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The 3p photoelectron spectra of Cr, Mn, Fe, and Co atoms have been studied experimentally and theoreti-
cally. The 3-3d interaction in the final ionic state gives rise to la8 multiplet structure spanning a binding-
energy range of around 20 eV. The prominent high-spin components at low binding energies contrast with the
broad and weak low-spin components at high binding energies. Term-dependent lifetime broadening by super-
Coster-Kronig decays is the main cause of the almost complete suppression of the latter lines. The correspond-
ing 3p photoelectron spectra of the metals display only a single broad asymmetric line. The influence of
correlation on the B photoelectron spectra is shown to be less dramatic than in the case of the better known
3s photoelectron spectra. We show that, while the peculiarities in $hgp8ctrum are caused by configuration
interaction, the single-configuration approximation already provides the clue to the interpretation @f the 3
spectrum.

PACS numbgs): 32.80.Hd, 32.80-t, 31.25.Jf

[. INTRODUCTION sured. In the past themBspectra of 8l transition metals have
been studied less exhaustively than the spectra. Both
In recent years the |8 photoelectron spectra of Cr, Mn, spectra are perturbed but, as we will show, the two spectra
Fe, and Co have been widely used to obtain informatiorfieviate in rather different ways from the independent particle
about the electronic and magnetic structures of metals, conpicture. This is probably one reason that the spectra are
pounds, surfaces, thin films, and multilayer systefsse still less well understood.
[1-12] and references therginin particular, spin-resolved  In the analysis presented here we assume that photoion-
photoemission and linear and circular dichroism in angleiZation and the subsequent Auger decay are two independent
resolved photoemission have proved to be powerful atomPTOCESSes. This assumption is expected to hold for the high-

specific probes. Interpretation of the experimental spectra h inhstates VthiCTj decay ffairly SIO}NI%/ bIUt to be less reliable
in most cases relied on atomic models, usually some varia pr the very fast decay of some of the low-spin states.

of the independent electron moddl-15], while different

schemes, e.g., cluster or ligand field models, have been used Il. EXPERIMENT

to take solid state effects into account. Due to the experimen- The atomic photoelectron spectra were recorded with a

tal difficulties there_ are only a few@Bphotoelectron §pegtra Scienta SES 200 electron energy analyzer at the HASYLAB
of free atoms and ions knowri6] compared to the situation sx 700 and the BESSY | TGM 5 undulator beam lines.
for solids. The pioneering experiments on atoms have beepnoton energies varied between 110 and 278 eV. The mono-
limited to the 3 photoelectron spectra of Cr and M7—  chromatized undulator radiation was focused on a beam of
20], which sublimate at relatively low temperatuf@d]. The  free atoms generated in an effusive furnace heated either
strong coupling of the @ hole with the 31 electrons spreads resistively or by electron impact. The temperatures necessary
the 3p°3d"4s™ multiplet over an energy range of approxi- for the creation of an atomic beam of sufficient particle den-
mately 20 eV(see, e.g.[10,15,17,19. The experimental sity are about 1650 K for Cr, 1200 K for Mn and 1800 K for
spectra published so far either suffer from insufficient energyre and Cd21]. At these temperatures the ground states Cr
resolution or do not cover the full multiplgl7—20,22, ex-  3d°4s’S, Mn 3d°4s? 8S, Fe 3%4s?°D, and Co 2174s? *F

cept for the recently published results on[IR8]. In order to  are populated almost exclusively. The electron energy ana-
determine the multiplet splitting as well as the strength andyzer accepted only electrons with an emission angle close to
the width of the different components, we studied the 3 the magic angle of 54.7° with respect to the polarization axis
photoelectron spectra of Cr, Mn, Fe, and Co atoms experief the undulator light. The photoelectron spectra were re-
mentally and theoretically. On the basis of this study wecorded at a fixed photon enerdpy, while scanning the ac-
hope to provide a more reliable basis for assessing atomicelerating(retarding lens voltage of the analyzer. The con-
effects in the solid state spectra. With this in mind, the 3 stant analyzer pass energy of 75 eV resulted in a bandwidth
photoelectron spectra of Cr and Mn metals were also measonstant over the whole spectrum. All spectra were corrected
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for the analyzer transmission. The total instrumental energyatio 3s3p®(3d® 6S) 7S/3s3p®(3d® ©S) °S from 1.4 to more
bandwidth[full width at half maximum(FWHM)] amounted than 2[25] in reasonable agreement with the observations
to 270 meV for Cr, 300 meV for Mn, 700 meV for Fe, and [19].
320 meV for Co. The monochromators were calibrated using The situation for the B spectrum is more complicated.
well known photoelectron and Auger lines of rare gases. AuAlthough removing a B electron in principle can lead only
ger lines and the @ photoelectron lines were used to estab-to 3p®(3d°® °S) ’P or °P terms, this time, in addition to the
lish the binding-energy scale. (°S) °P term, there are two additionatP terms in the
The photoelectron spectra of the Cr and Mn metals wer&p®3d® configuration, based on thed3*P and D parents.
determined at the HASYLAB FLIPPER Il station. A clean These terms are connected f8) °P via nondiagonal elec-
Cr(100 surface was prepared under UHV conditions bytrostatic matrix elements and all three terms can thus in prin-
sputtering and annealing of a Cr crystal. A thick layer of Mn ciple be reached by photoionization of p 8lectron. Experi-
was evaporated on a copper crystal. The electron specti@entally, a total of five peaks, including tHé, have been
were recorded with a cylindrical mirror analyzer. The instru-observed19,24). Only the last is strong and the lack of a

mental bandwidt{FWHM) achieved was 506100 meV. second strong component has frustrated the identification of
the other features so far. Due to the importance of ClI for the
IIl. THEORY 3s spectrum, it is reasonable to attempt a similar explanation

for 3p. However, Cl turns out to be less important for the 3

A spin dependence of the Auger decay rates is the clue tepectrum. Instead we will show that the single-configuration
the appearance of thep3spectrum, where the lowe$tS  approximation can explain the main features of tipespec-
multiplets have high values of the total spSiwhile the trum although CI is important for a more detailed under-
higher multiplets have smaller spin values and the differencetanding.
in spin determines the decay rates. In the following we will  We will distinguish two types of CI here which, for con-
use Mn to illustrate the situation. Since the &1d 3 spec-  venience, we will call “strong” and “weak” ClI. Strong ClI
tra behave rather differently we will start by reviewing the is associated with large interaction integrals, as found when
3s spectra, which have been studied much more extensivelthere is good overlap between the interacting electrons, while
than the ® spectra. weak CI covers the rest. Very good overlap is obtained if the

