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We extend the charge-transfer model with the core-hole —3d-electron Coulomb attraction [van

der Laan et ol. , Phys. Rev. B 23, 4369 (1981)]to the 2p core-level photoemission satellite structures

of cobalt, iron, and manganese dihalides. This model was found to account for the positions and in-

tensities of satellites and main peaks very well with reasonable values of parameters. These parame-

ter values show the expected trends not only along the ligand series from fluorine to bromine but

also along the transition-metal series from copper to manganese. This gives us confidence that the

charge-transfer mechanism is responsible for the satellite structures in the 2p core-level photoemis-

sion spectra of heavy-transition-metal compounds, and that the screening response is important

even for insulators in the presence of a core hole. It also suggests the core-level photoemission spec-

tra, if properly understood, can be used to obtain parameters on the valence-electronic structures.

I. INTRODUCTION

Satellite structures in core-level x-ray photoemission
spectroscopy (XPS) data have been studied by many au-
thors and their origins have been the source of active de-
bate for a long time. ' These various satellites, some-
times called "shakeup" or "shakedown" satellites de-
pending on whether they lie in the higher- or lower-
binding-energy sides of the most intense "main line, " are
usually more prominent in rare-earth-metal (4f, 5fl and
transition-metal (3d, 4d) compounds where electron
correlation effects are strong. Recently, for the case of
metallic 4f lanthanide compounds, considerable progress
has been made by combined efforts of theorists and exper-
irnentalists in understanding the origin of these satellite
structures. ' Basically, core-level XPS spectrum can
be well described by the Anderson-impurity-type Hamil-
tonian, and the Coulomb attraction between the core hole
and localized valence electrons and the resulting screen-
ing response have to be taken into account. This success
has been recently extended to insulating 4f compounds as
well, ' and these satellites, if properly interpreted, turned
out to be the source of a wealth of information on the
valence-level electronic structure of these compounds.
By analyzing the energy separations and the intensity dis-
tributions between 3d core-level satellites and main
peaks, we can obtain information on the 4f-level energy
positions, Coulomb correlation energies, and the hybridi-
zation strength between the 4f and the conduction-
electron states. ' ' '

In the case of 3d transition-metal compounds, the situ-
ation is not so clear. There are still several competing
models for the origin of the core-level satellites, none of
which seems to be universally accepted. At least five

different models have been proposed for the occurrence
of satellites in the 2p core-level XPS of 3d transition-
metal compounds. One model attributes the satellite
structure to the multiplet and crystal-field splittings of
the 2p 3d" unfilled-shell configurations. Although calcu-

lations actually predict significant energy spreads of mul-

tiplet structures in the 2p 3d" configuration, ' the fact
that 1s core-level XPS also shows satellite structures
similar to the 2p spectrum suggests that this mechanism
is unlikely to be the origin of the satellites. Other models
propose that the shakeup of one valence electron accom-
panying the photoionization process generates the satel-
lite structure —the shakeup mechanism could either be of
intra-atomic type' from the metal 3d state to the unoc-
cupied metal 4sp state, or of charge-transfer type' from
the ligand state to the metal 3d state. There have been
various arguments for and against these models, ' but nei-
ther of these models is entirely satisfactory. For example,
the metal 3d-to-4sp shakeup model cannot explain the ab-
sence of satellites in Cu+ compounds (d' configuration),
whereas the ligand-to-metal charge-transfer model can-
not explain the fact that some Cu + compounds (d
configuration) have two satellite peaks, since the satellite
in this case should have d ' configuration which does not
have any multiplet splitting.

