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Ab S t ra r t

The K X-ray emission specLra of carlxm anct uxygcr . i n t :i i c i t t

s ingle c r>s t a l s CaCO^ werc Koasured . Due Lo the p o l a r i z a t i o n 01

the rad ia t icn Lhe shape o t bot h spcrl ra n h u w s a pronounct 'd ar.f.v; i a r

dependence, w h i c h makes it possible t n separa te Lhe contr i L'ut ions

rt
of the i r^and 3-vaLeiice electrons of the C'Jj- j u n l. u Luc- /.-r.iy

spectra, and t r > di 'Ltnuine the sequence arid thr h i u i l L i i g t-nt-rgic-s öl

Lhe valeace O r b i t a l s .

4 'presenL address: Physikalisch-Technische Bundeaa i ihLaH
Institute Ber l in , looo Berlin l o , Germany

T-.i a recenL paper we have studied the electronic s t ruc ture of

the uxyaniur , ^O-j" wit l i the he 1p of the X-ray IC-ran i b a i o n spectra

of c i s rb t )n and oxy j^cn , and uf ava i l abU j X-ray photocl ec tron

spectra ( l ] . I i was possi h l c t o int erpret the spec t ro^copic da ta

on the basis of nolecular orbital ca lcula t lons in a sa t is factory

manner. The s t ruc tura l features of the spectra al low to deterraine

th& binding er.ergies of the orbi tals ; the in tena i t ies of the com-

puiit i iLH ut Lhe X-ray spectra yi t ' . ld inf t i rmat i on ahout the cnntr i hu L i urirf

o t the atoric cornponer.t s t o the d i f f erent atomic orbitals.

Tn two cases, however, orbitals lying close together could not be

separatem ilue to the limited resolut ion of the spt'.ct.reimci t-r . Thus

for the binding euergies and the observed r e l a t i v e i n t r n s i t i c s of

t hese orbitals only mean values weri^ u h t a i nc.d.

Tn the present pape.r uc derannstrate hou the anisotropic emission of

the character is t ic X-radia t ion can be used to separate and tu i d c n t i f y

o r b i L a l s dl d i i l c r e n t symmctry and to determine their energetic

spacings .

it has heen poiiiLed out in Keveral papera (2-4) that , lor ionic

c. rys l als , the i n f l u c n c e o t tbe crystal environment on the elec tron i t

s t ructure of complex ions can o f t e n be neglected. Therefore

MO-calculations fo r the isolated ions can be used f o r the In terpre-

tat ion of X-ray spectra and photoelectron .spectra.



Calculat ions cf the molecular orbitals of Ui

carr ied ouL by scveral aut 'nors (5 -7) . Thero ;ire 8 O L C u p i e d v a l t n c i

O r b i t a l s for ihn oxyanion CO-^~; 3a j , 2 e ' , 4a ' , la . ." , 3e , 11- ,

U: and la ; for the euer g ie s See Fig. 1. T:ie o r b i t n l s l.i .-j and l i

are T -o rb iLa l s, the otiiers are o-orbi ta ls . riet ween ih r v a r i i ü i y

calculations cons iderable d i se repanc ies do c>;isl coricer n i n ^ t l u >

spac ing and bequimre of the urbi t a l s . The r r ieasuf i 'Mieh t < j f anjuiJ ai

dependent X-ray umi K S J O T I öl s lng le e rys ta l s providc-s a p o s s i b i l i t y

tu d i s t i n g u i s h between ihr « l i f l t i r c n l t l ioorc l i i a l r o ; > u l t s .

According to L i i t - - d i p o l e s e l e c t i o n r u l e s X-raj I r a n s i l i t;r!« m L - t . - - , 11 mis

I r n m all o rb i t a l s inLü t h f 0 1s level are allo'...-('i:, bul ti ji-.ji i L i I . Ü K

i rLo tlic. C 1s level are a l l o w ü d o n l y l r um the o i ' r i ta l s t - ' and a-i". I 'cr

u -t-ls Lra i iü iLions the radia l Ion ia polar i K t ^ d p a r a l l r l to t h L pl, i ; ; 's n;

the CO-j^- ion, i ' o r n J s tr.-insit Lors it is p o l d t i^od pi i pt-id i i - u l n r l i ;

L h i s plane. Accord ing ly in s ins l^ c ry s td l s t l ic shjpc u l" the Kpc i [_ru...

is angular depeadei:L. Ii the molei :u les ot im-.s al l are p ; u , j ) l ( . l t u

tiat-h u t h e r , the spcc t rum can bo srpar n t er. into its n i - and <M oni[)O:i(Mil.b

in Lht! Käme way äs ha s a l ready b( j t>n shc:\jii i 01 t I IL- K X-ray s p c c - U r d o: t",

layer c ryhLaKs g r a p h i t e (8,9) and hexagona l buron n i i r i d e l1,!; (5, \i>) .