The ground state in the Mn atom has, as mentioned, thelectrons are associated with the same shell, i.e., have the
electron configuration £3p®3d°4s?. The 4s electrons will  samen value, and strong CI will here be restricted to this
not influence the coupling and can be omitted from the terntase. The 8 spectrum has long been recognized as a promi-
labels together with the filled inner shells. The half filled 3 nent case of strong Cl. This is because the main part of the
shell, A, has a®S state much lower than all other states in interaction is due to a 8Bp®3d°—3s23p*3d°® excitation
the 3d°® configuration(Hund’s rule and removing a 3s elec- fulfilling the condition that all participating electrons have
tron can lead only to 88p®(3d°®S) S or °Sterms as long the samen value. However, what makes this excitation es-
as the coupling in the 3d shell is unchanged. Thus two phopecially prominent is that the energy connected with the ex-
toelectron peaks are expected, separated by a distance deteéitation is very small. In addition to this excitation there is of
mined by the exchange interaction between tiseaBd 31  course a large number of excitations belonging to the cat-
electrons. The orbitals corresponding to these two electronggory weak CI.
are located in the same region of space and the exchange For the 3 spectrum, there is also at least one excitation,
interaction between them is consequently considerable. Thid3p®3d®— 3p33d’, for which the interaction integral is very
means that the distance between the two peaks is expectedléwge. Nevertheless, although this excitation belongs in the
be large. The relative intensity of the peaks is in this approxicategory strong Cl as defined above, its effect on the spec-
mation determined by the statistical degeneracy of the twarum is much smaller, since the excitation energy is consid-
terms, i.e., 7/5= 1.4. erably larger than for thesBp®3d°— 3s23p*3d® excitation.

The energy separation and the relative strengths of the However, there is another difference between teead
corresponding lines in the photoelectron spectra of atom8p spectra, this one connected with the decay rate. This dif-
and solidg17,19,24, and references therdistrongly devi- ference is already present in the single-configuration ap-
ate from these predictions. In addition, further peaks wergroximation. For the B spectrum, as we will see, super-
observed in the spectra which originally were ascribed taCoster-Kronig(SCK) decay is allowed, in which two &
solid state screening but later were realized to be due telectrons in the initial state are involved. One of the two
intra-atomic interaction§l7]. The theoretical spectra could electrons fills the B hole and the other is ejected to the
be reconciled with the experimental results only by takingcontinuum. However, while this mechanism is allowed for
into account strong intra-atomic configuration intracti@t)  the quintet terms, it is not possible for the septet because the
[24-26. The 3 spectrum has therefore a rather prominenthighest-spin state possible in the fingd®3d®4s? configura-
place in the history of the use of atomic concepts in thetion is quartet when the threed3electrons have their spins
interpretation of solid state spectra. aligned. Coupling with the continuum electron makes quintet

In the 3s spectrum, CI moves thes3p®(3d°®®S) °Sterm  (and triple} states possible but not septets. Therefore, as long
closer to 33p°(3d°®S) ’S, which is much less perturbed. as the initial state is a good septet, it cannot decay to
Configuration interaction distributes thes®%(3d®°S)5S  3p®3d®4s? via the Coulomb interaction in a single-
intensity over severatS states thus increasing the intensity configuration approximation. Thed3 éS term is located well
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below the quartet terms ind3 [27] so that this term, in fact, probabilities, and Auger decay rates have been carried out
is very pure in the sextet label, and the same applies to thesing the suite of programs due to Cowi@82] in the ap-
septet in $°3d°. proximately relativistic Hartree-FockHFR) approximately
For the 3 spectrum, the same spin-selection rules applyntroduced by Cowan and Griffif83], both with and without

but it turns out that in the ®p®3d°— 3s?3p®3d? el decay configuration interaction, Cl, included. Although the main
even the®S term cannot decay by SCK since it is impossible féatures can be explained within the single-configuration ap-
to form a °S term by adding ars, d, or g electron to &i° pr_OX|mat|on(SCA), Cl is nevertheless important fqr a de-
terms because thed3 configuration has onlf andP terms tailed agreement between theory and experiment; in fact, the

with quartet character. There is a second SCK decay possib- troduction of Cl is indispensable for the agreement for the
for the 3s hole, namely, 83p°3d5_3s23p53d* and this s spectrum and less important although by no means neg-

) . . ligible for the 3p spectrum. CI calculations of the Auger

7 5
“”?e t?Oth Sa_md S terms can decqy since both symmetrlesdecay rates have been carried out for Mn only. The decay
exist in the final state. Thus the linewidths of the twe 3

i S rates in Cr are expected to follow the same trend and the

peaks are of comparable sizalthough °S is somewhat ,nen 4 shell makes such calculations less tractable for Cr.

wider; see belowwhich makes it much easier to compare yowever, Cl calculations have been carried out for the en-

intensities than for the 3 spectrum where the maitP peak ergy and excitation spectrum of Cr since the single-

turns out to be much wider than tH® peak as we will see. configuration approach does not explain all observed peaks

It is the last observation that provides the main justificationin this spectrum.

for this paper. As mentioned, this effect is present in the

single-configuration approximation, and a key result of this B. Energies

study is that the effect is so strong that it is not washed out | . . ) . .

by Cl. Itis well known that smgle—conﬁguratmn palculayons do
That the decay rates for the septet and quintet terms in th%Ot give the correct spread of a configuration. This is true

3p spectrum are very different in a sinale-confiquration ap-¢ €" when strong Cl is included. In general the calculated
P spect y _single-contig on ap spread is larger than observed, and this has been understood
proximation was realized by McGuif@8] quite some time

