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Photoemission Inves t iga t ion of Autoionizing Na -2p Core Exciton» in NaCl
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D-2000 Hamburg 50
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The f i f s t sharp structitrea in the NaCl Na -2p absorption epeatrwi uere

investigated by means of cpnstant f_inal etate spectrOBcopy (CfS). This

method alloue for a detailed obaervation of lattice relaxation and

electronie decay processea. The onalyaie of the speetra leads to an

identification of the first ten Btructures in the absorption apeotra

ae being bound of quasi bound electron hole statee. Five of them over-

lap tiith the continuum atates above the bottom of the conduction band.

The latter onea are short lived and autoionize through one electron

valence band exaitationa.

Subnitted to Journal of Physics C
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l. Introduction

The optical properties of the alkali halides in the vacuum ultraviolet are

the subject of many experimental and theoretical investigations (e.g. Lipari

and Kunz 1971, Brown et al. 1970, Haensel et al. 1968). Figure l shows the

NaCl absorption coefficient (after Haensel et al. 1968) in the region of Na -2p

cxcitations and the density of conduction band states (after Lipari and Kunz,

1971). The Na-2p transitions set in with a series of several pronounced

sharp structures at 33 eV. Because of the close coincidence between the spin-

orbit split doublet A,B (Fig. 1) at 33.23 and 33.48 with the first ailowed

excitations in atomic Na at 32.9 and 33.3 eV (Moor 1949) these Ünes are con-

sidered to be core-excitons of ehe Frenkel type. Attempts were made to describe

the rest of the structure äs density of states peaks in terms of a band scheme

(e.g. Lipari and Kunz 1971). Because core levels are flat dispersionless bands

the density of states of the conduction band snould be reflected in the absorp-

tion spectrum, neglecting matrix elements. It was also suspected that the struc-

tures following A,B could be influenced or even created by the electron hole

interaction (Haensel et al. 1966, Nakai et al. 1969 and 1971). Especially Xberg

and Dehmer (1973) tried to explain these peaks in terms of resonances inside a

Potential well at the Na -ion which has a potential wall built around it due

to the repulsion of electrons from the neighboring Cl -ions arising from the

Pauli principle (Fig. 2). This led them to a classification of the peaks up to

D (Fig. 1) in terms of inner well states having the correct symrnetry determined

by the octahedral arrangement of the Cl -ions. A quantitative trcatment of this

model, however, would be possible only if the exact potential was known.

A method providing Information on the electron hole binding energy independent

of theoretical models is to combine absorption spectra in the fundamental ränge

with photocmission meagurements. The optical data give the gap energy E between

the top of the valence band and the bottom of the conduction band, the photo-



<• l «et rur. enerj!y t l i s t r i b u t i e i n ^ u r v i ^ {LDC ' :;) ^ i vc t l ic o n s< i hst.c i 'nergy stpaiv, l icn

butwi-en n:rc- I r v e l s ,.\\:<; the t np öl tue valem/i - h a n d i! t :ie p h t i t o i i energy is high

e:iOiij:li i.n i or.i/e L l i e cu ro L d l c ^ L r ' . i n s . Sin: n ;m .ir . i l vsi s n l lows t o m a r k L h t; pos i L i i -

öl L . I U V. L t nns r. i i ; . , - . . . .njut1 L i i>" n ; i N i i in l ho ';pei' t r um Fig. l . T he sainc aivi . y« i H

was ra r r i ed cuL by Gudat u t al . ( 1 9 7 4 ) f ü r L i V ai;d l a t ü i by Fan Lei i dt s aini

f l r o w n ( 1 9 7 4 ) daä 1 ' a u L u l i d ü K ( 1 9 7 5 ) f ü r a sor i ts uf a lka l i i i a l ides . l'j n 1 1- 1 iJ t; s

0^75) locates t he bot t um uf t he L-ondui- t ion band u f NaCl a L 36 . O f O . r; eV Cak ing

Xl'ti va lues f o r the Separation betweun thc top ul" Liie vale:u:e band a:id L l i t

+
Na -1p level .

