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Abstract

The photoabSorption and photoemissiuri uf atomic Cr have Leen

obtained in the photcn energy ränge 30 eV to 70 eV. At the 3p

threshold the spectrum is dominated by 3p 3d 4s ( S)

3p 3d 4s ( P), 3p 3d 4s { F, D, P) t r ans i t i ons g i v i n g risc. La

discrete absorption lines and a broad asytnmetric absorption band.

In contrast to the h igher Z metnbers of the 3d t rans i t ion metal series

the Cr 3p absorption spectrum shows thrüe w e l l developed 3p 3d 4s +

3p 3d 4s nd Rydberg series converging towards the

3p 3d 4s P s / 2 , 7 / 2 , 9/2 states of Cr II. The 3d 4s D and 3d5 ^S

photoemission lines are strongly enhanced above the 3p threshold. As

a funct ion of photon energy L h e intensity of the 3d S line shows a
4 6

Symmetrie prof i le , whereas the 3d 4s D line is clearly aSymmetr ie ,

thus corroborating the in te r fp rence be tween 3p and 3d exci ta t ions .
4 6 4 6

Asymmetrie prof lies are also displayed by the two 3d /ip F, 3d rix D

photDemiss ion l ines .
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Introduction

Cr occupies an important position in the 3d transition m c L a l series.

In the 3d' 4s S grouiid sLa te Lhe 3d shell is h a l f - f i l l e d , whereas the

4s she l l , an e.xception in this ser ies , is incomplete . According to

theoretical calculations (Combet-Farnoux 1 9 7 4 ) , the character of the 3p

absorpt ion apectra i-.hangi's at Cr . Für Sc, T i and V , the 3p 3d ^

3p 3d osci l laCor s t r eng th is expected tö extend over an approxiraately

10 eV wide bar.d. For Mn, Fe, Co and Ni the 3p 3d •' 3p 3d

osc i l la tor strcngth is concentratcd in a scvora l eV w i d e strongly

asymmetric absorption band (Coanerade et al . , 1976; Eruhn et al., 1978,

1 9 7 9 ) . These experimental results agree wi th the results öl c;d i:ulations

based on in terac t ion betwccn the 3p 3d 3p5 3dn+1 and the 3p6 3d" --

3p 3d f-f t ransi t ions (Davis and Feldkamp 1976, 1978; CnmbeL Farnoux and

Bcn Amar 1980). Dut> Lo Lhe considerable experimental d i f f icul t ies there

are no experimental 3p spectra of atoim' c. Sc, T i and V .

The a v a i l a b l ü daL.i un the solid t rans i t ion metals series Ti to Ni

(Sonntag et a l , , 1969; Wehenkel and Cautbe , 1974) show the Z-dependence of

the 3p spectra discussed above. The 3p spectra of aLomic Cr reported by

M a n s f i e l d ( 1 9 7 7 ) seem to indicate that the change occurs between Cr und Mn.

Based on Hartree-Fock calculations Hansfield ( 1 9 7 7 ) positioned the main

3p - 3d oscillator strength approximately 10 eV above threshold and 3 eV
t t o

above the lowest 3p 3d 4a P i oni s ä L i D K l mit. üue to the low contrast

of these spectra taken photographica l ly there is no clear evidence for a

strong absorption band in this region, but äs in Mn there is a broad absorption

band below the lowest ionisation l imi t . In order to clarify this and to gain

f u r t h e r i n s i g h t in the coupling of Lhe 3p and 3d excitation, we determined

the photoabsorption and the photoeraission spectra of aLomic Gr for photon

energies between 30 eV and 70 eV.

2. Experiment

For the absorption measurements , atomic Cr was maintained inside a resistance

heated tubular furnace mounted in f ront of a 2 m grazing incidence Rowland

type spectrograph. To prevent alloying Cr was contained in an aluminium

oxide t übe. The temperaturi- ranged f rnra 1600 C t o 1750 C, whi c:h according

to vapour pressure data corresponds to pressure between 0.7 and 4 mbar. The



length of the vapour column was ^ 50 cm. 400 - 600 S thin AI Windows

separated the vapour region from the high vacuum öf the beam pipe and the

spectrograph. Kr or Xe buf fe r gas ( 3 - 5 mbar) prevented the metal

atoms fram reaching the windows. The Windows and the buffer gas also

effect ively served to suppress higher order background. The Synchrotron

radiation of the electron Synchrotron DESY transmitted through the vapour

column was focussed on the entrance slit of the spectrograph. The spectra

were recorded on photographic plates. The spectrograph was calibrated by

means of the known absorption lines of the bu f f e r gases (Codling and Madden

1965, King et a l , , 1 9 7 7 ) . The absorpt ion spectra of Kr, Xe and Cr were

recorded under identical setting of the optics on adjoining zones (Kr upper

and lower zone, Xe and Cr center zone) on the same photographic p l a t _ e , The