. L as the result of the cumulative effect of weak CI with the
ago. McGuire noted that a smplar _although much less PIOTarge number of high-lying configuratiori84], which will
nounced effect was pre_dlcted in hls calculations for tlse .3 press the upper terms down more than the lower ones,
spectrum. Although this effect is not caused by spin-therepy contributing to a compression of the width of the
selection rules, itis real, and we will in the following refer to configuration. In this case the effect is easy to visualize since
it as an “effective” spin dependence. However, McGuire’s |ow-spin states will be much more numerous in the spectrum
paper is mainly concerned with showing that configurationthan high-spin states. The same actually applies to the strong
interaction cancels the intrinsic difference between septeCl effects in this case, as noticed earlig6]. The compres-
and quintet for the 8 spectra and he surmised that the samesion can be described phenomenologically by reducing the
would happen for the |8 spectrum. This turns out to be size of the HF, alternately HFR, Slater integrésiding in
incorrect, but only recently Kotani and collaborators principle “Slater” integrals of odd rank alsf84]) and this
[10,29,3Q have rediscovered spin dependence, which cariscaling” is widely used to approximate weak Cl, which is
broaden the low spin states in the photoelectron spectra ofery difficult to calculateab initio for a many-electron atom
both transition metal and rare earth elements. HoweveWith several open shells such as Mn. The scaling factors are,
Malutzki et al. [18] had already discussed the possibility of Of course, different in principle according to whether strong
the effect in 1985 and Schmifi81] showed its existence in Cl effects are included explicitly or not. The explicit inclu-

Mn in the same year, independently of McGuire’s earliersion of strong CI together with the implicit inclusion of weak
i cEl via scaling factors is expected to be the most accurate

emiempirical approach. For both Mn and Cr we have used
this method with scaling factors equal to 80% for the direct
and exchange Slater integrals, while the spin-orbit interac-
tion and the electrostatic Cl integrals were used without scal-
ing. These scaling factors correspond well to what is found

but McGuire’s[28] suggestion that ClI is equally important . . .
for the 3p spectrum has not been explored. Here we preser{Pr othgr conflgurauons.m these atof#2], and th? same _set
of scaling factors has in fact been used both in the single-

such studies, showing that the effect of Cl is much less dra(_:onfi uration and in the CI calculations. Results for Mn are
matic for the 3 spectrum than for & In addition, we point 9 '

out that the photon energy dependence of the photoionizatio%hOWn in Table 1l and for Cr in Table Il below. It is, of

cross sections further complicates the interpretation of th&OUrse. an approximation to assume that one scaling factor
3p spectrum. ¢an bring all terms into agreement with experiment, and the

remaining disagreements between observed and calculated
energies are small enough that they might be due to this
A. Calculations approximation.

effect in the rare earth elemeri29] and the spectra of Nigl
[30] as well as in MnO and Mnf10]. For the % spectrum
many studies including Cl have been repoftéd,24—26,28

Although qualitative arguments, such as those sketched
above, are useful for understanding the main features of the
spectra, calculations are required in order to obtain quantita- We present both single-configuration and CI calculations
tive agreement. Calculations of energies, photoionizatiorior Mn where the SCA is used to label results obtained using

C. Decay rates
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TABLE |. Calculated Coster-Kronig and super-Coster-Kronig decay rétes !, numbers in square
brackets are powers of 1@nd total line width§FWHM in eV) of Mn 1 3p hole states. A single configu-
ration, and a configuration interaction approximation are shown. Decgyasaf electrons is included. The
states are given in order of increasing energy. The values shown are averages over indilddals; see
text. “Direct” indicates the $°3d%4s2—3p®3d°4s decay, which is possible only for the high-lyin§S)
5P term as discussed in the text.

SCA Cl
Mn 1 state CK SCK Direct Width CK SCK Width
3p°(3d° ¢9)4s? 7P 4.913] 5.7110] 0.031 1.914] 1.711] 0.13
3p®(3d® *D)4s? 5P 6.613] 9.013] 0.10 3.314] 5.113] 0.25
3p®(3d® *P)4s? 5p 5.913] 2.414) 0.19 8.914] 1.914] 0.71
3p%(3d® 69)4s? 5p 7.14] 2.915] 3.714] 2.6 7.414] 2.915] 2.5

4ncludes “direct” SCA contribution(column 4.

