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High-resolution L,; x-ray absorption data are presented for nickel dihalides and nickel oxide.
The near-edge multiplet splitting is observed to decrease rapidly with decreasing anion electronega-
tivity. This decrease is accompanied by an increase in a satellite feature. A detailed analysis of the
data in terms of recently proposed many-body theories is presented and is shown to yield excellent
agreement with experiment allowing a determination of the charge-transfer energy, the d-d
Coulomb interaction, and the Ni d —anion p hybridization interaction. We show that the values ob-
tained are in good agreement with those obtained from x-ray photoelectron spectroscopy even
though the spectral shapes are strongly different. The difference in spectral shapes is shown to be

due to the very different final states.

I. INTRODUCTION

Transition-metal compounds have been an interesting
and controversial topic of research since 1937, when it
was pointed out' that divalent Ni compounds like NiO
have large band gaps, whereas one-electron band theory?
predicts them to be metallic. The introduction of the con-
cept of electron correlation by Mott® in 1949 that at least
qualitatively explains the band gap was the beginning of a
controversy concerning the magnitude of the d-d
Coulomb interaction, which has apparently not yet been
solved to everyone’s satisfaction. Recent sophisticated
band-structure calculations still predict at most a small
(0.3 eV) gap for NiO,*® whereas modern direct experi-
mental determinations of the gap yield 4.3 eV.%" The
problem is, in fact, much more general than only NiO.
Band-theory calculations of the Ni dihalides all predict
metallic behavior or, at most, a small band gap, whereas
optical measurements suggest a large band gap decreasing
with decreasing electronegativity of the anions.® This and
also cluster calculations on NiO and NiCl, (Ref. 9) sug-
gest that the band gap is more like a charge-transfer gap
than a d-d gap. This is in qualitative disagreement with
band theory and also in disagreement with the Mott-
Hubbard theory when considered in the simplest sense.
The interpretation of the valence-band spectroscopies in
terms of the cluster theory leads to the experimentally ob-
served 30-eV spread in d spectral weight in NiO provided
the d-d Coulomb interaction is around 7—9 V.0 Im-
portant for us here is that the same cluster theory can also
be used to interpret core-level spectroscopies providing a
unified approach. This was demonstrated by us some
time ago for the Cu dihalides'! and Ni dihalides.!> The
importance of core-level spectroscopies in this is that they
provide an independent measure of the various parameters
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occurring in the theory.

Recently, we have extended the cluster theory to in-
clude the anion p bandwidths and have shown that the ob-
served trends in band gaps for the transition-metal com-
pounds, including both insulators and metals, can be un-
derstood in a quite natural manner.!® The same theory
has been used to explain in detail the highly structured Ni
2p core-line x-ray photoelectron spectroscopy (XPS) spec-
tra of the Ni dihalides, from which we have obtained the
relevant parameters for describing the valence-band struc-
ture.!3 In this paper we show that the same theory can be
used to describe new high-resolution x-ray-absorption
spectra in great detail, providing another independent
measure of the parameters.

As pointed out previously,'* x-ray-absorption spectros-
copy (XAS) has several advantages over XPS, and the
various interactions and hybridization enter into the XAS
problem in a different way, making it complementary to
XPS. The differences between XPS and XAS are two-
fold. First, in XPS the initial ground-state valence elec-
trons experience the full potential of an unscreened core
hole, whereas in XAS the core electron can be excited into
an efficient screening orbital so that the perturbation on
the remaining ground-state electrons is small. Second, in
XPS the various components of the spectrum are
broadened by multiplet structure rather than exhibiting
specific multiplets, because virtually all of the many
final-state multiplets can be reached. XAS, by virtue of
the dipole selection rules, is, on the other hand, quite
selective in multiplet structure. Only a limited number of
states are accessible and therefore become visible as
separate structures in the spectrum. As we will show
below, the multiplet splitting itself can then be used to
provide information on the various interactions.

The paper is organized as follows. In Sec. II we present
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the experimental results and describe the techniques used. T " T i T " T
In Sec. IV we present the theory applied to the x-ray-
absorption problem. In Sec. V we present a comparison
of theory and experiment and obtain values for the
charge-transfer energies, d-d Coulomb interaction, and
hybridization interactions, and we compare these to previ-
ous values obtained with XPS.!?

II. EXPERIMENTAL DETAILS

X-ray-absorption data were taken using the synchrotron ' .
radiation emitted by the Anneau de Collisions d’Orsay C b ~
(ACO) using a constant-deviation double-crystal mono- R S B
chromator equipped with beryl crystals. The resolution -
for this instrument is 0.35 eV.!*> Checks were made on the
light flux from the monochromator using Al, which has a
flat absorption in the energy of interest here. The energy
scale was calibrated by setting the La 2p,,, and Mg 1s
edges to an energy of 850.5 and 1303 eV, respectively.
The spectra were recorded by the photoyield method in a
vacuum of 10~° Torr or better. Nil,, NiBr,, and NiCl,
were prepared by subliming— in situ—at temperatures
around 600—700°C on an Al plate. NiF, was measured as . .
a powder. The absorption spectra taken immediately after . 4
sublimation were always identical to the spectra taken AN S N NiO

after several hours. ' ~—

NORMALIZED INTENSITY

III. RESULTS

The experimental results for the Ni dihalides are shown NiF,
in Fig. 1. The spectra are corrected for a linearly increas- s S e

e R il

ing background. We note that in Nil, the I 3p;,, edge is L . 1 A | .
near the Ni 2p,,, structure. In the spectra two main 850 Ext:tm?fsoow ENERGY B(ZS) 880
groups of peaks due to the 2p;,, and 2p,,, edges can be

distinguished. In Table I the absolute energies of the first

line in the 2p;,, and 2p,,, edges are given together with FIG. 1. L,; absorption spectra of Ni compounds. The L;
the relative energies of the subsequent structures. As can (L;) edge is found at about 852 (870) eV.

