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Optical absorption, reflection and photoelectric yield spectra of

solids in the vacuum ultraviolet are shaped by both one-electron inter-

band transitions and excitations to bound electron-hole states. In

addition, the electron-hole interaction can also modify or even deter-

mine the shape o£ the spectra above the ionization limit. The identi-

fication of electron-hole effects is of fundamental importance for the

Interpretation of the spectra and also for the correct extraction of

bandstructure Information, Recent progress in this respect for insu-

lators, semiconductors and metals is described. The role of the electron

hole interaction for surface excitations is also briefly discussed.
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l . Introduction

The in tensive expcrimental investigation of absorption coeff ic ienls of

solids in the vacuum ul t raviolet which is now in progress for about

ten years was accotnpanied all the time by the problem of separating those

ef fec t s which are due to the electron-hole interaction frotn those which

are raainly determined by one-electron interband t ransi t ions 9 . The inter-

band t ransi t ions are of a more practical importance since they can lead

to a determination of the optical density of states, which lends i tself

to a more or less direct comparison wi th - and improvement of - band

K t r u c t u r e ca lcula t ions . The electron-hole interact ion, on the other s ide,

is of fundamenta l theoretical interest since it provides Informat ion on

two-budy and many-body correlat ion e f f e c t s . A l though considerable insight

into these problems has been gained many questions are still open. New

exper imental techniques of invest igating these problems have recently

been demonstrated. In th i s survey paper several recent resul ts on insu-

lators, semiconductors, and me ta l s w i l l be discussed. Whi le volume pro-

perties usual ly are investigated by absorption spectroscopy, reflection

spectroscopy, and photoelectron yield spectroscopy, the latter technique

is also very sensit ive to surface excitations, espec ia l ly wlien selecting

fast electrons which have a short roean free path for electron-electron

scatterini; .

L l tc t ro i i -ho le i n t e r ac t i on in deep l ev t l spi/fir . i can m a n i f e s t themselves

in several <ii i i i-n-nl w . t y s . • TtK-n- an.' (i) the i n t r n a t o m i i - i -orrelat ion

i ' l i f i ' t s such äs aultiplett—Splitting i n l l iü ciisi1 öl" solids made up of

atoms w i t h incomplete d and f she l l s or there are piant resonances. These

L ' i t t - r t s , in- i r t - . i t cd in the accoopanytng p;ipvrs on atomic phys ios . Another kind



( i i ) are the genuine t wo body e f f f e c t s J i k t 1 e x c i t o n s vhi rh wc ü t i . i l l he

fom-£i rncd with in t h i s paper . In L h i H i:;;se die r- 1 ee tron-ho] o i n ( i - r a c t i o n

can hn sccompanied by so-ralLed mner-wel l r e K i i n . ' i n r c s . F i n a l l y ( i i i ]

genuine solid-state piany-biidy ef i e t i L s o;1 •.• u r, ! i k t: t ho eti^i1 anom. i l i t - s i n

L h :• spect r a of l iglit mc- ta l s and we s ha l l t rc;i t a l so thesc- ei f cet s l icrc .

Thi s paper cannot give an üxhaus i i v t: re.vi ew. The present ex per irr.cn t a l

s i t u a L i un wil l bc demons t ra ted on a f ew exainpl es in each of L he cate-

gor ies: i n s u l a t o r s (See t ion 2) , semi c d t i d u c t ors (See t icn 3) , nie t als (Sec-

t ion 3), and surfac.es (Sect ioi i 4) .

2 . Insulator.- ;

The s impfest idea in d ü s e r i b i n g the er fe i 1 , t s of t he e lec tron-ho l e in ter -

act ion in ii-.sul a t n r s and scn icondnc to rs i s t ha t of an exe i t on , nane ly a

bound electroii-ho] e s tat K . The nrdinary exe i t on bound a t the fundamenta l

band gap is a very m o h i l e en t i ty duc to alnost cqual e f f e c t i v e m.^sses of

the electron m and L t i e h c l o m. . which are in the order of rriacnitude of
e h ' h

the f r ee electron mass m. ü x c i L o i i K f -or wh i rh the c-lectron is bound to a

f a i r l y imobile core hole are, however, describable by essent ia l ly the

same models.

