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The origin of nonstatistical branching ratios in spin-orbit-split x-ray absorption spectra is ex-
plained. Atomic calculations for transition metals show a systematic change which is due to initial-
state spin-orbit splitting and electrostatic interactions between core hole and valence electrons. We
have formulated the results of these atomic calculations in general rules, which are also applicable
to solids. In the free atom the branching ratio reaches a maximum for the Hund’s-rule ground state
and its value decreases gradually for S, L, and J levels of higher energy. The presence of a crystal
field results in a lower branching ratio when it produces a low-spin ground state. The rules can be
used to assess the spin state and the spin-orbit splitting from the experimental branching ratio in
transition-metal and rare-earth compounds. A specific example is given for the influence of second-
order spin-orbit interactions in high-spin Ni compounds.

I. INTRODUCTION

Transition-metal, rare-earth, and actinide compounds
display large white lines at the threshold for core excita-
tion in x-ray absorption spectroscopy (XAS).!=3 The re-
cent progress in synchrotron-radiation physics has even
permitted resolution of the multiplet structure in some of
these white lines. Computational analyses have shown
that these multiplets arise from the accessible final states
with a core hole and an additional valence electron.*~8
For example, the L,; white lines of the first-row
transition-metal compounds originate from transitions
3d"—2p33d" *!, where the large spin-orbit interaction of
the 2p core hole splits the final states into two groups
with a large energy separation. The total intensity is pro-
portional to the number of valence holes.>!® However,
the intensity ratio of these two spin-orbit-split lines is not
simply given by the statistical value. Experimental stud-
ies have shown that the branching ratio
I(L3)/[I(L,)+I(Ly)] in the 3d transition metals
changes from 0.41 in Ti to 0.7-0.8 in Mn.!'=* In the
lanthanides the branching ratio I(M)/[I(M,)+1(M;)]
changes from 0.39 in La to 1 in Yb.2'>1® Also, at the end
of the 4d and 5d transition metal series the branching ra-
tio deviates from the statistical value.!”~2° Especially in-
teresting is the relation between the branching ratio and
the local magnetic moment, which has recently been
found in various alloys.?! =23

These deviations from the statistical branching ratio
have in the past been subject for various studies. Mott?*
already suggested that the absence of the L, white line in
Pt (Ref. 17) was due to the absence of 4d;,, character in
the valence band. Mattheiss and Dietz?> have confirmed
this idea with a tight-binding calculation. However, the
use of such a single-particle model is only justified for
other than d° configurations if the interactions between
the d electrons can be neglected. Fink et al.?® have clear-
ly shown that experimental absorption spectra cannot be
explained by the density of unoccupied d states, even
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when single-particle matrix elements are included.

Onodera®’ showed in a model for the exciton transition
pé—p’s in the alkali halides that also electrostatic in-
teractions between core hole and valence electrons can
influence the branching ratio. The statistical ratio ob-
tained in the absence of electrostatic interactions in the
final state (we will call this the jj coupling limit) gradual-
ly changes to the extreme intensity ratio of 0:1, when the
core-hole spin-orbit interaction is reduced to zero (LS
coupling). This model has been relatively widely ap-
plied.'>?8-32 However, this model, which considers only
a two-particle final state, always gives an intensity ratio
smaller than the statistical value, whereas larger-than-
statistical branching ratios have been found experimen-
tally for higher d counts.

Full multiplet calculations in intermediate coupling
give generally a good agreement with experimental
branching ratios. Examples of this are the calculations in
octahedral symmetry for high-spin 3d ions by Yamaguchi
et al.,® the multiconfigurational Dirac-Fock calculation
by Waddington et al.,’* and the atomic Hartree-Fock
calculation for the 4f metals by Thole et al.!® However,
the complexity of these calculations barred the analysis of
the factors which determine the branching ratio.

In order to explain the branching ratio of the white
lines, a full atomic approach, including crystal or ligand
field, will be necessary, because the strongly localized
core hole has larger dipole matrix elements with atomic-
like than with bandlike wave functions. Evidence for this
comes not only from multiplet calculations but also from
the observed resonant enhancement in photoemission for
excitation energies within the white lines.>* %

In a recent paper>® we showed that for deep core levels
there is a systematic change in the branching ratio with
the ground-state spin-orbit energy in the atom. The larg-
est branching ratio is obtained for the Hund’s rule J level.
In this paper we extend this model by taking both spin-
orbit and electrostatic interactions into account for atom-
ic and crystal-field ground states. We have performed
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calculations for the branching ratios of (L,S,J) levels in
atomic configurations d”. The results can be formulated
in general rules. Moreover, these atomic branching ra-
tios can be related to those of solid-state compounds.
Often, a crystal-field splitting has no or little influence on
the branching ratio, except when it produces a low-spin
ground state. More generally, when the ground state in
the solid can be expressed in (L,S,J) or (L,S) functions
the branching ratio obtained has a value which is charac-
teristic for these atomic functions. Therefore, using the
rules which will be given for the branching ratio, the spin
state and total angular momentum can be assessed
without actually performing crystal-field calculations.

The organization of this paper is as follows: First, we
will give three basic rules which describe the variation of
the atomic branching ratio in the presence of spin-orbit
splitting and electrostatic interactions. Then, three addi-
tional rules are given, which are valid in the presence of a
crystal field. These rules facilitate the explanation of the
calculational results for the 3d, 4d, and 5d transition-
metal compounds in the next sections. Also the rare
earths are discussed. Finally, we will compare the theory
with experimental data from the literature and discuss
applications.

II. THEORY OF THE ATOMIC BRANCHING RATIO

In this section three rules are given, which describe the
behavior of the branching ratio for purely atomic interac-
tions. For the sake of concreteness these rules are ex-
plained with the example of the L, ; absorption in transi-
tion metal compounds. The white lines are due to dipole
transitions from initial configurations d" to final
configurations 2pd" +!.

The initial state in the free atom (or ion) has definite
values of L and S due to the electrostatic interactions. In
the presence of a spin-orbit interaction &, the initial state
has also a definite value of the total atomic angular-
momentum quantum number J. Crystal-field interaction
is the subject of the next section.

