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The electronic structures of a wide range of transition-metal compounds, including Cu, Ni, Co, Fe,
and Mn oxides and sulfides, with metal valences ranging from 2+ to 4+, have been investigated by a
cluster-type configuration-interaction analysis of the core-level 2p x-ray photoemission spectra. We
show that by including the d-d exchange interaction (retaining only diagonal terms) and an anisotropic
metal-ligand hybridization in the model, these spectra can be well reproduced, and so can be used to
deduce quantitatively values for the ligand-to-metal charge-transfer energy A, the on-site d-d Coulomb
repulsion energy U, and the metal-ligand transfer integrals T. Systematics for A and U are generally
consistent with those found from previous valence-band studies and follow expected chemical trends. By
using values of A and U found from this model, we show that most of the transition-metal compounds
studied in this work can be classified in the charge-transfer regime of the Zaanen-Sawatzky-Allen dia-
gram. A few exceptions to these systematics have been found. Small U values found for pyrite-type
CoS, and FeS, and large T values for Mn perovskite oxides, as well as the neglect of other mechanisms
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such as exciton satellites, may indicate a limitation of the local-cluster model.

I. INTRODUCTION

Transition-metal (TM) compounds, particularly oxides,
sulfides, and halides, have been the subject of numerous
experimental and theoretical studies because of the
breakdown in the use of one-electron band-structure cal-
culations to describe their electronic and physical proper-
ties. Recently, a reinterpretation of photoemission spec-
troscopy data!, and the discovery of high-temperature su-
perconductivity in copper oxides® have revived interest in
a fuller understanding of the electronic structure of these
compounds.

Studies of simple divalent TM monoxides, such as
MnO, CoO, NiO, and CuO,*~ ¢ have shown that the band
gaps of the insulating oxides of the late transition metals
are of a charge-transfer type, defined by a ligand-to-metal
charge-transfer energy A, where A < U, the on-site d-d
Coulomb interaction energy. This differs from the case of
the early TM oxides, where U <A and a Mott-Hubbard-
type d-d band gap is formed. The failure of one-electron
theory to describe the electronic structure of the late TM
compounds results from the high-energy nature of the d-
d Coulomb interactions which dominate over the band-
width to such an extent that an independent-electron
description breaks down. One useful microscopic probe
of these high-energy interactions is core-level photoemis-
sion spectroscopy, in which the screening response of the
valence electrons to the sudden creation of a core hole is
probed.

The appearance of strong satellite structure accom-
panying the main peaks in the metal 2p core-level x-ray
photoemission spectra (XPS) of TM compounds is well
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known.” Systematic variations in the positions and inten-
sities of these satellites, depending on the chemical nature
of the compound, suggest that they may provide impor-
tant clues-to understanding the electronic structure.
Indeed, a proper interpretation of the 4f core-level satel-
lites of insulating rare-earth compounds has provided a
wealth of information on the valence-level electronic
structure of these compounds.® Although various models
have been proposed for the occurrence of 2p core-level
XPS satellites,” '? it must be stressed that any attempt at
a quantitative interpretation must account for the many-
body nature of the correlated valence electrons. Early at-
tempts based on the so-called “‘shakeup” of a valence
electron accompanying photoionization'®!! were based
on an independent-electron picture for the valence elec-
trons and failed to satisfactorily explain the origin of the
satellite structure.

An attempt to give a quantitative interpretation of the
core-level spectra using a configuration-interaction ap-
proach was made by van der Laan et al.'® following ear-
lier work by Larsson.!* A charge-transfer model using
an impurity-type configuration-interaction Hamiltonian
and explicitly taking into account the Coulomb attraction
between the core hole and localized valence electrons and
the resulting charge-transfer screening response was used
to describe the 2p XPS spectrum of the insulating Cu?™
dihalides (d° configuration). The physics could be de-
scribed in terms of a few parameters, namely, the d-d
Coulomb repulsion energy U, the charge-transfer energy
A, the ligand-p —metal-d hybridization energy T, and the
core-hole—d-electron Coulomb attraction energy Q. The
screening or relaxation process of the valence electrons in
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the XPS final state, where a core hole is created, means
that even for the insulating Cu?" dihalides, the lowest-
energy final state is a screened state.'* Thus, they pro-
posed that the main peak in the Cu 2p XPS spectrum was
due to a ¢3d '°L configuration and the satellite at higher
binding energy was due to a ¢3d® configuration, where ¢
and L represent a core and a ligand hole, respectively.
This is in contrast to earlier models where the final state
corresponding to the main peak had the same valence
configuration as the initial ground state. !!

This model was successfully extended by Zaanen, Wes-
tra, and Sawatzky15 to the Ni?* dihalides, where they
found that for parameter values in this range, a cluster-
type calculation served as a good approximation to the
full impurity-type calculation. Further work by Park
et al.'® using the cluster-type approach applied the mod-
el to lighter TM dihalides (CoX,, FeX,, and MnX,). The
fact that both the intensities and the positions of the 2p
XPS satellites could be reproduced using parameter
values which followed expected chemical trends showed
that a many-body configuration-interaction approach is
necessary in order to understand the spectra. However,
parameter values obtained in this way do not necessarily
agree with those found from valence-band ® and 2p x-
ray absorption (XAS) (Ref. 17) studies. It has been un-
clear so far as to whether these discrepancies are due to
simplifications made on the model or to additional effects
caused by the presence of a core hole in the final state.

In this work we extend the charge-transfer model of
van der Laan et al.;'® Zaanen, Westra, and Sawatzky; "
and Park et al.'® by including the d-d exchange interac-
tion and an anisotropic hybridization effect to investigate
the electronic structure of a wide range of TM com-
pounds, including Cu, Ni, Co, Fe, and Mn oxides and
sulfides with metal valences ranging from 2+ to 4+. We
thus find excellent agreement between theory and experi-
ment for most of the spectra with best-fit parameters for
A and U following expected chemical trends. Parame-
ters obtained from the core-level XPS spectra also com-
pare well with those learned from previous studies of the
valence bands, although the present analysis requires
much less computational effort. The success of the
present model calculations using parameters close to
those used to explain the valence band gives us
confidence that such a model can be used to study the
valence-electronic structure of the late TM compounds in
more detail than has been done previously.

