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Results of configuration-interaction calculations for transition-metal ions and for neutral Co and Ni
atoms are used to interpret 3s-photoelectron spectra of transition-metal salts. Only internal
configurations with electrons in the 3s, 3p, and 3d orbitals are included for the ions. For the neutral
atoms the 4s orbitals are also considered in the internal set. An N -electron basis consisting of
L S -projected determinants is used with a numerical Hartree-Fock orbital basis, obtained from a
statistical self-consistent-field (SCF) potential including full exchange. Different sets of occupation
numbers have been used to determine the SCF potentials, following ideas of Linderberg and Ohrn.
Both observed 3s splittings and relative intensities, where available, are adequately estimated by the
calculations. Comparisons are also made to much more ambitious calculations, which are available, in

some cases, and good agreement is found.

INTRODUCTION

The splitting of the 3s-photoelectron line of ionic
transition-metal salts was experimentally observed
some years ago. =% The first calculations done with
a one-electron model on the exchange interaction
between the 3s electron and the unpaired 3d elec-
trons gave values which were roughly twice as
large as the measured splitting, %4 thus indicating
that the observed fine structure was not likely to
be due to the spin exchange only.

One suggested explanation is that the ligand field
in the salts is strong enough to cause a “delocaliza-
tion” of the 3d electrons and decrease the split-
ting. »5 Spin-polarized calculations within the
multiple scattering X« formalism gave results very
close to the measured 3s splitting.® However,
corresponding calculation for a free transition-
metal ion gave a splitting very close to the value
calculated for the complex.® This can be inter-
preted to mean that the agreement between the cal-
culation for the complex and experiment was due
to the fact that the X« exchange approximation un-
derestimates exchange splitting compared to full
Hartree-Fock nonlocal exchange, rather than due
to the presence of the ligand atoms.

An alternative explanation for the small mea-
sured splitting has been given by Bagus et al Ton
the basis of a configuration-interaction (CI) cal-
culation on the Mn® ion. The configuration mixing
together with the electron correlation in the final
core-hole state was shown to be large enough to
reduce the splitting and also to show the correct
deviation of the relative intensities from the multi-
plicity ratios. Fine structure, predicted to appear
in the 3s-photoelectron spectrum, was later found
in the spectrum of MnF,.®

In this paper we report on studies of the multi-
plet structure of the 3s hole states in a series of
34" transition-metal ions and of neutral Co and Ni
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atoms. The details of the method used to calculate
the configuration mixing are described in the next
section, and in the following two sections we re-
port the results for the ions and for the neutral
systems, respectively.

METHOD

Photoelectron spectra of ionic transition-metal
compounds can be studied by first considering the
metal ion in the initial state

(core 3s23p®3¢™) 3+ (1)

where the core consists of doubly occupied 1s, 2s,
and 2p orbitals. The emission of a 3s electron
gives rise to two different final states,

[core 3s(2S) 3p8 3d"(3*1L)]| 26+ |

(2
[core 3s(35) 3p° 34"(®S*1L)]*SL . )

In the experiment the energy differences can be
measured between the initial state (1) which is not
split, and the two final states (2). The fine struc-
ture of the spectrum can thus be studied by con-
sidering the multiplet structure of the final states.

Different approaches to calculate the splitting
between the two states, labeled by (2), have been
described in Ref. 9, from where it is also evident
that a simple one-electron model is insufficient to
explain the fine structure in the measured spectra.
States with symmetry designations 2“*1 and 2L
can arise not only from the configurations (2) but
also from electron configurations with different
distribution of electrons in the 3s hole state. In-
cluding such additional configurations will, of
course, through configuration mixing, affect both
the calculated splittings and intensities.

We have limited our calculations to configurations
that can be formed by redistributing the (n+7)
M-shell electrons of a 34" ion in the 3s, 3p, and
3d subshells. Similarly, for a 34"4s? metal atom
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TABLE I. Number of projected determinantal basis functions for the 3s hole states of

the doubly positive transition-metal ions.