Most of the above models do not explicitly take into
account the screening or relaxation process in the final
state of XPS where a core hole is created. However, for
metallic systems it is now realized that strong Coulomb
attraction between the core hole and the localized 3d or
4f levels makes the neutral "excitonic" state, where the
core hole is neutralized by an extra screening electron in
the 3d or 4f level, the lowest-energy state in the presence
of a core hole. ' ' This screening argument is generally
given only for metallic systems, but Larsson' calculated
that even for insulating 3d transition-metal compounds
such as Cu + dihalides (d configuration), the lowest-
energy state in the presence of a core hole corresponds to
the fully screened state with approximately an extra 3d
electron for screening. Therefore, he proposed that the
main peak in the 2p XPS spectrum corresponds to the d'
configuration, whereas satellites correspond to the d
configuration. This is in marked contrast to earlier
shakeup satellite models' ' where the final state corre-
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sponding to the main peak is assumed to have the same
valence-electronic configurations as the initial ground
state. Later, Veal and Paulikas confirmed from their
atomic calculations on many 3d transition-metal elements
that the lowest-energy state in the presence of a core hole
corresponds to the state where screening is done by the
local 3d electrons. They, however, proposed that the sa-
tellites arise from the final states where the nonlocal 2s or
4p state of metal screens the core hole in contrast to the
Larsson model. But the shortcoming of this model is that
they were concerned only with the energy separation be-
tween the main and satellite peaks but did not consider
the intensity ratio between them.

Several years ago, van der Laan et al. ' suggested the
charge-transfer model for copper dihalides which is con-
sistent with the interpretation of Larsson' and described
the physics in terms of a few parameters. They used the
Anderson-impurity-type model Hamiltonian similar to
the metallic cases ' to describe the 2p core-level XPS
spectra of insulating copper dihalides, where d-d
Coulomb repulsion energy U, the charge-transfer energy
6, the ligand p —metal d hybridization energy T, and the
core-hole —d-electron Coulomb attraction energy Q are
taken into account. They were able to fit both intensities
and energy positions of the 2p core-level satellites using
this model Hamiltonian with reasonable parameter
values. Later this model was successfully applied to the
2p satellite structures of nickel dihalides. ' From the
results of the fit, they were able to obtain useful informa-
tion on the valence-electronic structures of these com-
pounds, such as d-d Coulomb energy, ligand 2p —metal 3d
energy difference, and their mixing strength. Hence, if
this charge-transfer model is correct, the core-level XPS
satellites can be used to study valence-electronic struc-
tures indirectly, as in the case of 4f rare-earth-metal com-
pounds. ' In this paper, we will extend this charge-
transfer model to other heavy 3d transition-metal
dihalides (cobalt, iron, and manganese dihalides) to see
whether this model can explain satellite structures of
these insulating compounds as well.

II. MATERIALS AND DATA

The materials we have studied were cobalt dihalides
(CoFz, CoClz, and CoBrz), iron dihalides (FeFz, FeClz,
and FeBrz), and manganese dihalides (MnFz, MnClz, and
MnBrz). The transition-metal cations in these dihalides
are located in a distorted octahedron formed by the
nearest-neighbor anions. The distortions are either
rhombohedral or tetragonal type, but since they are small
we can neglect them for our purposes here. Subsequently
we will consider the compounds as having a cubic syrn-
rnetry around the cations.

The 3d level in a octahedral surrounding is split into e
(doublet) and tz (triplet) levels by the crystal field, and
the energy difference between the two levels is denoted by
10Dq determined by the strength of the crystal potential.
The ground states of the cations (d, d, and d
configurations for Co +, Fe +, and Mn +, respectively)
in the cubic crystal are determined by the competition be-
tween this splitting energy 10Dq and electrostatic

Coulomb energy. For the systems we studied here, the
Coulomb energy is dominant and the ground state are all
hjgh spjn states. Therefore, for Co + ions wjth d
configuration, the ground state has the T,s (tzg) (eg)
configuration, and for Fe + (d ) and Mn + (d ) ions, the
ground states are Tzg (tzs) (eg) and A, g (tzs) (eg), re-
spectively.

We will discuss only 2p3/p core-level XPS spectra of
these compounds. The 2p~/2 spectra were sometimes
found to be considerably different from the 2p3/2 spectra
because of the influence from strong interference between
valence-electron rearrangement and the near-threshold
Coster-Kronjg decay, and hence are not considered
here. The experimental data were taken from published
literature. The fluoride compound data (CoFz, FeFz, and
MnFz) were taken from Ref. 7, and all others from Ref.
28. From these raw spectra we made appropriate x-ray
satellite corrections and inelastic electron background
corrections. The method used for the background
correction is a simple way in which the ratio of elec-
trons ejected via inelastic scatterings to those with no
scattering is regarded as constant independent of the
amount of the energy loss. We tried to fit the resulting
corrected 2p3/2 spectra with the theoretical model calcu-
lations discussed in the next section.

