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Resonant satellite photoemission of atomic Mci

E. Schmidt, H. Schröder, ß. Sonntag, H. Voss

and H . E . Wetzel

II . Institut für Experimentalphysik

der Universi tä t Hamburg, Hamburg, Germany

The photoelectron spectra and the relative partial photoionization cross

sections of atomic Mn have been determined for photon energiefi betweerc 45 eV

and 65 eV. Besides the main 3d54s2 6S -+ 3dSs2(5D)el, 3d54s(5 > 7S)e l photo-
4

emission lines there are prominent 3d 4s tilel satellite photoemission lines

which are strongly enhanced in the ränge of the giant 3p > 3d resonance

and the 3p 3d 4s -*• 3p 3d 4s nl Rydberg transit ions. Kear the 3p - 3d resonance

the partial cross sections of these two electron satellites behave similar
5 2 4 2

to that of the 3d 4s •* 3d 4s £l main line. The interference between the

3p 3d 4s S -* 3p 3d 4s P excitation and the continuum channels manifests

itself in the asymmetric profiles of the partial cross sections. In con t ras t
5 2 5 5to this, the 3d 4s •+• 3d 4s L e i pattial cross sections can be approxima-

fi S ? ft
ted by the superposition of Lorentzians centered at the 3p 3d 4s S -*

3p 3d 4s D, P, L exci tat ion energies. The 3d 5sel photoemission only

undergoes a single Symmetrie resonance. All these lines including the main
5 5 2 7 . . . .lines do not show an Enhancement dose to the ?p 3d 4s P lonization limits.

When tuning the photon energy across these Ionisation limits, post col l is ion

interactions give rise to fur ther satellite lines, and to asymmetric M

M N Auger lines which, in comparison to the normal Auger lines, are shifted

towards higher energies.

to be published in J. of Phys. B ... (1984

Many electron e f f ec t s result in strong deviations from the independent particle

model for atoms with filled and empty Orbitals wi th similar spatial dimensions

(Wendin I982a,b; Starace 1982; Samson 1982; Crasemann and Wuilleumier 1984;

Amusia 1983; Ke l ly 1983; Zangwill 1983)- The large overlap of the 3p and

3d orbitals makes the atomic 3d transition metals excellent examples. The

strong coupling of the 3p -* 3d and 3d •* cf exci tat ions results in a resonant

enhancement of the 3d photoemission lines (Brunn et al. 1982a,b; Schmidt

et al. 1983; Kobrin et al. 1984; Krause et al. 1984). The gross features

of the photoemission spectra are in agreement with model calculations performed

by Davis and Feldkamp {1976, 1978, 1983). A more detailed analysis requires

the extension of the methods developed for treating electron correlation

to the treatment of atoms with pattly filled Shells. Despite the success

of various methods for closed shell atoms (Wendin 1982a,b; Starace 1982;

Amusia 1983; Kelly 1983; Zangwil l 1983) only a £ew attempts have been under-

taken to tackle the spectra of open shell atoms (Kel ly 1983; Amusia 1983;

Zangwill 3963; Combet-Farnoux 1980; Garvin et al. 1983, 1984; Amusia et

al. 198la ,b , 1983). The main problem resta with the great number of inter-

act ing open and closed channels.

The complexity is reduced for almost empty, almost f i l led and for half filled

Shells. Atoms w i th half f i l led Shells occupy an intermediate posit ion between

closed shell atoms and open sbell atoms. This greatly facili tates the exten-

sion of the existing theoretical approaches to these atoms. Atomic Mn, which
f C 'l £

has a 3p 3d 4s S ground state configuration of the outer shells, therefore

forms an ideal testing ground. The characteristic features of the absorption

and photoemission spectra of atomic Mn for photon energies close to the

3p threshold are well described by model calculations based on the extension

of Fano's theory (Fano 196!) to the case of many discrete states interacting

with many continua (Davis and Feldkamp 1977, 1978, 1981; Bruhn et al. 1978,

1982a). Improved agreement with the experimental prof i le of the giant photo-

ionization resonance at the 3p threshold has been achieved by Amusia et

al. ( 1 9 8 1 ) . By dividing each atomic subshell, except the half f i l led one,