State

n symmetry 3s3p53d" 3s?3pt3d™  3s3p3d™  3s%3pS3d™!  3p834™!  Total
1 5p 1 5 18 24
1 ip 1 6 13 oo 1 21
2 ‘R 1 8 25 1 35
2 :p 1 12 29 1 43
3 Sp 1 6 18 25
3 F 2 10 36 1 2 51
4 ép 1 3 9 13
4 ‘p 2 14 23 1 40
5 s 1 1 eee 2
5 5¢ 1 3 3 coe oo 7
6 1)) 1 2 2 .o 5
6 ‘p 2 8 7 1 18
7 SF 1 1 1 . 3
7 SF 2 6 3 2 1 14
8 ip 1 cos 1 1 cee 3
8 2p 1 2 oo 1 vee 4

with a 3s hole, we consider only the configurations
formed by different occupations of the 3s, 3p, 3d,
and 4s subshells by the (z+9) electrons of interest.
These configurations have been classified as in-
ternal.!® We have imposed the additional con-
straint to consider only those internal configura-
tions which differ at most by double replacements
from the reference configurations (2).

This description of the electron correlation in
the final hole states is thus necessarily incom-
plete, since we have excluded configurations in-
volving the virtual part of the orbital space, or
configurations classified as semi-internal and ex-
ternal.’® There is evidence that this limitation is
not serious., The mixing of configurations which
are nearly degenerate with (2) are likely to be of
essential importance for the physical processes
we want to study. The inclusion of other configura-
tions would certainly be expected to change the
numerical results somewhat, but the internal con-
figurations form a suitable basis for a proper
“zeroth-order” wave function for the processes of
interest. More objections could perhaps be raised
against our further limiting the configurations to
those differing by at most two electrons in the oc-
cupations of the 3s, 3p, and 3d subshells from the
case of the configurations (2). Our results will
show that this is not an unreasonable approximation
in comparison to the accuracy sought.

The number of symmetry-adapted N-electron
basis functions for different d” ions are given in
Table I along with the electron configurations from
which they originate. We construct the LS eigen-
states by employing computer programs imple-
menting the projection operator technique of Low-
din." The normal final-state configuration,
3s 3p° 34", gives only one 2%*’L state and one 5L

state except in the cases of three, four, six, and
seven 3d electrons when it gives two 2§ L states
for each distribution of the electrons in the M
shell. As shown in Table I, the number of sym-
metry-projected N-electron basis functions that
we consider is very modest compared to most CI
calculations,

We use the same numerical orbitals to construct
the determinantal basis for all configurations.
Since optimization of the orbital basis for different
states within the single-configuration approxima-
tion has been found to have only a small effect® on
the multiple splittings, we decided to investigate
the possibility for obtaining a reasonable multiplet
structure with a fixed orbital basis when configura-
tion mixing is included. '

The orbitals used are numerical solutions of
Hartree-Fock equations.!? Comparisons are made
between calculations performed with different sets
of these numerical orbitals. The orbitals were
obtained from different self-consistent-field (SCF)
potentials with full exchange obtained from various
statistical energy .functionals, '+

Such energy functionals can be formed as aver-
ages of the many-electron Hamiltonian with respect
to single~-particle ensembles.!* We can think of
these averages as formed, with certain weights,
over multiplets from configurations with varying
number of electrons in the different subshells
[grand canonical average (GCA)].*® This pro-
cedure conveniently allows for the consideration
of fractional occupation numbers. However, un-
less the spin-orbital occupation numbers are zero
or unity, the number operator for electrons will
have nonzero width, We can project the density
operator of the ensemble onto an eigenspace of the
number operator for electrons corresponding to
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the desired number of electrons of the system
[canonical average (CA)].'® The resulting average
is, in the case of a single open subshell identical
to the Slater average (SA)' which is the weighted
average over all multiplets arising from a given
configuration,

