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Auger transitions in open-shell configurations with ns (n =4,5,6) outer electron
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(Received 24 January 1984)

Nonradiative transitions in nonclosed-shell atoms K (Z = 19), Ag (Z =47), and Au (Z =79) with
ns {n=4,5,6) outer electron are studied by comparing the calculated transition rates with the experi-
mental ones. Auger transitions involving the next inner shell show clear fine structure due to the
coupling of the outer ns electron with the holes producted in the Auger decay. The observed intensi-

ty distribution is found to be reproduced reasonably well with the calculations which explicitly take
into account the open-shell structure.

I. INTRODUCTION

Up to now almost only closed-shell atoms (rare gases,
alkaline-earth metals, Zn, Cd, Hg) have been investigated
by Auger spectroscopy by carrying out detailed compar-
ison between theoretical and experimental transition prob-
abilities of the fine-structure lines. This is because the
closed-shell atoms are less complex both experimentally
and theoretically. On the contrary, in the case of the
open-shell atoms, the spectra are more complex and the
theory has to deal with at least three open shells.

McGuire described' a method which leads to explicit
formulas for Auger transition rates in any nonclosed-shell
atom. Applications to specific open-shell configurations
can be found in the works of McGuire, Chen and
Crasemann, and Melhorn.

In this work we study the fine structure of the Auger
spectra for three open-shell atoms K(Z = 19), Ag
(Z =47), and Au (Z =79) with ground-state configura-
tion . . . 3s 3p 4s, . . . 4s 4p 4d' Ss, and . . . Ss Sp65d'o6s,
respectively. For these elements an accurate interpreta-
tion of the experimental Auger spectra has recently been
published. The assignment was based on the energy
levels of the doubly ionized atoms known from optical
spectroscopy. Thus a detailed comparison between calcu-
lated and experimental transition rates becomes possible.

In this work the actual computations are carried out
with the use of the Racah algebra program McF of
Grant. ' With the Mcp code we calculate the angular
parts of the integrals which appear in the matrix elements
of the Coulomb interaction between the jj-coupled initial
and final states of the Auger decay. The program allows
us to work with atomic states that contain one initial
inner-shell vacancy or two final-state vacancies, coupled
with the outermost partially filled shell.

II. THEORY

The radiationless transition probability is given by
Fermi's golden rule as

where i and f denote the initial and final states of the
Auger decay in any nonclosed-shell atom.

~ f ) also con-
tains the continuum electron wave function which is as-
sumed to be normalized per unit energy range. V is the
interaction potential, restricted in this work to the
Coulomb interaction.

The electrons in the subshells involved in the Auger
transitions are first jj coupled to give the angular momen-
tum quantum numbers which are then jj coupled with the
outer open shell to give the total angular momentum
quantum numbers. The wave function of the gth doubly
ionized final state, having the total angular momentum
J'M', is given as a linear combination of jj-coupled wave
functions. By using jj coupling between the gth final
state and the emitted Auger electron (angular momentum

j,m) we obtain

~

bi;JM)'f'= gc„~ ((tz;J')j)JM) . (2)

The wave function of the vth singly ionized initial state
(total angular momentum JM) is given in intermediate
coupling by

i
v;JM)"= gc„ti i P;JM) . (3)

P

In Eqs. (2) and (3) the expansion coefficients c„a and
c„tt for the doubly ionized final and singly ionized initial
states can be determined by diagonalizing the Hamiltoni-
an matrices which are given with respect to the jj-coupled
wave functions. In this work the coefficients are obtained
with the MCDF programs of Grant et al. '

With the wave functions (2) and (3) describing, respec-
tively, the final and initial states, the Auger component
transition probability that a singly ionized initial state
(niliji);J decays into any of the doubly ionized final
states (n2l2jz) '(n313j3) ';J' with the emission of an
electron with energy e, is given by

2 2

T~= g g gc„,c„p ((a;J (j)JM ((;1M')
j a p ~12

(4)

(1) In Eq. (4) we have summed over the possible angular mo-
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menta j of the Auger electron.
The matrix element of the Coulomb interaction in Eq.

(4) splits into a direct part and an exchange part. The
separation of the radial part froin the angular part, result-
ing from the use of the spherical harmonics expansion of
1/r, 2 (rank k), enables us to reduce the direct matrix ele-
ment to the form '

X CI (l»i ~&'l2J2 l3J&)
k

(n ill jl &lj n2l2j2 n3 3j3) .