The core-hole spin-orbit interaction §, splits the final
states into two p; manifolds (j=3,1), which are well
separated in energy, except for the early 3d metals. Al-
though in intermediate coupling j=3 and ] are no
longer exact quantum numbers, we use them to denote
the low- and high-energy manifolds, respectively. The
branching ratio is defined as the intensity ratio
I(L3)/[I(L,)+1I(L,)], i.e., the fraction of the total tran-
sition probability which goes into the 2p;,, manifold. If
the Slater integrals F2, G' and G between the p and d
electrons are not negligible compared to §,, the final
states have to be calculated in intermediate coupling.
The largest of these Slater integrals is called U(p,d).

Within this framework we can give the following three
rules and their explanations.

Rule 1: In the absence of both spin-orbit coupling in the
initial-state and electrostatic interactions between core-hole
and valence electrons in the final state the branching ratio
is statistical.

In the specific example of the L, ; absorption this rule
states that the branching ratio is 2 if U(p,d) and §, are
zero. The rule can be proven rigorously,37 even in the
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presence of a crystal field, using standard angular-algebra
techniques.3 4

A detailed analysis of how nonstatistical branching ra-
tios are produced is given with rules 2 and 3. Here we
will give a short general discussion. The best way to dis-
cuss nonstatistical branching ratios is to consider the op-
tical process as the change of a valence hole into a core
hole.

There are two effects which make the two final-state
manifolds different. First, there is the spin-orbit coupling
of the core hole which gives the manifolds a different
value of j. This difference can only influence the branch-
ing ratio when there is spin-orbit coupling in the initial
state. When there is not, the spin and orbit of the hole to
be excited are oriented randomly and therefore the hole
can have no preference for change into either type of core
hole. Second, when there are electrostatic core-valence
interactions in the final state the core hole is coupled to
the valence holes. The result of this coupling is different
in the two manifolds. The presence of electrostatic in-
teractions in the initial state couples the hole to be excit-
ed to the other holes in a specific way which can give it a
preference for the coupling situation in one of the mani-
folds.

We can make the following generalization: When an
interaction makes the two final-state manifolds different,
then this interaction has to be present also in the initial
state in order to appreciate the difference.

This analogy of spin orbit and electrostatic interactions
is obscured by the fact that core-hole spin-orbit interac-
tion is always present in the final state and we need spin-
orbit interaction in the initial state to detect its effect,
whereas electrostatic interactions are always present in
the initial state and we need their presence in the final
state to detect them.

Rule 2: High-spin states have on average a larger
branching ratio than low-spin states, if spin-orbit splitting
in the valence band can be neglected.

The allowed final states in XAS must have contribu-
tions of the same spin as the initial state, because only di-
pole transitions with AS =0 are possible. The branching
ratio will be dependent on the spin distribution over the
core-hole manifolds. If U(p,d)=0 the character of any
LS basis function in the final state is distributed statis-
tically over the p; manifolds. If U(p,d)+0 the two p;
manifolds, which do not shift in energy to first order, mix
in such a way that relatively more high-spin character ap-
pears in low-energy states and low-spin character in
high-energy states. The reason for this is that with in-
creasing U(p,d) /¢, the distribution of the spin character
changes smoothly to the pure LS-coupled case with
&, =0, where high-spin states have on the average a lower
energy than low-spin states due to exchange interaction.
This is shown in Fig. 1, which gives the energy distribu-
tion of the terms in the final state configurations
2p33d"*1 in the LS coupling limit. The terms with the
same S value are collected in a column for which the
average energy is indicated. Despite the large energy
spread, the average energy of these columns increases
with decreasing values of S. The terms with the highest
spin always have the lowest average energy. Because of
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the nonstatistical distribution of spin character over the
manifolds in intermediate coupling, together with AS =0,
a high-spin ground state has preference to dipole transi-
tions to p;,, final states and a low-spin ground state to
D1, final states.

The process of continuous change from LS to jj cou-
pling is illustrated in Fig. 2, where the Ni 3d®—2p°3d°®
transition probability from the initial-state terms 3F, 'D,
and 'G is given as a function of U(p,d )/§,. The spectra
at the top have U(p,d)=0 and a branching ratio equal to
2. The bottom spectra obey LS coupling (§,=0) and the
final states are, in order of increasing energy, 'D, °F, 3D,
3P, 'F, and 'P (cf. Fig. 1). Although the term 'D in the
p>d® configuration violates Hund’s rule, the average ener-
gy of the triplets is still lower than that of the singlets.
From a ground-state 3F only the final states >D and °F
can be reached, which are at the low-energy side. When
§p is increased two mechanisms can transfer intensity to
the high-energy side. A level may split from *D or *F and
move towards the p,,, region or a forbidden level with
high energy mixes with >D or 3F and gains intensity.
Both effects are present in Fig. 2(a). The spectra of the
initial states !D and 'G in Figs. 2(b) and 2(c) show a simi-
lar evolution. Because in LS coupling the intensity is
more at the high-energy side, the branching ratio of the
singlet states in intermediate coupling is lower than that
of the triplet states.

The approximate M, ; and L, 3 spectra are indicated
in Fig. 2(a) and it is instructive to see how the spectrum
changes from LS coupling to jj coupling when one goes
to ever deeper core holes. The parameter ratio for the
M, 5 spectra is close to the LS coupling limit in Fig. 1.
Note that high-spin and low-spin ground states have their
main peaks at quite different parts of the M, 3 spectrum®
and this spectrum should therefore be very sensitive to a
change in the ground-state spin. In the jj coupling limit
the atomic spectrum is independent from the initial state.

Another interesting feature of Fig. 2 is that it offers an
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FIG. 1. Energy distribution for the terms in the final-state
configurations 2p°3d"*' calculated in LS coupling ({,=0,
k=1). The columns contain all terms with the indicated value
of 25+ 1. Labels for L are only indicated in p°d®. The average
energy of each configuration is set to zero. The arrows give the
average energy of each S manifold.
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interpretation of the fine structure in core-hole spectra.
It is clear that the shoulders in the spectra near the jj
limit are the remnants of the peaks in the LS limit. The
character of, e.g., high-spin LS terms is not only distri-
buted preferably to the p,;,, manifold, but within each
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FIG. 2. Calculated transition probability of the transition
d®—p°d® for the initial states (a) °F, (b) 'G, and (c) 'D as a func-
tion of U(p,d)/,. The top spectra are in jj coupling. The en-
ergy position of the final states are given for the bottom spectra
in LS coupling. The approximate M,; and L,; absorption
spectra for atomic Ni 3d8 are indicated.
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manifold it also goes preferably to the low-energy side.

