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A E S T R A t: T

Reflection spectra of K I : , K C l , K B r and KI single crystais have
been measurcd at photon cnerg ies of approx i rca te ly 2o eY w i t h n
b a n d w i d t h of lo meV us ing S y n c h r o t r o n r a d i a t i o n in order to
s tudy f ine s t r uc tu r c and t e m p e r a t u r e dependenee of tKe
cxc i ton ic t r a n s i t i o n s assoc ia ted w i t l i the K + 3 p core l e v e l . The
crystais werc cleaved under ultrahij;ti vacuum and cooled down to
2ok. I n f o r m a t i o n on encr^y p o s i t i o n s , h a l f w i d t h s and line
shapes f a r the K + 3p-corc exc i tona and t he i r t e m p e r a t u r e
dependence has been ub ta ined . A new exc i ton pred ic ted by tlie
l igand f i e l d model was ohserved . I:or KI we eva lua t c an e l ec t ron-
hole exchange energy of only 3o( r7J meV.
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A h S o r p t i o n and r e f l c c t i o n ? p c c t r a for a l k a l i - h a l i d e s

exhib i t a s e r i e s of proninent p e n k s in the UV and v a c u u n - U V

which a re n s s o c i a t e c l w i t h exc i tons f ron va lence bands or deepcr

e lcc t ron Shel ls . T wo approac l ies have been proposed t o

u n d e r s t a n d the spc -c i f i c f e a t u r c s of these spect ra : The exc i tons

wcrc e i t h e r a t t r i b u t e d to c r i t i c a l po in t s in s band s t r u c t u r e

nodel ( 1 , 2 , 3 , 4 ) o r inore r e c e n t l y thcy Kt-re i n t e r p r e t e d äs ion i t

t r an s i t i ons in a l i g a n d f i e l d model ( 5 , ( > ) . Prev ious r e f l e c t i o n

and transmission cxperiments ( 2 , 3 , 4 ) have been pcrformed on

po ta s s iu r , h a l i d c s in the rt 'gion of t l ie K + 3p c x c i t a t i o n w i t h

rn t l i e r l i m i t cd spectra l resolu t ion in the ränge of the obse rved

l ine w i d t h s { 1oo-2oo meV) , sone of them under poor exper i r .enta l

c o n d i t i o n s w i t h rcpard to s a m p l e p r e p a r a t i o n . For a test of the

t h e o r e t i c a l p r c d i c t i o n s more acc t i ra tc exper inenta l I n f o r m a t i o n

o n cne rj;y pos i t ions , l ine prof i l es , ha l f w i d t h s and t he i r

t e m p e r a t u r e dependence was des i r a b l e .

h'e t h c r e f o r e neasu red the r e f l ec t ance fo r K I - ' , K L 1 , K Ü r

and KI ü r o u n d 2o eV at an a n g l e of inc idence of 15dcg. U'e used

the 3 m - m o n o c h r o m a t o r fo r S y n c h r o t r o n r a d i a t i o n f r o m the s torage

r i n g D O R I S ( 7 ) w i t h a r e s o l u t i o n of lo m e V , T h i s b a n d w i d t h is

by an order of n a g n i t u d e s m a l l e r than tha t in p r e v i o u s

neas i i r c inen t s and was f i n a l ly found lo be well b e l o w the

obse rved l ine widths . i'lie po t äs s i um hal i de s ingle erys ta ls were

c l e a v e d l inder ul t r a h i g h v a c u u m in a he l iinr f low c ryos ta t a t low

tempera tu re s . The t cnpe ra tu re at the sur faccs of the samples

v; EI s v a r i ed betwcen approx i r i a t e ly 2o K and room t empera tu re ( R T ) ,

