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Energy dependence of the mean free path of excess hot electrons in solid xenon
in the elastic scattering region
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It has been found recently from the analysis of low-energy electron-transmission experiments that
the scattering mean free path A, of excess hot electrons in solid xenon films oscillates with energy.
%e show in this paper that in these experiments A, is predominantly controlled by the combined ef-
fect of both acoustical-phonon scattering and scattering by neutral point defects, and that its energy
dependence is entirely caused by the changes in electron effective mass with energy.

So far, little is known regarding the magnitude and the
energy dependence of the scattering mean free path (MFP)
of excess electrons of energies of a few electron-volts in
semiconductors and insulators. A knowledge of the elec-
tron scattering MFP is important for the interpretation of
photoemission, low-energy electron diffraction, and
electron-transport data, and is also needed to obtain quan-
titative and energy-dependent results about electron in-
teractions in dielectric solids. Up to electron kinetic ener-
gies of about a few tenths of an electron-volt, information
about electron-transport properties in rare-gas solids is
available from drift-mobility measurements. At higher
energies, however, hot-electron transport has not received
much attention until recently. Bader et al. were the first
authors who tried to determine the electron MFP and its
energy dependence in solid xenon from the analysis of
low-energy electron-transmission experiments. They used
a two-stream approximation based on a classical descrip-
tion of the electron-transport problem and previously
developed for studying the motion of electrons in gases.
Recently, Plenkiewicz et al. proposed a theoretical
model, based on the quantum theory of solids, to analyze
the experimental electron-transmission results in solid xe-
non in a much simpler way. This model allowed them to
obtain, among other things, the magnitude and the energy
dependence of the electron MFP in the elastic scattering
region. In this energy region, the electron MFP was
found to oscillate as a function of energy. In an attempt
to explain the origin of such a behavior, we have per-
formed an independent calculation of the scattering MFP
of excess hot electrons in rare-gas solids, taking the case
of solid xenon as an example. In this paper, we present
the results of this calculation.

Electrons injected into the solid propagate in Bloch
states with an effective mass m* which is a function of
the electron energy; a result of the fact that electrons with
different energies occupy different bands. In order to
evaluate the energy dependence of m in solid xenon, we
used the formula

d Ern' '(E) ~
dk

where E(k) is the band energy at wave vector k, in com-
bination with the orthogonalized-plane-wave tight-binding
electron band-structure results obtained by Reilly. In the
calculation of m'(E), the E-versus kdispe-rsion curves
for the conduction bands were first represented in terms
of appropriate polynomial approximations, and then the
electron effective masses were computed analytically us-
ing Eq. (1). If more than one conduction band were
present at the same energy, we used an averaged effective
mass whose inverse was simply defined as
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where n is the number of conduction bands and m;(E) are
the electron masses corresponding to each of these bands.
Figure 1 shows the energy dependence of (m*/mc)
(where mc is the free-electron mass) in solid xenon which
resulted from this calculation. It should be noted that the
electron masses reported in Fig. 1 were normalized by us-
ing the value m (0)=0.51mc calculated by Reilly for
the effective mass at the conduction-band minimum
(chosen here as the zero energy).

Since optical lattice modes of vibration do not occur in
the rare-gas solids, the electron MFP in a sufficiently pure
and perfect specimen and in the elastic scattering region
should be determined solely by acoustic-mode scattering.
To calculate the electron MFP A,~b in solid xenon resulting
from the scattering of electrons by acoustical phonons, we
applied the results of a theory developed by Conwell and
Brown for lattice mobility of hot electrons in germanium.
According to these authors, the electron relaxation time
for acoustical mode scattering is given by7
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is thought to be the most likely. Other mechanisms, such
as electron-impurity scattering and scattering at crystallite
boundaries, also exist but should in fact be very improb-
able if we judge (i) from the very small amounts (&25
ppm) of impurities present in the films, and (ii) from the
films' polycrystalline structure which has been shown to
consist of ensembles of grains of relatively large dimen-
sions. ' Using the results of Erginsoy's work, " the
scattering of electrons by neutral point defects can be
described by means of a relaxation time rd given by the
equation (in cgs units)
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FIG. 1. Energy dependence of {m /mo) ' for solid xenon in
the elastic scattering region. The energy of the bottom of the
conduction band is chosen as the zero energy.
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v, is the sound velocity in the solid, D is the
deformation-potential electron-phonon coupling constant,
c is an average elastic constant, kii is Boltzmann's con-
stant, and T is the absolute temperature. It is of interest
to write down here the limiting forms of Eq. (3) for small
and large values of the ratio (E/k+T). In the limit
(E/kz T) « 1, u is small and Eq. (3) reduces to the fami-
liar result 1/T&i, =(2E/rn')' /I, or v/I, where U is the
electron velocity. Thus, the electron-phonon scattering
MPF A, b in this case is simply equal to I. Since
rn '=m (0) has a constant value in the limit of small E,
A,pb ls independent of the electron energy in this region.
In the other limit, where (E/kz T) ««1, the integral in Eq.
(3) is well approximated by setting cothu =1. Then,
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Thus, at high enough E, A,~b, defined as A,~b
——v~~i„de-