TABLE 1. Absolute energies (eV) of the first peak in the XAS 2p;,,(L;) and 2p,»(L,) edges in the
Ni compounds, and the energy separations of the subsequent features. The XPS 2p,,, threshold peak
positions for the dihalides are given for comparison.

Type of Peak in
configuration Fig. 1 Nil, NiBr, NiCl, NiO NiF,
XAS
233/23(1'9 a 852.8 852.6 852.7 853.2 852.7
b 0.5 1.3 1.7 1.9 2.7
2p3,,3d"°L c 2.9 3.5 44 5.6
4.6 4.4 5.2 6.2
2p3,,3d°Lk 6.5 7.3
d 9.0 10.0 13.0
2p,,,3d° e 870.1 869.7 869.8 870.3 869.8
f 0.5 1.0 1.1 1.2 1.4
XPS

2p3,,3d°L 853.4 854.7 855.6 857.0
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be seen, the spectra display a strong variation on chemical
environment. Almost all intensity goes into the two white
lines a and b, respectively, e and f (Fig. 1). The separa-
tion between these peaks decreases strongly (by as much
as 2 eV) on going from the fluoride to the iodide.

In all compounds, except NiF,, a broad satellite is ob-
served at about 4.5 eV above the 2p;,, edge (peak c). This
satellite has an intensity of roughly 7% relative to the
2p3,, white lines. In NiBr, and NiCl, another tiny
feature proceeds the onset of a continuum (d).

In the 2p, /, structure the separation between the white
lines is smaller, but the trend that this separation reduces
in going toward the iodide is maintained. The satellite
structure and the onset of the continuum above the 2p,
edge mimics that of the 2p;,, edge, but they are broader
and therefore less visible (Fig. 1) and for this reason not
tabulated.

Before we discuss the theoretical model, we summarize
here some of the features which we wish to address. For
comparison purposes we also include in Table I the bind-
ing energies as obtained from XPS measurements. Com-
parison of the threshold peak position in XPS and XAS
shows that whereas the XAS energies are only slightly
compound dependent, those in XPS are strongly com-
pound dependent. Also, the XPS energies are consider-
ably larger than those found in XAS. This is qualitatively
consistent with our previous remark that in XPS the
screened threshold peak must result from a redistribution
of ground-state electrons. Such a redistribution always
costs energy in insulating materials of an amount compar-
able to the band gap or rather the ionization potential rel-
ative to the Fermi level of the valence electron, used for
the screening. In XAS the screening is done by the excit-
ed electron and therefore we expect the binding energies to
be lowered by roughly the band-gap energy. The trend
observed in XPS and XAS threshold energies follows
nicely the trend seen in optical spectroscopies of the
charge-transfer energy and the trend predicted for the
band gap in a recently presented theory.'°

Whereas in XPS we observe two strong satellite lines at
about 5 and 9 eV from threshold, there is only a low-
intensity satellite (marked c¢ in Fig. 1) in the XAS spec-
trum. This also is qualitatively consistent with the previ-
ous statement that in XPS the ground-state electrons must
do all the screening, whereas in XAS it is done to a large
extent by the excited electron.

Also different in XAS is the two-peaked structure at
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threshold which can qualitatively be explained by the
multiplet structure and optical selection rules for transi-
tions from a d3(344;) to the 2pd°® multiplets.'® However,
the observed trend in splitting for the compounds will
have to be explained by the theory.

In addition to these differences, which we will treat in
detail in the subsequent theory, there are two features,
namely the continuum onset (d) and the very weak peak
between ¢ and d visible in NiCl,, which deserve separate
attention since they involve transitions to the Ni4s—like
band.

IV. THEORY

To explain the above-mentioned features, we first
recognize that the divalent Ni ions in all the compounds
studied are in nearly octahedral coordination of nearest-
neighbor anions. In the resulting O, point group the
crystal or ligand fields together with the d-d Coulomb
and exchange interactions result in a ground state of
3A;,(e,?) symmetry for a d® electronic configuration. In
such a completely ionic model the anions obtain a noble-
gas configuration with a completely filled valence p shell.
The Ni core 2p—3p absorption spectrum in this case
would be relatively simple since we merely have to calcu-
late the multiplet structure of a p°d® configuration, tak-
ing into account the atomic spin-orbit coupling, the 2p-3d
and 3d-3d Coulomb interactions, and the crystal-field in-
teraction, and calculate the optical transition probabilities
from a 34 2g(eg2 ), ground state. This calculation has been
published previously!®!” and we refer to these papers for
details. For the calculation of atomic values for the vari-
ous Slater and exchange integrals, as listed in Table II, an
effective 2p spin-orbit splitting of 17 eV and a crystal-
field splitting of 10Dg=1.5 eV were used.'?