1t was non i to red w i t h a t h e r m o c o u p l e c a l i b r a t e d by the

Sublimation p0int of Condensed fi1ms of various rare gases ,



F i g . 1 shows the r e f l e c t i v i t i c s fn r the f o u r p o t a s s i u m

h a l i d e s in the r eg io» of app rox ima te ly 2o eV at RT (dashed l ine)

and at Inw t empe ra tu r e s ( s o l i d l inc j . For all conpounds we

observe thrce strong and sharp peaks ( A 1 , A 2 , C ) and a s h o u l d e r

(b) below p e a k C. The energy pos i t i ans depend only vreak ly on

the h a l i d e ions ind ica t ing thnt thcsc t r a n s i t ions are l o c a l i z e d

at the p o t a s s i u m ion. Fu r the rmore the f i r s t two coincide w i t h i n

o .4 eV w i t h the 3p-core exc i t a t i ons of the f rce p o t a s s i u m ion k

( 8 ) . For the free ion the i o n i z a t i o n l imi t is s p l i t hy 269 meV

due to spin-orbi t i n t e r a c t i o n wh i l e the f i r s t two t r a n s i t i o n s

(3p to 4s and 3p to 4 s 1 } are separated t>y 4oo meV (8 ) . For

solid potassium ha l ides wo observe for the corresponding

t rans i t ions 2 9 7 ( ± 2 ) m e V f o r K F , 2 1 o ( ^ 5 ) neV f o r KC1 , 2 3 t i ( + 4 )

meV for Kiir , and 2 6 o ( ± 2 ) meV for K I .

The hars at the ho t tom of F i g . l present the t rans i t ions

predicted hy the l igand f i e ld mode l . They nre a t t r i h u t e d to p1-'

pbs (A1 , , \ 2 ) and p b -p b d> ( V . B . C ) t rans i t ions ( 5 ) . As the l igand

f ie ld model y ie lds only ene rgy d i f fe rences and S p l i t t i n g s , tlie

absolute energy of the nu l t ip le t has heen a d j u s t e d to the

ahsorp t ion m e a s u r e m e n t s of E j i r i et a l . ( 9 ) . The h e i g h t s of the

lines give the re la t ive osc i l l a to r s t rengths . In re f lec t ion we

f i n d only the fou r strengest t rans i t ions ( A 1 , A 2 , B , C ) ,

Lxper imen t and theory agrce f a i r l y w e l l . S t ruc tures ass igned to

p,s- and p ,d - t rans i t ions sh i f t in the opposi te direct ion w i t h

varying t empera tu res . The h a l f w i d t h of the d-peak C changes

much more w i t h t empera tu re than that of tlie s -peaks . Sij;n and

magni tude of the mal sh i f t s are in rough agreerrient w i t h tlie

prev ious ly m e a s u r e d values for potass iun ha l ides at two
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temperatures ( 4 ,il, l o) . l'he accuracy of o u r cnerj;y pos i t i ons i.s

better hv a fnctor of ahout lo.

I-or valence to cünduction band transitions a thermal

shift between RT and 7oK nf about O.2-O.3 e\ lias been observed

( I 1 J , In tlic case of tlie K+3p COTC we find only approx. o.1 eV.

Fron thcae different shifts wc are able to distinguish between

valence and core excitations. This Icads us to assigj) the two

peaks between 19 rmd 2o eV in KC1 to valcncc ajid the following

four structures to core excitations.

In detail we will discuss the case of KI. To compare

our results with theory we calculate the imaginary part of the

dielectric constant (I:PS2) hy a Kramers-Kronig-trans format ion

(KKA) (12J usin;; appropriate extrapolation procedures (see Fig.

2) . Tlie extrerely hi^h signal to noise ratio allows the

calculation of the second numerical derivative of the spectra

äs shown in Fig.2. As can he secn in Fig.2 the relative

intensities in reflectivity and t PS 2-spectra differ. In L1'S2

tlie oscillator strength of peak AI is about a factor of 2

higher tlian that of peak A2 in contradiction to the predictions

of the ligand field model (5) (sec Fig. 1) and prcvious

neasurcments (9,1o). In ordcr to evaluate accurate intcnsity

ratios, the Il'S2-spectra have heen fittcd with Lorentzians.

