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Abstract

This review covers the outer core level photoionization of the free 3d metal

atoms from Sc to Cu. The experimental 3p, 3s and 2p photoemission and

photoabsorption spectra are discussed. A comparison emphasizes common

features and distinct differences. The interpretation of the data based on

ab initio calculations reveals the influence of multi-electron interactions in

the 3d metal atoms. We focus on the fundamental effects and main interactions

which govern the electronic structure of these open shell atoms.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

This review reports on the core level photoionization of free 3d transition metal atoms from Sc

to Cu. Understanding the complex electronic structure of these open shell elements with all

the involved multi-electron interactions is important for many fields in physics and technology.

The 3d valence electrons are responsible for the outstanding magnetic and electronic

properties of the 3d transition metals and compounds. Core level photoionization is an ideal

tool to gain element specific information on properties induced by the 3d electrons. Unique

information can be obtained by exciting the 2p or 3p electrons into the unoccupied 3d valence

orbitals or into the continuum. Due to the core hole influence on the valence electrons, gas

phase experiments are well suited to study core–valence interactions.

The magnetism of the 3d transition metals and in particular the magnetic properties of thin

films are crucial for modern data storage technology. The ferromagnetic late transition metals

Fe, Co and Ni are of particular relevance. An important discovery was the giant magnetic

resistance (GMR) [1–4], which was first observed by Grünberg et al [1] in Fe/Cr multilayers.
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The GMR is explained by the magnetic coupling in ultra thin films of ferromagnetic and anti-

ferromagnetic materials like Cr or Mn. The discovery of the GMR was the key point in the

development of modern reading heads for high density storage in today’s common computer

hard disks.

Complex compounds of type La1−xCaxMnO3 have also attracted much interest, due to

the observation of a phenomenon which is referred to as colossal magnetoresistance (CMR)

[5, 6]. It turns out that a wealth of intra- and inter-atomic correlation effects like charge, spin

and orbital ordering is responsible for the properties of these manganite materials [7–10]. The

origin of orbital ordering is the exchange interaction between neighbouring 3d transition metal

ions, which strongly depends on the spatial orientation of occupied d orbitals [11, 12]. As

has been reported by Castleton and Altarelli [9] and Elfimov et al [8], it should be possible to

make a direct observation of orbital ordering in many manganite and similar materials using

core level spectroscopy at the L-edges or at the K-edge; see also recent experimental results

of Mannella et al [13].

The theoretical analysis of core level spectra of transition metals and compounds is often

based on atomic models. Simple one-electron models can describe the magnetic dichroism of

metals [14–16] whereas more complicated semi-empirical models based on atomic multiplet

theory are needed to analyse the core level spectra of compounds [17–19]. The analysis of the

spectra is often hampered by peak broadening due to solid state effects or highly correlated

ground states due to charge transfer effects. The atomic data can be very useful as a reference

to disentangle intra- and inter-atomic effects.

This review presents experimental 3p and 2p photoabsorption and direct 3p, 3s and 2p

photoemission spectra of free 3d metal atoms together with detailed theoretical analysis.

Further and more complicated effects in the resonant core level photoemission (e.g., [20–29]),

in the angular distribution of photoelectrons [30], the dichroism effects in free 3d metal atoms

[31–36], or the photoionization of 3d metal compounds [37, 38] are not discussed in detail

here.

2. Theoretical aspects

The general Hamiltonian of a many-electron atom can be written as

H =
∑

i

Hkin,i + HNucl,i + HSO,i +
∑

k �=i

HCoul,ik

=
∑

i

h̄2

2m
∇2

i −
1

4πǫ0

Ze2

ri

+ ζi(ri)(�ℓi · �si) +
∑

k �=i

1

4πǫ0

e2

ri − rk

. (1)

∇2
i is the operator of the kinetic energy and ri is the coordinate of the electron i. Ze2/ri

describes the Coulomb interaction of the electron i with the nucleus. The last term
∑

k �=i e
2/(ri − rk) is the interaction of the electron i with all other electrons in the atom. In

equation (1) only the spin–orbit operator HSO,i as the most important relativistic contribution

is included. HSO,i is a single-electron operator and describes only the spin–orbit interaction

of the electron i by the spin–orbit parameter ζi(ri). Relativistic two-particle interactions of

different electrons i and k (spin–spin, orbit–orbit, spin–other-orbit) are usually much smaller.

Further relativistic effects can be taken into account by including the mass and the Darwin

operator HM and HD , respectively [39].

What is the main problem in solving the corresponding Schrödinger or, for a fully

relativistic manner treatment, the Dirac equation? The solutions for the first two terms

(Hkin,i + HNucl,i) are simply hydrogenic wavefunctions, as the coordinates of individual
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electrons are separated. The problem lies in the term (ri −rk)
−1, which describes the Coulomb

interaction of electrons. With this Coulomb interaction or correlation term the Schrödinger

equation is no longer analytically solvable.

Using highly sophisticated theoretical methods (see, e.g., [40] and references therein)

the electronic structure and the photoionization of the simplest many-body problem in atomic

physics, the helium atom or helium like ions, can be described almost perfectly [41, 42].

Further atoms studied very intensely in the gas phase are the other rare gases (Ne, Ar, Kr, Xe),

due to their closed shell structure [43, 44]. This closed shell structure allows theoretical studies

using advanced methods like the random phase approximation (RPA) [45] or the many-body

perturbation theory (MBPT) [46, 47]. The problem in the case of the transition metals is their

open shell character. Strong correlations between a large number of states have to be taken

into account for an accurate description.

The basic approximation for many-electron atoms is the mean-field approximation based

on the independent-particle model. In this approximation, it is assumed that every particle

is moving in the mean field generated by all other particles. This concept is used in the

well-known Hartree–Fock (HF) self-consistent field (SCF) method for the calculation of the

wavefunctions in the independent-particle model. In the HF method the correlation term

(ri − rk)
−1 is approximated by an effective, mean potential Vi,HF created by the k �= i

electrons. Relativistic effects are taken into account as perturbations. In cases like for heavy

atoms, where fully relativistic calculations are necessary, the Dirac–Fock (DF) method has to

be applied.

The most important relativistic term is the spin–orbit operatorHSO which is not included in

the (standard) Hartree–Fock (HF) method. The spin–orbit interaction is calculated by applying

the Blume–Watson method [48, 49], which also includes the spin–other-orbit operatorHSOO,ik .

This method is often referred to as relativistic Hartree–Fock (RHF).

Throughout this review, the term HF is used for the restricted HF method. In the restricted

HF method the spin dependence of the radial wavefunction is neglected, and all electrons of a

subshell nℓ are described by the same radial wavefunction ψnℓ. In the unrestricted HF method

different radial wavefunctions are used for spin-up and spin-down electrons.

In terms of the Slater–Condon theory [50, 51] an atomic wavefunction �k is described as

an expansion into known basis functions ψb of a single-electron configuration

�k =
∑

b

yk
bψb (2)

where ψb is given by the Slater determinant of one-electron wavefunctions ϕk to fulfil the

Pauli principle.

2.1. Correlation effects

The HF includes multiplet-splitting effects, as described by the Slater integrals F k (direct part)

and Gk (exchange part) [50, 39]:

F k(niℓinjℓj ) =
e2

4πǫ0

∫ ∫

rk
<

rk+1
>

Pniℓi
(r1)

2Pnj ℓj
(r2)

2 dr1 dr2

Gk(niℓinjℓj ) =
e2

4πǫ0

∫ ∫

rk
<

rk+1
>

Pniℓi
(r1)

∗Pniℓi
(r2)Pnj ℓj

(r1)
∗Pnj ℓj

(r2) dr1 dr2.

(3)

Pnℓ(r) is the radial part of the one-electron wavefunction.

Sometimes already this multiplet splitting is referred to as a correlation effect. In this

review, however, the term electron correlation will be used for effects which are not included
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Figure 1. Correlations in different states of an atom. 〈i|D|0〉 and 〈ǫ|D|0〉 are the dipole matrix

elements between the ground state |0〉 and the intermediate and continuum states, respectively.

Vǫ = 〈ǫ|H|i〉 is the Coulomb matrix element between the intermediate state |i〉 and the continuum

|ǫ〉.

in the mean-field approximation. Correlations are described here in terms of configuration

interaction (CI). CI is introduced by the generalized Slater integrals Rk:

Rk(niℓinjℓj , npℓpnqℓq) =
e2

4πǫ0

∫ ∫

2rk
<

rk+1
>

Pniℓi
(r1)

∗Pnj ℓj
(r2)

∗Pnpℓp
(r1)Pnqℓq

(r2) dr1 dr2.

(4)

For any excitation or de-excitation process correlations can be taken into account for the

ground state, the final state and also for possible intermediate states. In figure 1 this is sketched

for the different states involved in a photoionization process. In this case, we distinguish

between correlations in the ground state |0〉 (ground state configuration interaction, GSCI)

and in a discrete intermediate state |i〉 (intermediate state configuration interaction, ISCI). The

notation used here is the same as in [52]. Sometimes, for example, by Schmidt [44], ISCI is

used for initial state configuration interaction, which is named GSCI here. Furthermore, in the

photoionization process correlations between the continuum states |ǫ〉 (final continuum state

configuration interaction, FCSCI) and the final ionic state |f 〉 (final ionic state configuration

interaction, FISCI) can occur. Depending on the atom, correlations in the various states will

have different contributions. For example, in the case of atomic barium, the main correlation

effect on the direct 4d and 5p photoelectron emission is due to FISCI, whereas GSCI is

only of minor importance [53–55]. In FISCI the continuum electron is not included in the

interaction. The continuum electron acts therefore only as a spectator. In FCSCI the continuum

electron is directly involved in the interaction. FCSCI is one model to describe, for example,

interchannel coupling. Interchannel coupling has significant effects on the angular distribution

of photoelectrons, for example, in the region of the xenon 4d shape resonance [56] or above

threshold [57].

For the exact calculation of correlation effects, an infinite number of configurations of the

same parity has to be included. However, in practice this is not feasible and one has to limit

to a reasonable number of configurations. Configurations with the largest expected CI mixing

coefficients are selected. In table 1 the typical CI expansion for Mn is listed. But, in general,

calculations taking into account only this so-called strong CI with a limited configuration set

do not give the correct energy spread of the multiplet. As has been shown by Rajnak and

Wybourne [58, 59] this can be understood as a result of the cumulative effect of CI with the

infinite number of high-lying configurations. These configurations will have only very small
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Table 1. Definition of correlations in different states of an atom. In the last column as an

example a simple configuration interaction (CI) expansion is shown for Mn with the ground state

|0〉 = 3d54s2 6S5/2.

GSCI Ground state CI 3d54s2 + 3d64s + 3d7

ISCI Intermediate state CI 3p53d64s2 + 3p53d74s + 3p53d8

FISCI Final ionic state CI 3d44s2 + 3d54s + 3d6

FCSCI Final continuum state CI 3d44s2ǫℓ + 3d34s24dǫ′ℓ

mixing coefficients, their influence is therefore often referred to as weak CI. They will squeeze

upper configuration terms more than the lower ones, thereby contributing to a compression of

the width of the configuration. Weak CI is included by scaling the Coulomb Slater integrals

[50]. For neutral atoms typical values are 80–85% of their ab initio values ([39], chapter 16-2).

The approach that is expected to be most accurate is the explicit inclusion of strong CI together

with the implicit inclusion of weak CI via scaling factors.

The CI calculations which have been performed for the 3d metal atoms are based on

the so-called Slater–Condon superposition-of-configuration method. In this method, the

wavefunctions and therefore the Slater integrals of all configurations are optimized using

the (R)HF approximation for every configuration separately.

Several configurations can be optimized simultaneously in the SCF process, which is

done in the multi-configuration HF (MCHF) or the corresponding fully relativistic multi-

configuration DF (MCDF) method. They are superior to the CI method, because the

correlations are included already in the SCF process. However, this is more complex and

it is much more complicated to reach convergence, in particular for excited states. Note that

Hibbert in [60] and others use the term ‘CI’ for MCHF calculations.

2.2. The photoionization process

The photoionization process can be described as the ionization of an atom A by a photon hν

resulting in an ionized atom A+ and a photoelectron e−:

A + hν → A+ + e−. (5)

To describe this process completely, the ground state of the atom A, the final state of the ion

A+, the state of the emitted electron e−, and the state of the photon hν have to be known.

