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Mean Free Path of ElecLruns in Rare Gas Solids

Nikolaus Schwentner

Insti tut für Experimentalphysik der Universität K i e L , K i e l , (-eriiiany

Tkß ßnepgy distributicms of photoslest-rcnß of solid. Ar, Kr and 'A

films with thioh'i&sses betue&n 10 3 and 500 A have been nsas'uped

in tke photon energy ränge 10 eV to SO eV using tke xynfjfirctrot'!

Y-adiation of DESi'. By varyir.g tke photon enxrgy and ika film i,h-i:

ness the dependencs of tke elevti-or.~ele.etron iseattering ientitk O

thß eleatron kinetic ensrgy haä besn detemiint-d.

TIR mean f?ßß path for ineiastia eieetron-electron scatteri-ng

deüreases monot.wiea.lly /rom valites of thc. ofdsv of 1000 A at th

seattering threshoid to val'ues bf.^c.fin l ?•. and r, M far elzcli-on

energiss 10 eV above ihrvshcld- '7he obseruid avet-gy äep-i'iUe'ive v

be lüK&pstood by a. sirrplified bandsisrücitufe <z\ä a jcatt&r't

bahiliiy de.z ew.be ä by a proäuet QJ dena-ity of s täte s. Thz thre

snei-gij for eleatron-aleuiron naattering lies betuaf-n ttiies tke

'-f tkff n-1 sxe-itatis and the CUJT, cf bandgap and exaiion enc-fgy.

+ Work supported by the Deutsches Elektronen-Synchrotron DESY and
the Deutsche Forschungsgemeinschaft T1FC

l . I nLrüducLion

There e x i s L several coinpilat iuna of electron mean free paths *^ in a numher

of metals and semiconductors for a rather large electron. kinetic energy ränge.

For low energies the r e su l t s have be.en attribuCed Lo scattering uith phonons

and i n p e r f e c t i u n s whercas at higher energies inelastic interaction between

eleci-roris and escitation of plasraons is dominant ^, For insulaUirs'1 and molccu-

lar crystals j hoL electron Lransport has been studied tu a nuch lesser extent.

Up to electron kinet ic energies of about l eV information ahout electron trans-

port properties of so l id rare gases is available from mobil i ty measurements5

and from photoclectron transmission rr.easurements •'. The dynamic pniperties of

escitonic states have also been suiri ied by photoemission' ' i 8 .

In t hj. s papcr the elcctron-electron sc;it.Lering length L (E) for electrcns with

energies up to 30 eV above Lhe va l^ncc band (i.e. kinet ic energies up to

20 eV) is determined f r u m phoLoelec t ron energy dis tr ibut ion measurements.

The rare gas solids, which arc insulators par cxcellence have some outs tanding

feaLures sujägeating extraordinary transport properties for electrons. The

large bandgaps (9.3 ev for Xe, 2 1 . 4 eV for Ne) s h i f t the onsat for electron-

electrot i s ca t t e r ing to rather high electror. energies bccause both the primary

e lec t ron and the acat tcr ing pa r tne r can only be scat tered to a l lowed empLy

states . The simple phonon spectrum consisting of only acoustic phonons is ex-

pected to contr ibute L i L L l e to the dissipation of electron k ine t ic energy due

t:> Lhe small c o u p l i n g constant and smal l energy loss per scat tering event.

Bi-^cause of the eithcr small or in Ar and Ne even negative e lectron af finities '1 1 > 3 ü

the e f f i c i c n c y for elecLroii emission is high and even the energy dis tr ibut ion

of sca t tered eiectrons with low k ine t i c energy can he s tud ied . Finally from

the strong ,-ippearance of exc iLons in optical spectra 1 - and elec.tron-energy



electron scät ter ing is a l s o ant i c i p a t e d .

A knowledge of the e lec t ron-e lec t ron s c a t t e r i n g leiigüi HE) i^ impor tan t fo r

the i n t e rp re t ; iL ion of photo^ir.i ss i »n and LtED da ta because L ( E ) dete.rmines L!K?

probing depth. L ( E J can be varied by changing the f inal s t a t e energy and t tms

exploi ted to d i s t inguish between b u l k and sur face p roper i i es . In a d d i t i o n

L(E) gives an upper l imi t f o r the coherence length of an exc iLed e l ec t ron in

Ehe sol id. Thercfore L ( E ) plays a role in the extended X-ray a h w o r p t i o n fine-

struc-tiirt! EXAFS äs wel l aü 1:1 the d i scussion of pho L o ab Sorp t ion by direct u r

Liuiidi rect Cransi tions .

