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. Introduction

Cr occupies an important position in the 3d transition metal series.
VUV Photoabsorption and Photoemission of Atomic Cr

In the 3d” 4s 7S ground state the 3d shell is half-filled, whereas the

4s shell, an exception in this series, 1s incomplete., According to

E. timi Il. Schride . . .
R. Bruhn, Sctmide, chrider and B. Sonntag theoretical calculations (Combet-Farnoux 1974), the character of the 3p

s " : et . GLAL H: and . . n
II. Institut fiir Experimentalphysik der Universitit Hamburg and absarption spectra changes at Cr. For Sc, Ti and V, the 3p6 1" -

Peutsches Elektronen-Synchrotron DESY, 2000 Hamburg 32, Germany 3p5 36u+| oscillator strength is expected to extend over an approximately

10 eV wide band. Yor Mn, Fe, Co and Ni the 3pa 33" - 3p5 Sdn+i
oscillator strength is concentrated in a scveral eV wide strongly
asymmetric absorption band (Conrerade et al., 1976; Bruhn et al., 1978,
1979). ‘'These expetimental results agree with the results of calculations

Abstract o+l and the 3pEI 3" -

. . 6 5
based on interaction between the 3p " - 3pJ 3d
6 n-1
. P . [ iti i 1 ; Comhet F and
The photoabsorption and photoemission of atomic Cr have been 3p  3d f transitions (Davis and Feldkamp 1976, 1978; Comhe arnoux

. : . b . i sl i ifficulti 2
obtained in the photcn energy range 30 eV to 70 eV, At the 3p Ben Amar 19850) Due Lo the considerable experimental difficulties there

. - i : a of ic S T: and V.
threshold the spectrum is dominated by 3p6 3d5 4s (7S) B are no experimental 3p spectra of atomic Sc, Ti an

3p5 3d5 452 (7P), 3p53d6 4s (TF, 7D, 7P) transitions giving rise to

. . . . . The available data on the solid transition metals series Ti to Ni
discrete absorption lines and a broad asymmetric absorption band.

, - . . : 'nkel and Cauthé, 1974) show the Z-depe f
In contrast to the higher Z members of the 3d transition metal series (Sonntag et al., 1969; Wehenkel an ruthe, [974) show the pendence o

i d . The : tra of atomic C : ted by
the Cr 3p absorption spectrum shows three well developed 3;:)(j 3d5 4s T the 3p spectra discussed above e 3p spectra of atomic Cr reported by

. : ansfield (1977) s indi bet Cr and Mn,
3p5 3dS 4s nd Rydberg series converging towards the Mansfie (1977) seem to indicate that the change occurs between and Mu

3p5 3dS 4s 8P5/2’ 7/2, 9/ states of Cr TI. The 3d4 4s én and 3d5 hS Based on Hartree-Fock calculations Mansfield (1977) positioned the main

3p - 3d osecillator strength approximately 10 eV above threshold and 3 eV

5

photoemission lines are strongly enhanced above the 3p threshold. As a
above the lowest 3p~ 3d” 4s P ionisation limit. Due to the low contrast

a function of photon energy Lhe intensity of the 3d5 65 line shows a

. . . - - f t tak hot hically there is :les 1d £
symmetric profile, whereas the 3d4 4s 6D line is clearly asymmetric, of these spectra taken photographically there is no clear evidence for a

. . - . strong absorption band in this regie u in Mn re is a broad ion
thus corroborating the interference between 3p and 3d excitations. & P gion, but as the s absorpti

4 6 est lonisati imit. e e .
Asymmetric profiles are also displayed by the two 3d° 4p °F, 3dé 5y 6D band below the lowest lonisation limit. In order to clarify this and to gain

photoemission lines further insight in the coupling ol the 3p and 3d excitation, we determined

the photoabsorption and the photecemission spectra of atomic Cr for photon

enetgies between 30 eV and 70 eV.