We have strongly emphasized the effect of the initial-
state S value on the spectral distribution, but the same ar-
guments also apply to L. However, the effect of L is
smaller because L has less influence on the final-state en-
ergy and because the selection rule AL =0, =1 smears out
the effect on the branching ratio.

An important consequence of the AS =0 selection rule
is the systematic change of the branching ratio along the
d series. For less than half-filled shells the high-spin final
state is a ghost spin state which cannot be reached from
the initial state. This can be seen in Fig. 3 which gives
the possible 2S5 +1 values for the initial- and final-state
configurations in LS coupling. For n=0 to 4 the max-
imum spin in the initial state is one less than in the final
state, but for n =5 to 10 the spin space is the same in ini-
tial and final states. The high-spin ground state is
effectively low spin in the final state for d° and d!, and in-
termediate for d? to d*, whereas it is really high spin for
d> to d®. For this reason the branching ratio increases
strongly with the d count for less than half-filled shells.
For more than half-filled shells there is no longer a strong
change in the branching ratio, because the high-spin
ground state has the highest spin possible in the final
state. Because U(p,d)/¢ » decreases with the d count the
high-spin branching ratio is largest near d° and decreases
slowly towards the end of the series. For the latter
reason also the difference between high-spin and low-spin
in more than half-filled shells decreases with the d count.

Rule 3: When an initial state LS term is split by spin-
orbit splitting the largest branching ratio is obtained for
the level J =L T S where the negative (positive) sign is for

N .
6
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FINAL \
STATE X 4
N
5 1

TA 5=0

STATE

FIG. 3. Possible spin multiplicities 2S+1 in the initial
configurations d” and final configurations p°d"*!. Because in
XAS only transitions with AS=0 are allowed, the high-spin
final state for n =0 to 4 is a ghost spin state (see text).
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less (more) than half-filled shells. Note that this is just the
Hund’s-rule ground level. For the other J levels the
branching ratio gradually decreases with J. The branch-
ing ratio, averaged over all J levels of a split LS term, is
equal to that of the unsplit LS term.

This rule can also be formulated more quantitatively.
If U(p,d)=0, it can be proven that the branching ratio
for a pure ground (L, S,J) level differs from the statistical
value by an amount B; which is proportional to the
angular-algebraic part of the ground-state spin-orbit en-
ergy:

(Eqrss—Ears)
B](C!,L,S,J):A(C,]’n)_al_%s_’
d

where (E,;5;—E,;5) is the well-known energy depen-

dence on J relative to the energy of the unsplit term:*!

Egrsi—Eqs=1[J(J +1)—L(L +1)
—S(S+1)éa,L,S), )

where {(a,L,S) is the effective spin orbit splitting factor
of the term aLS

(1)

&a,L,S)= (1 + DRI+ D]V "aLS ||V V|I"aLS ) ¢
o [L(L+DQL+DS(S+1)(25+1D]72 >

(3)

where V! in the reduced matrix element is Racah’s unit
double tensor operator, ¢ and [ are the core and valence-
shell orbital momenta, n is the occupation number of the
valence shell, o labels different terms of equal LS. The
factor A(c,l,n) in Eq. (1) is inversely proportional to the
number of holes in the specific core-hole to valence-band
transition. The value of A(c,,n) is —(1/3)[1/(10—n)]
for p —d transitions and —(4/15)[1/(14—n)] for d - f
transitions.

Equation (1) can be proven by applying standard angu-
lar momentum techniques to Cowan’s line-strength for-
mulas,*!"*? as will be published elsewhere.’’ The more
qualitative formulation in rule 3 remains also correct
when U(p,d)+0 as long as it is small compared to §,.

It is clear that B, depends only on the angular part
Z(a,L,S)={(a,L,S)/; of the spin orbit interaction
and not on its actual size which is determined by &,.

The quantity {(a,L,S) may be either positive or nega-
tive. If {(a,L,S) is positive the term is said to be normal
and then for increasing J the initial state energy in-
creases, while the branching ratio decreases. If {(a,L,S)
is negative this is just the other way around. For less
than half-filled subshells {(a,L,S) is usually positive,
especially for the lowest term of a configuration; howev-
er, negative values of {(a,L,S) are not infrequent and
the inverted structure is not by any means to be con-
sidered abnormal. For more than half-filled shells
Z(a,L,S) has the opposite sign:

Z(H+2n g L S)= —Z(I"a,L,S) . @

As an illustration of rule 3 Fig. 4(a) gives the calculated
branching ratios with U(p,d)=0, in which case the term
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FIG. 4. Calculated branching ratios for the indicated J levels of the Hund’s-rule ground LS terms in the transitions
3d™(L,S,J)—2p°3d"*'. (a) k=0, which is also appropriate for 4d and 5d metals; (b) k=0.75, where « is the scaling factor for the
Slater integrals. The dashed lines give the term averaged values. The arrows on the axes indicate the statistical value.

averaged value is equal to the statistical value. The labels
in the figure give the J values of the lowest LS term. The
statements of rule 3 are easily verified from this figure.
Because A(c,/,n) is inversely proportional to the number
of holes in the initial state, B, increases by a factor of 9
going from d' to d°. The diagram for U(p,d)=~0 in Fig.
4(b) is discussed in Sec. VI B.

II1. THEORY OF THE BRANCHING RATIO
IN POINT-GROUP SYMMETRY

In the presence of a crystal-field interaction the initial
state has definite values of 'S, where I is an irreducible
representation of the local point group.* Translational
symmetry has mainly the effect that in the solid the states
are broadened into bands. If the spin-orbit splitting §, is
large compared to the bandwidth W, the I'S bands split
into bands with different total representation I';. The
ground state is the lowest (T',S,T";) level. If the band
width is much larger than ¢, the ground state is a I'S
term, i.e., all ', levels are considered equally populated.

In a crystal field we have additional rules to treat the
three cases: {; =0, §, is larger than and smaller than the
crystal-field interaction. The purpose of these rules is to
obtain the branching ratio without performing a compli-
cated crystal-field calculation.

