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Abstract

Impurity photoconduction was studied in fluid argon, krypton and xenon
doped by one of the impurities ethane, propane, butane and benzene. For
several impurityihost combipations it was possible to determine, in a wide
density range, the energy needed to raise an electron from the ground state
of the impurity to the conduction level of the host. The polarization energy
Pi of the hole trapped at the impurity was calculated from these results

and compared with the Born charging energy formula.
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l. Intraduction

The first report on impurity photoconduction in rare-gas fluids and
solids was published recently in this Journal (1], 1e presented photocon-
ductivity excitation spectra of fluid argon and krypton, doped by xenon
impurity. The spectra reported were obtained by using monochromated syn-—
chrotron radiation from the DORIS storage ring at DESY, Hamburg. The samples
were enclosed in a cell having a LiF front window and their impurity concen-
tration varicd from about two to two hundred p.p.m. The photon energy threshold
for photoconduction Epc was identified as the minimum energy Eé needed to
raise an electron from the ground state of the impurity to the lowest conduc—
tion level ("bottom of the conductiom band"), or, in short, the intermal ionizaticn
energy of the impurity in the medium With these results it was possible
to revise the only values of F hitherto available, namely those obtained
from indirect spectroscopie ev1dence [23. Moreover, combining EG values
from photoronductivity excitation spectra with spectroscopic data (3] assign-
ments of bound excitons and of their binding energies could be revised.

Using experimentally determined results H 51 on the energy V of the quasi-
free electrons the polarization energy P of the hole trapped at the impurity
after ionization was also determined. The density range of the experiments

on the Xe:Ar and Xe:Kr systems [1] was rather limited since if a host exciton
band (or a broadened atomic absorption line) overlaps the threshold region
then absorption to the exciton band competes very effectively for the incident
photons, diminishing the photocurrent and totally obscuring the threshold.

In Xe:Ar and Xe:Kr such overlaps occur for a wide range of densities.

In this paper photoconductivity excitation spectra are presented for
argon, krypton and xenon doped by one of the molecular impurities ethane
. :nze LH).F im-
(CZHh) propane [C3H8)’ butane (CAH]O) and benzene (C6 6) or several im
purity:host combinations it proved to be feasible recording such spectra
without interlerence from the host excitons, at host densities ranging from

that of a dllute gas to the triple point density p, Accordingly the variation

of F; and P+ could be followed in this very wide rzzge, for the first time
in any doped fluid. The effects of changing the impurity in a given host

could be clearly perceived as well as the effects of the same impurity in
different host fluids. Results on Eé
data in the corresponding solids, based on spectroscopic experiments. Finally

in the fluids were compared with similar

it was possible to test the applicability of the Born charging energy formula
to the dependence of Pi on the density for the whole density range in the

doped fluids investigated.



2.  Experimental results

The experiments were performed as described in Ref. [1]). The only additional
problem was the increased danger of freezing out of the impurity, since
for some of the systems the difference between the triple points of the
host and the impurity was very large. In the extreme case, namely for benzene
in argon, the benzene impurity did indeed freeze out at low temperatures,
corresponding to densities above 2 x 1022 atoms/cmz. Measurements in a wide
density range were recorded for argon doped by ethane, propane or butane,
as well as for benzene impurity in the hosts argon and krypton. Because
of host exciton-photoconduction threshold overlap problems (see above) the
benzene:xencn system could be studied only at densities near the triple
point, for butane:krypton conly one useful spectrum was recorded and other
combinations of the above listed impurities and hosts could not be investigated
at all. Figure | shows a typical set of photoconductivity excitation spectra.
The system presented is ethane:iargon, the parameter changing from graph
to graph being the host density. The tendency of the thresheld photon energy
to decrease with increasing density is evident. The sharp drop on the high-
energy sides of the curves is due to the n=1 (391) exciton in fluid argon;
this exciton shifts towards the blue with increasing density [6]. The height
of the curves is influenced by the shifts of the onset and of the exciton
position and also by the variation of the mobility with density [7]: the

zero-field mobility has a maximum at a density of 1.21 x 1022 cm_3 and a

broad minimum at around 0.6 x 1022 cm_3. It should be mentioned here that

the overall shape of photoconductivity excitation spectra was sensitive

to traces of other dopants as well: the absorption lines of the further
impurity appear as dips on the background of the photocurrent continuum deter-

mined by the main impurity and the host.
Empirical formulae of the form
1 _ n
o (hv - E.) ol