into two subshells , in each of which all electron spins are parallel they

constructed a quasi closed shell system to which the closed-shell RPAE formalism

could be applied. Spin-orbit intetaction was not taken into account. Therefore

the sharp 3p 3d 4s S -*- 3p 3d 4s F D P lines at energies below the
, ~ 6„ ,5, 2 6„ -.5- ,6, 2 6„ . . . . .
dominant jp Jd 4s S -*• 3p 3d 4s P resonance are missing in their spectrym.
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Garvin et al. (1983) included the spin-orbit coupling in their MBPT calcu-

lation. They also extended the theoretical 3d cross section to energies
5 5 2 5above the 3p 3d 4s P Ionisation th re sho ld . For the giant resonance in

the 3d part ial cross section the result agrees with those of Amusia et al.

( 1 9 8 1 ) and with the experimental results (Bruhn et al- 1982; Kobrin et al.

1984; Krause et al. 1984) . On the other hand they predicted prominent 3p 3d 4s

* 3p 3d 4s ns, nd Rydberg series converging towards the 3p 3d <ts P series

l imits whieh have only weak counterpar ts in the experimental spectra (Bruhn

et al. 1978). Kelly (1983) speculated that photoionisation-with-excitation

processes raay be responsible for this discrepancy. The itnportance of these

processes has been underlined by the recent results for the 3p 3d 4s •+

3p 3d ( P) 5s P resonant transit ions (Garvin et al. I983b). In Order to

test these ideas we determined the resonant sateil i te photoemission in the

photon energy ränge of the 3p -*- 3d, 3p -+ nd , ns transit ions. In doing so

we also greatly improved the data on the main photoemission lines and the

corresponding partial cross sections.

II. Experiment

For the photoelectron roeasurements the Synchrotron radiation emitted by

the electron storage ring DORIS was monochromatized {bandwidth 0 . 1 5 eV at

40 eV and 0.3 eV at 65 eV) w i th a toroidal gra t ing monochromator {Bruhn

et al. 1983). The monochromatic photon beam (about 10 photons/sec) was

focused onto the interact ion zone, where it crossed a beam of atomic Mn

eraanating from a resistively heated high temperature furnace. Of all 3d-metals

Mn is the easiest to prepare äs an atomic beam. Teniperatures around 1200

K are suff icient to attain a vapour. pressure in the 0 .1 to l Pa ränge. This

temperatures are st i l l below the melt ing point , thus the react ive l iqu id

state is avoided. The furnace could be operated up to 10 hours at reasonably

constant conditions.

The kinetic energy of electrons emerging from the interact ion zone was deter-

mined by a cylindrical mirror analyzer (angular acceptance 0.8 % of 4n ,

energy resolution AE = 0.8 % of the pass energy) . Only electrons emi t ted

at angles close to the rnagic angle of 54°44' relative to the polarization

vector of the incoming light were accepted by the analyzer. This eliminates

the influence of the asymmetry of the photoelectron angular distribution

(Starace 1982; Samson 1982) and allows for a direct determination of part ial

cross sections. The partial cross sections were determined from a series

- 4 -

of photoelectron spectra taken at d i f f e r e n t photon energies and also from

constant ionic f ina l s ta te spectra, where the photon energy and the pass

energy of the electron energy analyzer are scarmed simultaneously. All

spectra were normalized to the incoming photon f lux and corrected for the

energy dependent bandpass of the electron spectrometer . Since the densi ty

of atoms in the in terac t ion zone was not determined, only relative cross

sections are given. Ins tabi l i t ies of the atomic beam, which is es timated
1 2 3 . .

to y ie ld 10 a toms/cm in the interact ion zone, are the main source of

errors . Every cross section presented in this paper was derived from several

independent runs . The count rates were up to 2000 c t s / s for the main 3d C D)4s el

l i n e and typ ica l ly 100 cts/s for the stronger satell i tes. The scatter of

the data presented in Figs. 2-5 gives a good idea of the relative accuracy

of the part ial cross sections which we estimate to be 10 %. Details of the

experimental set up are given elsewhere (Schmidt et a l . 1984; Schröder 1982) .