Kr 3d absorption Lines in second order overlap the sharp Cr 3p Absorp t ion

lines. The energy positions of the Xe 4d l ines, the Kr 3d lines in f i rs t

and second order could he described by the spectrograph dispersion curve

with an accuracy of ± 4 meV. The energy resolution at the 3p-threshold was

10 - 20 meV. From a series of plates obtained under d i f ferent c o n d i t i o n s

(vapour pressure, exposure t ime, windcws, b u f f e r gas) the relative spectral

dependence of the absorptiun c u e f f i c i e n t has been established.
For the photoemission measureracnts the Synchrotron radiation emitted by

the storage ring DORIS was monochromatized {bandwidth ü . l eV au 30 eV and

0.35eYat70 eV) with a new toroidal grating monochromator. The monochromatic

photon beam was focussed onto the interaction zone where it crossed a beam

of atomic Cr emanating from a rcsistively heated high temperature furiiace

(T = 1300 C) . The kinetic energy of electrons emerging from the interact ion

zone was determined by a cylindrical mirror analyzer {angular acceptance

0.8% of 4tT, energy resolution AK = 0.87, of the pass energy). Only electrons

emitted at the reagic angle of 54 4 4 ' relative to the polarization vector of the

incoming light were accepted by the analyzer. This el iminaLes the asymmetry

of the photoelectron angular distribution (Starace 1982) and a l lows for a

direct determination of par t ia l cross-sections. All photoemission spectra

were normalized to the incoming photon f lux and corrected for Lhe energy de-

pendent dispersion of the electron ana lyzer . Since the density of atoms in

the interaction zone was not determined, only relative cross-sections are

given. Details of the experimental set-up will be presented elsewhere (Bruhn

et al., 1982a).

3. Result:s and Discussion

The 3p absorption spectrura of atomic Cr i s presented in Figure 1. In order

to get the zero, the spectrum of atomic Cr has been normalized to Cha t of

metallic Cr below the 3p threshold. For comparison, the densitometer trace

reported by Mansfield (1977) is given. Hote that the energies of the absorption

lines given by Mansfield (1977 ) are too low by 0.6 - 0.8 eV. At the 3p

threshold there are three prominent lines (Nos. 1 - 3 , see Fig. ])

which, in agreement with Mansf ie ld , we ascribe to 3p 3d 4s 83 -»
5 5 2 73p 3d 4s P„ transitions. Towards higher photon energies, there

is a series of very weak lines (Nos. 4 - 1 1 ) followed by a prominent

doublet (Nos. 12, 13). The dominant feature of the spectrum is a broad

absorption band (No. 17) centered at 43.8 eV. Absorption lines are super-

imposed on tbis broad band on both sides of the maximum (Nos. 14 - 16,

17 - 2 2 ) .

Three well-developed Rydberg series show up above 44 eV. This part of the

spectrum is presented on an enlarged scale in Figure 2. The strong asymmetric

lines belong to 3p 3d 4s -* 3p 3d 4s nd series converging to the series

l imits 3p5 3d5 4s 8P , (46.365 + 0.01 e V ) , 8P7/2 (46.725 * 0.01 eV) and
8

P5/1 {47.050 l 0,01 e V ) . The S p l i t t i n g of these series limits is in good
~ o

agreement uith HF-values reported by Mansf ie ld (1977) ?$/2 (43.756 e V ) ,

8?7/2 ( 4 4 . 1 4 3 eV), ?5/2 ( 4 4 . 4 4 3 ) , but these caleulated absolute values are

2.6 eV too low. The experimental series l imits given above and quantum

defects of 0.88, 0.82 and O . ß l allow a good approximation of the energy

positions of the higher members uf the Rydberg series. These values for the

quantum defects are in good agreement with those expected for nd series. We

ascribe the sharp absorption lines in this energy ränge (e,g. Nos. 18-23,

27,28, 30, 31, 33, 34, 38, 39) to 3p6 3d 4s •* 3p 3d 4s ns series con-

verging towards the same series limits. It is interesting to note that the

members of these series (Nos. 18-22) superimposed on the s loping background

of the broad absorption band clear ly siiow asymmetric Fano type line

shapes. The quantum defect of these ns series is "„2.5. In Figure i we see
p

above the P series limits weak absorption lines (Nos. 80-97) sitting on a

big c u n t i n u u u s background. Rydberg series converging towards h igher .series

limits and two electron exci ta t ions are responsible for these lines.