The simplest model which takes in t ! ) at 'coiint the c l c c t r o n hole in terac t ion

in a solid is tlie W a n n i e r - M o t t exc i ton 1 " . In th is model the e lec t ron is

bound t o the hole in hydro^en-like s tates according to

where E is the i on iaa t ion encrgy of the hole level ( e . g . the energy needed

to excite the electron to the lowest conduction band s t a t e ) , , . /m the r a L i o

of the reduced elec tron-bole mass versus the f ree e lect ron mass , R-13.6 eV

(the Rydherg cons tan t ) and -.' a low f r e q u e n c y dielectric c o n s t a n t .

l ' . ' i r- c.xc i L ; , l ion o J MI^I bound t'X c i 11. • n SL j t ^--3 i s sc l ic i ' ia l i r. 1 1 l y b ln^wn in

!•' i r,. \ W t i I l L. L -x i 1 i t i '^f, in nar ruh band ^ap s u m i c o n d u i 1 ! o r s 1:^11,11 l y ".;ave a

v c r y l a r r , i - r . iüu i . s , Juu tu a l ^ ru i j •;; n.'i-n i;it, ul t h t j CIi'.n l o—b ir.t e raL t i on

t j y < i l a r j ' i ! d i L > i e i . [ r i c con . - iLan t C a e l i r s t ser i t 'h ::.L':"h('r ( n = l ) in i n s i i l a i o r s

is s p a i i a l l y VLTV ü r . d l l . Th i s i e n d s to aevcra l cot r i - L - t i r ns to the- exci tat J im

t-nergy äs givun by l,q. ( 1 ) , w l i i c l , a r L c . i l led ( • . ( • n t r a l c e l l n-rr täu L iun .s : a) sn i a l -

ler d i e l e c t r i c t - ; i : ; . s tant , b) tl i f i c ' r e n L t - l : i ' i - . l ivc mass , c) oxi-]ianj;e re|>u l:; i <m

f r o m the ton.- n ^ L M i i . f i ^ . 2 sliows a w e l l devc loped e x t - i i u i - . scries in t t ie

absurp t ion s p t f L n i n i o l sol id Ke : ' < ' . Tbc para-'.ct er s ob t a ined f r o m a f i t

energy of the n= l l ine i s by l , G'i L-V y na L l er t han c j l r u l d t c d w i t h the so

paranor er s , w h i c t i ,s;ives ar. idea öl t he not ccnt ua l cd i cor ror t iona . 1t

slion] d be ^en t ion cd l t i ; :f t c i e ef f cc t s , i) ->•) ar t in d i iTcrr rH d irec t ion s

and par t ly t räne t 1 i each o t he r. W i t h , =1 . J5 • • e.ne can compare the elf ect ive

e ] e c t r o n and h o l e m;: ssos wi th t hose o b t a in ed f rom typ i cd l band s t r u c t u r e

T n s t r n d nf t he i 'f t u f l i vc1 mass approach of l he l-.'anni c-r-Mot t t i x c : i t t j i i , uh i i :h

• iccoss i ta res kr.nwl odf, of the band s t r u c i i i r e äs ment ioned a ho v L', and Ll ic

acidi L i o n a l z e n t r a l cell c o r r t f c t i u n s notded for a s a t i s f a c t o r y descr ipt ion of

t tie f i r n L i:.i?nibcr of the seri t d h , onc can sct out w i t h a tomic or mo le c u l a r reso-

n;inci: ext: i t;; 11 ons . The res t t; l L hü c r y s t a l i s L h e n t rea ted äs a p er t ur bat ion

TM s l üads t o t he Frenk,11 -P IM er l y f ;xf i L u n . The dose cor respondence f re-

quent ly encount erc-d between the V U V spectra of sol ids and t hose of the

const i tuent atoms, or ions, or mol tcu les makes th is app roach very p ron i s ing .