2_. Exper iment :

The s y n c l i r o L r o n r.'idi ; iLi t in t; h L he Deu t sches E lek t ronen-SynchröLr i i i i DF.SY a L

H a m b u r g in r u m h i n a L i o n wi t h n normal i neide nee ir.onochromal o r ( A > -! 2 A) prn-

vided VUV r a d i a t i o n in the pho ton energy ränge of 10 to 30 t ' V - " 1 . An LUV samp le

chamber 4 was equipped w i t l i a l i q u i d H e l i u r . f low cryostat , a pi iotomuit ipl ier

for nie äs ur einen t s u i Lhe samp le ref Icct ivi ty , an e lectrostat ic eler.trou etierg>p

a n a l y z e r Tor e l e c t r im energy d t s t r i b u t i o n measurements (EDC) or , a l L e r n a t i v e l y ,

a cu l lec tor providing an e l e c t r i c f i ü l d of 1000 V/cm for total electrcm yield

m e a s u r e n i e n L B . U i t h a cons t an f gas flou at the sample surface a continuous growth

uf f i l ins cif rare gas sol ids onto the oold Au subsLra t (! lü K) was possible.

P i s l y r r y K t a l l inc s aiT.pl es w i th f i l m thicknesses between 10 A and 10,000 A wi th an

accuracy of ';: 10 A were prepared . Th<> t h i ckness uas control lcd by cont inuously

m o n i t o r i n g the o sc i l l a t i ons of the ref lec t iv i ty in the transparent region of

the f i l m du r ing the deposition of the f i l m . The e l e c t r o n energy analysier with

a resolut i on bet ter than 0.2 eV was mounted normal to the sanple sur face at-i-.ept-

ing e lec t rons wi th in a cone of 2°. The transmission of the analyzer ia consLan t

wi th energy for electron k ine t i c üncrgies above 2 eV. This was checked by vary-

ing the preaei:eler,it-ing voltage between 5 V and 20 V. For thicker films charging

of the filn-.sup to several eV was observed, resul t ing in a s h i f t of the whole RDC

to smaller k i n c t i c encrgies (Fig. 1). This e f f e c t was r in imized by keeping the

tota l i l l u m i n a t i o n time of the f i lm s h o r L .

Rare gases of research ^rade w i th a pur i ty of 99 .9997 %. for Ar, 99.995 % for Kr

and 9 9 . 9 9 7 % for Xe were used and handled under UHV condit ions.



3. Results

Electron energy distribution curves (isDC's) of thin f i l m s of solid Ne , Ar, Kr

and Xe have been rneasured for photon energies from near thc t .hreshold of photo-

emission (Xe: 9.7 eV, Kr : 1 1 . 9 eV, Ar: 13.9 e V , H e : 20.4 eV) up to 30 eV. The

spectra for photon energies between threshold and approximately twice the energy

of the band gap (the region without electron-electron s c a t t e r i n g ) are pub l i shed

in re f . 10. Figure l shows the EDC of sol id Ar, Kr ;md Xe for photon cnc i rg i e t ,

between an energy somewhat below twic.e the band gap energy anü 30 i:V whero c le r -

tron-electron scattering i s important- The count ing rate is p reson tcJ versus

the kinetic energy of the e lect ron. Zero represents the vscui im l e - v e l uf t'ne rare

gas sample, t'or each substance the (.•nuiit.iiig rates for d i f f e r e n t p h n l c m mcrgse .y

are divided by the incident photon f lux , so that thcy can be d i r e c t l y compared.

For Ar and Xe EDC's have been measured for several thicknesses bc.tveen H) X

and 300 K.

Each spectrum can be d iv ided into two par ts . The f i rs t p a r L w i i l i h igh k i n e t i c

energies (A,B) is due to unseatte.red electrons which have been d i r e c L l y e x c i t e d

f rom the valence bandä of the rare gas. The s t ructure ( A , b ) i-.ontains inforr .at ion

;ibout the band s t ructure äs is discussed in r c f . 10 ,15 . A f t e r an ine las r ic cloc-

Lron-electron scattering event an electron c x c i t e d f r o m the valence bands w i l l

appear in the second part (thc. hatched region) of the EDC. To d < f U ; r m i n e the

thresnold of e lec t ron-e lec t ron sca t te r ing nne hns t_o Lake in to account thc

lowest electronic e x c i t a t i o n s , the c x c i t r i n s ( T a b l e 2) . The k ine t i c er.ergy of an

electron w h i c h has been exc i led f rom thc top uf thc val i ' i ice band ( r i g h L arrow)

and lias s u f f e r e d an energy loss corn-Kponding tu the exc i t a t i on of an o x c i t o n

is marked by E (back^round See l a t e r ) . The appcarance o f sc .aLLered e lect rons

only be] [ )w E ind ica tc s tha t l i i e re e x i s t s a r-.ir.irr.um loss energy . The L h r e s h n l d

for ine las t i c electrcm-e.lectron s c a t t e r i n g m a n i i e s L s iL ; - . e l f in valence band peak

- 6 -

A , B : Fnr example in Kr for photon energies between 20.66 eV and 24.80 eV maxi-

r.um A is strongly reduccd relativ to maximum B. Because of the higher kinetic.

energy of the electrons in rr.aximuni A electron-electron sca t t e r ing Star ts at

lower photon energies and is s t roiiger thus reducing the intensi ty relativ to B.