III. CHARGE- TRANSFER MODEL CALCULATIONS

We now extend the charge-transfer model of Larsson'
and Sawatzky et al. ' to cobalt, iron, and manganese
dihalide cases. We will in this section use the cluster ap-
proximation where the band nature of the ligand 2p states
is neglected. The effect of the ligand-level energy disper-
sion will be briefly discussed later in Sec. V. Since this
model has been described in detail and applied to nickel
compounds before, we will only mention essential
points of the model and extensions necessary for a larger
number of d holes here.

The ground state of the system is considered to be a
mixture of the purely ionic configuration

~

d" ) (n =5,6, 7
here) and the charge-transfer states

~

d" +'L ),
~

d" + L ), . . . ,
~

d' L' "), where one or more elec-
trons are transferred to the 3d level from neighboring
ligand 2p orbitals. (L denotes the hole in the ligand 2p
level. ) For this mixing to occur, the charge-transfer
states should have the same symmetry as the

~

d") state.
If we assume that the mixing matrix elements between
the ligand and the transition-metal 3d levels are the same
for both e - and t2g- symmetry state and also neglect the
energy difference 10Dq for simplicity of calculation (it
turns out that for the parameter ranges we will get, this is
not a bad approximation —see Sec. V), then the states we
have to consider are

~d")= ~d dPdr ),
~d" +'L)= ( ~L d&d . )

&10 n—
+~d Lpdr . . )+ ),
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2

(10—n)(9 —n)

1/2 ergy levels due to the Coulomb attraction, the diagonal
Hamiltonian matrix elements will change. We can take
the following states as the basis:

X(~L Lzd )+ ~d L&L, )

+ . )

~dloL10 —n) ~L L L )

where d, d
&

denote holes in the e orbital, and

d,„d &,d, denote holes in the tz orbital. The diagonal
Hamiltonian matrix elements from these states are

(d"
~

H
~

d" ) =0, reference,

(d"+'L
~

H
~

d" +'L ) =b, ,

(d"+ L ~H d" + L )=26, U,
(d"+ L

~

H
~

d"+ L ) =36,+3U,

~

cd"),
~

cd" +'L ),
~

cd" + L ),
~

cd' L' "),
where c denotes a core hole, and then the diagonal ele-
ments are

(cd"
i
H

i

cd") =E, ,

(cd" +'L
i
H

i

cd" +'L ) =E, +b —Q,
(cd" + L

~

H
~

cd" + L ) =E, +2(h —Q)+ U,
(cd" + L

~

H
~

cd" + L ) =E,+3(b —Q)+3U,

Here E, is the core-hole energy relative to the ionic lat-

20

where 6 is the energy required to transfer one electron
from the ligand 2p to the metal 3d states,

(a)
16- C

2+
2Q/T=4

b, =E(d" +'L ) —E(d"),
and U is the effective Coulomb interaction between 3d
electrons.

If we define the one-electron mixing matrix element T
between the ligand and metal 3d levels,

T=(d. iH iL.)

=(d piH iL p)=(d r iH [L r)=
(assumed to be the same for both e and tz orbitals) then
the off-diagonal elements of the Hamiltonian are

(d"
~

H
~
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(d" + L
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H
~
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and all other off-diagonal elements are zero. The wave
function of the initial ground state can be determined by
diagonalizing the above Hamiltonian matrix and can be
written as

~
+G) =a

~

d")+b
~

d" +'L)

+c
~

d" +'L')+. . . +f ~

d "6" "),
with

I
& I'+ Ib I'+ + If I'=1.
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2Q/T=S

0

~ r r
LLj r
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-. 2Q/T';-8

r
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I

For Co +, Fe +, and Mn + compounds, we have to diag-
onalize 4X4, 5&5, and 6X6 Hamiltonian matrices, re-
spectively.