In Fif,- 3 vi\s l.r;ite how c losc lv the l i r s t o p t i c a i l y a i l c w e d exe i La-

+ . = . .t i ons f roTTi l he Li 1s l evei tu ine 2p s t a t e s of the f r e e 1.1 i on - - i - .oini 1 ice

w i t h the s t rong p r o m i n e n t peak at 62 eV in the Lil- abso rp t ion =nd photo-



LiF belongs t o thc s imp lest ionic c r y K t a l n s i n e e it s c o n s t i t u e n t s arr l i ;:ht

atoms with only a few e lo rLron ii: sL. - iLc- j f i l l e d . Therefore it appears t o

be a good candidate for t e s t i n j ? i.heoretica l e . aLcu laL L o n s . The astonishing

resul t is Lhat E, £rom a Hartree.-Fiu'k-Siater sc i I ' -LUUF, i s t en t - f ield (SCF)

band s t ruc ture calculation by Henzcl et a L' c l o s c l y rcproducen the mal n

struclruri! which we associated in t he last s ec t i on w i L h an exc i ton (see F ig . 3)

The same h o l d s für an ab inicio Hartree-Fock SCF bandst ru i - .Lure calculat ion

by Kunz ct. al . . Ihelr resul t crifi ir .al ly places the ons>. 'L öl" L:ie Li 1s

t raus i t ion a t about 73 eV- Clorrect ions due- t o po la r iza t ion c~ t e t - L s a:ul

electron hole at traction we.ru ,- jpplied äs a ri;;id s h i f t of about 20 t:V, which

again leads t o a f ; i i r l y good agreement with the experimcntal st riir.i .uri:s ( H L ^ C

F i g , 3) . T h i s correction procedure h r i s bt!e:i s u b j ec t t o er iticisn . F ig . 3

denonstratus L he paradox i cal S i tua t ion t ha t t lit; i wn d i f f e r e n t concepts

of bound s ta tes and band s t ruc ture appear co apply t n t hi: K U I I I Ü spectra l

i'eatures.

Uiie iit r iguing f o.aLurü in bot h the expi'.r i m t i n L a l ;nid Liie t l i co re t i ca t specc ra

^re the weak fea tu res which appear Lo sct in at about 55 eV (Fig. .i). These

w o u l d corrt ispond to t r ans i t i ons t o the s-symii;etr ic. s tates at the b o t t o m r.f t

i'OTidni-.L ir,n band in a band pir t.ure. T'nese t rans i t ions n r t > < : n l y weak ly a l l owed

due Lo .ituniic select ion rt i les. TU ;:n exc i t on pir t nrc tV.ey r.ori-L?;;pi)niJ t o

bound statt.-; u r i ^ ina t ing i rom t r s i i i s i t ions t o L i '.'s si ;il i-:;. r i u Ids et a l .''

recer.t ly iiavf: i nv i - i ;L i gaLed LiF hy i-l&c t ron c-nergy loss m e a s u r e m i - r i L . 1 - ; . A t

l arge raoü:c:nt um i r an a t er the opt i ca ! d ipo le seier t ion rnl es s "rinn id breuk

Juw:i, u l i i c h nan i f c s t s i L s e l i in c hange s of pt-ak int er.sit ies . Thcy i 'unic tc

L In; c i inr lus ion t ha t the t r ans i t i ons l o l i i i j i K t a t es of h pyiv.met ry so t i n

at around 60 cV. Tu this case the weak features between 55 and 60 eV

raight either bc.] t>ng to walence band transitions or they are surface

excitons (see b e l n w ) .

One iraportant quüs t ion in connection w i t h spectra like those of L i F ,

where no Wannier s e r i ü y i s idenLi L i a b l e , i s wi th respect to the position

of the bo t tom of the conduction bdnd. Cudat et al. and Pantelides and

•) i
Brown" obtain the core levcl to va lence band Separation from UPS or XPS

photoelectron spectra. Addinp, to Lliis f igure the band gap energy they

o b L a i n 63.8 eV for the onset of the1 Li 1s LO conduction band transitions

This v a l n e is indicated in Fig. 3. It a l lows LO evaluate binding energies

for thc 1 e.-ii.ures near the onset of optical tran.s i L ions between 2 and 8 eV.

Lt is evident fron this result that the prominent maximiim a L about 62 eV

is a bound state, a Frenkel-i 'eierls exciton and cannot bei a band-struc-

Lure fea ture äs it was assunüd on the basis of band-structurc c a l c u l a l i o n s

Now, a l l e r it has become clear which of thc s L r u c t u r e a in Fig. 3 f a l l below

the bo t tom nf t bei conduction band E the nest quast ion is concerned with
c

the nature of thc st rui-.Lures above ü . Are these pcaks d t m s i L y öl states-
f

maxima, are tht ;y qiiasi4)cu.ns elec tron-hole s ta tes cor r fcsponding t o higher