The intensity of a photoelectron peak is pro-
portional to the square of the transition-moment
matrix element between the initial and final state.
In the frozen-orbital approximation this reduces
to the product of two factors. One being the one-
electron transition-moment integral with the initial-
state core orbital from which the electron has been
ejected and the final-state continuum orbital of the
photoelectron; the other being a product of overlap
integrals between spectator orbitals. The overlap
integrals vanish unless the spectator orbitals in
the final state couple to a state of the same sym-
metry as they do in the initial state. In the fro-
zen-orbital approximation the spectator orbitals
are identical in the initial and final state. Thus
the relative intensities become roughly propor-
tional to the total multiplicity of the final state when
the single-configuration approximation is used.
When allowing for configuration mixing it can be
argued that the relative intensities become pro-
portional to

I(LS);= C¥25+1)(2L +1), (3)

where the final state has the total multiplicity
(28 +1)(2L +1), and where we are considering the
¢th root of the secular problem and C; is the coef-
ficient of the dominant initial-state configuration
(2) in the final-state wave function, i.e., the eigen-
vector corresponding to the ith energy eigenvalue.
It is seen from Eq. (3) that higher roots steal in-
tensity from the main transition. This loss of in-
tensity is quite large and an essential feature of
the spectra observed in x-ray photoemission spec-
troscopy (XPS).®

One can question how well founded the expres-
sion in Eq. (3) is for the relative intensities. The
frozen-orbital approximation is quite reasonable,
since relaxation effects should be small for the
case of an electron removed from the M shell.
Even if the effect of the orbital relaxations were
included it will be nearly the same for both final-
state couplings (2) and thus not contribute to rela-
tive intensities. The neglect of configuration mix-
ing in the initial state, which leads to Eq. (3), is
also quite reasonable, since the initial state al-
ways is coupled to the highest multiplicity, which
ensures the absence of strongly intermixing, near-
ly degenerate configurations coupling to N-electron
basis functions of the same symmetry., The pos-
sible exception is the case of the Co atom, for
which there is likely to be strong configuration
mixing in the initial state. This will be discussed
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further in the last section.

The very approximate nature of Eq. (3) makes
it suitable only for rough estimates of the devia-
tion of the observed intensities from the multiplic-
ity ratio (S+1)/S. It will be used to predict
whether a transition to a particular calculated
state can be associated with the observed fine
structure in the spectrum.

The calculations reported in the next sections
have been performed on the IBM 370/165 com-
puter at the University of Florida. The radial one-
electron functions were calculated with the numeri-
cal Hartree-Fock program, originally written by
Froese-Fischer'? and then modified to handle
statistical SCF potentials.'® The programs for
projecting the LS eigenfunctions were written by
N. H. F. Beebe in our laboratory.

RESULTS FOR TRANSITION-METAL IONS

We first report some sample calculations on the
Mn?* ion using different SCF orbital basis sets.
These calculations and others were done to test
the effect of a fixed orbital basis on the multiplet
structure in the 3s hole state. The Mn* ion was
chosen since comparisons could be made to the
results of Bagus ef al.,” obtained with an MCHF
method (multiconfigurational Hartree-Fock), which
includes simultaneous optimization of both one-
electron functions and the CI mixing coefficients.
In Tables II and II we list the results together with
the MCHF results as well as experimental results
for MnF,.®

The occupation numbers defining the density
operator, with respect to which averages are
formed, were chosen as follows:

3'31 3p6 3d5(480-0001) , (4)

where the small fraction of an electron in the 4s
orbital makes it possible to generate also this or-
bital from the atomic SCF program within the GCA
formalism. The 4s orbital generated in this man-
ner is of no consequence for the results reported
here, since excitations were allowed only within
the M shell.