III. Results and Discussion

A series of photoelectron spectra taken at d i f f e r e n t photon energies between

45 eV <^ ftü) <_ 55 eV are given in Fig. ]. The figure clearly shows the strong

dependence of the intensi ty of the various photoemission lines on the photon

energy. The main 3d 4s •* 3d 4s el, 3d 4s el lines (E0 < 15 eV) are strongly
D

enhanced fa r photon energies between 49 eV and 52 eV due to the coupling
c c o / : *i A 9 f i

of the continuum c^annels to the 3p 3d 4s S •* 3p 3d 4s ( P 50.0 eV +_

0.2 eV F 51.0 +_ 0.2 eV) excitations. These lines also display a marked

enhancement at "hol = 48. l eV, the posi t ion of the 3p 3d 4s S •* 3p 3d 4s D
• ^ 9 fi

transition (Bruhn et a l . 1978; Bruhn et a l . 1982a). The dominant 3d 4s S -*

3d 4s ( D) el line is suppressed at hw = 47 .5 eV due to the destructive

interference between the 3p 3d 4s S •+ 3p 3d 4s P channel and the

3p63d54s2 6S -* 3p63d44s2 ( 5 D ) el channel. The 3d54s2 * 3d55s el , 3d\ nl el

satellite lines are also enhanced for photon energies beween 49 eV and 52 eV.

But in contrast to the main lines they show in part a marked enhancement
fi S ") S S ?

in the region of the 3p 3d 4s •+ 3p 3d 4s nd, ns Rydberg t ransi t ion (54 eV

£fiu £ 5 7 e V ) . Our assignment of the photoemission lines is summarized in

Table I. The assignment is based on the tabulated energy values (Cor l i ss

and Sugar 1977) . Ue w i l l come back to the assignment of the satellite lines

later on.
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III.2 Total_cross sections_and_gartial_cross_sections of_the

Theoretical background_

The theoretical description of the resonant behaviour of total and partial cross

sections when many resonances interfere via many autoionization and Auger decay

channels is extremely complicated (Starace 1977; Combet-Farnoux 1982; Davis

and Feldkamp 1981; Starace 1982; Wendin 1982 b). Therefore there are no simple

parametrized expressions which could be used to describe the total cross

sections and the partial cross sections. In order to simplify the Situation ue

assume that the Mn spectra at the 3p threshold are dominated by the 3p 3d 4s S
C £ J fi

3p 3d 4s P resonance. This brings us back to the case of one single reso-

nance interacting with several continua. In this case the total cross section

is given by (Fano 196!):

E - E
_ o

r/2

(1 )

where o the cross section fsr from resonance, T and E are the fu l l -wid th

at half-maximum and tbe position of the resonance, respectively , q is the

asymmetry parameter and e is the reduced energy. The partial cross section er

in each channel ^ is presented by

„ 2
(2)

£ +1 C +1

where q and e are the parameters defined for the total cross section (Combet-

Farnoux 1982). The off-resonance partial cross section is given by öy. The

coraplex parameter a can be interpreted äs a measure of the coupling between

the p th channel and the resonance. For details the reader is referred to the

Üterature (Combet-Farnoux 1982. Starace 1977) . If the parameter a takes a

finite value the aboye expression can be transformed into

, ,2
o r / . 2. 2 u i / -, \o [ (l - p ) + P„ —^ J (3>

u u L "(i M 2 |

where o and a are effective Fano parameters. For a towards inf ini ty the
H >

pattial cross section displays a Lorentzian profile. The Fano parameters

are assumed constant over the resonance.