Figure 4 shows p a r t i a l y i e l U spectra o' N a f l i n L h e region of L h o Ka

-p t r a n s i t i cns" . For n i ü a s u r i n g tho.- i i ' spe t t ra the energy of an e l e i : L r u n -

o n a l y z e r E. i-.r;:s i i xed and t h t- pho ton ctirn;y sca inu 'd ( c i i n s t ant T i n a i sL; ,U

spuc t ra: (" .FS; . W l i i l i- s i : a n n i L i g a l L. = C t h e T O Ü L nres in the sp tc L ruui
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spectruni due to core hole decay and seeondary sca t te r ing prncrsse;;

The spectrum is au&mented by the peak of unsca t te red e lec t rons o x c i L u d

directly iLito ehe energy window (at E ^ = 0 in this case) of thc- el i-rt.nm

analyzer. This peak is market! by a ver t ical dash in this spect rum ayid

Likewise its extrapolated position is marked in all the followin^ spectra.

A similar analysis to thc one for LiF gives the location of the bo t rom of

24
the conduction band äs 35.9 ±0.3 eV in close agreeraent wi th R e t . '!. \

Peaks A, B and the t r ip lcL C thus are bound excitons. Since thc oler . t ron

a f f i n i t y is about zero the directly excited peak at E - 0 is pr.-irt i c s l l y

coinciding wi th E , What about the fair ly sharp peaks D - H V T L is re- •

cognized irom F ig . 4 Lhat a well developed peak of d i rec t ly e x c i t e d

electrons appears for E, ̂  6 eV. This peak is equivslent to a Na 2p l ine

29 30 • -
in an EDC, its large width being now understood " äs a spe.L-.ial kind

of photionbroadening. In the spectra for E ü b eV t h i s peak is not

readily discernible and the spectra are distortc-d. The most interesting

feature in those spectra is a much stronger appearancc of the peaks D - G

not only when the final state channel hits a peak (E, = 0 and l . 2 eV (D) ,

E = 3.5 eV ( E ) , E f = 4.5 eV (F ) ) but also when E, is close to huL lower

in energy than the peak. This is e.g. to be stau ut E = 4.5 eV where F'

is at a 1.5 eV higher energy, or in. the E = l . 2 eV spectrum wi th peak E

which lies at a l eV higher energy there. In the other spectra the same

e f f c c t is also evident.

Ue now want to analyze this result according to a Suggestion by Aberg

and Dehiner . The electrostatic potential o£ the Na ion,which has a

Potential wall buil t around it due to the exchange rcpvilyion of the elec-

trons sitting at the neighboring Cl ions,gives risc to a potential well

whi r h i s c j jpab le of ho l ding bound ;ind L,n;ift i-bouiid i r.iu-r well resonance

H t a L « K . This is dopic ted schemat ical ] y in r ig. r) - liiere is only a low

p r o h a b i l i t y i'or a decay into an extencfed band f , L a t c - . U u r i n g i ts rela-

t i v e l y l i > n p , l i f et ime the inner-wel l s t a t e rnl axes vri t h the accompanying

emissiot: of many phonons. This would expl;i i r thc; shi f t down in k i n e t ic

entf rp,y äs cbae rved in the spectra of Fig. 4. Peaks D - G theref ore cor-

riispond to quasi-bound electron hole s tates abovc the bottom üf the

7:0 n du et iiin band .

3. Semiconductors

In semiconduc tors the st r ein p, t h nf the lorig ränge Coulomb interaction i s

considerably reducc-d - in the order u f 1/100 - due to d ie lec t r ic screening

according to Eq. ( l ) . Cnnoral t t i co r i e f i ior e .g . üi estinate the b inding

energy for the Si 2p e x c i t n n i c f i n a l s tate to be of the order of 40 mcV

There is, however, the f u n d a m e n t a l quca t ion w i th respect to the magnitude

of the central cell corrcctions. for thc r, = l exciton. if for the n = l

exciton the electron is l o c a ü i z e d c o m p l e L e l y wi th in the cell defined by

the nearest neighbors, these corrcctions could be äs large äs ~ l eV, The

major correction uc have in raind is the one due to the absence of

Bi-reening inside this cell. The Situation is schemat ica l ly visual ized

in Fig. 6. The binding energy of the n - l state depends v e r y c r i t i ca l ly

on the posi t ion of the transit ion point (marked TP) uherc the unsc.reen.ed

potent ial meets the screened p o t e n t i a l .

