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I. Introduction

There exist several compilativms of electron mean free pathslﬁ‘ in a number

- £) of metals and semiconductors for a rather large electron kinetic energy range.
Mean Free Path of Electruns in Rare Gas Solids

For low energies the results have been attributed to scattering with phonons

Nikol hwentner . . . . . . :
aus Schwe and imperfections whereas at higher energies inelastic interaction between

i ii i i r Universitidt Kiel, Kiel, Cermany . . . . . .
Institut fur Experimentalphysik de versit ? ’ Y electrons and excitation of plasmons is dominant?, For insulators" and molecu-
lar erystals® hot electron transport has been studied tu a much lesser extent.

Up to electron kinetic energies of about | eV information about electron trans-—

port properties of solid rare gases is available from mobility measurements®

The energy distributions of photoslectrins of selid Ar, Kr and ie

and from photoelectron transmission measurements”, The dynamic pruperties of

309 £ have been measured
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excitonic states have also been studied by photoemission’s®.

in the photon energy range 10 eV to 20 eV using the synchirctron

In this paper the electron—electron scattering length L(E) for electrons with

nzss the dependence of the electrom—electron scattering

energies up to 30 eV above the valence band (i.e. kinetic energies up to

t t kineti vy has been determined. - . - . . .
the electron kinetic energy has been determined 20 eV) is determined from photoelectron energy distribution measurements.

The mean free path for inelastic electron—electvon scattering
The rare gas solids, which arc insulators par cxcellence have some outstanding

decreases monotonically from vaiucs of ths order of 1000 4 at the

. features suggesting extraordinary transport properties [or electrons. The

scattering threshold to values bemseen 1 % and 5 3 for electron

large bandgaps (9.3 eV for Xe, 21.4 eV for Ne) shift the onset for electron-

energlas 10 eV above threshold. The observed energy dependence wm

electron scattering to rather high electron energies beeause both the primary
bands Lructure wid a scattering pro-

be wnidzrstood by a
electron and the scattering partner can only be scattered to allowed empty

babilily deseribed by a product of demeity of states. The threshol

2,

states. The simple phonon spectrum consisting of only acoustic phonons is ex—
energy for electrovn—eleciron scattering lies between twice the energy

pected to contribute little to the dissipation of electron kinetic cnergy due
cf the n=1 excitons and the cwm cf bandgop ond exellon energy.

to Lhe small coupling constant and small energy loss per scattering event,
Brcause of the either small or in Ar and Ne even ncgative electron aflinities?,10

the efficicney for elecLron emission is high and even the energy distribution

o of scattered electrons with low kinetic enmergy can he studied. Finally from

Work supported by the Deutsches Elecktronen-Synchrotron DESY and
the Deutsche Forschungsgemeinschaft TFG the strong appearance of excilons in eptical spectral® and electron-energy



loss measurcments'” an influence of excitonsen the threshold of electron-

electron scattering is also anticipated.

4 knowledge of the electron-electron scattering length L(E) is important for
the interpretation of photoemission and LEED data because L(E) determines Lhe
probing depth. L(E) can be varied by changing the final state energy and thus
exploited to distinguish between bulk and surface properlies. In addition

L(E) gives an upper limit for the coherence length of an excited electron in
the solid. Therefore L(E) plays a rvle in the extended X-ray absorption fine-
Structure FXAFS as well as in the discussion of phoLoabsorption by direct or

noudirect transitions.

I

2. Experiment

The synchretron radiation ¢b the Deutsches Elektronen-Synchrotron DESY at

Hamburg in combinalion with a normal incidence monochromator (Ax 4 2 R) pro~
vided VUV radiation in the photon energy range of 0 to 30 eV:°. An UHV sample
chamber'" was equipped witl a lignid Heliur flow cryostat, a photomuitiplier