Total cross section

The total cross section determined by sumtning the contributions of all photo-
5 5 2

emission channels is presented in the uppermost part of Fig. 2. The 3p 3d 4s

V (56.5 + 0.2 eV) , ?P„ f 5 7 . l + 0.2 eV), V (57 .4 + 0.2 eV) ionization
4 - 3 — 2 —

Potentials, determined from ejected electron spectra (Schmidt et al. 1984),

ate indicated by the vertical bars. For comparison the photoabsorption spec-

trum (Bruhn et al. 1978) is inc luded- The absorption spectrum has been adjusted

at energies below the onset of the 3p excitations. Furthermore the absorption

spectrum has been scaled in Order to make the amplitudes of the 3p-*• 3d

tnaximum of both curves match. Both spectra clearly show the 3p 3d 4s S ->
C £ 0 A

3p 3d 4s D transition at 48.1 eV. The dominant maximum at 50.4 eV is due
C C T £ I l f i 9 ( l

to the 3p 3d 4s S -* 3p 3d 4s P excitation. The assignment is based on the

energy positions, oscillator strangths and the calculations performed fay Davis

and Feldkamp (1978).

The maxima calculated by Davis and Feldkamp (1978) and by Garvin et al.

(1983) both show a shoulder. But the calculations disagree in respect to

the energy position and the assignment of the shoulder. According to the

calculations of Garvin et al. (1983) the 3p63d54s 6S -> 3p53d64s2 4F trati-

sitions are responsible for the peak at 50.9 eV whereas according to Davis
4

and Feldkamp transitions to other L final states contribute. Details of

the structure in this region are sensitive to the location of the mimerous

energy levels, the amount of spin orbit interaction, and the strength of

the interaction with the continua. The 3p 3d 4s S -*• 3p 3d 4s ns,nd Rydberg

transitions showing up between 54 eV and 57 eV in the absorption spectrum

are hardly discernible in the total cross section obtained from tbe photo-

electron spectra. The absorption spectrum overshoots the total cross section

determined from the photoelectron spectra above 53 eV by a factor of two.

This striking discrepancy prohably rests with the diff icul t ies encountered

in determining reliable relative absorption cross sections from a series

of photographically registered absorption spectra (Bruhn et al. 1978). In

order to obtain the Fano parameters the total "photoelectron cross section"
£ C n

has been fitted by a Fano profile (equation I) centered at the 3p 3d 4s *

3p53d64s2 6P transition. The 3p63d54s2 -* 3p53d64s2 4F and the 3p63d54s2 6S -*
C £ T £

3p 3d 4s D excitations have been taken into account by superimposing

Lorentzian profiles. The instrumental hroadening has been simulated by con-

volut ing the Fano profile and the Lorentzian lines by a Gaussian of 0 .18 eV

FWHM. The parameters thus obtained are listed in Table II.



Partial cross sections_of ehe main_3d 4s_ _S_+_3d 4s_ _Dely_3d 4s_ ^ SE!

ghütgemission lines

The center part of Fig. 2 gives the 3d 1s S -+ 3d 4s Del partial cross

seccion, As £or the total cross section the experimental spectrum can be

approximated by the superposition of a Fano type profile (equation 3) and

a Lorentzian p ro f i l e - The effect ive parameters are given in Table IT. We

note that Kobrin et a l - (1984) , guided by the photoabsorption spectrum (Bruhn

et al. 1978) arrived at a similar fit for the main 3d-photoemission cross

section, although exper imenta l ly they did not resolve the overlapping reso-

nances. For comparison the spectrum calculated by Garv in et al. ( 1983a) is

also shown in Fig. 2. For energies above 50 eV spin-orbit e f f ec t s have not

been taken into account by the theory. For the dominant maximum the spectrum

calculated by Amusia et al. ( 1 9 8 1 ) (not shown in F ig . 2) is in good agree-

ment with the theoretical spectrum shown in Fig. 2. Including spin-orbit

e f f e c t s up to 53 eV Garvin et al. ( I963a) obtained a somewhat löwer absorption

cross section at the maximum and a shoulder at the high energy side (curve

not included in Fig. 2). All spectra have been adjusted at 45 eV i.e. below

the onset of the 3p exci ta t ions . The gross features of the experimental

spectrum are reproduced by the theoretical spectra. The e f f e c t i v e q values