In Fig. 2 we compare this calculation to the XAS spec-
trum of NiF,. This is the most ionic of all the com-
pounds and thus is expected to resemble closely the above
free-ion calculation. Indeed, we find close agreement and
see that the threshold structure in both the 2p;,, and
2p,,, regions is due to multiplet structure. It appears,
therefore, that hybridization effects in NiF, are rather
small, or at least not detectable in XAS. From the previ-
ous XPS results!® we observed quite large satellite struc-
ture due to hybridization, which appears to contradict the
present results. However, as stated above, XPS is quite
different from XAS and is, especially in systems like

TABLE II. Values for A and the 3d®, 3d°, and 3d'° characters in the ground state and for U as ob-
tained from a best fit to an impurity model. Additional constants for all compounds: @ =7, T =1.5
(1.75 in NiO), W =3, 10Dg =1.5, G'=5.79, F?=1.72, G*=3.29 eV, the effective spin-orbit splitting is
17 eV, the intrinsic line width is a 0.3-eV Lorentzian, the experimental resolution is a 0=0.3 eV Gauss-

1an.

A (eV) 348 3d° 3d1° U (V)
Nil, 1.5 0.47 0.44 0.09 4.5
NiBr, 2.6 0.61 0.32 0.07 5
NiCl, 3.6 0.71 0.23 0.06 5
NiO 4.6 0.73 0.21 0.06 5
NiF, 7 ~1.0 ~0 ~0
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FIG. 2. Calculated multiplet structure for a dipole transition cdk— T ey

Ni 3d%-2p%3d° (G,=5.719, F,=17.72, G3;=3.29, and fiL ¢ 3

10Dq = 1.5 eV); the dashed line is a convolution by a 0.6-eV full GROUND cd’'——o

width at half-height (FWHH) Lorentzian. For comparison, the STATE XPS XAS

experimental L, ; spectrum of NiF, is shown (dots).

these, very sensitive to hybridization in the core final
state, as we will demonstrate below.

The apparent reduction of the multiplet splitting and
the appearance of a broad satellite in the other compounds
is most likely a result of hybridization. This can be treat-
ed in various degrees of sophistication. The simplest way
is to postulate that hybridization with anion states causes
an effective reduction of the Slater integrals and therefore
the multiplet splitting. Although the multiplet splitting
change with compound can be explained in this way, one
misses the relevant physics involved. First of all, the
reduction is caused by hybridization in the final state and
should not be confused with covalency in the initial state.
The final and initial state hybridizations are, as we will
show below, quite different. Second, one cannot explain
in this way the satellite structure, which, although weak,
also has its origin in hybridization effects and therefore
should be treated on an equal footing as the change in
multiplet splitting.

A better approximation is to use a cluster approach in
which one calculates the spectrum of a central Ni ion hy-
bridizing with a nearest-neighbor shell of six anions. This
cluster approach has been successfully used in the inter-
pretation of XPS spectra of Cu dihalides!' and Ni
dihalides,'? as well as valence-band and optical spectra in
compounds of Cu,' Ni,”!* and Ce.?®?! The approxima-
tion made here is that the translational symmetry in the
solid is assumed to be of minor importance and therefore
the one-electron dispersional part of the bandwidths is
neglected. This, as we pointed out recently,!® is probably
a good approximation for the d bands since their disper-
sion width is only about 0.5 eV,® which is certainly much
smaller than the atomic d-d Coulomb and exchange in-
teractions. However, the anion valence p bands have a
considerable dispersion, resulting in widths of 3—4 eV}
and this certainly is not negligible compared to hybridiza-
tion energies and experimental resolution, so it is impor-
tant to include the anion p bandwidth in the theory.

Before we do this more complicated theory, we turn
back to the cluster model since it embraces most of the
relevant physics and is more transparent in discussing the
qualitative features of the results and the physical origin

FIG. 3. Energy-level scheme for (a) the ground state, (b) the
XPS final states, and (c) the XAS final states.

of the various parameters which enter into the problem.
To calculate the core-hole XPS or XAS spectrum, we
need to know the ground-state wave function and the
core-hole final eigenstates. In the cluster approach we
calculate the ground state of a (NiLg¢)*~ cluster for the
dihalides with a basis set of states d%, d°L, and d'°L?,
where L is a combination of ligand p wave functions of
the appropriate symmetry which has been discussed previ-
ously.”!® The parameters entering the calculation are the
charge-transfer energy A, the d-d Coulomb interaction U,
and the d-L transfer integral T. Of these parameters only
A is strongly anion dependent, being given roughly by the
electronegativity difference between anion and cation.'!
The energy-level scheme is shown in Fig. 3, which also de-
fines the parameters. In principle, the calculation must be
done for every irreducible representation of the O, point
group spanned by a d® configuration to find the lowest-
energy state. However, we know that the crystal-field and
the Coulomb and exchange interaction ensure that the
34 2 irreducible representation determines the ground
state. The appropriate d°L and d'°L 2 states of 342 sym-
metry are discussed in detail in a previous paper.'> The
ground-state wave function is then of the form

Wo(*Azg)=ao|d®) +Bo|d°L) +7old'°L?), (D

where the coefficients and ground-state energy are deter-
mined by diagonalizing the Hamiltonian matrix

0o TV2 0
H=\TV2 A ™2 |. )
0 TV2 2A+U

As explained greviously, the V2 arises from the degenera-
cy of the d¥ Aj,) configuration. From the energy-level
diagram in Fig. 3, we see that the ground state has
predominantly d® character.