In electron spectroscopy three fundamental processes can be distinguished within the

independent-particle model (figure 2). Direct photoemission (a) leads to a singly ionized

atom. A created core hole will decay via an Auger process (b). The probability for radiative

decay of 3p or 2p core holes for the 3d transition metals is much smaller than the Auger

probability (less than 1%) [61]. The resonant process (c) can be described in a first-order

approximation as a two-step process with a resonant excitation into an intermediate state and

a subsequent independent Auger decay. This picture is valid only if the Auger process is

relatively slow. For very fast processes or for a narrow band excitation this separation into

two steps is no longer valid and the whole excitation/decay has to be handled as a one-step

process.

The processes and the corresponding matrix elements involved in the photoionization are

sketched in figure 1. A ground state |0〉 is excited by photons to an intermediate, resonant

state |i〉 or directly into a continuum state |ǫ〉. Note that what is called the ground state in the

experiment, is not necessarily the ground state of the atom. Some therefore favour the term

‘initial state’. 〈i|D|0〉 and 〈ǫ|D|0〉 are the dipole matrix elements between the ground state and
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(c) resonant(b) Auger(a) direct

Figure 2. Schematic illustration of the fundamental electron-emission processes in the

independent-particle model. (a) Direct photoemission. (b) Decay of a core hole by Auger electron

emission. (c) Resonant photoemission illustrated here as a resonant excitation followed by an

Auger decay. Possible satellite processes, such as shake up, shake down or shake off processes,

are not shown.

the intermediate and continuum state, respectively. In the XUV region with photon energies hν

from 10 eV up to a few 100 eV the wavelength λ of the radiation is on the order of 1–100 nm

which justifies the use of the dipole approximation. The intermediate state |i〉 may decay

into the continuum state |ǫ〉 through the Auger matrix element 〈ǫ|H|i〉. This matrix element

has the form of a generalized Slater integral Rk(niℓinjℓj , npℓpǫℓ) between two states with

different configurations, where the second state represents the photoion with the outgoing

photoelectron ǫℓ. Auger transition rates strongly depend on the overlap of the corresponding

radial wavefunctions Pnℓ. For n1 = n2 = n3 the spatial overlap is maximal giving rise to very

fast Auger transitions (super–Coster–Kronig, SCK). This results, for example, in the large line

width of the 3p absorption spectra (see section 4.1), which is about one order of magnitude

larger than for the 2p absorption spectra, even though there are more possible decay channels

in the latter case.

2.3. Photoionization resonances

One method to describe the interaction of an intermediate state |i〉 with a continuum state |ǫ〉
is the famous theory proposed by Fano [62]. In the Fano theory the final state |�k〉 = |f 〉
is described as a linear combination of the discrete (intermediate) states |ψk〉 = |ik〉 and the

continuum states |ϕǫ〉 = |ǫ〉; the index k numbers different resonances.

For the case of a single discrete state and one continuum, the final state |f k〉 can be

described by

∣

∣f k
ǫ

〉

= ak
ǫ · |ik〉 +

∫

bk
ǫ,ǫ′ · |ǫ′〉 dǫ′. (6)

This ansatz leads to the well-known Fano formula

σ(η) ∝
(q + η)2

1 + η2
(7)

for the resonance profile. The Fano parameter q and the normalized resonance position η are

given by

q =
ddis

πdcontVǫ

(8)

η =
hν − E

π |Vǫ |2
, (9)
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with the photon energy hν and the resonance position E. ddis = 〈i|D|0〉, dcont = 〈ǫ|D|0〉, and

Vǫ = 〈ǫ|HCoul|i〉 are the dipole matrix elements between the ground state and the intermediate

state, the ground state and the continuum state, and the Coulomb matrix element between the

intermediate state and the continuum, respectively. Vǫ has the form of a CI matrix element.

This theory is, for example, derived in the textbook of Cowan [39]. The Fano theory is valid in

the case of overlapping resonances for one discrete state and one continuum state, one discrete

state and several continuum states and several discrete states and one continuum state. It can

also be used for several discrete states and several continua in the case of non-overlapping

resonances.

To describe overlapping resonances in the case of more than one continuum state, the

Fano theory was extended by Mies [63]. A similar method was published later by Davis and

Feldkamp [64, 65]. Using the formalism of Mies, the total cross section is given as a sum over

the partial cross sections

σtot =
∑

j

σj =
∑

j

|Dj |
2. (10)

The dipole matrix elements

Dj = 〈f j |D|0〉 (11)

between the ground state |0〉 and the final states of the photoionization process |f j 〉 are given

as the components of the vector

D = (1 + iK)−1(dcont + V∗(hν − E)−1ddis) (12)

with

K = V∗(hν − E)−1V. (13)

Here V = (Vjk) = (〈ǫj |HCoul|ik〉) is the Coulomb matrix between the intermediate states |ik〉
and the continuum states |ǫj 〉. dcont = (dcont,j ) = (〈ǫj |D|0〉) and ddis = (ddis,k) = (〈ik|D|0〉)
are the dipole matrix elements between the ground state |0〉, the continuum states and the

intermediate states, respectively. j and k are the indices of the different continuum and

intermediate states, respectively.

For overlapping resonances the extended Fano theory should be used to describe the

photoionization process. This is particularly the case for the 3p → 3d absorption of the 3d

metals, which will be discussed in section 4.1.

2.4. Numerical methods

Sophisticated methods, taking into account the many-body character of the problem, such as the

many-body perturbation theory (MBPT), the random phase approximation (RPA) or multi-

configuration methods (e.g., MCHF) accurately describe correlation effects. In principle,

these methods can be used to describe the atomic structure and photoionization processes of

all atoms. However, in practice, they are mostly limited to closed shell atoms, because for open

shell atoms the number of terms, which have to be included is too large. There are attempts,

for example, by Altun and Manson, to adapt the MBPT to open shell atoms [47, 66–68].

An alternative method to calculate the photoionization process of open shell atoms has

been developed in the past decade. This method has been successfully used to describe the

core level photoionization of a large number of 3d, 5d and 4f transition metal atoms [69–74].

It is based on CI calculations for the atomic structure using the Cowan code [39] and the

extended Fano formalism for the photoionization process [75].

Another quite successful method to calculate the photoionization process is the R-matrix

theory [76]. In R-matrix calculations, the configuration space is divided into an inner and
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an outer region. In the inner region, the photoionized or scattered electron is treated as

indistinguishable from the other (N − 1) electrons of the atom or ion and the full N-electron

problem is solved. In the outer region, the photoelectron interacts with the target as a whole

and is described by asymptotic functions. The (N − 1)-electron target is characterized by a

multipole potential and the R-matrix condition connects the wavefunction of both regions at

the boundary. R-matrix calculations are used in the stellar opacity project [77, 78] or the IRON

project [79] to calculate cross-section data for the analysis of plasma and astrophysical data.

Most of these calculations were limited to the outer shells and the valence region, like for Fe

and Ni by Nahar et al [80] and Bautista [81, 82]. First calculations in the core level region of

the 3d elements have been presented: Donnelly et al [83–86] calculated the 3p–3d excitation

for Cr, Mn and their ions. Berrington [87, 88] performed the first R-matrix calculations for

the 3p–3d excitation of Fe and some Fe ions. For highly ionized Fe XV calculations have

been performed by Bautista up to the K-shell [89]. Some results have also been obtained by

Gorczyca et al for the Sc3+ recombination cross section [90]. Photoemission calculations for

the 3d transition metals using the R-matrix method have not been presented yet.

For complex atoms like the 3d transition metals and their ions, the R-matrix method

will need a large amount of CPU time, on the order of several thousand CPU hours on a

supercomputer [91]. The R-matrix theory includes, in particular, also the excitation into

Rydberg states for the included channels up to infinity. However, for most of the 2p and 3p

core level photoabsorption spectra, Rydberg excitations are only of minor importance. The

extended Fano method will need less CPU time and is a well-suited method to calculate the

core level photoionization process of the 3d metal atoms.

3. Experimental techniques

Early results on the photoabsorption of 3d metal atoms were obtained with the aid of an arc

source with a monochromator and with photographic plates to record the spectra; see, e.g., the

review article of Sonntag and Zimmermann [92]. However, these experiments were mostly

limited by the flux of the photon sources. Nowadays, synchrotron radiation (SR) is used for

most photoionization experiments with free 3d metal atoms. In the following sections, the

fundamentals of synchrotron radiation and metal vapour sources and the basic principles of

photoionization experiments are presented.

3.1. Synchrotron radiation

In table 2 the photon energies needed for core level ionization of solid 3d transition metals

are listed. The energies vary between 30 and 80 eV for 3p and several keV for 1s ionization.

These edges can all be accessed with synchrotron radiation sources which offer highly

brilliant radiation from the infrared up to the hard x-ray region with tunable photon energies.

Synchrotron radiation based techniques are hence the methods of choice to investigate 3d

metal photoionization.

Synchrotron radiation was first observed by Elder et al [94, 95] and theoretically described

by Schwinger [96]. Particle accelerators, designed for high energy physics, are nowadays

considered to be the so-called first generation of synchrotron radiation sources. These sources

were not built and optimized for the generation of synchrotron radiation. Nevertheless, they

allowed completely new experiments, like the first observation of doubly excited states in free

helium atoms by Madden and Codling [97].

The second generation of synchrotron radiation sources such as BESSY I (Berliner

Elektronen Speicherring-Gesellschaft für Synchrotronstrahlung m.b.H., Berlin, Germany) or
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Table 2. Solid state core electron binding energies of 3d transition metals taken from [93].

Binding energy (eV)

Electron subshell

3p 3s 2p 2s 1s

Sc 28 51 399–404 498 4492

Ti 33 59 454–460 561 4966

V 37 66 512–520 627 5465

Cr 42 74 574–584 696 5989

Mn 47 82 639–650 769 6539

Fe 53 91 707–720 845 7112

Co 59 101 778–793 925 7709

Ni 66–68 111 852–870 1009 8333

Cu 75–77 122 932–952 1097 8979

the SRC (Synchrotron Radiation Center, Wisconsin, USA) were the first machines dedicated

to the generation and application of synchrotron radiation. These machines were optimized

for the generation of synchrotron radiation with bending magnets.

With the advent of third-generation synchrotron radiation facilities such as the Advanced

Light Source (ALS, Berkeley, USA) or BESSY II in Berlin, enormous progress was achieved.

The main difference of the third-generation sources compared to the older sources is the

extensive use of so-called insertion devices such as wigglers and, in particular, undulators,

which are inserted into the straight sections of the storage rings to produce highly collimated

radiation. Both systems are periodic arrangements of magnetic structures. In a wiggler, the

emitted radiation is an incoherent superposition of the synchrotron radiation from all individual

magnet structures, resulting in an enhanced intensity by a factor N, where N is the number of

magnetic periods. In addition to the higher intensity, the spectrum of a wiggler is identical

to that of a normal bending magnet used in second-generation sources. In undulators, the

superposition of the radiation from individual magnetic structures is coherent. This enhances

the brilliance and hence the flux available at the experiment by a factor N2. However, the

spectrum is not continuous, but consists of several comparably sharp peaks, with, in the first

order, a width E/�E = N . For a detailed description, see, e.g., the review of Wille [98].

3.2. High temperature metal atom beam sources

For the generation of 3d metal atom beams high temperature ovens are often employed.

Sufficient target density in the interaction region typically requires a vapour pressure on the

order of 10−2 hPa inside the crucible of the oven. The temperatures needed for this vapour

pressure are listed in table 3. To achieve the high temperatures, crucibles made of molybdenum

or tantalum are often used and heated either resistively or by electron impact [99]. Typical

heating powers are in the order of 80–300 W. Several of the 3d metals are liquid at the required

temperatures (see the melting points in table 3) and form highly reactive melts. To avoid

reactions of these aggressive metal melts with the crucible material insets made of Al2O3 or

graphite can be used. High density beams are comparably easy to produce for Cr and Mn

because these metals sublime at the required temperatures.

The high temperatures in the vapour may lead to a population of excited initial states due

to the Boltzmann distribution. This population can be described by

wi = (2Ji + 1) · exp

(

−
Ei − E0

kBT

)

. (14)
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Table 3. Evaporation temperatures corresponding to 10−2 hPa vapour pressure and melting points

for the 3d elements. Contributions of different initial states as caused by the thermal population in

an atomic beam evaporated at the temperature given in the second column. Only for V and Ni are

two different electronic configurations populated; see the text for details.