(exp. 2.5 ^ 0 .2 , theor. 2 .5) agree whereas the theoretical T value (2 eV)

is larger than the experimental one ( 1 . 3 4 + _ O . I O ) . The RPAE ca lcu la t ion

(Amusia et al. 1981) does not give any f ine s t ruc tu re . In contrast to this

the MBPT calculat ion (Garvin et al. l983a) predicts sharp lines at the 3p

threshold and sharp Rydberg Hnes in the region of the weak s t ructures of

the absorption spectrum. The marked discrepancies between experiment and

theory are:

(i) the position of the sharp lines at the 3p threshold d i f f e r from those

determined experimentally,

( i i ) instead of sharp Rydberg lines the experimental spectrum displays

only weak structures.

In respect of the f i rs t point it is in teres t ing to note that the seraiempiri-

cal calculations of Davis and Feldkamp (1978) give a good descr ip t ion of

the sharp lines at the 3p threshold (Bruhn et al. 1978, 1982a). The second

point can be traced back to the neglect of photoionization-with-excitation

in the MBPT calculations. This will be made clear in context wi th the dis-

cussion of the satellite partial cross sections. The asymmetric Fano type
c 7 £

profile of the big resonance in the total cross section and the 3d 4s S -*

4 2 5
3d 4s ( D)el partial cross section proves the in te r fe rence between this

ionization channel and the 3p 3d 4s S •* 3p 3d 4s P exc i ta t ion mediated

via autoionization of the P state.

The 3d 4s S * 3d 4s ' Sr.l partial cross section can be f i t t e d by a Lorent-

zian line shape, if one ascribes the deviations at the low energy side to

the contribution of the discrete transit ions below the S •* P resonance

(bottom part of Fig. 2). The experimental data , especial ly the constant

ionic. f ina l state spectrum renders this unl ikely, because it does not display

a superposition of narrow profiles. A good approximation o£ the experimental

data over the whole energy ränge can fae achieved by a Fano p r o f i l e ui th

q = -8. A close scrutiny of the 3p 3d 4s S •* 3p 3d 4s ' Sei partial

cross section published by Garvin et al. (1983a) (see Fig. 2), though con-

siderably lower, reveals a similar weak asymmetry. This means that the

3p 3d 4s •* 3p 3d 4sCl decay is on ly ueakly mod i f i ed by interference wi th
5 2 5

the 3d 4s ' 3d 4s£l ionizat ion due to the small cross section for this

process. The l ine parameters obtained by the f i ts of both partial cross

sections (see Table II) are in agreement with those obtained by a model

calculation taking the coupling of the 3p 3d 4s D, P states wi th the

3d 4s ' Sf-1, 3d 4s Dclcontinua into account (Bruhn et al . 1982a). This

adds to the conf idence in the .simple approach.

The branching ratio o(3d 4s S £ l ) / o ( 3 d 4s S E I ) drops from a value of 0.8

^ 0 . 1 a t 4 4 eV to a minimum value of 0.25 f_ 0.03 between 50 eV and 51 eV.

Towards higher energies it rises again, reaching 0.8 j i ^ O . 2 at 54 eV. Krause

et al . (1984) determined this hranching r a t i o over a wider energy ränge.

In the region of overlap there is fair agreement between both sets of da ta ,

though our minimum value lies somewhat above their value of 0 . 1 9 +_ 0.06.

? 2 I l a l c r o s s s e c t ions of s a t e l l t e H n e s

Partial. cross section o f t h e 3 d 4s

Dyke et al. ( 1 9 7 9 ) detected seven sa t e l l i t e lines between 9 and 13 eV binding

energy in their Hei photoelectron spectrura of atomic Mn . Close to the 3p •* 3d

resonance four of these lines plus an additional line at 1 1 . 2 eV binding

energy show up in our spectra (Bruhn et al. 1982a, see Fig . J).

In contrast to the 4s-lines discussed above the remaining 3d electrons
4

of the ion are coupled to a L state. In Fig. 3 the partial cross sections
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of Ehe 3d54s2 6S -* 3d5( F)4s 5Fel, 3d5(4G)4s 5Gel photoemission lines are

presented for photon energies between 45 eV and 55 eV. Both cross aections

are enhanced at the energies of the 3p 3d 4s S •* 3p 3d 4s D ( 4 8 . 1 eV) ,

4P (48 .5 ; 48.8 eV), P (50.0 eV) , 4F (51.0 eV) encitations (Bruhn et al.

