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L . -L 1 IjThe interference between the 3p 3d
oj ,

3d and

3p 3d' "* 3p 3d E£ transitions coupled via the super-

Coster-Kronig transition 3p 3d' •* 3p 3d t-f has been

invoked äs an explanation of the 3p absorption spectra of

the atomic and solid 3d transition metals (Dietz et al. 1974,

Davis and Feldkamp 1976, 1978, Bruhn et al. 1979, 1978). For

Mn to Cu theoretical calculations (Davis and Feldkamp 1976,

1978} and the agreement between the spectra of the free atoms

and those of the r.urresponding metals (Bruhn et al . 1979, 1978)

support this Interpretation. For Cr however the 3p spectra of the

metal and the free atoms are completely d i f f e ren t (Bruhn et al,

1979, Mansfield 1977 ) indicating a breakdown of the atomic

model. In order to assess the importance of the 3p - 3d

intershell interaction, the relative 3p and 3d subshell cross-

sections of Cr metal have been determined .

The Cr f i lms, evaporated under UHV conditions (base pressure of the

in — Q
system ] • 10 Torr, pressure during evaporation 5 • 10 Torr)

onto Si Substrates were illuminated by the Synchrotron radiation

of the storage ring DORIS monochromattzed by the Flipper tnonochro-

nuitor (Eberhardt 1978, Eberharde et al . 1 9 7 8 ) , The cleanliness of

the samples was checked by Auger spectroscopy, The photoelectrons

were analyzed by a double path cylindrical mir ror analyzer whose

axis was perpendicular to the incoming photon beam and t i l ted by

45° against the plane of the e lc t r i c vector of the rad ia t ion . The

samples were illuminated under 45° by s-polarize<l l igh t . Tn

respect to the axis of the cylindrical analyzer, the eollection geometry

corresponds to averaging the emission over all azimuthal angles and

polar angles be.tween 36 and 48 . Details of the experiroental arrangement

are given by Eberhardt 1978, Eberhardt et al. 1978, and Kalkoffen 1978.

The results obtained at DORIS were confinned by measurementß performed

with Synchrotron radiation of the storage ring TANTALUS l monochromatized

by a GRASSHOPPER monochromator (Brown et al. 1978). The experimenta!

set-up was similar to the one used. at DORIS. The Cr films were evaporated

under üHV conditiöns (base pressure of the System 5-10 Torr, pressure

during evaporation 5-10 Torr) onto stainless steel Substrates,

Energy distribution curves (EDC's) for. several photon energies are

presented in Fig. 1. These EDC's taken with an overall resolution of

0.45 eV are normalized to the photon flux impinging on the sample. Photo-

emission frosu the Cr valence band ( V ) , mainly originating from the Cr 3d

states, gives rise to an approxiraately 4 eV wide band below the Fermi level

( E p ) . This band peaks between 1.5 eV and 2 eV below Ep. Two shoulders are

clearly discernible at 0.5 eV and 3.5 eV binding energy. For comparison we

have included calculated densities of states (Prince and Waber 1 9 7 1 ) . The

experimental and theoretical results agree in respect to the triple

structure and the overall width. The maximum at 6 eV binding energy

having a weak counterpart in the calculated density of states may be

related to a similar peak detected for Ni which goes through a resonance

at the 3p threshold (Guillot et al. 1977) . In contrast to the 6 eV peak

in Ni, the Cr peak does not shou a pronounced enhanceraent when scanning the

photon cnergy through the 3p threshold. A detailed ana]ysis of the energy

dcpcndence of the peak intensity is very d i f f i c u l t , because of the over-

lapping MVV Auger transitions. The MW Auger edge clearly shows up between

4 eV and 8 eV below Ep for 46 eV photon energy, The Auger edge shifts

towards higher binding energies with increasing photori energy. For photon.