The eigenfunctions in the XPS final state with a core
hole can be calculated in a similar way, but since the core
hole created in the photoionization pulls down the 3d en-

FIG. 1. Theoretical curves for cobalt compounds from the
cluster model calculation as a function of b /T for 2Q /T =4, 5,
6, 7, and 8. (a) Energy differences of satellites relative to the
main peak in units of T. (b) Relative intensities of satellites to
the main peak. The dashed line is for the first satellite, the solid
line is for the second satellite, and the line in the inset is for the
third satellite.
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tice, and Q is the effective core-hole —3d-electron
Coulomb attraction. Q, as defined above, is positive and
lowers the energy of the charge-transferred states relative
to the

~

d") state. We assume that off-diagonal elements
remain the same as in the initial state, i.e., the change in
the hybridization energy produced by the core hole is
neglected.

Now with eigenfunctions of the initial ground state and
the final states with a core hole obtained as above, we can
get the XPS spectrum using the sudden approximation
for photoionization cross section:

10—n +1
p(E, ) ~ g [ (+,

~

ce, ) ['5(A'~ —e„—Z, ) .
i=1

Here %co is the photon energy, ck the kinetic energy of

the photoelectron, and E; the final-state eigenenergies of
the (N —1)-electron system with a core hole.

~

c+G)
represents the state obtained by annihilating a core elec-
tron in the ground state keeping other orbitals "frozen. "
This equation gives positions and intensities of possible
core-level XPS peaks. Depending on the parameter
values of b„T, U, and Q, the energy separations and in-
tensity ratios of various peaks will change.

To facilitate a search for best parameter values that fit

the experimental spectra, we make plots of line positions
and intensities as a function of b, T, U, and Q for each
case of d (Co +), d (Fe +), and d (Mn +)
configurations. These are shown in Figs. 1, 2, and 3. In
Fig. 1(a), we plot the energy separations of the first,
second, and third satellites from the main peak (lowest-
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FIG. 2. Theoretical curves for iron compounds from the
cluster model calculation as a function of 6/T for 2Q/T=4, S,
6, 7, and 8. (a) Energy differences of satellites relative to the
main peak in units of T. (b) Relative intensities of satellites to
the main peak. The dashed line is for the first satellite, the solid
line is for the second satellite, and the line in the inset is for the
third satellite.

FIG. 3. Theoretical curves for manganese compounds from
the cluster model calculation as a function of 6/T for
2Q /T =4, 5, 6, 7, and 8. (a) Energy differences of satellites rela-
tive to the main peak in units of T. (b) Relative intensities of sa-
tellites to the main peak. The dashed line is for the first satel-
lite, the solid line is for the second satellite, and the line in the
inset is for the third satellite.
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binding-energy peak) for cobalt dihalides. (There are
four final-state eigenstates. ) The intensities of these satel-
lites relative to the main peak are plotted in Fig. 1(b). In
both figures, all energies are in units of T and we assumed
U/Q=0. 7 as in previous calculations. We took the
parameter range representative for cobalt dihalides CoFz,
CoClz, and CoBrz. Similar figures for iron and man-
ganese compounds are shown in Figs. 2 and 3. There are
four satellites for iron dihalides and five for manganese
dihalides, but intensities of these other than the first three
are negligibly small. Therefore, in Figs. 2(b) and 3(b), we
plot only the intensities of the first, second, and third sa-
tellites relative to the main peak.