II. MATERIALS AND EXPERIMENTAL DETAILS

The TM compounds studied in this work include di-
valent monoxides (NiO, FeO, and MnO), sulfides (NiS,
Zn, sMn, 5S), disulfides (NiS,, CoS,, and FeS,), and inter-
calation compounds (Ni, 33TiS,, Feg 33TiS,, Mng ,5TiS,);
trivalent a-Fe,O; and NaCuO,; and trivalent or tetra-
valent perovskite oxides (LaFeO;, SrFeO;, LaMnO;, and
SrMnO;). For each TM compound apart from
Zn, sMn, sS, the central TM cation is located in an ideal
or distorted octahedron formed by the nearest-
neighboring six ligands. The small distortions are usually
of tetragonal or rhombohedral type and can be ignored
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for our purposes. The intercalation compounds form lay-
ered structures with the guest TM cation located between
alternating TiS, blocks.!® The local environment of the
cation is similar to that of NiS, with the cation octahe-
drally coordinated to six S ligands which form
hexagonal-close-packed structures. ZnysMny S has a
zinc-blende structure with the TM cation tetrahedrally
coordinated to four S ligands.!” This compound can be
considered within the same model as the octahedral com-
pounds if appropriate modifications are made to reflect
the changes in the transfer integrals between the ligand-p
and metal-d orbitals. The disulfides have pyrite-type
structures in which the TM cation is octahedrally coordi-
nated by six (S,)>” molecules.”’ Formally trivalent Na-
CuO, consists of square-planar CuO, ribbons and forms a
layered structure.?? Here, we can simply ignore the
d, »_ . orbital since two holes are present in the dx2~y2

orbital in the ground state. Some preparation details of
these materials have been reported elsewhere,? 1820726
with single-crystal samples being obtained for NiO, NiS,,
CoS, Fe,O;, MnO, Zn, sMn, sS, and the intercalation
compounds.

According to ligand field theory, the 3d level in an oc-
tahedral crystal field splits into a low-lying ¢,, triplet and
a higher-lying e, doublet, separated by the crystal-field
splitting, 10Dg. The ionic ground-state configurations for
the TM cations range from d* for Mn** to d® for Ni**
and Cu®'. All configurations are in a high spin state?>?’
except for FeS, and CoS, where the d electrons are in a
low spin state. Square-planar d® NaCuO, is also in a low
spin state. The ground-state electronic configurations are
listed in more detail in Table 1.

Core-level 2p XPS spectra were obtained using a spec-
trometer equipped with a Mg K a source (hv=1253.6 eV)
and a double-pass cylindrical mirror analyzer with a reso-
lution of ~1 eV. Some measurements were also per-
formed separately on an instrument equipped with an Al
Ka source (hv=1486.6 eV). Clean surfaces were ob-
tained by scraping in situ with a diamond file within the
spectrometer chamber with a base pressure of
~1X107!° Torr. All measurements were performed at
room temperature except for the ternary oxides. These
compounds were measured at liquid nitrogen tempera-
tures (~80 K) as they have a tendency to lose oxygen
from the surface region under ultrahigh-vacuum condi-
tions. All spectra have been corrected for satellites aris-
ing from the x-ray source and for the kinetic-energy
dependence of the analyzer transmission efficiency. Vari-
able charging shifts were detected for the insulating com-
pounds so absolute binding energies are not considered
here. Bulk-plasmon satellites accompanying the metal
2p,,, peak were also detected in most spectra on the
high-binding-energy side of the metal 2p,,, peak. Some
of these spectra have been published previously. 18,22,24,25

The subtraction of the secondary-electron background
was found to be a nontrivial problem, as deduced param-
eter values were found to vary according to the height of
the subtracted background. Proportional coefficients for
the integral background were determined from other core
levels of the same compound which showed no charge-
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TABLE 1. Ground-state electronic configurations, local moments, and the number of basis states
used to describe the Hamiltonian for each configuration of the TM ions studied. Also included are Ra-
cah parameters (in eV) B and C, for these ions, taken from Ref. 30. HS indicates a high-spin

configuration, while LS indicates a low-spin configuration.

TM ion Ground-state Local Number of Racah parameters
(spin state) configuration moment, S basis states B C
Mn** (HS) t3g1 3 36 0.132 0.610
Mn’* (HS) t3gt€gt 2 24 0.120 0.552
Fe** (HS) g€t 24 0.138 0.645
Mn** (HS) 3g1e2t 3 12 0.107 0.477
Fe’* (HS) 3g1e2t 3 12 0.126 0.595
Fe’™ (HS) Pagtlzg €2t 2 9 0.114 0.500
Fe?t (LS) B3g1t3g1 0 9 0.114 0.500
Co®* (LS) Pg1t3g €1 1 6 0.120 0.558
Ni** (HS) Pag1tig 1€t 1 3 0.128 0.601
Cu’* (LS)® 1351651651 0 4 0.144 0.717

*The two e, holes are in the x2-y? symmetry orbits.

transfer satellites, and integral backgrounds determined
from these coefficients were then subtracted from the
metal-cation 2p core-level spectra.

