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In the electron-energy-loss or x-ray-absorption spectra of the 3d transition metals the onset of the
L, ; edge (2p excitation) is marked by two sharp peaks often called white lines. The peaks are attri-
buted to the excitation of the 2p;,, and 2p, /, subshells to unoccupied d levels but the observed ratio
of their areas is not the statistical 2:1 ratio expected from initial-state occupation. In this paper we
report the results of multiconfiguration Dirac-Fock calculations of the transition rates which should
include atomic many-electron effects. We compare our results with experimental energy-loss mea-
surements from a number of sources. There is good agreement for the ratio of the two components
although the detailed shape can show additional solid-state effects. In particular, the L;-L, ratio is
very sensitive to the charge state for elements in the middle of the period such as Mn and Cr. This
effect can therefore be used to measure ionicity in energy-loss microanalysis in the electron micro-

scope.

INTRODUCTION

Sharp peaks at the thresholds of absorption edges were
first observed by x-ray absorption for the L edges of
heavy elements such as Pt. As early observations were
made photographically, the peaks were seen as white lines
on the photographic plate. The name has remained even
though photographic recording has been superceded by
electronic data-acquisition systems (see Refs. 1 and 2 for
general review of white-line observations). White lines in
the 2p spectra from the transition metals were first ob-
served by Cauchois and Bonnelle** by x-ray absorption.
For small scattering angles the energy-loss spectrum of
high-energy (~100 kV) electrons transmitted through
thin specimens in an electron microscope is identical to
the x-ray-absorption spectrum. The energy-loss experi-
ments of Leapman and Grunes®® showed that the ratio of
the two spin-orbit components from the 2p;,, and 2p,
transitions did not follow the statistical 2:1 ratio expected
from the ratio for the initial states. Various nonrelativis-
tic band calculations failed to reproduce the observed ef-
fect and other “many-electron” explanations were pro-
posed. The electron-energy-loss results were confirmed by
synchrotron-radiation x-ray-absorption studies for calci-
um, scandium, and titanium by Barth et al.,’” who be-
lieved that the results could be explained using an atomic
theory without solid-state effects. There have been other
synchrotron results for calcium® and copper in copper ox-
ide.® Similar white-line effects have been observed in the
3d absorption spectra of rare-earth elements, initially by
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x-ray-absorption spectroscopy and later by electron-
energy-loss spectroscopy (EELS). The ratios of the M
(3ds,;) and M, (3d3,,) spin-orbit components do not
equal the initial-state 3:2 ratio. Atomic multiplet calcula-
tions, in which the transition rates are calculated by per-
turbation theory on a nonrelativistic Schrodinger equa-
tion'~!* gave reasonable agreement with the white-line
structure at the ends of the rare-earth-metal period. The
most recent example of this approach is a full multiplet
calculation for all the rare-earth elements.'®

An alternative to the atomic multiplet approach has
been the relativistic linear combination of atomic orbitals
(LCAO) band calculation of Mattheis and Deitz.!® They
leave the number of holes in the two bands associated
with the spin-orbit components as a parameter which can
be determined by accurate band calculations or experi-
ment. This has been used recently to explain magnetic or-
dering in amorphous metals.!” Other recent experimental
work has concentrated on energy-loss measurements of
various 3d transition metals in different compounds
showing different degrees of ionicity.'®

In this paper we apply an atomic multiconfiguration
Dirac-Fock (MCDF) program to the 2p excitation.!” The
program handles both electrostatic and spin-orbit effects
automatically as part of the Dirac formalism. The more
familiar atomic multiplet method of calculation—for ex-
ample, in the work of Sugar'®—treats the spin-orbit in-
teraction as a perturbation of an essentially nonrelativistic
problem. It is also customary in these calculations to
scale down the electrostatic and exchange parameters by
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20%."> Another advantage of our approach is that the
program generates the configurations automatically from
the subshell occupation numbers. This is convenient for
elements in the middle of the period, where there are
many possible arrangements, making it difficult to keep
track of them without the computer.