IV. RESULTS OF THE FIT AND ANALYSIS

We first decompose the experimental 2p3/Q spectra into
a sum of two or three Lorentzians. [For cobalt com-
pounds, Fig. 1(b) shows the third satellite can have an ap-
preciable intensity in some parameter range, but it turns
out that for all three cobalt compounds we consider here,
the parameter values are outside this range. ] We list the
resulting binding-energy differences and intensities of sa-
tellite peaks relative to the main peak for each compound
in Table I. Here the intensity ratio is obtained by the
area under the peak. We then try to obtain these energy
separations and intensity ratios by varying parameter
values of b„T, U, and Q. But here we impose an impor-
tant restriction —we keep the values of T, U, and Q fixed
for a given cation (transition-metal ion) and vary only 5
depending on the ligand. The reason is that we expect
the d-d Coulomb interaction energy U and the core-
hole —d-electron Coulomb attraction energy Q to be
essentially independent of ligands because these are most-
ly determined by atomic parameters. The hybridization
T between metal d level and ligand p level may well vary
depending on the ligand, but it is also found to be essen-
tially constant ' because of the canceling effect between
the lattice parameter and the ligand wave-function radial
extent. On the other hand, the charge-transfer energy
will depend strongly on the ligand because of different
ligand electronegativity values. Hence, we assumed the
values of three parameters T, U, and Q the same for a
given transition-metal element, but changed 6 to fit the
experimental satellite positions and intensities for all
three ligands. It is by no means a priori clear that this
procedure is possible. The fact that it is possible and we
get parameter values which are reasonable and show the
expected chemical trends gives us the confidence that we
understood the basic physics on the origin of 2p core-
level satellite structure.

We will illustrate how these parameter values are
determined by showing an example of a cobalt dihalide
case. The relative intensities of the first and second satel-
lites in CoClz are 48% and 10%%uo, respectively, from Table
I. This puts Q/T=3. 5 and 6/T=2. 5 from the theoreti-
cal intensity curves of Fig. 1(b). Since the energy separa-
tion of the first satellite from the main peak with these
parameter values is given by hE/T=3. 1 from Fig. 1(a),
this gives T a value of 1.8 eV by comparing with the ex-
perimental value of hE. This also gives about the correct

C

D

V)

UJ

g P

-i5
) I

-io

RELATIVE KINETIC ENERGY (~V)

lO

FIG. 4. Fits of the cluster model results with the experimen-
tal 2p3/p spectra of the cobalt dihalides. The parameters used
are listed in Table II. A Lorentzian broadening is 2.7, 3.2, and
4.4 e& for CoClz, CpBr~, and CoFz, respectively, and a Gaussian
broadening of 1.2 eV (FWHM) was used.

second-satellite energy separation. Now for CoFz and
CoBrz, we follow the curve with Q/T =3.5 and change
only 6/T in Fig. 1 to get the satellite intensities and ener-

gy separations consistent with the experimental values in
Table I. This procedure gives 6/T=4. 5 for CoF& and
6/T=1. 5 for CoBr~. We follow similar procedures for
iron and manganese dihalides as well.

We show the best fits for cobalt, iron, and manganese
dihalides from this procedure in Figs. 4, 5, and 6, respec-
tively, combining the experimental spectra (dots) and the
theoretical curves (solid lines). We included the Gaussian
broadening of 1.2 eV fu11 width at half maximum
(FWHM) for instrumental resolution, and various
amounts of Lorentzian broadening to mimic lifetime and
multiplet effects. We see that the agreement between
theory and experiment is very good for all the com-
pounds, considering many restrictions on the fit pro-
cedure.

In Table II we list values of the parameters 6, U, T,
and Q for these best-fit results. We also included the
ground-state 3d electron occupation number ( nd ) in the
last column. To see the trends as we change cations more
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TABLE I. Energy positions and intensities of satellites relative to the main peak obtained by decom-
position of experimental spectra. AE denotes the binding-energy difference between the main and satel-
lite peaks, and Is and I denote the intensity of the satellite and main peaks, respectively.

Transition
Metal Compound

First satellite
AE (eV) Is ~I~

Second satellite
SE (eV) Is ~I~

Co CoF2
CoC1&

CoBr&

5.8
5.6
5.4

0.18
0.48
0.51

9.4
8.7

0.10
0.18

Fe FeF2
FeC12
FeBr,

6.0
5.4
5.2

0.10
0.42
0.48

8.6
8.3

0.03
0.12

Mn MnF2
MnC12
MnBr2

6.4
5.4
5.2

0.06
0.28
0.38

clearly, we include in this table the parameter values for
copper and nickel dihalides determined in Refs. 2 and 24.
The mixing matrix element T for bromides has been
changed slightly to get better fits, but it is of minor im-
portance.

