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In photoconductivity excitation spectra of liquid xenon a threshold at 9.20 eV and a dip at 9.45 eV,
very near to the peak of the competing n = 1 fl (1/2)] exciton transition, were observed. From
the results the I (3/2) band gap was determined to be Eo = 9.22+ 0.01 eV. This value is very near
to the estimate (9.24 eV) based on the density change of xenon on melting. Combining the value for

Eo with the measured position of the n = 2 [I (3/2)) exciton peak yielded an exciton binding energy

6 = 1.08 eV and eA'ective exciton reduced mass m ~ = 0.27 (in units of electron mass). Using m a and

published results of the bulk modulus and mobility, the following parameters were obtained for liquid

Xe at 163'K: relaxation time 7 = 3.4 &( 10 " sec, mean free path L = 3.3 X 10 ' cm, absolute value

of scattering length jg j
= 4.2 )& 10 cm, absolute value of conduction-band deformation potential

jF lczj = 1.0 eV. On the other hand, for solid xenon at 161'K 7 = 8.0 )& 10 " sec, L = 7. 1 X 10
cm, jaj = 3.8 X 10 cm, and jE,cBj = 0.93 eV. The significance of the results is discussed.

I ~ INTRODUCTION

The liquid rare gases Xe, Kr, and Ar seem to
be the simplest group of noncrystalline semicon-
ductors. They exhjbit high electron mobilities'
(of the order of 10' cm'/Vsec). The absorption
spectra of rare-gas liquids containing atomic"
or molecular' impurities are similar to those of
the corresponding solids" and shorn prominent
absorption due to the presence of the impurity.
These absorption bands are attributed to bound

VFannier excitons. The reflection spectrum of
pure liquid xenon' ' is almost as rich in excitonic
structure {e.g., n=1 [I'(-', )] and n= 1 [I"(-,')] exci-
tons} as that of the solid. ' " It is particularly
significant that the n = 2 [I (-', )] Wannier exciton was
clearly observed in the liquid as mell. In fact,
liquid rare gases seem to be the only noncrystal-
line materials where Vfannier excitons have ever
been observed. This fact is closely connected
with the existence of a quasifree excess-electron
state" in these liquids, i.e., that of a proper con-
duction band. The similarity between the solid and

the liquid goes even further": the positions of the
s = I [1 (-,')], n = 2 [I'(-,')], and n = 1 [I'(-', )] exciton
peaks in solid Xe have a linear dependence on

density, and the extrapolation of the straight line
fits mell the exciton positions of the liquid.

The forbidden band, separating the uppermost
valence band from the first conduction band, is
not displayed in condensed rare gases as an ab-
sorption edge, since strong absorption due to exci-
tons (o. = 108 cm ') masks completely the band-to-
band transitions. Traditionally, the width of the
energy gap E~ has been determined by extrapolat-
ing' """observed Wannier series E„=Ee—G/n'

to n =~. This procedure has been recently cor-
roborated" by observing the onset of photocon-

ductivity in solid Xe due to band-to-band transi-
tions.

In liquid xenon only the n = 1 and n =2 exciton
peaks of the I'(-, ) series are observed and thus the
reflection spectrum yields only a rough estimate
of the band gap. Employing photoconductivity tech-
niques is an obvious alternative. However, the
only published data."on the photoconductivity of
liquid xenon seem to be complicated by the pres-
ence of impurities and by inconvenient geometry.
The response obtained is quite different from that
observed in the solid, "and the band gap deduced
from these results is unreasonably narrow (8.9
eV). It was therefore considered necessary to
measure photoconductivity excitation spectra in
this material mith improved techniques. The re-
sults point to a band gap of E~ =9.22 eV. They
clearly exhibit the interplay and competition be-
tween creation of I'(-,') excitons and photoconductiv-
ity. Combination of E~ with results on the mobili-
ty and the bulk modulus lead to an evaluation of a
set of electron transport parameters in liquid
xenon, including the scattering length.

11. EXPERIMENTAL ARRANGEMENT

The optical system has been described previous-
ly. " Matheson research grade xenon gas was used
(99.995% pure, containing less than 50-ppm Kr,
less than 5-ppm 0, , and less than 5-ppm N, ) with-
out further purification. The gas was condensed in
a closed cell" having a Mgp, front window. The
inner surface of this windom was covered by a
couple of evaporated goM electrodes, in the shape
of interlaced combs. This electrode arrangement
mas chosen in order to obtain relatively large cur-
rents even if the resistivity mas high. The combs
are equivalent to two parallel electrodes of 60-mm
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length with a spacing of 0.5 mm in betw'een them.
Complications due to electron trapping by impuri-
ties" and photoelectric effects associated with the
window" were avoided in this setup. The geometry
prevents emission of electrons from the xenon
sample to the surrounding vacuum. Photoemission
from the sample into the MgF, window is unlikely,
but cannot be ruled out completely. As previously,
direct voltages (up to 200 V) were applied and the
currents were measured by an electrometer am-
plifier.