Wc repor t here o n an invcsl i pr,-iL i o;: D: t lu: sharp s t r u c t u r e s A t o G in Fig . l by

raeans of ^onaCaiiL £inal state _sppct ra (CFS) and E D C ' s making use of Synchrotron

radiatiou from ehe 7.5 OV Synchrotron DESY . The detai ls of tlie techniques are

described in .sectinii 2. CFS turn out to be a means to obtai i i I n f o r m a t i o n on the

origin of these püaks . The results are dtscribed and discussed i n st ;ct iun 3.

Z. Experiraental detai

Synchrotron r a d i a l i n n was monochromst ised by a speci ;il l y de!sif ,n«d j'.r.'iKiiiK i r i L i -

dence munuchr t imator w i th a f ixed exi t beaiii and an onc'rgy rcsolut ion of about

400 ( D i e t r i c h and Kunz 1 9 7 2 ) . The angle of i m: idunee at the sample- was 45°. The

phoLueni i t ted eler.trons of NaCl were measured us ing an e l ec t ros t a t i c energy ana-

ly^er of thc spherical type and a channcl t ron m u l t i p l i e r . Thus we had the poss i -

b i l i t y to measure EDC's (scanning the po ten t i a l at the sample r e l a t i v e tu the

entrance slit of the analyzer whi le the t r a i i H m i s s i o n energy of thc analyze.r and

the photon energy are f ixed) and C F S ' y (varying Lhe pho ton energy c o n t i n u o u s l y

while the po t en t i a l at the sample and the transmission energy of the analyzer are

f i x e d ) , The la t ter techniquc is on ly p u s s i b l e w i t h ,-i con t inuous and structurele.sy

lif;ht sour^e like synchrotrun rad ia t ion . The jo in t r e s u L u L i o n o f L h ü nioii iH-.hromaLo

Kor a l l NaC l l j 1ms i ' l i i i r g i n/ ' -'il miini t i - m p c r n l u r c was nt^;l f ; j - ; i h l f . T l i i H was

t e s t L-d by r cdur ing thc int rns i t y 01 the inc ident l ight ü'itl t > x t r a p : > l ;IL i ng

to zero i r . tens i ty . W h i i e al l r e s u l t s presented in th is paper wcrc p.T-

f (irmed a t room tempera ture we have also perf urmed in this tun t ex t measur t -

nients at t e m p e r e t u r c s hc twccn KO and 300 K. Wi: n o L e that at 8U K consid-

i:r;ib 11 til ' .arf.iv.}', on-nrixi wi t 'n t l i t - L h i rke r l i 1ms (Iw.in änü K u t i K , l 97 l ) .

As nent ioned in the introduction a combinat ion o£ absorption s p e u L r a in

the f undamen t a l ränge with photoemiss ion measuretnents a l lows for a deter-

mina t ion of the p o s i t i o n of the b o t t o m of the oonductioi i band r e l a t i v e to

the Md -2p level . We made UPS m eaüu r e i i i enL s L i > c h L i i i : - . L he Sepa ra t ion bc-

Lutic.r. th t ! t up D T t hc v.'i l i ;nre bünr i and l hc 2p l evi-1 s . U t' ha v L- übt a ined

Z 7 . J J 0 . 2 eV for t h i s Separation f rom E D C ' s liki ' the one shuwn in F i g . 3 .

The Separation i s in agreement w i t h the va lue of 27.03 eV j-i-v e l ' '"">'

K o w a l c z y k et a l . ( l 974} . Our r e su l L dni;4 n n L di-per.d on plu.itmi cnor^y i n

the r e g i . n i 45 - 100 ( !V, . ' i l so not. on l i l m t h i i ' . k n c s a . Comh in i ng -...u r resul t

wi L h L h t! va Ine for t he band gap of 8.6 eV äs given by F h y i - i a l . (1959)



(a large number of values are i : i > l Ser ted hy S t r e h l o u and Qiok, 1973) ue

obtain 35.910.3 eV for Lhe bo t tom of the eondnc t ion band r e l a t i v e t o the