,32,33

Many attcmpts liave been made to investigate the electron ho l e interaction

at the thrcshold iur 2p transitions at "- 99.9 eV. Fig. 7 shows the onset
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34
of these tratisitums äs detemine.d hy Brown and Rustgi on crys ta l l ine .

Si. The contributions of the two sp in orbit components L~ and L were ob-

tained by deonvolution. For comparison the density of states äs calcula ted

35by Kane is given. There is a reasonable Agreement between the calculated

and measur<.'-d positions fo the maxima. Eut it is al üo evident that the

threshold bchavior is in disagreement. The experimental Absorpt ion co-

e f f i c i en t rises sharply, whereas the slow increase of th<? dens i ty of

states extends over almust 2 eV. The incLusion of k-dependent matrix

u] ei^ents does not rcsolvc Lhis discrepancy . Ko separate exe. i. Um peaks

are observed in the experimental spet'.truni. This, however, canno-t be ex-

pected at room temperature if the binding energy is in the o r d t > r o L"

40 meV.

32 10
Altarelli and Dcxter have applied rhc tiffec:tive-mass theory , w h i c - h

describes not only the bound states a c c o r d i n g LÖ Eq. (1) but also the

ef fcc t s of the electron-hole attraction on the coTithiuusi t ransi t ions.

They obtained good agre(iri«nL with the experimetit up Lo an energy O . f ) eV

abovc threshold. Only the absolute value 01 the. ahsoprt ion coe f f i c i en t

i.s Loo small from the e f fec t ive mass npproximation by a fac tor nf •*- 10,

Since the: absorption ccc l f i c ien t is propurt iunal to the square u f Lhe

p r o b a b i l i t y of f inding the c l tc t ron near the h o l e , this - accordin,", tn

Fig . 6 - could bc ;in indication uf a much stron^i-'r lo t - .aL potent ia l than

3?
assumed by Al tarcUi . and Dextpr ". As a f u r t h u r ciniaequence the 40 mc.V

binding energy for tlie n - l uxciton could be dr;iwii into doubt. Several

investigations were cimcerned w i t h this problcra;

It was atterapted by several authors to obtain excit.'iTi bhidmf; energie;;

by combiuicig XPS photoemi ssion and absorption coeff i c i t'nt ( resp . energy

, , . . , , c
loss data in the same way as ' t- W'1K deEions träte d for ins i i laLors

in sectioris 2. The required m c a s u r i n K am-uracy for seraiconductors is,

however, rauch larger since the exciton b inding energies are snal l . This

explains why there is much divergence in the resnlts of d i f f e ren t

authors : 0.6 -0.2 eV , 0.9 ±0.4 cV f ü r the exciton b inding

39
ßrown et al. tried to observe the change in h i n d i n g energy with highly

doped Si ( *v 10 donous per cm ) which was prai : t ical ly metallic. Such a

dop lng produi:es a screening length of ^20 A. Nn sh i l t of the apparent

Si 2p (idKe was observed proving that the states involved at the onset

of the ^p t ran s i L ions are niore local than 20 A. Thi;; r i i K u L t was recently

confirm.ed by Eb(>rb ; i rdL et al. with samples of even higher duping.

Final l y , ar. a 1 1 erapt. has been made to observe the electror^tl

37 4
*

sensitivity of 10 i i > r a 3 • lü V / c m modulation was cbserved. A p p l y i n e

e f f e c t i v e r.ass theory ~ the authors conclude that the exciton binding

energy must be at l eay t 300 meV.

W'nereas all t l iuse r t ' suL L s indicate a f a i r ly l arge exe i ton b i n d i r, g c.nc.

in the ordcr e t 0 . ) eV it is not conceivable why the.n an e x c i L o n peak

a t the cd;-.!' •;•.-111:10 L be cbserved in the absorpt i 0:1 'ipei-. t r a .