III. RESULTS

Figure 1 represents the photocurrent of solid and
liquid Xe as a, function of photon energy, normal-
ized to equal numbers of incident photons. The
similarity between the behaviors of the solid and
of the liquid is obvious. Below about 9.2 eV very
little photocurrent was seen in any case, with a
peak at about 8.6 eV, corresponding to the n = 1
[I'(-,)] exciton transition. The magnitude of the
currents in this region was dependent in a com-
plicated manner on previous light irradiations and
voltage applications on the sample, thus making it
likely that they are due to release of previously
trapped electrons by excitons. The currents in
this region were never more than 10% of the cur-
rent observed above (by, say, 0.2 eV) the photo-
conductivity step, observed at about 9.2 eV. The
figure implies that the step is nearly as steep
in the liquid as in the two solid samples drawn
for comparison. At somewhat higher photon en-
ergies (= 9.5 eV in the solid and = 9.4 eV in the

liquid) a dip is seen in the curve, while at higher
energies no further structure could be ascertained.
Comparing various liquid samples, both the posi-
tion and the depth of the dip is well reproducible.
In solid samples the depth of the dip varies from
sample to sample, though its position does not
change. A systematic investigation of this point
has not been made, but, in general, samples ob-
served at higher temperatures have more pro-
nounced dips. It seems that this is connected with
the better quality of the high-temperature crystals.

Electron energies characteristic to the photo-
conductivity excitation spectra along with related
quantities obtained from the reflection spectrum
appear in Table I. The close relationship between
the exciton-series limit and the onset of photo-
conduction is obvious. Moreover, it is seen that
the dip in the excitation spectrum is related to the
E,[F(~)] exciton. The implications of Table I for
the correct value of the energy gap E~[F(~)] will
be discussed now.

In principle the exciton-series limit E„[F(~)]
should be equal to the energy gap E~. The photo-
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FIG. 1. Photocurrent, normalized to equal numbers of
incident photons, as a function of photon energy. For
clarity, the plots are staggered vertically. The 110 and
140'K plots refer to the solid. The data of the lower two
plots were obtained with a krypton-filled Tanaka lamp,
those of the uppermost one with an argon-filled lamp.

conductivity threshold F~, is somewhat less reli-
able, since photoconductivity may start at photon
energies sufficient to create high-order (n ~ 3)
Wannier excitons and these may dissociate ther-
mally or on surfaces. Thus, according to Table I,
Eo[F(—',)] =9.278+ 0.005 eV for solid xenon at 130'K,
and the difference of 0.013 eV between this value
and F.„is attributed to photoconductivity due to
high-order excitons.

The above considerations bear significance for
the determination of the band gap of the liquid. In
the solid, E„[I'(—,')] is calculated from the observed
values of E,[I'(2) and E3[I'(—', )]. The value of the
observed E,[F(&) is not used and it does not fit the
Wannier formula E„=E„—G/n', n = 1, 2, . . . , since
central cell corrections"' "have to be applied.
However, in the liquid only E,[I'(-', )] and E,[I'(-, )]
are observed and thus E„[I'(2)]had to be calculated
from these peaks. Since the central cell correc-
tions for the liquid have not been calculated, the
values E„[I'(—', )] of Table I cannot be confidently put
equal to Eo[F(-,')]. On the other hand, an indepen-
dent determination of Eo[F(2)] can be made using
the value E„,= 9.202 eV and adding to it 0.013 eV,
i.e., the difference E~[F(-,')] -E~ in the solid; this
yields Eo[F(2)]= 9.225 eV for liquid xenon. On the
basis of all the above evidence, we shall take
Eo[F(—,')]=9.22+0.01 eV.

It should be emphasized that this result definitely
differs from those by Robert and Wilson" (Eu[F(2)]
=8.9 eV}. The graphs by these authors are based
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on a set of measurements taken at a small set of
wavelengths. The measurements were plagued by
impurities in the liquid and probably also by photo-
emission from various parts of the sample cell.
On the other hand, there is a satisfactory correla-
tion between the present results and those obtained
by Spear and Le Comber. '