Eigentum der Ll’ Y bibliothek 2. Experiment
Property of Lo library , , o o .
For the absorprion measurements, atomic Cr was maintained inside a resistance
‘Zugcng: 1 JU” 352 heated tubular furnace mounted in front of a 2 m grazing incidence Rowland
Accessions: ' - type spectrograph. To prevent alloying Cr was contained in an aluminium
. _ Leihfﬁsf: Te @ oxide tube. The temperature ranged from 1600° ¢ to 1750° C, which according
To be published in Journal of Physics B Loan period: 7 deS to vapour pressure data corresponds to pressure between 0.7 and 4 mbar. The
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length of the vapour column was % 50 cm. 400 - 600 R thin Al windows
separated the vapour region from the high vacuum of the beam pipe and the
spectrograph, Xr or Xe buffer gas (3 - 5 mbar) prevented the metal
atoms from reaching the windows, The windows and the buffer gas also
effectively served to suppress higher order background. The synchrotron
radiation of the electronm synchrotren 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 buffer gases (Codling and Madden
1965, King et al,, 1977). The absorption 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 plate, The
Kr 3d absorption lines in second order overlap the sharp Cr 3p absorption
lines. The energy positions of the Xe 4d lines, the Kr 3d lines in first
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 different conditians
(vapour pressure, exposure time, windows, buffer gas) the relative spectral

dependence of the absorption coefficient has been established.
For the photoemission measurements the synchrotron radiation emitted by

the storage ring DORIS was monochromatized {bandwidth 0.1 eV ac 30 eV and
0.5eVat 70 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 a2 resistively heated high temperature furnace

(T = 1300 °C). The kinetic energy of electrons emerging from the interaction
zone was determined by a cylindrical mirror analyzer {angular acceptance

0.8% of 47, energy resolution AR = 0,87 of the pass energy)., Only electrons
emitted at the magic angle of 54° 44' relative to the polarization vector of the
incoming light were accepted by the analyzer. This eliminates the asymmetry
of the photoelectron angular distribution (Starace 1982) and allows for a
direct determination of partial cross-sections. All photoemission spectra
vere normalized to the incoming photon flux and corrected for the encrgy de-
pendent dispersion of the electron analyzer. Since the density of atems in
the interaction zome was not determined, only relative cross-sections are
given. Details of the experimental set-up will he presented elsewhere (Bruhn
et al., 1982a),.

3, Results and Discussion

The 3p absorption spectrum of atomic Cr is presented in Figure 1. In order
to pget the zerc, the spectrum of atomic Cr has been normalized to that of
metallic Cr below the 3p threshold., For comparison, the densitometer trace

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

-4 -

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

threshold there arc three prominent lines {(Nos. 1 - 3, see Fig. 1)

which, in agreement with Mansfield, we ascribe to 3p6 st 4s 753 -

395 3d5 652 7P2 3.4 transitions. Towards higher photon energies, there
I s

is a scries of very weak lines (Nos. &4 - il) followed by a prominent
doublet (Nos. 2, 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 this broad band on both sides of the maximum (Nos. 4 - 16,

17 - 22).

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 396 3d5 4s 395 3d5 4s nd series converging to the series
limits 3p5 3d5 4s 8Pg/2 (46.365 t 0.01 eV), 8P7/2 (46.725 * 0,01 eV) and
8P5/2 {47,050 ¥ 0,01 eV), The splitting of these series limits is in good
agreement with HF-values reported by Mansfield (19%77) 8P9/2 {43.756 eV},
8672 (44.143 eV), PPy (44.443), but these calculated absolute values are
2.6 eV too low. The experimental series limits given above and quantum
defects of 0.88, 0.82 and 0.8l allow a good approximation of the emergy
positions of the higher members of 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 range (e.g. Nos. 18-23,
27,28, 30, 31, 33, 34, 38, 39) to 3p6 3d5 b4s > 3p5 3d5 48 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 sloping background
of the broad absorption band clearly show asymmetric Fano type line
shapes. The quantum defect of these ns series is ~2.5. In Figure 1 we see
above the 8P series limits weak absorption lines (Nos. 80-97) sitting on a

big continuous background. Rydberg series converging towards higher series

limits and two electron excitations are responsible for these limes,

Now let us return to the structures between 40 eV and 44.5 ¢V (Nos. 4-17)

: . . 5 .6
which we skipped in our assignment. We expect 3p6 3d5 4s =+ 3p” 34 4s

transitions to prevail in this region. Except for the missing 4s electrom,
. -y 6,5, 2 ! b, 2 . . . .
this is very similar to the 3p 3d7 45" -+ 3p5 3d° 4s” excitation in atowic