Another choice was

331.3 31)4.5 3d6-2 (480.0001) s (5)

where the fractional occupation numbers were ob-
tained as averages over the integer subshell oc-
cupation numbers of configurations 3s 3p° 34°,
3s23p* 348, and 3s 3p* 3" weighted with 3,(2S; +1),
where i runs over the different 3S and 'S states
which can be constructed from each configuration.

In addition we show, in Tables II and III the re-
sults from our calculations with the orbitals de-
termined from the Slater average (SA), ' over the
configuration 3s 3p°34°.

The changes of the energies of the different
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states from one basis to the next are of the order
of a few tenths of an eV. Compared to the split-
tings of several eV, which we are interested in,
these changes can be considered insignificant. We
have chosen in the following to employ the GCA
SCF orbitals calculated from the potential deter-
mined with the density operator defined by the
subshell occupations of configuration (2), with a
small fraction of an electron in the 4s orbital.

We note that the differences between our relative
term energies and those of the MCHF calculations
of Ref. 7 are less than 1 eV for most of the states
and at most 2 eV. Since our conclusions, on the
basis of atomic internal CI calculations, concern-
ing the photoelectron spectra of a transition-metal
compound will be qualitative, we consider the
agreement for the energies in Table II and for the
relative intensities in Table III to be sufficient for
the purpose of studying the splittings of the 3s-
photoelectron line of ionic transition-metal salts.

The results for the 3s splittings, or the energy
differences between the lowest 25*’L and 25
states, arising principally from the configuration
3s 3p%3d™, are given in Table IV. In the same
table we list the results of a multiplet-hole-theory
(MHT) calculation, which is a A SCF result, i.e.,
it involves separate Hartree-Fock calculations for
the two states. We compare these results with
the measured splittings for the corresponding metal
fluoride. Because of their ionicity, the fluorides
should offer a suitable comparison with the results
of a calculation on the metal ions.

The MHT results show a discrepancy of approxi-
mately a factor of 2 when compared to the experi-
mental splittings. The mixing between the internal
configurations in our calculations lead to smaller
splitting in all cases. The difference between our
results and those of the MHT calculation can be
considered as a measure of the importance of con-

TABLE II, Multiplet structure in the 3s hole state of
M 2+
n“*,
State Energies (eV)
symmetry?® GCAI® GCAI® SA® MCHFY Experiment®
Sy 0.0 0.0 0.0 0.0 0.0
’s, 105,15 105,06 104,95 103, 50 eoe
58, 4,28 4,38 4,48 4.67 6.62+0,1
5,
552 20.35 20, 44 20,57 22,34 20.740.1
Sy 23.59 23,77 24,02 23.67
°s, 42,67 42,70 43.42 42,96 37.8£0,7
%S 102.84 102,72 102,59 101,40
5S¢ 117,16 117,22 117,35 116.45
5S, 133,74 133,81 134,09 132,14

*The subscript orders the roots in the symmetry block.
POccupation numbers determining the grand canonical
average I: 3s! 3p%3d° 450000 gnd 1. 3s1+3 3p4e5 376.2450-0001
¢Slater’s average over the configuration 3s! 3p®34°,

dMulticonfigurational Hartree-Fock, Ref. 7.
°Results from Ref. 8.
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TABLE III. Relative intensities for the XPS spectrum
of Mn?,

State

symmetry? GCAT* GCAIP SA® CMTH?  Experiment®
's,/%, 2,27 2.29 2,32 2,20 2.3£0,1
55,/ S, +%S4) 2.77 2.70 2.59  2.87 2,140,1
(S, +%55)/°S, 1.45 1.48 1,51  1.58 2.5+0,1

¢ egee footnotes of Table II.
dCorrelated multiplet-hole~theory, Ref. 7.