Before giving the rules we will first give a general lem-
ma. This lemma deals with a small perturbation which
splits the degenerate levels of the initial and final states
into sublevels belonging to irreducible representations of
a subgroup of the original point group. We will use the
approach exposed in Butler*® and adopt his notation.
The original intensity for a transition from a level of sym-
metry I to a final state level of symmetry I'’ using light
polarized as a component of symmetry ¥ of the dipole
operator is given by a reduced matrix element in the orig-
inal point group:

Ir_p =2 [(TIC ) |2 5)
T

The reduced matrix element in the subgroup between
states I'A and I''A’ with dipole component y u is

*

lt

rt ,y I-v
A* p X

(Tafcira)y=(rjci’|r)

(6)

The sum over p and A’ of the square of the 3jm factor (or
isoscalar factor) (Ref. 44) in Eq. (6) gives |A|/|T | and
therefore

—— 3 |(TA|C A ) |2
A 2%
1
_— r (1) ' 2 .

= H(TIe i) |
This equation says that the isotropic intensity in the sub-
group is independent of the ground-state sublevel A and
equal to the original intensity. We have omitted branch-
ing and product multiplicities, but taking these into ac-
count we obtain the same conclusion.

Splitting lemma: If an interaction lowers the symmetry
of the Hamiltonian and only one sublevel of the original
ground level is populated, then if we cannot resolve the
splittings in the final state, the isotropic dipole spectrum
does not change.

This lemma also applies if in the final state the levels
are not only split, but also mixing between these levels
occurs. The mixing results in redistribution of intensity
between levels within an energy range A, where A is a
typical matrix element of the interaction. If the experi-
mental resolution is larger than A the spectrum is un-
changed. Being only interested in the branching ratio we
effectively use a resolution of, say, §,72. If A<E,/2 the
change of the branching ratio is of the order of A/E,.
However, if the perturbation is a crystal field, which does
not act on core functions then, in the jj coupling limit,
the p; manifolds are not mixed, to first order, and the
change in the branching ratio is even much less than this.

(7
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In practice for a crystal field, it is less than 2% for the
L, ; absorption in the 3d transition metals.

Rule 4: If there is no valence-band spin-orbit coupling a
crystal-field term has a branching ratio characteristic of
the atomic terms with the same spin.

Many configurations have only one high-spin LS term.
The branching ratio of a high-spin crystal-field term in
those configurations is, to first order in U(p,d), equal to
the atomic ratio.

For some high-spin states and for all lower spin states
there is more than one LS term with the same spin. The
branching ratio is then generally, to first order, equal to
the average of the ratios of the LS terms weighted with
their character in the ground state. In order to prove this
we first observe that the action of the crystal field in the
final state has a negligible influence on the branching ra-
tio. When U(p,d)=0 the crystal field does not mix the p;
manifolds because it does not act on the core hole. Only
mixing within each manifold occurs but this cannot
change the branching ratio because the sum of all intensi-
ties of a manifold is invariant to such mixing. When
U(p,d )0 the manifolds are already mixed and then
there are crystal-field matrix elements between the mani-
folds giving a second-order effect on the branching ratio
(in practice amounting to at most 2% in the 3d transition
metals). Thus to good approximation we may neglect the
effects of the crystal field in the final state which then be-
comes equal to the atomic final state. Because the
branching ratio is mainly determined by the distribution
of spin character over the two manifolds, which is not
changed by the crystal field, we may expect that a
crystal-field term has a branching ratio characteristic for
LS terms with the same spin.

However, in many cases we have a stronger argument
for the statement that the branching ratio is approxi-
mately the average of the ratios of the LS terms: When
the crystal field mixes LS terms of different L in the
ground state there are no cross terms in the spectrum
arising from different L’s. This can be proved by angular
algebra techniques.®® The absence of cross terms means
that the spectrum is exactly the average of the spectra of
the different LS terms, weighted by their character in the
ground state. In high-spin states there is always only one
term of each L but, e.g., for d> to d” there are LS terms
of intermediate and low spin occurring more than once.
If more than one term with the same LS has significant
character in the ground state there may be cross terms
changing the spectrum and the branching ratio and then
our arguments are no longer exact.

Rule 5: In a crystal field which is smaller than the
valence-band spin-orbit coupling an atomic (L,S,J) level
splits into (L,S,J,T') states which all have the branching
ratio of the (L,S,J) level.

This is a direct consequence of our splitting lemma. It
applies especially to the rare earths. It is not possible to
detect crystal-field effects in rare-earth materials by
measuring the isotropic branching ratio. Polarization-
dependent spectra can give information on the crystal
field, but only in symmetries other than octahedral or
tetrahedral.
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Rule 6: When an initial-state crystal-field term T'S is
split into levels (T",S,T';) by a spin-orbit splitting which is
small compared to the crystal field, each level has a
different branching ratio, decreasing with increasing ener-
gy.

This rule is an extension of rule 3 and it can be proved
in a similar way. More precisely, the change in the
branching ratio is proportional to the angular algebraic
part of the first order energy splitting, with the same pro-
portionality constant A4(c,/,n). Levels which are split or
shifted in second order also have a different branching ra-
tio, but this effect is small and is best determined by a
complete crystal-field calculation.

Often the spin-orbit coupling is quenched, which
means that the first-order effect is zero by symmetry.
The following prescription may be used to determine
which I'S terms split to first order: Split S into point-
group representations I'g and split the momentum 1 of
the operators s and / from the spin-orbit interaction s-/
into representations y. Inversion symmetry must be
disregarded and Kramers pairs must be considered as one
degenerate representation. The necessary conditions are
then as follows: (1) The set of all Kronecker products
I’y XT consists of more than one irreducible representa-
tion (counting repetitions). (2) '’ XI" and I'{ XT'; have at
least one of the ¥ in common. Condition 2 is met by all
degenerate representations of all point groups except the
(two-dimensional) E representation of O and T,;. In the
groups C, C,, C,,, and S,, the set of ¥ contains the to-
tally symmetric representation and then condition 2 is
met for all terms.