for measuremencs of Lhe sample reflectivity, an electrostatic electrou energy
analyzer lor electron energy distribution measurements (EDC) or, allernatively,
a collector providing an electric field of 1000 V/cm for total electron yield
measuremenls. With a coésranr gas flow at the sample surface a continuous growth
of films of rarc gas solids onto the cold Au substrat (¥ 10 K) was possible.
Polycrystalline samples with film thicknesses between 10 R and 10,000 £ with an
accuracy of % 10 R were prepared. The thickness was controlled by continuously
monitoring the oscillations of the reflectivity in the transparent region of

the film during the deposition of the film. The electron energy analyzer with

a resolution better than 0.2 eV was mounted normal to the sample surface accept-—
ing electrons within a cone of 29, The transmission of the analyzer is consLant
with energy for electron kinetic encrgies above 2 eV, This was checked by vary-
ing the preaccelerating voltage between 5 V and 20 V. For thicker films charging
of the filmsup te several eV was ohserved, resulting in a shift of the whole EDC
to smaller kinetic energies (Fig. 1)}. This effect was minimized by keeping the

total illumination time of the film short.

Rare gases of research grade with a purity of 99.9997 Z for Ar, 99.995 % for Kr

and 99.997 7 for Xe were used and handled under UHV conditions.



3. Results

Electron energy distribution curves (EDC's) of thin films of solid Ne, Ar, Kr
and Xe have been measured for photon energies from near the thresheld of photo-
emission (Xe: 9.7 eV, Kr: 11.9 eV, Ar: 13.9 ev, Ne: 20.4 eV) up to 30 eV. The
spectra for photon cnergies between threshold and approximately twice the energy
of the band gap (the region without electron-electron scattering) are published
in ref. 10. Figure 1 shows the EDC of solid Ar, Kr and Xe for photon encrgies
between an energy somewhat below twice the band gap energy and 30 oV where clec-
tron—electron scattering is ilmportant. The counting rate is presented versus

the kinetic energy of the electron. Zero represents the vacuum level of the rare
gas sample. For each substance the counting rates for different phaton CneTgies
are divided by the incvident photon flux, so that they can be directly compared.
For Ar and Xe EDC's have been measured for several thicknesses tetween 10 X

and 300 R.

Each spectrum can be divided into two parts. The first part with high kinetic
energies (A,B) {s due to unscattered electrons which have been direclly excited
from the valence bands of Lhe rare gas. The structure (A,B) contains information
about the band structure as is discussed in ref. 10,15. After an inelastic elec-
tron-electron scattering eveat an electron cxcited fram the valence bands will
appear in the second part (the hatched region) of the EDC. To determine the
threshold of electron-electron scattering one has to taxe into account the
lowest electronic excitations, the ecxecitons {(Table 2). The kinetic erergy of an
electron which has been excited from the top of the valeuce band (right arrow)
and has suffered an energy loss corresponding to the excltation of an exciton

is marked by E, (background see later). The appcarance of scattered electrons

1
only below E] indicates thal there exists a cinimum loss energy. The threshold

for inelastic electron-electron scatterinyg maniiests itsell in valence band peaks
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A,B: For example in Kr for photon energies between 20.66 eV and 24.80 eV maxi-
mum A is strongly reduced relativ to maximum B. Because of the higher kinetic
energy of the electrons in maximum A electron-electron scattering starts at
lower photon energies and is stronger thus reducing the intensity relativ to B,
Parallel to this reduction the ratio of the intensity in the dashed region

(with scattered electrons) to the intensity of unscattered electrons grows dra-—
matically for higher photon energies because of the increased production of
electrons wilh low kinetic energy. For photon cnergies below 20.66 eV variations
in the ratio of maximum A and B are small and can be interpreted in terms of

the combined deunsity of states (ref. 10,15). Also the ratio of the dashed region
to the region of unscaltered electrons shows only weak variation., The analogous
henaviour is observed for Xe around 18 eV and for Ar around 25 eV indicating
that the threshold energy for electron-electron scatrering increases with band

gap energy such that the values are somewhat below twice the band gap.

The energy dependence of the electron-clectron scattering length L{E) is deLer-
mined from beth the decrease of the counting rate of unscattered electrons asso-
ciated with a distinct initial energy when the electron kinetic energy is varied
through fue and also from Lhe thickness dependence of the counting rate of un-

scattered electyrons (Fig. 1,2).