Ha -2p level . Th i s is in good a§reeme:it w i L h the va luc of P a n t e l i d e s ( 1 9 7 5 )

uho give-s 36.010.5 eV. Ihr. Lheo re .L ic . a l e s t i m a t e of Shurg and Dehmi-r ( 1 9 7 3 )

was 35 eV. Frora t h i s ass ignment i t fo l Iowa inancdi at c l y I h a t the peak C is

;il so a bound el e.ctron-ho l e K täte. T h i s pcak C i s spl i t int o t hree peak s in

our new resul ts (Fig. 4) which is in good agreement w i L h Lhe r e s u l L oi

Kakai et al . ( 1 9 7 1 ) .

Figure 4 sh»wu c n n s t a n t f i na l s täte spect ra w i t h f i n a l S t a t e s dose t o the

bottom of the conduc t ion band . The paramel .e r i K ihr i j Aed kniet L t: energy

ot the eleetrons in vacuum. The peaks observed at va lucs F... _ 6 eV are

equi.vale.nt to ihr. Na -2p l ines obtained i r. an EDC (F ig . 3), The ext rapn-

lation to E = 0 allows for ;i dc.l t i r n n : i ü L i on of the e l e c t r o n a f f i n i t y E,
f A

at the bottoiii of the conduct ion band y i e l d i n ^ F. - 0 eV. The mark:; i n d i f a t e

the pos i t ion of Lhe f i n a l s tate channel in the spec t r a äs it is d c i f-rmi nc.d

by the choice of E . In the r eg ion E •: 6 eV, \*here the l ines are d i s to r tod

the position of the raarks is obtainnd äs ,ni txtrapolation Trum the spe^tra

tor E, _>_ 6 eV.

When i i ihpf ' c t ing the spi'-c-t ra in Fi ^. 4 i t i s recognized t ha l the peaks A t o

G which occur in the absorpt ion s p e c t r u m ( l r i ^ . I ) are a l s o showing up in

most oi Lhe CFS' S. It w;JS shown hy Cudat and Kunz ( 1 9 / 2 ) L h ; i L Llu: sl rui--

tures found in a b s o r p L i o n speuLra sho« up aga in in t l i r U i l ; i l phot o.> l e c L r i c

y i f - l d spec t ra . A CFS C.-ITI be looked uj iun äs a pa r t i a l pho toe l ec t r ic v i e l e

spt-c- t rum and also shnws l he a b s n r p L i o n s t ru t tun-s ( L , i s t n i ; i n i y / 2 ) . T l i L - r f f o r e

we observe Lhe excitons A, B and o the r l i n u s . They have bee-n seen a l r r a d y

by Haensel e.L al. (1969) in a d i f f en -n t type uf | . a r t i a l y i t - l d sptc t ra .

f i i r r ^ v i > r '" L l l t ' E , = 1.2 LV s p e c t r u m wi th peak E which l i e s in t h i s I L ; I S C :

at a l eV h i g h e r i -nc r j -y . In the. u t h e r spect ra the satne e l ' f e c i is e v i d e n t .

The r o may bt- a l s i ~ > ron t r ibnt ion s due l o d i r c i ' t l y o ^ u L L e d t- i e<.'t ru r .K on the

s ides o f Llu-se peaks . Fur ther spec t ra at int ermed iat e V ; J ! U C H öl E, are g ive:

by T war ( 1 9 7 6 ) .

We :iuw wanL to d i s r i isK l i n s r e : ; u j l . T l i e ons i -1 ot [• l IT t ron-c l ec tron

scatLerir i i! , c anno t bt rospons ib le :or the behaviour of tlie s p e i - t r a

in t ' ig . 't. This means L ha t d i r t -c t l v erai 11 ed e. l ec t rons l" nun t hi' Na -^p

i n i t i a l st at e i n t o the cor.tlnrt i :>r l> .nnd can bt- st ;i t tercd i n t o channe l s

w h i c h have energies b e l n w tha t o t L h e c h a n n e l i n L n w h i i - h t h e d i r e c t l y

emi t L trd i ' lei~ t x-~ir\s are exe i t cd . Lle; t ron-e l (_-<.: t r u n sc;i t r er i 113 se t s in w i t h

t he i'>:e i t at ion of t hs; f i r s L f und; i" ' iT i l a l exe i t on pe=ik i n^ a t S . l eV i f we

j ssume I h a t the r e ^ u l t s o!" f l r i - i i / . h i i r } ' ( l 9 f ) F i ) t c r i i i g h e n u r p y e l e c t r o i i K ,ire