Mn (Bruhn et al., 1978). Transferring the interpretation of the corresponding



part of the Mn spectrum to the spectrum of Cr results in the following
3551gnment' The broad band (No. {7) centered at 43.8 eV is due to

3d 4s 7 - 3?5 (3d 6 5D] 4s 7 2,3 4 transitions. If, as in Mn,
LS—noupllng domlnates and the 3p5 3d” 4s ground state electreomns remain
spectators, these transitions should have the largest oscillator strength,
The width and lineshape of this band is caused by the interfercnce of the
3p6 3d 45 7 * 3p5 3d6 4s 7P and the 3p6 3d5 by 7S >
3p Jd () 4s f 7? mediated via the super-Coster Kronig dccay
3p 3d6 4s 7? 4 3p6 3d4 4 i f 7P. Deviations frow LS coupling due te
the spin crbit splitting of the 3p core give rise to wuukbintgrzombination
liues 3p6 3d5 4a 75 » 3p5 3dh 4s 7D, 7F. As for Jps 3d” 48 D ip Mn
the decay of the Cr 3p5 3d6 4s 7D states into 3p 3d% 4s ef 7D is forbidden
by sclection rules. ‘Therefore in analogy to Mn we assign the sharp lines

L. 25 a0 7D
at 42,229 eV {No. 12) and 42.322 eV (No. 13) to transitionms to 3p~ 3d~ 4s

5 7
states, The oscillator strength ot the transitions Lo the 3p~ 3d 4s 'F
states is very small and they are only weakly affected by the super-Coster
Kronig decay. We tentatively assign the lines at 41.677 eV (No. 9);
41,775 eV (No. 10) and 41.913 eV (Ne, 11) to these traunsitions. OQur assign—
ments consistent with the spectator model are summarized in Table 1.

5 3d6 4 7
Based on his larLree-Fock calculatlons Mansficld expected the 3p s

state at 47.262 eV, i.c. above the 3p st 4s dP ionisation limits. Our
spectra do not show any strong absorption hand in this spectral range. Due teo
the nepglection of correlation effects Hartree-Fock calculations tend to
overestimate the multiplet spllttxng }or Mn Connelade et al. (1976)

[ .26
calculated a splitting between Jp 3d 45 F and 3p 3d 48 P of 6 eV
which overshoots the experimental value by 3 oV. Sublra?ting 3 eV from the
splitting between the 3p5 3dh 4s 7F (61.6 eV) and the 3p° 3db 4s 7P
(47,3 eV} brings the 7P level down to 44.3, which is very closeﬂto the
experimental value (43.80 eV). rurthermore, the energy ot the ‘P resonance
will be shifted from the Hartree-Fock value due to Llie interaction with the

. . . . L e
continua., For Mn Davis and Feldkamp (1978) cbtained - 2 eV for this shift,

In Figure 3 the photovemission spectrum of atoméc Cz t;ken at643.6 eV is
shown, Line number 3, corresponding to the 3p 3d° (TD) 4s D state of
Cr1l, dominates the spectrum. The weaker lime (4) at lower binding energies
is due to the emission of the 4s elcectren. Twe shake-up satellite lines
(1,2} show up at higher binding energics. The experimentally determined

binding energies and our assignment, which is based on tho published energy

~ 6 -~

level data (Sugar and Corliss, 1977), are presented in Table 2. To check
the validity of the interpretation of Lhe absorption spectrum given above,
it is crueial to determine the intensity of the dominant photoemission line
as a function of the photon energy, In analogy to Mn (Eruhn et al., 1982b)}
we expect an asymmetric Fano-type line shape caused by the interforence ol
the

30% 4s T+ 3p° 30® e TP and the 3p° 300 4s 75 o

3pb 3d“ 4s ¢ g 7P

excitations. This expectation is clearly verified by the asymmetric line
shape presented in Figure 4. Note that experimental data in the regions of
the Rydbery series (44.5 eV - 47.5 eV) and 3p6 st 4s 75 hd 3p5 3d5 482 7P
excitations are not included in Figure 4. The exnerimental poinLs can be
approximated by a Fano type line shape (Fauo and Cooper, 1968)
FREE G Vi with ¢ = EZFo

¥ £ =
1 + &

2 172

=

The energy of the resonance Eq, the line width [ and the asymmetry para-
meter q giving the best fit to the experimental data are included in Figurc 4,
The g value of 3.1 is somewhat larger Lhan the value of 2,3 obtained for Mn.
The line width (T = 0.75 eV) is almost & factor 2 smaller than the correspond-
ing line width for Mn (T = 1.3 eV) (Bruhn et al., 1982b).