Tlie exe i ton problem i H also of fundamen ta l impor t ance lor t!u- i - i L i ' r p r e -

tatioii of t he spec tra of o the r seir.ico;iductors , n a tue l y t hose öl" t hr Ca-Y

, 41 . 43 ,44 - , , 4 b , , , , - , .compounds and o r lead compounds j mutig o t Liers . Win l r A s put; s

4 1 4 3 4 4
et al. * ' assur.ie exciton b ind ing energies I I L L he order o L 100 -

200 nie V for the Ga 3d excitat.i uns in t h e i r L! e r t _ r o r e f lect ani-e muasurc -

ments and then proceed wi th ar i n L i ' r p r e L a t ion in L u r m s uf i r i t i c a l

45
points in the band struc turc p ic turc 1 H;irL i n t ' x et ,11. f ind b i n d i n g

energies of 0.9 eV for the Ph id üxc:i L a t i o t i H . 'l'liey iloubt Uut the i r

ser.und d e r i v a t i v e ref le<: t ivity spec tra (which show many sh.irp ü t r u c tu r i - s )

i:an be in t e rp re t ed in terins of cr l t ical points at a l l .

4. Metals

The most ef f icient screening o£ the Coulomb po ten t i.'il n f t ne t - t > r e hole i s

accomplished in a metal (see Fig. b ) . Wliile o n l y the l<iny,-r ; ingc par t is

screened (we ignore here Friedel o sc i l l a t i ons ) , then> remains a t runcated

Coulomb potential inside a sphere with a r a d i u s in Ll ic nrder of l A. Ihis

Potential is not capable of binding an c l cc tmn in a r^aonance s ta te , but

the excited electron and all the metal c l e c t r o n K iind^rj^u sca t t e r ing pro-

cesses and infinitesimal energy changes because of thc^ sndd^n creation

nf th i s poLcnt ia l (sec Fig . 8) . The s ra t t e r ing of the electrons can be

desi-.ribed in Lenns of phase s l i i f t s in a par t i a l wave analysis. D e p c n c t i n ^

on the vahies of Lhese phase sh i f t s and the symmetry character of the

eure hoLe (s , p, d - . .) the sh;ipe u i" the absorpt ion edge is in the

asymptotic region r ight at the. c>.df,e p red ic :Led according to a theory

due tu Mahan and Nozicres and De D o m i n i c i a - The same model also

descirbes the asymmetry in line shape of photoemis'iinn l Lues of core

1 T 48levels

Wt do not u . ' i i iL to t ' l jbora te ml t do . i i - L . i i ^

Lo a seriös .'• rev iews d f a l i n ; ; wi t!i t .1 L ? top i c o r. ü i f f L- r<--n t l t ' v i 1 1 .-;

Rs jccial ly t ho app. i i 'ah 11 i ty o: LliL' niidel t o t he ob L iLT vi:d spi-:' l r a I ma i ::-

ly o l a l ka l i and l i y,\'t mi-t ;•} .•;) i ias beeil quest ior.cd ( sot- c .;-',. R i ' i . '->?,).

tlie edge in wi:ii :h the edge s l iapc ' . ;IWK sKou l d a | > - ; l v . T l i i ' i j r 1 I ; IWK p r u i l i c L

a Sp ike r i^n t at p t-dges in cr.^cs l i k r t-. y.. t_he 2p i'dj.'.e ö l K;: r > i ' L a l and

a roui id i i s j ; ,H *. edees l i ke e. &. at ! nc 1s cdrc ö l l . i « i c t a l .

t'ig. 9 Shows t h e NJI L'p absorp t i i 'n spei1 L r um . A s t r i k i r. ;4 : eatnre i^ L Sie

p rominent sharp spi kc i" i g h t ; i t l he ed;;e wliit::: t i ann^ t . Lit- :::i s t akun J H a

dcns i ty 01 ü t a t c s f e a t u r & H .-jinr.i:. H K i t is w e l l kr iown, t l ie dcns i t y o:T s t a te ;

i s f ree e l e c t r o n l i k e a t t n t > Fi-rmi e n e r g y i n N a . [ -"ur ther , th is p e a k ,

un l ike tlie pe;ü;s C ;md H pe r s i ü L s in the spectrun öl l i q u i d Sa. T n a

s impl i f i ed JÜKIT i p L i o : i Lhe sp ike can be considercd a« an exc i t on w i t h

zero b i n d i n p e.ner;;y Ki iper inipo.sed on the absorp t ion L'd;;c. The' 3p cdj^c of

by Ishi i et a l . . A L I these edge s exhibi t the spike p l ionoment in , the

sharpTit ' -KK dei-reasing f rom Na t o Cs.