Now let us return to the structures between 40 eV and 44 .5 cV (Nos. 4-17)

which we skipped in our assignment. Ue expect 3p 3d 4s •* 3p 3d 4s

transitions to prevail in this region. Except for the m i s s i n g 4s electron,

this is very similar to the 3p 3d 4s •*• 3p 3d 4s exc i ta t ion in atomic

Mh (Bruhn et al., 1978). Transferr ing the interpretation of the corresponding



part of the Mn spectrum to the speot rum of ('r results in the fo l lowing

assignment: The broad band (Ho. 17) centered aC 43.8 eV is due to

6 5 t rans i t ions . I f , äs in Mri,3p6 3dJ 4s S3 - 3p (3d I)) 4s P,,
5 ^ - j j

LS-c.oupling dominates and the 3p 3d As ground state electrons remain

spectators , thesc t ran s i L i ons shauld havc t he l arge s t osci l la tor strengt h.

The widLl i and lineshape of this band is caused by the i n t e r f orenc.e of ihe

3p& 3d5 4s ?S > 3p5 3d6 4s 7P and the 3p6 3d5 4s 7S ->

3p 3d~* ( U) 4s t f P mediated via the super-Coster Kronig dei-.ay

3p3 3d 4s P > 3p° 1A4 4s f f 'P. Dev ia t i on* f rom LS coupling due tc

the spin orbit Spl i t t ing of the 3p core give rise to weak in tercombir .a t ion

l i n e s 3p6 3d5 4s 7S > Sp^ 3d6 4s ?D, ?F. As for 3p5 3d& 4s" 6D in Mn

the decay of the Cr 3p 3d 4s [i s t a tes in to 3p 3d 4s ff D is f o r b i d d e n

by sei et: t ion rules . Theref ore in analogy to Mn we äs s i gn the. sharp l i nes

at 4 2 . 2 2 9 eV (No . 12) and 4 2 . 3 2 2 t:V (Ko. 13) to t rans i t ions to 3p 3d 4s D

s ta tes . The oscillator strength of the t r a n s i t i v e s to the 3p 3d 4s F

states is very Kraal l and they are only weakly a f f e c t e d by the. super-Coster

Kronig decay. We tentat ively a s s i g n the lines at 4 1 . 6 7 7 eV (No. 9 ) ;

4 1 . 7 7 5 eV (Ho. lü) and 4 1 . 9 1 3 eV ( N c , 1 1 ) to these t rans i t ions . Our assign-

ments conslfitent with the spec ta to r model are snmmar ized in f a b l e 1.

Based on h i s HarLree-Fock ca lcula t ions M a n s f i e l d expected the 3p 3d 4s P

state at 47 .2b2 eV, i . e . ahove tlie 3p 3d 4s P ion i sä t i on l i mi t s . Our

spectra do not show any strong absorpt ion h;md in t h i a spectral ränge, Due to

the neglection of cnrre la t ion e f f e c t s Hartree-Foek c a l c u l a t i u n s tend to

overestimate the mul t ip le t S p l i t t i n g . For Mn Connerade et al .

ca lcula ted a Spli t t ing between 3p 3d A K F and 3p 3d 4s P of li eV

whi^h overshoot.s the experimental valuc by 3 eV. S iubt rac t ing 3 eV from the

Spl i t t ing between the 3p 3d ' AH F ( 4 1 . 6 eV) and the 3pJ 3d 4s P

(47.3 eV) b r i n g s the P level down to 44.3 , which is very close to the

experimental value {43.80 e V ) . f u r t h e r m o r e , the energy öl t un P r e s u n a n u t j

w i l l be sh i f ted f rom the Har t r ee -Fock v«-ihi[> dut L O the in terac t ion wi th t ho

con t inua . For Hii üavis and Fr-tdkair.p ( 1 9 7 B ) o b t a i n o d - 2 i;V for th is s h i f t .