The almost constant photoemission intensity above the 8P5/2 ionisation limit
excludes the existence of the strong 3p6 3d3 557 5 3p5 3df 45 7P

resonance band in this energy range., The deviation of experimental points

from Lhc theoretzna} curve beLwocn 42 - 43 ¢V is caused by the decay of the

3p 3d 45 2 \3,4 and 3p 3d ( ) 4s states into 3p6 3d4 bs ( D) ¢k, Again

this is similar to the sltuatluu for atomic Mn (Bruhn et al., 1982), lhc
1uten%1ty of the Edd 4s ( D) photoemission line replicates the 3p6 3d 4s 7@ =
3p 3d5 452 7P2 34 absorption lines. This proves the importance ol the

3p7 3d5 452 7p 7l 3pb 3d4 45 2g 7P Coster Kronig decay and explains the
considerable line width of the absorption lines (1-3) (FWHM = 0.2 eV). The
asymmetric Fano—type line shape of the 3p5 (3d5 6S) (7P) 48 SP nd Rydberg lincs
manifests the coupling to the underlying continua. This is horne out by the
photoemissicn results presented in Figure 5. The inteusity of the 3p5 3d4 4 (bD)
phetoemission line closely fullows the absorption spectrum, In order to faciljtate
the comparison the absorpticn spectrum has beeun conveluted with a Gaussian
distribution ot 0,15 eV width, Lhus taking the lower resolution of the turoidal

grating monochromator irto account.



The intensity of the 3p6 365 6S photoemission line versus photon energy is

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

aof the 3p6 3d5 45 78 - 3p5 366 4s 7P transition. WNeglecting the deviations

due to the coupling to the 3p5 3d5 452 7P, 3p5 3d6 4s 6D and 3p5 3d6 (AX) 4s
lines, the line shape can be approximated by a symmetric Lorentzian cﬁrve.

The line is mainly driven by the 3p5 3d6 4s 7P - 3p6 3d5 el 7P Auger
transition. TInterference effects can be neglected due to the small oscillator
strength of the 3p6 3d5 - 3p6 3d5 €R  transitions, Interference effects
are not negligible for the 3p5 3d4 (SD) 5s 6D and 3p5 3d4 (SD) 4p 6D
photoemission lines which exhibit asymmetric line shapes. They mainly originate
from the decay of the 3p5 3d6 4s 7P state to 3p6 3d& (SD) 4p 6D £f and

3p6 3d4 (SD) 58 6D, respectively. Their intensity as function of photon energy
follows the intensity variation of the 3p6 3d4 4s 6D line, This behavior

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

(Bruhn et al,, 1982b).
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Figure

Figure 2

Figure 3

Figure &

Figure 5

Figure 6

Figure Captions

Jp-photoabsorption spectrum of atomic Cr (solid line).
For comparison the demsitometer curve reported by

Mansfield (1976) is included (dashed line).

3p-photoabsorption of atomic Cr in the region of the
3% 3d% 45 's » 30 (ad° %5y ('P) 4s OB ns, nd
Rydberg series.

Photoemission spectrum of atomic Cr taken at 43.6 eV.

Experimentally determined intensity of the Cr

3p6 3d4 4s 6D photoemission line for photon energies

between 25 eV and 70 eV (#}. No data are given in the region

of the7

The experimental data are approximated by a Fano type line

shape { R

Expetimentally determined intensity of the Cr 3p6 3d4 4s 6D

photoemission line in the region of the 3p6 3d” 4s 75 -
3p° (3> ®s) ('p) 4s P ns, nd Rydverg series (s). The
solid curve gives the absorption spectrum convoluted by
a Gaussian curve of 0,15 eV width.

Experimentally determined intensity of the Cr 3p6 3d5 6S
photoemission line for photon energies between 35 eV and
50 eV {#). The experimental data are approximated by a

Lorentzian curve {——).