Neglecting first of all the final-state multiplet structure
but including the core-hole—d-electron Coulomb attrac-
tion (Q), we can also calculate the final-state eigenfunc-
tions and energies for both XPS and XAS. The energy-
level diagram for these is also shown in Fig. 3 and is
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drawn for Q > A > Q — U, as is often the case for Ni com-
pounds. From this diagram alone one can immediately
see the difference in XPS and XAS. First, in XPS there
are three final states resulting in a three-component core-
line spectrum, whereas in XAS only two final states are
present, resulting in a two-component spectrum. Also, in
XPS the ordering of levels is different from that in the
ground state, resulting in large satellite intensities. In
XAS, on the other hand, the ordering of levels is the same
as that in the ground state (after adding one d electron)
and, therefore, satellite intensities are expected to be
small. In fact, if Q =U there will be no satellite line in
XAS since both the ordering and spacing of levels is the
same as in the ground state with one d electron added.

We see also from Fig. 3 that the XPS threshold state is
primarily of c¢d°L character, while that of XAS is mainly
cd®. The energy difference between these states is just the
ligand ionization potential €;, which decreases in going
from the fluoride to the iodide. This is the trend observed
in the difference between XPS and XAS threshold lines as
given in Table I. Of course, things are not quite so simple
because the hybridization shift of the cd°L state in XPS is
different from that of the cd® state in XAS. We will ad-
dress this problem more accurately below.

Since the XPS spectra have already been discussed in
detail elsewhere, we concentrate on the cluster predictions
for the XAS spectra. The final eigenstates and energies
are determined by diagonalizing the Hamiltonian matrix,

0 T
H= , (3)
T A+U-Q

taking as the zero of the energy of a c¢d’® configuration.
The eigenvalues then are

E,=3(A+U—-Q)+5[(A+U—Q)?*+4T%1'%, 4
and the satellite main-line separation
W=[(A+U—Q)*+41%]"/2. (5)

The eigenfunctions are given by
|

1|, UA-E@)+ U—QP+4T*}' 2+ {[A—E(T,)+ U —Q) +4T%}'”
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|W,)=a, |cd’)+B, |cd"°L) ,
(6)
|W,) =B, |cd®) —a, |cd°L) .

Taking into account only transitions to d states, the inten-
sities are given by

I, =(‘/‘2a0aa +BOB¢ )2 ’
(7)
I, =(‘/§aOBa —Boaa >

Here the V2 arises from the two ways of getting from d°*
to ¢d®. The total intensity (B(Z,+2a(2)) is equal to the total
number of d holes in the ground state. From this we see
that if the levels in the final state have the same ordering
as in the initial state, the satellite intensity is low both be-
cause Qg , > Bo,, and the destructive interference in the re-
lation for I,.

The next problem to discuss is the multiplet splitting
and the apparent reduction with decreasing anion elec-
tronegativity. As we saw for the purely ionic calculation,
the final-state configuration ¢d® is composed of numerous
states because of the atomic spin-orbit, Coulomb, and ex-
change interactions. However, the ¢d!'°L configuration
has only two states, corresponding to a 2p,,, and 2p;
hole. We also notice from Fig. 2 that the multiplet split-
ting in the 2p3,, component is comparable in magnitude
to the satellite main-line splitting. This causes the hybrid-
ization of the various cd® states with the cd '°L state to be
different for each of the atomic cd® states. We demon-
strate this for a model in which we assume there to be two
cd’® states belonging to different irreducible representa-
tions of the point group. Let the energies of these for the
ion be E(I';) and E(I;). Each of these will mix with
their initially degenerate configurations cd'°L of I'; and
I', symmetry. The mixing will cause the apparent split-
ting between the ¢d® ') and T, states to decrease if the
energy of the cd '°L state is higher than both of cd” states.
The reduction R in splitting for the main line is easily cal-
culated by repeating the calculation of Eq. (4) for two rep-
resentations, resulting in

R=
2 E(I')—E(T,)

This reduction of the multiplet splitting is shown pictori-
ally in Fig. 4 and depends on the covalent mixing in the
final state. We see from Eq. (8) that, for U, Q, and T
constant, R decreases with decreasing A, as observed ex-
perimentally. It should be noted, however, that the reduc-
tion in multiplet splitting is a result of covalent mixing in
the final state, which is considerably larger than that in
the initial state, since Q > U.

Having explained the qualitative features of the spectra,
we now turn to a more detailed comparison of theory and
experiment. To do this we go one step further in the
theory to take into account the large ligand hole band-
width. This is necessary both to understand the band
gaps in these materials'® and to understand the rather
broad satellite structure in the XAS spectra.

(8)

I

As we pointed out in a previous paper,'> the Anderson
impurity Hamiltonian?? is considered appropriate for the
problem of an isolated Ni impurity in the ligand matrix.
Because the host band is initially full, we have only to
cope with the two holes in the Ni d shell, for which, in
principle, exact solutions can be obtained.

In order to calculate the ground state, we define a Hil-
bert space of two-hole configurations which transforms as
the 3A23 irreducible representation with the assumption
that there are no empty “host” states of importance,

|d?®) =d,d, |vac) , (9a)

where |vac) is the filled ligand band and the filled d shell.
We also have states with holes transferred to the ligand
band,
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9 1 ot 1 8
|d E>=72(d11cElf+d2tc€2')Id ), (9b)
1
|’y = —=dlid] i (Ccapcen +earcen) [4°), (90)
with e <¢'.
2

Here we adopted the short-hand notation 1=3z2—r
and 2=x2—y? for the d wave functions, while d;,, creates
an i,0 d electron and cLa creates an I,0 band electron
with an energy €. The diagonal matrix elements are then

in analogy with the cluster model,
(d*|H |d*)=0,
(d°¢|H |d%')=8(e—¢')N(A+¢),
(d"%¢' | H |d"%"e"" ) =8(e—€")8(e—¢"")
X(2A+4+U +e+¢€') .