ITII. CLUSTER-TYPE CHARGE-TRANSFER
MODEL CALCULATION

We now present an extension of the models of van der
Laan et al.;!3 Zaanen, Westra, and Sawatzky;!® and Park
et al.'® to investigate the electronic structure of a wide
range of TM compounds using a configuration-
interaction approach. We use a cluster-type calculation
in which the ligand bandwidth is approximated to be
zero. The cluster approximation has been found to be a
good first-order approximation to the full impurity-model
calculation, with the physics being described in terms of
only a few parameters, namely, U, A, T, and Q. This
means that calculated spectra can be simply fitted to ex-
perimental data by the manipulation of these parameters.

|

n
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where n1=1,2,3 and n,,n3=1,2, and the right-hand side
is implicitly summed over all combinations of mj,m,
and mj. Here, n =(n}+n,+n;5+3) and m}, m,, and
m indicate the number of L ;, L., and L, ligand
holes, respectively. Here, L, and L, denote, respective-
ly, e;- and t,,-symmetry combinations of holes on the
ligand atoms. Charge-transfer states can mix with ionic
states if they have the same symmetry. Thus we will have
from just three basis states for the high spin d?®

(ny+m,)
(egl)

In the cluster approximation, we consider an idealized
structure with the central metal cation surrounded by an
octahedron (a tetrahedron for Zny sMn, sS) of anions.
The ground state of the formally d” ion is described as a
mixture of the purely d "-ionic state and screened d” "L,
d" t2L?, etc., charge-transfer states in which one or more
electrons are transferred to the 3d levels from the neigh-
boring ligand p orbitals:

¥, =aold") + Sa,ld" L") . (1

For the TM compounds under consideration, n
=3,4,...,8, and the right-hand side is summed over the
number of L ligand holes m =1,2,...,10—n. Crystal-
field effects and the d-d exchange interaction are intro-
duced by extending the basis set to discriminate between
131, and e,p | symmetry states. Equation (1) is, then,

(n;+m£)

(L) (L)) Lo 2)

[
configuration to a total of 36 basis states for the d* high
spin configuration (see Table I).

The basis states were approximated by single Slater
determinants, and only diagonal matrix elements were
considered for the d-d Coulomb and exchange interac-
tions in the model Hamiltonians. These matrix elements
were expressed in terms of parameters «, «', and .
These parameters, originally proposed by Kanamori,?
are «=(EE|H|EE), the Coulomb interaction between d-
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electrons in the same orbit; '={(&n|H|fn), the
Coulomb interaction between d electrons in different or-
bits; and ,=(&n|H|nE), the exchange interaction
(&,m=3z>—r% x*—p2, xy, yz, or zx). «, «', and , are ex-
pressed in terms of A, B, and C Racah parameters in
Table II. By using these parameters, the diagonal
Coulomb-exchange-interaction energy for any
configuration, e(d"*t™L™) is given relative to the
center of gravity of the d ¥ multiplet by

g( d(n + m}L m)
=[%N(N—1)—'p]u'+pu
—LN{(N;—=D+N|(N,—D],—E@"), @3
where N =n +m =N, +N , the total number of 3d elec-
trons for that configuration; N; and N are the total
number of spin-up and spin-down d electrons, respective-

ly; p is the number of d-electron pairs in the same orbit;
and E (dV) is the center of gravity of the d”V multiplet
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(see Table II). Electrostatic and orthogonalization contri-
butions to the crystal-field splitting 10Dg have been found
to be small (up to =0.5 eV) and were neglected for simpli-
oo 16
city.
The diagonal Hamiltonian matrix elements for the d"-
ion basis states are then

(d"|H|d")=0 (reference) ,
(d"*'L|H|d"*'L)Y=e(d"*'L)—e(d")+A,

(dn+2L2lH|dn+2L2>=E(dn+2L2)_8(d”)+2A+U ,

(d"+mLm|Hld"+mLm>

=s(d"+"‘L”’)-—e(d")+mA+%m(m -nHu, @

TABLE II. Basis functions, Hamiltonians, and parameters for the high-spin d® (S=2) and low-spin d° (S=0) configurations.
Values for the B and C Racah parameters are listed in Table I. E (d”) is the center of gravity of the ¥ multiplet, where N is the total
number of 3d electrons for that configuration. A=E(d"*'L)—E(d") is the ligand-to-metal charge-transfer energy, U is the on-site
Coulomb repulsion energy; and «, «', and , are the Kanamori parameters.

High-spin d® (°T,) S=2

¢ =lt311,,€%)

— 2 2
¢z—|t§r‘ue§1_4ﬂ)
¢3=|t§1t§192relzéot>
¢4=lt§TI%le;L”T>
és=lt3113,e5e, L1 Loy )
d6=It3112,e5eIL%1 )

— 2
¢,=|t31131e%e L71Lo1 )

g=|t3113 e5eiL 1 L31)

1121efe L1 Loy
¢9=|t%1131921921L3r1LﬁT>

H,,=H,,=H,s=Hs;=Hq3=Hj, =‘/:2Tn
H,;=H,s=H;¢,=H,;=Hs; =H;, =‘/2Ta

H,,=0
H,,=5«'"+wu—,—[E(d)—E(d®)]+A

H,,=H,,
H,,=11d'+22—3,—[E(d®)—E(d®)]+2A+U
H,s=H,,

H¢o=H,,
H,,=18:4'4+3¢—6,—~[E(d°)—E(d®)]+3A+3U
Hgs=H,;

Hy 3 =260'+40—10,—[E(d'")—E(d®)]+4A+6U

Low-spin d® ('4,) S=0

é1=1t3113,)

$2=lt3113161L s, )

¢3=lt31131, Loy

ds=|13113,€3L5 )

¢s=|t31131e1e Lo Lot )

é6=|13123,€1L%1)

¢,=It3113,ete L7 Lot )

¢s=|13113e1e1L, L2t )

¢o=I13113 e7eL% Loy

H\,,=H,3;=H,4=H,s=H;s=H;¢=H,,
:H5,7:Hs,x=H6,8:H7,9=H8,9=‘/2Ta

H,,=0

H,,=6u'—3,—~[E(d")—E(d®)]+A

H;3;=H,,

H, 4 =134'—7,—[E(d®)—E(d®]+2A0+U
Hss=12&'+e—6,~[E(d®)—E(d%)]+2A+U
Hq,=H,,
H;3=20e'+e&—10,—[E(d°)—E(d®)]+3A+3U
Hy3=H;;
Hyo=28c'+2e—14,—[E(d'°)—E(d®)]+4A+6U