energies below 46 c-V the Auger e lec t runs are hard to d isentangle t renn

the valence band photoel er.trons. As can be seen qual i ta t ively f rom

Fig. l, the inte.nsity of the valence band nr.ission goes Lhrough a marked

m i n i m u m at hw •„ 42 eV. For a more deta i led analysis t. h K relative

valence band, .3p and 3s subshell cross-sections shown in Fig. 2 have

been exLracLed f rom a Ker les of EDC' s measured at photon energies between

30 eV and 230 eV. Betöre determining the area of the corresponding

photoemission peaks, the EDC's wcrc mrrecLcd f ü r Lhe spectral Output of

the raonochromator, the Var ia t ion of the current in Lhe storage r ing, the

transmission and col lect ion ef f i t : ienc.y of Lhe cylindrical analyzer . The

collection c f f i c i e n c y was assuraed tu be proportional to the rat io of

the pass energy F. to the k ino t i c energy t, (Palmberg 1974). Th i s is in

agreement w i t h the intensity Var i a t ion of a photoemission l inc with

pass energy determined experinentally for our set-up. For the valenc.e

band c.ross-scction all electrons with binding energies between EF and

i. 8 eV have been taken into account. Secondary electron bac'kground

determined by in terpola t ion (see e.g. Fi^. 1) ha s been subtrar . ted. For

photon energies beluw 90 eV the 3p photoemission peak Berges in to Lhü

background of low energy scattered electrons. Therefore, in tliis ränge

the 3p subshell cross-section has been estimated from the number of

MW Auger electrons. For comparison the subehell cross-sections calculated

by McGuire 1970 are also given, The relative spectral dependence of the

3p -* cd, es, and 3s -* cp subshell cross-sections are in agreement wich

theoretical subshell photoionization cross-sccitions for aLomic Cr

(McGuire J970, Kelly and Ron 1 9 7 2 ) , The 3p subshall cross-s«i:Lion shows

the maximura at threshold, the Cooper minimum and the subsequent risc.

towards higher photon energies. The valence band cross-section deviates

markedly frora the spectral behavior predicted for the 3d subshell

cross-section (McGuire 1970, Kelly and Ron 1972). The minimum at l\2 eV

and the prominent double maximum peaking at 52 eV and at 70 eV have

no counterpar t s in thi> tlieoretical curves which show a smoothly

decrc . - i s ing 3d cross-section in the energy ränge under consideratimi.

Thc 3d subshel l cross-section for r n e t a l l i c Ni shous a s imi lar doubl t :

pcak abuve Lhe 3p Lhresho ld . The energy dependence of the photoeraission

i n t c n s i t y of rhe Ni d-baiid obtained i r. the Same way äs for Cr is

included in Fig. 2. Eari_h et al. ( 1 9 7 9 ) demons t r a t ed for Ni that the

shapt>_ of Lhe 3d subshell yield close to the 3p threshold (66 eV) strongly

varic 's for d i f f ü r e i i t parts of the d-band and the sa te l l i te . In contrast

Lhe broad maxir.iura centered at 100 eV photcn energy stays Lh<! same for all

p a r L B of the d-band. The sura of the experimental 3d and 3p subshell

cross-sections, t l ie par t ia l yield spectrura obtained !"nr 2 eV kinetic

energy electrons and the absorption spectrum (Sonntag eL al . , 1969) are

presented in Fig. 3. In summing the subshell r ross-secLions , the small

3s contribution has been neglected. From thc M | V V Auger intensity it

has been estimated to be less than half the 3p subshel l cross-section in

the photon energy ränge 75 eV - 140 eV. The L h r e e spectra shown in F ig . 3

have been adjusted below the 3p threshold , They all show a •v 20 eV widc ,

s t ruc tu red maxiraum above thc 3p threshold . The yield spectrum i s in f a i r

agreement with the absorption spectrum. The most striking result is the

low ampl i tude of the rnaxina of the sum of th« 3p and 3d subshell cross-

sections. Above 80 eV there is reasonable agreement between the SUID of

the 3p and 3d subshell cross-sections and the absorption. Since the number

of low energy scattered electrons per primry electron increases with the

energy of thc primary electron, it i B no surprise that the yield over-

shoots the other apcc.tra at higher photon energies, The low energy maximum

centered at 52 eV for the subshell swn spectrum splits in two peaks

(49 eV ;md 55 eV) in t.he yield and "the ahsorption spectrum. The high



energy maximum in the subshell spectrum has its counterpart in the

broad shoulder centered at 70 eV in the yield spectrum. There is no

corresponding maximum in the absorption spectrum. Several possible

explanations are discussed in the fol lowing-

The angular distr ibution of photoelectrons emitted from free atoms

is given b.y J -t gP_(cos ) , wh'ere fä is ehe angle between the electric

field of the radiation and the direction of the outgoing electron.