(10)

We have the nonvanishing off-diagonal matrix elements

(d®|H |d%)=V2V(e),

(d°|H |d"%'e")=V2V(e)d(e—¢€)8(e—e")+[1—8(g' —

ENERGY

cd’in) ——

cd’(my ) —X—o 5" !
4

FIG. 4. Schematic energy diagram showing the influence of
configuration interaction on the multiplet splitting. The multi-
plet splitting in the ¢d® state is reduced by the mixing with the
¢d'°L state. The reduction R is equal to 8E’ /SE.

(11
e[V (e")de—e")+V(e)dle—e")],

in which V' (g) is the effective coupling between a d state and a ligand band state at €. As long as the | d'%¢’) states are
not important, but also not negligible, a good approximation can be found which simplifies the problem considerably.!®

In this approximation we define effective states | d'%e’) such that

(d% | H |dV%e")=V2V(e")d(e—¢),

(12)

and the full summation over €' and " has to be taken instead of e <¢'.

Writing now the ground state of the system as

w2 w/2
(W = 1+ [ ae)|d%e)de+ [ [ bleen|de)dede |,

analytical expressions can be obtained for the coefficients
A, a(g), and b (g,e’), as well as for hybridization energy 8,
which is the energy lowering of the ground state due to
hybridization with respect to E(d®)=0. Expressions for
these and for the ground-state occupation can be found in
the Appendix of Ref. 13.

We now turn to the calculation of the XAS spectrum.
We define the eigenstates of the two particle (core-hole,
valence-hole) final state as |W/(I',(n))) being the
configuration-interaction eigenstate W, transforming as
the nth component of the irreducible representation I',,.
For a random orientation of the magnetic moment we can
write, for the spectral function of x-ray absorption,

p?(As(w)=%ImG§’(As(z), z=o—ip (14)
with
Gxas(z2)= 3 (W(Ms)|PaG(T,(n))P, | Wo(Ms)) ,

Mg,a,m,n

(15)

where P, is the dipole operator for light with polarization
a and |¥y(Ms)) is the ground-state wave function with

magnetic quantum number M.

(13)

T
The Green’s-function operator G(I',,(n)) is defined as
1
z2+8—Ef(T',,(n))

G(Tp(m)= | WHT,(n))
f

XAWAT ()| (16)

with 0 being the ground-state energy and E((I,,(n)) the

eigenvalue of W .
Let us first consider the case where we can neglect con-

figuration interaction, i.e., A>>V. The ground state can
be written as |d3’A,,);Ms) and the final states as
|ed(T,,(n))). In this case I',, labels the multiplets of
the |2p3d°®) configuration and E(T,,) are the multiplet
energies. Defining the transition matrix element as

tC A (Mg);a; T (n)=(Wo(Ms) | Py | W(T (1)) ,
(17)

Eq. (15) reduces to the expression for the multiplet spec-

trum,

s | tCAye(Mg);a;T () | 2
z+86—E(T,) ’

Mg,a,m,n

(18)

Gxas(z)=
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the results of which were already discussed (see also
Fig. 2).

Generally speaking, the inclusion of configuration in-
teraction introduces a much more complicated problem,
as, for instance in the calculation of Fujimori et al. of the
valence photoemission spectrum in the cluster approxima-
tion.” Fortunately, this is not the case for the present
problem due to the fact that the multiplet-split |2p3d°®)
states are coupled only to |2p3d'%) states. Because the
d shell is filled in the latter state, and the interaction be-
tween the 2p hole and the ligand hole can be safely as-
sumed to be negligible, it is possible to construct
|2p3d'°L ) states such that the configuration-interaction
problem is diagonal with respect to the Coulomb and ex-
change interactions. The basic reason is that the
| 2p3d %) states can be freely rotated, being independent,
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| 2pd®) states,

12pd%Tm(m))= 3 afoduoPim 10) (19)

Jmjv,o
with v labeling an e, or 5, d orbital and Pijm, annihilating

a core electron in j, m;. Because of the independency of
the | 2pd 10¢ ) states, we are free to construct states

S % roCeoPim, [0),  (20)

pmjvo

| 2pd'%; T (n)) =
such that the nondiagonal matrix elements have the fol-
lowing simple form:
(2pd® T (n) | H | 2pd"%6;T 1y (n")) =8By V(E) . (21)

Furthermore, we have the diagonal matrix elements of the

such that they are of the same symmetry I',,(n) as the  configuration-interaction problem, with respect to
|2pd®) states. More explicitly, we can write, for the  E;=E(2p;3d°),
J
(2pd®;T p(n) | H | 2pd°;T p(n')) =8 pmSpn(E; + E(Lpy)) , (22)
(2pd"%; T (1) | H | 2pd"°¢";T (1)) =8 Dy S(e —N[A—Q + U +6+E; +E'(T,)] . (23)

E; is the energy of the j=-§-,—;— core hole and

E(I'),), E (F ) are defined with respect to these energies.
In Eq. (22), E(T,,) corresponds to the multiplet energies
of the ]2p3d %) configuration.