Parameters
T,=2pdm) T,=V _3£ pdao) For octahedral coordination
T,=(%(pdo )+ L(pdm)*)'"? T,=2V'6/3(pdm) For tetrahedral coordination
T,=0 T,=—[%(9(pdo)*+8(pdm)*)]'"? For pyrite-type compounds

«=A+4B+3C
E(@M=IN(N+1)4—-%B+1C)=
U=4—-%B+2cC

N(N+1)U

1
2

«“'=A4—-B+C

J=iB+C
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where A is the ligand-to-metal charge-transfer energy,

molecular orbitals. The off-diagonal Hamiltonian matrix
elements are then

A=E(d"*'L)—E(d"), )
and U is the d-d Coulomb repulsion energy ((tag, )7’|Hl(t2gl )"'x +l_L_71 Y=[B3—n)]V?T, ,
U=E(d" )+E(@"*")—2E(d") . (6) :

Here, it should be noted that A and U are defined with
respect to the center of gravity of the multiplet of each
configuration, whereas they are defined with respect to
the lowest level of the multiplet by Sawatzky and co-
workers.>® In the present paper, A and U defined in the
latter way are referred to as A and U (see Table III).
Racah parameters B and C for the TM cations were tak-
en from Ref. 30 and are listed in Table 1.

Hybridization between the ligand-p and metal-3d levels
was included via the one-electron mixing matrix element
T:

T=(d|HIL,) , ™

where d, and L, are a d electron and a ligand electron
with the same orbital symmetry, respectively. We have
included an anisotropic hybridization T,#T, to reflect
the different transfer integrals for the ligand p, and p,

((t3)" VAL P HI ()" (L 1)
=[3(1_n'1 )]I/ZT" ,

ny,+1

((egT)"2|H|(eg1) Lal)=[(2—n2)]]/2TU ,

n,+2

((egf)n2+1£allH’(egT) (L, 2Y=[2(1—n)]'?T, ,

ny+1

((egl)n2|H|(eg¢) 2L Y =[2—ny)]T,

(e 'L,y [Hle, )" ALy PY=[201—n})] T, ,
(8)

where n,n’ and m,m' are defined as in Eq. (2). All other

off-diagonal terms are zero. (No hybridization is con-
sidered for the #,,; electrons as they are totally filled for

TABLE III. Best-fit parameter values for A, U, and (pdo) (in eV), together with assignments for the main peaks and satellite
structures, for various TM compounds. Values found in earlier configuration-interaction valence-band (Refs. 3, 4, 21, 23, and 24) and
XAS (Ref. 17) studies are also included for comparison. For high-spin compounds, A and U values defined with respect to the lowest
multiplet level of each configuration are given under A and U.g.

Main Satellite
Compound d Valence A U (pdo) Ao Ug peak peak Ref.
SrMnQO; d? 4+ 2.0 7.8 —15 —-0.2 7.1 d‘L d‘L This work
LaMnO, d* 3+ 45 75 —18 1.8 6.8 d’L dSL? This work
MnO d’ 2+ 6.5 7.0 —1.1 8.8 11.6 d’L d’ This work
7.0 7.5 —0.9 3
Mn ,sTiS, d? 2+ 4.0 5.4 —0.9 6.3 10.0 d’L d’ This work
Zny sMng ss d’ 2+ 4.0 5.8 —1.0 6.3 10.4 d’L d’ This work
SrFeO; d* 4+ 0.0 7.8 —1.3 —3.1 7.0 d’L d®L? This work
LaFeO; d’ 3+ 2.5 7.5 —14 5.3 13.6 d’L d’ This work
Fe,0; d’ 3+ 35 7.0 —14 6.3 12.7 dSL d’ This work
3.0 8.0 —1.5 24
FeO d® 2+ 6.0 7.0 —-1.1 7.8 6.4 d'L d* This work
6.5 7.3 —1.0 23
Fe, 1, TiS, ds 2+ 35 5.5 —1.1 5.3 49 d'L ds This work
FeS, ds 2+ 3.0 3.5 -0.8 d’L ds This work
CoS, d’ 2+ 2.5 4.2 —-0.9 d’L d°L? This work
NiO d? 2+ 4.5 7.5 —1.3 5.2 6.8 d°L d'°L? This work
4.0 1.5 —1.1 4
—1.0 4.6 5.0 17
NiS d® 2+ 2.5 5.5 —1.2 3.2 32 d°L d°L? This work
2.0 4.0 —1.5 21
Nio, 3, TiS, d® 2+ 2.5 6.0 -13 3.2 5.3 d°L d'oL? This work
NiS, d? 2+ 2.0 5.0 —1.1 2.7 43 d°L d"°L? This work
NaCuO, d® 34+ —2.0 8.3 —-1.6 di°L? d°L This work
CuS d’ 2+ 0.5 7.0 —14 d'°L d’ 28
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configurations greater than d* studied here.) For an oc-
tahedral coordination, T, =V 3(pdo), T,=2(pdw), and
we have assumed (pdo)/(pdw)= —2.2, as in previous
studies.* For the pyrite-type disulfides, T, has been
found to be very small from band-structure calcula-
tions,>! although it does not enter the Hamiltonian ma-
trix elements for the present cases. For these compounds
we have assumed that

T,~—[%(9pdo ) +8(pdm)*)]'*~2.1(pd o)

(Ref. 32). For the tetrahedral -case,
T,=2V'6/3(pdm) and

TﬂT:[(2\/_3/3(de))2+(2\/—i/3(pd1r))2]1/2 )

we have set

The eigenfunctions for the ground state are found by di-
agonalization of the Hamiltonian matrix. Examples of
basis states and Hamiltonians found for the high-spin d®
(§=2) and low-spin d® (S=0) configurations by this
model, together with the various parameters used, are de-
tailed in Table II.