Parallel to th is reduct ion thc ratio of the intensity in the dashed region

(with sca t te red electrons) to the in tens i ty of unscat te red e l ec t rnns grows dra-

matic.ally for h igher photon energies because of the increased production of

electrons w i t h low k i n e t i c energy. For photon energies below 20.66 eV variations

in the rat io of rnaxi~.ura A and B are s mal l and can be interpreted in terms of

the co^tined density of states ( ref . 10 ,15 ) . Also the rat io of the dashed region

to ihe region uf nnscat tered elec.trons shows only ueak Variat ion. The analogous

h e h a v i ovir i s observed for Xc around 18 eV and for Ar around 25 eV indicat ing

that the threshold energy for electron-electron sca t te r ing increases w i t h band

gap energy sutih Lhat the ualues are somewhat below twice the band gap.

The energy dcpendcnct' of thc- elc.ctron-nle.ctron scattering length L (E) is de.ter-

mined f r o m both the decrease of the coun t ing rate o t unseatte.red elect rons asso-

c i a t e d w i t h ;i d i s t i i i e t L i ; i t i a l eiiergy when the electron k ine t i c energy is vari cd

t'arough fi:,. and a lso f rom the thicknesa dependnnce of the coun t ing rate nf un-

seatte.red electrons (F ig . 1 , 2 ) .

In the l e i t p a r t of F ig . 2 the dependeiice of maximum A and of maximum ß of Kr

( F i g . 1J on the k i n e t i c energy of the electrons is shown. Of cuurse , for points

at the sar.e k i n e t i c energy r.aximum B stems f r o m an EHC of h i g h e r photon energy

because of the l e.V deeper in i t i a l b L ; i t e . Oi: the r i gh t h and side of f i g . 2 the

dcpendenee of t'.ie area of unsoa t te red e l ec t rons f r o m the E D C ' s of s o l i d Ar on

t i I n th ickncss is presented for f ive photon energins .



L(E) is calculated using an exponential p robab i l i ty exp( -x /L(EJ ) fo r elec-

trons excited at the depth x to reach Lhe surface of the filic thus taking

into accöunt that only electrons leaving the sample normal tn the surface

are detected by the analyser . Für an Isotropie dis t r ibut ion of electrons the

Emission H ( E ) of electrons wi th kinetik energy E into the angle of acceptar.ce

"f the analyser is given by re f . 16

ii(x)exp(-x/L(E))dx (D

where n(x) represents the d i sLr ibu t ion of photons in a f i l m with thic.kness d

and absurption coeff ic ient aftu} and ES(E) is Lhe escape. probabi l i ty into the

analyser and D ( E , f t u ) the local energy d isLr ibut ion at Tiu).

For the calculation of n(x) otie lias to take into accöunt interference effec.ts

due to ref lect inn of l ighc at the vacuum rare gas and the rare gas Au sub-

s t ra te interface. The tuo involved reflectivities E and R, are stnaller than

10 Z 1 1 . To estircate ehe influence we consider R, = R? = 10 % and the worst

case of a very small absorption coeff ic ient . Interference e f fec t s in the f i l m

cause a niodulation iR/R of sandle ref lect ivi ty R of AR/R Z l - (R j -R 2 O-Rj ) /R )=0.

whereas the modulation of the intensity in the f i lm is only in (x ) /n (x ) S: 0 .1.

Therefore n(x) is approximated by n (x j = exp (-:i(tiw)x). Because of the small or

even negative electron a f f in i ty E (Xe: 0.5, Kr : 0.3, Ar: -0.3) and due to the
A

fact that only electrons within a t-.one of 2° normal to the sample surface are

accepted the escape probabilily is taken äs constant for Lhe kinetir. energies

between 10 eV and 20 eV. Also the change with energy of the cone of acceptance

within the f i lm is neglected. Therefore the escape probability into the ana-

lyser ES (E) can be take.n äs constant.

D(E,1lu) accounts for the energy distribution of electrons at the site of exci-

tatiuii. D(E,f lui ) is independent of E and "ftu when the counting rate is integraLed
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for the whole area of valence bands, äs has been done f ü r Ar in Lhe r ight part

of F i g . 2. Then

NCL.-h , , ) ) = E S - D - u C h t o ) L(E)( l -esp( -d(a{ t iL i : )+: / I . (E)) / ( !+L l ( t .L . ) -L(h:» (2)

The crosses and circles for Kr in Fig. 2 show that the countinj; rate for the

parts A and B of Lhe valence bands differ by a factor which is independent of

n^ within the availablc accuracy. Obviously at these high encrgies changes due

to bandstructure are small and equatinn (2) with i-.unstant D values can be used

also for different parts of the valence band. Thus one HDC provides results for

L(E) at different kinetic energies an advantage also used for the two maxima

in the F.DC of Xc.