In the following we will apply the branching ratio rules
to transition metals and rare earths, taking into con-
sideration the conditions for which each rule is valid.
When in 3d transition metals the spin-orbit splitting is
quenched or it is less than the bandwidth, the branching
ratio is determined by the spin state (rule 4). If in 3d, 4d,
and 5d transition metals {, is small compared to the crys-
tal field, the I'S terms split into levels, each with a
different branching ratio (rule 6). In the rare earths the
crystal field is smaller than §,,. The crystal-field splitting
of (L,S,J) levels into (L,S,J,I") levels does not change
the branching ratio (rule 5).

IV. CALCULATIONAL DETAILS

The branching ratio of the LS terms and (L, S,J) levels
for the transition metals were calculated using Cowan’s
computer code for atomic radiative transitions.*!*? In
these calculations the dipole transition probabilities are
obtained from a Hartree-Fock program to determine the
initial- and final-state wave functions and energies. The
line strengths obtained were summed separately for the
two manifolds. The point of separation between the man-
ifolds was chosen such that their variances were as close
as possible. For well-separated manifolds this point is in
the gap. When there is no clear separation the choice be-
comes more or less arbitrary. This occurs in the early 3d
metals for large electrostatic interactions, cf. Sec. VI A.

The free-ion values of the Coulomb and exchange in-
tegrals have to be scaled by a factor x which takes into
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account effects such as atomic correlation and covalent
mixing.*> Comparison of detailed multiplet calculations
with experimental spectra shows that « is usually about
0.75,'633 although compound-dependent values for tran-
sition metals have been reported between 0.4 and
1.5.6,46,47

The calculations in crystal-field symmetry were per-
formed using the chain of groups approach exposed by
Butler.** The reduced matrix elements of the operators
obtained with Cowan’s computer code, are transformed
to the required point group, using the Wigner-Eckart
theorem. The isoscalar factors were calculated with
Butler’s point-group program, which uses modern
group-theoretical results*® to obtain a consistent set of
coefficients for all groups.

V. THE L, ; ABSORPTION IN 4d AND 5d
TRANSITION-METAL COMPOUNDS

A. Atomic calculations

The value of U(p,d)/§,, in the 4d and 5d metals is
~0.02 and ~0.002, respectively. Therefore, these
transition-metal atoms can be treated in the limit of jj
coupling and the atomic branching ratio can be calculat-
ed straightforwardly using Eq. (1). The spin-orbit param-
eter {; varies in the 4d metals from ~0.03 to ~0.2 eV
and in the 5d metals from ~0.1 to ~0.5 eV. The
branching ratios for the J levels of the pure Hund’s-rule
ground terms are given in Fig. 4(a). The regularity in the
spacing can be disturbed because L and S are not always
good quantum numbers in the presence of spin-orbit cou-
pling. A calculation for the branching ratios in 4d
transition-metal atoms which does take this second-order
spin-orbit interaction with higher LS terms into account
can be found in Ref. 36.

The ground terms have a normal sequence of the J lev-
els: the branching ratio is increasing (decreasing) for
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high-energy LS terms have an inverted sequence because
$(a,L,S) is negative, but this occurs only in the *F and
second 2D terms of d* and d” and in the 3D, second ’F,
and second 3P terms of d* and d°.

B. Crystal field

Except for the heaviest 5d metal compounds, §, is usu-
ally smaller than the crystal field and rule 6 applies. The
branching ratio can be obtained from Eq. (1) with the en-
ergy difference calculated in the proper point-group sym-
metry, although we used the procedure outlined in Sec.
IV. We give here only the results for the high-spin states
in a crystal field of octahedral symmetry. In first order
only the terms with orbital symmetry T, and T, are split
by £4. In second order the other terms can also be split
or can undergo a shift in energy. The branching ratios
for all I'; levels of the ground terms I'S are shown in Fig.
5(a). Because k=0 the average over I'; is equal to the
statistical value, except for a small shift caused by the
second-order spin-orbit interaction. The variations of the
branching ratio for the (I',S,I';) levels are about the
same as those for the atomic (L,S,J) levels, except when
the spin orbit interaction is quenched. The level I'; with
the lowest energy has the highest branching ratio. The
second-order effects in Fig. 5(a) must be considered as
only illustrative, because they depend on, e.g., 10Dg.

VI. THE L, ; ABSORPTION IN 34
TRANSITION-METAL COMPOUNDS

The 3d transition metals are more complicated than
the 4d and 5d metals because 2p-3d electrostatic interac-
tions are important in the final state. In the 3d transition
metals §,, changes from 2.4 in Ca to 11.5 eV in Nij,
whereas U(2p,3d) changes from 3.8 to 7.7 eV. Therefore,
U(2p,3d)/§2p decreases in the 3d series from 1.58 to
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spin-orbit splitting and crystal field, in which case rule 2
holds.

A. ;d =0

The diagrams in Fig. 6 give the calculated branching
ratios of all possible LS terms in the 3d" configurations as
a function of k. The limit of pure jj coupling is given by
k=0 and the situation with unscaled atomic Slater in-
tegrals by k=1. The relevant region for « is between 0.4
and 1, depending on the covalent mixing in the com-
pound, although « is most often around 0.75 to 0.8.

As is also expected from rule 1 the branching ratio at
k=0 is always statistical. For nonzero « the branching
ratio changes as described by rule 2. This change is
linear for small values of «, but at larger values the
branching ratios change more abruptly because the two
p; manifolds start to penetrate each other. As seen in
Fig. 6 the value of « for which this occurs increases along
the d series, because the Hartree-Fock value of
U(2p,3d)/¢,, gradually decreases along the 3d series.

High-spin states have on the average a larger branch-
ing ratio than low-spin states. This enables us to identify
the spectra of many high- and low-spin compounds at
first sight by their extreme branching ratios, even if the
value of k is not precisely known. For intermediate-spin
and low-spin compounds the ranges of possible branching
ratios have some overlap, which makes their distinction

BRANCHING RATIO IN X-RAY ABSORPTION SPECTROSCOPY
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less clear.

