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Sudden and Adiabatic Polarization EH'ects in Doped Rare Gases
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The evolution of both the sudden and adiabatic polarization energies resulting from a rare gas in-

teracting with a dopant ion was followed for the first time. The variation of these two polarization ener-

gies was determined by means of photoabsorption and photoionization up to rare-gas number densities of
(23.0, 24.0, 11.3, and 6.6) &1020 cm ' for He, Ne, Ar, and Kr, respectively. Both polarization energies
were found to vary linearly with rare-gas number density. However, the slopes differ by more than 1 or-
der of magnitude. This difference is explained in terms of a model which accounts for the different time
scales of the two experiments.

PACS numbers: 33.20.Ni, 33.70.Jg

Polarization following electronic excitation is a basic
process that occurs in all phases of matter. The effects
of this polarization, however, are time-scale dependent.
In photoemission from molecular solids, for example, the
electron binding energies differ from those of the corre-
sponding free molecule as a result of electronic relaxa-
tion during the photoelectron emission process. ' This is

a fast, or sudden, effect which occurs on a time scale too
short to permit intermolecular relaxation. By contrast,
an electronic excitation often results also in a geometri-
cal arrangement of the atoms or molecules around the
excited center in a solid. As a consequence one observes

Stokes shifts for emission lines in ffuorescence spectros-

copy. This latter example is a slow, or adiabatic, effect.
Although the difference between these two polarization
energies is intuitively clear its quantitative experimental
determination is available only, to our best knowledge,
for isolated molecules. ~ In the present Letter we present,
for the same system, the evolution of both polarization
energies as a function of the number density.

Our basic idea was to measure the polarization in-

duced by an ion in a rare-gas host. In order to separate
the sudden and adiabatic polarization effects, we chose
two experimental techniques which differ significantly in

their characteristic time scales. In photoabsorption,
which has a characteristic time of the order of 10 ' s,
we measured the energy positions of dopant high-n Ryd-
berg states as a function of rare-gas number density. By
extrapolation to the Rydberg series limit, we were able to
obtain the density dependence of the vertical ionization
energy (I,) of the dopant. ' Beyond a certain host densi-

ty, however, a dopant high-n Rydberg state can polarize
the medium to such an extent that relaxation to an
electron-ion pair becomes energetically possible. The
time scale of this process is given by the lifetime of the

Rydberg state involved (10 ' s). In order to detect the
adiabatic energy onset (l,d) of electron-ion pair produc-
tion, we simultaneously measured photoionization spec-
tra as a function of host number density. In this way, we

were able to follow the evolution of both the sudden (I, )
and adiabatic (l,d) polarization energies as a function of
host number density up to the highest number densities
ever studied in this type of experiment.

The model system chosen for this study was methyl
iodide (CH3I) doped into varying number densities of
He, Ne, Ar, and Kr. We should emphasize, however,
that the general results reported here are characteristic
of the host rather than of the dopant.

The details of the experimental arrangement used in

the measurements reported here are described else-
where. ' Brieffy, monochromatic synchrotron radiation
was focused into the center of a 10-mm-long experimen-
tal cell which was equipped with entrance and exit LiF
windows, and with a pair of parallel-plate electrodes
oriented perpendicular to the windows. A high-
resolution monochromator permitted the precise (reso-
lution =2 meV) determination of Rydberg-state excita-
tion energies and photoionization threshold energies. In
all cases, the concentration of the dopant was less than
10 ppm.

In Fig. 1, typical photoionization spectra, and one ab-
sorption spectrum, are compared for the system CH3I-
Ar. The photoionization onset, which clearly shifts to
lower photon energies as the host number density in-
creases, is indicated in each spectrum.