single-configuration HFR calculations for the initial and final +3p°3d®4s+3p°3d’+3p>3d’4s?+3s3p°3d%4s® for the initial
states. Since HFR is a relativistic approach, these calculsstate. The reason for the choice of configurations is that the
tions employ intermediate coupling although the actual coumixing between 8 and 4s electrons is well known to be
pling for the high-spin states is close It®. Table | shows important in optical spectra, because of the small energy dif-
the result of calculations of CK and SCK decay rates for Mn.ference between thed3and 4s electron in near-neutral at-
The calculations include decays fpr f, and h continuum  oms, while the $>—3d? and 3—3d excitations are ex-
electrons where thh decay(present for SCK onlyis neg- pected to be among the most important excitations
ligible (around 1x 10'° s ). The coupling between the con- contributing to core-valence correlation. Table | shows that
tinua has been neglected. The energy of the continuum elefer the ’P term the CK rates, in particular, are influenced by
tron has been put equal to the calculated energy differencée introduction of Cl. The reason is that the admixed
between the centers of gravity of the initial state and the finaBp®3d®4s components have a very lard8CK) decay to
(ionic) state, and it has been checked that the dependence 8p°3d*4s which boosts the CK decay ofp33d°4s?. Also,
the energy of the continuum electron is fairly small. As ex-for the lower °P terms this effect leads to a significant in-
plained already, the Slater integrals have been scaled dowsrease in the decay rate, while for the high&Btterm, for
to 80% in the calculations in order to reproduce the observedvhich the decay is already very fast, the effect is negligible.
energies, while spin-orbit integrals and the interaction inte- In the CI calculations, the individual final state continua
grals with the continua have been used without any scalinghave been considered separately, while the effect of includ-
Table | shows that there is a difference of a factor ofing the Cl between the final ionic states in the calculations
about 100 between the decay rates for the low- and high-spiwas found to be small. The free electron energy has, as in the
states in the SCA approximation. If only SCK is consideredSCA calculations, been fixed at the HFR energy difference
the factor is much larger, about<sl0%, as expected on the between the centers of gravity of the initial and fitiahic)
basis of the good_S coupling for the septet. The decay configurations. The effect of coupling the continua has been
involving two 4s electrons has a rate equal tox714'°s ! neglected but is believed to be small as far as total widths are
for all states, i.e. much slower than the CK and SCK decays;oncerned at the rather large electron energies involved. It
and has not been included in the table. Finally, for the highturns out that, while the ® °S term is located well below all
est®P term, €S) °P, a rather unusual decay is possible sinceother terms in the neutral Mn spectrungd®3°D)4s®D be-
this term is located above the lowest limit for simultaneouslycomes the lowest term, in the SCA, when p 8lectron is
ionizing a 3 and an outer 4 electron. This means that the removed. This makes the Minspectrum very dense and an
decay 3°(3d°8S)4s?5P—3p°(3d°8S) ("P) 4s®P+ks is  accidental degeneracy between, for exampled®48 term
possible and, since it involves a fairly small free electronand one of the 8%°4s? P terms can change the excitation
energyk, this decay could be expected to be important. It isspectrum considerably. Since the distance between the two
included in Table | under the heading “direct.” Although configurations is not accurately known, the high density of
not negligible, it turns out not to contribute very much to thestates can easily lead to artificial degeneracies and thus mis-
total linewidth of the uppermosPP term. For the lower leading results. The experimental spectrum indicates rather
terms this decay is energetically forbidden. The SCA numstrongly that the’P term is intact, so that degeneracies with
bers in Table | are averages over the results for the levelthis term should be avoidedor example, by a suitable dis-
belonging to a particular term. However, in the SCA theplacement of one or more of the configurations invojved
differences between individual levels are rather small. However, for the®P terms it is harder to decide whether a
Introduction of Cl does have a considerable influence ordegeneracy with 8%4s, for example, is an artifact, and the
the decay rates, increasing the linewidth of tieterm by a  Cl calculations indicate a splitting of some levels belonging
factor of 4 as shown in the table under the heading “Cl.” to all three®P terms, which might be real and could lead to
This calculation includes the configurationgp®3d°4s®>  a reduction in the probability for excitation compared to the
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SCA prediction. The rates given in Table | are again ob-in mind that the 3 photoionization cross section as such is
tained by averaging, but this time the average is over alfairly small and therefore difficult to calculate precisely.
levels with a significan®P component. For the two lower The 3p spectrum is considerably stronger but more com-
P terms, in particular, the average is over a rather largélicated. For one thing, the cross section for photoionization
number of states, making the average value less significan@f & 3p electron shows a rather pronounced Cooper mini-
One difference between atoms and solids is the delocamum[19] and, because the energy of the outgoing electron is
ization of the 4 electron in the solid. In the atom, the decay rather different for the’P and the high®P terms, the cross
rate of the high-spin states is mainly due to the normal CkS€ctions can be expected to have their minima at different
decay involving a 4 electron. This possibility is strongly photon energies, corresponding roughly to the same electron

suppressed in the solid and Kotani and co-workers have us& €9y Slnﬁe;he h%gher terp, reﬁches the Co7?3per mini-
ally restricted themselves to calculation of the SCK rates! =" at a higher photon energy than tiewen ter7m,
his effect contributes to increasing the ratio between‘the

The restriction on the SCK decay due to the spin—selectiort\ . . .
rule is operative for elements up to the half filled 3hell. and, in _partlcular, t_he h|gﬁF_> at t_he photon energy relevan_t
Kotani and co-workers have also found a term dependence re. Finally, the different linewidths of the septet and quin-

the decay rates in Ni30], for example, where the shell is et\}sgrr;}z\?;uigrtiiéaléﬁ? (I:rz]itl?:ualgggggt;)f the probabilities for
nearly full. The existence of this “effective” spin depen- P

dence, mentioned earlier, is supported by the present result{ghotmomzatmn of the individual terms. Table Il shows the

were the SCA calcuatons shov that fo he CK cecay <001 In® SUET0Us b e el pece 1 b ca
Mn, for which the spin-selection rule has no effect, the decay PP

rate for the £S) °P term nevertheless is 16 times larger thanchergles. As;umlng a common electron. energy, the.SCA
Bem 7 . . leads to a ratio between the lowest and highest terms in Mn

the decay rate for°g) ‘P. The effect is reduced when ClI is . 56 5

included equal to 1.9, mainly due to the transfer gp°§3d° °S) °p

54 5 H
We mentioned earlier that for thes¥pectrum McGuire character to the lower(®(3d" D) °P term. Inclusion of CI

[28] found a spin dependence that largely disappeared Wheg]oes, as surmiged by McGuk28], lead to a rgduction of thg
Cl was introduced. However, we have also mentioned thartatIO but, as pointed out already, the effect is much less im-

SCK decay is allowed for both théS and the®S terms in portant than for the 8spectrum. In fact, if the same electron

the 3s spectrum. McGuire therefore was concerned with an_Neray 1s 'used ff’r.b"‘h peaks the redu_ctlc.)n.|s very S”?a”’
i . while if this restriction is relaxed the ratio is increased in-
effective spin dependence of the above type, a much weaker .
Stead, as mentioned above.

effect than the spin dependence induced by spin-selection We h f d CI calculati including th fi
rules. Therefore ClI could largely neutralize the spin depen-_.. € have peg OrL“ez C? cuﬁat|0ns '(?Cg '”95 e;:onz|gu-

. . . rations F°3d°4s°+3p°3d°4s+3p°3d’+3p*3d‘4s
dence. In fact we find that the difference in free electron

energy betweerdS and °S already has an equalizing effect +3s3p°3d°4s” to describe the neutral atom and the con-
9y : Y qualizing figurations  $°3d°4s?+3p®3d®4s+3p°3d’ +3p33d’4s?
on the decay rates in thes3pectrum.

