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We present experimental results of field ionization of high Rydberg states of an impurity doped into a
dense medium. The experiments allowed us to determine the change of the vertical ionization potential
of CH;lI in fluid argon up to the critical density. The lowering of the vertical ionization potential as a
function of the argon number density (p) is explained quantitatively on the basis of the energy of the
lowest extended state of an excess electron (¥,) in argon and on the sudden polarization energy resulting
from the interaction between the dopant ion and the medium. Our results for V,(p) are compared with

several recent theoretical calculations.

PACS number(s): 33.20.Ni, 79.70.+q, 33.90.+h

The field ionization of highly excited states has been
extensively studied in the case of atomic and molecular
states. According to the classical model, a Rydberg state
with effective quantum number n* can be ionized by an

electric field F (in V/cm), which fulfills [1]
F>3.21X10%/n** The ionization potential in the pres-
ence of the field is, therefore, lowered by

Ap=—17.59X10"*"'F, with Ap in eV. In this Rapid
Communication we present experimental results on
electric-field ionization of high Rydberg states of an im-
purity doped into a dense medium. We find that the
lowering of the ionization potential as a function of the
applied electric field is proportional to V'F in the whole
density range investigated. Our motivation for these
measurements was to determine the evolution of the vert-
ical ionization potential (I,) of an impurity doped into a
medium as a function of the host density. We should
stress here that several studies, performed with either sin-
gle [2] or multiphonon excitation [3], reported on the
density dependence of the photoionization threshold of an
impurity doped into several systems. Two investigations
performed in low-density rare gases doped with CH;I [4]
and C¢Hg [5] demonstrated that the energy difference be-
tween the vertical ionization potential of the dopant and
its photoionization threshold increases significantly with
increasing the medium density. Kohler et al. [4] ex-
plained this energy difference by a model which assumes
that the ionization below I, originates on the photoexci-
tation of a Rydberg state and on its subsequent ionization
induced by medium relaxations.

The model system chosen for this study was methyl
iodide doped into varying number densities of Ar. We
should emphasize, however, that the results are charac-
teristic of the host rather than the dopant. Their evalua-
tion yields the energy of the lowest extended state of an
excess electron ¥, as a function of the Ar number density
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p. Argon was chosen as the host medium since several
theoretical approaches based on the Wigner-Seitz model
[6-9], on a semiclassical percolation model [10], and on
molecular dynamics [9,11,12] have been recently imple-
mented for the calculation of Vy(p). Most of these calcu-
lations showed reasonable agreement when compared to
previous experimental results [13]. However, due to the
inherent errors involved in the photoinjection experimen-
tal technique [13-15], a critical evaluation of the theoret-
ical approaches could not be performed until now.

The experimental setup was described in detail in Ref.
[16]. Briefly, monochromatized synchrotron radiation by
the HONORMI system at HASYLAB [17] was focused
into the center of a high-pressure cell made of stainless
steel. The cell was equipped with entrance and exit LiF
windows and a pair of parallel-plate electrodes oriented
perpendicular to the windows. The sample temperature
was varied between 155 K < 7 <300 K and the maximum
sample pressure was 70 bar. The argon density range
covered in the experiments was between the dilute gas
and 7.1X10%! cm™3. The CH;I concentration was in the
ppm range. Transmission and photoionization spectra
were recorded simultaneously with a resolution of 7 meV
and with voltages ranging from a few volts to 3000 V.
The corresponding maximum electric field was 7500
V/cm. Both the photocurrent and transmission spectra
were normalized to the incoming photon flux. As de-
scribed below, the evaluation of the data involved the
subtraction of the photocurrent spectra recorded at
different electric fields. In order to avoid spurious effects,
only the spectra recorded with electric fields exhibiting
current saturation in the spectral range above the ioniza-
tion limit were used in the evaluation.

Figure 1 shows, as an example, photocurrent spectra of
CH;I doped into argon at a density of 4.6 X 10*! cm 3 for
several applied electric fields. As seen in the figure the
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FIG. 1. Photoionization spectra of CH;I doped into argon
for several applied electric fields. The sample density and pres-
sure are 4.6 X 10?! cm~® and 171 K, respectively.