figuration mixing. This is justified since the
splittings, as calculated from the diagonal Hamil-
tonian matrix elements corresponding to configura-
tion (2) in the CI calculations, agree within tenths
of an eV with the optimized MHT values for each
case. From the results of Table IV we note that
the discrepancy between the optimized MHT values
and the present CI results for the 3s splitting is
largest in the middle of the transition-metal series
and decreases with decreasing number of unpaired
3d electrons. In all cases we obtain a splitting
that is less than the measured value. The co-
valency effects, although likely to be small for
these compounds, would, if included, further de-
crease the calculated values. It has, however,
been found for Mn?* , that the inclusion of semi-
internal configurations, with excitations of one of
the electrons of the K, L, or M shell, increases
the energy difference between the 7S and the lowest
5S state by 3.5 eV.” The relative intensities were
essentially left unaffected by the inclusion of these
configurations J

The intensity ratio of the two main components
of the 3s spectrum as calculated from the expres-
sion of Eq. (3) is listed in the last column of Table
IV. As expected this value is always greater than
the ratio of the multiplicities of these two states,
which indicates that the configuration mixing is
more pronounced in the state with lower spin.

In Table V we summarize the fine structure,
which judged from our calculations can be expected
to be seen in the experimental 3s XPS spectra. In-
tensities are reported only for states with esti-
mated intensities of more than 1% of that of the
main transition to a 2*, state. It is observed
that only states with the dominant configuration
3s%3p* 3d™! mix with the ground-state configura-
tion strongly enough to be expected to have an ob-
servable intensity.

One could argue that in order to obtain the en-
ergies for these states with the same relative ac-
curacy as the energies for the states of configura-
tion (2), it is necessary to include configurations
3s23p®34d™3., However, these double replacements
from the dominant configuration for these states
have energy matrix elements about 100 eV higher
than those of 3s%3p*34™" and will mix only slightly
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TABLE IV, 3s-splittings and relative intensities in the XPS spectra of transition-metal

ions.
No. of Energies in eV Rel. int.
3d electrons Ion MHT®*  CI calec. Exp. Comp. Exp. Cale. S+1)/s
3 cr* 9.5 3.3 4.2 CrFy®  «ee 2.0 1.67
9.2)¢
5 Mn* 14.3 4.3 6.6 MnF,¢ 2.3 2.2 1.40
(14.4)°
5 Fe* (16.1) 5.4 7.0 FeFg? oo 2.1 1.40
6 Fe¥ 12.4 4,5 6.1 FeF,® 2.0 2,2 1.50
6 Co* 13.6 5.4 6.0 CoFg®  «ee 2.1 1.50
7 Co?* 10, 3 5.5 5.0 COF,® oo 3.2 1.67
8 NiZ* 8.1 3.9 4,0 NiF,® e 2.4 2.0
*Results from Ref, 9. 9Reference 8,
PReference 2. ®Reference 16.
¢Diagonal energies from the present calculation.
with them, resulting in small corrections to the halogen atoms become heavier. Their interpreta-
energy eigenvalues. tion is that a shake-up transition connected with
Experimental energies for the weaker com- the ’ F principal peak overlaps the first *F state
ponents of the % L multiplet are available from and the additional peak in the experimental spec-
XPS spectra of MnF,,? FeF,, 16 several Co com- trum is due to a corresponding shake-up from the

pounds,’ and also for CoO and NiO.'" They are
listed in Table VI. As has already been mentioned
our results agrees with those of Ref. 7 for Mn?*
and will not be further discussed here.

TABLE V. Calculated fine structure in the 3s XPS
spectra of 3d" transition-metal ions.