By taking L(EJ > 1000 8 (for these high L(E) values the Variation uf the count-

ing rate äs a function of L(E) is small, sce Fig. 2) für E< 16 eV in Xe, for

E <20 eV for Kr and E-'. 25 eV for Ar the proportional consLants ES and D for

Lhe arbitrary eounLing rates of Fig. l and 2 and equation 2 are determined.

This procedure seems to be justified by the following reasons;

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

scattering lies above these energies.

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

trons conLains:

i) Hot electrons from the Au Substrate excited by transmitted photons

and penetrating through the rare gas film (Fig. 3 and t). The inten-

sity and shape of EDC's fron the Substrate support this explanation.

ii) Approximately 50 1 of the electrons excited in the rare gas film

reach the Au subsLrate and produr.e secondary electrons with an

efficiency increasing with electron energy from 20 to 40 % . The
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secondaries will par t ly leave the sample yielding an energy d is t r ibut ion

similar to an EDC from the Au Substrate ( c f . Fig. I) .

These two contributions explain the in tens i ty , the shape and Lhe thickness de-

pendence of the counting rate in the dashed region at these low photon eiiergies,

c) The left part of Fig . 3 shows the transmission of hot e lectrons tViroug:: rare

gas fi lms. The electrons are excited in the Au Substrate by photcns v i f n rner-

gies corresponding to the transparent region of the 'rare gas £ i l m . 'l he t c ta l

electron yield is measured versus the thickness of the für. . Tim inser". gives

the EDC of the Au Substrate. In this logari thmic p r e s e n t a t ion er t'ie y i e l d ,

the slope gives the escape depth 1. if one siir.p le expune:it i a l law .L s s u f f j. dient

to describe the electron transport. For th ick f i l m s (d _^ 1000 A) esc-ape dent'r.s

of the order of thousand A are obtained. The f in i te escape depth is a t t r i ^ u t c d

to electron-phonon scattering, ele.ctron-impurity sca t t e r ing and capture and

scattering at dc fec t s and crystalli te boundaries. Ihe decreasi? of t.ie. esr.-ipe

depth f ü r thin films of Ar may be due to the spec t rum of e lec t ron enera ies ,

the increased probability fo r backsca t te r ing , a t t r a c t i o n to the Au S u b s t r a t e

by the irnage pote .nt ia l , clianges in the polycrys t a l l ine s t ruc tu re of the f i lns

and energy dependence of the phoiion emission and abso rp t ion p r o b a h \ l i ty.

The thickness dependence of the absolute y ie ld of Ar f rom oiir earl ier w e r k ' 1 '

is shown in the right part of Fig. 3. The h i g h y ie ld i n d i c a L s s t h a t pract i -

cally no electrons are lost. The increase of the yield above 0-5 electron per

photon absorbed which is unexpected from an i soLropic d i s t r i bu t i on can be ex-

plained by eithe.r including the secondary e l e c t r o n s t ro^ the Subs t ra te (see b)

( s u l i d curves of Fig. 3 for two secondary e l e c t r o n err.ission coef f ic i c n t s ) or

by taking into account the increased d e n s i t y of elec.tro;;s at the sur face due

Lo the absorption process. The enhancerr.ent of the yield caust'd by this n;in

- 10 -

u n i f o r m dis t r ihut ion of electrons is shown by a randora walk model calculation

for three electron-phonon scatLer ing lengths(dashed curves in Fig . 3). For

Lh ick f i l m s the random walk contr ibut ion w i l l be more iraportant than secon-

dary electrons.

d) E l e c t r o n energy loss measurements yield a min imum energy loss equal to the

exciton ene rgy 1 ^ ,

Elec t ron-e lec t ron scat ter ing lengths L(E) have been calculated f r o m the results

of Fig. l wi th absorpt iun coefTic ients l i s t e d in Table l using eq. (2 ) . S ince

Lhe absorpti im c o e f f i c i e n t s havc not been deternined in Lhe whole region the

values of Table ) have been taken f rom re f . I I c i o s i n g the gaps by a smooth

cor.nection fo l lowing the gas values. The results for L ( E ) of so l id Ar, Kr and

Xe ;ire shtiwn in F i g . 4 . As is expected from the discussion of the E D C ' s there

is a K t r o n ^ eiier^y dependence in the s ca t t e r ing l e n g t h . It drops f r u m uery hi gh

values of several hundred A near theshold within 2 eV to s i - .a t ter ing lengths of

the order of 10 A and wi thin 10 eV to values between l and 5 Ä. For each k ine t i i

Line r gy L i s deLermii ier i by several independent calculations r

i) f rom the energy deper.dence of the counLing ra te for one raaximum of

the. EÜC

i i ) t ro EI the Lh i cknes s dependence for one k ine t ic energy

i i i ) Lhe samt k i n e L i c energy appears in E D C ' s for d i f f c r e n t photon energies

i i i i j i n cach EDC d i f f e r e n t k i n e t i c energies can be used.

