of the
equation

m' —2ap—,IE'(~) =0 . (7)

ao I is the zero-frequency atomic polarizability of the im-
purity, and E '(co) is defined in Ref. 9.

If cop I & cop, the solution of Eq. (7) yields a consistent
red shift with density. This is illustrated in the lower part
of Fig. 2 for the first resonance line of xenon (at 8.437 eV)
calculated with aors 0.0016 nm and coo=15.56 eV. It is
seen in the figure that again the experimentally measured'
shift of the absorption peak for xenon in argon is mainly
toward the blue, though at small densities a slight red
shift is discernible.

The upper part of Fig. 2 deals with the shift of the ion-
ization energy of xenon (at 12.127 eV) with argon densi-
ty. The theoretical curve has been calculated as indicated
above. The relevant experimental data are those on im-
purity photoconductivity thresholds Epc provided a
correction is made for the polarization energy P'+ of the
hole attached to the impurity. However, '

Epc —P'+ I'+ Vo,
I' being the ionization potential of the (free) impurity
atom and Vo the minimum energy of a conduction elec-
tron. In fact, the experimental curve in the upper part of
Fig. 2 represents I'+Vo based on the experimentally
determined Vo values for fluid argon. It is seen that there
is a rough correspondence between theory and experi-
ment, though the theory does not reproduce the minimum
of the I'+ Vo curve; this minimum is known to be due to
competition between long-distance attractive and short-
distance repulsive interactions between the free electrons

Xenon

&pc p+—

I+ ~o-
Theory

~i —Xenon in Argon

~ l0—
CB

CO

LLI g

gj— J
0.0 0.2 0.4 0.6 0 8

Normalized Density p

10

FIG. 1. The absorption-band threshold as calculated from the
CSW theory (solid line), compared with experimental data (see
text, dashed lines) for fiuid xenon as a function of the normal-
ized density p* pa, with a 0.398 nm.
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FIG. 2. Impurity-absorption-band positions as calculated
from the CSW, theory (solid lines) for low concentrations of xe-
non in fluid argon, as a function of the normalized argon density
p per, with cr 0.34 nm. Experimental curves (dashed):
upper part, I'+ Vo from Ref. 4; lower part, impurity-
absorption-band peak, Ref. 1.
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and the host atoms. ' '
The above comparisons can be extended to include

numerous other pure- or doped-rare-gas absorption lev-
els:' In all cases the magnitude of the density-induced
shift is similar in theory and experiment, but for discrete
levels the theory predicts a consistent red shift with densi-
ty both in pure and doped materials (provided the dopant
excitation energy is smaller than that of the host), while
blue shifts are dominant in such systems. For levels corre-
sponding to the first atomic ionization potential (and in-
volving intrinsic or extrinsic photoconductivity), however,
the theory is in rough agreement with experiment. This
marked difference in the applicability of the theory in its
basic form can be traced to the different excited states in-
volved. Both for impurity excitations and for the excitons
in pure fluids considered above (having many traits of a
Frenkel exciton ), the excited wave function is roughly
confined to one atom. Thus such systems should be very
sensitive to the local liquid structure and the detailed in-
teractions' with the neighboring atoms due to the effects
of orbital overlap, etc. On the other hand, the CWS
theory is in rough agreement with experiment when the
excitation leads to photoconduction, i.e., an essentially
free electron in the final state. Thus it seems that the
MSA model as presented in Ref. 9 and variants
thereof are reasonably successful in reproducing the
dielectric response in cases when the excited-state wave

function extends over spatial regions sufficiently large so
that the microscopic details of the liquid structure and
correlation effects become relatively unimportant. To
deal with the blue shifts when excitation is confined, ex-
tensions of the theory' ' should be considered. These
require a more realistic account of nearest-neighbor corre-
lations and of the repulsive interactions going beyond the
MSA. Replacement of the hard core by a soft repulsion
would be in conformity with suggested ' effects of intera-
tomic exchange forces on the electronic properties of the
system.

Finally, a further interesting prediction of the CSW
theory on a doped simple fluid should be mentioned.
When the impurity absorption band is very near to that of
the host, this "resonance" should be manifested by
dramatically varying absorption profiles (Fig. 2 in Ref. 9).
An experimental test of these predictions seems to be
rather difficult because of the much stronger absorption of
the host as compared to that of a dilute solute. A com-
bination of near-normal incidence and oblique incidence
reflectivity spectra, using polarized light excitation, might
furnish the necessary experimental data.
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