- o . +3s3p°3d®4s? to describe the ion, adding a continuuin
A similar effect is important for understanding the 3 o X o .
electron, which is more important than excitation via @n

excitation spectrum since, in addition, a Cooper minimum : S
exists in the P kd transition probability. wave, for the calcula'uo_n of the photoionization rates. Only
the f values corresponding to the® and the uppermostP
terms are shown. As mentioned earlier, thié terms are
spread over a number of levels in the CI calculation, and this
For a proper understanding of the photoionization pro-applies particularly to the lower terms. The results in Table Il
cess, it is important also to understand the excitation specsorrespond to the use of a fixed electron energy chosen as the
trum, in particular the strength of the observed peaks. It waslifference between the mean energies of the two configura-
mentioned earlier that in the simplest approximation the ratidions involved, as well as to the use of different electron
between the intensities of the septet and quintet (®pak energies to determine the cross sections for the two terms
should be equal to the statistical degeneracy 7/5. Howeveseparately. The relative intensities within th® multiplet
we have just mentioned that the “effective” spin depen-are unchanged by the introduction of Cl and the same applies
dence of the decay rates fos,3for example, will make the to the energy separations in the multiplet. However, the in-
FWHM of the S peak larger, an effect that needs to betensity of the uppermostP multiplet is spread over a num-
taken into account when comparing with experiment. Sincéer of levels and for this reason only the sum of individual
there is a considerable perturbation of fi@term in the 3  values is shown. The two different electron energies in the
spectrum, the ratio should in addition be modified with thecolumns of relativef values correspond to the actuéP
percentage of thesB3p®(3d°® 6S) S component in the appro- electron energy, 65 eV, at a photon energy of 122 eV and the
priate level, and we pointed out in the last section that ther@ctual °P energy, 47 eV, at the same photon energy. The
is a dependence on the energy of the photoelectron alswalue for °P at 47 eV is calculated relative to thealue for
Although we do not know of a calculation including all these ’P at 65 eV. Thus the rati¢2.6) between®P at 47 eV and
factors, the agreement of the existing estimf®& with the ~ ’P at 65 eV is the most accurate intensity ratio reported
the experimental datd 9], which show a fairly constant ra- here.
tio of about 2.4 independent of photon energy except very Energies and relative line strengths have also been calcu-
close to threshold, is reasonable, in particular when it is kepfated for Cr within the SCA and the CI approximation. The

D. Excitation spectrum
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TABLE II. Assignments, binding energigexperimental uncertainties in parenthgsesd relative line

strengths of the lines observed in thp Bhotoelectron spectrum of Mn atoms. The calculations use scaling

of the interaction integralg¢see text The relativef values in the CI approximation are obtained at two

different free electron energiescorresponding to the decays &) ’P and ¢S) °P, respectively, see text.

Experiment SCA Cl
Energy Energy Relf value Energ} Rel. f value
Labef Mn 1 state (eV) (eV) (eV) e=65eV e=47eV
A 3p5(3d°89)4s? P,  57.045) 57.04 1.00 57.04 1.00
P, 57.535) 57.51 0.78 57.49 0.77
P, 57.975) 57.92 0.56 57.89 0.55
B 3p°(3d® “D)4s? 5P, 60.19 0.11 59.72
5P, 60.3-60.6  60.39 0.18 59.89
5p, 60.65 0.26 60.13
C 3p5(3d® *P)4s? 5P, 64.30 0.006 63.82
5P, 63.5-64.5 64.69 0.008 64.34
5P, 64.76 0.007 64.22
D 3p°(3d°%9)4s5s7P,  66.91)  66.945)
P, 6731  67.195¢
P, 67.11)  67.745)
E 3p%(3d° ®S)4s4d  68.21) 68.1(1)°
68.71) 68.5'
69.1(1)
F 3p°(3d°® 69)4s? 5P, 75.75 0.24 74.20
5P, 743-758 7594 0.43 74.48 1.27 0.89
5p, 76.27 0.56 74.83
aSee Fig. 1.

®The energy level with the largest component of the indicated eigenvector is shown, but several oftRe low
levels in particular are very mixed; see text. The order of the levels intRe 5@ term is inverted in the ClI
relative to the SCA calculation for this reason.

‘The experimental binding energy is used to calibrate the theoretical energies.

d/alues based on energies of the Mabsorption line§35], see text.

results are summarized in Table Ill. Cl calculations for Crthe lines D and E. More accurate values for the binding
turned out to be more difficult because of the openshiell  energies of the $and 4 shake-up lines have been obtained
and the importance ofsi—4d excitations as explained later. by adding the Mn ionization energy of 7.4341 §7] to the
energies of Mm absorption lined35]. The 3°3d%4s 8P
double-ionization limits shown in the figure are based on
. . . estimates of the Mh3p ionization threshold$35]. The as-
Since most calculations have been carried out for Mn we’; . . U .
start by considering this atom. signments, th.e expenmental and theoretical _blndmg energies,
and the relative line strengths are summarized in Table I,
which shows the results with the lowe$S] ’P level used
A. Mn as reference level. With the scaling factors mentioned above,
The experimental B photoelectron spectrum of atomic the (S) °P term is calculated slightly higher than observed
Mn at a photon energy equal to 122 eV is given in the topin the SCA calculation, while the introduction of CI moves
part of Fig. 1 where the individual lines are indicated with the term below the observed position, as expected. However,
capital letters. The sharp and prominem®@d°® 6S)4s? 7P the shift is not large enough to justify the use of a different
lines at low binding energie$A) lie 18 eV below the set of scaling factors. Also, the lowéP terms are slightly
3p°(3d°635)4s? 5P lines with the highest binding energy too low in the ClI calculation but within the accuracy of the
(F). The 3p-3d exchange interaction causes this separatiorapproach the agreement is good enough to confirm the as-
of the ’P and °P states where the totalp3spin is parallel signments of the experimental peaks. We note that scaling
and antiparallel to the totaldBspin, respectively. Recoupling down the CI integrals would improve the agreement with
of the 3d electrons gives rise to thP lines B and C, which, experiment. We note that also for the 8pectrum the use of
as mentioned, get their strength from the electrostatic couwinscaled ClI integrals places tR& term too close to’S.
pling with the ¢S) °P term. TheZ+ 1 model(see top part of The calculated B°(3d°©S)4s?>’P, °P photoelectron
Fig. 1) predicts shake-up lines in the binding energy range ofines are given by the bar diagram in the bottom part of Fig.

IV. RESULTS AND DISCUSSION
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TABLE Ill. Assignments, binding energies, and relative line strengths of the features observed m the 3
photoelectron spectrum of atomic @Gxperimental uncertainties in parenthgs@te that the ClI calcula-
tions for energies and line strengths are different, see text.