For the ions with six 3d electrons (Fe?" and Dominant
Co®), we calculate one D and six *D states with config. Rel. _Rel.
large relative intensities. In a recent XP§ study fon State 3 % 34 energy (V) _intensity
of FeF, Kowalczyk et al.'® have measured a split- Mn®* :g i g 55) Z~g 12‘7’
ting of 6.1 eV, and a relative intensity of the two 5 2 4 6 2024} 14
main peaks of about 2:1. They also report on two :g 20406 23.8 0
additional peaks at energies of approximately 22 o . )
and 39 eV. This agrees quite well our results. re 5:: i 2 g 2:2 123
The two first *D states, calculated to lie at 4.5 s 2 4 6 23.7} s
and 5.6 eV, are together responsible for the single, 5 5 e o i;; 1
rather broad peak at 6.1 eV in the experimental - . s 6 0.0 100
spectrum. The observed intensity ratio 2.0, 1p 1 6 6 45 4
which differs from the simple multiplicity ratio of D 1 6 6 5.6 4
1.5, agrees well with our calculated value of 2.2, @ z j ; ;22 2
which is obtained after adding the intensities of ‘p 2 4 7 24, 5} 8
the two close-lying peaks at 4.5 and 5.6 eV. The :’D’ ; i Z ii-‘; 3
two groups of weak peaks, separated by about 20 - o0 L6 s 0:0 0o
eV, can also be identified with peaks found in the ip 1 6 6 5.4 40
experimental spectrum at 22 and 39 eV. :D 16 6 6.5 7

The Co® ion with seven d electrons has one °F 45 ; Z ; 222 z
and two 3F states from the ground-state configura- ‘p 2 4 7 27.8 8
tion, and two additional 3F states with very low ﬁg o e 2
estimated intensities from the 3s®3p*34® config- ot op L e a 6o 100
uration, In the experimental spectrum of CoF, ¢ Sp 1 6 7 5.6 31
Frost et al.’ report one strong peak at 5.0 eV with °F 16 7 8.2 25
an intensity of about 63% of that of the principal 3§ g i g ii:i ;
one. In addition they see a peak at 10.2 eV with N2+ . L6 s 0.0 100
about 70% intensity. They follow these two peaks R 1 6 8 3.9 4
through a series of Co halides, finding an in- Zi 2400 30.4 5

creasing relative intensity for both of them as the
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TABLE VI. Measured fine structure in the 3s-XPS
spectra of transition-metal compounds.

Relative energies in eV,

FeF,* CoF,® Co0° NiO®
energy Energy Int. energy energy
0.0 0.0 100 0.0 0.0
6.1 5.0 63 5.9 5.5
22 10.2 7 11.1 10.5
39 25 25

8Reference 16.
bReference 5.
°Reference 17.

3F peak. On the basis of our calculations we can-
not account for the peak at 10,2 eV, and it seems
not to be due to configuration mixing. The large
relative intensity of the first ®F line could possibly
be connected to the two close-lying *F states at
5.6 and 8.2 eV, the intensities of which should be
added.

The intensity ratio between the *F and the first
of the three 2F states of Ni¥ is calculated to be
2.4 compared to the multiplicity ratio of 2. The
oniy experimental results available to us are for
NiO, which is a less suitable compound to compare
with calculations of Ni®*, There is, however, a
recent calculation by Wahlgren and Bagus'® on the
NiOg *% complex, which shows that the ligand field
does not essentially change the multiplet structure
of the 3s hole state. Their results agree with those
reported in Table V, and also indicate that configu-
ration mixing does not explain the peak at 10.5 eV
in the experimental spectrum. The similarity of
the spectra of NiO and CoO supports the assump-
tion that the structure around 10 eV has a common
origin in the two compounds. Further studies are
needed to determine whether this origin is a shake-
up process,® a multielectron excitation, ! a band
structure effect, or due to surface states.

RESULTS FOR Co AND Ni ATOMS

The multiplet structure of the 3s hole state for
neutral Co and Ni atoms is expected to be different
from that of the ions. The 3d"4s%, 3d™'4s, and
3d™?2 configurations could show significant mixing
and could also interact considerably with config-
urations formed from them by electron redistribu-
tion.