The procedurb öl u s i n ^ .'insular de.pt;nde.nr(; öl i n t c n K i t y to Sfp ; i r ; i t e

and •:;-coiil r j bu t i un K Lo Ihc- spectra , lias beim L r c . ' i l r n i r d c t . ' ) i l in <i

previous papei ( l o ) .

Z . Experimtiüta l

ons areIn ca lc i te ( C a C O j , spac.n gruup D ) the plai^ar C

situated in planes which are paral le l to each other and perpend icu la r

to the. p r inc ipa l a x i s of the crysta l . These planes are at angles

of 4 i ,6 u w i t i i Liu1 cleavage surface of the crysta] . To ircasurc tt;e

radiat ion parallel {perpendicular) to the layers it. is ttierc.ilore

Tiecessary that the radiation is taken off from i_hc> monucrys ta l l ine

sample perpendicular (pa ra l l e l ) to thf p r i m - i p a l axis aiid this means

at an angle of '4-'t .6" (45 .4° ) to the cleavage Ki i r ia i ;e .

1t bhouliJ be :ieriLioned that the f a c t that the layers an: at a

pa r t i cu l a r angle to Lhe cleavage surface a l lows us to usü La^e-off

angles o£ 0" a;iü 90° with respect to the C^^2~ T n y c r s . In tiie case

of l aye r crysta l s l i"kc g r a p h i t e i L is pracLica l ly impossible to use

a Lakü-oll ang le oi 0°.

Ihr spectra were excited using the Synchrotron r ad i a t i on of the

^ L o r a g e ring DOKT.^ and measured wi th the 2m concave g ra t ing

Hpectrometer described in ( 1 1 ) . The resolut i on was about 0.7 eV. The

second Order 0 K-spectrum ubir.h is supL;rimposed to the low ctic-rgy part

of the U K-spec trum was subs t rac ted s r ; lphically .

j. l^csu l t s and

The 0 K- and C K-emission spectra measured p a r a l l e l and perpendicnl ar

Lo ibe CO.,2" p lanes are shown in F i g . 1. The dot ted c:urves shou the



rc.yul.Ls for observation para l l e l to the C0j2 piano (or iginal

measuremen t ) ; t h e f ü l l cu rvey a r e tlic r t - s u l t s l o t o h s f r v ü i i n L i

2-
pe rpenuk-u la r Lo the CO^ p lane (smoothed DU t i or r t ".surr; in

c lea rance ) . In both curves the bank.gr o und is s u b t r a c t c d . I h t 1

spec tra mcasured i er both or icnt a L i i m s of t he I T V K I ;i l in i « • t i ' . t ud

in the low energy region, wh t - r c im ly -.-e lec t rons c tmt r i U i t i> l o

Lhe intensi ty, and no changes in the shapc öl the s p t c t r u m du.- n>

an Isotropie emissi on are t o bt UApeLt t -d .

The cmiss ion spectra c l b t - i v r i i p c r p t n d i c u l a i l i - I f i p l ; ' . r . < < i. i " L Uf

ions i jenta in on ly c-coiitr i uu t ions , t l i t i s,pe> i r ,i nbi t - i v td |..ü . 1 1 ! c •

Lo these planes r e f l c . c t a iiiaKimum 01 '.-cont r i b u i ioi'.. \ \• i i - iT in i ' i

beLween tlie dotted curves ( I M - ) and \.\\e l u l l cu rves d : n l y • ' ) tV. i ' i -

g ivüs a curve which repressnls ihi* f on tn but ion of Llu- --i li--i l i or.n

(dashcd c u r v e h ) .

In Fig. l the resu l t ; inL -r-curve is higher by ;i i . - icmr c-f t v . c t o m p a r t

w i t h Lhc curve for a p o l y c r y s i i i l l i n t sample wi t i : s r. i s , ( . t r u j i i c

d i s t r i b u L i o n of the crystal l it es (10) . By add ias . t ho mrvcs i u r Ui?

T- and tte f j -cOTiLr ibuLions and taking aui o u c i t oi t h i s i a t L ü r l wo ,

curves are obtained for b o L h carbon and oxyg«n whic i : an- in f,ood

agreemrnt with the spectra obtainfd for carbön ;md oxygun w i t h p u l y -

c rys ta l l ine samples of Li^CO- ( I ) . In add i t ion , the c o n s i s t c - n t - y uf

Lhe present Separation of the spectra is confinr.ed by measurements

carried out at d i f fe ren t intermediate take-off angles.