In the derivation of these equations we made an ap-
proximation which, in principle, can influence the fine
structure of the spectrum. This concerns the treatment of
the crystal-field splitting of the e,- and #,,-type d orbi-
tals. In Eq. (20) it is implicitly assumed that the hybridi-
zation of e, and fy, electrons is the same, and the
crystal-field splitting enters as an electrostatic contribu-
tion raising the energy of the t,; d hole [in Eqgs. (22) and
(23), e4=¢4(ez), and 10Dgq is absorbed in E(I,)].

It is, however, well known that a large part of the
crystal-field splitting is due to covalency?’ and calcula-
tions show that typically V,g(e)22V,zg( €).2* Taking this
into account, Eq. (20) is no longer valid which severely
complicates the problem, although it is still solvable using
recently developed two-particle Green’s-function tech-
niques.?*26

It is, however, also well known that the electrostatic
model is a very good approximation to the full ligand
field problem. Employing a cluster calculation, this is rel-
atively easy to check for this special case, and we found
from this that, for all values of A—Q + U, the electrostat-
ic model exhibits essentially the same results as the ligand
field model with 10Dg~1 eV and Veg(s)zZV,u(s).

]

In the energies of the | 2pd'%) states [Eq. (23)] we also
included a shift E'(T",,) due to transformation of Eq. (20).
The reason is that due to the exchange and Coulomb in-
teractions some 2p;,, character will be mixed into the
2p,,, manifold and vice versa, the amount of which de-
pends on the particular I',,. These intermediate-coupling
effects are very weak for the Ni ion due to the large spin-
orbit coupling and we ignored this shift of the |2p!%)
states, although we did take intermediate coupling into ac-
count in the calculation of the |2p3d®) multiplet spec-
trum. -

Having found the right representation for the final
state, we now have to express the Green’s function in this
basis. Because we have diagonalized the multiplet prob-
lem, we can write Eq. (15) as

GXAS = 2

Mg,a,m,n

| tC Ay (Ms);0;T (1)) | 2g(Lpp(n))

(24)

which means that we can solve the configuration-
interaction problem as contained in g(T,,(n)) for each
multiplet separately, while the spectrum is given by the
sum of these multiplied by the transition matrix element
from the 3A2g ground state to the particular I",,,.

Using Eq. (10), we can express g(T,,(n)) as

(T, (n))=42 ;%Z(r \/5 f[a(e)GzEdg (Tp)+H.c.Jde+ 5 fa'(ea(e)GzBdw L, )dede |, (25)
where the G/’s (i,j | 2pd®), | 2pd'%')) are defined by
~ 1
J — N . S .
GiTm) <' z+6—H(T,,) ’>’ 29
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with H(T,,) defined by Egs. (21)—(23). Note that we incorporated in Eq. (25) a factor 1/v2 for the transition
| d %) — | 2pd 1% ) in order to account for the two ways of getting from | d 8y | 2pd %), which is, of course, indepen-
dent of the irreducible representation. Using straightforward matrix-inversion techniques or Dyson equations to solve

for the G,.j( I',,), we find

g(Cn(m)=42| [1=—LB(T,) |62, )+ LC(T,) 27)
m \/i m 2,_,,19 m 2 m ’
with
_ a*(e)V(e)de
B(Ln)= f z+8+Q—-A-U—¢—E;’ @8
_ la(e)|*de
C(F’")_f z2+8+Q—-A-U—¢e—E;’ (29)
and
1
G2, (T, = 30
a2 T'm) | V(e) | *de G0

24+8—E,—E(T,)— [

Note that ng:(rm ), which is representative for the
final-state dynamics, describes a local | pd®) state coupled
to a single continuum |pd'%). The factors B(T,,) are
due to the occupancy of | d%¢) states in the ground state.
Although Eq. (30) can be represented analytically for a
model density of states, this is not true for Egs. (28) and
(29) because of the difficult form of a(e).

In Fig. 5 we have schematically outlined the energetics
of the ground state and the final state after x-ray absorp-
tion. The ligand hole density of states was simulated by a
semielliptical band having a width of 3 eV. The ground-
state properties are discussed in great detail in Ref. 13.
Due to the large width of the multiplet structure of the
| 2pd®), some of its states may fall outside the |2pd %)
continuum, as depicted graphically in Fig. 5. -
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FIG. 5. Schematic representation of the energy of the dif-
ferent configurations for (a) the initial and (b) final states in the
L, absorption for the case of NiCl,. Configurations with a
ligand hole (k) have a bandwidth W. The 2p,,,3d° configura-
tion is multiplet-split. Not drawn is the mixing between the
configurations.

z2+8+Q—A—U—c—E;

V. COMPARISON WITH EXPERIMENT

In the XPS paper'’’ we argued that Q, U, and

W/2 12 .

_wpV’(edde are approximately constant for the
dihalides. Also, we know that Q and U must be around 7
and 5 eV, respectively, in order to obtain the observed sa-
tellite energies in XPS and also in XAS. We are then left
with only one adjustable parameter for the dihalides (A).