, I ! K O v a l i d t or ( M c c t r n n s of l ow k i n o t i c e iu - r i ' . i e f t . The t n i K L - t i s a t about 7 e V ,

the r t ' f o re el e c L ron-el t-e t ron s e a t t e r i u ^ i s p o h H i b J i : n n l y t\>r F • ? i-V. Con-

st-qiu'nt l y i t eannot bt' rcspi jns i b l e f o r t h i s p r t u - u s;;. i'he pn>:iomiced c l i ; inge

K t a T e , - , up to n, = ; i3 .5 eV ( s t r i K t u r e O tu i r .nur wel l s ta tes

. i h a i s. ns: , i ' i . :;v Xbf r s j ; and Ik 'hmer ( 1 4 7 1 ) . ' I l i i s p i c L u n - ; i l l n w s fo r an I n t e r

p r e t a t i o n i . ] l he ü b s e r v e d ( le ' iavi i ;nr i - i l l i c l o l ". owinj; wa> : we exe i l t- an

e l t'c t rü i 1 . i n t h i f i i -j, 10 n i n l D ; > r e r i o n , ; i u - i - l il, e i rm-r w f - 1 l s t , ) te l o r w h i ch



there is only a s m a l l probahi l i ty to decay into an extended band state

(outer well s t a t e ) . During L he relative long l i f e t i m e öl" ehe inner well

state relaxation w i t h L he emission of many phonon.s tu - i -u rs . When Lhe elec-

tron f i n a l l y escapes it has lost betwee.n 0 and 1 . 5 eV of its i n i t i a l exci-

tation en^rgy Lo phonons. We thc-re.forc- consider the par t icu la r behaviour

i>f the CFS spectra at and below E. = 6 eV äs a strong evidence for the

occurance of quasi-bound inner-well states. In o L h c r words: pe.aks D - G

which norrcspond to states above the bottom of the conduct ion band are then

due to quasi-bound electron-hole states.

Peak F' is on ly a small shoulder while the absorpt iun c u e f f i e l e n t shous

a strong increase in this region of phu tun enc-r^y (Fig. I). This strong

in^rease- can be correlated with an increase. in the densi ty of s ta tes of

the conduction bands. This In te rpre ta t ion is deduced from the fact that

there is no reduction of intensi ty of the d i rec t ly emitted Na -2p electrons

although above E,. = 7 eV elecLron-e.l ectron sca t te r ing is possible which

wi l l cause a reduct ion of inti-nsity. This reduct ion must be compensated

by an increase in the d e n s i t y of s ta tes . Such an increase is in agreement

wi th the Hartree Fock calculat ions nf Lipari and Kunz , 1 9 7 1 (Fig. 1). Be-

cause of the small oscillator strcngth of s tructure l" the E, = 6 eV spec-

trum is diiminate.d ;ji_ fi.1.1 = 4 1 . 9 eV by Na ~2p e lectruns caused by the increas-

ing densi ty nf s L a L e s while F* dominatea the E = 5 .5 eV spectrum. The large

width of the peak of direct ly emi t ted t ' lec.trons for E ^_ 6 eV, which is

f a r la rgur than the instrumental rcsolution, is due to phonon broadening

äs investigated by Iwan and Kunz (1977) in a separate p u h l i i - a L i o n .

A new structure (OE) emtirges in the spectra wi th E, = 6 i-.V ;md E = 10.5 eV

(Fig. 4). This s tructure OE appears to be due to a surface exci ta t ion since

it shows up for k i r . u t i c eiu-r^i ^s , j t w h i c h f l i vLron -e l i".-Lrmi su . - iLter in^ H-.-.L,

in . F i i r D i ü r i i ivt-st igations by K i - h d t r et J ' . . 1 . 1 ^ 7 7 ) or N ; j C ! h i i i H l e c r y s t a l w

corrobora t £ > L h i s i n t c r p r c L J t io;i .