We observe the following trends from this table. First

for a given transition-metal element, the charge-transfer
energy strongly depends on the ligand, and the values are
in the order 6„&Ac~ g AB, for all cations. This is as ex-
pected from the electronegativities of these halides.
Secondly, the Coulomb energies Q and U (U=0.7Q was
assumed throughout the series) increase as we go from

FeFz MnF~

g e

c

D

V)

hJ

Z

c

O

V)
R
VJ

MnC I

Fe

-lp -5 0 5

RELATIVE KINETIC ENERGY {eV)
IP -15 - lO

RELATIVE KINETIC ENERGY {eVI

tQ

FIG. 5. Fits of the cluster model results with the experimen-
tal 2@3/2 spectra of the iron dihalides. The parameters used are
listed in Table II. A Lorentzian broadening is 2.8, 3.2, and 4.0
eV for FeCl„FeBr2, and FeF2, respectively, and a Gaussian
broadening of 1.2 eV (FTHM) was used.

FIG. 6. Fits of the cluster model results with the experimen-
tal 2@3/2 spectra of the manganese dihalides. The parameters
used are listed in Table II. A Lorentzian broadening is 2.6—3.0
eV, and a Gaussian broadening of 1.2 eV (F%'HM) was used.
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TABLE II. Parameter values and the ground-state 3d electron occupation number determined by
the fit of transition-metal dihalides 2p3/2 core-level spectra. 6, U, T, Q, and (nd ) denote the charge-
transfer energy, d-d Coulomb interaction energy, metal d —ligand p mixing matrix element, core-
hole —3d-electron Coulomb attraction energy, and the ground-state occupation number, respectively.

Transition
metal

Cu

Compound

CuF2
CuC12

CuBr,

4. 1

1.8
0.6

U (eV)

6.3
6.3
6.3

r (eV)

2.5
2.5
2.5

Q (eV)

9.0
9.0
9.0

(n, )

9.20
9.35
9.45

NiF2
NiClq
NiBr,
NiI&

6.5
3.6
2.6
1.5

5.0
5.0
5.0
4.5

2.0
2.0
2.0
2.0

7.0
7.0
7.0
7.0

8.14
8.29
8.39
8.53

Co CoF2
CoC1,
CoBr2

8.6
5.0
3.4

4.5
4.5
4.5

1.8
1.8
1.7

6.5
6.5
6.5

7.11
7.24
7.34

Fe FeF,
FeC12
FeBr,

9.3
4.8
3.0

3.9
3.9
3.9

1.6
1.6
1.5

5.6
5.6
5.6

6.16
6.26
6.41

Mn MnF2
MnClz
MnBr2

9.0
4.5
3.2

3.2
3.2
3.2

1,5
1.5
1.4

4.5
4.5
4.5

5.12
5.32
5.41

Mn to Cu. This is again expected due to the more local-
ized 3d wave functions of the later transition metals,
since Coulomb interaction tends to beeorne larger for
more localized levels. Thirdly, the ground-state 3d-level
occupation number (nd ) increases from F to Br, as ex-
pected from the increased covalency of the latter com-
pounds. The only trend that may be somewhat unexpect-
ed is the decrease of the T value as we go from Cu to Mn.
Since the 3d wave function is more extended in earlier
transition metals, T might be naively expected to in-
crease, rather than decrease, as we go from Cu to Mn.
However, lattice parameters also increase as we move
from Cu to Mn, and these two effects tend to cancel each
other. In fact, Mattheiss found from the band-structure
calculation on transition-metal monoxides ' that rnetal-
oxygen overlap and covalency parameters are essentially
constant for MnO, FeO, CoO, and NiO because of these
canceling effects. The reason for the decrease, rather
than being constant, of T values determined above is not
clear at the moment, but it is probably due to many
simplifications and neglected interactions of the model
Hamiltonian.

These parameter values should not be taken too literal-
ly. The parameter values of the model Hamiltonian may
depend on which experiments it tries to describe. How-
ever, for a given experiment, they should be consistent as
in Table II. Furthermore, these values are all within the
expected range of parameters from various other spec-
troscopies.