The highest branching ratio within a configuration is
obtained for the Hund’s-rule ground term. Subsequently
lower branching ratios are found for terms with higher
energy. This can be checked from Fig. 7, which gives the
energy of all the terms in the initial configurations 3d".
Comparing the branching ratios of Fig. 6 for not-too-
large values of «k and the energy diagrams of Fig. 7, where
the energy axis has been inverted, there is an overall
agreement in the sequence in which the terms appear, al-
though there are quite a few permutations in the middle
of the diagram. The physical reason for this resemblance
is that energy and branching ratio are both determined
by electrostatic interactions, although the energy is deter-
mined by d-d interactions and the branching ratio by p-d
interactions. It is interesting that an even more striking
resemblance exists between the branching ratio sequence
for d" and d'°~". The origin of this resemblance is not
clear.

So far we have only discussed the changes in branching
ratios within the individual configurations. An important
consequence of the AS =0 selection rule is the systematic
change along the d series. For less than half-filled d
shells the ghost spins in the final state (cf. Fig. 3) clearly
manifest themselves by the absence of higher-than-
statistical branching ratios. Figure 6 shows that the
branching ratios of all terms in d° to d3 are decreasing
with increasing k. For larger d count this is no longer
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true. The high-spin terms in d> to d® have a branching
ratio larger than or about equal to the statistical value.
The only exception is the *P term in d 8, where transitions
can only take place to the final-state terms *P and °D,
which have relatively a high energy (see Fig. 1). For d°
the branching ratio remains statistical due to the absence
of p-d interactions in the final state.

B. §4#0

The 3d spin-orbit parameter increases in the first row
series from ~0.01 to ~0.1 eV and cannot always be
neglected. From Fig. 4(a) with U(p,d)=0 it was already
clear that {,; has a substantial influence on the branching
ratio. For the 3d metals we must also consider the 2p-3d
interactions.

The calculated branching ratios in the presence of
Coulomb and exchange integrals (k=0.75) are given in
Fig. 4(b) for all J levels of the ground LS terms. Also for
each LS term the weighted average over J is given. This
value is no longer equal to the statistical value but equal
to the value in Fig. 6. It is clear from comparison of
Figs. 4(a) and 4(b) that electrostatic interactions shift the
term averaged values by a large amount but that the mu-
tual distances between the J levels in a given LS term
remain globally the same. Only the levels J=0 and 1 in
the 3D term of d® cross each other at k= ~0.85.

In Fig. 4(b) we see again the systematic trend along the
series which is a consequence of both the selection rule
AS =0 and the gradual decrease in U(2p,3d)/{,,. The
deviation from the statistical value for the term-averaged
branching ratio is largest for the lower d counts. As seen
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the term-averaged value increases strongly from below
the statistical value in d° to above the statistical value in
d’>. From this maximum it returns slowly to the statisti-
cal value in d°. We see that in the absence of spin-orbit
interaction the branching ratio can be used as a measure
for the d count, especially for less than half-filled shells.
On the other hand, the branching ratio for the Hund’s-
rule ground-state J level increases over the whole series
to a value of 1 for d° with a small dip for d°. The
influence of &, is most pronounced for higher d counts
due to the factor A4 (c,l,n) in Eq. (1). Generally, we can
say that the effect of the electrostatic interactions is most
prominent for low d counts, whereas the effect of spin-
orbit interaction is most pronounced for high d counts.
The non-ground-state LS terms show a similar behav-
ior. The branching ratio of a particular (L,S,J) level can
approximately be obtained by taking the average value
for the LS term from Fig. 6 and by calculating for the J
level the deviation from this average value using Eq. (1).

C. Crystal field

The crystal-field interaction in 3d metal compounds is
usually larger than the {,, spin-orbit interaction. For the
high-spin terms I'S in an octahedral crystal field we have
calculated the branching ratio for all levels I';. The re-
sults in Fig. 5(b) for k=0.75 can be compared with those
in Fig. 5(a) for k=0. It is clear that the distances be-
tween the (I',S,T;) levels in a given configuration remain
globally the same. The trend of the branching ratio along
the d series still resembles the atomic trend [Fig. 4(b)], ex-
cept when the spin-orbit interaction is quenched by the
crystal field.

Except for d?, d°, d’, and d®, every configuration has
only one high-spin term. A crystal field cannot mix this
term with other terms and its branching ratio will stay at
the atomic value [Fig. 4(b)]. If there are more atomic
terms with high spin, which do not differ too much in en-
ergy, these states will mix in the presence of a crystal field
and the branching ratio obtains an average value. Low-
spin states are always a mixture of low-spin LS terms and
have the low branching ratio characteristic of these
terms.

VII. THE M, s ABSORPTION
IN RARE-EARTH COMPOUNDS

For the M, s absorption spectra of the rare earths,
which originate from transitions 3d —4f, the value of
U(3d,4f) /&5, changes from 0.83 in La to 0.51 in Tm.'®
Almost all rare-earth compounds have a ground state
with an extreme J value according to Hund’s third rule,
because the 4/ bandwidth is much smaller than {, which
changes from 0.092 eV in La to 0.371 eV in Tm. Then,
according to rule 5 the branching ratio in the solid will
have the same value as in the atom. From rule 3 we
know that the branching ratio will have the largest value.

The calculated atomic values for the M, and M inten-
sities have been tabulated in Ref. 16. The branching ratio
of the ground-state J level gradually increases along the
4f series from 0.39 to 1, with a small dip for the 4f’
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configuration. This trend along the rare-earth series is
very similar to the trend in the 3d transition metals in
Fig. 4(b) and the explanation is the same. The strong
dependence of the branching ratio on the f count can be
used to identify heterogeneous mixed-valent materi-
als. 4950

Because the 4f electrons in rare-earth materials are
highly localized, the chemical shift in the x-ray absorp-
tion lines is small.’! This permits determination of the en-
ergy of the final states, which can be reached from the
high-spin ground state with the selection rule AS=0.
The relative energy of these final states within the mani-
folds reflects the energy positions in the LS coupling limit
as explained with rule 2. Therefore, for the La’*, Ce**,
and Pr’* ions which are effectively low spin in the final
state, the absorption lines are located at the high-energy
sides of the manifolds. This results in XAS in an energy
shift 2—-3 eV compared with x-ray photoemission spec-
troscopy (XPS),’>%% where there are no ghost spin states.
Moreover, XPS has a less stringent selection rule, namely
AS =i’%, and therefore more allowed final-state terms.
For the heavy rare earths the XAS lines are on the low-
energy sides of the manifolds. Although also in transi-
tion metals this effect is present, it is overshadowed by
the large chemical shift due to the d electrons, which are
participating in the bonding orbitals.