The rounding of 1s edge s like t hat o f I, i < : t > m p e t e s w i th o t her rounding

prtit- .üsses l ike Auger and t empera tu rc e f f c c t s . T h e r e f o r e t h i s r n a n i f e ^ t a -

t i n n af the e l ec t ron hole i n t e r a c t i o n is by far more d i f r i c u l t to proove.
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CcitSelectron excitations. at surface aCoras are applied more and more to

investigate surface properties. Eastman and Fre.couf were the f i r s t Lo

use surface sensitive partial yie ld spectroscopy for thc investigation

of Kur face sLates on Ge , Ga Sb and other semiconductors . They

fomid su r face contributions preceeding the oriset of volume

t rans i t ions , which therefore appeared to correspond E U t rarsi l . i ons

inLo an empty surface band, which would be luea t t jd

in ehe volume band gap. Fig. 10 shows Lhe .surface pe;;ks

in ehe Ca 3d spec t rum of CJaSb. 1t is T iuLeworLhy t h a t l hose s tates

are not present when exciting from the Sb 4d level . This inplies a s t r n n j

localization of these surface excitations at the Ga atotns and could be

interpreted in terms of surface states bui l t from unoccupied Ga dangl ing

bonds.

Lapeyre and Anderson were able to demonstra t iv hy m e a s u r i n g the d i rec t

recombination prot-.ess ot tiie electron with its hole in CaAs that thcse

excitations are mit nm? e l tc t ron t rans i t ions into an empty sur face h/ind

but sur face exe i ton s. Thü i r ionizatiön l ine probably corr i 'Kponds L u a

surface band, thc b i n d i n ^ energy, liowever, has tiot. yet bi;c>n d ^ t ^ r m i u e d .

This In te rp re ta t ion was la tcrnn c.unf irmed by a d e t a i l e d invcst i j-.at ion
C "l C Q

of thc Position of the surface Fcrmi e-.iergy by Guda t et al. ' . For

f u r t h c r details see R e f . 59. In t ' n i s conte>:t 1t is in te ros t ing to notc

t 'nat electron energy loss measureme.nts at the Si 2p th resho ld revna l L W C J

JJÜ

su r f ace peaks which shou an exci tonic s h l f t of l - 2 eV.

Su r f ace excitona have also been showii to ex i s t on the surfaces of insu-

lators. Saileet al. have found surface exei tons for several rare ga y

sol ids , wnen mL?asuring the absorption öl r e l a t i ve ly thin f i l m s ("-50 A ) .

In addi t ion to the vo lume cxci tons sur face sensi t ive peaks are excited

on e. g. Ar at a -"0.5 eV lower photon energy. These peaks disappear

with a th in Kr overlayer. The picture of a surface exciton appears to

be qui te adequate for these new f ea tu re s . The bindlng energy is increased.

This w m i l d be exptcted for an elec.trun bouitd tu a hol n im a surface atom

sinc-e Lhe d i e l c c t r i c screenir.g is rcduced . A more d c t a i l ü d theoret ical

treatmera based on the modt1] ot a su r face molecule is needcd for in ter -

prü t itig the Sp l i t t ing of the s u r f a c e exci ton l ine

Boynd states at the sur face of ionic crystals were shown to exist on
t o

Hg 0 by mcans of energy loss excitat ion f r o m the Mg 2p level and f u r t h e r

wi th re tarding f i e ld par t ia l yield spectroscopy on (100)cleavage surfaces

of NaCl . Fig. l l shows these spectra which are d i f f e r e n t when exci t ing

w i L l i K and p |)o L a r i z ü d l i g l i L . T h i s d u m u n s L r a L c s L ha l luc.al ized htsimd

s L i i L ü a w i L h d l l f c r t i i iL svmraetr i t: s rel ;iL i ve t u Lh(? NaCl ( l 00) surface are

invo] ved. Theye st a t es have up t n 0.6 cV larger b ind ing cnergi es th;in

the exe itons at the onset of the H ; i 2p t rans i t ions . Again ca lcu la t ions

considering thc- Ideal geometry around a Na surface ion are needed for

a de ta i l ed I n t e r p r e t a t i o n of the spectra

Q u i t e obv ious ly the e lec t ron hole in te rac t ion 1s a strong per turbat iou

"f the volur;e and sur face one-electron band p i c t u r e . In raany i:ases tht:

band asp^cls are not only per turbed but ccaple te ly destroyed and ;i local

p ic tu re appears to be more adequate . The er.ierging phenomena dt-r i t - rvc an

i n t e r e s t in t he i r own r ight since they provide considerable i n s igh t into

l.wo-body and i i i ;u iy~body c f f c c t s .
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Figure Captions

Fig. O b t i c a l t rans i t i -ons in m e t a l s and i n s u l a t o r s , schero;it i c-

The deusity of states N ( K ) is i nd ica ted towards the r i g h t .