IV. DISCUSSION

A. Photoconduction versus excitonic transitions

It was shown above that there is a very good
agreement between the optically determined band

gap and that determined from the onset of photo-
conductivity. Accordingly, the photoconduction at
this step and beyond it can be attributed to transi-
tions from the uppermost valence band to the con-
duction band (I', -I', ' in the solid, corresponding
to the 58'5P' 'S,—5s'5p'6s' Py atomic transition).
The dip of the photoconductivity versus photon-
energy curve (at 9.5 eV in the solid and at 9.45 eV
in the liquid) is very close to the n = 1 exciton peak
belonging to transitions from the deeper spin-orbit
split valence band to the conduction band. The
obvious explanation of this fact is the assumption
that the absorption coefficient increases consider-
ably when the photon energy suffices to create the
exciton in question (denoted as n = 1 [I'(-,')]), and
thus less photons per second are available for the
creation of conduction band electrons. %hen con-
sidering the kinetics of the processes, it should be
noted that n = 1 [I'(-,')] excitons may decompose thus
creating conduction electrons. It follows from
these considerations that absorption due to band-
to-band (I", - I', ') transitions is about equal to or
somewhat weaker than that attributable to the cre-
ation of this exciton. This conclusion is in full
accord with the well-known fact that no optical ab-
sorption edge is observed in the rare-gas solids,

because of the strong absorption (n-10' em ')
due to the excitonic transitions.

B. Forbidden band, exciton rydberg, and effective mass

in liquid and solid xenon

It was shown" that the temperature dependence
of the exciton peak positions in solid xenon can be
attributed to the concurrent change in density.
Moreover, exciton peak positions in the liquid
were found to fit extrapolated portions of the lin-
ear plots representing the density dependence of
the exciton peak positions of the solid. These re-
sults have suggested that the exciton peak positions
are primarily determined by the (average) distance
between nearest neighbor atoms. On the basis of
the present results it is possible to test whether
the same statement is true about the parameters
used for the description of the exciton position in
the one-electron effective-ma, ss model, namely,
the band gap E~, the exciton rydberg G, and the
reduced effective exciton mass m,*„, The results
are as follows: Extrapolation of the straight lines
E~ versus the density of the solid to the density
of the liquid yields 9.24 eV, while the energy gap
in the liquid is 9.22 eV. The extrapolation of the
exciton rydberg G to the density of the liquid is
1.21 eV, compared with the actual value of 1.084
eV. Regarding ng,*„„ the extrapolated value in
terms of free-electron mass is 0.31, while the
experimental value is 0.27. [The comparisons
were made on the basis of Marcoux's measure-
ments"" of the low-frequency dielectric constant
in liquid and solid Xe and the Clausius-Mosotti
relationship for the density dependence of e. An
alternative procedure would be to use the tempera-
ture-dependent results on ~ of the solid by Smith
and Sinnock" and use Marcoux's ~ for the liquid.
Such a procedure yields an even larger discrepancy

TABLE I. Exciton series limit E„[I(2)], photon energy at the onset of photoconduction
E&„ the position E&[I'(a)] of the n =1 peak of the I (2) series and the position E~ of the photo-
current dip in solid and liquid xenon, all in electron volts.

E [I'(8)] z, [r(,')]

Solid Xe,
=130 'K

Liquid Xe,
~163 K

9.278 ~ 0.005 '
9.22 +0.02'
9.23 +0.02'

9.265+ 0.005 ~

9.202 ~ 0.005 '
9.462 ~ 0.005 '

9.37 ~0.02'

9.50 ~ 0.01'

9.45 ~ 0.01 '

~ From the data of Ref. 13.
b Average on seven samples, present work.
~ Present work.

Calculated from E2[I'(~)] and E&[I'(3)] (Ref. 13), without central cell correction.
'Average on six samples, present work.

Calculated from E&[I (2)] and E&[I"(2)] {Ref. 13), using the same central cell correction
for E&[I'Ha)] as in the solid (AE, =-0.036 eV).
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(by 15/p) between the extrapolated and the actual
values of m,*„, for the liquid. j Thus there is a
small, but clear discrepancy in the case of F~ and

discrepancies by more than 1(P/~ for 6 and m,*„,. A

consistent uniform theoretical description of the
%annier excitons in the liquid as well as in the
solid, not based on the one-electron, effective-
mass model, would be useful for the explanation of
these facts.

C. Transport parameters

Using values of parameters measured by other
authors in combination with the above results a
set of further parameters was determined. The
measured values' of the electron mobility p, , and
the effective mass m ~ determined in this work
yield the momentum relaxation time ~~,

r~ = p, m*/e.

For the calculations, we assumed an infinite hole
mass and thus the exciton reduced effective mass,
determined from the above optical and photocon-
ductivity measurements, could be equated with the
electron effective mass. The mean free path L~
determining the momentum transfer rate was ob-
tained as follows:

L,, = (&Tl~*)"'Tp-

In order to find the scattering length a in the
framework of effective range theory the scattering
cross section cr of an atom was approximated by

o = 4xa'S(0),

S(0) being the structure factor: this, in turn, was
determined by means of the Ornstein-Zernike
formula'4

full with the effective mass, would be needed. For
example, there does not seem to be any simple
explanation for the fact that m~ in the liquid is
smaller than that in the solid by more than 1Y/p.