In Lhe left part of Tig. 2 the dependence of maximum A and of maximum B of Kr
{Fig. 1) on the kinetic encrgy of the electrens is shown. Of course, for points
at the same kinetic energy caximum B stems from an EDC of higher photon energy
because of the | eV deeper initial state. Oz Lhe right hand side of Fig. 2 the
dependeace of the area of unscattered electreons from the EDC’s of so0lid Ar on

tilm thickness is presented for five photon energies.
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L(E) is calculated using an exponential probability exp(-x/L(E)) for elec-
trons excited at the depth x tc reach the surface of the film thus taking
into account that only electroms leaving the sample normal to the surface
are detected by the analyser. Fur an isotropie distribution of electrons the
emission N(E) of electrons with kinetik energy E into the angle of acceptance
of the analyser is given by ref. 1¢
d
N(E,h=) = ES{E)«D{E,hu) a(tw) [ n(x)exp(~x/L(E))dx (1)
0
where n{x) represents the distribution of photons in a film with thickness d
and absorption coefficient =(hw) and ES(E) is the escape probability into the

analyser and D(E,hw) the local energy distribution at Nuw.

For the calculatien of n{x} cne has to take into account interference effects
due to reflection of light at the vacuum rare gas and the rare gas Au sub-—

strate interface. The two involved reflectivities R] and R2 are smaller than

10 71!, To estimate the influence we consider Rl = R2 = 10 7 and the worst

case of a very small absorption coefficient. Interference effects in the film

cause a modulation AR/R of sample reflectivity R of AR/R l'(Rl'Rz(l_R1)/R1J=O'9

whereas the modulation of the intensity in the film is enly an(x)/n(x) % O.1.
Therefore n(x) is approximated by n(x) = exp(-u(hu)x). Because of the small or
even negative electron affinity EA (Xe: 0.5, Kr: 0.3, Ar: ~0.3) and due to the
fact that only electrons within a cone of 29 normal to the sample surface are
accepted the escape probability is taken as constant for the kinetic energies
between 10 eV and 20 eV. Also the change with energy of the cone of acceptance
within the film is neglected. Therefore the escape probability into the ana-

lyser ES(E) can be taken as constant.

D(E,fw) accounts for the energy distribution of electrons at the site of exci-

tation. D{E,Mw) is independent of E and hw when the counting rate is integrated

for the whole area of valence bands, as has been done for Ar in the right part

of Fig. 2. Then
N(E,hu) = ES-D-a{hw) L(E)(1-exp(~d(2{ha)+1/LIEY)/ (1+ulhu) *L{E)) (2}

The crosses and circles for Kr in Fig. 2 show that the counting rate for the
parts A and B of the valence bands differ by a factor which is independent of
% within the available accuracy. Obviously at these high energies changes due
to bandstructure are small and equation (2) with constant D values can be used
also for different par;s of the valence band. Thus one EDC provides results for
L{E) at different kinetic energies an advantage also used for the two maxima

in the EDC of Xe.

By taking L{E) > 1000 £ (for these high L(E) values the variation of the count—
ing rate as a function of L(E} is small, sce Fig. 2) for E< |6 eV in Xe, for

E <20 eV for Kr and E« 25 eV for Ar the proportional constants ES and D for
the arbitrary counling rates of Fig. | and 2 and equation 2 are determined.

This procedure seems to be justified by the following reasons:

a) As has been discussed before the threshold energy for electron-electron

scattering lies above these energies.

b) The counting rate in the dashed region relative to the unscattered elec-

truns contains:

i) Hot electrons from the Au substrate excited by transmitted photons
and penetrating through the rare gas film (Fig. 3 and ¢). The inten-—

sity and shape of FDC's from the substrate support this explanation.

ii) Approximately 50 % of the electrons excited in the rare gas film
reach the Au substrate and produce secondary electrons with an

efficiency increasing with electron energy from 20 to 40 Z'7. The
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secondaries will partly leave the sample yielding an energy distribution

similar to an EDC from the Au substrate (cf. Fig. 1).