In Figure 3 the photoemiss ion s p e c L r u m of atoraic Cr taken at 43.6 eV is

shown. Line number 3, cor rüsponding to the 3p 3d ( n) is n state of

Crll , dominattis L he spectrum. The weaker l ine (4) a t lower bind i ng euer g I C K

i s due to the emi ss ion o£ the 4s e l t-c tron . Tue - jhake-up s a t e l l i t e l ine s

( 1 , 2 ) show up at higher b i n d i n g encrg ies . Tlie expe r imen ta l ly de t e rmined

b ind ing cnergies and our assi gnment, which i E based on t he pub l i shed energy

le.vel data (Sugar and Cur l i ss , 1 9 7 7 ) , are presented in Table 2. To check

the va l i d i t y of tlie I n t e r p r e t a t i o n of the absorpt ion specLrum given above,

it is crucial to determine the i n t t n s i t y o£ the dominant pho toemi H s i o n line

äs a func t ion of tlie photon energy. In analogy to Mn (Kruhn et al . , I982b)

we expcct an asyinme tric l'ano-type l in t; shape caused hy the interf ;Tence of

the

3p6 3d5 .'i s 7S -+ 3p5 3d" 4£ 7P and the 3p6 3dJ 4s 7S -*•

E - E,

exe 1 1 a t ions . This expecUi t ion i s de.-irly verif ied by the asy imne t r i c I ine

shape presented ir, F igu re 4. Note t ha t expör i rnenta l data in the regions of

the Kydberg series (44.5 eV - 47 .5 eV) and 3p 3d 4s ü -* 3p 3d 4s

tfxci tat ions are not includi 'd in Figure 4. The exnerimental poinLs enn be

approximaLcd by a Kann type l ine shape (Fano and Cooper,

,2

with

Ttic t-nergy of the resonance EQ ) the l i ne width f ar.d the asyiiiraetry para-

meter q giving the best fit to the experimer.t.-il data are i n c l u d e d in Figure 4.

The q value of 3.1 is sonewhat larger than the value of 2.3 obta ined for Mn.

The l ine w i d t h (F - 0 .75 eV) is alraost a f ac to r 2 smaller than the correspond-

ing l ine w i d t h for Mn (T - 1.3 eV) (Bruhn et ;jl . , 1982b) .

o
The almost constant photoemission in tens i ty above the P C / ' , i o n i s a t i o n l im 11

( ~ 7 7
excludes the existence. of the strong 3p 3d 4s S - > 3p5 3d" 4s P

resonance band in t h i s energy ränge. The deviat ion of experiraental points

from the theore t ica l curve between 42 - 43 eV is caused hy the decay of the

3p 3d 4s D., , , and 3p" 3d ( I1) 4s states in to 3p 3d 4s ( D) r £ . Again

this is s imi la r to the Si tuat ion for a tomic Mii (Bruhn et al . , 1982) . Ihe.

intensi ty of the 3d 4s ( 13) p ho t Demission l ine replicates the 3p 3d 4s S ->
5 5 2 7

3p 3d 4s P? . . absorp t ion lines. This proves the importance uf the

3p5 3d5 4s2 ?P -^ 3p6 3d4 4S ?£ p Coster Kron-ig decay and expla ins the

considerable line w id th of t i ic absorpt ion l ines ( 1 - 3 ) ( F W M M = 0,2 e V ) . The

asyTrjnetr ic Fano-typt- l ine shape of the 3p" (3d S) ( P) 4s P nd Rydberg l ines

m a n i f e s t s the nonp! i ng to t h e u n d e r l y i ng cont inna . This i s hörne ou t by the

photoetr . issien r e s u l t s p resen ted in Figure ~>. The i n t e n s i t y of the 3p 3d 4s ( D)

p h c t o e m i s H i on l i ne c l ose ly f u l lows the absorpt ior. spec truir.. In ( i rdrr to t a c i l i t a t e

tlie comparison thc a b s o r p l i e n spectrnn has been convoluted w i t h a Gauss i an

d i s t r i b u t i o n o t 0 . 1 5 eV w i d t h , thns taking the f o w e r reso]ution of the toroidal

g ra t ing tnonochromstor into a e e o n n t .



