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Referring to Fig. 2, we see that these values
are roughly twice those obtained from extrap-
olation to T~. Considering the previously men-
tioned uncertainties in the calculated values
of em and in the extrapolation of the measured
e to the melting temperature, the qualitative
comparison is good.
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In a number of insulating crystals, there
exist, in addition to the well-known hydrogen-
ic excitons lying below the threshold energies
for direct interband transitions, extra excitons
which lie in the continuum above the threshold.
For instance, the solid-xenon absorption da-
ta taken by Baldini' show a strong broad line
at 10.3 eV lying in the region of continuous
absorption. Several models have been proposed
to explain these extra excitons. Overhauser'
suggested that just as the conventional exci-
tons may be pictured in an atomic model as
formed by the binding of atomic s electrons
around the P hole, so might the extra excitons
correspond to the binding of atomic d electrons.
Phillips approached the problem from the band
model. Here the conventional exciton is pic-
tured as a conduction electron bound to the
valence-band hole. The localized electron's
wave packet is made up from conduction states
near C in the Brillouin zone, where the high
density of states allows the electron to take
advantage of the potential energy of the hole
with little gain of kinetic energy. Phillips'
therefore suggested that the extra excitons
may arise kinematically from the binding of
conduction electrons whose wave packets are
formed from other regions of k space having
high density of states —in fact, in the case of
xenon, from the saddle points at L and X in
the Brillouin zone. This approach appears
to be successful for shallow extra excitons
in semiconductors. 4

At least from the simplest viewpoint it seems
essential for the formation of this second type
of exciton that the medium have long-range

order, for it is the periodic structure of the
crystal which produces the high density of
states at the Brillouin zone boundary. Phillips
therefore suggested that a study of the exci-
ton spectrum of liquid xenon would serve to
show just how critically these states depend
upon crystalline properties.

A comparison between the liquid- and solid-
xenon spectra is reported here. The liquid
exciton spectrum in fact is found to be very
similar to that of the solid just below the melt-
ing point. The lower lying exciton states are
broadened by the increased disorder, and,
of special interest, the extra exciton at 10.3
eV is still present in the liquid.

Liquid-xenon's high vapor pressure makes
it essential for the sample to be contained in
a windowed cell. The light reflected from a
lithium-fluoride window has been measured
when the cell is first empty, and then filled,
the back surface of the window (with a reflec-
tivity Rf, ) now forming an interface between
lithium fluoride and xenon. The ratio of the
total light reflected from both surfaces of the
window of the filled cell R(2) to that reflected
from the empty cell R(1) may be shown to be
approximately

R(2) 1 T' R (2)

R(1) 1+ T 1+ T2 R (1)'
b

where T is the fraction of the light transmit-
ted by the window. R&{2) may be found from
Eq. (1) if the known properties of the window
material' are used. If n+ik is the complex
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refractive index of xenon and n, that of lithium
fluoride, then Rf, (2) and R~(1) are given by

( )
(n-n, )'+k'

( )
(1—n, )'

5 (n+n)'+k" 5 (I +n)' (2)

0.30

0.20—

In our case no is about 1.5, increasing slow-
ly as the limit of transmission is approached,
so that Ry(1) is around 0.04. Changes in Ry(2)
are, therefore, mainly associated with changes
of n in weakly absorbing xenon regions, and
with changes of k in strongly absorbing regions.

The cell design posed certain problems. The
temperature difference between liquid and sol-
id phases at 1 atm vapor pressure is only 3.5 K
(bp of liquid xenon is 165'K, mp of solid xenon
is 161.5'K), so the temperatures of the walls
and window had to be uniform to within 0.5'K
or so, to prevent the existence of mixed phases.
The cell was designed to have walls and win-
dow cooled independently by heat leaks from
a liquid-nitrogen bath, and the temperatures,
measured by thermocouples, were maintained
constant by electrical heaters in feedback cir-
cuits. In this way the temperatures everywhere
couM be set to better than 0.2'K. A check on
the window temperature was made in a dum-

my experiment by means of an additional ther-
mocouple glued to its center, and it agreed
to within 0.2 K with that of the walls.