Energies(eV) Theory

Experiment AbsP Energies(eV) Rel. line strength

Labef Crll state SCA Cl SCA Cl

A 3p°(3d°8S)("P)4stPy,  46.345) 46.34°  46.34° 1.0 1.0
8p,,  46.705) 46.70  46.69 0.80 0.80
8p., 47.035) 47.02  47.01 0.60 0.60

B 3p%(3d® ¢s)("P)4s 6P, 47.675) 47.73  47.71 0.02 0.02
5Py, 48.085) 48.10  48.07 0.02 0.02
P4 48.395) 48.40  48.35 0.02 0.02

C 3p5(3d® D) (°P)4s 6Py, 4926  48.83 0.12 0.12
= 49.6 49.525) 49.39  48.95 0.19 0.19
5P, 49.655 49.58  49.13 0.26 0.26

D 3p%(3d®6s)("P)4p  50.4-52 51.3

E 3p°(3d® “P)(°P)4s 6P, 52.93 52.33  0.007 0.007
5pg,  53-54 53.18 52.44  0.007 0.005
P4 53.23 5265  0.006 0.005

F 3p°(3d°® 85)("P)5s 6P, 55.555)
8P, 55.715)
= 55.4 55.915) 55.5
= 56.045)
5Py, 56.265)

3p°(3d°® 69)("P)4d 8Py, 55.46

8P, 55.8 55.50
8Py 55.80

G 3p5(3d° 89)(°P)4s®P,,  60.92) 63.14  61.83 0.29 0.29
5Py, 63.30  61.95 0.45 0.45
5P, 61.82) 63.54  62.18 0.56 0.56

H 64-64.8

[ 65.2-66.2

aSee Fig. 3.

®The binding energies are based on the energies of theaBsorption lineg40]; see text.
‘The theoretical binding energy has been matched to the experimental value.

1. The lengths of the bars are proportional to thealues energy °P lines. We note that the use of thevalues
obtained in the SCA. The energy positions correspond to Chptained in the CI approach, including the effect of the dif-

binding energies. There is at first sight an obyious discre,pference in free electron energy between fieand the high
ancy between experiment and theory concerning the reIatweP terms (last two columns of Table Jj would reduce the

amplitudes of the lines. However, these amplitudes are . 5 . .
strongly influenced by the term-dependent linewidth as dis?Ielght of the”P peak in the center part of Fig. 1 further and

cussed already. The SCK decay, forbidden for the low.mprove the agreement with experiment as discussed below.
. y H 5027
energy 'P lines, gives rise to a dramatic broadening of theFr%md4the6 photoelecIFron lines anq thep|53qd4rs] fP_
high-energy °P lines. The calculated widths of the lines SP d"4s°D Auger lines an experimental width of 140

caused by CK and SCK decays are presented in Table I. If'€V =20 meV has been extracted, in good agreement with
order to facilitate the comparison with the experimentalthe Cl value of 130 meV in Table | but much larger than the
spectrum, we convoluted the bar spectrdmottom part of SCK rate even when Cl is included.

Fig. 1) with a Lorentzian and a Gaussian profile. By choos- We have already pointed out that the intensity ratio be-
ing the width of the Lorentzians equal to the calculated Cltween the features A and F is strongly photon energy depen-
linewidths (Table ) and the width of the Gaussian equal to dent. The ratio, which can be determined from Fig. 1, is
the instrumental resolution, the spectrum in the center part aipproximately equal to 7 in good agreement with the results
Fig. 1 was generated. This spectrum describes the main feaf Jimenez-Mier et al. [19]. The SCA calculations used in
tures of the experimental spectrum reasonably well, espd=ig. 1 predict a value of 1.9 for the ratio of the total line
cially the dramatic reduction of the amplitude of the high- strength of the low-energyP line and the total line strength
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FIG. 2. Experimental B and 3 photoelectron spectra of atomic
5 Cr taken at a photon energy of 278 eV. The assignment of the
] strongest photoelectron lines to ICBp>3d°®4s 8P and éP and Cni
gestp p
5p 1 3s3p®3d°4s8s and 8S final states is indicated.
°p
0 ||| . . | ionization a similar effect is visible. Amusiat al. have
55 60 65 70 75 80 shown that the effect of the@3—3d excitation on the 4

ionization is strong and can explain the deviation in the ratio
between the’S and °S peaks for the 4 ionization [37].

FIG. 1. Top part: Experimental8 photoelectron spectrum of However, the calculation show a fast decrease in the branch-
atomic Mn taken at a photon energy of 122 eV. The peaks labeletng ratio from about 70 eV photon energy, whereas the ex-
by capital letters are discussed in the text. The energy positions gierimental ratig 37,38 reaches its maximum at 80 eV and
the Mnii 3p®3d®4snl shake-up states predicted by the 1 model  stays considerably above the calculated value up to 90 eV,
are indicated. Center and bottom parts: Calculated nMn i.e., the limit of the calculation.
3p®3d°4s? P, 5P photoelectron lines. The strength of the lines
was calculated within the single-configuration approximation and is B. Cr
given by the lengths of the bars in the lower part. Convoluting this ) ) ) )
bar spectrum with Lorentzian and Gaussian profiles, the spectrum in  1here has been a considerable interest in comparing the
the center part was obtained. The widths of the Lorentzians wer@hotoabsorption spectra of Cr and ¥88]. It has been found
chosen equal to the calculated linewidths in the CI approximatiorthat the two spectra are rather different, with the Cr spectrum
(Table ) while the width of the Gaussian was determined by theshowing considerably more detail than is the case for Mn.
instrumental resolution. The energies were calculated within the CCostelloet al. [40] have compared not only the absorption
approximation. The energy of the strongesi®@d®®S)4s>”P,  spectra of the neutral atoms but also those of the singly ion-
line has been matched to the energy of the strongest line of groued species. They concluded that in Cr there is a mixing of
A Rydberg states belonging tp23d°4d with 3p®3d®, which

is not present in Mn. We have found that there is more struc-
of the high-energy®P line. However, if the difference in ture in the photoionization cross section of Cr than for Mn
electron energy between the two peaks is taken into accourand we surmise that a possible reason is the admixture of
a ratio somewhat larger than 2 is obtair@able 1l). It turns ~ 3p®3d°4d states. Although this interpretation looks reason-
out that in the single-configuration HFR approximation theable when combined with the earlier evidence for the impor-
Cooper minimum is located at a lower energy than experitance of this configuration, we note that the features we are
mentally observed. If we correct for this by using a smallertrying to identify are very weak and that the spectrum is very
electron energy to determine the cross sections, then the theemplicated with many overlapping configurations.
oretical value comes close to the large value observed ex- Figure 2 shows an overview spectrum taken with a mod-
perimentally. In fact, the main remaining problem is theerate photoelectron resolutionAE=1.7 eV; inset has
high-energy limit of this ratio. Experimentally at 240 eV it AE=0.7 eV) at a photon energy of 278 eV. The Cp3
has been determined to be close t§1€] while our value photoelectron lines span the binding energy range from 42
with the same electron energy for each peak is close to 2V to 66 eV while the strongest Crs3photoelectron lines
essentially independent of photon energy in the limited enshow up at 78.20.1 eV [3s3p®(3d°®°S) (7S)4s®S] and
ergy range studied. It is interesting that in the calculations83.8+0.1 eV[3s3p®(3d°® ©S) (°S)4s°S]. The 3 spectrum
published by Amusi&t al.[36] of the branching ratio ford  closely resembles the 3s photoelectron spectrum of atomic