This fit is in very good agreement with the experimcntal

spectra when transformed into reflectivity. F:or all compounds -

especially in the case of KI - the Splitting of these two peaks

is close to the spin-orbit Splitting of tlie ionization limit of

the free K+3p Irvels. From the Splitting and jntensity ratio we
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expect a very s m a l l con t r ibu t ion of tlie e lec t ron-hole e x c h a n g e

in t c r ac t i on ( 1 3 ) . K i t h the rcode l o f Onodera and T o y o z a w a ( 1 3 ) ,

the same sp in-orb i t S p l i t t i n g of the X + 3 p levels in KI äs in

the frec ion and the observed S p l i t t i n g of the f i r s t two

t rans i t ions , we evaluate an e l ec t ron -ho l e cxchange in t e r ac t ion

of 3o ( -7 ) meV and an i n t e n s i t y ra t io of l . 6 ( " o . 1 ) : l fo r the

peaks M :A2. This value is iden t ica l w i th the resul t f roin our

f i t of LPS2.

I t i s inpor tan t to no te he re t h a t in the very s e n s i t i v e

second de r iva t ive spec t ra (see F i g . 2} we f i n d a new f if t l i

s t ruc tu re w i t h sinall o s c i l l a t o r s t r eng th a t a p p r o x i m a t e l y 2 o . 5

eV. It shows the sane teppera ture hehav io r äs the o the r p ,d-

structures B and C, This is in excellent agreement w i t h the

predic t ions of the l igand f i e l d p.odel (5) w i t h two p,s- and

three p ,d i - t r ans i t i ons . Also the f i t w i t h L o r e n t z i a n s r c q u i r e a

f i f t h s t ruc tu re at tha t energy posi t ion.

L o o k i n g at the m i n i m a of the secnnd de r iva t ive spectra

wc f i n d the expectcd d i f f e r e n c e s lor the energy pos i t ions of

the r e f l e c t i v i t y and LI '$2-5 t ruc tures h u t hoth spec t ra y i e l d the

same t h e r m a l s h i f t s w i t h i n expe r imcn ta l er rors (see Tab le I ) .

So it is s u £ f i c i e n t to ciiscuss the t e m p e r a t u r e dependence for

the rcf lect ion spec t ra only. Hß. 3 shows the t e n p e r a t u r e

dependence of the p e n k s for K I d e r i v e d f rom the m i n i m a of tlie

second der iva t ive r e f l e c t i o n spectra ( S D K ) . The e r ror hars

indica te e x p e r i m c n t a l uncer ta in ty for energy pos i t ion and

t e m p e r a t u r e . Ke in te rpo la te the da t a po in t s hy a s t r a i gh t ]ine

althouph we expect a c tgh-l ike hehavior at low tempe ratures.
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Tlie averagcd t empera tu re coef f icient for the p, s- t r ans i t i ons i s

- o . 2 9 ( i o . o 2 ) neV/K and for the p ,d- t ransi t ions + o . 2 4 ( i o . o 5 )

neV/K. The Interpretation of magnitude and sign of the thcrinal

s h i f t s i s co rcp l i ca t ed , G e n e r a l l y the temperature s h i f t r e su l t s

f ron two terms : L a t t i c e - e x p a n s i o n (],) and e lectron-phonon-

i n t e r a c t i on (l1) ( 1 4 ) .

In a s imple local p ic turc we nay t rea t the s h i f t s in

the p o i n t chargc mode l f o r i o n i L c ry s t a l s ( 1 5 ) . Then t he L - t e r m

i s the d i f f e r e n c c of the M a d c l u n g po ten t i a l of the in i t ia l and

the f i n a l s ta tes v a r y i n g w i t h t empera tu re . The s h i f t due to the