Evaporation Melting Initial

temperature (K) point (K) states Contribution

Sc 1663 1814 4s2 3d 2D3/2,5/2 44%, 56%

Ti 2003 1941 4s2 3d2 3F2,3,4 28%, 34%, 38%

V 2123 2163 4s2 3d3 4F3/2,5/2,7/2,9/2 14%, 19%, 22%, 24%

4s 3d4 6D1/2,3/2,5/2,7/2,9/2 2%, 3%, 5%, 6%, 7%

Cr 1668 2133 4s 3d5 7S3 100%

Mn 1243 1518 4s2 3d5 6S5/2 100%

Fe 1743 1808 4s2 3d6 5D4,3,2,1,0 48%, 27%, 15%, 8%, 2%

Co 1813 1768 4s2 3d7 4F9/2,7/2,5/2,3/2 58%, 24%, 12%, 6%

Ni 1803 1726 4s2 3d8 3F4,3,2 41%, 11%, 4%

4s 3d9 3D3,2,1 27%, 11%, 4%

Cu 1533 1355 4s 3d10 2S1/2 100%

where E0 is the ground state energy, and Ei and Ji are the energy and the angular momentum

of state i, respectively.

Table 3 shows that in all 3d metal atoms except for Cr, Mn and Cu several initial states

are populated at the given evaporation temperature. For V and Ni the thermal excitation even

leads to a population of two different electron configurations. Note that the ground states of

the 3d metal atoms are well described in LS-coupling.

3.3. Photoabsorption spectroscopy

The Lambert Beer law I = I0 · exp(−σ · n · l) relates the photon energy dependent absorption

cross section σ(hν), the density n of the atoms or molecules and the absorption length l with

the initial photon flux I0 and the measured photon flux I after absorption by the sample. One

way to measure the photoabsorption cross section is thus to measure the intensity I transmitted

through the sample. Most of the older work on photoabsorption of metal vapours relies on this

method and is summarized in the review of Sonntag and Zimmermann [92]. This approach is

also used, for example, in the dual laser plasma (DLP) [100] method, where the emission of

a laser-produced plasma is used as a vacuum-ultraviolet (VUV) source and a second laser is

used to evaporate the absorbing material [101–103]. The spectra are recorded using a high-

resolution Rowland circle monochromator and a position-sensitive detector. The detector is

both rotated and translated to always fulfil the Rowland circle condition. This method is very

useful for studying materials with very high evaporation temperatures such as tungsten [104]

and free ions, because ions are abundant in the absorbing plasma generated by the second

laser. However, the high plasma temperatures in the order of several eV (several 10 000 K)

are often disadvantageous, due to the large number of states which can be populated at these

temperatures [105, 106].

The detection of ions is another way to measure the photoabsorption cross section. Here,

ions created in the decay process subsequent to the core level excitation are detected. This can

be done either in a simple gas cell, by counting all ions by measuring the photocurrent (total

ion yield) or by counting single ions with a time-of-flight (TOF) mass spectrometer. Note that

in total ion yield a doubly ionized atom will result in twice the signal (current) than a singly

ionized atom. Thus, total ion yield spectra do not always reflect the absorption cross section.
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TOF spectrometers allow us to distinguish between the different charge states of the ions and,

consequently, to measure the absorption cross sections separately for the differently charged

final states of the photoionization process.

Note that the fluorescence decay channel of the core-excited atoms is not accounted

for in photoabsorption experiments where ions are detected. This could, in principle, cause

deviations of the spectra from the absorption cross section. However, in the energy region

of the 3p and 2p excitation of 3d metal atoms up to several 100 eV as considered here the

fluorescence decay has only a negligible contribution of less than 1% [107]. Hence, for the

cases investigated here, photoabsorption spectra measured through ion detection to a good

approximation reflect the absorption cross section. For some rare cases, when the Auger

decay is forbidden due to selection rules such as in lithium [108], or when the Auger decay is

strongly suppressed such as for some doubly excited states in helium [109, 110], the radiative

decay channel can be dominant.

3.4. Photoelectron spectroscopy

With photoabsorption spectroscopy the unoccupied states of a system are probed. To get access

to the full electronic structure of a system, also the occupied states have to be probed. One way

to analyse the occupied states is photoelectron or photoemission spectroscopy (PES). In PES

the energy distribution of the emitted photoelectrons is measured and it is assumed that the

count rate is proportional to the density of occupied states (see, e.g., [111]). For developing the

technique of high-resolution electron spectroscopy for chemical analysis (ESCA) K Siegbahn

was awarded the Nobel prize in 1981. PES is now widely used to study the electronic properties

of solids, liquids, surfaces and free atoms or molecules.

For photoionization of an unpolarized (unoriented) target by linearly polarized radiation

and within the dipole approximation, the differential cross section is defined by Yang’s [112]

theorem:

dσ

d
(θ) =

σ

4π
[1 + βP2(cos θ)] (15)

Here θ is the angle between the polarization vector of the ionizing light and the momentum

vector of the ejected electron. P2(x) = 1
2
(3x2 − 1) is the second Legendre polynomial, and σ

is the angle-independent cross section of the investigated ionization process. Detection of the

photoelectrons at the so-called magic angle θ = 54.7◦ relative to the polarization axis of the

ionizing radiation results in a spectrum directly proportional to σ , since P2(cos(54.7◦)) = 0.

Every photoelectron spectrum shown in this review has been measured at the magic

angle. Furthermore, only electrons emitted perpendicular to the propagation direction of the

ionizing synchrotron radiation have been detected. Possible non-dipole effects in the angular

distribution are thus eliminated [113–115].

To measure correlation effects using photoelectron spectroscopy high-resolution analysers

are required. State-of-the-art resolution obtained in electron spectroscopy is of the order of

1 meV, using a hemispherical analyser with 200 mm radius for the electron path. In metal

vapour experiments, the resolution is typically limited to a few 100 meV due to the low target

density.

A different technique for PES uses time-of-flight (TOF) electron spectrometers (see, e.g.,

[116]). In principle, these spectrometers have the advantage that a certain kinetic energy range

can be measured at once without scanning the spectrometer. Furthermore, they are easier and

hence cheaper to build. An energy resolution in the order of 1 meV is achievable. However,

an electron TOF spectrometer needs a well-defined starting pulse. Due to the typical time

of flight of the electrons of the order of some 100 ns, a TOF cannot be used in the usual
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multi-bunch operation mode of synchrotrons with a nanosecond typical time gap between the

bunches. These spectrometers are suitable for the single, double or few bunch mode with

much lower currents.

3.5. Experiments with free ions

Photoionization studies of free ions are scarce. The main problem for experiments with

free ions is in most cases the low target density. Photoelectron spectroscopy of free ions

is hampered by the large collisional cross section of ions with the residual gas in the UHV

apparatus, which results in a strong electron background. Therefore only a limited number of

photoelectron spectra of free ions exist [117–119].

Photoabsorption of free ions can be studied with the DLP method described above in

section 3.3. High flux ion sources are also in operation at synchrotron radiation facilities

such as the ALS (Berkeley, USA) and the Astrid storage ring (Aarhus, Denmark) [120–123].

In particular, photodetachment experiments with negative ions in the core level region have

become possible for the first time [124–126]. In these experiments, an ion beam is merged

over several 10 cm collinearly with the synchrotron light beam. This merged-beam technique

was developed for collision experiments of atoms, ions and molecules with charged particle

beams [127]. This technique allows absolute cross sections down to 0.1 Mb to be measured.

A detailed description of the experimental methods used for free atomic ions and the results

obtained are given in several review articles [128, 123, 129].

4. Photoabsorption spectroscopy of free 3d metal atoms

The first core level photoabsorption experiments on 3d metal atoms were performed by

Mansfield and co-workers on Mn [130] and Cr [131] using synchrotron radiation and

photographic plates. Sonntag and co-workers extended this work to the 3p–3d photoabsorption

of the late transition metals Fe, Co, Ni and Cu using a heat pipe oven [132, 20, 133].

Furthermore, they performed the first photoemission experiments on these metals [21–23,

133]. Experiments on the early 3d metals were presented first by Schmidt [134]. A summary

of these experiments is given in the review of Sonntag and Zimmermann [92].

Meyer et al [133] investigated the 3p–3d resonances in photoabsorption and

photoemission. They found that the majority of the observed strong resonances can be

attributed to 3p transitions into unoccupied 3d orbitals, i.e., 3p63dN → 3p53dN+1, with the

subsequent emission of a 3d electron, i.e., 3p53dN+1 → 3p63dN−1ǫ(p, f), as the main decay

channel. Excitation as well as decay are governed by the large overlap of the 3p and 3d

wavefunctions. For a quantitative analysis, it has to be taken into account that the coupling

of the open 3d shell gives rise to a large number of discrete states that can interact with a

correspondingly large number of continua. In addition, the 3d and 4s orbitals are nearly

degenerate in energy resulting in strong configuration interactions of the type (3d, 4s)N with

3dN , 3dN−14s, and 3dN−24s2.

4.1. 3p excitation

In figure 3 the experimental 3p photoabsorption spectra for the 3d elements are shown. A

similar comparison has been presented in [92]. Here, however, new data for Sc [135], Ti

[136], V [137] and Cr [138] are included. These latter measurements have been performed

by measuring the partial ion yield with a TOF ion mass spectrometer. The photoabsorption

signal is obtained by summing the spectra for the different ionization stages. Note that for 3p

excitation only singly and doubly ionized atoms are created.
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Figure 3. Experimental 3p photoabsorption spectra of the 3d metals in the region of the 3p–3d

excitations. Data are taken from the following references: Sc [135], Ti [136], V [137], Cr [138],

Mn [103], Fe, Co, Ni [139], and Cu [132].

In figure 4 the calculated 3p–3d absorption spectra are shown. The calculation for Cr,

performed by Dolmatov, shows only the main 3d channel and has been taken from [35]. A

similar calculation for Cr was presented by Donnelly et al [85] using the R-matrix method with

a similar result. For all other elements the spectra have been calculated using the extended

Fano formalism described in section 2.3 and in [28]. CI is included in the ground, intermediate

and final states of the photoionization process. In all spectra, the thermal population of the

initial states has been taken into account, where needed (see table 3).

The agreement of calculated and measured 3p–3d photoabsorption spectra is excellent for

the late 3d elements Fe, Co and Ni. For the earlier 3d elements Sc, Ti and V there are only

clear similarities between theory and experiment.

From Mn to Ni the spectra are dominated by strong, broad resonances, which are due to

the 3p → 3d excitation; these are often denoted the ‘giant resonances’ of the 3d elements. For

Cu this resonance is missing and the spectrum shows only weak modulations because the 3d

shell is closed. With laser radiation a Ni-like Cu configuration 3d94s2 with one 3d hole has

been prepared by exciting the Cu 4s electron into a 4p state. This 3d104p state can decay into

the Ni-like configuration 3d94s2. Photoionizing this laser-tailored Cu state results also in a

broad 3p–3d resonance similar to the other late 3d elements [142].

As can be seen from figure 3 the 3p photoabsorption spectra of Cr and Mn are quite

different. The Mn spectrum is similar to the spectra of the heavier elements with one broad

resonance and some fine structure, whereas for Cr pronounced Rydberg excitations into nd
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Figure 4. Theoretical 3p photoabsorption spectra of the 3d metals in the region of the 3p–3d

excitations. The Cr spectrum has been calculated by Dolmatov and is taken from [35]. All other

spectra have been calculated using the extended Fano formalism described in section 2.3 (Sc [140],

Ti, V, Mn, Cu [141], and Fe, Co, Ni [139]). The cross sections have been stacked so as not to have

overlapping spectra, while the scale is untouched. For Cu, the cross-section scale was magnified

by a factor of 5.

states are observed. The three sharp lines around 40 eV photon energy are due to 3p → 4s

excitations which are possible only for Cr, as a result of the half-filled 4s shell.

For Cr and Mn several calculations were published. Due to their half-filled 3d shell

several powerful methods like the SP-RPAE (spin-polarized RPAE) method [83, 143–154]

or the R-matrix method [83–86] have been applied and resulted in good agreement with the

experimental data.

The spectra of Sc, Ti and V are more complicated. A large number of comparably sharp

resonances are observed but no clear Rydberg structure can be found from a theoretical point

of view, because only one electron is added in comparison to Ca with its closed shells. Sc can

thus be regarded as a prototype case for studying open shell atoms.

4.1.1. The early elements (Sc, Ti, V). Scandium with the ground state 4s23d 2D is the

simplest 3d element. The valence shell excitation of Sc has been analysed by Robicheaux et al

in a series of three papers [155–157]. They were able to describe the photoabsorption in the

wavelength range from 170–190 nm (6–7 eV) in great detail using eigenchannel R-matrix

calculations.
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Figure 5. Comparison of the experimental and theoretical Sc 3p → 3d photoabsorption spectra.

The experimental data of Whitfield et al [135] include only the 3d and 4s partial cross sections.