Binding Energy [eV]
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] where the 4 spin has been flipped relative to the A group.
| Z+1mode1| slsl 6sII 7Is ¥ ] The groups C and E represent the recoupling of tké 3
N 4 W s 1 shell. The additional lines D and F are assignedé331°n|

shake-up states. An estimate for the energy of the shake-up

Cr3p lines is provided by th&+1 model indicated in the upper
part of Fig. 3. These predictions are corroborated by SCA
experiment | calculations and by experimental binding energies obtained
hv=110eV | by adding the 6.7667 eV ionization potent[@7] of Cr to

the energies of Cr absorption line$40]. Experimental bind-

ing energies for the groups B and C have been obtained in
the same way. We notice that the SCA energies for the
3p°(3d°©S)(°P)4s P levels using the same scaling as for
Mn are below the energies associated with the features H and
I. The predicted energies are, however, somewhat larger than
those corresponding to the features G, but we nevertheless
have assigned G to thep8(3d® ®S)(°P)4s®P term. The
theory | main reason is the following. Comparing the spectra in Figs.

] 2 and 3, we see that the feature G is much stronger relative to
C in Fig. 2 (photon energy 278 eMthan in Fig. 3(photon
energy 110 eV. This behavior corresponds to the behavior
% | of the "P/°P intensity ratio in Mn. For the H and | peaks the

“ ] intensity seems less dependent on the photon energy. As a

Intensity [arb. units]

further confirmation we have carried out Cl calculations of
the energy spectrum including thep®d®4s+ 3p°3d°4d
+3p°3d®+3p°3d#4s? configurations and adding thes3
Binding Energy [eV] —3d and 3?—3d? excitations for the first three configu-
rations. These fairly large-scale calculatigngatrix sizes up
FIG. 3. Upper part: Experimentajp3photoelectron spectrum of 4 20852085 for J=5/2) show that the
atomic Cr taken at a photon energy of 110 eV. The energy position§p5(3d5 68)(5P)4SGP term is pushed considerably farther
of the Crii 3p®3d°nl shake-up states predicted by the- 1 model down than the low?P term and, using the same scaling as

and the $°3d® P double ionization limits are indicated. Lower f . :
- or Mn, there is now reasonable agreement with the observed
part: Calculated Or 3p®3d®4s 8P and ®P photoelectron lines. The (Fnergies(TabIe ). The Calculate?j 65(35 65) (5P) 45 5P
K .

e i Iculated within the CI imation. The st th . . . . .
nergies are caicuiatec within the 1 approximation. “ne sreng energy is still slightly too high, while the low*P) and

the lines calculated within the SCA is given by the lengths of the 7, "% .
bars. The energy of the strongegt®83d® °S) 4s 8Py, line has been (*D) °P terms are too low. The latter was also observed in
matched to the energy of the strongest line of group A. Mn. We note that the structure G is very close to the

3p°3d®°’P, (61.6 eV}, 3p°3d°’P; (62.0 eV}, and

Mn [17,19 and therefore we ascribe the line at 96@2  3p°3d® P, (62.3 eV} double-ionization limit§40]. It is not
eV to a I?3p*3d®4s satellite gaining its strength clear why G is double, although the possibility exists that the
from the admixture of 83p®(3d°%S)(°S)4s®S. The  3p°(3d°®°S)(°P)4s®P term is spread over a number of lev-
3s3p8(3d°® 6S)(7S)4s8S line is asymmetric because of the els as mentioned earlier. There are many predicted energy
nearby 33p8(3d° 6S)(7S)4s°S line, which is absent in the levels in the region of the H and | peaks but an assignment is
spectrum of atomic Mn. It is calculated about 1.5 eV abovedifficult. Calculations of the excitation spectrum are also dif-
the 8S line but, judging from the inset in Fig. 2, the real ficult, not only because the opers &hell leads to larger
distance is perhaps a little smaller. matrices but also because it is necessary to add tidd

Here we concentrate on thepJhotoelectron spectrum, configuration. This leads to very large matrices, and we have
which comprises several components as demonstrated Iparried out calculations using p83d®4s+3p°3d°4d
the photoelectron spectrum taken with higher resolutiont 3p®3d#4s?+3p®3d® for the initial state and 8°3d°4s
(A=, Fig. 3). This spectrum is shown in the upper part +3p°3d°4d+3p°3d*4s?+ 3p°3d® coupled to a continuum
of Fig. 3 where the three spin-orbit-split componentsd electron for the final state. The free electron energy is 57.3
3p°(3d° 8S) ("P)4s®Pgj 725 Of line A are clearly re- eV, corresponding to a photon energy of 110 eV for the
solved. Fine structure can also be observed for the lines D, Eenter of gravity of the B°3d®4s configuration. The result-
G, H, and I. The ®-3d exchange interaction spreads theing matrices are so large, up to 4269269, that no attempt
3p°3d°4s8P, ®P multiplet lines over more than 15 eV. The was made to include the excitations from thp and 3
results of the CI calculations for the binding energies andshells in this case. The results in Table 11l do not show ap-
those of the SCA calculations for the relative line strengthpreciable strength for anyddlevel, but this is perhaps due to
are given by the bar diagram in the lower part of Fig. 3. Thethe omission of the inner shell excitations. These excitations
interpretation is similar to that for Mn except that the un-do lead to appreciable mixing in the wave functions. For
paired spin of the ¢ electron gives rise to the weak group B, example, in the CI calculation of the energy spectrum the

6,
X

45 50 55 60 65

052703-9



A. von dem BORNEet al.

[ ‘D Fe3p |
F 6F 4
I hv=127eV ]
z |
£
: F
s |
2
b L
2
=
5 |
o L
= F
0

60 65 70 75 80 85
Binding Energy [eV]

FIG. 4. Experimental B photoelectron spectrum of atomic Fe
taken at a photon energy of 127 eV. The assignment of the strongest
lines to the Far 3p°3d®4s? 6L and “L final states is indicated.