K„ = Fernü energy, CB = conduction band, VB - valence b a n d .
F

Ex, ext: L ton ( f rorn Rci . 7 ) .

Fig. 2 Absorpt ion coef f ic ien t of s o l i d N t; s h t t w i n g a Wannier exe iton

series converging tu the band gap energy E„ ( f ro rn Ref . 1 2 ) .

Fig. 3 Experiments! phutoelectric-yield (heavy solid l ine.) spcctrura

and experimental absorp t ion coeff ic ient ( t h i n solid l i

compared with ttie t-.alculated 6. ., spectra of Menzel ej: _ _ a l .

19

• o

(dashed linc) and Kunz (dash-dotted l ine) . The vor-

t ical bar-s sive Llie energy posit ions of t raus i t i nrt s in Uie Li

ion according tu Moore . t niarks the bottora of the condur.tion

band (af ter Ref . 17 ) .

Fig. 4 konstant f inal state spectra froro a d = 70 A t h ick NaCl f i l m .

E, is the f inal state energy relat ive to the bottom uf tlie

conduction band. E marks the bottora of t_he conduction band.t:

The heavy vertical bars give the posi t ions of the channel of

direct ly excited electrona in cach spectrum ( f r o m Ref . 2 4 ) .

Fig. 5 Schematic diagrarn i l lustrat ing inner w c ^ l l s tates in the e f f e c -

tive pocential around the Ha -ion due to the rrpuls ion of

electrons from the Cl ions. The letters A - G corrcspond to

the peaks in the spectra of Fig. 4 and the position of thcse

levels ant icipates the ana lys i s of the spectra of Fig. 4

(from R e f . 24 ) .

Fi i'.- 6 Si:hc-~U t ic rad ia l c e p e n d t - n r r 1 i t i an nnscrcei ied i. upper ) , dielec-

t r i r a l l y . ';rn>i-riL-d (tu i dd l c) , and i n e t a l l.i (.-;il l y screened ( lower)

put cnl ial V ( r ) . The f r c e po t i-iit. i a l i K c a p a b l e of bind i n p elec-

trons in Rydberg s t a t e s ( i , 7, 3 , 4 . - . ) converging to F. ( I r e c ) .

t h ü screened po ten t ia l li.ns bound s ta tes ( ! ' , 2 ' , 3 ' . . . l ; ' tm-

v u r g i n g to t ( s . e . ) . in tlie l a t t e r case the bind i n?, cn t - r j ^y

of tlie n - l ' s ta te dcpends c r u c i a l l y on the p o s i L i n n u f the

trdiis. i t ion point TP from the s er et n cd t o the unscr t ' cnüd

po ten t ;al which i a near the surf ace o K the W i egner-Seit z cd l .

The hole p o t e n t i a l insidü a rnetal usual ly c anno t bind an

e lec t ron , it give s rise however t o e! ec tron scnt t r r ing.

components and th^ der .s i ty of a ta tcs of the condur t ion band

(dashed line.) arc inr. ludcd ( 1 rom R e f . 34).

Fig. 8 S h i e l d i n g uf a s u d d t m l y creaLed rurt- hole in a mt!L;il

(a) in space and

f b) in an ener^y p i r. turn

( f r o m Ref.. 5) .

Fig. 9 I'hotoabsorpt ion and photoelectr ic yield of solid and l i q u i d

Na metal in the region of 2p t ransi t ions ( f r o m R e f . 5 1 ) .

Fig. 10 Par t i a l yield spectra for a ( 1 1 0 ) Ga Sb surface for Ga 3d

Lrans i t i ons and for Sb (4d) t ransi t ions. E = top of va lence

h.-ind, E = bottom uf the conduction band, A = spin Orbit

s p l i t L i n p , of Ca 3d ( f r u m Ref . 55).
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