F i g u r e 4 dorcons t ra tes tna t the scatter of the po in t a i s rather s m a l l for Kr and

Ar sp i - . c i a l l y for lower L va lues , whereas it is larger for Xe near threshold.

W ' i L h i n the Kode! Lhe main sourtes o F errors are uncertair.ties in the absorpt ion

c o e £ f i c i e n L s and in Cnt f i l n th icknesses . For Kr the I . ( R ) values are de te rmined



frorn eine th ickness . An error of a f a c t o r of l in the L h i c k n e s s would change

all the sca t te r ing lengths by a fac.Lor Ic-ss than 1 . 5 and would have only tninor

influenc.e on the energy dependeiice of L. For Ar and Kr errors in Lhe L h l c k -

nesses w i l l be cancelled äs can be Seen from Fig. 2. The re fort tr.c meist sc-vere

errors ;ire introduced by Lhe a b s o r p t i u u cons tan t s . Ihe s ca t t n r i ng of points for

Xe does iint show a s y s t e m a L i c behavioi.tr, thus the independent ways of calculat-

ing I. allow for averagiTig.

First we want to discuss the contr ibut ion of elei-.l_rcn~phcmon intcract ion to Lhe

scat ter ing lengt l i . L's i ng ;in equa t ion given by Baraf f the electron-phonon

st-iLLe ring l i^ngth i . can bi^ Ü K t inatüd f rom the escape depth ! for electron

k i n ^ t i c encrgies E greater t'nan the phonon energies E , in Lhe absenc.e of elec-

tron-elcctron sca t ter ing .

£ , = 3i /E 772S"
ph ph

(3)

Solid rare gas es have only actniK t _ i c plionöns wi t h energi es scialler than 10 m H V

(see Tab le 2). To e s t i m a t R thr orde.r of macnitude of l , we take raean valucs of
ph

E = 5 mcV, E = l eV (see EDC insert Flg. 3J and '/. - 1000 X and get l = 150 S.

Electron-phonon coupling decreases with the group ve loc iLy t > C Lhe electron there-

fore for E > 10 eV the elet t ron-phonon scattering length l , should be greater

than 150 X. This result is compatible with the increase of the yield wi th th ick -

ness by random walk (Fig. 3) and wi th Lhe smaller 5. values between 10 Ä and

300 S measurcd and calcuLated for the alkali halides4 where the coupling of elec-

tron s to the optical phonons is expecLed tu be s t runger because of the dipol

moment of opt ical phonons.

According to this consideration Lhe influence of electron-phunon statte rmg

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

i) In our E D C 1 H a single electron-phonon scattering event is not cnnsidered

äs an important ine lastic scattering event. Because cf Lhe small phonon

energy the scattered electron would be still in the "unscattered region"

of the ECC.

i i) Aii electron-phonon scattering event on ly increases the path of the clcctron

t.o the surface in a randoTn walk process. Due to the s m a l l p rubab i l i ty of

an elec.Lnm-phonon scattering event within the electron-electron scattering

mcan f ree path above E also this cuntr ibut ion r.ay be negligible.



The weak electron-phonon in terac t ion explains the s teep EDC nt "unscat tered"

electrons. Structures in the E D C ' s caused by exe i L a L i uns of the deeper ly ing

s-levels or °£ plasmons (Tabele 2) have not been ohscrved.

Second a model is preisen ted fo r the energy dependence of L ( E ) . As was f i r s t pro-

posed and used by Berglund and Spii-.er"0 for Cu and later conf i r - ed hy c a l c u l a -

t ions of Kane21 the complex s ca t t e r ing problem wi t_h f ü l l con^ervai . J on of momon-

tum exchange can be reduced to an intcgration of the density of sL.-ites. Th i s

simplif ication works because of the averaging e f f e c t of the g t e a t v a r i e t y nl

possible scattering events c o n L r i b u t i n g to L ( E ) . Tlie p rubab i l i ty l' ( K , E ' ) for

scat ter ing of the pr imary electron at E to the lower energy T,' by oxc i t i ng an

electron from the valence band E" to E'" = E" + E - E ' is given by:

P a ( E , E ' ) - ! M "') dE"

where P . r u ( E ) , p (E) are the density uf Sta tes nf the valence and c.DndncLion
Vü CÜ

bands and M the matrix elernent which has been assumed to bc conatant . Tht; in-

verse l ifetime or total scattering probabi l i ty P ( E ) follows äs:

ETEcP ( E ) = [ P ^ ( E , E ' ) d t : ' (5;

Further a very simple band s t ructure for the rare gas solids has beer, used by

neglect ing ttie width of the valence bands and by t ak i r ig pa rab t i l i c c-u : iducLi an

bands p « .'E-E separated from the valence bands by the gap tirit'.rf,y E , w h i c h
LQ g G

may be rcasnnable-due to the averaging e f f e c t of equ. (5). Tiius

E-E,

P(E) = C" l [ • . ( E ' ) - : j ( E - E l ) d K 1 = c'(E-2E(,) :

E„

(6)

From L ( E ) - v ( E ) / P ( E ) (v (E) is thc electron group velocity) I.(E)
& g

follows äs

(7)

The exp^riments yield a threshold energy for electron-electron scattering

smaller than 2 E because also excitons can be created. Therefore the f ü l l
G

lines in f i g . 4 have been calculated for the best fit of C and E f rom the

equation

C ( K ~ E „ ) I / 2 (E-E^f2 (8 )

The calculated turves fo l low the experimental values, for C and E see

Table 2. To tcst the calculated energy dependence Fig. 5 gives a double

logarithmic plot of L versus (E-E ). Thc Variation of (E-E ) is small
b C Li

aL such high energies therefore t he calculated curves are almos L straight

lines with a slopo of -2. As r.an be seen this energy dependence fits the

expär imenLal results qu i t e we l l . Of course at higher en«rgies the ma t r ix

e lements and addl t ional scat ter ing cliannels w i l l change the energy depen-

dence of L. TliL- dashed line represents an example for Kr of the predirt- ion

of a seir.iempiri cal model which was developed for the ioi i izat ion cross section

of gases at high energies and which was adopted also to so l ids z ^ . At thresh-

old nc. i t he r the energy dcpt'ndence nor the absolut values agree with the ex-

periment .

F ina l l y the threshold energy E w i l l be discussed. Table 2 demonstrates that

E is d e f i n i t e l y smaller than twice the band gap energy and that i t lies

near E -fE , the sum of band gap and energy of the f i rs t exe i t cm, At E„ the
d x b c

p r i m a r y e lec t run can be sca t te red down to the bottom of the cnnduction band by

excit ing an exci ton. See also E in f ig. 1. Also in to ta l y ie ld iseasurements'^

at E •*-£ a decrease in e f f i c i e n c y has been observed. Tt seems interesting tha t
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in Xe, Kr and Ar E is even sraaller L h an E +E . Th i s may be p a r t l y to due

die fact Chat E _ is taken from eq . (8) and t h a L ehe excitons have a low
Sc

energy t a i l 1 - . But at l easu in Kr the threshold energy corresponds to twir.e

the exciton energy. In alkali halides structures due to an excited bouud elec-

tronic polarem conplex with a Lhreshold energy of approximately twice the

exciton energy have been suggested for the explanat ion of several structures

in absorption spectra'-1*. This theory would postulate ehe excitat ion of two

excitons in the primary process. As a consequence the nnmber öf c-lectrons u i th

high kinetic energy ("unscattcred electrons") would decrease and according to

our evaluation this would siniulate an uns et. of s ca t t e r ing at this energy. The

evidence fron! L{E) seems to be tau wuak to def in i te ly ident i fy this process.

Perhaps luir.inescence measurements, which are sensitive to the creation ot

additional holes may clarify chis poinf '.

The insert in Fig. 5 shows a coraparison of L(E) £or rare gas snl ids with sorae

other materials. The referenccs have been taken from Ref . 1. The str iking point

is the large energy ränge free f rom electron-electron scattering and the very

sCeep decrease of L near Chreshold. Seme eV above the thresliold L reaches

values near the so called "universal curve".

Acknowledgenent

It is a pleasure to thank Prof. W, Steinmann and Dr. M. Skibowski

for ini t iat ing this uork and Dr. E.E. Koch, V. Saile, F.-J. Himpsel

and D. Pudewill for strong expe»imental Support and sCimulaCing

discussions.