The concept of effective mass has not been incor-
porated in the advanced transport theories, ap-
plicable to liquid rare gases, as put forward by
Lekner, "Cohen and Lekner" and by Springett,
Jortner and Cohen. " Because of this, Table II
contains data (Eo, G, m~, I., and T) calculated
from one-electron, effective mass models of the
Wannier exciton and of the electronic mobility, as
well as data {on a and E,c~) calculated on the basis
of the effective range scattering theory which was
originally formulated for gases and thus did not
incorporate the effective-mass concept. "

An estimate for the upper bond of the systematic
error introduced by this procedure can be made by
changing m * to m, , the free electron mass, in the
formulas for a and E,c~. Such a substitution de-
creases the value of ~a) to 3&&10 ctn and ~E, c~ I

to 0.2 eV in the liquid, with similar changes in the
solid. Thus, neglecting the difference between the
effective mass and the free electron mass is not

justified.
The value of )a ( obtained in liquid and solid

xenon {~
a ~

= a„ao being the Bohr radius) differs
conside rably from that obtained for the gas, name-
ly a = —6.5a, .' The present results do not yield
the sign of the scattering length. For liquid Ar,
Lekner" took into account local fields caused by

TABLE II. Comparison of transport parameters in
solid and liquid xenon. Values of other data used in the
calculations are also quoted.

P being the bulk modulus and 0, the atomic volume.
Using I.~ =0,/o one obtains

a = I (1/I, ) P 0',/4vkT] "' . (5)

This formula may serve for the determination of
the absolute value of a; finally the deformation
potential E,cB is given by"

E,c~
= ah'/2vAom*.

Values of F.G, G, m*, E, p. , ~~, I.~, a, and E,c~
for both the liquid and the 161 'K solid are com-
piled in Table II. It is seen that the mean free
path and the relaxation time in the solid are about
twice as large as in the liquid. The values of a
are very near to each other in both cases, the
same being true for E,c~.

For a systematic discussion of Table II, an
electron-transport theory in the liquid, dealing in

Ec
G
E'~

m*

Tp

I

I &res I

Solid
T =161.2 'K

9.272
1.063
2.00 ~

031c
4.5 x103 d

8.0 x10
7.1 x10 ~

1.36x 10'«
3.8 x10 ~

G.93

9.22
1.084
1.85
0.27
2.2
3.4 x
3.3
0.58 x
4.2 x
1.01

103 c

10
10-'
10"&

10-8

Liquid
T =163 'K

eV
eV

electron mass
cm V 'sec '

sec
cm
dyn/cm2
cm
eV

' Reference 22.
b Reference 21.

This value is smaller by about 10$ than that of Ref.
13, since e = n~ was assumed in Ref. 13, nD being the
refractive index for sodium light,

Reference 1, at 157'K.
~ Reference 1.
f Reference 25.
~ Reference 26.
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induced dipoles and found that a should be +1.44a,
instead of -1.5a, in the gas. Moreover, the
Ramsauer minimum, well known and prominent in
the gas, disappears in the liquid according to
Lekner's calculation because of correlation be-
tween the scattering centers. It would be rather
interesting to work through a similar calculation
for liquid and solid xenon as well, since, on the
basis of the present data, direct comparison be-
tween measured and calculated scattering lengths
would be possible. The theory would also reveal
whether the Ramsauer minimum does exist in liq-
uid xenon.

For the deformation potentials E,~~ the only
comparison that can be made is with that of
Druger, "based on the analysis of the mobility.
According to his estimate, E,c~ = 1.4 eV. In view
of the widely different nature of the estimates and
approximations involved, the agreement is satis-
factory.

V. CONCLUSIONS

The combination of results from photoconductivi-

ty excitation spectra and mobility and isothermal
compressibility data yields a series of transport-
parameter data for both solid and liquid xenon. It
is apparent from the data that liquid xenon is a
normal photoconductor with no indications of elec-
tron localization. The results point to a consider-
able decrease of the absolute value of the scatter-
ing length in the condensed phases when compared
with that of the gas. Application of I ekner's theory
to the condensed xenon phases would both serve as
a further test for the theory, as well as resolve the

question of whether or not there is a Ramsauer
minimum in these systems. A study of zero-field
mobilities in a wide range of temperature and

pressure, as performed for liquid argon, "would

yield a fuller understanding of electron transport
in liquid xenon as well.
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