V. THE EFFECT OF THE LIGAND BAND STRUCTURE
AND THE CRYSTAL-FIELD SPLITTING

Although the cluster approximation was successful
enough to give us confidence that the basic physics for
the origin of satellite structures of these transition-metal

dihalides is understood, there are some improvements
that can be made in the model and the fit. For example,
in fitting the data with the cluster model, we had to intro-
duce a rather large Lorentzian broadening to mimic both
the lifetime and multiplet efFects. Also, the fit for the
shape of the peaks, especially on bromide compounds, is
less than perfect. To see if these can be improved by in-
cluding effects omitted in our cluster model, we have in-
vestigated the effects of the ligand band dispersion and
the crystal-field splitting 10Dq.

The band effec of the ligand states is incorporated by
dividing the continuous ligand band into discrete states
and solving a huge matrix equation for the Green's func-
tion in the time domain as recently introduced by Gun-
narsson and Schonhamrner. ' %e follow the scheme used
by Zaanen et al. to calculate 2p core-level spectra of
nicke1 dihalides by appropriately modifying matrix ele-
ments of the following Anderson-impurity Hamiltonian:

H; +H, = g [c D(c)+~ d d )
g, m, o.

Ud d d ~ d
mo

m', cr'

+ g [ V(E)d c, +H c ]
c, m, o

+ g (n, —1)Qd d
m, a

The 3d states in the cubic crystal field are split in energy
by 10Dq into a triplet and a doublet state, but we neglect
this difference in energy and treat them as degenerate
here. The physical meaning of each parameter and its
relevance to the cluster model should be obvious.

The basis states to be considered are restricted to the
following three types only. One is the discrete state
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~

d"), which has n =5, 6, and 7 for cations Mn +, Fe +,
and Co +, respectively. Then we consider the continuum
states

~

d" + 'E ), describing a single charge-transfer state
from the ligand level with energy E to the transition-
metal 3d level. Finally, the double charge-transfer con-
tinuum states

~

d" + EE') are considered. In principle,
states with a higher number of the charge transfer should
also be included. The cluster model calculation shows
that these states significantly influence the energies and
intensities of XPS final states through mixing effect, al-
though they themselves do not gain much weight. How-
ever, inclusion of these states in our impurity calculation
will make the matrices too large to be tractable, and we
chose to neglect them. This causes some deviation of the
parameter values (particularly T) determined by curve
fitting in the impurity model from those of the cluster
model where these higher charge-transfer states are also
included as discrete states. Since we intend in this section
only to demonstrate the influence of the band effect on
the peak shapes, it will probably suSce to do with only
these three sets of states. On the other hand, the parame-
ter values should be compared with caution.

Denoting each of these sets of states as
~
0),

~

E ), and

~

EE'), respectively, we get the following matrix ele-
ments of the Hamiltonian in the subspace:

(0
~

H
~

0) =0 (reference),

&E~H ~E)=S E, —
(EE'

~

H
~

EE') =2b+ U E E', ——

(0
i
H

i
E) =(Nd)' V(E),

[2(Nd —I)]'~ V(E) if E=E'=E"
(E

~

H
~

E'E" ) = [(N„ I)]'~2@(E")

if E=E' and E&E".

Here Nd is 5, 4, and 3 for Mn +, Fe +, and Co +, respec-
tively. All other matrix elements are zero. Since the
ligand bands of these compounds are mostly 3—4 eV
wide, we took the semielliptical band with a half band-
width B=1.87 eV in this calculation. This band was di-
vided into 21 discrete states yielding 253&(253 coupled
linear differential equation to solve. We followed the pro-
cedure in Refs. 10 and 23 to obtain the core-level spectral
intensity. The optimal parameters of the curve fit, except
for T, were found to be close to those determined in the
cluster calculation of the previous section for all the com-
pounds considered here. T values turned out to show sys-
tematic reduction of 10—20%, and this is a consequence
of considering only states with charge transfer of up to
two electrons.