These two contributions explain the iutensity, the shape and Lhe thickness de-

pendence of the counting rate in the dashed region at these low photon energies.

The left part of Fig. 3 shows the transmission of hot electrons through rare
gas films. The electrons are excited in the Au substrate by photens with ener-
gies corresponding to the transparent region of the ‘rare gas film. fhe tctal
electron yield is measured versus the thickness of the film. The inser: gives
the EDC of the Au substrate. In this logarithmic presentation cf tie yield,
the slope gives the escape depth 1. if one simple expunential law is subficient
to describe the electron transport. For thick films (d - 1000 ﬁ) escape depths
of the order of thousand 8 are obtained. The finite escape depth i¢ attributcd
to electron—phonon scattering, electron-impurity scattering and capture and
scattering at defects and crystallite boundaries. The decrease of the escape
depth for thin films of Ar may be due tc the spectrum of electron eneraies,
the increased probability for backscattering, attraction to the Au substrate
by the image potential, changes in the polycrystalline structure of the films
and energy dependence of the phonon emission and absorption probahility.
The thickness dependence of the absolute yield of Ar from our earlier woerk '
is shown in the right part of Fig. 3. The high yield indicates that practi-
cally no electrons are lost. The increase of the yield above 0.5 electron per
photon absorbed which is unexpected from an isotropic distribution can be ex-
plained by either including the secondary electrons from the substrate (see b)
(svlid curves of ¥ig. 3 for two secondary electron emission coefficients) or
by taking into.account the increased density of electroms at the surface due

to the absorption process. The enhancement of the yield caused by this non

uniform distribution of electrons is shown by a random walk model calculation
for three electron-phonon scattering lengths (dashed curves in Fig. 3). For
thick films the random walk contribution will be more important than secon-

dary electrons.

d) Electron energy loss measurements yield a minimum energy loss equal to the

exciton energy'<.

Electron-electron scattering lengths L(E} have been calculated from the results
of Fig. | with absorption coeflicients listed in Table | using eq. {2). Since
the absorption coefficients have not been determined in the whole region the
values of Table 1| have been taken from ref. 11 closing the gaps by a smooth
connection following the gas values. The results for L(E) of solid Ar, Kr and
Xe are shown in Fig. 4. As is expected from the discussion of the EDC's there
is a strong energy dependence in the scattering length. It drops from very high
values of several hundred & near theshold within 2 ev to'suattering lengths of

the order of 10 & and within 10 eV to values between 1 and 5 8. For each kinetic

energy L Is determined by several independent calculations:

i) from the cnergy dependence of the counting rate for one maximum of
the EDC

i1} from the thickness dependence for one kinetic energy

iii) the same kinelic energy appears in EDC's for different photon ;nergies

1i1i1) in cach EDC different kinetic energies can be used.

Figure & demonstrates that the scatter of the points is rather small for Kr and
Ar specially for lower L values, whereas it is larger for Xe near threshold.
Within the mode! the main sources of errors are uncertainties in the absorption

coefficients and in the filn thicknesses. For Kr the 1.(E) values are determined



from one thickness. An error of a factor of ? in the (hickness would change

all the scattering lengths by a factor less than 1.5 and weuld have only minor
influence on the energy dependence of L. For Ar and Kr errors in the thick-
nesses will be cancelled as can be seen from Fig. 2. Therefore the most severe
errors are introduced by the absorption constants. The scattering of points for

Xe does not show a systemalic behaviour, thus the independent ways of caleulat-

ing L allow for averaging.