The density dependence of the absorption spectra of
CH3I doped into He, Ne, Ar, and Kr has been reported.
Our main finding was that the energy shift of high-n
Rydberg states, and consequently of the series limit, I„
is a linear function of the host number density for all
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FIG. 1. Bottom: Photoionization spectra of CH3I in Ar:
(a) pure CH31 at p =0.1 Torr; (b), (c) the Ar number density
is 5.7x10 cm and 11.3x10 cm, respectively; the CH I
concentration is less than 10 ppm. The arrows indicate the on-

set of the photocurrent. Top: Absorption spectrum recorded
simultaneously with the photoionization spectrum in (b). The
assignment of the shifted nd and nd' Rydberg series is given.
The arrow indicates the position of the limit of the series con-

verging to the first ionization limit.

a„-(2zh'/m)ap, (2)

where m is the mass of the optical electron, a is the
electron-rare-gas scattering length, and p is the host
number density.

For the polarization contribution to Rydberg-state en-

ergy shifts, Fermi suggested

f oo

61M1= —(ae 4'/2)„& R R dR, (3)

where a is the rare-gas atomic polarizability, R is the
ion-rare-gas separation, and Ro is a finite lower integra-
tion limit. In the original Fermi model, Ro was taken to
be the Wigner-Seitz radius: Ro=(3/4')'~. In our

four rare gases. The Rydberg states broaden with num-
ber density and could be followed up to densities of
(23.0, 24.0, 11.3, and 6.6) X10 cm 3 for He, Ne, Ar,
and Kr, respectively. The linear shift observed for the
whole density range was discussed6 in terms of a Fermi
model. ' The energy shift 5 is the sum of two contribu-
tions, namely,

~ =~sc+ ~poi

where 5„ is the contribution due to the scattering of the
quasi free electron off of the perturbing atoms, and A~1
is the sudden polarization of the medium by the ion core.

The electron-scattering shift is given by

FIG. 2. Sudden and adiabatic polarization energies of the
methyl iodide ion as a function of Ar number density. Circles,
experimental values of h~~. (The experimental error is as
small as the diameter of the points. ) Crosses, experimental
values of P~. (The experimental error is shown for one point. )
The lines represent, in both cases, the calculated polarization
energies. See text for details.

earlier work, however, we demonstrated that the
Wigner-Seitz radius is an inappropriate choice for the
lower integration limit. If we introduce the Weisskopf
radius, Rw=(zae /4hv)'~ (where v is the thermal ve-
locity of the rare-gas atoms), as the lower integration
limit in Eq. (3), we find

1= —10.78(ae /2) (hv) '
p (4)

The introduction of the Weisskopf radius in Eq. (3) is
justified by the fact that we measure the energy shift of
the line center. And, this shift is determined only by
host atoms situated outside of the Weisskopf sphere. s

By contrast, atoms within the Weisskopf sphere contrib-
ute to line broadening rather than to the shift of the line
center.

Equation (4) is practically identical to the expression
obtained by Alekseev and Sobel'man' for the very low-

density case. Moreover, Eq. (4) describes our previous
experimental results quantitatively, 6 as shown by the
upper line in Fig. 2. Our experimental results are sum-
marized and compared with theory [Eqs. (2) and (4)] in

Table I.
In the density range present here, we may express the

shift in the adiabatic ionization energy as

~lad =~sc+~+,

where P+ is the adiabatic polarization energy. The ex-
perimental density dependence of P+ is presented in Fig.
2 for the case CH3I-Ar. Note that P+ is strikingly
larger than 5~1. This is also borne out for the other rare
gases, as shown in Table I, although the results for He
and Ne are less accurate.