- 16 -

Re f e ren t-es

1. I . L indau and W . E . Spicer, J .E lec t .Spec . _3, 409 (1974)

2. C . J . Powel l , Surface Science 4^, 29 (1974)

M. Klassen, A. Berndtson, J. Hedir.an, R. Nilson, R. Nyholm and C. Nordling,

J .Elec t .Spec . ^, 427 (1974)

3. J.J. Quinn, Phys.Rev. \2(^, 1453 ( 1 9 6 2 )

H. Kanter, Phys.Rev. Bj_, 522 (1970)

4. V . M . Shchemelev, H . A . Rur.sh and E .P . Denisov, Snv. Phys. Sol. ÜLaLe 5_, 827 (1963)

S , W . Ducket t and P .H. Metzger , Phys.Rev. 137, A953 (1965)

W. Pong, J . A p p l . P h y s . 17, 3033 (1966)

Llacer and E.L. Garwin, J .Appl .Phys. 40, 2766 and 2776 (1969)

D. Rlechschmidt , M. Skibowski and W. Steinmann, phys.stat .sol. 42, 61 (1970)

T. Lewowski, P. Bastle and M. Bizouard, phys .stat.sol. (a) 2^, 847 (1970)

I .R. McDonald, A.M. Lamki and C . F . G . Delaney, J.Phys. D: Appl.Phys. ^, 87 (1973)

A . D . Baer and G . J . Lapeyre, Phys .Rev .Le t t . _3J_, 304 (1973)

E . L . Battye, J. Liesegang, R . C . Ü . Lecky, and J .G . Jenkin, Phys.Rev. B 13, 2646

(1976)

5. F.G. Fuochi and G.R . Freeman, J. Chem. Phys. 56^, 2333 (1972)

Y . C . Chang and W . B . Berry, J.Chem.Phys, 6J_, 2727 (1974)

Jan-Tsyu, J. Huang and John L. Magee, J .Chem.Phys. 6J_, 2736 (1974)

6. W . E . Spear, Advances in Physics 23_, 523 (1974)

7. Z. Ophir, B. Raz, J. Jortner, V. Saile, N. Schwentner, E .E .Koch , M. Skibowski

and W. Steinmann, J.Chem.Phys. 2, 650 (1975)

Z. Ophir, N. Schuentner, B. Raz, M-. Skibowski and J. Jortner, J .Chem.Phys. 63,

1072 (1975)

8. N. Schwentner and E . E . Koch, Phys. Rev. (in press)

D. Pudewil l , F.-J. Himpsel, V. Saile, N. Schwentner, M. Skibowski, E.E. Koch

and J. Jortner, J .Chem.Phys . (in press)



- 17 -

9. N. Schwentner, M. Skibowski and W. Steimnarm, Phys.Rev. ES, 2965 (1973)

10. N. Schwentner, F.-J- Ili.ir.psel, V. Saile, M. Skibowski, W. Ste inmann and

E.E. Koch, Phys .Rev .Le t t . ^4, 528 ( 1 9 7 5 )

1 1 . For a recent review; B. Sonntag , Dielectr ic and Optical P r o p e r u i e s in

Rare Gas Solids, Ed. M.T, . Klein and J .A. Venables, Ac-ademi c Press, ir. press

12. P. Keil , Z. Phys. 2 1 4 , 251 and 266 (1968)

J . D . Nuta l l , T.F. Gallon, M . G . Dcvey and J . A . D , Ma t thew, J . P h y s . C:

Solid State Phys. (j, 445 (1975)

13. E . E . Koch and M. Skibowski, Chetn.Phys. Letters 9_, 429 ( 1 9 7 1 )

14. N. Schwentner, A. Harmsen, E . E . Koch, V. Sai le and K. Sk ibowski , in

Vaccum Ul t rav io le t Radiat ion Pi iys ics , Ed. E . E . Koch, K. H.-ienäel :i:id C. K u n z ,

Vieweg Pergamon 1974

15. A . B . Kunz, 13.J. Mickish, S . K . V . Minnira and T. Shima and F.-J. HiE.psel ,

V. Sa i le and N. Schwentner and E . E . Koch, Sol. State Comm. !_?, 7 6 1 (1975}

16. S .V . Pepper, J . O p t . S o c . A m . 60, 805 (1970)

17. R . L . Petcy, Phys.Rev. ^8, 362 (1926)

18. E . E . Koch, B. Raz , V. Sa i le , N. Schwentner, M. Skibowski and W. Steinmann,

Jap . J .Appl ,Phys .Suppl . 2_, P . 2 . , 775 ( 1 9 7 4 )

19. G.A. B a r a f f , Phys.Rev. 135, A528 (1964)

20. C . N . Berglund and W . E . S p i c e r , Phys .Rev . 136, A1030 ( 1 9 6 4 )

21. E . G . Kane, Phys.Rev. 159, 624 (1967)

22. W. Lotz, Zei tschr i f t f . Phys. 206, 205 (1967)

23. F .L . Ba t tye , J .R. Jenk in , J . Liesegang and R . G . G . Lecky, Phys .Rev . B9_, 2887 ( 1 9 7 4 )

24. J.T. Devreese, A.B. Kunz and T . C . Col l ins , Sol. S ta te Comtn. jj_, 673 ( 1 9 7 2 )

25. H. Möller , R. Brodmann, U. Hahn, C. Z i m m e r e r , to be puh l i shed

Absorption coe f f i c i en t used for tht; c a l c u i a t i o n of L ( E )