The intensity of the 3p 3d S photoemission line versus photon energy is

presented in Figure 6. Also this line is strongly enhanced at the energy

of the 3p 3d 4s S •*• 3p 3d 4s P transition. Neglecting the deviations

due to the coupling to the 3p5 3d5 4s2 ?P, 3p5 3d6 4s 6D and 3p5 3d6 (4X) 4s

linee, the line shape can be approximated by a Symmetrie Lorentzian ctirve.

The line is mainly driven by the 3p 3d 4s P •*• 3p 3d eil P Auger

transition. Interference effects can be neglected due to the small oscillator

strength of the 3p 3d 4s -*• 3p 3d et transitions, Interference effects

are not negligible for the 3p 3d (D) 5s D and 3p 3d (5D) 4p D

photoemission lines which exhibit asymmetric line shapes . They mainly originate

from the decay of the 3p5 3d6 4s 7P state to 3p6 3d.4 (5D) 4p S et and

3p 3d ( D) 5s D, respectively. Their intensity äs function of photon energy

follows the intensity Variation of the 3p 3d 4s D line, This behavior

agrees with the results for eimilar shake-up satellite lines for atomic Mn

(Bruhn et al., I982b).
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Figure l

Figure Captions

3p-photoabsorption spectrum of atomic Cr (solid l i n e )

For comparison the densitometer curve reported by

Mansfield (1976) is included (dashed line) .

Figure 2 3p-photoabsorption of atomic Cr in the region of tlie

3p6 3d5 4s 7S •* 3p3 (3d5 6S) (?P) 4s 8P ns, nd

Rydberg series.

Figure 3 Photoeraission speotrum of atomic Cr takcn at 43.6 eV.

Figure 4 Experimentally dütcrmined intenai Ly of the Cr

3p 3d 4s D photoemission line for photon energies

between 25 eV and 70 eV (•). No data are given in the region

nf ehe P excitatkms (39-40 eV) and the Rydberg series (44.5-47 eV)

The experimental data are approxiraated by a Fano type line

shape ( ) ,

Figure 5 Experimentally determined intensity of the Cr 3p 3d 4s D

photoemission linp in the regitm of the 3p 3d 4s S -+

3p5 (3d5 6S) ( 7 P) 4s 8P ns, nd Rydberg series (•}. The

solid curve gives Lhe absorption spectrum convoluted by

a Gaussian curve of 0 ,15 eV width.

Figure 6 ExperimentaHy determined intensity of the Cr 3p 3d S

photoemission line for photon energies between 35 eV and

50 eV (•). The experimental data are approximated by a

Lorentzian curve ( ) .
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Table 1: Observed Crl absorption lines with assignments.

The numbers in brackets denote the uncertainty of the last

digits of each energy value. The whole spectrum may be shifted

by + 0.04 eV.

line No. energy (eV) assignmenl:

(see Figs. 1 and 2) (upper levt^ l )

1

2

3

4

5

6

7

6

9

10

11

12

13

14

15

16

17

18

19

20

2 l

22

23

24

25

26

27

28

29

30

31

39.207

39.583

39.909

40.487

40 .717

41 .020

4 1 . 3 5 1

41 .461

4 1 . 6 7 7

4 1 . 7 7 5

4 1 . 9 1 3

42 .229

42.322

42.804

43.042

43.205

43.80

44.093

44.239

44.439

44.574

44 .791

44.849

44.896

45.043

45.065

45.081

45.099

45 .217

45.401

45.498

(8) ) 7P
( 5 5 2 7

(S) > 3p 3d 4s P„
1 i 3

(8) J 'F2

(25)

(33)

(50)

(25)

(17)

(10) ) 7F
1 5 6 7

(10) (• 3pJ 3d 4s 'F.3

(.0) \F2

(5) l 5 6 7
... ] 3PJ 3d6 4s 7D, _ ,
(3) J f ^ ,3 ,4

(3) )
i 5 6 4

(7) V 3p 3d ( P) 4s
/

(5) 3pJ 3d6 4s 7P., .. ,
, 2 ,3 ,4

(6) / S S 6 7 R
(5) T 3pJ (3d3 °S) ( 'P) 4s öF9 /2 5s

(13) ]
T " " P js

(13) J l7/2 >b

W] - » \,
(2) J P5/2

(5) ~\ " 8P 4d

(3) f

(2) f „ „ 8p h

P^6 S

(2) J

(2) " " 8P7/2 4d

(° 1 „ 8
(D J 7/2 6s

liae No.

(si?e Figs . 1 and 2

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51
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