P excitations (39-40cV) and the Rydberg series (44.5-47 eV).
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(TABLE. 1}
line No. energy {(eV} assignment
Table 1: Observed Crl absorption lines with assignments. (see Figs. | and 2 (upper level)
The numbers in brackets denote the uncertainty of the last
s 3’ a0 %) (pyes B, sa
digits of each energy value. The whole spectrum may be shifted p- (3d §) (') 4s 9/2
32 45.566 (3} " " 8.7 4a
by + 0.04 eV. 5/2
. o 33 45.688 (2} " " 8
line No. energy (eV assignment
, 4 34 45760 (5) Pyyp b8
(see Figs. | and 2) (upper level) 8
35 45.790 (23 " " Py, 60
7
! 39.207  (8) G 36 45.870  (2) " " %,,, 54
2 39.588 (8) 3p” 3d” 4s 71:3 37 46.000 ) " " 8P9/2 7d
3 39.909 (8) Py 38 46.038 (2) a
4 40.487  (25) 39 46.052 (2 Prpp 78
5 40.717 (33) 46 46,082 (2) g
" " >
6 41.020  (50) 41 46.118  (2) Poyp 8d
7 41.351  (25) 42 46156 (2) " " 81’9/2 94
8 41,461 (17)
. , 43 46,187 (2) " " 8P9/210d
9 41,677 (10) . F, 44 46.200 (2) P 6d
10 41,775 (10) 3p° 3% 45 T g 112
7 3 P 54
11 41.913  (10) F, . 5/2
12 42.229 ) s ) 45 46.231 (2) Pgsplld
13 42.322 (3) 37 3 ds P2,3,4 46 46.251 2) ! " vl
14 47806 s, 47 46.269 (2) " " "13d
15 43,042 (7) 3p° 3d® (%P) 4s 48 46.280  (2) " " “lud
16 43.205 8) 49 46.293 (2) " " " 15d
17 41.80 (5) 3p3 3d6 4s 7P2 5 50 46.302 (2) " " " 164
s
18 44,093 (6) 51 46,311 (2) n " "7
30 3 %) eyas % s
19 44,239 (5) P s 9/2 78 52 46.322 (2) n " “ lgd
20 44.439  (13) 5 53 46.333 (2)
21 44,574 (13) Fap2 %8 54 46.372 (2) " " 8P7/2 74
r‘ " "
22 44.79] (8) . ) ) ) 55 46,457 (2) P,y 84
23 44.849 (2 gy 28 56 46.482  (2)
24 44.8%  (5) L " 81»9/2 4d 57 46497 (2)
’s .04 (D 58 46.520  (2) " " 81:5/2 6d
26 45.065  (2) " n By, O Fry2
27 45.081 (2) 59 46.564 (23 " " " lod
28 45,099 (2) 60 46,593 (2) " " "o1id
29 45.217 (2) " " 8?7/2 4d 6l 46.617 (2) " " "2
30 45,601 (1) 8 62 46.634 (2 ) ' M
" 45,498 m " Py bs 63 46,647 (2) " " "o14d
64 46.658 (2) " n " s



(TABLE 1)

line No.

(see Figs. | and 2
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energy (eV)

assignment
(upper level)

65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97

T P TR TR L TS N

-

46.693
46.712
46,725
46.745
46.779
46,805
46.818
46.842
46,885
46.915
46.938
46.956
46,969
46.986
47.02
47.26
47.56
47.76
47.81
47.96
48.01
48.13
48.35
48.48
48.68
48.92
49.02
49.70
49.82
50.03
50.20

« 50.29

50.38

(2)
(2)
(2)
(2)
(2)
(2)
(2)
(2)
(2)
(2)
(2)
(2)
(2)
3)
(2)
(2)
2)
(4))
2)
)
)
(2)
)
(2)
m
(1)
2)
4))
)
(8}
(2)
(2)
(2)

3p5

ad® %) (’p) 4s

8

5/2

7d

8d

1d
12d
13d
14d
15d

[

e Ule

TABLE 2

Experimental binding energies Ep of the states of CrII giving rise to

the photoemission lines in Fig. 3.

Line Eg (eV) State of Crll

i 17.0 ¢ 0.2 3% 3a* ) ss O
2 12.7 £ 0,2 3p6 3a* (SD) 4p "r
3 8.2 % 0.1 3p° 3d* 4 %

4 6.8 396 3d5 65 ref.
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