have been suggested in the literature to represent the dependence of the
photocurrent T {normalized to equal numbers of absorbed photons) on the

photon energy hv near the threshold E, in non-polar liquids [8-111. The

G
exponent has been usually given somc value between 0.5 and 2, but no single
value of n was found that would give a good representation for all liquids

investigated. Tn the present work two methods were employed [1] to determine

the impurity photoconduction thresholds: a.) noting the photon energy at
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the beginning of the rise; for this, the spectra had to be plotted on such
scales that they should be roughly congruent in the region in the threshold
region (apart from a shift on the photon energy scalel}; b.) plotting the
square root of the photocurrent and extrapolating the linear part of the
plot near the threshold until its intercept on the wavelemgth axis. The
second method gave in several cases ambiguous results, namely when two linear
tegions, with different slopes, appeared on the VT vs. wavelength plots
near the threshold or when this plot had a large part with gradually increasing
slope in the same region. For any given s?t of spectra Eé was determined
é vs. {0 curves were plotted, the

two graphs were in each case very similar; they never deviated from each

by both methods. When the resulting twe E

other by more than D.08 eV and in most cases they were appreciably closer.
All data presented below {Figs. 2-5) are based on averages taken from threshold

determinations by both methods.

. . . .- i
Because ol ils importance in obtaining correct values of P+ (see below),

é of the

pure dopant. At least four room-temperature spectra were taken for each

special care was Laken when determining the ionization potential I

dopant at a pressure of 260 Pa (= 2 torr). For each spectrum, the onset

of the photoionzation current was determined by both methods ("initial rise"
and "square root") used for finding Eé in doped systems. Ié-values thus
determined should be equal in principle to adiabatic ionization potentials

of the pure dopant. Properly averaged Ié—s are presented in Table 1, along
with first@ertical) ionization potentials from Kimura et al. [ 12]. 1t was

felt that these [é-values would be more consistent with our Eé—values than
adiabatic ionization potentials taken from the literature: problems of experi-
mental methods different from ours (e.g., photoelectron spectToscopy, mass
spectrometry) and alternative definitions of Ié are now avoided. It should

5

be noted that for the case of xenon dopant f 1) such a consistent determination
i - . : . L. :

of IG was not possible: in this case there is a pronounced photelenization

response below the atomic ionization limit, namely at and around higher

* dimer ions [13-15].

atomic absorption lines. This is due to the formation of Xez

Figure 2 represents the dependence of the photoconductivity threshold

Eé on the host density in argon doped by ethane, propane or butane. The

impurity concentration was in all cases about 2 ppm. The ionization potentials

Ié of the impurities are also marked. It is seen that Eé is roughly constant
' i
G
decreasing density. The continuous lines drawn are least-squares {ittings

at the highest densitics, increasing more and more steeply towards I with

of quadratic functions to the experimental points.
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Figure 3 is similar to Figure 2, but in this case the dopant is identical
(benzene) for the three graphs and the hosts are different: argon, krypton
or xenon. The density range for the benzene:ixenon system was rather narrow
because of the proximity of the n=1 (SPl) host exciton to the photoconductivity
threshold. In this system a further photoresponse band also appeared at
densities from 0.5 to | x 1022 cm_3 on the low-energy side of the CGHG:Xe
response; the origin of this band is not understéod. For argon and krypton
the behaviour of Eé v8. 0 at the lowest densities is given as an insert

in the graph.

The polarization energy Pi of the hole trapped at the impurity was
calculated from the relationship [ 16]
i i i
EC = IG + Vo + P+ e 2
I; being the adiabatic polarization energy of the free impurity molecule.
VO had been determined directly for the host materials employed in this
wark {4,5]; Pi as a function of p for argon host and different impurities
appears in Figure 4. Since the values of |Pi |are rather small compared
. i i
with I

G
quantities, particular care was taken to draw the proper error bars in the

and Eé,and P: is obtained {rom the algebraic sum of three experimental

figure. With these error bars it seems at first sight that the systematic
differences between the results for the three dopants are insignificant.
However, the two main contributions to the error (both about equally important}
come from the determination of Ié for the impurity and that of Vo of the

host. Now V0 is the same for the three graphs, since they all refer to the
host argon: hence it follows that for comparisons between the graphs the

error bars should be roughly halved. These shortened error bars would be
comparable to the relative displacements of the three graphs in Fig. 4,

making the reality of the displacement plausible.