M a d e l u n g p o t e n t i a l has the same m a g n i t u d e hu t oppos i te s ign for

anion and ca t i on . 3 ;or the an ion this va lue i s negat ive and for

tlie c a t i o n pos i t i ve w i t h increas ing tempera ture . In the case of

the valence to conduct ion b a n d t rans i t ions tliis L - t e r m i s

n e g a t i v e since these exc i t a t ions are regarded äs cl iarge-

t ransfe r t r a n s i t i o n s ( 1 5 ) f ron i au ion to ca t i on . I;or this case,

a rat io of approximately 2:1 was found for the contribution of

the I'- and L - t e r m ( 1 1 ) . For the lowest va lence exc i ton at r a

r - c o n t r i b u t i o n of approx . - o . 7 5 n e V / K and a L - c o n t r i h u t i o n of

a p p r o x . -o . 3o m e \ ' / K has hcen d e t c r m i n e d (see l - i g .5 , r e f . 1 1) . In

the case of the K + 3 p - c o r e exc i t a t i ons in i t i a l and f i n a l s t a t e s

arc locali zed at the same ion. In this picture the L-term

v a n i s h e s . ' I he re fo re the e x p e r i m e n t a l s h i f t i s a t t r i h u t a h l e to

tlie l ' - tcrm o n l y . I f th i s i s t rue the dif fe rent sign of the

t e m p e r a t u r e coe f f i c i en t s for p ,s- and p , d - t r a n s i t i o n s resu l t s

only f r o m d i f f e r e n t e l ec t ron-phonon coup l ing in s - and d - f i n a l

s t a t e s .



A more s o p h i s t i c a t e d local a p p r o a c h is the l i g and f i e l d

modcl (5 ) . From this model we may e s t i m a t e the L - c o n t r i b u t i o n

äs f o l l o w s : The term energ ies and Sp l i t t i ngs of i o n i c

t rans i t ions in the f i e l d of the neares t neighbors were

ca lcu la t ed äs a f u n c t i o n of the c r y s t a l f i e l d p a r a m e t c r . The

crys ta l f i e ld parameter varies w i t h t e m p c r a t u r e becausc of the

changing l a t t i c e constant . Then f ron the c a l c u l n t e d te rm energy

vs . c rys ta l f ie ld p a r a m e t e r d i a ^ r a n (see 1 ' i j j . l , ref 5) we

expect only n e g a t i v e sh i f t s ,ind these s h i f t s should he s t ronger

for p,d- [ a p p r o x . -0.08 meV/K) than for p , s - t r ans i t i ons [ a p p r o x .

-o.ol m e V / K ) . This es t imate for the L - c o n t r i b u t i o n docs not

exp l a in sign and m a g n i t u d e of the ohserved teir.perature

coef f ic ien t for the p , d - t r a n s i t i o n s . Comhin ing the above

es t imated con t r ihu t ion duc to la t t ice expans ion w i t h the

expe r imen ta l sh i f t s we can clcrive .1 I ' - con t r ibu t ion of - o . Z S

( ± o . o 5 J meV/K for the p ,s- and +o. 32(± o.oö) m c V / K for the p ,d-

t rans i t ions . A g a i n , the e lec t ron-phonon coup l ing apparen t ly

d i f f e r s for the s- and d - f i na l s ta tes .
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F I G U C A P T I 0 N S

F i g . 1 R e f l e c t i v i t y spectra of the p o t a s s i u m ha l idc s inglc

crys ta ls a t rooro tempera ture ( R T ) (dashed l ine) and the

lowest t empera ture ( so l id l ine) together w i t h the

pred ic j t i ons of the l i g a n d f i e l d model ( v e r t i c a l bars at

bo t tom)

Fig. 2 Kef l ec t iv i ty spectra and the imag ina ry part of the

die lec t r ic constant (EPS2) for Kl at the two extreme

tempcratures togcther w i t h the sccond n u m e r i c a l

derivative

F ig .3 Temperature dependence of the energy pos i t ions for the

f ive exc i ta t ions A 1 , A 2 , V , B and C in KI . The s t r a igh t

l ines represent least-square fi ts . Kor V the

exper imenta l points (which scat ter m o r e , see T a b l e 1)

are not includcd.
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