4. Discussion
First we want to discuss the contribution of elecLren-phonon interaction to the
scattering length. Using an equation given by Baraff!? the electron-phonon

scaltering length ¢ can be estimated from the escape depth 2 for electron

ph

kinetic encrpies E greater than the phonon energies Eph in the absence of elec-

tron-elcetron scattering.

szph = 32 V’Eph725 (3)

Solid rare gases have only acoustic phonons with energies smaller than 10 meV
(see Table 2). To estimate the order of magnitude of zph we take mean valucs of
Eph =5 meV, E = | eV (see EDC insert Fig. 3) and £ = 1000 & and get Loy = 150 R.
Electron-phonon coupling decreases with the group velocity of the electron there—
fore for E > 10 eV the electron—phonon scattering length Eph should be greater
than 150 Z. This result is compatible with the increase of the yield with thick-
ness by random walk (Fig. 3) and with the smaller ﬂph values between 10 & and

100 8 measured and calculated for the alkali halides" where the coupling of elec—

trons to the optical phonons is expected to be strunger because of the dipol

moment of optical phonous.

According to this consideration Lhe influence of electron-phonon scattering

is swall and L(E) is the electron-electron scattering length:

i) 1In our EDC's a single electron—-phonén scattering event is not considered
as an important inelastic scattering event. Because of the small phonon
energy the scattered electron would be still in the “unscaltered region

of the EDC.

il) An electron-phonon scattering event only increases the path of the electron
to the surface in a random walk process, Due to the small probability of
an electron-pnonon scattering event within the electron-electron scattering

mean free path above ESC also this contribution may be negligible.




The weak electron-phonon interaction explains the steep EDC of "unscattered"
electrons. Structures in the EDC's caused by excitations of the deeper lying

s-levels or of plasmons (Tabele 2) have not becn chserved.

Second 4 model is presented for the energy dependence of L(E). As was first pro-

posed and used by Berglund and Spiuergo for Cu and later conf{lrmed by calcula-
tions of Kane?! the complex scattering problem with full conservation of momen-—
tum exchange can be reduced to an integration of the density of stules. This
simplification works because of the averaging cffect of the great variety ol
possible scattering events contributing to L(E), The probability PS(E,E') for
scattering of the primary electron at E to the lower cnergy 1" by exciting an
electron from the valence band E" to E'™= E" + E -~ E' is given by:

21

P (E,E') =
s _ £

[ U(E Do (E' ¥y (E) 2o o (E) dE" (%)
VB

where DVB(E), pCB(E) are the density of states of the valence and coanduction
bands and M the matrix element which has been assumed to be coustant. The in-

verse lifetime or total scattering probability P(E) follows as:

P_(E,E")dE" &)

Further a very simple band structure for the rare gas solids has been used by
neglecting the width of the valence bands and by taking parabolic conduction

bands Poy @ YE-E separated from the valence bands by the gap encrpy EG’ which

4]
may be reasonable -due to the averaging effect of equ. (5). Thus
E-E, ,
P(E) = ¢" f p(E')es (B-EYAR" = CYE-2E )° (&)

B¢

From L(E) = vg(E)/P(E) (vg(E) is the electron group velocity) L(E)
follows as
R 1/2 B -2
L(E) = C(E EG) (E ZEG} (7)
The experiments yield a threshold energy for electron-electron scattering
smaller than 2 EG because also excitons can be created. Therefore the full
lines in fig. 4 have been calculated for the best fit of ¢ and E from the

Sc

equation

/2 -2

N o | oo
L(E) = C(E EG) (L ESC} (8)

The calculated curves follow the experimental values, for C and ESC see

Table 2. To test the calculated energy dependence Fig. 5 gives a double
logarithmic plot of L versus (E—ESC). The variation of (E—EG)]/2 is small

at such high energies therefore the calculated curves are almosl straight
lines with a slope of -2. As can be seen this energy dependence fits the
experimental results guite well. Of coursc at higher encrgies the matrix
elements and additional scattering channels will change the energy depen-
dence of L. The dashed line represents an example for Kr of the prediction

of a seriempirical model which was developed for the icnization cross section
of gases at high energies®? and which was adopted also to solids?3., At thresh-
vld neither the energy dependence nor the absolut values agree with the ex-

periment,

Finally the threshold encrpy ESc will be discussed. Table 2 demonstrates that
ch is definitely smaller than twice the band pap energy and that iL lies