The calculation [140] is the total cross section, including the 3p channel.

The first theoretical analysis of the 3p photoabsorption spectrum came from Altun and

Manson [66–68, 158] based on the many-body perturbation theory (MBPT), the close-coupling

approximation and the multi-configuration Hartree–Fock (MCHF) approach. However, as

Whitfield et al [135, 159] showed, there is only a marginal agreement between experiment and

theory. Compared to valence excitations the 3p–3d excitation is much more complex. The

3p core hole induces strong correlations of the valence electrons (3d, 4s, 4p), which result in

a breakdown of the single configuration approximation. In figure 5 the experimental data of

Whitfield et al [135] are compared to a calculation [140] based on the extended Fano theory.

This calculation, which includes strong correlations due to the 3p hole and the spin–orbit

coupling, shows some agreement with experiment. Altun and Manson included correlations

as well, but their basis set was possibly not large enough. For the valence electrons on the other

hand, a single configuration approximation is sufficient and therefore the model of Robicheaux

and co-workers successfully described the experimental data.

In a simple picture, the Sc ground state can be described by the spin of the 3p and 3d

electrons as (↑↑↑↓↓↓)3p ↑3d; the 4s electrons are not taken into account. Spin-up ↑ and

spin-down ↓ 3p electrons can thus be excited into the unoccupied 3d orbitals resulting in 1L

and 3L parent states for 3d2. Such an excitation is also possible for Ti and V with a less than

half-filled 3d shell.

In table 4 the energy, the line strength Sik and the line width Ŵ of the strongest 3p53d24s2

resonances for the initial state 2D3/2 are given. The 3p53d24s2 main resonances are clearly

separated into two energy regions around 30 eV and 42 eV. These regions can be assigned to

states with mainly 3d2 (3L) and 3d2 (1L) parent terms, respectively. In the second region, the

effective 3p spin and the spin of the 3d electrons are oriented anti-parallel, whereas in the first

region their orientation is parallel. The 3p–3d Coulomb exchange interaction is different for

the two regions and their energy separation can be explained by the large exchange interaction

integral G1(3p, 3d). This effect is also discussed in relation to the 3p photoelectron spectra in

section 5.1.
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Table 4. Resonances of the Sc 3p–3d excitations taken from [140]. The resonance energy hν,

the line strength Sik and the width Ŵ of only the main resonances belonging to the configuration

3p53d24s2 are shown. In the last columns, the spins of the 3p core hole and the 3d electrons are

given. The strong resonances at 34–38 eV are discussed in the text and not included in this table.

Spin

State hν (eV) Sik (ea0) Ŵ (eV) 3p−1 3d

(3F)4F3/2 29.600 0.103 0.012 ↑ ↑↑

(3F)4F5/2 29.604 0.100 0.014 ↑ ↑↑

(1G)2F5/2 29.792 0.372 0.089 ↑ ↑↓

(1D)2P1/2 30.196 0.133 0.017 ↑ ↑↓

(1D)2F5/2 31.178 0.517 0.095 ↑ ↑↓

(3P)2P1/2 41.513 1.233 4.1 ↓ ↑↑

(3P)2P3/2 41.603 0.700 5.7 ↓ ↑↑

(3F)2D5/2 42.118 0.714 5.7 ↓ ↑↑

(3F)2D3/2 42.126 2.558 7.4 ↓ ↑↑

For Fe and the other late transition metal atoms the situation is different. The spins of

the 3p and 3d electrons in the ground state are given by (↑↑↑↓↓↓)3p(↑↑↑↑↑↓)3d. In contrast

to the early elements only spin-down ↓3p electrons can be excited into the unoccupied 3d

orbitals, because the 3d↑ orbitals are already filled. Compared to Sc, only states of one region

can thus be excited because the spin cannot be changed in a dipole transition in the simple

one-electron picture. This results in a smaller number of resonances and hence in a much

simpler spectrum.

There is, however, another important reason for the complex structure of the Sc 3p

absorption. The dominating resonances around 34–38 eV in figure 5 originate from the

configurations 3p53d24p2 and 3p53d4s24d [140], not listed in table 4. They are excited by the

strong configuration interaction with 3p53d24s2. This CI comes from the near degeneracy of

the 3d and 4s orbitals. This degeneracy is more pronounced for the earlier 3d elements than

for the later ones.

The photoabsorption of Sc2+ and the photorecombination process of Sc3+ have also

attracted attention [66, 90], because Sc2+ has a similar initial state as the Sc atom with

one 3d electron. The photorecombination process

Sc3+ + e− → Sc2+ + hν (16)

can be understood as the reversed process of photoionization described by equation (5). The

detailed balance of both processes is very important for, e.g., the description of hot plasma

environments, as found in controlled fusion or astrophysics. The Sc2+ and Sc3+ ions offer the

opportunity to compare the photoionization and the photorecombination processes. Schippers

et al reported a strong 3d → 3p radiative decay of 3p53d2 and 3p53d 4s photorecombination

resonances [160, 161]. A comparison of these experimental data and of the theoretical

spectrum of Altun and Manson [66] for Sc2+ shows only marginal agreement again. Hence,

also for Sc2+ the 3p core hole induces strong correlations as in the Sc atom.

To date no experimental or theoretical vanadium core level photoabsorption data have been

reported and for titanium only the experimental data published by Sonntag and Zimmermann

are known [92]. The scarcity of experimental data is most probably due to the very high

evaporation temperatures needed for appropriate target densities for these elements (see

table 3). Note that investigations of valence excitations using a helium gas discharge lamp

have been reported [162].



Topical Review R95

50 55 60
Photon energy (eV)

P
h

o
to

ab
so

rp
ti

o
n

 (
ar

b
. 

u
n

it
s)

Mn

Mn
+

3p → 4s

6
P

6
D,

6
F

Figure 6. Photoabsorption of Mn atoms and singly ionized Mn taken from [103].

Table 5. Configurations included in the calculations of the Ti and V 3p–3d photoabsorption

spectra.

Initial state Resonant state Continua

Ti 3d24s2, 3d34s, 3p53d34s2, 3p53d44s, 3d4s2, 3d24s, 3d3,

3d4, 4s24p2, 3p53d5, 3p53d24s24d, 4s4p2, 4s24d, 3d4s4d, 3d24d

3d4s24d 3p53d4s24p2 4s24p, 3d4s4p, 3p54s23d2

3p54s 3d3, 3p53d4, 3p54s24p2

V 3d34s2, 3d44s 3p53d44s2, 3p53d54s, 3d24s2, 3d34s, 3d4, 3d24p2,

3d5, 3d34p2 3p53d6, 3p53d44p2, 3d34d, 3d4s24d, 3d24s4d,

3p53d34s24d, 3p53d44s4d, 3d35s, 3d4s25s, 3d24s5s,

3p53d34s25s, 3p53d44s5s 3p53d34s2, 3p53d44s, 3p53d5

The 3p photoabsorption spectra of Ti and V are similar to that of Sc. Calculations are

even harder to perform than for Sc due to the increased number of 3d electrons. In order to

keep the size of the energy matrices manageable a smaller configuration set as indicated in

table 5 was used here in the CI calculations for Ti and V.

V is probably the most complex atom of the light 3d elements and to date theory can

give only a qualitative description of the 3p–3d photoabsorption spectrum. At an evaporation

temperature of 2100 K two different initial configurations, namely 3d34s2 and 3d44s (see

table 3) are thermally populated. This leads to a large number of configurations (see table 5)

that have to be included in the calculations.

4.1.2. Chromium and manganese. Cr and Mn are the theoretically and experimentally best

investigated atoms of the 3d metals in the gas phase. In particular from a theoretical point

of view, they are simpler due to the half-filled 3d shell. Experiments are also much easier to

perform, due to the relatively low evaporation temperatures (see table 3). In addition, studies

of free Cr and Mn ions have been reported and photoionization experiments on laser-excited

Cr atoms have been performed.

In figure 6 the spectra of atomic Mn and of Mn+ ion are shown. Both spectra are similar

and well understood. The main resonance is due to the 3p → 3d excitations and can be
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Figure 7. Photoabsorption of Cr atoms, laser-excited Cr∗ [163] and Cr ions. For Cr+ the data of

Costello et al [103] and the more recent data of West et al [164] are shown. The high-resolution

spectrum of atomic Cr is taken from [138].

assigned to 6P states. The small pre-edge lines in the Mn 3p–3d spectrum can be assigned

to 6D and 6F states with a recoupled 3d5 shell. For Mn+ in addition the 3p → 4s excitations

are observed at similar energies as the 3p → 3d resonances. However, in contrast to Cr with

the same ground state 3d54s 7S3 the Rydberg excitations at higher energies are missing in the

Mn+ spectrum. This is addressed below. Compared to Cr also the line widths of the 6P main

resonances and of the 6D and 6F pre-peaks are different.

These latter differences have been explained by Davis and Feldkamp [65]. The line width

Ŵ6P of the 6P resonance is a result of the large super-Coster–Kronig (SCK) CI radial integral

R1(3d2, 3pǫf). For the 6D resonance the corresponding angular coefficient r1,6D(3d2, 3pǫℓ) of

the SCK channel vanishes, resulting in a much smaller line width Ŵ6D. This is a consequence

of rotation and inversion symmetry. The line width Ŵ6F of the 6F state is much smaller than

Ŵ6P, because Ŵ6L ∝ (2L + 1)−4 [65]. Note that these effects also explain the different line

widths of the 3p–3d resonances for the early 3d elements Sc, Ti and V.

The analysis of the Cr 3p photoabsorption spectrum has been a problem for some time, in

particular since the spectrum of Mn+, with the same ground state 3d54s 7S3, looks completely

different. Figure 7 shows the 3p–3d photoabsorption spectra of Cr atoms, Cr ions and laser-

excited Cr∗. The Cr∗ spectrum has been measured by laser-exciting the Cr 4s 7S3 ground state

to the Cr∗ 3d54p 7P4 state [163]. There are striking differences between these and the Mn

spectra in figure 6.

A first successful description of the Cr spectrum was given by Dolmatov using the

spin-polarized Hartree–Fock method (SPHF) [165] and the spin-polarized random phase

approximation with exchange (SP-RPAE) [152, 144]. The particular behaviour of Cr could

be attributed to a spin-dependent anti-collapse of the 3d wavefunction. A similar result for the

Cr 3p–3d photoabsorption spectrum was obtained by Donnelly [85] et al using the R-matrix

theory. The SP-RPAE is based on SPHF wavefunctions, which is essentially the unrestricted

HF method. Figure 8 shows the 3d↓ wavefunctions of Mn and Cr for 3p core hole states

calculated using a frozen core and a relaxed SPHF calculation [152]. In the Cr ground state

3d54s 7S3 all 3d↑ orbitals are occupied, so 3p electrons can only be excited into 3d↓ orbitals.
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Figure 8. Radial 3d↓ wavefunctions from two different SPHF calculations for 3p core-excited Mn

and Cr. The calculation has been taken from [152].

In a restricted HF and in the frozen core SPHF calculation the 3p core-excited Cr 3d↓
orbitals have almost the same shape as for Mn. However, if the relaxation of the 3d orbitals in

the 3p core hole configuration is taken into account an anti-collapse of the Cr 3d↓ orbitals is

observed [152].

This anti-collapse of the wavefunction is extremely sensitive to the nuclear charge Z of

the atom and is only observed for Cr atoms in their ground state. Already for laser-excited

Cr∗ [166, 163] the 3p photoabsorption spectrum is similar to that of manganese. The Rydberg

series vanish and the spectrum becomes similar to that of Mn and Mn+. This can be understood

by considering that the 4p wavefunction of excited Cr∗ has a lower probability for small radii

than the 4s wavefunction. Hence the core potential is less screened for the 3d electrons, the

anti-collapse of the 3d wavefunction does not occur [163].

The spectra of Cr+ and Cr2+ in figure 7, which were experimentally observed for the first

time using the DLP method [102, 103], are completely different compared to the Cr, Cr∗,

Mn and Mn+ spectra. For Cr+ and Cr2+ the 3p → 3d photoabsorption resonances extend

over more than 15 eV, which is about three times more than the 4–5 eV energy range of

the atomic Cr and Mn resonances. First calculations by Dolmatov [167] and Donnelly et al

[84] using the SP-RPAE and R-matrix method, respectively, were not successful at describing

the experimental data. Therefore, extended Fano calculations were performed, which are in

good agreement with the photoabsorption spectra measured with the DLP method [105, 168].