pends on the electron energy through the factor
lu/E cr 1/(E'~im ' /~). If m ' were a constant, A~b would
decrease monotonically with E as 1/v E. Such a result is
not true in solid xenon where I' is a complicated func-
tion of E in the limit of high E (see Fig. 1); A,&b in this
case directly refiects the dependence of m' on E. Re-
garding the magnitude of A b(E), our calculated values in
solid xenon at 45 I( in the elastic scattering region E ~ 8.4
eV (Ref. 8) differ significantly from those of the electron
MFP directly obtained from the analysis of low-energy
electron-transmission experiments. ' In particular, our
calculation predicts much larger values for A,~b(E). This
result teaches us that, in the adsorbed solid Xe films in-
vestigated in those experiments, the electron MFP is not
controlled solely by acoustical-phonon scattering, and that
another scattering mechanism must be invoked if we want
to reproduce quantitatively the electron MFP values ob-
tained from such experiments. Of all possible types of
scattering which can be called upon in this problem, the
scattering of the incident electrons by neutral point de-
fects created during the growth of the experimental films

where e is the dielectric constant of the medium, e is the
electronic charge, R is Planck's constant divided by 2m,
and N~ is the concentration (per cm ) of neutral point de-
fects. As we can see, the neutral-point-defect-limited
motion of electrons is a function of the electron energy
through the dependence of m' on E. In the problem at
hand, we treated N~ as an adjustable parameter to be
determined by requiring that the magnitude of the total
electron MFP A, , calculated from A=v r, , where
v =(2E/m')' and T =7&g +7g ' [see Eqs. (3) and (6)],
be globally similar to that of the electron MFP obtained
directly from electron-transmission experiments. 2i For
the 45-K solid Xe films investigated in these experiments,
the value of Nq determined in this way was estimated to
be between about 3 and 6g 10 cm, which corresponds
to approximately 2—3% of defects. The sensitivity of our
results to the chosen value of Nq is shown in Fig. 2,
which gives the results of our calculations for A, as a func-
tion of electron energy E & 8.4 eV (Ref. 8) for three dif-
ferent values of N~, namely, 3X10 cm (curve a),
6X 102 cm ~ (curve b), and 10 ' cm (curve c), respec-
tively. The electron scattering MFP obtained from our
previous analysis of the electron-transmission experi-
ments in solid Xe films at 45 K is also included in Fig. 2
for the sake of comparison (dashed curve). Physical pa-
rameters used in the calculations were D=1.4 eV, '2'3

v, =0.804)&10 cm/s, '" c =pU2=2. 41&&10' erg/cm3, '

where p=3.73 g/cm is the density of solid xenon at 45
K, ' and @=1.98. '~ As can be seen from Fig. 2, over the
range of energies considered, our calculations agree well
with experiment. In fact, all of the peaks observed in the
A,(E) curve obtained from experiment, and their corre-
sponding energy positions are correctly reproduced by the
calculation. The A,-versus-E curves differ only in the rela-
tive amplitudes of the different peaks. The reasons which
might be invoked to explain these differences are (i) the
simplified procedure used in the calculation of the elec-
tron effective mass, (ii) the ill-defined value of the
deformation-potential electron-phonon coupling constant
D in solid xenon, ' ' (iii) the rather approximative char-
acter of Erginsoy's formula for describing the problem of
electron scattering by neutral point defects, " (iv) the pos-
sible contributions due to other scattering mechanisms
neglected in the present calculations, such as electron-
impurity scattering or scattering at crystallite boundaries,
and (v) the uncertainty attached to the A,(E) curve ob-
tained directly from experiment. A final remark should
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be made here regarding our estimated concentration of de-
fects (2—3%) which may sion somewhat high for rare-
gas samples. As mentioned in Ref. 9, under the experi-
mental film growth conditions of Ref. 2 (45 K and 10

FIG. 2. Plots of the electron scattering MFP A, in solid xenon
at a temperature of 45 K as a function of energy in the elastic
scattering region. The solid lines are the results of our calcula-
tion combining acoustical-phonon scattering and scattering by
neutral point defects, and using Eqs. (3) aud (6) with A, =us,
~here v =(2E/m )' and ~ '=~~~'+~q ', for three different
values of Xs, namely, 3X100 cm ~ (curve a), 6X10 cm
(curve b), aud 10 ' cm ' (curve c), respectively. The dashed
line is the result of our previous analysis (Ref. 3) of the
electron-transmission experiments in solid Xe films at 45 K.
The energy of the bottom of the conduction band is chosen as
the zero energy.