near EC+EX, the sum of band gap and encrgy of the first exciton. At E the

Se
primary electron can be scattered down to the bottom of the conduction band by

exciting an exciton. See also E] in fig. 1. Also in total yield measurements’

at EG+EK a decrease in efficiency has been observed. It seems interesting that



in Xe, Kr and Ar E is even smaller than FG+EK’ This may be partly to due

Sc

the fact that ESc is taken from eq. (8) and thal the excitons have a low
energy taill’, But at leastL in Kr the threshold energy corresponds to twice
the exciton energy. In alkali halides structures due to an excited bound elec-
tronic polaron complex with a Lhreshold energy of approximately twice the
exciton energy have been suggested for the explanation of several structures
in absorption spectra®™. This theory would postulate the excitation of two
excitons in the primary process. As a consequence the number of clectrons with
high kinetic energy ("unscattered electrons") would decrease and according to
our evaluation this would simulate an onset of scattering at this energy. The
evidence from L{E) seems to be too weak to definitely identify this process.

Perhaps luminescence measurements, which are sensitive to the creation of

additional holes may clarify this point<?,

The insert in Fig. 5 shows a comparison of L(E) for rare gas solids with some
other materials. The references have been taken from Ref. 1. The striking point
is the large energy range free from electron-electron scattering and the very
steep decrease of L near threshuld. Some eV above the threshold L reaches

values near the so called "universal curve™.
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Absorption coefficient used for the calenlation of L(E)
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N W '105 cm-l}

Ar Kr Xe
15 9
17 7.2
18 6.3
19 5.5
20 5
20.66 5 9
21 4.4
21.56 8
22 3.7
22.54 7
23.62 [}
24 2.9
24.80 6 b
26 2.2
26.10 5 6
27.55 5
28 1.65
28,18 4.5
30 1.25
30.24 4.2 4.5
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Table 2: Characteristic energies for the electron mean free path
(all energies in eV)

Ar Kr Xe
Scattering onset ESc a) 24,5 20,5 17
Scattering onset from yield EZield c) 21.5 17.6
2 % band gap 2 EG b 28.5 23.2 18.6
band gap + exciton energy EG*EEX b} 26,25 21.85 17.75
2 x (n=1) exciton energy ZBEX b) 24,2 20.5 16.9
constant C (equ. (8)) (Reev3/?) a) 100 17 42
maximun phonon energy e) 0.0083 0.0062  0.0054
plasmon energy d) 19.2 16.8 14
lowest s-excitations b,e) ~27.4 ~25 ~20.6

2) This work from L(E) (equ. (8))
b) ref. il
c) ref. 9

d) J.D. Nutall, T.E. Gallon, M.G. Devey and J.A.D. Matthew,
J.Phys. C: Solid State Phys. 8, 445 (1975)

e} for a recent review: M,L. Klein, T.R. Koehler Lattice Dynamics of
Rare Gas Solids in Rare Gas Solids I, Ed. M.L, Klein and J.A. Venables,

Academic Press 197§
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Figure Captions

Fig. |
Fig. 2
Fig. 3

Photoelectron energy distribution curves of solid Ar, Kr and ¥e films
for a spectrum of photon energies i, The film thicknesses have been:
dl = 14 & and d2 = 228 % for Xe (the spectra for d = 96 R and 426 R

and the region of scattered electrons are mnot shown) and dI = 30 %,

d., = 84 &, d3 = 140 % and d, = 300 R for Ar. The spectra have been

2 4

multiplied by the attached factors. For details see text.

Left part: Debendence of the intensity of maximum A and B of Fig. |

on the electron kinetic emergy for Kr. O corresponds to the vacuum
level of Kr. The intensity of the hatched area in Fig. 1 is normalized
to the area of unscattered electrons and the energy is attributed

to maximum A.