For investigations of Cr ions with the DLP method the main problem is the large number of

metastable states populated in the laser plasma. In Cr+ about 40 possible states belonging to

the 3d5 and 3d44s configurations exist below the first 3d44p state. These states cannot decay

via dipole radiation and hence excitations from all these metastable states have to be taken

into account in the calculation of the photoabsorption cross section. In a first approach, the

population according to a thermal or Boltzmann distribution has been assumed with a plasma

temperature around 1.5 eV resulting in a reasonable agreement with the experimental data

[105]. For Cr2+ a similar result is obtained for a plasma temperature of about 3 eV [168]. Here

excitations from the 3d4 configuration are dominating the spectrum.

Recent experimental results for the Cr+ photoionization cross section of West et al [164]

show a much simpler spectrum, which is in good agreement with the theory of Dolmatov and

Donnelly [167, 84]. West et al have recorded the Cr+ spectrum using the merged ion beam
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Figure 9. Comparison of calculations for the 3p photoabsorption of free Fe atoms. Dotted black

curves are experimental data for total cross section (upper panel), partial cross section for the Fe II

3d54s2 final states 6S (middle panel) and 4D (lower panel). The theoretical curves are calculated

with (solid), and without (dashed) the influence of the 3d → ǫℓ and 3p → ǫℓ continua. The

experimental data (points) are taken from [169], theoretical curves from [141]. Theoretical spectra

have been shifted to match the experimental data. � is the energy splitting between the Fe main

resonance 5F and 5D, 5P.

technique at the Astrid storage ring for synchrotron radiation in Aarhus (see section 3.5).

Using this method they were able to measure the spectrum of a comparatively cool ion beam,

avoiding metastable states. In turn, these data are an excellent proof of the interpretation in

terms of excitations from metastable states in the hot plasma [105].

4.1.3. The late elements (Fe, Co, Ni, Cu). The photoabsorption spectra of the heavier

elements are all rather similar. They all show some broad resonances with very little fine

structure and no Rydberg excitations [139].

Meyer et al [133] systematically investigated these resonances in absorption and

photoelectron emission. A detailed analysis of the photoionization process by photoion

spectroscopy is given in [139] using TOF mass spectra and CI calculations.

In contrast to the earlier elements with their strong CI, for the late 3d elements already SCA

calculations result in good agreement with the experimental data. This is demonstrated for Fe

in figure 9. In the SCA calculation only the configurations 3p63d64s2 and 3p53d74s2 have been

included for the initial and intermediate states, respectively, whereas for the CI calculation

the configurations 3d64s2, 3d74s and 3d8 for the ground state and 3p53d74s2, 3p53d84s and

3p53d9 for the final states have been used. The difference between the theoretical Fe spectra
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Table 6. Shifts Fk for the Fe 3p → 3d main resonances and the 5G pre-peak due to the interactions

with the continua.

Fk (eV)

3d → ǫℓ 3p → ǫℓ Sum

5G −0.1 −0.4 −0.5
5F −0.4 −0.7 −1.1
5D −1.3 −1.7 −3.0
5P −0.9 −1.5 −2.6

is negligible and therefore only the SCA calculation is shown in figure 9. Note that a further

inclusion of the 3d64p2 and 3p53d74p2 configurations only results in a energy shift of the

whole resonance structure. The overall shapes of the experimental and theoretical spectra of

the late 3d elements are in good agreement but the experimentally observed splittings � of

the main resonances (like 5F–5D, 5P for Fe) are overestimated in both the SCA and the CI

calculations.

This splitting can be nicely studied in the resonant 3p → 3d photoemission, which has

been investigated by Meyer et al [133] and Whitfield et al [169]. They measured the 3d partial

cross sections in the region of the 3p → 3d giant resonances using photoelectron spectroscopy.

In figure 9 the experimental spectra of the final ionic channels 3d54s2 6S and 3d54s2 4D are

compared to spectra calculated within the extended Fano approximation (see section 2.3 and

[75]). For the 3d−1 6S channel only an excitation into 5F states is found. In the 3d−1 4D

channel excitations into the 5F and the 5D, 5P resonances are observed. Experimental and

theoretical spectra are similar, but the calculated splitting �theo ∼= 4.4 eV between the 5F and

the 5D, 5P resonances is too large compared to the experimental value �exp ∼= 3.1 eV.

The key to understanding this shift is the interaction of a resonance with continuum states.

In the Fano theory [62] the energy position of a resonance k is given by Ek = E0,k + Fk with

Fk = P

∫

Vk(ǫ)
2

ǫ − E0,k

dǫ. (17)

P denotes the principal value; E0,k is the unperturbed resonance position. Usually this term

is neglected, because for a resonance k embedded in a flat, weakly interacting continuum the

Coulomb interaction Vk(ǫ) = 〈�k|HCoul|ϕ(ǫ)〉 between the resonance k and the continuum

ϕ(ǫ) is independent of ǫ and Fk tends to zero. However, if Vk(ǫ) depends strongly on the

energy ǫ or the resonance is close to a threshold, Fk cannot be neglected [28].

This has been found, for example, for the Mn 3p → 3d 6P giant resonance by Davis and

Feldkamp [65]. They calculated a shift of F6P
∼= − 2.2 eV due to the strong interaction of the

3p53d64s2 6P resonant state with the 3d44s2ǫℓ (3d → ǫℓ) continuum.

For the neighbouring element Fe a similar shift can be expected. However, there it has to

be calculated for the three main resonances 5F, 5D and 5P independently. In table 6 the shifts

due to the interactions with the 3d → ǫℓ continuum are listed for the three main resonances

and the weak 5G pre-peak. All of them are smaller than for Mn. More importantly, the shifts

are larger for the 5D and 5P states than for the 5F and 5G states leading to a smaller splitting

�. However, the calculated splitting �(3dǫℓ)
∼= 3.8 eV is still too large, as compared to the

experiment.

In the work of Fano [62] the interaction of a resonance with continuum states is taken

into account for the case, where the resonance is embedded in the continuum. If the integral

(equation (17)) is generalized to continua, where the resonance is not embedded in, the
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resonance will also be shifted towards smaller excitation energies. Therefore, in table 6 also

the calculated shift Fk due to the influence of the 3p → ǫℓ continuum is listed. Including the

interaction with the 3p → ǫℓ continuum reduces the splitting further to �(3pǫℓ)
∼= 2.6 eV.

In figure 9 the theoretical spectra without the shift Fk (dashed line) and including the shifts

due to the 3d → ǫℓ and the 3p → ǫℓ continua (solid line) are shown for the two channels 6S

and 4D in comparison with the experimental data of Whitfield et al [169]. The energy scale

of the theoretical spectra have been adjusted to the weak 5G pre-peak; for this peak a much

smaller shift F5G is obtained [65].

In the 6S channel an improvement in the energy position of the 5F resonance relative to the
5G pre-peaks is found, when the interaction with the continua is taken into account. However,

this effect is quite small. A major improvement is found for the 4D channel. Including the

interaction with the 3d → ǫℓ continua already shows better agreement with experiment, while

the energies of the main resonances remain too large. If also the interaction with the 3p → ǫℓ

continua is included almost perfect agreement with the experimental data is obtained. Thus,

the strong interaction with the continuum states causes the large shift of the order of several

eV for some of the 3p → 3d resonance positions in Fe and also for Co and Ni [139] and Mn

[65].

4.2. The 2p excitation

Studies of the 2p excitation of the 3d transition metal atoms Cr, Mn and Cu were done first

by Arp et al [170–173] in the 1990s. For the other 3d elements such experiments have been

accomplished in recent years due to the increased photon flux at third-generation synchrotron

radiation sources.

In figure 10 the experimental 2p photoabsorption cross sections in the energy region of the

3d excitations are shown. In contrast to the 3p–3d resonances the 2p–3d resonance energies

of the different elements do not overlap and the 2p–3d excitations are highly element specific.

The 2p–3d excitations are hence an excellent tool for the study of electronic and magnetic

properties of complex 3d metal compounds and thin films [18, 177–181].

Figure 11 displays spectra calculated with the Fano method (see section 2.3). Overall

there is good agreement with the experimental data. The Fano theory is usually sufficient

to calculate the photoabsorption spectra, because the resonances are mostly isolated and the

effect of overlapping resonances is quite small. The 2p photoabsorption is dominated by two

groups of lines, which can be assigned in a first approximation to 2p−1
3/2 and 2p−1

1/2 spin–orbit

split core hole states. Coulomb interaction of the 2p core hole with the 3d electrons gives rise

to an additional multiplet splitting for both the 2p−1
3/2 and the 2p−1

1/2 states. It is apparent from

both figures 10 and 11 that the spin–orbit splitting increases with increasing nuclear charge

Z from 5 eV for Sc to 20 eV for Cu. For the early elements, there is still a partial overlap

of 2p−1
3/2 and 2p−1

1/2 states [174], due to the smaller 2p spin–orbit splitting. This might have

consequences for the validity of sum rules in the analysis of XMCD spectra [182, 183]. Note

that for Cu the 2p resonances are comparably weak due to the closed 3d shell.

The first theoretical analysis of the Cr and Mn 2p photoabsorption spectra using SCA

calculations was presented by Arp et al [172, 170, 173]. It was shown that the main features of

the spectra can be explained within the SCA. Rydberg excitations or, more generally, electron

correlations are only of minor importance. The situation changes slightly for Sc, as has been

shown in [174]: Due to the overlap of the 2p−1
3/2 and 2p−1

1/2 multiplets excitations into 4d

Rydberg orbitals have to be included.

In the calculations by Arp et al the lifetime of the resonances due to the subsequent

Auger decay of the 2p core hole states was included (Lorentzian line widths of 0.339 eV and
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Figure 10. Experimental 2p photoabsorption spectra of the 3d elements. The spectra cover the

same energy range of 40 eV. Data are taken from the following references: Sc [174], Ti, V [175],

Cr [172], Mn [170], Fe [38], Co [176], Ni [37] and Cu [171].

0.392 eV for the Mn 2p−1
3/2 and 2p−1

1/2 core hole states, respectively, have been used [61]). For

the other 3d elements the lifetime broadening has been calculated by van der Laan et al [184]

to increase from 200 meV for Sc to 500 meV for Ni. In figure 11 the line width has been

calculated by taking into account the subsequent Auger decay of the 2p core hole. Sc 2p holes

mainly decay via an Auger process to 3p−2 which results in Sc3+ ions [174, 185]. To keep the

number of final ionic states for the calculations manageable only this main decay channel and

the 3d−2 and 3p−13d−1 decay channels are included. This results in a typical line width of

0.2–0.3 eV for the 2p−1
3/2 core hole states. With this approach the line width is underestimated

because other decay channels are neglected. The 2p−1
1/2 states show a stronger broadening

of 0.4–0.5 eV as can be seen in figure 12 for the case of Ni. This is due to an additional

spin-flip decay channel possible for the 2p−1
1/2 core hole states, as they are located above the

2p−1
3/2 threshold.

Arp et al already pointed out that the electronic structure of the 2p excited 3d transition

metals have to be described in intermediate coupling, because the 2p spin–orbit parameter



R102 Topical Review

400 410 420 430

0

50

100

150

450 460 470 480

0
20
40
60
80

510 520 530 540

0

10

20

30

570 580 590 600

0

20

40

60

640 650 660 670

0

20

40

P
h
o
to

ab
so

rp
ti

o
n
 c

ro
ss

 s
ec

ti
o
n
 (

M
b
ar

n
)

710 720 730

0

10

20

30

780 790 800

0

10

20

850 860 870 880

0

5

10

15

930 940 950 960

Photon energy (eV)
0

0.4

0.8

Sc

Ti

V

Cr

Mn

Fe

Co

Ni

Cu

Figure 11. Theoretical 2p photoabsorption spectra of the 3d elements. The spectra have been

calculated within the SCA taking into account the thermal population of the initial states for Sc, Ti,

V and Ni. For Sc an additional 4d Rydberg excitation is included. The displayed energy ranges are

the same for all spectra and they are the same as for the experimental data in figure 10. Spectra are

reported without any energy shifts applied. Calculations are taken from the following references:

Sc [174], Ti, V, Cr, Mn [141], Fe [38], Co [176], Ni [37] and Cu [141].

ζ2p, and the Slater integrals F k(2p3d), F k(3d3d),Gk(2p3d) are of similar magnitude (several

eV). This will be further investigated below.