F i g . 2 shuws the n and a X-ray bands( the i r i n t e n s i t i c s cur resp imding

to a polycrystal l ine sample) Logether w i th ava i lab le phn tnc lpc t ron

spectra ( 1 2 , 13) äs wel l äs r.al culnt ions of the binding energies

ot the o r b i t a l s and their composition. The al igmnenL of the

spectra ha s a lready bt:en disr .usscd i n t>ur previous paper ( 1 ) -

^ i n c e only the orbi ta ls l a ^ and l e of CO.,2- have r-character , the

f eatures in the X-ray —bands of oxygen and carbun L:an be ati .r i hu t cd

l o thes fe o r b i t a l s. L ikewise L he f ea turcs of Lbe X-ray i;-b;inds

L - E H bü a l t r ibu t ed in an ui-.ambiguou.s way t o the «-orbitals. By

Lt ' -pa ra t irig Lhe i:.t=a K u r cd X-ray spei tr;i i n to TI- and a-bands the con-

l! over y ia l s c - q u c n i r- öl t hu orhi t a l s üe ' and l a •," (see top of Fig. 2) ha s

becn c l c a r e d up: t he n rb i t a l l a^" is more weakly hound than the

orbi ta l 3 e ' .

The Linding energies äs determined f ron : the exper imenta l d a t a are

l i s t e d in f a b l e I . The xeru-Trark nt the energy scale was taken fron

l ho X-ray phot.oc l ec f ron measurements o£ Calafarese and Hayes (12 )

who used for cal ibrat ion the Is l ine of the vacuuiü t'.ontaminant carbon

assumeü to have a b ind ing energy of 285.0 eV. As can be Seen by

s tud ius of t be a n i s o L r o p i c. crai s s ion, a Separation of orbital.s wi l .h

an ü n c r g ü L i n spacing öl 0.4 eV is pnssible-, though the instruintfnLal

r c s n l u t i o n is on ly 0.7 eV.

1t is expected that the UP spectra sliould ref lect p redoHi inan t ly

the 2p electrons of the valence orbitals (äs do the 0 K- and C K-

spectra) . Theref ore for tl ie upperinosL urbi La] s 4e ', l e" and l a, '

a s i ra i la r shape for the 0 K-emission and the UP spectrum is expeeted.

EKper imenta l ly it is found that tiie u r b i L , - ) ! I a , ' in the X-ray spectrum is



- f e -

rnere pronounced thac the U P s p e c t r u m . This rr.eans that for th is

orbital Lht: t rans i t ion probabi l i ty f o r C K-emi ssi or. i s r.-i t l i r r

large l i idicaLing L ha L L h i s o rb i t a l is l o c a l i z r d at t TU- nxygt 'n a t o m s

and t h e r e f o r e is almost whul iy non-bnnding in u h a r a c t u r .

In t he X-ray apectra L hü i n t e n s i t y u l L ! K > r.-band s is lnu ' t - r t h a n

fixpected t rom t l ie ca l cu la t ed p o p u i a t ioiit. Tims, .MC t urd in j r 1 1 > 1 lu

calculai iuns the C 2p component is 0.8 for t l i t - o r b i t a l la >" ds w i l l

äs for the orbiial 3 p ' , w h i l t t h c observed i n l e n s i t y r . i t io o :T

is nnnr 2: l. Similarly tlie con t r i buL iuii ul i h n 0 i-b.itid tu thc m;i i n

ma x imum öl L h t - 0 K-specrurc is louer than exptc i t id f r o n . L in popul.u i n n

o! the le" o r b i t a L .

A similar e f f e c L v/as obscrvüd t u r the X- ray er.issiuii ipi-t. iu vf lii.-:.a..'.i

boron n i t r i d e ( 1 4 ) , and benzeiie and naphLha ] e-no ( 1 5 ) . I t t h t - r t - f nr t -

see^is t hat L he in tcns i t ies of X-ray spectra i-aiinut. hc cxp l n i m-d

quan t i t a t ive ly on the basis oi the p o p u l a t i o n d a r a of t h c v ^ l e s i o e

orbi la ls ; i n a d d i t i o n t h e overLap uf Lhc. d i f t c r t - n t n r i i i t . i l > - i h o u l d

be considereu.
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Table 1: Binding energies of the valence orbitalb of the
2-

CQ-, ion

Orbital

l a o '

le"

3e r

Binding encrgy (in eV)

- 4,7 i 0.2

- 5.2 - 0.2

- 6.2 - Ü.2

- 9.6 i 0.2

-10.0 - 0.2

-12.0 i 0.2

-24.0 - 1.0

-26.6 - 1.0



Figure

Fig. 1: 0 K- and C K-emission specLrum ot ca lc i t e

single crysUiJs , pa r a l l e l (dot ted) and

perpendicular (füll line) to the plane of

the CO-j ion. Tlie daslied l i n e shtiws Lhc.

7T-part of the emission parallel LO Ll ie plane

of the ion.

Fig. 2: ir- and a-parts of the oxygen and carboti

spectrura of CO-j , LogeLher w i L h UPS and XPS

measurement.s (12 , 13) and calculated electronic

SLrut'.ture (6,7) .
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