The neglect of configuration interaction in the
initial state could here be questioned. For Ni this
neglect, however, seems quite reasonable, since
the ground-state coupling of these configurations
[3d84s2(*F), 3d°4s(®D), and 3d'°(*S)] all have dif-
ferent symmetry and cannot mix. The correspond-
ing couplings for Co [3d74s%(*F), 34%4s(*F), and
3d°(2D)] would allow mixing between the first two

THE 3s-HOLE STATE OF...
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configurations, and lead to an initial state with
more than one dominant configuration. A two-by-
two CI for the corresponding projected determi-
nants yielded a mixing coefficient for 347 4s%(*F) of
only 0,.0064 in the eigenvector of the lower root.
This was considered so small that it would be safe
to regard, also in the case of Co, the initial state
of the photoelectron emission not to be split.

Configurations formed by at most double re-
placements from both 3s 3p° 3d™ 4s® and
3s 3p® 3d™'4s were included in the final-state CI
for both Co and Ni. The calculations were per-
formed with two sets of orbitals, one obtained from
an SCF potential determined within the GCA for-
malism with a density operator given by the oc-
cupation numbers 3s 3p® 34" 4s and the other ob-
tained similarly from occupation numbers
3s 3p°3d™! 4s. The results of these two CI calcu-
lations were qualitatively similar. They show two
groups of projected determinants with relatively
strong internal interaction but a negligible mutual
mixing. One set derives from the configuration
3s 3p° 3d" 4s? and its double replacements, the
other set derives from the configuration
3s 3p% 3d™' 4s and its double replacements.

In order to make predictions about photoelectron
spectra from the same kind of limited CI calcula-
tions as was done for the transition-metal ions, we
have to decide which of the valence-electron con-
figurations, 3d"4s% 3d™! or 34™2, would be the
dominant final-state configuration. Using the
GCA SCF energy we find the 34™! 4s configuration
favored over 3d"™ 4s? by 0.20 hartree in Co and
0.29 hartree in Ni. This is not surprising, since
this procedure is known to favor maximum 34 oc-
cupation.!® Comparing in the same manner the
configurations 3s 3p® 34" 4s% and 3s 3p° 3¢™! 4s for
the 3s hole state we find the latter one lower by
0.45 hartree for Co and by 0.56 hartree for Ni.
The 3d™*? configuration would be uninteresting in
connection with the limited CI considered here,
since for Ni it would couple as a S and for Co the
most important internal rearrangement, 3p® to
3s 3d, also would give a 1S, and thus lead to no
mixing,

The relative energies and intensities, calculated
by assuming 3d" 4s? to be the dominant valence-
electron configuration in the final 3s hole state,
were essentially the same as those obtained for
the doubly ionized Co and Ni. The 4s orbital is
doubly occupied in all configurations that mix
strongly with 3s 3p® 3d" 4s%, and thus adds only a
constant term to the total energies of the different
states of a given symmetry. The only way that the
4s electrons affect the multiplet structure in this
case is indirectly through the M-shell orbitals,
which now are calculated in a potential to which a
doubly occupied 4s orbital contributes. The change
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TABLE VII. Predicted 3s XPS spectra from the calcu-

lated multiplet structure of Co and Ni atoms with a 3s-hole,

Dominant
configuration Relative Relative
System State 3s 3p 3d 4s energy intensity
Co SF 1 6 8 1 0.0 100
3F 1 6 8 1 1.0 23
P 1 6 8 1 3.4 30
’F 2 4 9 1 26,9 4
iF 2 4 9 1 41,0 2
Ni ‘D 1 6 9 1 0.0 100
’p 1 6 9 1 0.8 17
’p 1 6 9 1 2.2 30
p 2 4 10 1 34,9 4

in the M-shell orbitals, due to the presence of the
4s electrons, is small, The expectation value of
the radial distance to the nucleus changes for an
electron by about 1.5% for a 3d orbital and by
about 1% for a 3s or 3p orbital when a filled 4s or-
bital is added to the ion. As we mentioned earlier,
the 3s splitting is not very sensitive to small
changes in the radial orbitals. A rough estimate
for the 3s splitting can be obtained from the ex-
change integrals. The G*(3s, 3d) integral is only
about 1.5% larger in the doubly positive ion than
in the neutral atom. All these considerations taken
together make the similarity of the calculated
multiplet structures of the 3s hole doubly ionized
and neutral atom quite understandable for the case
of a doubly occupied 4s orbital in the atom.