Integrating this expression over all angles accepted by the cylindrical

analyzer results in l + ß ' 0.08. Eveii In the case of extreme variations

of the atomic asymmetry parameter ß wi th photon energy, this e f fec t

cannot account for the strong modulat ion observed for the Cr 3d yield

between 40 eV and 300 eV,

Solid state effects can give rise to modulat ions of subshell cross-

sections extending far above thceshold. These modula t ions havc been

observed in angle resolved (Tong and Stoner 1978) and angle integrated

(Petersen and Kunz 3975, Margaritondo and Stoffel 1979) photoemission

measurements. The collection geometry, tlie polycrystalline nature of

the Cr samples and the existence of the maximum in the parti.il

yield spectrum renders an explanatiun in terms of photoelectron

d i f f r a c t i o n (Tong and Stoner 1978) very improbable. Such strong no-

dulat ions of the 3d subshell absorption cross-section due to solid

state e f f ec t s are also not very l ikely- Presently, a de f in i t e answcr

cannot be given, because there are na band calculations for Cr and Ki

extending so far above Ep which would a l l o w the calculat ion of an

- 6 -

absorption spectrum taking matrix element effects into account.

In a simple EXAFS-like approach for photon energies above 100 eV

we expect the 3d subshell cross-section of Cr and Ni to show sirailar

modula t ions because the nearest neighbor distance (2.5 A) is the

same for both raetals and the phase shifts should not vary very much

from Cr to Ni. This is borne out e.g. hy 1s EXAFS spectra of both

metals (Rabe et a l . 1979). Closer to threshold the d i f fe ren t

crystal structures (Cr bcc, Ni fcc) give rise to deviations. For

Cr and Ni the maxima show up within 30 eV above the 3p threshold.

There are no marked maxima for higher photon energies. This indicates

that the 3p - 3d intershell interaction is responsihle for the

enhanced 3d subshell cross-sections above the 3p threshold. The

formation of a d-like resonance state due to the influence of the

neighboring atoms raay be an additional ingredient.

The discrepanr.ies between the three spectra shown in Fig, 3 can

be accounted for by assuning that not all processes contributing to

the absorption are comprised in the experimental subshell

spectrum. For clarif icat ion of this point the absorption and decay

processes result ing in the emission of primary photoelectrons are

scheniatically depicted in Fig. ^. Because of the local character of

the 3p and 3d states and the strength of the 3p - 3d interaction,

an atomic approach is j u s t i f i e d . Column l of Fig. 4 gives the 3p->es ,

Ed continuum transitions, the cmly t rans i t ians taken into account by

McGuire ' s (1970) 3p subshell cross-section,
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The excited 3p 3d e l states dominantly der;iy via super-Coster-Krunig

transi t ions into 3p 3<i c.l . e^l- (column II Fig. 4). The

3p subshell cross-section given in Fig. 2 lias been obtained hy

determining the nutnber of photoelectrons U | l | ) above 90 eV and

est imating the number nf Auger electrons {e?l ) below 90 eV.

The energy of the excited Cr 3p 3d ion can be shared in

d i f f e r e n t ways by the Cr 3p 3d ion and the Auger e lcct ron.

Tliis raay give rise t_o Auger satellites and add to the width of

the energy distribution of the Auger electrons. The rensunable

agreement between the experimental and theoretical curvcs

indicates that except for those dose to threshold the 3p •*• E S ,

cd continuum transitions are not strongly coupied to other

channcls. Fcir s impl ic i ty thi.'. de locu l ized 4s electrons have

been omitted.