Another ser iös i^ f inves t ignt ion s was coiu't-rned w i t h tlu1 quen t i un which of

the t wo considert 'C decay raechanisms. Auger o r direct rei idinh i na t ior. (DR),

is raainly resporisible for the ;ippear;iiiCL' öl" peaks A Lo L in l ' ig . 4 t 'veti

if E. i .0 eV. For t h i s purpose we have measured EÜC spectra at various

plinton energies, thrce of which are d i s p l a y e d in Fig . 5. The fielected

pho ton energies corrcspond to the exci ta t ion uf excitons B , D and to an

int erband exci ta t ion. In a l l three cases a s t rong c o n t r i b u t ion due to

Aucer e lec t rons shows L I > , wh i i :h are f e n L n r t s d aronnd ;in tiruiri 'v F-, • + t
0 ' km gap

^ 2l eV abuve L l i e L ( i p or t h e valence b a n d . There is , however , a s t r i k i n g

d i f f - c i r en re in L he shapt i bt-t wcinn L i i c - N p e i : t r u i n excited a t the exe i t nn B

(üu; = 33.48 eV) and tliose at the higher photon energies.

T h i s result is not so surprisiiig, since the Auger decay of an isolated

c.orc. hole and of a bound exciton l ike B is q u i t e d i f f e r e n t . We assume

L h a L i^xi- . iLon D is au to ion i z ing before the Auger process takes place. W h i l e

the ordinary Au p, er process involves two electrons f r u m the va lence band,

the Auger decay of an exci ton invo lves in a d d i t i o n Lhc ; n l e t : t r o n which is

or iginal ly bound to the hol e. T n the case of NaCl the add i t ion;i l i -harge

which i s or i ̂ i na l i y c c n t e r e r i on the Na ion wi11 move to the Cl iuns

(valence band) dur ing the Auger process. As a ccnsequence the o r i g i n a l l y

buund e l ectron wi 11 be expel led into a t: DU due t ion band K La 1.1 acquir ing a

c er t a in amount of k i n e t i c cneri^y. The Auger electron d i s t r i b u L i u n i.s there-

f ore smeared t o ward s lower k i n n t i t- energies äs it is observed in Fij; . ri.

A q u a n t i t a t i v e L h e t i r y ot t h i s prnblen appears to be very d i f f i c u l L . An
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equivalent process in the gas phase,«amely Au^er decay from excited deep

Icvel resonance states in Xe and Kr was recently investigated by Eber-

hardt et al. (1977).

We have also investigated the direct recombination contribution to the

decay process. For this purpose we have measvired the CFS spectra at very

high values of E- namely Er = 18 eV and E. = 20 eV äs shown in Fig. 6.

The htghest pnssible energy for Auger eli-ctrnny is Ef = 17.610.5 eV

(26.2 eV above the top of the valence band) whilc direct. rwombinatJon

yields electrons at energies up to the exciton energy above the top of

the valence band (e.g. 36.60 eV for exciton D). The CFS spectrum at E =

20 eV (AK = l eV) therefore demonstrates that excitons B to D can undergo

direct recombinatinn. Because of the fi.ni.te resolution fiE = ] eV the other

structures in the Ef = 18 eV spectrum might arisc from Auger decay. It is

interesting to note that the surta.ce excitation ÜE also decays by direct

recombination.

Direct recombinatiun was first discussed for NaCl by Haensel et al. (1969)

and later verified for several potassium halides by Blechschmidt et al.

(1970). Lapeyre et al. (1974) were the first to use constant initial statc

(CIS) spectra to prove the presence of this process in KI. They give a

relative probabLlity of the Auger to the direct recombination channels

äs two to one. Tn order to obtain this result several assumptions on

attenuation lengths due to inelastic scattering processes had to be made

the errors of which are difficult to estimate. We therefore refrain from

a similar evaluation of this ratio.