In [37] the 2p photoabsorption of atomic Ni has been presented. Ni, like the other late

3d metal atoms, can be well described within a SCA. As for V, the excitation from two

different thermally populated ground states has to be taken into account. In figure 12 the

2p photoabsorption is shown for both initial configurations, 3d84s2 and 3d94s. The latter

contributes only with one strong line (3P2) to the spectrum due to selection rules. For

condensed matter systems several authors [186–188] have shown that the initial state has to

be described in a CI expansion including 3d8L2, 3d9L and 3d10 configurations; L denotes a

valence electron of the ligand. In particular in Ni metal the 6 eV satellites of the 2p−1
3/2 lines

in x-ray absorption and photoemission spectra [189] result from electron correlations in the

solid. Here the atomic data can be helpful to assign resonances in solid systems to an initial

state configuration. The influence of different symmetries on the 2p photoabsorption in solids,
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Figure 12. 2p photoabsorption of atomic Ni for the 3d84s2 and 3d94s configuration. The lower

panel compares the experimental data [37] (dots) with the sum of the spectra (solid line) of the

initial two configurations weighted according to their thermal population.

and here in particular in 3d metal compounds, has been studied by van der Laan [184] and de

Groot [178] for several ligands. The influence of the crystal field on the absorption spectra was

demonstrated. However, the term-dependent decay of the 2p core hole has been neglected.

4.3. Comparison of the 3p and 2p photoabsorption

In contrast to the 3p excitations, where the photoabsorption spectrum of the early elements is

dominated by strong correlation effects, the 2p photoabsorption can be successfully described

within a SCA. This is somewhat surprising, because there are only small differences between

the CI integrals Rk (equation (4)) of the 3p hole configurations and the corresponding 2p

configurations (table 7); the 2p CI integrals are on average about 10–20% smaller than the

3p CI integrals. Also the difference between the average energy Eav of the configurations is

comparable for a 2p and a 3p hole configuration. However for the spin–orbit interaction, one

finds

ζ2p ≈ 8 · ζ3p. (18)

This much larger 2p spin–orbit interaction as characterized by ζ2p distributes the states over

a larger energy range. As a consequence, the energy separation between interacting states

increases, and the mixing of these states as described by second order perturbation theory

decreases. As a result correlations are less important.

In table 7 CI integrals Rk are given, where only electrons from the valence shell (4s, 4p

or 3d) are involved. The CI integrals, where also the core hole electrons are involved, e.g.,

R2(2p4s, 2p3d), have smaller values approximately 10–20% of the tabulated CI integrals.

The simplicity of the 2p photoabsorption spectra can also be explained by the smaller line

width of the 2p as compared to the 3p resonances. The 3p resonances can be very broad with

line widths up to several eV, due to the super-Coster–Kronig (SCK) decay of the 3p core hole.

Therefore, the 3p spectra have to be described using the extended Fano theory, taking into

account interference effects of the overlapping resonances. In contrast, for the 2p hole there
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Table 7. CI integrals and average energies Eav of several 2p and 3p core hole configurations for

Sc, Cr and Co. Eav is given relative to the [2p, 3p]54s23dn configuration of each element. Only

CI integrals which include the valence electrons are given in the table.

Eav (eV) CI integrals Rk (eV)

3p5 2p5 3p5 2p5

Sc 1.469 0.672 4s3d3 R2(4s3d, 3d2) −1.30 −0.92

4.767 3.892 3d4 R2(4s2, 3d2) 1.96 1.76

11.442 15.738 4s24p2 R1(3d2, 4p2) 1.29 1.09

R3(3d2, 4p2) 0.99 0.87

5.384 5.357 3d24p2 R1(4s2, 4p2) 3.65 3.72

Cr 0.673 −0.197 4s3d6 R2(4s3d, 3d2) −0.83 −0.54

4.210 3.172 3d7 R2(4s2, 3d2) 1.65 1.48

17.018 21.164 3d34s24p2 R1(3d2, 4p2) 1.08 0.96

R3(3d2, 4p2) 0.85 0.77

6.692 6.594 3d54p2 R1(4s2, 4p2) 4.05 4.09

Co 0.042 −0.859 4s3d6 R2(4s3d, 3d2) −0.55 −0.32

3.814 2.701 3d7 R2(4s2, 3d2) 1.51 1.36

22.120 26.160 3d34s24p2 R1(3d2, 4p2) 0.99 0.89

R3(3d2, 4p2) 0.79 0.72

7.985 7.843 3d54p2 R1(4s2, 4p2) 4.36 4.38

is no SCK decay and the line widths are typically one order of magnitude smaller. Hence,

resonances overlap very weakly and the 2p photoabsorption spectra can be described using

the Fano theory.

For photoemission spectra, on the other hand, electron correlations are very important

even in the energy region of 2p excitations as we will show in the following section.

5. Photoelectron spectroscopy of free 3d metal atoms

The first experiments on direct photoemission (photoelectron spectroscopy with excitation

well above the ionization threshold) in the core level regions of free 3d metal atoms were

performed by the group of Schmidt on Mn 3p [190] and by the groups of Fadley, Gerard

and Manson on Mn 3s and 3p [191, 192]. These pioneering investigations were followed by

results on direct 3p photoemission of Mn and Cr [34, 193], Fe [194, 195], Ni [196], Sc [197]

and Co [195].

2p photoelectron spectra of free 3d transition metal atoms with analyses based on HF

calculations were reported for Cr [32, 31], Mn [198], Ni [37], Sc [185], Co and Cu [199]

and Fe [38]. Bagus and co-workers presented an alternative theoretical approach based on

Dirac–Fock calculations [200].

5.1. Direct 3p photoemission of 3d metal atoms

In figures 13 and 14 the experimental and corresponding calculated 3p photoemission spectra

are shown. All spectra were taken with photon energies at least 50 eV above the ionization

thresholds. For all measured spectra except for Cu the line width is limited by the experimental

resolution.

The 3p photoelectron spectra are dominated by the Coulomb exchange interaction between

the 3p hole and the 3d electrons. This typically spreads the spectra over an energy range of
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Figure 13. Overview of experimental 3p photoelectron spectra of free 3d metal atoms. Data are

taken from the following references: Sc [197], Ti, V [175], Cr, Mn [193], Fe, Co [195], Ni [196]

and Cu [137].

up to 20 eV and separates the so-called high- and low-spin states (where the resulting spin of

the 3p core shell and of the 3d shell are parallel and anti-parallel, respectively). The situation

is different only for Cu where the 3d subshell is closed and no 3p–3d exchange interaction

occurs. The spectrum hence reflects two spin–orbit split lines, see figure 13.

It is apparent from figures 13 and 14 that Cr plays a special role in the series of the

3p photoelectron spectra of the 3d metal atoms: the binding energies of the high-spin main

lines are distinctly smaller compared to the neighbouring 3d elements, V and Mn. For

the 3p53d54s configuration the wavefunctions are located at larger radii as compared to the

3p53d44s2 configuration. By increasing the number of electrons in the 3d subshell, the

Coulomb repulsion of the 3d electrons becomes larger increasing the centre of gravity 〈r3d〉
of the 3d electron density. Also the 4s wavefunction extends to larger radii, because the

core charge is better screened in the 3d5 configuration by the additional 3d electron. This

results in a smaller binding energy of the 3p53d54s configuration compared to the 3p53d44s2

configuration.

We use the Mn 3p photoelectron spectrum in figure 15 as a prototypical example to

introduce the major interactions and effects involved. Mn has the advantage that only the

3d54s2 6S5/2 ground state has to be taken into account to describe the experimental spectrum,

because no thermal population of other initial states occurs at the experimental evaporation

temperature. Furthermore, coupling with the closed 4s shell can be neglected.

The dominating 3p–3d Coulomb interaction separates the 7P (high-spin) and 5P (low-

spin) states in Mn by about 18 eV. The spin–orbit splitting in the 3p shell gives rise to an
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Figure 14. Overview of theoretical 3p photoelectron spectra of free 3d metal atoms. SCA

calculations have been applied for Cr, Mn [141], Fe, Co [195], Ni [196], while for Sc [197] and

Ti, V, Cu [141] CI calculations were used. For Sc, Ti, V, Fe, Co and Ni the thermal population of

different initial states had to be taken into account additionally. The spectra have been convoluted

with a 0.1 eV Gaussian to more clearly recognize sharp features in the spectra. Other than that

line widths directly correspond to calculated line widths. The dashed and dashed-dotted lines

approximately mark energies of the high-spin (HS) and low-spin (LS) states, respectively.

additional fine structure (7P4,
7P3,

7P2) which is clearly resolved in the Mn high-spin main

lines in figure 15. Since this spin–orbit splitting (<1 eV) is much smaller than the splitting

caused by the 3p–3d Coulomb interaction, LS-coupling serves as a good approximation of the

final states. Recoupling of the 3d shell (spin flips) and shake-up processes (4s to 4p transitions,

for example) further complicate the spectra and corresponding satellite lines are visible in the

spectrum. In the ground state the 3d5 configuration couples to 6S, where all 3d spins are

parallel (Hund’s rule). By recoupling the 3d electrons with one or two flipped 3d spins 4L or
2L states are obtained. The satellite lines that are separated by about 4 eV from the high-spin

main lines (figure 15) correspond to a recoupled 3d shell with one 3d spin flip. The small

features at 64 eV binding energy can be assigned to final states with a recoupled 3d shell with

two 3d spin flip. The group of lines at 67 eV and 68 eV binding energy are due to 4s to 5s and

4s to 4d shake-up transitions.

The interpretation of the 3p photoelectron spectra was a puzzle for some time because

the measured spectra did not display the high- and low-spin components with the expected

intensities corresponding to their multiplicities (intensity ratio of 15:11 for the 7P:5P high:low

spin components of Mn 3p for example, see figure 15). It was realized very early on by

McGuire [201], Kotani [17], Ogasawara et al [202], Okada et al [203], Malutzki [190] and
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Figure 15. Comparison of the experimental (top panel) and calculated (bottom panel) Mn 3p

photoelectron spectra. All spectra are taken from [193]. The spins of the 3p and 3d electrons

are sketched by arrows. The bars in the calculated spectrum (bottom panel) correspond to the

oscillator strengths calculated within the SCA and reflect the multiplicity of the states. The

calculated spectrum shown as the solid line (bottom panel) includes the strongly term-dependent

line widths as calculated with CI [193]. This shows that the spin-dependent core hole decay

substantially broadens and suppresses the 5P low-spin lines.

Schmidt [204] that a spin dependence of the Auger decay rates of the 3p hole is essential for

the description of the 3d metal 3p photoelectron spectra. As a result of this spin dependence

the low-spin states are substantially broadened and suppressed in the spectra (see the case of

Mn in figure 15). Von dem Borne et al presented a detailed analysis of the Mn and Cr 3p

photoelectron spectra based on calculations by Hansen [193]. Later, similar analyses were

reported for Fe and Co [195], Ni [196] and Sc [197]. Note that for Cu the SCK decay is

possible for all states due to the closed 3d subshell resulting in a substantial broadening of the

photoelectron lines (figure 13).

The finding about the forbidden SCK decay is sketched schematically in figure 16 for

the case of Mn. The 3p5 configuration has a resulting ↑ spin and the resulting spin of the

3d5 configuration can couple either parallel or anti-parallel to the 3p5 spin. For the 3d5

configuration only the ground state with maximum spin is taken into account (Hund’s rule).

To fill the 3p↓ hole in the high-spin case a spin flip of one of the 3d↑ electrons would be

required. This is strictly forbidden in the Coulomb interaction describing the Auger process.

For the low-spin states the spin of the 3p hole and the 3d electrons match and the SCK process

is allowed. This mechanism more generally results in a substantial line broadening for the

low-spin states for all 3d elements from Sc to Ni as shown in table 8.

The line widths of the 3p photolines in table 8 have been calculated in a SCA and a CI

approximation. For both calculations the line widths of the high-spin states are typically in

the order of a few meV while the low-spin states have widths of up to several eV. The CI

calculations include mixing of the 3dn4s2, 3dn+14s and 3dn+2 configurations in the ground

and in the final states for all elements. The line widths of both the low- and high-spin states
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Figure 16. Decay of the high-spin and low-spin states of a Mn 3p core hole. For the high-spin

states the 3d ↑ → 3p ↓ decay is spin forbidden. The low-spin states decay via a fast SCK decay.

This entails a substantial broadening and a corresponding suppression of the low-spin states in the

3p photoelectron spectra.

Table 8. Typical average values for the calculated line widths of the high- and low-spin states of

the 3p hole states of the 3d electrons in a SCA and a CI (FISCI) calculation. All line widths are

given in units of eV.