THEORY

The atomic multiconfiguration Dirac-Fock program ot
Grant et al.' was used to calculate atomic-state wave
functions, and a modified version of the transition-rate
program used by Dyall and Grant®® gave the line
strengths. In this approach the Hamiltonian for the N-
electron atom is given by

H= 3 [cap;+(B—1)c*~Z/r;]

% 1
+ ——— (1)
i,j lri“‘rjl

(i <j)

where a,B are the Dirac matrices, p; is the momentum,
and r; the position of the ith electron, and atomic units
have been used (m =e=#=1). The wave functions are
constructed from the central-field Dirac orbitals given by

Poem(P) Xy (D)
Qe (F) X (1)

1

U,,K,,.(r)=r , (2)

where
Xem= 2 Yim_or)¢?Cl, %,j;m —0,0)

and « is defined as —2(j—I)(j+7), j is the total
angular-momentum quantum number [ +s (3 2, etc),
and [ corresponds to the orbital angular momentum in an
Isj coupling representation. The orbitals form an ortho-
normal set such that

[ (PP, +Q,Q4)dr =8, .

Configuration-state functions are defined as N-electron
states of prescribed total angular-momentum quantum
number J and parity, in which the N electrons present
have prescribed assignments to the available subshells.
They may be constructed, for example, as a linear com-
bination of Slater determinants built from the orbitals
U,.m- In practice, the code uses methods based on Racah
angular-momentum algebra; j-j coupled states are defined
for each subshell, giving a resultant angular momentum
J;, and these are then vector-coupled in the usual way to
give the resultant J. Such configurational states ¢(y,J,M)
are eigenstates of N uncoupled electrons, moving as
described by Dirac’s equation in a static central potential.
The label carries information needed along with the
angular-momentum quantum numbers to identify the
configuration-state function (CSF) uniquely. The electro-
static interaction between the electrons mixes configura-
tional states of the same angular symmetry; we denote the
resultant linear combination as an atomic-state function,

HC
Yo(IM)= 3 c,(a)dly, /M), (3)

r=1

where n, is the number of configuration-state functions
and c,(a) are the configuration-mixing coefficients for
atomic-state @. The energy of atomic state a is given by

Eq= [ ¥\ UMHYIM)dT

= ¢/ (a)Hxc la), (4)
Hy= f¢T(YrJM)H¢(YS,J,M)dT. (5)

The configuration-mixing coefficients can be determined
from the requirement that E, be stationary with small
variations in the coefficient, and the normalization re-
quirement (U, | U, ) =1, giving an eigenvalue equation

(H —E_Icg=0. 6)

The wave functions are calculated for both the ground
state and a final state in which there is a hole in the 2p
subshells and an extra electron in the 3d subshell. The
transition strengths are calculated according to a dipole
selection rule and tabulated according to the energy of the
transition. In these calculations a frozen core was used, so
relaxation effects are not taken into account. The pro-
gram does, however, allow for an arbitrary definition of
the core state to be made; therefore relaxation effects
could be investigated. Those many-electron effects result-
ing from different arrangements in the 3d subshells are
included in these calculations. Because the d wave func-
tions are relatively tightly bound and the d band is quite
narrow, it is expected that an atomic theory can be justi-
fied in the study of these transitions.

CALCULATIONS AND COMPARISON
WITH EXPERIMENT

The transition rates were calculated for various config-
urations corresponding to known charge states for the 3d
transition-metal elements. For comparison with experi-
ment these were convoluted with a Gaussian representing
both instrumental broadening effects and finite lifetime of
the core hole. The core-hole lifetimes were estimated
from the radiationless and radiative transition rate of
McGuire?! and Walters and Bhalla.> For these low-
energy transitions the most important physical line-
broadening mechanism is radiationless Auger transitions,
but the observed linewidth in energy-loss experiments is
dominated by instrumental broadening, which is 1.5 eV
for the data in Ref. 23. Estimates of the ratio between the
two white-line components can be made by measuring the
peak heights from the synthesized spectra. Measuring the
change in the ratio of the areas can give different results
in those cases where the two components have different
calculated line shapes. It is then sometimes difficult to
distinguish where one component ends and the other be-
gins. The instrumental broadening does not have much
effect on the calculated ratio.