Measurements were made in the region 7.8
to 11 eV. This region covers the hydrogenic
exciton lines and just includes the lower of the

extra excitons. Absorption by the window it-
self prevents measurements at higher energies.
In Fig. 1, Rf, (2) derived from Eq. (1) is shown

for liquid xenon at 165 K and for solid xenon

at 155 and 130'K. The measured curves varied
a little with different fillings of the cell, and

with different windows, but they could be brought
into coincidence by either small over-all shifts
of less than 10' in the ref lectivity, or by sim-
ilarly small changes in Rf, (1) in Eq. (1). The
liquid-xenon curve shown here is the average
of three separate measurements using differ-
ent windows. The other two curves, where
the structure is not in doubt, were taken with

only one window. Under the curves has been
drawn the absorption data of Baldini for an

annealed solid film at 21 K. The interface re-
flectivity A~ could in principle provide the
optical constants of xenon, n and k, if the
Kronig-Kramers relation connecting R~ and

the phase change at the boundary were used.
For such a procedure the measurements must
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be extended over a much wider energy range.
Comparison with Baldini's data, however, en-
ables us to interpret all the ref lectivity struc-
ture.

The main exciton line of the solid at 8.4 eV,
formed by excitation of a 6p„, valence elec-
tron to a ls-like bound state near 1" in the Bril-
louin zone, can be seen to shift to lower ener-
gy and broaden as the temperature is raised,
becoming quite markedly wider in the liquid

FIG. 1. Curves showing the ref lectivity of a Xe-LiF
interface. The reflectivity was found from measured
values of R(2)/R(1) using Eq. (1) and optical constants
of LiF reported by Schneider. ~ The reflectivity of
the front surface of the window is shown by the dotted
line. The lower curve is the absorption data of Baldini~
for an annealed solid-xenon film at 21'K. The ordinate
here is proportional to k.
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phase. The subsidiary lines of its hydrogen-
ic series become smeared by the increased
lattice disorder, but do exist, in a much broad-
ened form, in the liquid phase. Thus a hydro-
genic series of exciton lines can be formed
in a. pure disordered medium. The second
1s exciton at 9.5 eV and its associated series,
formed by excitation of a 6P, ~2 valence electron
to states at I', exhibit similar broadening be-
havior.

The puzzling line at 10.3 eV, the extra ex-
citon, is found also in the liquid state, with
its amplitude only partially reduced by the dis-
order. It appears then that the deep extra ex-
citons must have rather more of an atomic than
kinematic band origin.
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In a recent Letter, ' Champlin et al. report
that they have found, using a modification of
the Benedict-Shockley microwave technique, '
that the conductivity effective mass of holes
in germanium increases with temperature as
To'7 in the range 125 to 300'K, reaching a value
of 0.78mo at the upper end of this range. They
reason from this that the T ' 3 dependence
of the mobility found for relatively pure P-Ge
samples in this temperature range can be ex-
plained as the combined effect of acoustic-mode
scattering and mass variation. As a consequence,
they conclude, the strong coupling to optical
modes that had been invoked to explain the T
dependence does not in fact exist. It is the

purpose of the present note to point out that
these conclusions are, to say the least, ques-
tionable.

Measurements of the conductivity effective
mass of holes in Ge by microwave techniques
have been reported by many workers. Ben-
edict (B) claimed a value of 0.3m„' although,
according to Goldey and Brown, ' a correct in-
terpretation of his measurements would lead
to 0.45mo. D'Altroy and Fan~ (DF) obtained
(0.34+ 0.06)m, for the range 20 to 300'. Goldey
and Brown (GB) obtained (0.29+0.05)yno for
the range 200 to 300'. Gibson, Granville, and
Paige' (GGP) obtained (0.59+0.12)mo at 300'.

Champlin et al. in their Letter do not mention
the results of DF and dismiss the results of
8 and GB by saying they believe their experi-
mental technique to be significantly more ac-
curate. They quote the result of GGP as being
in fair agreement with their own (extrapolated)
value of 0.78mo at 300 . It is noteworthy as
an indication of the accuracy of some of the
measurements that GGP obtained a value of
13.62 for the room-temperature dielectric
constant of intrinsic Ge, while GB obtained::
16.6+ 0.3, the latter in good agreement with
the accepted value. Champlin et al. do not quote
the value they obtain for the lattice dielectric
constant and, in fact, do not give sufficient
detail to make it possible to judge the accura-
cy of their measurements.

As Champlin et al. were undoubtedly aware,
in early work' use of the optical-mode coupling
constant obtained from the T ' dependence
of p. led to poor agreement of theory with the
observed field variation of hot-carrier mobil-

ity in P-Ge. In particular, the theory appeared
to predict much less carrier heating, i.e. , a
greater rate of energy loss, at a given field
than was actually observed. Since the energy
losses of the holes are to optical modes (which

would be true even if the coupling constant were
much smaller), this made it appear that the
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