In Fig. 6 we show the calculated XAS spectra together
with the experimental data using the parameters as listed
in Table II and the theory presented in the preceding sec-
tion. We see that the agreement with experiment is quite
good. The theory reproduces very well the reduction in
multiplet splitting on going to less electronegative anions.
We obtain the expected trend in the charge-transfer ener-
gies (A), which are consistent with the values obtained by
2p XPS, and the theory reproduces the satellite structure
quite nicely. There still is a problem with the shape of the
satellite structure, which is not reproduced in detail by
theory. This, however, could be due to an oversimplified
ligand hole density of states. It is known from band-
structure calculations that the ligand p band density of
states actually is composed of a two-peaked structure
rather than a single broad band. Although we could in-
clude this in the theory, it would complicate the numerics
and not really add any new physics.

In comparing the parameters of Table II with those of
the XPS results,'® we notice that the only large difference
is in the values for T. As pointed out in the XPS paper,
this is not unexpected in view of the fact that off-diagonal
Coulomb interactions involving the core hole have been
neglected.

For comparison, we also performed a calculation in the
limit of zero bandwidth ( W-—0), where the impurity
model changes into the cluster model. In the cluster
model the sum of the multiplet splittings in both interact-
ing final states is constant for a given irreducible represen-
tation (see Fig. 4). In a specific final state the reduction
of the multiplet from its bare value is obtained from Eq.
(8) and is roughly equal to the amount of 2p3d°® character
in that state. This is also true in the impurity model, ex-



33 COMPARISON OF X-RAY ABSORPTION WITH X-RAY . .. 4261

NORMALIZED INTENSITY

u:?‘ 1 Jl‘(‘ﬁ- 4
850 860
EXCITATION ENERGY (eV)
FIG. 6. Calculated x-ray-absorption spectra (dashed line) us-
ing the described impurity model, with parameters as listed in
Table II, compared to the experimental spectra (dots).

880

cept when A+ U —Q becomes too small or even negative.
In these cases the lowest eigenvalues of all irreducible rep-
resentations are pinned to the low-energy threshold of the
| cd 'OL ) continuum because a bound state can no longer
be pushed out of this by the interaction with a |cd’)
state.

To show the significance of this effect, we compare in
Fig. 7 the impurity model result for Nil, (A=1.5 eV)
with the result obtained from cluster theory using the
same parameters. In the cluster result the main line is

CLUSTER
MCDEL

IMPURITY
MODEL

NORMALIZED INTENSITY

1 1 L
850 860 870 880
EXCITATION ENERGY (eV)

FIG. 7. Cluster model and impurity model compared for the
case of Nil, (A=1eV).

still split up, and it turns out that in order to decrease this
splitting down to less than the experimental resolution,
one needs A <0, which is very unlikely. On the other
hand, the impurity result yields a single slightly asym-
metric line, with a threshold corresponding to the
|ed'°L) continuum threshold. As can be seen in Fig. 6
this line shape is in perfect agreement with the experimen-
tal result.

As we argued in Sec. III, the difference between XPS
and XAS threshold lines is due to the ligand ionization
potential €;. By comparing results from the XPS paper!?
with results from this paper, quantitative estimates for the
g; values of the dihalides can be derived. In Table III
values are given for the energy of the |2p;,,d°) configu-
ration, as obtained from the fits in Fig._é. As expected,
these values vary only slightly in the series.

In Table III we reproduced the energies for the
| 2p3,,d®) configuration as found from the analysis of
the XPS spectra, which are also approximately constant.
From these numbers and from the values of A and Q, as
listed in Table II, it is possible to calculate the energy of
the | 2p3,,d°L ) configuration, which is

E(2p3,d°L)=E (2p3,,d*)+A—Q . (31

The ligand ionization potential is then given by

e, =E(2p3,,d°L)—E(2p;,,d°) . (32)

TABLE III. Absolute energy positions (eV) of configurations in the presence of the core hole as de-
rived in this paper [ E(2p;,,d”)] and from XPS [ E(2p;,,d®),E(2p;,d°L)] (Ref. 13). In addition, we
list values for the ligand ionization energy ¢; as derived from a combination of XPS and XAS.

E(2p;,,d®) E(2p,,,d®) E(2p;,,d°L) eL
Nil, 853.7 860.6 855.1 1.4
NiBr, 853.3 860.5 856.1 2.8
NiCl, 853.3 860.4 857.0 3.7
NiF, 853.6 859.8 859.3 5.7
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As can be seen from Table III, €, as derived in this way
shows the expected trend as a function of the anion elec-
tronegativity.

These numbers are rather large and constitute, in fact,
the better part of the charge-transfer energy A=¢,4+¢; .
This is, however, consistent with recent results of Huefner
derived from photoemission and optical data.” As we
showed,'® the band gap in these materials is determined
approximately by A, while the first electron-affinity state
is at ~g4 from the Fermi level Er and the first ionization
state is at ~¢; from Er. As can be seen from Huefner’s
results, Ef is very close to the first affinity state for NiBr,
and NiCl,, pointing to a relatively large ;. More detailed
calculations including covalency show that the values of
g; as presented in Table III are close to the values needed
to pinpoint the Fermi level at the correct position in the
gap.