The XPS final states will differ from the ground state
by the attraction between the photoionization core hole
and the 3d electron Q, which pulls down the 3d levels. If
we take the same basis set as was used for the ground
state, but with the presence of a core hole ¢, then the di-
agonal matrix elements are

(cd"|H|cd")=E,,

(cd""'L|Hled"P'LY=E,+e(d""'L)—e(d)+A—Q,

(cd" “Lleigd" +2L2>
=E,+e(d" LY —e(d)+2(A—Q)+ U,

<an+mL-mlngdn+mLm)
=E +e(d" L™ —e(d")
+m(A—Q)+im(m—1)U , 9)

where E. is the core-hole energy relative to the ionic lat-
tice. We have neglected the exchange interaction be-
tween the core hole and the d electrons and have assumed
the relationship U/Q =0.83 as before.?> Note, however,
that U/Q=0.8 is not a unique choice: If we use
U/Q =~0.7 as in other studies,'> ' the estimated U values
correspondingly become smaller by ~15%. In this sense,
the U values obtained here may not have absolute mean-
ng.

After finding the eigenfunctions of the final-state ma-
trix, the XPS spectrum p(e, ) is given in the sudden ap-
proximation by

pleg)=3 (¥ lc|¥ ) |*8(hv—e, —E[) , (10)
S

where ¢ is the annihilation operator of the core electron
and the right-hand side is summed over all final states.
Here, ¥, and W, are the wave functions of the final and
initial states, respectively; E, are the final-state energies;
hv the photon energy; and e, the kinetic energy of the
photoelectron. By using Eq. (10) and having a knowledge
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about the three adjustable parameters A, U, and (pdo),
we can calculate the cluster-approximation prediction for
the energy separations and intensities of the core-level
XPS spectral features. It was found that the inclusion of
the d-d exchange interaction and the anisotropic hybridi-
zation were essential in reproducing the experimental
spectra using reasonable parameter values.

IV. RESULTS AND DISCUSSION

Using the above model, we have obtained calculated 2p
core-level XPS spectra for the TM compounds by varying
the parameters A, U, and (pdo) to provide a best fit to
the experimental data. Excellent agreement was con-
sistently found between theory and experiment. Each
spectrum consists of a main spin-orbit doublet accom-
panied by higher-energy states which comprise the satel-
lite structure. A Lorentzian lifetime broadening
I',=0.8-1.6 eV was used to match the main peaks to the
experimental data. For higher-energy states, a virtual-
bound-state-type broadening’’ was also included to simu-
late the greater lifetime broadening of the higher-energy
states, as well as the core-hole—d-electron multiplet split-
ting, the effect of the finite ligand widths, and additional
splitting due to the off-diagonal d-d Coulomb exchange
interactions neglected in the present Hamiltonians. Such
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FIG. 1. Theoretical 2p core-level XPS spectra (solid line)
compared with experimental data (dots) after background sub-
traction for Mn cations with varying valence. Emission due to
the Mn LMV Auger peak is observed on the high-binding-
energy side of the 2p, ,, spin-orbit peak, partially obscuring the
2p, ,» satellite structure.
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broadening has also been used to describe the 4f spectra
of rare-earth compounds.’® Thus, the satellite peaks
were broadened by an additional factor proportional to
their energy separation from the main peak AE, such that
the Lorentzian full width at half maximum (FWHM) is

2T, =2Ty(1+aAE) , (11)

where I',, is the lifetime broadening of the satellite peak
and a is a constant. Values for the product I'ja were
kept in the range 0.07-0.25. (For FeS, and CoS,, which
show narrow main peaks and broad satellites, I'gja~0.3
with small I'; had to be employed.) A Gaussian broaden-
ing of 1.4 eV FWHM was also used for the entire spec-
trum to simulate the instrumental resolution and other
broadening effects.

Calculated spectra are compared to experimental data
in Figs. 1-7. All spectra display a spin-orbit doublet
split into 2p;,, and 2p,,, peaks located at lower and
higher binding energies, respectively. They have been
aligned to the binding energies of the 2p;,, main peaks,
and only relative binding energies are considered here.
Satellites for the 2p,,, spin-orbit doublet were not seri-
ously considered in the fitting procedure due to the ap-

MnO Mn 2p "
dS (6A1) .
Mn LMV \

INTENSITY (ARB. UNITS)

30 -20 -10 0 10
RELATIVE BINDING ENERGY (eV)

FIG. 2. Theoretical 2p core-level XPS spectra (solid line)
compared with experimental data (dots) after background sub-
traction for Mn cations with varying ligands. Emission due to
the Mn LMV Auger peak is observed on the high-binding-
energy side of the 2p,,, spin-orbit peak, partially obscuring the
2p,,, satellite structure. The experimental data for Mn, ,sTiS,
are taken from Ref. 18.
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pearance in this region of bulk-plasmon satellites accom-
panying the 2p;,, main peak. (Fe 2p and Mn 2p core-
level spectra collected with Mg K a x rays will also exhib-
it intensity in this region which partially obscures the
2p, s, satellite due to O KLL and Mn LMV auger emis-
sion, respectively.) Further, the shape of the 2p, ,, satel-
lite structure can differ considerably from that of the
2p;,, structure due to strong interference effects in the
2p, ,, spectrum resulting from a Coster-Kronig decay. 34
Strong satellite structures are observed for most of the
oxides and sulfides, with less distinct structures found for
some sulfides and perovskite-type oxides. Spectra for the
low-spin disulfides showed apparently very weak satellite
structure. For spectra of metallic or semimetallic (NiS,
M, TiS,, CoS,, and SrFeO;) and narrow-gap semicon-
ducting (FeS,, NiS,, and LaMnO;) compounds, the asym-
metric nature of the main peaks leads to small discrepan-
cies on the high-binding-energy side of these peaks when
compared to the calculated spectra. Model parameter
values were varied to match the shape, intensity, and po-
sition of the satellite features, meaning that spectra with