When we assume 3d™!4s to be the dominant
final-state configuration for the valence electrons,
we obtain the results which are given in Table VII.
In comparing the results of Table VII with those of
Table V we find obvious differences. For Co the
3s splitting is only 1.0 eV, much smaller than for
the ion. This can be understood if we look closer
at the coupling in the two 3 F states from the con-
figuration 3s 3p° 3d " 4s® on the one hand and at the
coupling of the two ®F states from the configuration
3s 3p® 3d%4s, on the other. In the first case the
seven 3d electron can couple to a *# and to a 2F.
The quartet when coupled with a 3s(3S) gives either
a’ForadF. The second ®F with the same elec-
tron configuration comes from the coupling of the
3s(2S) to the 3d"(®F). The 3s splitting in the sense
we have discussed it in the previous sections is the
energy difference between the 5 7 and the 3F with
the d"(*F) parent. In the single-configuration ap-
proximation a rough qualitative estimate for this
splitting is obtained from the G*(3s, 3d) exchange
integral.

In the case of the configuration 3s 3p% 3d®4s we
note that the ® F is the result of the coupling
{[3sa(®5)3d2(CA](* F4s a(®S)} C F), and the two dif-
ferent 3F states are (a) {[3s8(%5)3d C )] F4sw
X (29)} (3 F), and (b) {[3sa(25)34°CF)](* F)4sp} 3F).
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The 3s splitting being the difference between the
energies of > F and the 3F(a) is roughly determined
by the (3s, 3d) and the (3s, 4s) exchange interac-
tion. The energy difference between the *F and
the 3F(b) is similarly determined by the (34, 4s)
and the (3s, 4s) exchanges. The (3d, 4s) exchange
is much smaller than the (3s, 3d) interaction and
consequently we identify the first 3F state at 1.0
eV as 3F(b). We also calculate another structure
at 3.4 eV and two very weak lines at 26.9 and 41
eV, respectively, as reported in Table VII. The
value of the 3s splitting to be compared with the
results for the Co® ion is thus 3.4 eV; i.e., 2.2
eV smaller than the splitting in the 34" case. This
obviously is due to the reduced (3s, 3d) exchange
since we now have one unpaired 4s electron instead
of the unpaired 3d electron and the (3s, 4s) ex-
change being much smaller than the (3s, 3d) ex-
change.

Similar comments can be made about nickel.

The 34°%4s? configuration of Ni yields a 3s hole
state spectrum very similar to what the 34° con-
figuration does for the Ni* ion, as reported in
Table VI. The configuration 3d84s? can couple to
only one *F and one ?F state.

In the case of the 34°4s configuration for Ni, the
doublet is split into two because of the different
couplings with the 4s electron. The two cases (a)
{[3s8(25)34°(2D)](: D)4s ¢ (3S)} (®D) and (b) {[3sa
X (25)34 °(2D)](*D)4sB(3S)} (®D) leads to doublets with
a strong mutual interaction. Thus both of them
will show a large estimated relative intensity.

The sum of their intensities will be roughly the
same as the relative intensity of the single 2F term
for Ni%* (34%). The doublet at 0.8 eV has the domi-
nant configuration (b) and thus the 3s splitting is
2.2 eV. This is again somewhat smaller than

what is obtained for the 3d° case.

It should be noted that these calculated spectra
from the 34" 4s configurations resemble closely
the experimental 3s XPS spectra from Co and Ni
metals. Instead of two resolved peaks indicating
the splitting, the spectra have a strongly asym-
metric main peak which agrees well with the cal-
culations since the 3F(b) and the 2D(b) terms for
Co and Ni, respectively, lie too close to the main
peak to be resolved.
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