A gimilar set of Pi vs. 0 graphs is shown in Figure 5. They all refer
to the same dopant, namely benzene, with different hosts - argen, krypton
or xenon, The general shapes of the graphs are similar to those im Figure
4, but there are clear differences between the results for different hosts,
|Pi[increasing narkedly with increasing atomic.number. Note that for comparisons
of different graphs in this figure the error bar shown should be again roughly
balved, since in this case the Ié—values are all identical, namely that

pertaining to benzene impurity.

3. Discussion

It was pointed out by Messing and Jortner {17] that Pi should consist
in principle of a sum of a.) an electrostatic contribution and b.)} a sum
of terms representing short-range repulsive interactions, due to the changes
upon ionization between Coulomb, exchange and overlap contributions. They
suggested that for an impurity containing many electrons contribution "b"”
should be considerably smaller than contribution"a". In such an approximation
one might expect that with increasing atomic number and atomic polarizabjility
of the host the polarization energy Pi should incregse in absolute value,
while increasing the size of the impurity molecule should cause some decrease
in |P1|, This latter effect would be due to an increase of the distance
between the geometrical centre of the impurity molecule and the surrounding
atoms, though the specific location of the positive hole (i.e. its wave
function) within the "cavity" defined by the molecule could modify substantially

this effect (note also contribution "b" considered above}.

1t has been shown (Fig. 5) that IPil increases markedly with increasing
atomic number of the host; this indicates the effect of increasing atomic
polarizabilities. On the other hand, in Fig. 4 IPil seems to decrcase slightly
with increasing size of the molecular impurity; such an effect could be
caused by a smaller electrostatic interaction with the host if the positive
charge is located in a larger cavity. For further discussions of the Pi
vs. p curves comparison with theory is in order. Messing and Jortner showed
[ 17] that using the Born charging energy formula ([ 18], see below) in the
case of argon host contalning xenon impurity gives Pi within 10 % of such
values as calculated by taking into account the screened electron-atom electro-
static interaction potential, the sclute-solvent pair correlation functions
and approximating the three-body correlation function by means of the Kirkwood

superposition approximation.

Writing the Born charging energy formula as

o

pl =
N

[ 1
*ﬁ (i e ) "'3

op
%p being the (optical) dielectric constant, o has been interpreted [17)
as a hard-core diameter determined by both the solute and the solvent. Appli-
cations of this formula appear in Figures 4 and 5: in fact the drawn lines

are rcpresentations of Eq. 3. For the drawings, ﬁop at the triple-point
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densitics of the host liquids was taken from Sinnock's work [19] and for
other densities it was calculated using the Clausius-Mossorti relation. In
Fig. 4, no attempt was made to fit separately each graph obtained for a
given impurity. Two values of 0 {0.35 and 0.28 nm) were chosen instead,
delimiting roughly the possible range of variation of o for the respective
graphs. On the other hand in Fig. 5 an appropriate value of y was chosen
for each graph. We point out that there are some deviations [rom Eq.
3 that seem to be significant at low densities {see, e.g. C H :Kr in Fig.
5). Assuming a variation of 0 with density by relating it to the Wigner-
Seitz radius [17) would worsen the fit between theory and experiment. It
should be noted that in Figure 5 the value of0 seems to vary somewhat errati-
cally with the nature of the host. However, considering the rather large
errors in Pi the accuracy in the determination of o cannot be expected to
be better than + 0.05 nm, thus the above variations do not seem to be

significant.

A comparison hetween the results of argon doped by benzene on one hand
and by the alkanes an the other {especially propane) is alse of interest.
First, for CBH6:Ar Eé converpes very closely {with a slight overshoot) tn

i

the valuc of ]G of benzene, while for CBHB:Ar its limiting valuc is definitely

lower than Ié of propane. As a result of this (note that v, is the same

in both cases) !Pil far C R :Ar is markedly smaller (and g higher) than
for the other three doped argon systems. It seems that this situation has

to be attributed entirely to slightly different physical meanings of the
measured LE for the various materials: variations in the shape of the low-
photon energy wing of the photoionization spectrum (because of autoionization,
collisional ionization and similar effects) might explain the diiferences
mentioned. A detailed study of the photoionization and photoconduction of

the pure depants as a function of the density and the temperature, coupled
with optical absorption measurements, could help to reach more definite

conclusions of this point.