Experimental spectra for transition-metal oxides were
taken from the data of Ref. 23. Backgrounds were first
subtracted by fitting the usual AE ~" function in the re-
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FIG. 1. Comparison of calculated spectral shape with EELS Atlas data. Solid lines, experimental spectra; dashed lines, calculated
spectra. (a) Ca** in CaCos; (b) Sc** in Sc,0s; () Ti** in TiOy; (d) Mn*+ in MnOy; (e) Fe’* in Fe,0;; (f) Co?* in CoO; (g) Ni** in
NiO; (h) Cu?* in CuO.
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FIG. 2. Variation of white-line ratios with d-state occupa-
tion. @, calculated results; A\, Sparrow et al., Ref. 18; V; Leap-
man et al., Ref. 6; 00, EELS Atlas, Ref. 22; {, Miner and Rask,
Ref. 27.

gion before the edge, where E is the energy loss and 4
and r are constants. The transitions to continuum states
then had to be subtracted from the spectra. This was
done by fitting the results of continuum spectra calcula-
tions>*23 to a region about 20—40 eV above the edge. The
starting energy for the continuum contribution was to
some extent arbitrary, but reasonable shifts resulted in
differences of less than 5% of the ratio of the two com-
ponents. This spectrum could then be compared with the
theoretical MCDF spectra, and the results are given as
Fig. 1. The ratio of the two white-line components could
also be estimated from these experimental spectra. The
main trend in both the experimental and calculated results
is the change in the line ratio from about 0.6:1 for Sc** to
0.3:1 for Cu®*. It appears that the line ratio is most
strongly related to the d-state occupation number, which
is also shown graphically as Fig. 2. The details of the cal-
culated line shape do not fit the experimental line shapes
for the first few elements, Ca®t, Sc*>*t, and Ti**. The
splitting in the two spin-orbit components observed exper-
imentally in these elements is due to transitions to
molecular-orbital levels such as 2¢,,,3¢, in TiO,.® Obvi-
ously, to calculate the details of the white-line shape,
solid-state effects have to be included in the theory. The
agreement appears to be much better for elements such as
Co®* and Ni**. Although the ratios of the two white-line
components are approximately correct for Mn** and
Fe’*, the details of the line shape are not calculated
correctly, again probably due to neglect of solid-state ef-
fects. These could be incorporated by a LCAO treatment
similar to that of Mattheis and Deitz.!® The extra struc-
ture in the copper spectrum is due to problems with sub-
tracting the continuum contribution.

Calculated white-line ratios for a number of different
cation charge states are compared with various experi-
mental results in Table I and Fig. 2. Not all the
discrepancies are due to problems in the theoretical treat-
ment. As can be seen, the differences between different
experiments is sometimes greater than the difference be-
tween any of the experiments and these calculations. This
is particularly true for elements towards the end of the
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FIG. 3. Comparison of calculated spectra of manganese in
various charge states with experimental data of Miner and
Rask. Solid lines, experimental spectra; dashed lines, calculated
spectra. (a) Mn?** in MnO; (b) Mn’* in Mn,03; (c) Mn** in
Mn;0,; (d) Mn’+.



period where the L, line is much smaller than the L; line
and experimental errors in the ratio measurement will be
greater. It must be remembered that the spectra of Spar-
row et al.,'® Leapman et al.,® and Miner and Rask?’ were
taken at lower resolution (of order 4 eV) than the spectra
in Ref. 23. The procedure used to extract the white-line
ratio also varied. Leapman et al.® used a deconvolution
technique which can effectively remove the instrumental
broadening. It makes the assumption that the L; and the
L, components have the same shape and that the continu-
um contributions also follow the white-line ratios. There
are problems with both these assumptions. From the
spectra shown it is apparent that the L; and L, lines need
not have the same shape. There is also no reason to be-
lieve that the continuum excitations do not follow the 2:1
ratio. The experimental fit for pure copper when the d
states are filled shows a 2:1 ratio, as do fits to the continu-
um part of the Co?>* and Ni** spectra.

The ratio between the L3 and L, lines can be quite sen-
sitive to the electronic configuration and hence the charge
state of the transition-metal cation. This is especially true
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for those elements towards the middle of the Periodic
Table row such as Mn and Cr. The variation of the ratio
should be distinguishable even for relatively low concen-
trations of the element in a microanalytic experiment. In
Fig. 3 the calculated spectrum shape assuming 4 eV in-
strument resolution is compared with the experimental re-
sults of Miner and Rask?’ for manganese in MnO (Mn?%),
Mn,0; (Mn*+), and MnO, (Mn**). Also shown is the
calculated spectrum for Mn’*. Except in the case of
MnO [Fig. 3(a)], the agreement is very good and it shows
that it should be possible to use the results of such calcu-
lations to determine the cation charge. The degradation
in instrument resolution has also eliminated the structure
due to the different lines making up the white-line com-
ponents [compare Fig. 1(d) with Fig. 3(c)]. Sparrow
et al'® also measured the manganese L,; edge in
KMnO,, which they believe represents the Mn’* state.
Not only is the white-line ratio in disagreement with the
experiments, but the calculations also show a shift of the
lines to higher energies. It is very doubtful that Mn in
these experiments is in the Mn’™ state for very long. Po-