1978; Davis and Feldkamp 1978). In the ränge of the strong resonances the

experimental points can be approximated by a superposition of three Lorentzian

curves centered at Ehe S ->- D, P, F transitions. Tbe instrumental broadening

of our set-up is important for the S -* D resonance, which has a FWHM of

£ 0 . 1 eV in the absorption spectrum (Bruhn et al. 1978). The fit parameters

are summarized in Table II. The Symmetrie line shapes signal the weakness

of the interference between the closed and open channels. This is consistent

with the small 3d 4s S -*• 3d 4s ( F, G)el ionization cross section outside

the resonance shown in Fig. l, The 3d 4s S-*-3d 4s Del photoemission line

(EB = 11 .5 eV) (see Fig. I) is mainly driven by the 3pSd54s2 6S -* 3p53d64s2 S

excitation, indicating a small 3p 3d 4s P •+ 3p 3d 4s D f l decay rate.

Partial cross section of the 3d 4s_ S -*_3d 5s_ Sei two electron_satelli te_

line

The photoemission line {E = 16-8 eV) popping up at htu = 50.6 eV (see Fig. 1)

is still puzzling us. According to Corliss and Sugar (1977) only the Mnll

3d ( S)5s ' S and 3d ( D)4p P states have the correct binding energies.

The partial cross section of this line (Fig. 4) can be well approximated

by a Lorentzian convoluted by a Gaussian- There seems to be a weak coupling

to the 3p 3d 4s S -* 3p 3d 4s L transitions located between 49 eV and

50 eV. The half-width of the Lorentzian (0.34 eV) is close to the half-width

for the 3p 3d 4s S -* 3p 3d 4s F excitat ion. This leads us to the con-
6 4clusion that this line is driven by a S -* X transition, where X Stands

for P, D, F. Based on this we can exclude the Mnll 3d ( S)5s S final state,
4

because it cannot couple to a X state with the outgoing electron. Therefore

in LS-coupling tbe decay rate would be zero. There are several 3d 4s S *

3d ( X)4pel photoeraission lines spanning the binding energy ränge from 15.4

eV to 17.7 eV (see Fig. 1). The partial cross section for this group of

lines except for the peculiar line at E = 16.8 eV resembles that of the
t r &

3d ( D)4s4p shake up line (see below). Since it is hard to see why just one of

the 3d 4s S * 3d ( D)4p Pf,l shake up linesshould be enhanced so dramati-

cally we tend to ascribe this line to the 3d ( S)5s Sfcp P t ef F final

state. LS-coupling favours the resonant enhancement via 3p 3d 4s S '

3p 3d 4s P, F excitations.

Partial cross section of the_3d 4s_ _S_-> 3d ( T))4s4p i 4d^ 5sEl_two_electron

satellites

The assignment of the 3d54s2 6S + 3d4(5D)4s4pel, 3d4(5D)4s5sEl, 3d ( D)4s4del

photoemission lines is based OR the tabulated energy values for aComic Mn

(Corliss and Sugar 1977), the ordering of the isoelectronic states of atomic

Cr (Sugar and Corliss 1977) and the energies calculated for the Mn 3p 3d 4s •*
5 5 2

3p 3d 4s 5s, 4d Rydberg transitions (Garvin et al. 1983a). The part ial cross

sections for these photoemission channels are presented in Fig. 5. All lines

are enhanced in the ränge of the 3p 3d 4s S -*• 3p 3d 4s P, F excitations.