photoionization threshold shifts from ~8.96 to =~8.92
eV with an increase in the electric field. Furthermore,
there is an increase in the photocurrent signal below 9.3
eV. A clear visualization of this effect is presented in Fig.
2(a). These spectra were obtained from those displayed in
Fig. 1 by subtracting the spectrum recorded at 750 V/cm
from those measured at higher fields. As Fig. 2(a)
demonstrates there is a significant increase in the current
between 8.93 and 9.31 eV with an increase in the electric
field. Figure 2(b) displays similar results obtained by sub-
tracting the spectrum recorded at 3750 V/cm from those
measured at 4250 and 5000 V/cm. As mentioned above,
Kohler et al. [4] attributed the current below I, to the
ionization of Rydberg states induced by medium relaxa-
tions. The shift of the photoionization threshold shown
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FIG. 2. Electric-field ionization signal of CH;I doped into ar-
gon as a function of the photon energy. The spectra were ob-
tained from the results shown in Fig. 1 by subtracting the spec-
tra recorded at (a) 750 V/cm and (b) 3750 V/cm from those
measured at higher electric fields.
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in Fig. 1 and the field ionization signal displayed in Fig. 2
can be explained in terms of this model [4] and by incor-
porating the medium effects on the model for classical
field ionization [1]; i.e., the applied electric field lowers
the ionization potential in the media by
Ap=—7.59X10"*VF /V'e (€ is the medium dielectric
constant), and consequently, increases the probability of
ionizing the photoexcited Rydberg states. Since the ap-
plied electric field should not induce additional current
above the ionization limit, the high-energy intercept of
the curves shown in Fig. 2(a) (at 9.31+0.01) and 2(b) (at
9.28+0.01 eV) corresponds to the ionization potential of
CH;I in the sample at 750 and 3750 V/cm, respectively.
It should be mentioned that the high Rydberg states re-
sponsible for the additional current signal are not
resolved in the absorption or ionization spectra due to
the high density of the sample.

Using the same subtraction procedure, we determined
the ionization potential for the different applied electric
fields. These results and their corresponding errors are
displayed in Fig. 3 as a function of the square root of the
electric field for several argon densities. The lines shown
in the figure represent linear fits to the data, taking into
account the error in the determination of each data point.
The intercepts of the lines with the abscissa determine
the vertical ionization potential (IP) of CH;I at the given
argon density. The slopes of the fitted lines vary between
—0.83 meV/(V/cm)!/? at low argon densities to —0.71
meV/(V/cm)!/? at higher densities. We note that the
change in the dielectric constant yields an increase in the
slope from —0.76 to —0.68 meV/(V/cm)!/? in the same
density range.

The full circles in Fig. 4(a) summarize our results for
the density dependence of the vertical ionization poten-
tial of CH;I in argon. The error bars represent the uncer-
tainty in the determination of the intercept as given by
the linear fit procedure. We remark that the vertical ion-
ization limit for p=4.6X10?! cm™? is 9.33+0.02 eV, i.e.,
at least 0.4 eV larger than the ionization thresholds
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FIG. 3. Ionization potential of CH;I doped into varying ar-
gon densities as a function of the square root of the electric
field. The number densities of argon are @, 1.5X 10?° cm™3; W,
8.2X10%° cm™% +, 15.1X102° cm™3; A, 23.2X10®° cm ™ %; @,
46X 10* cm™ % and X, 52X 10%° cm 3.
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FIG. 4. (a) Vertical ionization potential of CH;I as a function
of the Ar number density. @, present results; solid line, from
Refs. [16,18]; dashed lines, extrapolation of the modified Fermi
model at the thermodynamical conditions of our data. (b) Den-
sity dependence of the lowest extended state of an electron in
Ar. @, present results; —. —. —. , , o+ -+ X, M, and *,
theoretical calculations from Refs. [8], [9], [10], [9], [11], and
[12], respectively.

shown in Fig. 1. The solid line included in the figure de-
picts the linear dependence of the vertical ionization po-
tential as obtained from the shift of the high-energy Ryd-
berg states of CH;I doped into room-temperature argon
[16,18]. These results [16,18] were explained in terms of
a modified Fermi model [4,19,20] stating that the shift of
the high Rydberg states and, consequently, the shift of
the ionization potential are given by

A=(2m#/m)ap—6.79(ae)*3(#0) 3p , (1)

where 7 is the Planck constant, m and e are the electron
mass and charge, respectively, a is the electron-perturber
scattering length, a is the perturber polarizability, and v
is the relative velocity of the colliding partners. The first
term in Eq. (1) is due to the interaction of the electron
with the medium; the second term is due to the sudden
polarization of the medium by the positive core. We note
that only the host atoms situated outside the Weisskopf
sphere, i.e., a sphere with radius (7rae?/4#v)!”* and cen-
tered at the positive core, contribute to the polarization
term [4,20]. As seen in the figure the two data sets are in
perfect agreement in the common density range, i.e., up
to p=1.2X10?! cm ™3, further corroborating our method
and the interpretation of our results. It should be
stressed at this point that the vertical ionization potential
of an impurity cannot be determined by pressure shift
studies on Rydberg states at argon densities larger than
those reported in Ref. [18] due to the large broadening of
the Rydberg states.