High spin Low spin

SCA CI SCA CI

Sc 3 × 10−3 4 × 10−2 0.2 0.9

Ti 1 × 10−3 0.2 0.3 3

V 4 × 10−3 0.2 1 7

Cr 2 × 10−5 3 × 10−5 5 10

Mn 3 × 10−3 6 × 10−2 3 11

Fe 7 × 10−3 0.1 5 10

Co 5 × 10−2 0.1 5 10

Ni 0.2 0.2 3 6

increase, when CI in the final ionic state (FISCI) is included in the calculations. The line

widths of the high-spin states increase by up to two orders of magnitude because already a

small admixture of low-spin state character opens the SCK decay channel. This shows the

strong influence of correlations on the lifetime of the 3p core hole states. The effect is smaller

for the low-spin states and amounts to a factor of 2 for the elements from Cr to Ni and up to a

factor of 10 for Ti and V. For Mn Hansen has performed a more refined CI calculation further

including the interaction with the 4d and 3s electrons [193], leading to a slightly increased

line width of the main photolines.

For Cr the line width of the high-spin states is two orders of magnitude smaller than for

the other elements. This is due to that for Cr the 4s → 3p decay is spin forbidden (the 4s spin

is parallel to the 3d spins due to Hund’s rule). Auger decay of the high-spin core hole of Cr is

only possible by small admixtures of low-spin character to the high-spin wavefunctions due

to the spin–orbit interaction.

The high-spin line width increases from Cr to Ni, as can also be seen in figure 13. Due to

the subsequent filling of the 3d subshell SCK channels open up also for the high-spin states.

The line width of the low-spin states increases from Sc to Cr due to the increasing numbers

of possible SCK channels. The low-spin line width of Sc is comparably small because the 3d

shell is occupied by only one electron and, therefore, no SCK but only a Coster–Kronig (CK)

decay can occur.
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Figure 17. Overview of the experimental 2p photoelectron spectra of the 3d metal atoms. Data

are taken from the following references: Sc [185], Ti, V [175], Cr [32, 31], Mn [198], Fe [38], Co

[199], Ni [37] and Cu [199].

The broadening of the low-spin states has already been studied theoretically in the

condensed phase for several 3d transition metal compounds by Kotani and co-workers [17,

205, 187]. However, in these calculations the decay of the high-spin states has not been

taken into account, because in solids the lifetime of these states is strongly influenced by the

interaction of one atom with the surrounding ligands. This can be understood as a generalized

CI resulting in a larger line width as compared to the free atoms.

5.2. Direct 2p photoemission of 3d metal atoms

Figure 17 depicts an overview of the measured 2p photoelectron spectra for all 3d elements.

All spectra were taken at photon energies around 50–100 eV above the ionization thresholds.

The corresponding theoretical spectra are shown in figure 18. In a simple one-electron picture,

often used for the interpretation of the 2p photoelectron spectra of bulk metals, only two lines

corresponding to the spin–orbit split 2p−1
1/2 and 2p−1

3/2 core hole states should be observed. For

the free atom this is only the case for Cu: due to the closed 3d shell no additional multiplet

splitting occurs. The spectra of all other elements are more complex due to the influence

of the 2p–3d core–valence Coulomb interaction, the recoupling of the 3d shell, and due to

photoemission from thermally excited ground states.

As for 3p photoemission presented above, we use Mn to discuss some fundamental

interactions affecting the 2p photoelectron spectra of free 3d metal atoms. Figure 19 depicts
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Figure 18. Overview of the calculated 2p photoelectron spectra of the 3d metal atoms on a relative

binding energy scale. Zero binding energy is set for each spectrum to the energy of the line with

lowest binding energy in the 2p−1
3/2 multiplet. The dashed line indicates the evolution of the binding

energies of the 2p−1
1/2 multiplets. This shows the increasing spin–orbit splitting with increasing

nuclear charge Z. The dotted line indicates the evolution of the binding energies of 3d-recoupled

satellite lines. All spectra have been convoluted arbitrarily with a 200 meV Gaussian. The arrows

in the V and Ni spectra indicate the additional lines due to the excitations from thermally populated

3dn4s configurations (see the text). Calculations taken from: Sc [185], Ti, V [141], and Cr–Cu

[199].

the measured (top panel) and calculated (middle and bottom panel) 2p photoelectron spectra

of free Mn atoms [198].

Already the single configuration approximation (SCA) calculation describes the

experimental data very well. Therefore electron–electron correlations, which might be

described in a CI approach, can be assumed to be small and in the following the influence of

the 4s2 electrons is neglected.

Due to the dominating spin–orbit interaction of the 2p shell the two groups of lines at 650

and 665 eV can be assigned to spin–orbit split 2p−1
3/2 and 2p−1

1/2 core hole states. Additional

multiplet splitting due to the Coulomb interaction of the 2p core hole and the 3d5 valence

shell causes the resolved fine structure that spreads the lines in each group over about 4 eV.

Coupling of the total angular momentum of the core hole j = 3/2, 1/2 to the total spin of the

3d valence electrons S = 5/2 yields the total angular momenta J of the four (two) final states

in the 2p−1
3/2

(

2p−1
1/2

)

multiplets. This corresponds to the jK-coupling scheme [206, 31].

As for 3p photoemission, recoupling of the 3d valence shell gives rise to the satellite lines

at about 4 eV higher binding energy compared to the main lines (see the arrows depicted in

panel (b) of figure 19). In figure 19(c) the contributions from the different 3d5 6,4,2L multiplet
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Figure 19. (a) Experimental and (b) theoretical 2p photoelectron spectra of atomic Mn. The spin

of the 2p and 3d electrons is sketched in panel (b). Panel (c) depicts the calculated individual

contributions to the sum shown in (b) from the different 3d5 2S+1L multiplet terms separately.

The calculated spectra have been convoluted with a 0.7 eV Gaussian to take into account the

experimental broadening. A more detailed discussion can be found in [198, 206].

terms are shown separately. The satellite between the main lines at binding energies around

656 eV, denoted as 2p′
3/2, can therefore be assigned to low-spin states with a 2p−1

3/2 core hole

and a recoupled valence shell with one spin flipped 3d electron. The 2p−1
3/23d5(2L) satellites

with two flipped 3d spins, denoted as 2p′′
3/2 in figure 19, are shifted up in energy by another

6 eV. As a consequence, they have almost the same binding energy as the 2p−1
1/23d5(6S) main

lines which causes mixing of these states.

This mixing could be directly visualized for Cr 2p photoemission, where the situation is

very similar, by measuring the dichroism in the 2p photoelectron spectra of laser-aligned free

Cr atoms [31, 206]. Thus, the simple one-electron picture to describe the 2p photoelectron

spectra with spin–orbit split pure 2p−1
3/2 and 2p−1

1/2 states, often used in solid state physics, is

not valid: the 2p−1
1/2-like states also have appreciable amounts of 2p−1

3/2 character [198]. In a

more general sense, the dichroism in the 2p photoelectron spectra of laser-oriented free Cr

atoms can help understand the electronic structure of thin magnetized Cr films [32].

The 2p−1
1/2 3d5 2L states have almost no intensity and while they could not be observed for

Mn 2p they are clearly apparent in the Cr 2p photoelectron spectra [32, 198, 31].

The 2p′
3/2 low-spin satellites can be observed in all 2p photoelectron spectra from Ti to

Ni. In figure 18 their binding energies are marked with a dotted line. The splitting �′ between

the 2p′
3/2 satellite and 2p−1

3/2 main line is increasing from Ti to Mn and is then decreasing up

to Ni. This behaviour can be qualitatively understood from the properties of anti-symmetric
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wavefunctions and it is a result of the spin-dependent Coulomb exchange interaction described

in section 2.1. According to Hund’s rule, for a less than half-filled 3dn configuration (n � 5)

in the ground state the spin of the 3d subshell will be maximized. This is a result of the smaller

Coulomb repulsion energy, because for parallel (symmetric) spins the spatial wavefunction

�(�r) has to be anti-symmetric (Pauli principle). Hence, the probability to find two 3d electrons

at the same spatial position �r is zero, minimizing the Coulomb repulsion. If now the spin of

one 3d↑ electron is changed, the spatial wavefunction �(�r) is symmetric and two 3d electrons

with different spin might occupy the same spatial orbital. With an increasing number of (n−1)

3d↑ electrons, the probability for a 3d↓ electron to occupy the same spatial orbital �(�r) as

any of the (n − 1) 3d↑ increases linearly with (n − 1). Thus the Coulomb repulsion and the

splitting �′ increases with the number n of 3d electrons, in agreement with experiment. The

largest splitting �′ is observed for Cr and Mn with a 3d5 configuration. For this configuration,

the largest Coulomb repulsion proportional to n − 1 = 4 is obtained.

The situation is similar for a more than half-filled 3dn subshell. Changing the spin of a

3d↑ electron results in the maximum Coulomb repulsion, as for Cr and Mn. However, for

n � 6 there are already filled 3d↓ orbitals. Thus, the Coulomb repulsion with the remaining

four 3d↑ electrons increases, but the repulsion with the (n−5) 3d↓ electrons decreases. Thus,

the �′ ∝ 4 − (n − 5) = (9 − n) is decreasing with the number n of 3d electrons.

Furthermore, also the energy splitting �′′ between the 2p′′
3/2 satellites and the 2p−1

3/2 main

line can be explained using this model. Here the spins of two 3d electrons are changed leading

to almost twice the shift �′ = �↑→↓ for the 2p′′
3/2 satellites (see figure 19).

For V and Ni three and four groups of lines are observed, respectively. In figure 18

the additional groups are marked with arrows. As mentioned before in section 3 for these

atoms the excitation in an atomic beam at the relatively high evaporation temperatures occurs

from two different thermally populated initial state configurations, namely 3dk4s2 and 3dk+14s

with k = 8, k = 3 for Ni and V respectively. With near degenerate initial configurations

and the ≃8 eV splitting of the corresponding core hole configurations four groups of lines

appear. However, for V the 2p−1
1/23d44s and 2p−1

3/23d34s2 groups have almost the same binding

energy of ≃ 526–528 eV and therefore only three of the 2p core hole groups of lines are

observed. The energetic ordering of the configurations is reversed by the 2p hole, whereas

energetic ordering is conserved in cases where the 2p core electron is not fully removed but

present as an additional valence electron such as in 2p photoabsorption [18]. This explains the

appearance of the second doublets shifted towards lower binding energies here, while there

was no sign of them in figure 10 (2p photoabsorption).

Sc has only one 3d electron, therefore no low-spin satellite is observed. The small

satellites in the Sc 2p photoelectron spectrum at 3 eV and 7 eV above the main 2p−1
3/2 line in

figure 18 can be assigned to 2p−1
3/24s23d 3D1, and 2p−1

1/24s23d 1P1 states. The large splitting of

7 eV observed for the 1P1 state is attributed to the unusually large g1 angular coefficient of the

G1 Slater integral.

This is similar to the Sc 3p photoemission discussed in [197]. However, for 2p

photoemission the situation is more complicated, because the spin–orbit splitting ζ2p =
3.0 eV and the Slater integral G1(2p, 3d) = 2.7 eV are of comparable size. Hence,

the electronic structure has to be described in intermediate coupling. Nevertheless, the

interpretation based on the 3p photoelectron spectrum can partly be used for 2p photoemission

as well. Here also the 3D1 state shows a relatively large splitting due to a large admixture of
1P1 states in the order of 39%.

While the Cr and Mn 2p photoelectron spectra can be very well described by a SCA

calculation, this model fails for the angular distribution parameter β. Only by using CI

expansions to account for correlation effects is one able to obtain a good agreement with
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Figure 20. Experimental 2p photoelectron spectrum of atomic Ni (upper panel) in comparison

with a theoretical SCA and CI model. The CI calculation includes the 3d–4s and 3d–4p valence

interactions. The theoretical spectra have been convoluted with a 1.7 eV Gaussian to take into

account the experimental broadening. Experimental spectrum and CI calculation taken from

[37], SCA calculation from [141]. Theoretical spectra were energy shifted to match those of the

experiment.

the measured angular distributions. The shape of the angle-independent (magic-angle)

photoelectron spectrum, however, remains unaffected when changing from a SCA to a CI

model [30].

The situation changes for Ni, where a mixing of several configurations has always to be

taken into account. It has been shown that the 2p photoelectron spectrum of free Ni atoms

can serve to understand the electronic structure of Ni in the condensed phase [37]. There,

Ni is often referred to as a highly correlated system [186, 207, 188] because already for the

description of the ground state a mixture of the 3d8, 3d9 and 3d10 configurations is necessary.

In metallic Ni this is attributed to the narrow band character of the 3d band, equivalent to a

stronger localization of the 3d electrons.