3p°(3d°®S)(°P)4s®P term is only 60% pure in the
3p°3d°4s label. Taking this fully into account can be ex-
pected to change the excitation spectrum in the last column
of Table IlIl, but it would require very large calculations.

The assignments of the Cr photoelectron lines, the experi-
mental and theoretical binding energies, and the theoretical

Intensity [arb. units]

Intensity [arb. units]

PHYSICAL REVIEW A 62 052703

Mn metal
hv=120 eV

45 50 55 60 65 70

Cr metal
hv=120 eV

45 50 55 60 65 70

Binding Energy [eV]

FIG. 6. Experimental B photoelectron spectra of Mn metal

line strengths are summarized in Table IIl. With respect to(UIOper paitand Cr metallower par} taken at a photon energy of

binding energies there is, as mentioned, reasonable agregyq oy

ment between the experimental and theoretical values with
the feature G assigned t@3(3d°® 8S)(°P)4s®P. The width

7 . - . .
of the 3p photoelectron lines is strongly term dependent. Théhan the P lines in Mn. This observation thus supports our
Cr* 3p°(3d® 8S)(7P)4s 8P term cannot undergo neither CK earlier conclusion concerning Mn, where primarily the ClI
nor SCK decay if pure. High-resolution Auger spedida]  induced CK decay is responsible for the observed linewidth.

indicate a linewidth of about 10 meV, considerably narrowerThe width of the ®P lines in Fig. 3 is determined by the
instrumental resolution. The width of approximately 0.5 eV

5 Co3p |

hv=134eV |

Intensity [arb. unit]s

of each component of the structure G is also less than ex-
pected for the p5(3d°® 6S)(°P)4s®P term on the basis of
the Mn results.

C. Fe and Co

The 3p photoelectron spectra of Fe and Co atoms are
displayed in Figs. 4 and 5. The F@38d®4s? 4. and the
Co 3p°3d74s? 5% multiplet lines span an energy range of
almost 20 eV. The assignment of the corresponding photo-
electron lines is indicated in the figures. Th@-3d ex-
change interaction places the states with the tofalsBin
parallel to the total @ spin at low binding energies and those
with the opposite relative orientations of the totgl 8nd 3
spins at high binding energies. The term dependence of the
ol . - - : . lifetime broadening by CK and SCK decays clearly mani-

70 75 80 85 90 fests itself in the prominent lines at low and the weak and

Binding Energy [eV]

broad structures at high binding energies, even though the
simple explanation in terms of the SCK transitions being

FIG. 5. Experimental B photoelectron spectrum of atomic Co forbidden for the high-spin states is no longer valid, as men-
taken at a photon energy of 134 eV. The assignment of the strongelipned earlier. For Fe, the assignment of the lines at low
lines to the Cai 3p®3d”4s? 5L and 3L final states is indicated. binding energies is supported by photoelectron spectra taken
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with better resolutiof22]. For a detailed discussion of the 4s conduction bands, different and even intermediate frac-

Fe and Co P photoelectron spectra, sp42]. tional occupation numbers, screening, and relaxation are the
most important solid state effects. Despite these complica-
D. Cr and Mn metal tions it is hard to accept that thep38d exchange interaction

In Fig. 6 the 3 photoelectron spectra of Mupper pat can be reduced by more t_ha_n one order of_ m_agnitude in the
and Cr metallower pari are shown. The binding energy is metalg. S_uch a reduction is implied by assigning the promi-
referred to the vacuum level. In order to reduce the statisticaf€nt line in the metal photoelectron spectra {35, hole
fluctuations up to 19 counts have been accumulated perStates, as has been done in several recent publications con-
channel. Both spectra display a prominent, asymmetric phaserning dichroism effects in metal$1-14. Comparison of
toelectron line several eV wide at low binding energies. Fotthe atomic and metallic spectra suggests instead that the
Mn the small shoulder on the high-energy side is due tdeaks observed in the metals should be described by those
oxygen contamination of the surface layer. Toward highemultiplet states of the |3 ionized transition metal ions in
binding energies, the intensity increases smoothly due to thehich the total $ spin is parallel to the total @ spin. The
background of scattered electrons not corrected for. Abovealidity of this multiplet-hole approach has been demon-
the peak the Mn spectrum does not show any significangtrated for 3 metals(e.qg.,[2,15,20) and for 3 metal com-
structure. There is an indication of a very weak maximumpounds[10,17,43. The 3 absorption spectra of the free
centered at 58 eV in the spectrum of Cr. atoms and the corresponding metals provide further clear

Transferring the results obtained for the free atoms to Fh%vidence for the strong influence of thp-3d interaction on

metals offers an obvious explanation for the lack of any sigtne 3p spectra of the 8 transition metalg [19,23,44,45and
nificant structures at binding energies above the prominenferences therejin

low-energy peak. Due to the considerable lifetime broaden-
ing the corresponding structures are already very weak in the
spectra of the free atoms. Additional solid state broadening
can result in an almost complete suppression of the high- The work of J.E.H. was sponsored by the Stichting Natio-
energy structures. Remember that the high@sterm in Mn  nale Computerfaciliteiten(National Computing Facilities

is located above the lowest limit associated with removing &oundation, NCF for the use of supercomputer facilities,

3p electron from the core, basically the Fermi level in thewith financial support from the Nederlandse Organisatie voor
metal. The barely visible structure in the spectrum of CrWetenschappelijk Onderzodkletherlands Organization for
metal could be due to a surface plasmon. Before drawingcientific Research, NWQO The financial support of the
further conclusions from the comparison of atomic and me-Deutsche Forschungsgemeinschaft and the continuous assis-
tallic spectra it is essential to list a number of caveats. Theéance of the BESSY and HASYLAB staff are gratefully ac-
partial delocalization of the electrons, the formation of the knowledged.
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