We now turn to the problem of the continuum edge so
clearly visible in the 2p;,, region of NiBr,, NiCl,, and
NiO. It is fairly obvious that this continuum structure is
due to transitions from 2p- to 4s-like states. If the 4s
electron were completely decoupled from the remaining
system (core-hole and d and ligand electrons), we should,
in fact, see three continuum thresholds corresponding to
the three final states seen in XPS.?” The basis states used
to describe the continuum absorption would be of the
form cd®k, cd’Lk, and cd'°L %k, which are just the XPS
basis states with a continuum electron added. These con-
tinuum states are graphically depicted in Fig. 8 for the
NiCl, case. Just as in XPS, these states will be coupled
because of the local transfer integrals
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FIG. 8. Decomposition of (a) the of XAS spectrum into (b)
excitations to local final states and (c) excitations to continuum
states (5X enhanced energy scale) for NiCl,. The three XAS
continuum edges ¢d’Lk, cd'°L2k, and ¢d®k, respectively, are
obtained using (d) the XPS energy positions shifted by ex_q
from the final states cd®L, ¢d'°L?, and cd®, respectively, and
their relative intensities. Note the high resolution of XAS com-
pared to XPS.
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(cd® |H | cd°Lk’') =V2T8y ,
(33)
(cd’Lk |H |cd"L?%')=V2T8} ,

where the 8- arises from the assumption that the contin-
uum electron is decoupled from the system left behind,
which is equivalent to the sudden approximation in XPS.
From this we see that we expect three continuum thresh-
olds with the same energy separation as the peaks ob-
served in XPS, but shifted up in energy by &; —q, which is
just the 4s threshold energy. The lowest-energy threshold
will—according to the XPS analysis—correspond to a
predominantly cd’Lk continuum. The energy of this rel-
ative to the predominantly cd® XAS main line is therefore
a measure of € +¢&;, neglecting the small difference in
hybridization shifts. €r +¢; determined in this way is 9
eV for NiBr, and 10 eV for NiCl,. These values are 1.3
and 0.7 eV larger than the recently determined energies of
the ' excitons from optical experiments.’! Correcting
these for the exciton binding energies ~0.5—2 eV, we see
that the optical and XAS results are in good agreement.
In fact, the small peaks observed in NiCl, between ¢ and
d (Fig. 1) could be due to the same I" exciton observed op-
tically. Its energy relative to the continuum threshold is
about 1.7 eV in NiCl, and 1.5 eV in NiBr,, which are
reasonable values for exciton binding energies.

As can be seen from Fig. 6, the overall agreement be-
tween experiment and theory is somewhat worse for the
2p,,, spectrum than for the 2p;,, spectrum. In the first
place, we notice that the 2p;, spectrum is more
broadened than the 2p;,, lines, which is certainly due to
the Coster-Kronig decay channel. Moreover, the compar-
ison between theory and experiment in Fig. 6 suggests a
Fano profile?® for the 2p,,, lines. This is well known
from the analysis of the 3d3,, white line of the rare
earths,”’ and is due to coherent optical excitation of the
2p,,, states and the 2p;,, continua, which are mutually
coupled by Coster-Kronig matrix elements.

We showed recently in a separate paper’ that under
certain conditions it is not possible to separate the induc-
tive screening of the core hole and its decay. We showed
there that Coster-Kronig decay channels are candidates
for these interference effects and that, in fact, the large
difference between the 2p,,, and 2p;,, XPS lines can be
traced back to such a cause. This interference primarily
affects satellite—versus—main-line intensities and line
shapes. As can be seen from Fig. 6, the theory indeed
seems to overestimate the 2p;,, satellite strength, which
points to such an effect. However, the effects are small
and a detailed theoretical explanation would be quite diffi-
cult, and we would emphasize at this point the main con-
clusion of the interference paper, namely that it is better
to look at 2p;,, spectra than at the more complicated
2p, , spectra.

VI. CONCLUSIONS

In this paper we have shown that the threshold struc-
ture in the L, ; absorption is due to multiplet structure.
Increase of the covalent mixing in the final state results in
a reduction of the multiplet structure and in the appear-
ance of screening satellites. Cluster model calculations
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are compared to those of an impurity model. In the case
of Nil, the latter model is in better agreement with the
observed reduction in the multiplet splitting. The position
of the 4s continuum edge is in good agreement with the
energies of the I excitons from optical experiments.

We have shown that the XAS spectra of Ni dihalides
and NiO can be understood using the same theory and
nearly the same parameters as are used to interpret the
XPS spectra. The fact that in XPS large satellites are ob-
served together with the very-low-intensity satellites in
XAS is direct evidence for large d-d Coulomb interac-
tions and core-hole—d interactions of comparable magni-
tude. In XPS the changes in ground-state covalency with
anion electronegativity are observed in changes in the
“screened” core-hole binding energy, as well as in changes
in the satellite structure. In XAS the changes in covalen-
cy are primarily seen in changes in the multiplet splittings
although small changes in satellite intensities are ob-
served. We have shown that the large differences between
XPS and XAS can be quantitatively understood within
the same theoretical framework.

Although a detailed analysis of XPS and XAS spectra
can yield quite consistent values of parameters in a model
Hamiltonian, we stress that these values need not, in gen-
eral, be equal to those required to describe the ground

state and low-energy spectroscopies, although they are ex-
pected to show the same trends and be of the same rela-
tive magnitude.

An example of experiment dependent parameters is the
small transfer integral T needed for XAS in comparison
to XPS (1.5 versus 2 eV), which can be traced to the over-
simplification of the core-hole potential as pointed out in
the XPS paper.!* Also, the values of U and A are effec-
tive parameters, which again include effects (not explicitly
considered) of the core-hole potential, such as nearest-
neighbor Coulomb interactions, which are not present in
the ground state or in low-energy spectroscopies.
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