We can approximate the part ial cross sections in this photon energy ränge

by the superposition of a Fano type profile and a Lorentzian profile. From

the effect ive q and P values (see Table II) we conclude that there is conaiderable

interference between the 'discrete closed S * P channel and ' the ionization-

with-excitation channels. In contrast to all partial cross sections discussed

so far there is a further resonant enhancement in the region of the Rydberg

transitions. A detailed analysis is hampered by the limited energy resolution

of our set-up (0.2 eV at 55 eV). Inspite of this the spectra yield enough

Information for a tentative assignment. The maxima positioned at 54.4 +_

0.2 eV, 54.9 jt 0.2 eV and 55.3 +_ 0.2 eV in the center spectrum of Fig. 5
c r fy t

are ascribed to the following photoionization and decay sequence: 3p 3d As S ->

3p 3d 4s ( P p)5s -*- 3p 3d 4s5s£l. In analogy we assign the maximum po-
£ c n t

sitioned at 55.3 ^ 0.2 eV in the upper curve of Fig. 5 to the 3p 3d 4s S -

3p 3d 4s ( P , ) 4 d photoexcitation decaying into 3p 3d ( D)4s4del. These

decay channels, not taken into account by the MBPT calculations (Garvin

et al. 1983), result in a broadening of the Rydberg lines and thus explain

the missing of sharp Rydberg lines in the experimental spectra (see Fig.
e c -\ o o

l ) . Also the 3p 3d 4s nl •* 3p 3d 4s nl£l Auger decay may contribute to the

broadening (see Garvin et al. I983b) but from the ejected electron spectrum

(Schmidt et al. 1984) we know that the M. - M N Auger transition rate

is imich larger than the M - M M rate. In LS-coupling the M. M H,

Auger transition is forbidden by selection rules. In the photon energy ränge

of the P ionization thresholds the partial cross sections of all two electron

satellites display structures which turn into a pronounced peak for the 3d ( D)4s4pcl

emission (see Fig. 5). The enhanced satellite emission in this energy ränge

(see also below) corresponds to the broad absorption raaximum above 56 eV

sbown in Fig. l .



Post-collision interaction

The draraatic changes of the satellite photoemission spectrum when tuning
5 5 2 7

the photon energy across the 3p 3d 4s P« ,, , ionization thresnolds are

shown in Fig. 6. In addition to the lines discussed above (lines 1-6, see

Table I) new lines (A-F) pop up in this energy ränge. The binding energies

are listed in Table 3. For photon energies above the highest P (57.4 eV)

ionization limit the M ,, M N Auger l ines are discernible,

The asymmetric l ine shape indicates the influence of post-

collision interaction (see e .g . Schmidt 1982) . The kinetic energies of the

Auger electrons determined from the photoeraission spectrum (26 .6 +^ 0.2 eV,

27.2 ^ 0.2 eV, 27.6 jt 0.2 eV) are approximately l eV higher Chan those ob-

tained for excitations high above threshold (25.63 +_ 0.2 eV) , 26.16 ̂  0.2 eV,

2 6 . 5 ^ 0 . 2 eV) (Schmidt et al . 1984). This is consistent with the expected

energy gain for the Auger electrons by post-collision interaction. Lowering

the photon energy results in the disappearance of the Auger lines and in

an increase of the intensity of lines A-F, because the slow 3p-photoelectron

is captured in a bound orbital (shake down) leading to Mnll 3d n l n ' l ' f inal

States. These states can also be reached by ionization antl simultaneous

excitation. In this context we want to refer the reader to the discussiun of

the connection between Anger lines, resonant satellite lines and post collision

interaction for the 3p threshold region of atoroic Ca, (Wendin I9S2 a ,b;

Bizau et al. 1984).

No marked changes of the photoemission spectrum ( 1 0 eV < E < 35 eV) have
D

been detected for photon energies between 68 eV and 72 eV. According to

Garvin et al. (1983h) 3p63d54s2 6S •* 3p53d5(5P)4s25s transitions broadened

by the coupling to the 3p 3d 4s S -*- 3p 3d ( F ) e f ( P)4s 5s P photoionization

with excitation give rise to noticeable maximum in the absorption spectrum
5 5 2 5

at 7 1 . 4 eV. The energy calculated for the 3p 3d 4s P ionization l i m i t

is 74. l eV.