As discussed above, 6~1 is determined only by those
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TABLE I. Experimental (expt) shifts of the vertical (6) and adiabatic (AI,d) ionization en-

ergies with number density p. The scattering (5„) and polarization (A~~, P+) contributions to
the shifts were calculated (calc) with Eqs. (2), (4), and (6), respectively. The experimental
values for h~~ and P+ were obtained from Eqs. (I) and (5). All these quantities are given in

units of 10 eV cm . The lower part of the table pertains to the parameters for the model po-
tentials [Eq. (7)] employed to calculate P+

a/p (expt)
AI.d/p (expt)
6,./p (calc)

a~gp (expt)
d,~gp (calc)
P+/p (expt)
P+/p (calc)

E (meV)
o (A)
a

F (meV)
R. (A)
p(A ')

—8.6 ~ 0.2
—36.4 ~ 4.8

—8.11
—0.5 ~ 0.2

—0.84
—28.3 ~ 4.8

—28.5

18.39'
5. 1

13.772

385'
3.7
17

Ar

—5. 1 ~0.4
—14.4+' 2. 1

—4.31
—0.8 ~ 0.4

—0.73
—10.1+2. 1

—10.1

14 30'
4.7

13.772

176'
3.6

0.09 ~ 0.03
—2.4+ 1.5

0.61
—0.52+' 0.03

-0.31
—3.0+ 1.5

-2.7
2.85'
4.6

13.772 b

41'
3.5

He

2.44 W 0.06
—0.4+' 0.7

2.92
—0.48 +' 0.06

—0.27
—3.3 ~ 0.7

—1.2

1 03'
44

13.722

20'
3.2
1.7

'Reference 10.
For a =13.772 the modified Buckingham potential can be smoothly connected to a Lennard-Jones poten-

tial given by E,o.
'Estimated,
Reference 11.

perturbers outside of the Weisskopf sphere. P+, howev-

er, is determined predominantly by those perturbers
within the Weisskopf sphere, as we will show below.

In order to calculate the contribution of close per-

turbers, we must consider the molecular potential curves

that describe the interaction between the dopant in the
ground state and the perturber, V, and that between the
ion core and the perturber, V+. P+ is then given by

P+ =4' (V—V+)W(R)R dR, (6)

where W(R) describes the distribution of perturbers
around the ion core.

In order to model our experimental data, we chose a
modified Buckingham potential for V, and a Morse po-

tential for V+..

E 6 RV= ~ —exp —a 1 ——
I 6/a , a

V~ =F{l—exp[ P(R —R~) ll F. — —

R
(7)

In the low-density range that we consider here, W(R)
is given by the classical expression:

W(R) =exp( —V/kT)

For the case of CH3I-Ar, W(R) is shown in Fig. 3, along
with V and V+. Since, to our knowledge, the parameters
for the molecular potentials are now known, and since

CH3I and Xe exhibit many similarities in their electronic
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FIG. 3. Bottom: Model potential curves, given by Eq. (7).
Top: distribution function calculated from Eq. (8) (dotted
line), and shifted to R =R (full line).
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structure, ' we chose parameters pertaining to Xe-
A 10 ll

In order to calculate P+, we must first consider the
evolution of W(R) in time. Before and during the pho-

toabsorption process, W(R) is determined by the
ground-state potential V. Subsequent to the excitation to
a Rydberg state, perturbers begin to move in the direc-
tion of the dopant core, under the influence of Vy. This
we model by a rigid translation of W(R) (cf. Fig. 3).
This rigid translation is justified by the fact that the re-

laxation process is limited by the lifetime of the Rydberg
state, which is of the order of 10 ' -10 ' s (as es-

timated from linewidths in photoabsorption). Thus,
there is insuflicient time for a full molecular relaxation.

Under the above assumptions, we calculated P+ as a
function of host number density. The result for CH3I-Ar
is given by the lower line in Fig. 2. Clearly, the agree-
ment between theory and experiment is excellent. The
results for the other rare gases are summarized in Table
I. Finally, it is worth pointing out that these model cal-
culations are mainly sensitive to the depth of V+, and to
the relative distance tr —R

In summary, we have presented new experimental
data which permit us to separate the sudden and adia-
batic polarization efl'ects in doped rare gases, and fol-

lowed their evolution as a function of medium density.
In addition, we have provided model calculations which

reproduce quantitatively our experimental results. We
wish to point out, however, that at very high densities

p) 5x10~' cm 3 repulsive forces must be taken into ac-
count. In this case, P+ and h„are no longer linear in
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