HLU ; l ( lO 5 c m ~ ' j

Ar Kr Xe

15

17

18

19

20

20.66 5

21

21.56

22

22.54

23.62

24

24.80 6

26

26.10 o

27.55

9

7.2

6.3

5.5

5

9

4.4

8

3.7

7

6

2.9

6

2.2

6

5

. .65

2 8 . 1 8 4 . 5

30



Table 2: Characteristic energies for the el&ctror. ine an free path
(all energies in eV)

Ar

Scattering onset

Scattering onset from yield

2 K band gap

band gap + excitun energy

2 x (n=] J exciton energy

constant C (equ. (8)) ( R - e V 3

maxinun phonon energy

plasmon energy

lowest s-excitations

E

yield
Sc

2 EG

P +.F
LG LEx

2EEx

a)

c)

b)

b)

b)

a)

e)

d)

b,e)

24.5

28.5

26,25

24.2

100

0.0083

19.2

v27.4

20.5

Z,.5

23.2

21.85

20.5

17

0.0062

16,8

^25

17

17.6

18.6

17.75

16.9

42

0.0054

14

2̂0.6

a) This work from L(E) (equ. (8>)

b) ref. 11

c) re f . 9

d) J.D. Mutall , T . E . Gallon, M.G. Devey and J.A.I). Matthew,

J.Phys. C: Solid State Phys. ja, 445 (1975)

e) for a recent review: H.L. Klein, T.R. Koehler Lattice Dynamics of

Rare Gas Solids in Rare Gas Sol ids I, Ed. H.L. Klein and J .A. Venables,

Academic Press

Figure Captlons

Fig. l Photoelectron energy d i s t r ibu t ion curves of solid Ar, Kr and Xe filnts

for a spectrum of photon energies 'fim• The film Chicknesses have been;

d = 14 8 and d, = 228 K for Xe (the spectra f n r d = 96 8 and 426 8

and the region of scattered clectrons are not shown) and d. - 30 8,

d = 84 S, d~ = 140 S and d, = 300 K for Ar. Ihe spectra have been

mul t ip l ied by the attached factors. For details see text.

Fig. 2 Left part : Dependence of the intensity of iBaximum A and B of Fig. l

on the electron kinetic energy für Kr. 0 corrcsponds to the vacuutn

Level of Rr. The in tensi ty uf the hatched area in Fig. l is normalized

to the area of unsr.attered electrons and tlie energy is attributed

to maximum A.

Right part: Tlie points show the Lhickness deptudence of thä intensity

of unscattered electrons from Fig. l for Ar. The curves have been

calculated according to equ. (2) using for the different electron

kinetic energies the absorption cons t an t s give.n in Table l for the

corresponding photon energy. The curves for L = 1000 A and

L = 10,000 S and the points for E = 10.5 eV have been used to nor-

mal ize the counting rates (see text),

Fig. 3 Left par t : Hut electron current excited in the Au Substrate versus

Ar and Xe overlayer thickness. The exciting 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.



Right part : The circles givc the measured absolute e l ecLron y i e l d

from Ar for d i f fe ren t f i lm thicknesses at "tiw = 18 eV. The solid curves

have been calcula ted by equ. (2) including ihi> c o n t r i b u L i u u du:>. to the

secondary e lectron Emission coef f ic ie i iL .? . From a rändern walk mcdel

calculation us ing an electron-elettron sca t ter ing iength I, = lü,()00 X

and several electron-phonor. scattering lengths ; we c h r a i n i ' d t he

dashed curves.

Fig. 4 Electron mean free path versus electron enerjäy nieasnred Cnini top of

the valence bands for Ar, Kr and Xe. Tiic pni: i ts show rhc txper inenta l

resul t s. The solid curves represe.n t a f i t according t o r ü u . (8) .

E is the electron-t'.lcctron scattering onset d e t e r m i n o d "nv the use
sc B '

of equ. (8), I corrcsponds to twice the n= l e x c i t o n cnergy, II Co

the cum of band gap and n=l exciLon encrgy and III to twice the

band gap for Ar, Kr anii Xc re.spectively.

Fig. 5 Elec.tron mean f ree path versuw energy above scattering ons^t E

in a double log plot . The points give the expe r imen ta l results of

Fig. 4 and the solid curves the fit due Ln equ. (8). The lower insert

compares the electron mean f ree path of Ar, Kr and Xe de termined in

this work with the sca t ter ing length of other materials (sec ref. l ).

The upper insert shows a scheme of the energ iea invt i lv^d in the

calculation of the mean free path (i±qu. (8)) . For f u r t h e r de t a i l s

see text .
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