Table 2 summarizcs some of the experimental results from this work
along with comparisons with relevant data from the literature whenever thesc
. i, s . : . .

are available. EF in the liquids near the triple point is compared with

i : . . . : . .
EC results obtained by extrapolating Wannier excitonic series ohserved in

the corresponding doped solids (hetween 10 and 30 K) to n == [20]. It is

scen that in the cases such measurements in the solid were, indeed, performed

Eé in the solid is somewhat larger. The internal consistency of the results

- B -

on Pi can be checked, on the basis of Table |, by taking the ratic Pi(Kr)/
P:(Ar) for benzene impurity and then for butane impurity. In the first case
the ratio is 1.6, in the second 1.5. In view of the estimated experimental
error this rorrespondence is rather good. The values of the hard-core diameters
in Table 2 are estimates to obtain rough fits in Figs. 4 and 5 and not neces-
sarily equal to the values taken to draw the curves in the figures. It is
seen that generally o < d0 of the host solid; the apparent exception of
benzene:argon could be attributed to the large error (+ 0.05 nm} ing. On

the other hand, g can be either smaller or larger than the characteristic
molecular dimension given in the table, though it should be borne in mind
that the propane and butane molecules are probably folded at least to some

extent when incorporated in the solid or in the dense liquid.

It has been demonstrated ahove that by combining impurity photoconduction
spectra with direct determinations of rhe energy of the free electron one
can obtain consistent values of P; in wide density ranges. The simple Born
charging energy formula proved to be a reasonably good representation of
the density-dependence of the polarization emergy of the trapped hole in
the systems considered. This means that, as expected, the density-dependence
of Eop is the main factor in determining the shape of the Pi(o) curve. However,
this simple theory is not adequate on two counts: a.) There are significant
deviations from the theorctical predictions, especially at law densities;
b.) The value of o has to be taken as adjustable parameter for each impurity:
host combination, with no simple trelationship either to the interatomic

distance in the host or to the size of the impuriry.

On the hasis of the results presented it seems that there are good
chances to ohserve impurity photoconduction in rare-gas fluids and in non-—
polar fluids of small highly symmetric molecules, like, e.g. methane, do?ed
by various molecular impurities. Considering the close relationship of Pi
with the polarization contribution to the valence-band energy 116,241,
such studies should he relevant to the problem of the evolution of electronic

enerpy bands in fluids [25].
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Table 2

i . . . i -
Tonization potentials Eé and polarization energies P+ of various molecular
impurities in tiquid rare-gas hosts near the triple point. The effective
bard core diameters 0 (see text) nearest-neighbour distances d0 in the host
material (solid, near the triple point) and typical molecular dimensions

a of the impurity ave also listed.

i i

EG (eV) P, (eV) o {nm) do (nm) a {om)

(a) (b} (a} (a)
CZHE:AI 10.51 -0.78 0.28 0.3865 (c) 0.15 (f)
C3HB:AT 10.03 -0.80 0.29 0.3865 (c) 0.308 (g)
C6H|0:Ar 9.73 -0,64 0.35 0.3865 {c} 0.462 (h)
C6H6:Ar 8.38 8.51 -0.56 0.42 0.3865 (¢) 0.267 (i)
CQHIO:KI 9.2 -0.97 0.30 0.4125 {d) 0.462 (h)
C6H6:Kr 7.85 B.18 -0.90 0.32 0.4125 (d) 0.267 (i)
C6H6:Xe 7.48 7.75 ~0.98 0.35 0.4491 (e} 0.267 (i)
{a) Present work {f) C-C bond length in alkanes
(b) Ref. [20] from spectoscopic data (g) &s (f), times two
(e) Ref. [21] (h) As (f), times three
(d) Ref. [22] (i) C-C bond lergth in benzene,

(e} Ref. [23] times two
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Photoconductivity excitation spectrum of ethane impurity in
fluid argon for various demsities: a - 0.52, b - 0.75, ¢ - 1.38,
d - 1.73 and e - 2.0 x 1022 atoms/cmB. 400 V applied between

two electrodes 2 mm apart.

i
G
as a function of density. ¥ - ethane, V - propane, x - butane.

Ionization potentials E_ of various impurities in fluid argon

Ionization potentials EE of benzene impurity in various rare
gas hosts as a function of density. & - argon, x - krypton,

* — xenon.

Polarization energy P: of a hole trapped at various impurities
in fluid argon as a2 function of density. ¥ - ethane, V ~ propane,

%« - butane.

. . i . .
Polarization energy P+ of a hole trapped at a benzene impurity
in various rare gas hosts as a function of density. e - argon,

x - krypton, * - Xenon.
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