ﬁFeO
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FIG. 3. Theoretical 2p core-level XPS spectra (solid line)
compared with experimental data (dots) after background sub-
traction for Fe cations with varying valence. Data for LaFeO;
are similar to those for Fe,O;. Emission due to the O KLL
Auger peak is observed on the high-binding-energy side of the
2p,,, spin-orbit peak for FeO and SrFeO;, partially obscuring
the 2p,,, satellite structure. The spectrum for Fe,O; was col-
lected using an Al Ka source and does not show this structure.
The experimental data for Fe,O; and SrFeO; are taken from
Refs. 24 and 25, respectively.
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FIG. 4. Theoretical 2p core-level XPS spectra (solid line)
compared with experimental data (dots) after background sub-
traction for Fe cations with varying ligands. For the FeO spec-
trum, emission due to the O KLL Auger peak is observed on the
high-binding-energy side of the 2p,,, spin-orbit peak, partially
obscuring the 2p,,, spin-orbit peak, partially obscuring the
2p, ,, satellite structure. Bulk-plasmon satellites accompanying
the main peak are also observed for both sulfide spectra at =25
eV. The experimental data for Feg 3;TiS, are taken from Ref.
18.

distinct satellites would be more successfully modeled.
Errors bars were in the range +0.5 eV for A and U,
and 1+0.05-0.1 eV for (pdo) when they are varied in-
dependently. It is difficult to define error bars uniquely,
however, since these parameters are correlated with each
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FIG. 5. Theoretical 2p core-level XPS spectrum (solid line)
compared with experimental data (dots) after background sub-
traction for CoS,. A bulk-plasmon satellite accompanying the
main peak is observed at =25 eV.
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FIG. 6. Theoretical 2p core-level XPS spectra (solid line)
compared with experimental data (dots) after background sub-
traction for Ni cations with varying ligands. Bulk-plasmon sa-
tellites accompanying the main peak are observed for all spectra
at =25 eV. The experimental data for Ni, ;;TiS, are taken from
Ref. 18.

other. For example, error bars for A and U amount to
+1 eV when they are varied with A—U kept constant.
Error bars are larger for spectra with weak satellites such
as those of pyrite-type compounds, SeFeO;, and Mn
perovskites. Best-fit values for A, U, and (pd o), together
with values for A ¢ and U4 calculated within Kanamori’s
parametrization, are listed in Table III.

A comparison of parameter values found from the

NaCuO,
d° (1A1)

Cu 2p
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FIG. 7. Theoretical 2p core-level XPS spectrum (solid line)
compared with experimental data (dots) after background sub-
traction for NaCuO,. The experimental data for NaCuO, are
taken from Ref. 22.



46 ELECTRONIC STRUCTURE OF 3d-TRANSITION-METAL . ..

core-level XPS spectra with those found previously from
configuration-interaction valence-band and core-level
XAS studies (also listed in Table III), in which Coulomb
exchange interaction and anisotropic hybridization have
been fully taken into account, reveals a remarkable con-
sistency. The success of this model to reproduce the
core-level spectra using parameter values found for the
valence band gives us confidence that it can be used in-
directly to determine the valence-electronic structure of
the TM compounds.

A. Systematics of the electronic structures

The values for U, A, and (pdo) listed in Table III are
displayed graphically in Figs. 8-10 with respect to
changes in the cation atomic number, ligand electronega-
tivity, and cation valence. We also include here values
found in previous studies of compounds not covered by
this work. The values of A and U follow consistent
chemical trends that can be well understood, and reflect
those found earlier by Zaanen and Sawatzky. '

Within any series of compounds with the same ligand,
it is seen that A decreases in going from the left to the
right of the TM series (Mn—Cu), as expected. This
reflects the increase in electronegativity of the metal cat-
ion or the lowering of the metal 3d orbitals with atomic
number, as found by many first-principles cluster'® and
band-structure calculations.’ With respect to U, there
will be an overall increase along the same direction be-
cause of the decrease in the radial extent of the 3d orbit-
als.

For compounds with the same cation, an increase in
ligand electronegativity will lower the ligand p bands
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with respect to the metal d orbitals, resulting in an in-
crease in A. This has been shown to be the case for Ni,
where band calculations predict the ligand p bands to be
at lower energies for NiO (Ref. 36) than for NiS.3” This
trend is observed for all cations, with A decreasing as we
go from the highly electronegative O~ ligands to the less
electronegative S~ or S3~ ligands, confirming a trend
found previously for the dihalide compounds, MCl,,
MBr,, and MI,.'>!'>1¢ [ is also seen to decrease along
the series MO— M, TiS,, MS— MS,, probably due to the
increased polarizability of the ligand species, which
screens the electrostatic potential U. This polarizability
will be particularly large for the pyrite-type compounds,
where the S 3p orbitals are only partially occupied, lead-
ing to small values of U for these compounds.

Trends for compounds with the same cation, but with
increasing metal ion valence, will be governed by the de-
crease in the number of d electrons present. As the ionic
charge increases, the 3d orbitals are lowered, leading to a
decrease in the magnitude of A. This trend is clearly seen
for the Fe and Mn oxides. For Cu oxides, also, A=~2 eV
for Cu’t0,%% and A~ —2 eV for NaCu’*0,. As the
number of d electrons falls, we would also expect an in-
crease in U, due to the shrinking radius of the 3d orbitals.
Such a trend is only weakly observed in the data.

Trends for the overlap integral will be primarily
governed by the interatomic distances within the cluster,
largely determined by the ionic radii of the metal and
ligand ions. As the interatomic distance decreases,
greater overlap of the 3d orbitals with the p bands in-
creases the value of (pdo). As can be seen in Fig. 10 and
Table III, however, trends for (pdo ) are not so outstand-
ing as those for A andU. Zaanen and Sawatzky! have ar-
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FIG. 9. On-site d-d Coulomb repulsion energies U for the transition-metal compounds displayed with respect to cation atomic

number, ligand electronegativity, and cation valence.

gued that T, and T, do not vary much over various
compounds, since the interatomic distances are deter-
mined by the balance between chemical bond formation
and repulsion between the ion cores. Further, Zaanen,
Westra, and Sawatzky!® have pointed out that T, and
T, which were assumed constant in Eq. (8) for all off-

T

diagonal terms, will vary depending on the number of
screening electrons in the presence of a core hole. Thus,
taking into account the uncertainty in this parameter, the
values for (pdo ) in Table III and Fig. 10 should be inter-
preted with caution.