In figure 20 the 2p photoelectron spectrum of atomic Ni is shown in comparison to a SCA

and a CI calculation. For both calculations, the Coulomb Slater integrals were scaled to 80%

of their ab initio values. Both 2p53d84s2 line groups each show a satellite structure at lower

binding energies (about 8 eV). These satellites can be assigned to the 2p53d94s configuration

[37], due to the thermal population of 3d94s in the ground state. The CI calculation includes

the FISCI of the configurations 2p53d84s2, 2p53d94s, 2p53d84p2 and 2p53d10. In contrast to

the simple SCA model, it reproduces all line groups very nicely. This shows a clear influence

of electron–electron correlations already in the free Ni atom. However, in the CI model the

intensities for the 2p53d94s photoemission lines are underestimated. At a first glance this

could result from an incorrect assumption for the (thermal) population of the initial states.

But this can be clearly ruled out: an increase in evaporation temperature of 1000 K has a 1%

effect on the 3d9/3d8 ratio only, because of the particular energetic ordering of the Ni ground

state terms.
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Figure 21. 3p (top, [193]) and 2p (bottom, [31]) photoelectron spectra of atomic Cr. Horizontal

arrows indicate the energy splittings caused by the main interactions, which are the core-hole–3d

valence Coulomb exchange interaction and the spin–orbit splitting of the core hole. Vertical arrows

indicate the resulting spins of the 2p and 3p electrons (the 4s electrons are not considered).

High-resolution 2p photoemission experiments with a better resolved fine structure are

highly desirable in particular for Ni. In principle this is possible, because the total line width of

all presented experimental 2p photoelectron spectra is limited by the experimental resolution.

The typical experimental resolution was in the order of 0.6–0.7 eV for Cr and Mn and 1.5–

1.8 eV for the spectra of the other elements. The natural line width of the 2p lines is of the order

of a few 100 meV. There are about ten channels n1ℓ
−1
1 n2ℓ

−1
2 , with nℓ = 3s, 3p, 3d, 4s available

for the decay of a 2p core hole in a 3d metal atom. However, in contrast to the 3p photoelectron

spectrum no term-dependent lifetime broadening is observed for the 2p photolines since SCK

decay is not possible and hence the line widths of low- and high-spin states are similar.

5.3. 3p and 2p photoemission in comparison

In a single configuration approximation, the 3p and 2p photoelectron spectra should display

the same number of final states, but the coupling is quite different. In figure 21 the 3p

and 2p photoelectron spectra of atomic Cr are compared to emphasize common features and

differences. In both spectra, the photoelectron lines are spread in energy over 15–20 eV.

In the 2p photoelectron spectrum the main splitting is due to the 2p spin–orbit interaction

which is a one-electron interaction (for Cr the 2p spin–orbit parameter amounts to ζ2p ≈
6 eV and the corresponding splitting is 3/2ζ2p ≈ 9 eV [206, 39]). The fine structure in each of

the spin–orbit split groups of lines is due to the 2p–3d Coulomb exchange interaction which is

of the order of a few eV (the splitting approximately corresponds directly to the values of the

respective parameters F 2(2p, 3d) = 4.9 eV, G1(2p, 3d) = 3.5 eV, G3(2p, 3d) = 2 eV for Cr

2p ionization). The final states can be well described in jK-coupling [206, 31]. Finally, due
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Figure 22. 3s photoemission spectra of Sc, Ti, Cr, Mn and Fe. (Data taken from the following

references: Cr [193], Mn experiment [209], Mn calculations [210], Sc [137], Ti [136] and Fe

[211].)

to 3d valence shell recoupling, additional 2p′ low-spin satellites occur at about 4 eV higher

binding energies compared to the main lines.

The respective roles of the main interactions in the 3p photoelectron spectra are opposed

to the 2p case. The main splitting between the high-spin 8P and low-spin 6P lines is due to

the two-particle 3p–3d Coulomb exchange interaction which is of the order of about 17 eV

(G1(3p, 3d) = 14.3 eV, and G3(3p, 3d) = 8.6 eV [208]). The 3p spin–orbit parameter

amounts to ζ3p ≈ 0.7 eV, which is one order of magnitude smaller than the Coulomb interaction

and hence, it only contributes to the fine structure of the lines. The 3p photoelectron spectrum

can therefore be well described based on LS-coupling. Note that the spin–orbit fine structure

is not visible in the 6P low-spin state due to the large lifetime broadening. The 6P′ satellite

with a shift of ≈4 eV with respect to the high-spin 8P line, can be described as a 3d recoupling

satellite equivalent to the 2p′ satellite in the 2p excitation. The 3d spin–orbit parameter is of

the order of ζ3d ≈ 0.05 eV and does not need to be taken into account in the analysis of both

the 3p and 2p photoelectron spectra.

Probably the largest and most obvious difference between the 2p and 3p photoelectron

spectra is the strong lifetime broadening of the 3p low-spin states due to the (3d → 3p,

3d → ǫℓ) SCK decay. The 2p core hole has many more decay channels. However, even

when summing over all these decay channels, the 3p SCK is still much faster, due to the larger

overlap of the 3p with the 3d wavefunctions.
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5.4. The 3s excitation

Figure 22 depicts a selection of 3s photoelectron spectra of 3d metal atoms. To our knowledge,

to date no further experimental spectra have been reported and theoretical calculations exist

only for Mn.

The Mn 3s photoemission has drawn considerable attention in the past and we use it here

to discuss the main features of the 3d metal 3s photoelectron spectra. The ground state electron

configuration of Mn is 3s23p63d54s2. The 4s electrons do not influence the coupling and can

be omitted from the term labels together with the closed inner shells. The half-filled 3d shell,

3d5, couples to 6S and lies much lower in energy than all other states of the 3d5 configuration

(Hund’s rule). Removing a 3s electron leads to 3s3p6(3d5 6S) 7S or 5S terms as long as the

coupling in the 3d shell is unchanged. Thus two photoelectron peaks are expected, separated by

a distance determined by the exchange interaction between the 3s and 3d electrons. The 3s and

3d orbitals are located in the same region of space and the exchange interaction between them

is consequently considerable. Hence, the distance between the 7S and 5S peaks is expected to

be large. The relative intensity of the peaks is, within the approximations, determined by the

statistical degeneracy of the two terms, i.e., 7/5 = 1.4. However, the energy separation and

the relative strengths of the corresponding lines in the photoelectron spectra of both atoms and

solids [191, 192, 212] strongly deviate from these predictions. In addition, further peaks were

observed in the spectra which originally were ascribed to solid state screening but later were

realized to be due to intra-atomic interactions [191]. The 3s spectrum has therefore a rather

prominent place in the history of the use of atomic concepts in the interpretation of solid state

spectra. By taking into account strong intra-atomic CI the theoretical spectra could be adjusted

to the experimental results [212, 213]. CI with 3s23p43d6 moves the 3s3p6(3d5 6S) 5S term

closer to 3s3p6(3d5 6S) 7S, which is much less perturbed. Configuration interaction distributes

the 3s3p6(3d5 6S) 5S intensity over several 5S states thus increasing the intensity ratio

3s3p6(3d5 6S) 7S/3s3p6(3d5 6S) 5S from 1.4 to more than 2 (black bars in figure 22). Recently,

Bagus et al [210] have expanded their CI calculations to include interaction with the 4f orbital

(hatched bar in figure 22). This inclusion increases the 7S–5S energy splitting by about 2 eV

and, as compared to the previous calculation, this results in a much better agreement with the

experiment.

6. Summary

This review summarizes results on the core level photoionization of the free 3d transition

metal atoms. The influence of multi-electron interactions in these open shell atoms and

the interpretation of the experimental photoabsorption and photoemission data by ab initio

calculations based on HF and CI models are discussed. Comparison of the spectra of all 3d

transition metal atoms emphasizes common features and distinct differences. The fundamental

effects and main interactions which determine the electronic structure of these elements

become apparent. The knowledge of the electronic structure of the free atoms is of importance

in order to disentangle intra- and inter-atomic effects in the core level spectra of 3d metal thin

films and compounds.

The major findings are as follows. The 3p photoabsorption shows a different behaviour

for the early and the late 3d transition metal atoms. Mn and the late transition metals Fe, Co

and Ni can be well described in terms of a single configuration approximation, when the shift

of the 3p → 3d resonance position due to the interaction with the continuum states is taken

into account. The early 3d elements Sc, Ti and V have to be described in a configuration

interaction approach.
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In contrast to 3p the 2p photoabsorption can be described in a single configuration

approximation for all 3d elements from Sc to Ni. Only for Sc is a small influence of the

4d Rydberg orbitals observed. This is a result of the much larger 2p spin–orbit splitting as

compared to 3p and the missing SCK decay channel in the 2p photoionization. Therefore the

2p excited states are spread over a larger energy range, which results in a much smaller CI of

the core hole excited states.

The 3p photoelectron spectra are dominated by the large 3p–3d Coulomb exchange

splitting and the term-dependent decay of the 3p core hole states. The Coulomb exchange

interaction results in a splitting of high- and low-spin states of around 20 eV. For the high-spin

states the super-Coster–Kronig decay 3d → 3p, 3p → ǫℓ is forbidden, resulting in a line

width of up to several orders of magnitude smaller than that of the low-spin states. This affects

the 3p photoelectron spectra of all 3d elements from Ti to Ni and results in the prominent

suppression of the low-spin states in the 3p spectra. The influence of electron correlations

on the 3p photoemission is similar to their influence on the 3p photoabsorption process. The

energy positions of the photolines of the late transition metals, including Cr and Mn, can well

be described within a single configuration approximation, whereas for the early elements Sc,

Ti and V a configuration interaction (CI) approach has to be used.

The 2p photoelectron spectra of most 3d transitions metals are well described within a

single configuration approximation. The 2p spin–orbit splitting dominates the spectra. Core–

valence 2p–3d Coulomb interactions and recoupling of the 3d valence shell (spin flips) further

complicate the spectra and lead to a rich fine structure. As a consequence, the one-electron

model, which is often used for the 2p excitations in 3d metal thin films and solids, is not

particularly suitable to explain the experimentally observed features.
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[42] Püttner R, Grémaud B, Delande D, Domke M, Martins M, Schlachter A S and Kaindl G 2001

Statistical properties of inter-series mixing in helium: from integrability to chaos Phys. Rev. Lett.

86 3747–50

[43] Schmidt V 1992 Photoionization of atoms using synchrotron radiation Rep. Prog. Phys. 55 1483–659

[44] Schmidt Volker 1997 Electron Spectrometry of Atoms using Synchrotron Radiation (Cambridge Monographs

on Atomic, Molecular and Chemical Physics no 6) (Cambridge: Cambridge University Press)

[45] Amusia M Ya and Chernysheva L V 1997 Computation of Atomic Processes (Bristol: Institute of Physics

Publishing)

[46] Froese-Fischer C, Brage T and Jönsson P 1997 Computational Atomic Structure (Bristol: Institute of Physics

Publishing)

[47] Boyle J J, Altun Z and Kelly H P 1993 Photoionization cross-section calculation of atomic tungsten Phys. Rev.

A 47 4811

[48] Blume M and Watson R 1962 Theory of spin–orbit coupling in atoms. I. Derivation of the spin–orbit coupling

constant Proc. R. Soc. Lond. A 270 127

[49] Blume M and Watson R 1963 Theory of spin–orbit coupling in atoms. II. Comparison of theory with experiment

Proc. R. Soc. Lond. A 271 565

[50] Slater J C 1929 The theory of complex spectra Phys. Rev. 34 1293

[51] Condon E U and Shortley G H 1970 The Theory of Atomic Spectra (Cambridge: Cambridge University Press)

[52] Armen G B, Aksela H, Aberg T and Aksela S 2000 The resonant Auger effect J. Phys. B: At. Mol. Opt.

Phys. 33 R49–92

[53] Snell G, Martins M, Kukk E, Cheng W T and Berrah N 2001 High resolution electron spectroscopy of a

strongly correlated system: atomic barium Phys. Rev. A 63 062715

[54] Nienhaus J, Zatsarinny O I and Mehlhorn W 2000 Experimental and theoretical Auger and autoionization

spectra for electron impact on laser-excited Ba atoms Phys. Essays 13 307–24

[55] Matila T and Aksela H 2000 Effects of electron correlation on the level width, the photoelectron, Auger

electron and ion-yield spectra above the 4d threshold of Ba J. Phys. B: At. Mol. Opt. Phys.

33 653–65

[56] Becker U and Shirley D A 1996 Partial cross sections and angular distributions VUV and Soft x-ray

Photoionization (New York: Plenum) p 135
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