An important observation from this impurity calcula-
tion result is the appearance of the asymmetric high-
binding energy tails on each peak, which improves the fit
in peak shapes for every compound. We do not rule out
rnultiplet structures as the origin of these asymmetric
peak shapes, but this calculation shows that the band

4/l
~~
C

O

I-
S
Ljj

-l5 -IQ -5 0 5

RELATIVE KINETIC ENERGY (eV)

IO

FIG. 7. A fit of the impurity-model result using T=1.4 eV,
6=2.8 eV, Q=6. 1 eV, and U=4. 7 eV with the experimental

2p3/2 spectra of the CoBr2, where the band with a half width
B=1.87 eV was divided into 21 discrete states. A Lorentzian
lifetime broadening of 0.8 eV and a Gaussian broadening of 1.2
eV (FWHM) were used.

VI. CONCLUSION AND OUTLOOK

Many models have been proposed so far for the origin
of the satellite structure in the 2p core-level XPS spectra
of 3d transition-metal compounds. Among these, the

effect can also give a dominant contribution to the asym-
metry of the peaks in these insulating compounds. The
value of the Lorentzian broadening to mimic lifetime and
multiplet effects is reduced by about a half compared
with the result of the cluster model fit. Another thing to
note is that the inclusion of the band effect seems to ac-
count for the uprise of the shoulder near the first satellite
in CoBr2. As shown in Fig. 7, the impurity model calcu-
lation gives an improved fit within the same parameter
range. A similar situation has been encountered in the
nickel dihalides 2p core-level XPS spectra.

Let us now briefly mention the effect of the 3d-level
crystal-field splitting 10Dq. In our cluster model calcula-
tions in Sec. III, we took into account the crystal-field-
splitting energy 10Dq when determining the ground-state
symmetry of transition-metal dihalides, while we neglect-
ed it when setting up the XPS model Hamiltonian. For
consistency, we should have included 10Dq when calcu-
lating XPS intensity as well. In the case of Co +, for ex-
ample, this results in the 6X6 Hamiltonian matrix to di-
agonalize instead of 4X4, and then two new satellites will
appear. We have actually performed the calculation with
the parameter 10Dq/T=0. 5 for Co + as a test case.
[For the compounds discussed here, 10Dq values are
about 1 eV (Ref. 32)]. We found that new satellites ap-
pear at the positions between the main and the first satel-
lite peaks, and between the first and the second satellites.
However, the relative intensities of these new satellites
are very small (less than 0.02) in the parameter ranges of
our interest. Also, other satellite peaks do not show
much change in position and intensity. This seems to in-
dicate that the crystal-field-splitting energy 10Dq does
not play a significant role in determining the 2p core-level
XPS spectra of these transition-metal dihalide com-
pounds.
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charge-transfer model of Larsson' and Sawatzky
et al. ,

' which takes into account the core-hole —3d-
electron Coulomb attraction in the final state, seems to be
the most suitable at least for heavy-transition-metal
dihalides. Unlike other models, which are concerned
mostly only with the energy separations of satellites, this
charge-transfer model accounts for the energy separations
and intensities of satellites quantitatively. The values of
the parameters of the model Hamiltonian are in reason-
able ranges and show consistent trends. Applying this
model we can get information on the valence-electronic
structures of the correlated electron systems by studying
their core-level satellites. Another piece of physics we
learned from the success of this model is that the screen-
ing response is important in the presence of a core hole
even for insulators. The importance of screening has
been generally realized for metallic systems, but not so
widely accepted for insulators as yet.

The question naturally arises whether this charge-
transfer model can explain satellite structures of all the
transition-meta1 core-level spectra. The answer unfor-
tunately seems to be a negative when we surveyed experi-
mental data from the published literature. For example,

CrC13 and CrBr3 2p XPS show satellites located at —15
eV away from the main line, which is too big an energy
separation to be explained by the charge-transfer model
with reasonable parameters. Even for compounds with
an Fe cation, K4Fe(CN)6 shows a 2p satellite at —14 eV
from the main line, again too far away to be a reasonable
charge-transfer satellite. Therefore, depending on the
ligands or cations, there seems to be different mechanisms
that give rise to satellite structures. In this connection it
may be worthwhile to mention the exciton satellite mech-
anism, which dominates over the charge-transfer satel-
lites when 6 is large, Q is small, and there are many emp-
ty 3d orbitals. Therefore, exciton satellites should be
prominent in early transition-metal compounds, which
seems to be consistent with experimental data.
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