Nevertheless, the following gross general trends may

1.9F T T T T T —‘ 1.9F T T T T T 3 1()—‘|' T T T T —
2+ CATIONS OXIDES
1.8 N —O0— MO s 1.8 — 1.8
k —X— $rMO,

~1.7 —¢— LaMO, ]| ~1.7F 4 ~1.7
2 TwE N |3
1.6+ —A— MTiS, :1.6”‘ —X— Fe - Al.ﬁ—
) - MS o -a=Mn | B
21.5— 24 'g_l,a— = 'g_l.:— ~
T h T
b M 1 e 1 304F =
<« < <
g1.3F 4 =13 4 1.3 e
S T l
Bt 4 21.2f Nis-@ 1 ezt .
z z Z
Sir - ml.”— 12 -
= = =
B0 1 &1op \ 1 &10r .
Zoop & 1 %ot A 1 %o} -
o o ZnMnS o
0.8k . P‘o.xr 4 EFost g

0.7 4 o0.7F 4 0.7F -

0.6_1 | L L L3 0.6t 1 1 L L4 0.6t | L L

. 2- 2- 2-
Mn Fe Co Ni Cu o) S S, 2+ 3+ 4+

FIG. 10. Ligand-p-metal-d transfer integrals (pdo) of the e, and p, orbitals for the transition-metal compounds displayed with
respect to cation atomic number, ligand electronegativity, and cation valence.



46 ELECTRONIC STRUCTURE OF 34-TRANSITION-METAL . ..

be noted for (pdo). As we go from Fe to Cu, (pdo) is
seen to increase, reflecting the smaller ionic radii of the
cations and, hence, smaller bond lengths of the heavier
cations. It was also found that (pdo ) increases when go-
ing from Fe to Mn. This could be largely attributed to
the contraction of the metal-ligand bond length as the
strongly antibonding e, orbitals are progressively emp-
tied. For the series MO— M, TiS,—MS,, we note a gen-
eral decrease in (pdo) as the ligand changes. This
reflects the fact that the metal-sulfur distances are larger
in the intercalation compounds than in the metal-oxygen
distances in the oxides, and the even larger interatomic
metal-sulfur distances found in the pyrite-type com-
pounds.2*3! For Zn, sMn, S, we find (pd o) larger than
that of Mn, ,5TiS,, reflecting the smaller bond length for
the tetrahedral coordination. It is interesting to note
that, apart from the larger (pd o) arising from the shorter
Mn-S distance, A and U for Zny sMn, sS are nearly the
same as those for Mng ,5TiS,, in spite of the different S
coordinations. It should also be noted here that predic-
tions for (pdo) of the disulfide compounds using this
model may be somewhat inaccurate as we have not in-
cluded transfer with empty S 3p orbitals, i.e., the o * anti-
bonding orbitals of the S%” molecule. Finally, we see
(pd o) increases from a divalent to a trivalent state, again
reflecting the shrinking size of the cation as the ionic
charge increases. However, (pdo ) decreases back from
the trivalent to a tetravelent state (SrFeO; and StMnO;),
but we should note that the weak satellites in the latter
compounds preclude accurate determination of the pa-
rameters.

Having gained some confidence in our predictions of A
and U, we can construct a Zaanen-Sawatzky-Allen'
(ZSA) A-U diagram as shown in Fig. 11. For U > A, the
band gaps of the TM compounds will be of a charge-
transfer type determined by the magnitude of A. Metallic
compounds with small or negative A can be classified as
p-type metals with holes in the ligand p bands strongly
mixed with metal d states,”® and for insulating com-
pounds with negative A, we will have a p-p band gap re-
lated to neither A nor U.?? This small or negative A re-
gion in the phase diagram can be dubbed the ‘“‘valence
bond regime” to distinguish between the local intraclus-
ter hybridization and the extended intercluster hybridiza-
tion processes which stabilize and destabilize the insulat-
ing state, respectively.?? For U <A, we are in the Mott-
Hubbard regime, with band gaps of a d-d type, where
compounds with a small U will be d-band metals in the
traditional sense. It is now well accepted that the early-
TM compounds fall in the Mott-Hubbard regime. In Fig.
11 we have separated the divalent TM compounds from
the trivalent and tetravalent compounds for clarity.

Most of the TM compounds studied in this work are
classified in the charge-transfer regime of the diagram,
with NaCuO, falling in the negative-A regime. Several
compounds, including the Fe and Mn monoxides and
sulfides fall near the boundary with the Mott-Hubbard
regime. CoS, and FeS, also fall near the boundary, due
to the small U’s deduced for these compounds from the
present analysis. It should be noted, however, that pa-
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rameters for these compounds are not so definite due to
their indistinct satellite structures and the approximate
treatment of the unoccupied ligand p orbitals, as noted
above. All the higher valence compounds studied fall in
the charge-transfer regime. Chemical trends for A and U
noted above can also be observed in this diagram. This
picture confirms the growing consensus"'>'® that for
late-TM compounds, the basic Mott-Hubbard description
of the charge fluctuations breaks down and that charge-
transfer interactions are central to understanding the
electronic structure of these compounds.