TABLE 1. Calculated and measured L;-L, ratios for transition-metal ions.

Calc. Expt.® Expt.® Expt.© Expt.d

Ca 1.29

Cat 1.24

Ca’t 1.17 0.75+0.03

Sc 1.49

Sc+t 1.49

Sc?+ 1.37

Sci+ 0.97 0.73+0.03

Ti 1.58

Tit 1.59

Ti? 1.51

Ti*t+ 0.91 0.8 0.80+0.03

\' 2.12

v+ 1.46 1.2 1.19

v+ 0.89 1.0

Crt 2.08 1.6 1.8

Cr*+ 1.37 1.4

Mn?+ 3.25 4.8 5.32

Mn?+ 2.50 2.61
2.09

Mn*+ 2.25 2.50+0.03

Mn’t 0.93

Fe+ 3.61 5.5

Fet 3.43 3.35+0.03

Co*+ 3.67 2.56+0.2

Ni2+ 3.22 2.5 3.8 4.72+0.2

Cut 3.30

Cu?t 3.30 1.1 3.5 4.21+0.2

*Reference 18, Sparrow et al.
YReference 6, Leapman et al.
°Reference 23, EELS Atlas.
dReference 27, Miner and Rask.
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tassium is very volatile even under extremely low
electron-beam doses and it is quite possible that the ma-
terial is transformed to MnO, with the potassium and ox-
ygen escaping. This could be investigated by experiments
at low temperature and careful study of the potassium
edge in the spectrum along with the diffraction pattern.
The results of Sparrow et al.'® also contradict other re-
sults for Cu?*, where most of the experiments show an
L;-L, ratio much greater than 2:1. The other element
which shows large variations with charge state is Cr. The
plot of allowed transitions for Cr’* and Cr** is given as
Fig. 4 and synthesized spectra assuming 2 eV energy reso-
lution are given as Fig. 5. The changes in white-line ratio
as well as the difference in the number of transitions are
apparent from the plots.

For simple cases where there are few transitions in-
volved it is possible to identify the individual lines. For
Ca’*, Sc’*, and Ti** the transition can be represented by
a configuration 2p® going to 2p°3d. The lower-energy
line has components from the p;/,-to-d3,, and p;,-to-
ds,, transitions, while the higher-energy line arises from
P1,2-to-d3,, transitions. For Cu?* the transition is
2p®3d® to 2p®3d'°. The lower-energy line again corre-
sponds to the 2p;,,-to-3ds,, and -3ds,, configurations,
while the higher-energy line corresponds to the 2p, ,-to-
3d;,, transition. In intermediate cases such as Mn and
Fe it is not possible to rigidly separate each of the white
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FIG. 4. Calculated transitions for Cr. (a) Cr’*; (b) Cr*+.
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FIG. 5. Calculated spectra for Cr assuming 2 eV resolution.
(a) Cr*+; (b) Cr*t.

lines into 2p;3,, and 2p,,, components, though the lower-
energy line mainly arises from 2p;,, transitions and the
higher-energy line from 2p, /, transitions.

CONCLUSIONS

Calculations using an atomic multiconfiguration
Dirac-Fock theory account for the variations in the L;-
L, white-line ratio of the 3d transition metals. The de-
tails of the shapes of the white lines, especially for Ca**,
Sc3*, and Ti** in their respective oxides, are often dom-
inated by molecular-orbital splitting. For elements such
as Mn and Cr, the Lj:L, ratio is sensitive to electronic
configuration or cation charge and can be used as a way
of measuring charge state in microanalytical applications.
The one electron view that the lower-energy line is entire-
ly due to the 2p;, excitation and the higher-energy line is
entirely due to the 2p,,, excitation does not correctly
describe all aspects of these transitions.
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