Conc l u s iptis

Our results; lead us to concludc lhat the peaks A,B,C. ,C,C.-, in the

spectra (Fig. 1,4) »f NaCl are due to t'xti LOH s of the Frenkel type

below tht: hoLtom of the conduction band. Further peaks D - G eorrcspond

to states above the bottom of the conduction hrmd and are due to quasi-

bound inner-well states according to the considerations given above. We

do not be.live that an alternative interpretati nn of our results which is

founded complftt'.ly on the one electron band picture is consistently

possible. An attempt of such an interpretation wou]d involve energy loss

of the excited electrnii due to electron phonon scattering tm its way out

of the crystal. This would in principle explain the reduction of elctiron

energy äs i t was observed abovt.'. This müde l would, however, not explain

.-i threshold of this process betwcen 5.5 and 6 eV. The threshold would

rather be expected to occur above E,- = 7 eV. Furthcr( the electron-phonon

scattering mean free patli äs calculated by Llacer and Carwin (1969) in

discussed our rasulus is unly 70 X. It wuulü nut allow for a long enough

path of the eacaping electrona to undergo an energy loss of more than

l eV. In addition, some of our Qieasurements were taken with euen thinner

samples (down u> 20 A) yielding essentially the same results. This leads

us to a rc]cc.Lion of such a mechanism for the interpretation of our

measurements.
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Flgure Captions

Fig. l The upper part shows the absorption r.oe.i t" in ien t of NaCl

in. the region nt L he Ka -2p exe i tat ion ( a f t e r H ; u > n s e l

et a l . 1968).

The lowcr par t shows a ca l cuia ted dcus i L y of condue l ion

band s tates (a t ter Lipar i and Kunz l 97 l J . The bn t 1.0111

of ehe conduct ion band i s shif Led t o the expor inu-nLa l

F i g . 2 SchcmaLit: d iügra ra i l l u s t r a t i n« innc-r w e l l s ta tes in the

u iEec t i ve po t en t i a l around the Sa -ion due io the r t p u l -

sioii of electrons froir, i he Cl - ions . The le t te- rs A - G

corrcspimd to the peaks in t h L- spt ' i -L ruisi o f t ' i g . l and t h e

Posi t ion of th t se l eve l s a n t i c i p a t c s Lhc ana ly s i s of the

spectra of Fig. 4.

Fig. 4

Energy d i s t r i bu t ioii curve et :i 20 A NaC] f i l ~ . , at a phn tcn

energy "l 91 eV. CEL de:iot es st r u t - L u r o s due l :i c l i a rac te r i s t i i 1

energy loEa

AI f i l m .

Coi iKLanL f i n a l s t . i te spccira l r cm a d = 70 K t i ' . i c k KaCl

of the coiduclion b;md.

Fig. 5 Lew 'f ir.i't i c energy rt-pion öl tüL ' s a t the ex«, i La t ion e n ^ r g i es

ül the exe i ton 11 anti D and at 60-05 eV wl ie r i ' ; - > : i ! y ;.n i n t e r -

bü i id t r ans i t ion u c c u r s. The spe et r.» are normal i zed wi t h re-

twc-en 20 ;in '.':> < > V i s gen er n ted by Auge r dev a y . T ' ie st nie L u r e s

u p tu 18 e-V repi'esent censity öl" st.ites = t ruu turt'b (see

I , ' ipt-yri- i:L a l . i 9 7 4 ) .

F i t * . 6 C r S ' s a! H : i a l s L . j L i e"<. - r j ' . i i K l u i i e r i i h i 1 A u j ' . i ' r d i j t , ' iy and

d i r oct rocomb i'.i;it i nn (1)R) r n.irne l s ari: si-p-ir ,11 i d . The ri,;lit

srale i s val id \\>r t ;ie upper = p t L i i um Ion l . - i , ,• ' 'n t ! i «p L L-t r,i

.'-Vi.' nor~j l izt'd , I L t lu 1 b.i k ^ r i m u d l ' i i u r e t hf i.nsi? t n r

2|) t r ans i t ioiu .
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partial photoelectricyield (arb. units)
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