Conclusions

The general features of the resonances in the total cross seetion and the

partial cross section of the main photoemission channels are fa i r ly well

described by recent MBPT and RPAE calculations. However, a closer lock at

the data reveals marked discrepancies between theory and experiment which

in many cases can be traced back to the neglect of satellite emission channels

in the theoretical treatments. Our results clearly demonstrate the importance

of ionization with excitation.
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TabU

Experimenta! binding energies E of the states of Mnl l giving rise to ehe

photoemission Hnes in Fig. !. The tabulated binding energy of ehe 3d ( S)

4s S, state has been used äs reference.

Line Ko. (eV) State of MnTI

1

2

3

4

5

6

7

8

9

10

1 1

12

13

25 .1 +_

2 4 . 2 ^

20.6 +

20.6 +

16.8 +

15.4 -

14.2 i

12.8 +

1 1 . 5 +

1 1 . 2 ^

10.8 ^

9.3 +

8.6 +

7.44

0 .2

0 .2

0.2

0 .2

0 .2

17.7

0 . 1 5

0 . 1

0 . 1

0 . 1

0. 1

0 . 1

0.05

3d 4 ( 5 D)4s 4d

3d 4 ( 5 D)4s 5s

3d 4( 5D)4s 4p

3d4(5D)4s 4p

3dVs>5s

3d 3( 4X)4p

3d 4 (^D)4 S 2

3d 5 ( 4F)4s

3d 5 ( 4 D)4s

3d 5( 4P)4s

3d 3 ( 4 G)4s

3d 6 C 5 D)

3d 5( 6S)4s

M5(6s)4s

(SP

C 5F

5s

^X

5D

5F

5D

5P

5G

5D

5S

7s
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Table 3

Experimental binding energies o£ the additional lines (see Fig . 6) . The
4

binding energy of the 3d 4s5sel line (see Table I) has been used äs reference.

Line (eV)

29.4 + 0.1

28.6 +_ 0.1

27.4 ^ 0.1

26.3 ^ 0.1

22.5 -t 0.2

18.9 + 0.2
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j^igure Captions

Figure Photoelectron spectra of atomic Kn. The photon energies at which

the dif ferent spectra were recorded are given on the lefthand scale.

Figure 2

Figure 3

Figure 4

Upper part : Total photoionization cross section deterndned

from the photoelectron spectra {fül l dots) and experitnental

absorption spectrum of atomic Mn (dash-dotted line, Bruhn et

al. 1978). The solid line represents our fit from Table 2 convo-

luted by a Gaussian of 0.18 eV FWHM.

Center par t : Partial 3d 4s S 3d 4s ( D j f l cross section.

Experiment: the fül l dots were derived from individual photoelec-

tron spectra. The dashed curve was ohtained by the constant

ionic final state (CIS) method (see text). Theory: solid line

from Garvin et al. 1983a ( for discussion see part III.2).

Bottom part: Partial 3d 4s S -f 3d 4s( ' S)E! cross section.

Experiment: füll dots and dashed CIS-spectrum. Theory: Lower

solid curve from Garvin et al 1983a. The upper solid curve repre-

sents the fit by a slightly asynimetric Fano profi le , the para-

meters of which are given in Table 2.

Experimental 3d 4s S * 3d 4s( F, G)el partial cross sections

{fül l dots) f i t ted by a superposition of three Lorentzians con-

voluted by a Gaussian of 0.18 eV FWHM (instrumental resolutlon).

Data from two different series of photoelectron spectra have

been joined at the broad maximum. This is responsible for the

scatter of the data points in this ränge. The better series

of the photoelectron spectra convincingly displayed the double-

peak structure, apparent in the f i t t ed curves near 50 eV.

Experimencal 3d 4s S -> 3d 5s( S)el partial cross section.

The füll dots were derived from discrete photoelectron spectra

for which a background correction could be performed. This could

not be done for the CIS-spectrum (dashed curve) which therefore

lies above the dots on the low energy slope. Both data sets

indicate a weak enhancement near 49.6 eV. The solid line gives

the approximation of the data by a Lorentzian (0.34 eV FWHM)

convoluted by a Gaussian (0.18 eV FWHM).
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