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The method of random phases with exchange is generalized to take into account many-electron
correlations in atoms with half-filled shells. The effect of correlations on photoionization cross
sections and angular distributions of photoelectrons from chromium, manganese, and technetium atoms in the region of the 3p- and 4p-thresholds is investigated. It is shown that this region is
dominated by a large peak of autoionization origin. The outer-shell level energies are determined
for the manganese atom with allowance for many-electron correlations. Results of these calculations are in good agreement with experiment.
PACS numbers: 32.80.Fb, 32.80.Dz, 31.20.T~

1. INTRODUCTION

The use of the mathematical formalism of the theory of
the many-body problem and of the methods based upon it,
e.g., the random phase approximation with exchange'
(RPAE),has resulted in a satisfactory description of the photoionization process in the case of a large number of outer
and intermediate shells of a series of atoms. The RPAE corrections for electron-electron correlations have turned out to
be so significant that they have led to not only qualitative but
also quantitative differences between the behavior of the
photoionization cross section and the results obtained by
different one-electron methods.' These data have formed the
basis for the conclusion that photoabsorption in the outer
and intermediate atomic shells is collective in character, and
this is of fundamental importance for the theory of manyelectron atoms.
However, the RPAE method is restricted in its application to atoms having closed shells. Direct application of the
method and, for that matter, of the entire mathematical formalism of the theory of the many-body problem, to atoms
with unfilled shells is diffi~ult'.~
because the ground state of
these atoms is degenerate.
In the present paper, we report a systematic generalization of the RPAE method to atoms with half-filled shells.
For the single-particle basis, we take the spin-polarized Hartree-Fock approximation.4 This enables us to use the manybody formalism and, on this basis, additionally examine over
twenty additional atoms in the periodic table.
The physical content of the spin-polarized approximation can be summarized as follows. In the ground
state,
Hund's rule demands that all the electron spins in the halffilled atomic shell point in the same direction, for example,
upward (t). We shall refer to them as the up-electrons in
contrast to electrons pointing downward (J),which will be
referred to as down-electrons. The states of up- and downelectrons in a filled shell are now found to be different because they have different interactions with the up-electrons
in the half-filled shell (with or without exchange). This leads
to the splitting of the filled subshell into two different upand down-levels. It is thus clear that the states of the electrons now depend on the quantum numbers n, I, and p ( p is
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the spin projection) and remain degenerate only in the projections of the orbital angular momentum m,.
The equations for the one-electron wave functions and
the energies of electrons in the spin-polarized variant of the
Hartree-Fock approximation differ from the usual equations in that they take into account the exchange interaction
only between electrons with the same values of p. This
means, in particular, that the total energy of the atom is
lower than that obtained in the usual Hartree-Fock approach.
The level splitting that we are considering is much
greater than the spin-orbit splitting. Moreover, it occurs
even for the s-shells of atoms. For example, in the Mn atom
with the half-filled 3d shell, the splitting of the 3s' and the
3p6 shells is 11 and 13 eV, respectively,' whereas the
spin-orbit splitting of the 3p6 shell is 1.4 eV.6 It follows
that the spin-orbit interaction is small enough to be neglected in the first approximation. Since the Coulomb interaction
cannot alter the component of the spin of the electrons, it
will not result in a mixing of the up- and down-levels. The
latter can therfore be regarded as filled, which enables us to
apply the mathematical formalism of the theory of the
many-body problem.
As an example, consider the electron structure of the
ground state of the Mn atom in this approximation:

-

-

-

islt1 ~ ~ + 2 ~ ~ t 2 ~ ~ + 2 p ~ t 2 p ~ ~ 3 ~ ~ t 3 ~ ~ + 3 p ~ t 3 p ~ + 3 a ~ t 4 ~ ~ t 4 ~ ~ + .
The application of the generalized RPAE method,
which is based on the spin-polarized Hartree-Fock approximation, will now be illustrated by calculations of the photoionization cross sections of Cr, Mn, and Tc atoms and the
angular distributions of photoelectrons in the region of the
3p 1 (for Cr and Mn) and 4p 1 for Tc) ionization thresholds. It
will be shown that, in this region, the cross section has a
giant autoionization peak with a width of y 2 1 eV, which is
much greater than the usual width of -0.014.1 eV. The
calculations performed for Cr and Mn atoms are in good
agreement with existing experimental data.'-''
The splitting of atomic shells into the up- and downsublevels should, of course, lead to the appearance of additional thresholds in different atomic reactions. In the last
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where the operator symbol emphasizes that this expression
is a matrix in the indices t and 1.
The sum is evaluated over all the possible states of the
particle-hole pairs in the intermediate state 7;EP and h h are
the particle and hole energies in the respective particle-hole
pairs, and the term is (6- 0)indicates the rule for bypassing the singularity during integration over the continuous
spectrum.
The above form of the matrix elements is equivalent, for
example, to the following:

+

FIG. 1. Equation for the determination of the effective interaction T.

section, we report calculations of these thresholds for the
outer subshells of Mn with allowance for the rearrangement
of the atom that produces a large level shift but has a smaller
effect on the level splitting.
2. RPAE EQUATIONS FOR THE EFFECTIVE INTERACTION
AND THE PHOTOlONlZATlON AMPLITUDE

The basic equation in the RPAE method is the equation
for the matrix elements of the effective interaction r.' It is
shown in Fig. 1 with the aid of the Feynman diagrams for
atoms with closed shells. Lines with arrows pointing to the
right (left)correspond to a particle (hole)in the atom, and a
wavy line and a shaded block correspond to the Coulomb V
and the effective r interactions, respectively; the subscripts
a , 8 , q label states of the particle-hole pairs.
In the method developed in the present paper, the atom
is looked upon as a system consisting of nonequivalent upand down-electrons. The particle-hole up- and down-pairs
can be arranged in different ways in the initial, intermediate,
and final states, and the resulting equations are different
from one another. Neglecting spin-dependent interactions,
and recalling that the contribution of the exchange diagrams
b and d must be excluded when a a n d 8 are states with different spin components, we obtain a set of four coupled equations that are conveniently written in the martix form

where k (i)is the state of the particle (hole)in the corresponding particle-hole pair (Fig. 1).
The equation for the photoionization amplitude of an
atom with allowance for electron correlations can be expressed directly in terms of the matrix elements of the effective interaction.' In our approach, the photoionization amplitudes corresponding to the removal of up- or
down-electrons from the atom turn out to be different. Proceeding by analogy with the determination of the matrix elements of the effective interaction, we obtain

where Da and da are, respectively, the amplitudes for the
excitation of the atom with the formation of the electronhole state a when (1)allowance is made for correlations and
(2)the Hartree-Fock approximation is employed. The operator X , is defined by a condition analogous to (2.2)in which,
in
accordance
with
energy
conservation,
(EaP- Eah= EBP- Egh= W ) (W is the energy of the incident photon and we put fi = 1).
The photoionization cross section of the atom is related
to the amplitude Da in the usual way (see, for example, Ref.
1).
Equations (2.1) and (2.4) are the basic equations in our
method. When the states of the up- and down-electrons are
equivalent, Eqs. (2.1) and (2.4) become identical with the
usual equations of the RPAE method.' In this sense, our
equations constitute a generalization of the RPAE method
to include atoms with half-filled shells.
3. GIANT AUTOIONIZATION IN Cr, Mn AND Tc ATOMS

where arrows indicate the type (up or down) of particle-hole
pairs for whose states the matrix elements are being evaluatand the
ed (UaSinclude the Coulomb matrix elements
exchange-interaction matrix elements V z h ) ;X , is the operator defined by
68
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We have used the above generalization of RPAE to consider the photoionization of atoms with a half-filled nd
shell: Cr and Mn with n = 3, and Tc with n = 4. We shall
confine our attention here to incident-photon energies in the
neighborhood of the ionization threshold for the shell preAmus'ya eta/.
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ceding the half-filled shell: 3p31 for Cr and Mn, and 4p31 for
Tc.
In the one-electron approximation, the photoionization
cross section in this region is a continuous function of the
photon energy, and is largely determined by the nd T - E ~ t
transition to the continuous spectrum (E is the energy of the
photoelectron). When intra-shell and inter-shell correlations
are taken into account, this results in only a small change in
the cross section, with the exception ofthe nd t+&f t interaction and the discrete npl-ndl transition. The latter has a
large oscillator strength and its inclusion produces a large,
broad autoionization peak. The photoionization process
along two main channels, namely:

(3.5)
Multiplying the numerator and the denominator by the renormalizing factor

we obtain

where

Direct calculation of the photoionization cross section
from (2.1) and (2.4)with w = w, (a, is the excitation energy
of a discrete level)is not possible because the denominator is
then equal to zero. We must therefore separate the divergent
element in the amplitude for the phototransition to the continuous spectrum a. In the neighborhood of the resonance
this amplitude can be written in the form

where D is the amplitude for the direct transition to the
continuous spectrum nd4t&f 7 , given by (2.4) with the discrete npl-ndl, transition excluded; the second term describes the process proceeding in accordance with (3.2). In
(3.3),the quantity D i is the amplitude for the excitation of
the np21nd5tndl level, which is also determined from (2.4)
by analogy with D r,, I' is the matrix element of the interaction between the discrete transition and the continuous
spectrum, and rss
" is the matrix element of the effective
interaction of the discrete level with itself through the excitation of the states a. The matrix elements I',," and I', " are
solutions of (2. I), in which q #s.
The interaction between the discrete excitation of
np2ind5tndl and the continuum leads to a shift of the position of the resonance level relative to o, and to the appearance of the level width y. The new position of the resonance,
w, , is given by

A;

-

If we neglect the dependence of the matrix elements on o
near the resonance, and evaluate them at w = ;, , we find
that (3.6)becomes identical with the usual Fano formula for
the photoionization cross section near a resonance":

where a, ,a,, q, and yare the parameters of the line profile,
which are defined in terms of the amplitudes introduced
above.
However, owing to the large width of the resonance in
atoms with unfilled shells, the profile parameters cannot,
strictly speaking, be regarded as constants. The dependence
of ReI',, " on w has the greatest influence on the behavior of
the resonance cross section, and its inclusion has an immediate effect on the width of the profile, leading to its renormalization. The renormalized factor F will also modify the parameters (7, and a,, but has no effect on q because
q = - ReD, ' /ImD, ' . In our calculations, we were able to
neglect the dependence of D, ' and D, ' on o and, hence, the
dependence of T,, "(w) and y(w)on o , since these quantities
are defined by

Table I shows the values of the profile parameters w, , y,
q, aa and a, calculated within the RPAE framework. The
and without (y)
width of the profile was calculated with
renormalization. In addition to the Hartree-Fock transition
energy a,,we also give the value ofz,, calculated from (3.4).
The experimental parameter values were obtained from

(y)

Expanding ReTss" (a)in powers of (w - ,
; ) and retaining
first-order terms only, we obtain the amplitude (3.3) in the
form

TABLE I. Energy of discrete transitions to a half-filled shell and parametel.s of the autoionization resonance.
Transition Energy

v, eV

Atom

Tc
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FIG. 2. Photoionization cross sectionsfor Cr (a)and Mn (b)near
the resonance transition to a half-filled shell: dot-dash linewithout including the 3p1-3dl transition, solid lines-with
allowance for the discrete 3pl-3dl transition, and k x perimental data from Refs. 9 and 10, respectively.

Refs. 9 and 10 as a result of an analysis of the photoemission
spectra of Cr and Mn. There are no experimental data for Tc.
It is clear from Table I that renormalization has an important effect on the width of the profile and leads to good
agreement with experiment. To elucidate the physical meaning of the coefficient F, let us write down the expression for
- a Rer, "/do in the lowest perturbation-theory order in
the interaction:

where the sum is evaluated over both discrete and continuous electron-hole states 7 coupled to the excitations. The
ratio V,,/(Z, - w, ) is the (7,s)mixing amplitude, so that Fis
the fraction of the pure state s in the composite state that
appears as a result of the interaction of the excitations with
the excitation 7. We draw attention to the fact that the width

FIG. 3. Asymmetry parameter for the angular distribution of photoelectrons from the 3d t-subshell in Mn without including the discrete
3pl-3dl transition (1) and with this transition included (2)and in Cr (3)as
a function of photon energy.
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of the peak is greater for Tc than for Cr. This is connected
with the increase in the strength of the interaction between
the discrete transition and the continuous spectrum, and the
corresponding reduction in F.
Figure 2 shows the calculated photoionization cross
sections in the neighborhood of the giant resonance in Cr,
and Mn, and the experimental data reported in Refs. 9 and
10. The latter were obtained in relative units and have therfore been normalized to the height of the main peak. On the
whole, the agreement with experiment is good for both
atoms. We note that our calculations took into account only
one main discrete transition because the oscillator strengths
for the subsequent discrete excitations were lower by two
orders of magnitude. Experiment reveals a weak structure,
for example, in Cr in the region of 45-48 eV (Fig. 2a), which
is due to the excitation of the Rydberg series.''
It is interesting to examine the extent to which giant
autoionization is reflected in the angular distribution of the
photoelectrons. It is well known that this distribution is sensitive to the choice of the electron functions and to the details
of the calculation and, when taken together with the partial
photoionization cross sections, can be used to obtain very
detailed information on the phototransition amplitudes.
With this aim in mind, we have calculated the parameterfl (a)
(Refs. 1,12) that characterizes the anisotropy of the
angular distribution of the photoelectrons in the case of the
ionization of the 3d5 shell of the Cr and Mn atoms. The
results are shown in Fig. 3, from which it is clear that giant
autoionization is also reflected in the angular distribution,
producing well-defined maxima and minima on this distribution.
In conclusion of this section, we note that giant autoionization can occur only in atoms with unfilled shells. This is
so, first, because the excitation of an autoionizing level occurs without a change in the principle quantum number n
(np&-+ndl
transition) and its oscillator strength is particularly large; second, all three discrete levels corresponding to
the initial, final, and intermediate states that participate in
the subsequent decay also have the same n (super-costerKronig transition). Hence, the decay probability and the
autoionization width of the resonance are very large.
Amus'ya eta/.
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FIG. 4. Self-energy part P in second order in the electronelectron interaction.