Ul
I—

CQ
CL

z
LU
I—

P OTASS I U M

=1

calculated

L2 3M2 3M2 3

AUGER SPECTRUM

For the exchange matrix elements we get an expression
analogous to (5). The coefficients Ck(l iji,jl;lz jz, l3j3), in
other words the angular parts of the integrals appearing in
the matrix elements, can be expressed as a sum of terms
incorporating products of fractional parentage coeffi-
cients, recoupling coefficients and reduced matrix ele-
ments. Actual computations of the angular coefficients
Ck(lij i, lj;lzjz, l&j 3) between the jj-coupled states are car-
ried out with the computer code McP of Grant. ' The ra-
dial integrals R (niliji, elj;nzlzjz, n&lzj&) are obtained
from the tables given by McGuire. "

III. DISCUSSION

The I.23M23M23 transitions in K., the M45N45%45
transitions in Ag and the N6 704 504 5 transitions in Au
were recently measured and interpreted by our group.
In each case the final-state holes produced by the Auger
decay are in the next inner shell of the atom. The outer
shell consists of one s electron. The coupling of the initial
and final states of the decay with the outer s electron
splits the spectrum to several fine-structure lines. The
splitting due to the coupling in the final state was resolved
experimentally and comparison with optically determined
energy levels resulted in a detailed interpretation of the
measured fine structure. The fit of the spectrum pro-
duced relative intensity values which now can be com-
pared with the calculations.

The experimental and calculated results are shown in
Tables I—III for K, Ag, and Au, respectively. The LS
term symbols given in Tables I—III lose their meaning
and only J 's are good quantum numbers in passing to the
higher atomic numbers or from the final to the initial
state. The LS term symbols are thus only of a notational
value.

Owing to a very small energy separation between the
electrostatic split levels of the initial state they have not
been resolved experimentally. Some of the final-state lev-
els also lie so close to each other that only the sum inten-
sity of the corresponding line components is a reliable ex-
perimental quantity. If we compare the sum intensities,
the calculated and experimental results seem to be in a
reasonably good agreement with each other. For example,
there is a significant discrepancy between theory and ex-
periment in the case of the lines 15 and 17 in Table III.
However, the lines 14 and 15 and the lines 16, 17, and 18
are very close together. For the sums of these lines there
is fair (14+15) to excellent agreeinent (16+17+18)be-

I I I
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ENERGY (eV)

FIG. 1. L&3M&3M23 spectrum of K. The lower curve shows
the experimental spectrum and the upper curve the calculated
profile produced by using the calculated transition rates with the
experimental energies and line shapes.
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FIG. 2. Comparison between calculated and experimental in-
tensities of the M4 5' 5N4 5 transition of Ag.

tween calculation and experiment. The experimental rela-
tive intensities of the above-mentioned individual com-
ponents should not be taken too literally because only the
total intensities of these lines are well reproducible in the
fitting procedure. This arises mainly from the difficulties
in determining accurately the actual shape of the standard
line.

The overall agreement between experiment and theory
is also nicely demonstrated in Figs. 1—3, where the experi-
mental spectra are shown together with the profiles pro-
duced by using the calculated transition probabilities with
the experimental energies and line shapes. The purpose of
the Figs. 1—3 is thus to give a visual display from the
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FIG. 3. Comparison between calculated and experimental in-

tensities of the %67045045 transition of Au.

nored in the calculations, the experimental spectra contain
some weak lines not presented in the calculated profiles.
The description . . . 2p 3g 3p 4g~. . . 2p 3g 3p 4g used
for potassium in the present calculations (Fig. 1) is obvi-
ously insufficient, for example. The description
. . . 2p 3s 3p (4s+3d)~. . . 2p 3s 3p (4s+3d) leading
to energy shifts and redistribution of the intensity, may
agree better with experiment. This may be a reason for
the discrepancy between present calculation and experi-
ment in the case of the line 18 in Table I. Another reason
may be the inaccurate fitting of the experimental spec-
trum.

The correlation effects in the spectra of open-shell
atoms will be discussed in more detail in a future paper.
A detailed study of the relativistic effects on the fine
structure of the Auger spectra is also in progress. In this
work we have presented our first detailed results for the
open-shell Auger transitions in atoms with outer s elec-
tron. Reasonably good agreement between experiment
and calculation is obtained.

comparison between experimental and calculated intensi-
ties.

Some of the lines observed in the experimental spectra
are due to the Auger transitions not described by the
single-configuration approach. Because such lines are ig-
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