VIII. COMPARISON WITH
EXPERIMENTAL RESULTS

A first question to address is how pronounced the
white lines are compared to the continuum. For the tran-
sitions to the continuum states above the L, ; edges the
cross-section varies from 2.1 Mb/atom in Sc to 1.1
Mb/atom in Cu.>* Calculation of the total integrated
cross section of the 2p — 3d transitions in the 3d series
gives a value of 16(10—n) MbeV/atom, where (10—n) is
the number of vacancies in the 3d shell. The width of the
white lines is determined by the.intrinsic width of the 2p
core level which is smaller than 1 eV and by the electro-
static interactions which are in the order of a few eV.
Therefore, the white lines can easily be distinguished
from the continuum above the edge, but most clearly for
lower d counts.

This does not always mean that it is completely trivial
to obtain accurate experimental values for the branching
ratio. The background correction of the spectrum and
the transmission function of the monochromator are ob-
vious problems. In the early 3d metals there is some
overlap between the two manifolds and the separation is
somewhat arbitrary. Furthermore, the p,,, manifold is
broader than the p;,, manifold due to Koster-Kronig
transitions’>*® and sometimes there is loss of main line
intensity into satellite structures.*”>2

We will now compare our results with available data
from the literature. For 4d and 5d transition-metal com-
pounds nonstatistical branching ratios have been ob-
served at the end of the series, such as in Rh, Pd, Ir, and
Pt compounds,'”"!#243% and the L, ; branching ratio for
the heavier 5d metals has been reported as being gradual-
ly increasing with the d count.?’ This behavior is expect-
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ed from Eq. (1), which predicts that the deviations from
the statistical value along the series are inversely propor-
tional to the number of holes. The influence of the
initial-state spin-orbit splitting is best observed in d°,
where the level /=23 does not contribute to the L, edge.
Especially Pt compounds have been well studied for this
reason.”’

The experimental M s absorption spectra of rare-earth
metals”®'® and compounds® nicely demonstrate the
theory by the gradual increase in branching ratio, which
is characteristic for the Hund’s-rule ground-state J level.
The value of the branching ratio is usually compound in-
dependent, because the ground state remains the same.
Only for CesPdys is a lower branching ratio than for pure
Ce metal found, which accompanies an admixture of
4f,,, character in the predominantly 4f5,, ground state
of the diluted alloy.’! The amount of mixing in the
ground state can be determined in this way.

More variation is found in the 3d transition-metal com-
pounds.>*»%?=% The experimental values for the branch-
ing ratios of the oxides!'~!* are reproduced in Fig. 8.
The values for Cr,0, (d3), FeO (d*®), NiO (d?), and CuO
(d®) from Sparrow et al.!® are systematically lower than
those reported by Leapman et al.'? (cf. Fig. 8). Except
for CuO, the 3d transition-metal monoxides, sesquiox-
ides, and dioxides have octahedrally coordinated metal
ions with a slight trigonal distortion in the corundum
structure of the sesquioxides and a slight tetragonal dis-
tortion in the rutile structure of the dioxides. The oxides
all have high spin.

In Fig. 8 we also give four curves for the high-spin
term, which have been taken from Figs. 4(b) and 5(b).
The upper curve a gives the branching ratio for the
ground-state level (L,S,J) in the atom. Curve b gives the
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FIG. 8. Diagram giving the branching ratio of the high-spin
ground state of 3d metal compounds in octahedral symmetry
(k=0.75). Curve a, §33>10Dg and W; curve b,
10Dg > &3> W; curve ¢, 10Dg>W >¢y,; and curve d;
W > 10Dq and §4. The arrow points to the statistical value.
Experimental data for mono-, di-, and sesquioxides from Leap-
man, Ref. 12 (®) and Sparrow, Ref. 13 (®).



3168

branching ratio for the ground-state level (I',S,I";) in oc-
tahedral symmetry. Curves ¢ and d give the average
branching ratio for the ground state LS term and I'S
term, respectively. These curves represent different situa-
tions for the crystal field and the spin-orbit interaction.
Curve a gives the situation that the spin orbit parameter
is larger than the crystal-field parameter and larger than
the bandwidth: {; > 10Dg and W. This is the maximum
obtainable branching ratio as a function of the d count.
High-spin cctahedral compounds are expected to follow
curve b, if 10Dg >&,;>W. But if W increases, the
branching ratio will move towards curve ¢, where
10Dg > W>¢,;, and finally to curve d, where
W > 10Dq > ;. Comparison with the experimental data
shows that the overall agreement is good in view of the
large experimental uncertainty at the end of the series
and considering that we treated all compounds in a
theoretically uniform way, regardless of all chemical
differences. The only free parameter k has been set to
0.75. To first approximation a change in « will give a
proportional change in the branching ratio relative to the
statistical value.

For the experimental spectra of high-spin compounds
from Matsukawa and Obashi given in Yamaguchi’s pa-
per® and of the fluorides given by Nakai*® a similar trend
as for the oxides is observed. Only for MnF, and CrF;,%
where the experimental L, ; spectrum is in disagreement
with calculated multiplet structure, is the experimental
branching ratio lower than theoretically expected. The
high-spin Ni d® compounds are discussed in Sec. IX.

Even for the pure metals the trend in the branching ra-
tio is similar to the general observed trend. It strongly
increases from Ca to Fe and slowly decreases from Fe to
Cu.'>?® This indicates that despite the large bandwidths
and the itinerant nature of the d electrons the white lines
are mainly determined by atomiclike transitions.

It is also interesting to compare directly the branching
ratio of one particular absorption edge in different com-
pounds. Experimental influences can then be reduced by
measuring with constant monochromator settings. For
magnetic materials such studies have established a rela-
tion between the branching ratio and the local magnetic
moment. Morrison et al.’! have measured the Fe L,
absorption edge in various Fe, Ge,_, alloys. They find
that the decrease of the iron magnetic moment on alloy-
ing with germanium is accompanied by a decrease in the
branching ratio. Pease et al.?> found that the branching
ratio for the high-spin Cr alloy Cry,Aug, is larger than
for Cr metal. Morrison et al.?? found that in amorphous
Fes Y, the branching ratio is lower than in Fe metal,
which accompanies a decreased magnetic moment in the
alloy.