4. CALCULATION OF ONE-ELECTRON LEVELS IN THE Mn
ATOM

To determine the level (hole-state-energy)shifts that result from the rearrangement of the atomic core after an electron has been removed from the atom, we shall use the formalism of the self-energy part of the Green function 2.'
Within the framework of this formalism, the shift of the energy of the hole i is determined by the real part of the matrix
element Hi, evaluated between the wave functions of the
hole:
A e i = E i - ~ i = R e ( i l Z ( E i ) I i>

(4.1)

where Ei is the Hartree-Fock value of the level energy and E;
is the energy of the hole after the rearrangement.
We shall now confine our attention to second-order perturbation theory in the electron-electron interaction. In this
approximation, the matrix elements 2; are determined by
the diagrams shown in Fig. 4.' In our approach, the contribution of the exchange diagrams b and d must be excluded
when the spin states of the hole i and the particle-hole pairjm are different. Correspondence rules then enable us to obtain the following analytic expression:

other hand, have resulted in practically complete agreement
with experiment.
To determine the shift for each of the levels, we took
into account the monopole, dipole, and quadrupole excitations of the atomic shells. The main contribution to the shift
of the 3d ?-level is provided by the monopole excitations of
the 4s-shell. Its magnitude is up to =2.8 eV. The shift of the
4s1t- and 4s' 1-levels is determined by the dipole excitations
of the 4s1- and 4st-electrons, respectively, and by the dipole
excitations of the 3d '-shell. The inclusion of only the latter,
results in a shift of both 4s t - and 4s 1-levels by approximately
1 eV.
The final values of the 3d t-, 4s1t- and 4s' 1-level energies, including all the above excitations of the outer shells,
are listed in Table 11, from which it is clear that there is good
agreement with experiment.
We note that calculations of the energy shift for the
deeper 3p3t- and 3p31-shells also confirm the presence of
considerable splitting of these levels.I3 Additional up- and
down-thresholds should also appear during the decay of vacancies, and one would then also observe a difference not
only in the transition energies but also in the decay widths,
depending on the spin of the vacancy.
5. CONCLUSIONS

where the summation overj, l<Fis performed over all occupied states in the atom, and that over m, f > Pover the free
states, including integration over the continuous spectrum;
the matrix element (ab I U Icd ) is given by (2.3).Exchange
matrix elements are excluded in the case of interaction
between states with different spin components p.
The Hartree-Fock level energies13 in the 3d 't-, 4s'tand 4s11-subshellsare different from the experimental values.14 Thus, the difference for the 3d 5 - and 4s-shells is 3
and 1 eV, respectively. Calculations based on (4.2),on the

-

-

We have put forward a method that can be used relatively simply and effectively to apply the formalism of the
theory of the many-body problem to atoms with half-filled
shells. Calculations of photoionization cross sections based
on the above generalization of the RPAE approach, and the
calculated level energies of the Mn atom, are in good agreement with experiment. This may be regarded as evidence for
the validity of our method.
The authors are indebted to N. A. Cherepkov, S. I. Sheftel', and M. Yu. Kuchiev for discussions of the foregoing
topics, and to L. V. Chernysheva for the computer programs.

TABLE 11. Ionization potentials for outer electrons in the Mn atom: I"' -Hartree-Fock approximaI , and
tion,'-withallowance for many-electron corrleations,PxP-experimental~alues;'~AE~,AE
AE2-level shifts resulting from monopole, dipole, and quadrupole excitations of the subshells of
the atomic core (all quantities in eV).
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