For CoS, and FeS,, it would be interesting to see
whether the d-d Coulomb interactions are small enough
that these compounds are well described using a simple
one-electron band picture, instead of the local-cluster ap-
proach.?>* The unusually large values of (pdo) for
LaMnO; and SrMnO; deduced here might also indicate a
limitation of the local-cluster approach, since a large
value for T, combined with the large number of empty 3d
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FIG. 11. Zaanen-Sawatzky-Allen A-U diagram indicating the
positions of the divalent (top) and higher valent (bottom)
transition-metal compounds studied in this work (circles). The
region above the line U=A is the charge-transfer regime, in
which the transition-metal compounds will have a charge-
transfer band gap determined by the magnitude of A. The re-
gion below this line is the Mott-Hubbard regime, where the
band gaps will be of a d-d type. For the lines U =1.43A and
U =0.83A, see text.
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states, will inevitably lead to strong hybridization be-
tween neighboring clusters mediated by the intervening
oxygen orbitals. The applicability of the cluster model to
TM systems with smaller d-electron numbers (d3, d?,
etc.) thus remains to be further investigated, particularly
in relation to the exciton satellite mechanism proposed
earlier for the early-TM compounds. *

Apart from the limitations of the local-cluster ap-
proach itself, there are some effects that are not explicitly
included in our model but are considered through the
phenomenological linewidth broadening, namely, effects
of the core-hole—d-electron multiplet coupling and the
off-diagonal d-d Coulomb exchange interactions. Recent-
ly, Okada, Kotani, and Thole*'"* have calculated the 2p
and 3s core-level XPS spectra of Ni>* and Co?* dihalides
including these effects, i.e., the full multiplet effect, and
obtained parameters consistent with those deduced from
valence-band studies. This result would justify our model
in which only the diagonal d-d Coulomb exchange in-
teraction has been incorporated. Such a justification
remains to be done for lighter TM compounds, but simi-
lar full-multiplet cluster-model calculations for these
compounds would require considerably more computa-
tional effort.

B. Spectral assignment

The main peaks and satellite structures for the TM
compounds with d” ground states can primarily be as-
signed to |cd"), led" 'L ), and |cd"*2L?) final states.
Other configurations appear with negligible intensity at
higher energies. These assignments are listed in detail in
Table III. For compounds falling within the charge-
transfer regime, the screening process in the XPS final
state will mean that the lowest-energy configuration is
that of a well-screened state. We can now distinguish
various regions within this regime as a function of A. For
compounds with moderate covalency, Q —U<A<Q
—1iU  ie, A—Q <0, 2A+U—2Q <0, and
2A+U—2Q0>A—Q; see Eq. (9)], the lowest-energy
configuration will be that of a [¢d" L) final state and
the main peaks of these compounds can be assigned to
those states. The next lowest-energy configuration will be
due to |cd” T2L?) final states, while the [cd") state lies at
higher energy still, although the satellite intensity is still
borrowed from this component. Thus, satellites for the
compounds lying above the line U=1.43A in Fig. 11,

A<Q-1U~1.2U0-0.5U=0.7U ,

will have satellites primarily due to a |cd" *?L?) final
state. This agrees with trends found earlier for NiCl, and
NiBr,. 1°

For strongly covalent compounds, such as NaCuO,,
where A <Q — U, the led” t2L?) final state will now be
the lowest in energy and the satellite will be due to a
lcd" L) final state. Finally, we have an intermediate
region for moderately ionic compounds where
Q—1U<A<Q (compounds lying between the
U=~0.83A and U=~1.43A lines in Fig. 11). Here, the
main peak should still be due to screened |¢d" 'L ) final
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states, and the satellite should appear with mainly poorly
screened |cd") final-state character. For MnO, although
it is categorized in this region, screening plays a less
prominent role in the XPS final state, and the main peaks
are found to be due to the unscreened |cd") final states,
with the satellites arising from the |cd” *1L) final states,
i.e., the satellite originates from a shakeup transition.
This can be attributed to the strong exchange stabiliza-
tion of the half-filled d° shell in the XPS final states, i.e.,
the A, value considerably larger than A as shown in
Table III.

V. CONCLUSIONS

We have extended the charge-transfer configuration-
interaction model proposed by van der Laan et al.!* and
Zaanen, Westra, and Sawatzky'® to investigate the elec-
tronic structures of a wide range of TM compounds. We
find that by including in the model Hamiltonians the ex-
change interaction and an anisotropic hybridization
effect,” we can successfully reproduce the 2p core-level
XPS spectra of compounds ranging from d* SrMnO, to
d® NiO and NaCuO,. Parameter values found from
analysis of the core levels compare well with those ob-
tained earlier in various, more elaborate valence-band
configuration-interaction studies, giving us confidence
that this model can indirectly predict the valence-
electronic structures of the TM compounds.

Trends for the parameters A and U are easily under-
stood and follow expected chemical tendencies, as are
those for (pdo) to some extent. By using these values of
A and U, we have constructed a ZSA-type A-U diagram,
in which most of the late-TM compounds studied in this
work have been classified as charge-transfer insulators or
a charge-transfer metal. We find that for all compounds
in the charge-transfer regime with positive A, the main
peak corresponds to screened |cd”"'L) final states,
while the assignment of the satellite peak varies between
the |cd” T2L?) and |cd"L ) final states, depending on the
ionicity of the compound. This picture confirms the
growing consensus that for the late-TM compounds,
charge-transfer interactions are central to understanding
the electronic structure of these compounds and that a
many-body configuration-interaction approach is neces-
sary in order to understand the core-level spectra.

Some important aspects, however, have not yet been
clarified in the present work. These include the effects of
unoccupied ligand orbitals in the pyrite-type disulfides on
the cluster-model analysis. The applicability of the clus-
ter model to TM systems with smaller d-electron num-
bers (d3, d?, etc.) also remains to be examined in future
studies. For a more complete understanding of the spec-
tra of the TM compounds, more elaborate calculations
which include the multiplet coupling between the core
hole and d electrons would be desirable. However, from
a practical point of view, the success of the present sim-
ple model indicates that core-level photoemission spec-
troscopy is a promising diagnostic tool to study the
valence-electronic structure of more complicated materi-
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als, such as impurity systems, for which it is difficult to
deduce d-derived features in the valence-band spectra.
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