Another application is the electronic structure of dilut-
ed alloys, where the impurity atoms have a small band-
width. Fuggle® finds for Ni impurities in Pd and Cu a
larger branching ratio than for Ni metal, indicating an in-
creased amount of ds,, character in the ground state of
diluted alloys.

Also high-spin and low-spin compounds can be dis-
tinguished. In Fig. 9 we reproduce the Fe L, ; absorp-
tion edges of iron metal and various insulating iron com-
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FIG. 9. Experimental Fe L, ; absorption spectra for different
iron compounds.

pounds, such as pyrite (FeS,), magnetite (Fe;O,), holmi-
um iron garnet (Ho;FesO;,), and hematite (a-Fe,0;).%
These materials have been measured using a high-
resolution monochromator based on the combination of
acid phthalate (AP) crystals and multilayer reflecting
coatings.” The iron atoms in the measured compounds
have configurations which differ in d count, crystal field
and spin state. Only FeS, has a low-spin configuration
and as seen the branching ratio is much smaller than in
the other compounds.

IX. AN EXAMPLE: DIVALENT NICKEL

We will give an example of a spectral analysis where
the combination of the branching ratio theory with de-
tailed multiplet calculations helped us to determine the
ground state of a compound. Figure 10 shows the experi-
mental Ni L, ; absorption spectrum of Ni oxalate®® with
a branching ratio of 0.73. This large value indicates a
high-spin compound. For low-spin compounds branch-
ing ratios around 0.6 are expected and observed.®®% The
lines in Figs. 10(a) and 10(b) give two different multiplet
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FIG. 10. Experimental Ni L, ; absorption spectrum for the
high-spin compound Ni oxalate (dots) together with two multi-
plet calculations (drawn lines); (a) {,=0, (b) {;=0.1 eV. See
text for calculational details.

calculations with §;,=0 and 0.1 eV, respectively. The
oscillator strength is calculated for transitions from the
eé (®4,) ground state in octahedral symmetry using
k=0.85 and 10Dg=1.5 eV.®® Convolution by a Gauss-
ian of 0 =0.15 eV and a Lorentzian with 2I'=0.80 (1.10)
eV for the L; (L,) accounts for the experimental
broadening and the intrinsic linewidth, respectively. Fig-
ure 10(a) gives the best fit obtainable with {3, =0. A
main error is the low value of the branching ratio.. This
suggested that there are spin-orbit effects in the ground
state even though * 4, does not split. In second order the
term (7,.e, 3T,)T, mixes into the ground state with a
coefficient equal to £;;,V2/10Dg. It was to be expected
that §;,50 would increase the branching ratio because in
the limit £;; >>10Dq the value of 0.92 as for 3F, would
be obtained (cf. Fig. 8). Indeed, the calculation including
spin-orbit interaction in Fig. 10(b) gives not only the
correct branching ratio but also a better agreement with
the fine structure, especially for the high-energy peak in
the L, edge. The theoretical branching ratio with {;, =0
and 0.1 eV is 0.692 and 0.732, respectively (k=0.85).
This increase in the I(L;)/I(L,) ratio of 20% demon-
strates the extreme sensitivity for small spin-orbit effects
in the ground state.

Also for NiO and Ni dihalides,*” where the value of
changes with the covalent mixing, the presence of the
second-order spin-orbit interaction can be seen from the
branching ratio as well as from the relative intensity of
the high-energy peak in the L edge.
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X. CONCLUSIONS

We have shown that study of the branching ratio in
XAS offers a potential method to distinguish ground
states of different spin and different total angular momen-
tum in transition-metal compounds. The branching ratio
is determined by the electrostatic interaction between
core-hole and valence electrons and the initial-state spin-
orbit splitting. For a deep core hole the final state can be
described in jj coupling and the deviation of the branch-
ing ratio from the statistical value is proportional to the
initial-state spin-orbit energy. This is the situation for
the L, ; spectra of 4d and 5d metals.

In 3d and 4f metals final state electrostatic interactions
are also important. For the free ion the Hund’s-rule LS
term has the highest branching ratio due to the electro-
static interactions. In this LS term the Hund’s-rule
(L,S,J) level has the highest branching ratio due to spin-
orbit interactions.

A crystal field has little influence on the branching ra-
tio, except that it has the possibility of producing a low-
spin ground state, composed of one or more low-spin LS
terms, with the relatively low branching ratio charac-
teristic of these terms. Furthermore a crystal field can,
partly or completely, quench the spin-orbit splitting and
thereby its effect on the branching ratio. Analysis of ex-
perimental spectra using these simple considerations, to-
gether with our diagrams of free-atom data (Fig. 6) gives
important information on the ground state without the
necessity of doing a complete crystal-field calculation.

The model is strictly valid only for compounds with lo-
calized valence electrons. Although in metals the trend
in the branching ratio is similar to the one obtained in the
localized description, we believe that for materials where
the valence electrons are delocalized or where
configuration interaction is important more theoretical
work is necessary. Even if the bandwidth is large, values
of the branching ratio in a series of compounds can be
compared and can yield magnetism-related informa-
tion.2! =2 We expect that the branching ratio is often
one of the simplest and most direct indicators for the spin
of the ground state and in narrow band materials also for
the spin-orbit splitting.

The value of the spin-orbit splitting in narrow-band
materials may be determined by temperature-dependent
branching-ratio measurements. Experimental width and
core-hole lifetime broadening play no role; the branching
ratio is only sensitive to broadening due to interactions in
the ground state. As long as the spin of the ground state
is not changed, the effects of crystal and magnetic fields
on the branching ratio is often small and can moreover
only be obtained by nonisotropic measurements using po-
larized light,’°~"2 for which we do not give simple rules.
Nevertheless, from the calculated magnetic x-ray di-
chroism (MXD) spectra of the rare earths’ it can be seen
that such measurements may in some cases by interest-
ing.

The low sampling depth in XAS (Ref. 74) makes the
branching-ratio analysis also suited to detect surface phe-
nomena, such as surface magnetic, geometric and elec-
tronic properties different from the bulk.
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