Right part: The points show the thickness dependence of the intensity
of unscattered electrons from Fig. ! for Ar. The curves have been
calculated according to equ. (2) using for the different electron
kinetic encrgies the shsorption constants given in Table 1 for the
corresponding photon energy. The curves for L = 1000 & and

L = 10,000 & and the points for E = 10,5 eV have been used to mor-

malize the counting rates (see text).

Left part: Hot electron current excited in the Au substrate versus
Ar and Xe overlayer thickness. The execiting photon energies have been
8.7 eV for Ar and 7.9 eV for Xe. The insert shows the energy dis-—
tribution of the electrons from the Au substrate for these photon

energies.
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Right part: The circles give the measured absolute electron yield
from Ar for different film thicknesses at 4w = 18 eV. The solid curves
have been calculated by equ. (2) including the contribution duc to the
secondary electron emission coefficient 2. From a random walk model
calculation using an electron—electron scattering length L = 10,000 R

and several electron—phonon scattering lengths ( . we chtained the

ph

dashed curves.

Electron mean free path versus electron energy measured from top of
the valence bands for Ar, Kr and Xe. The points show the experimental
results. The solid curves represent a fit according to suyu. (8).

ESC is the electron-electron scattering onser determincd by the use
of equ. (8}, T corrcsponds to twice the n=1 exciton energv, II to

the cum of band gap and n=] exciton encrgy and III to twice the

band gap for Ar, Kr and Xe respectively.

Electron mean free path versus energy above scattering cmsct ESC

in a double log plot. The points give the experimental results of

Fig., 4 and the solid curves the fit due to equ. (8). The lower insert
compares the electron mean free path of Ar, Kr and Xe determined in
this work with the scattering length of other materials (sec ref. ! ).
The upper insert shows a scheme of the energies involved in the
calculation of the mean free path (equ. {B)). For further details

se¢ text.
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[arbitrary units]

COUNTING RATE

3000

1000

300

100

(7%
o

10

10

17 . T 1. 1T 17 1 1 1T T [ V1 ] I
Kr - Ar .
A A L A K
- A 1 L =10000
o s A o E=105 eV ;
B ° 5 it E=12 eV
X 5 NP _
i x XX b xE=16eV L =1000 &
— Es -
o L=200 &
| o MAXIMUM A < |
x MAXIMUM B X |
2 DASHED REGION ° i L=50R
o) A
X L:llu K L:ZUK B
AN N SN TN N W [ NN DU N (N B M L L=1 0
5 10 15 0 100 200 300

ELECTRON KINETIC ENERGY [eV]

Fig., 2

FILMTHICKNESS [A]

DESY

24992



[suojoyd/ suos}a3)3] 0131A

066v2

[Y] SSINNIIHI WIS

£ "814

ccc_—. vl _Hjm, T c Ll T1 .Qmmq L — Q—
| _ [A2] ASYIN3
M
INIWI¥3dX] o 0//o 2| =
r- 029"y 000011~ N £ | &
0=t — - AR S A
) - //x /// ]
Tz 0=¢"y0001 s o e 13
B m: a X// Y &
X/K \ —
= 0oL nl X\ T
o - 9x 9
Ry | ’
By 1y ° y09z=1y8
T U Y W A T WY B I W N R S S N A B _“Tcw



ELECTRON MEAN FREE PATH [A]

1000

100

10

L4

|

Lo

20 25 30

ELECTRON ENERGY [eV]
above valence bands

24991



[A]

ELECTRON MEAN FREE PATH

1000

100

10

A T T ] I
— o
S
| =
@
A Kr o
- =
s
[ = |
=
S
— Fm
N KT EXCITON|
AN
i AN VALENCE
N
X
] Ar N
A AN
Kr N
* Xe
—
120 IJ { T
— Ar
= 00k /Kr
b E ﬁXe
% 80 —
— — 1
o 50—' 1 |
= AR
| -t Iy /
[ \
P 20 \\‘1\\ zx_
\\\\\&\:—x \ﬁ " ¥
0 Sy ?" !
— 1 10 100 1000

i

ENERGY [eV]
above occupied states

1 1

[

Fig. 5

ELECTRON ENERGY :

1

DESY

24988