The dotted line in Fig. 4(a) shows the evaluation of the
vertical ionization potential according to Eq. (1) at the
thermodynamical conditions of our experimental data.
Evidently, the calculation does not agree with our experi-
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mental results above 2.4 X 10*! cm 3. The reason for this
disagreement is obvious; Eq. (1) was derived for the low-
density regime, and consequently neglects the contribu-
tion of repulsive interactions, which become significant at
high densities.

The repulsive interactions can be readily included by
assuming that the energy shift of the vertical ionization
potential at high densities can be separated into the con-
tributions due to the positive ion and due to the electron,
as in Eq. (1). The repulsive interactions between the in-
duced dipoles can be taken into account by including a
screening function [21] in the second term of Eq. (1).
Since in the density range covered in the present experi-
ments the Weisskopf radius is larger than 1.8 nm, the
screening function can be replaced by the Lorentz local
field correction for a structureless fluid [22]

fo=(14+8mpas3)”!. (2)

The interaction between the electron and the medium for
all densities is described, in fact, by V(p), the energy of
the lowest extended state of an excess electron in the
medium. We note in passing that the first term appearing
in Eq. (1) is the low-density limit of V.

Based on the above considerations, we can express the
shift of the vertical ionization potential as

A'=V,—6.79ae?)?3(#w) pf ., . 3)

It is worth mentioning at this point that the polariza-
tion term in Eq. (3) is much smaller than the adiabatic
polarization energy given by Messing and Jortner [22].

Figure 4(b) displays the density dependence of ¥ in Ar
obtained by combining our experimental results for the
shift of the vertical ionization potential and Eq. (3). We
included in the figure the most recent calculations of
Vo(p) performed by Lopez-Castillo et al. [9] using both
the Wigner-Seitz model and path-integral molecular dy-
namics, and those of Stampfli and Bennemann [8], Simon,
Dobrosavljevic, and Stratt [10], Space et al. [11], and
Boltjes, de Graaf, and de Leeuw [12]. As seen in the
figure our results for p<4.6X10*! cm™? are in good
agreement with the theoretical calculations performed by
Lopez-Castillo et al. [9] based on the Wigner-Seitz model
(which does not take into account the fluidlike character
of the solvent) and using the electron-argon pseudopoten-
tial of Li, Broughton, and Allen [23]. The agreement be-
tween our results and their calculations for the two
highest densities is, however, less satisfactory. Stampfli
and Bennemann performed a Wigner-Seitz-type calcula-
tion approximating the effect of decreasing density as be-
ing due to an increase in the number of vacant lattice
sites. They introduced, however, a very simple electron-
argon pseudopotential. Their results [8] are consistently
higher than our data. This is also the case with the calcu-
lations performed by Simon, Dobrosavljevic, and Stratt
[10] in terms of a semiclassical percolation model that
takes into account the fluid disorder but ignores many-
body polarization interactions. Three groups [9,11,12]
recently calculated V|, using quantum molecular dynam-
ics. They demonstrated [9,11,12] that V', shows the ex-
perimentally observed minimum [13] only when the in-
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teractions between the induced dipoles are properly taken
into account. Due to the long computational times in-
volved in this type of calculation all the groups computed
only two densities in the range of our experimental re-
sults. Lopez-Castillo et al. [9] used in their calculations
the electron-atom potential of Li, Broughton, and Allen
[23] and a simple form for the screening function. As
shown in Fig. 4(b), their [9] high-density result is in good
agreement with our data. Space et al. [11] employed a
self-consistent form for the screening function and a
parametrized pseudopotential. Using a similar screening
function, Boltjes, de Graaf, and de Leeuw [12] showed
the insensitivity of their low-density results to the choice
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of the pseudopotential. As seen in the figure, only the
low-density results of both groups [11,12] agree with our
data.

In summary, we have shown that field ionization can
be exploited to determine the vertical ionization potential
of an impurity doped into a dense medium. From these
results we were able to determine the energy of the lowest
extended state of an excess electron in argon up to almost
the critical density.

We would like to thank Dr. B. Plenkiewicz for provid-
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ported, in part, by the National Science Foundation.
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