The main contribution to the absorption close Lo the 3p threshold

stems from the 3p -+ 3d transitions (üietz et al. 1974, Davis and

Feldkamp 1976, 1978, Bruhn et al. 1979, 1978, McGuire 1972) which

have not been incorporated in the calculated subshell cross-sections

(HcGuire 1970). These transitions are depicted in column IV of

Fig. 5. The interaction of the partly £illed 3d shell with the

3p shell results in a multiple t Splitting of •*- 20 eV {Davis and

Feldkamp 1979) and ralses part of the oscil lator .strength ;ihove

the lowest ionizat ion limit. The "super-Coster-Kronig" decay

3p 3d -* 3p 3d e l results in the cmission of high energy

electrons (e^K). By the quotation marks we want to point out

that the super-Coster-Rronig process is indistinguishable from the

au to ion iza t ion process wl i ich leads to the. same f i n a l state. The

f a c t that the 3p 3ö E^c. sCates can also be reached by direct

exc i t a t ion of a 3d electron gives rise to interference between

the two exci tacion channels (D ie t z et al. 1974, Davis and Feldkamp

1976 and 1978, Bruhn et al. 1979 and 1978). The 3d subshell cross-

section given in Fig. 2 has been obtained by the determination of

the intensi ty of the e l electrons (Coluran V of Fig. 4 ) . Therc

are furthe.r decay channels for the excited 3p 3d state. The

channels we consider most important are shown in Fig. 4 .

Column III gives the f inal s tate reached by an Auger decay

accompanied by a shake-up process. Here n l Stands for a bound

electron. These states, which are also accessible by direct

exr.i ta t ion o£ two d electrons, have been invoked äs an explanation

for the strong resonances in the valence band photoemission spectra

of Cu and Bi (Iwan et a l . 1979, Wolff 1979). The autoionization

process 3p 3d •* 3p 3d E , l , has been proposed by Dehmer et al.

( 1 9 7 1 ) . This autoionization process is followed by a super-Coster-

Kron ig t r ans i t ion resulting in twci continuum electrons ('-^ t, ^7^7^ '

Tt is obvious that these channels are not fu l ly covered by our

measurements. Therefore, a considerable fraction of the 3p 3d -*

3p 3d oscillator stre.ngth is missing in the sum of the 3p and 3d

subshell cross-sections prese.nte.d in Fig. 3. According to our

results the 3d subshell cross section only comprises approximately

251 of the 3p -* 3d usci l la tor strength. This is similar to the

f i n d i n g of Lenth «t al. (1978) for the 4d •*• 4f transitions in rare

earth compounds. The large discrepancy between the (3p + 3d) subshell

cross-section and the absorption ?iven in Fig. 4 indicates that the decay
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f-hannels discussed above are not ncgligible compared to the

3p 3d -> 3p 3d jlc, euper-Coster-Kronig decay.

In summarizing we state:

i) There is a strong 3p - 3d intershell interaction.

ii) The maxima in the 3d K u b s h e l l cross-sec t i (in above the

3p threshold originate frorn ehe 3p 3d -* 3p 3d

exc.itations.

Üi) Due tu the contribution of d i f f e r e n t der.ay mechanisms ,

the oscillator strength of the 3p 3d -t- 3p 3d

transitions present in the absorption spectrum is not

fu l ly covered by the sum of the 3p and 3d subshell

cross-sec t ions.

The authors want to thank M. Iwan, C . Kunz and H . W . W o ! f f for many

s t imula t ing discussions.
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Figure Captions

Fig. l Electron energy d is t r ibut ion curves for solid Cr

normalized to the number of photons impinging on

the sample. The dashed l ine gives the est imated

background o£ scattered elcctrons. The calculated

density of valence band s t a L e s (Prince and Waber

1971} is shown by the dotted curve.

Fig . 2 3d, 3p and 3s subsnell cross-sections for solid Cr.

The solid curves provide reasonable f i t g to tht data

poinCs; • for 3d; 0 for 3p, obtained direct ly;

y for 3p, obtained via the Auger yield; x for 3s.

The dashed und dashed-dotted curves present the

3d { ), 3p (---) and 3s ( - • • - ) subshell cross-

sections calculaCe.d by Mcüuire 1970. The insert gives

the energy dependence of the electrons emitted from

the Ni d-band.

Fig. 3 Expecimental absorption cross-section, partial yield

of zero kinetic energy electrons and sum of the 3p and

3d subshell cross-sections for solid Cr.

Fig. 4 Schematic pictuce of the important excitation and

decay processes above the 3p threshöld of solid Cr.
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