Torr), high vacancy concentrations are expected to be
formed. Our 2—3% concentration of defects should like-

ly reflect the presence of these vacancies in the studied
films. However, such a value might also be somewhat
overestimated since we ignored in the eaj.culations the
scatterings due to impurities, grain boundaries, and other
kinds of structural imperfections which can also be
present in the experimental films. lt is clear that any con-
tribution from these scattering mechanisms would de-

crease our estimated concentration of defects, which
should in turn be regarded as an upper limit value.

The conclusions of this work are as follows: (i) the
main mechanisms responsible for the scattering of in-
cident electrons in thin solid Xe films used in electron-
transmission experiments are due to acoustical phonons
and to neutral point defects, (ii) the oscillating behavior of
the electron MFP as a function of energy is entirely deter-
mined by the changes in the electron effective mass with
energy, and (iii) low-energy electron-transmission experi-
ments in the elastic scattering region offer a valuable tool
for getting information about the variation of the electron
effective mass with energy in solids.

The authors wish to thank G. Perluzzo and L. Sanche
for useful discussions regarding the formation and the
characterization of the condensed multilayer Xe films
used in Ref. 2, and L Fortin for valuable assistance in the
numerical calculations. This work was supported by the
Medical Research Council of Canada, by the Fonds de la
Recherche en Sante du Quebec, and by the Ministere de
1'Enseignement Superieur, de la Science et de la Technolo-
gie du Quebec. This support is herewith gratefully ac-
knowledged.

'Also at Centre de Recherche en Physique du Solide,
Departement de Physique, Faculte des Sciences, Universite de
Sherbrooke, Sherbrooke, Quebec, Canada JlK 2RI.

~%. E. Spear, Adv. Phys. 23, 523 (1974).
~G. Bader, G. Perluzzo, L.-G. Caron, and L. Sanche„Phys. Rev.

B 26, 6019 (1982).
3B. Plenkiewicz, P. Plenkiewicz, G. Perluzzo, and J.-P. Jay-

Gerin, Phys. Rev. B 32, 1253 (1985).
See, for example, C. Kittel, Introduction to Solid State Physics,

5th ed. (%'iley, New York, 1976), p. 207.
~M. H. Reilly, J. Phys. Chem. Solids 2S, 2067 (1967).
See, for example, L M. Cydilkowski, Electrons and Holes in

Semiconductors (P.%'.N. , %arsaw, 1976), p. 367; R. A. Smith,
Semiconductors, 2nd ed. (Cambridge University Press, Cam-
bridge, England, 1978), p. 97.

7E. M. Conwell and A. L. Brown, J. Phys. Chem. Solids 15, 208
(1960).

8Note that 8.4 eV corresponds to the energy of the onset of the
first excitonic excitation in solid xenon [see, for example, U.
Rossler, in Rare Gas Solids, edited by M. L. Klein and J. A.
Veuables (Academic, London, 1976), Vol. I, p. 505].

The physisorbed multilayer Xe films used in Ref. 2 were
prepared in situ by vapor condensation onto a polycrystalhne

platinum substrate maintained at 45 K. At the very low pres-
sures (-10 ' Torr) of the experiment, this temperature is
the maximum attainable without desorbing the films [see G.
Perluzzo, G. Bader, L.-G. Caron, and L. Sanche, Phys. Rev.
B 26, 3976 (1982)]. The condensed Xe films are thus likely to
contain rather high concentrations of vacancies whose forma-
tion energies are expected to be small under these conditions
(G. Perluzzo, private communication).
C. Gaubert, M. Michaud, and L. Sanche (unpublished).

~ ~C. Erginsoy, Phys. Rev. 79, 1013 (1950); see also, T. C. McGill
and R. Baron, Phys. Rev. 8 11, 5208 (1975); W. Zawadzki, in
Handbook on Semiconductors: Band Theory and Transport
Properties, edited by T. S. Moss and %. Paul (North-Holland,
Amsterdam, 1982), Vol. 1, p. 713.

~2S. D. Druger, J. Chem. Phys. 54, 2339 (1971).
'3U. Asaf and I. T. Steinberger, Phys. Rev. 8 10, 4464 (1974).
' P. Korpiun and E. Liischer, in Rare Gas Solids, edited by M.

L. Klein and J. A. Venables (Academic, London, 1977), Vol.
II, p. 729.

~5See, for example, B. Sonntag, in Rare Gas Solids, edited by M.
L. Klein and J. A. Venables (Academic, London, 1977), Vol.
II, p. 1021.


