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The electronic structure of MnO has been investigated using high-energy (x-ray photoelectron
and bremsstrahlung-isochromat) spectroscopies. An experimental gap of 3.9 eV is found. By com-
paring the experimental results to a configuration-interaction cluster model, values for the different
parameters in a model Hamiltonian are found [U=8.5 eV, A=8.8 ¢V, and (pdo)=1.3 eV]. These
parameter values place MnO in the intermediate region of the Zaanen-Sawatzky-Allen phase dia-
gram. By using the same parameters, the d-d forbidden optical-absorption energies can be calculat-

ed, and good agreement with experiment is found.

INTRODUCTION

MnO takes a special place among the 3d transition-
metal monoxides with the rock-salt structure because
Mn?" as a high-spin ion has five spin-parallel 3d elec-
trons, so that the spin subbands are either completely full
or completely empty. Because of this, spin-density-
functional band-structure calculations predict correctly
the insulating character of MnO (Refs. 1-4) in the mag-
netically ordered phase with a gap as large as 2.2 eV.>*
Although this gap is still smaller than the gap of 3.8 to
4.2 eV,> as measured with a photoconductivity experi-
ment it is much more satisfactory than the situation in
CoO for which no gap is obtained even with orbital polar-
ization. In a band-structure calculation, the long-range
magnetic order in MnO is responsible for the gap as
demonstrated by Terakura et al.! who find a metallic sys-
tem for the paramagnetic phase.

In all of these calculations the first electron removal
states in MnO are of primarily Mn 3d character, which is
quite different from estimates made using cluster-type
calculations and atomic trends.””® From these estimates
MnO falls in the intermediate region of the Zaanen-
Sawatzky-Allen (ZSA) phase diagram® with U (the d-d
Coulomb interaction) and A (the charge-transfer energy)
almost equal and both very large. That both U and A are
abnormally large is because of the extra stabilization of
the d> high spin configuration by Hund’s-rule coupling.
According to ZSA (Ref. 9) the first ionization state
should be an almost equal mixture of O 2p and Mn 3d
states for U ~A.

That the nature of the first ionization states is expected
to be quite different from the spin-density-functional
band theory predictions is also strongly suggested by
Svane and Gunnarsson.'® They found that by including a
self-interaction correction in the band-structure calcula-
tion the gap increases to 3.98 eV for MnO and 2.59 eV
for NiO, and, even more important, the 3d states move
into or even cross the O 2p band. The first ionization
states therefore are also found to be of highly mixed char-
acter, similar to the conclusions reached from cluster cal-
culations.

Because of the importance of the transition-metal
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monoxides as model systems to study electron correlation
effects we felt that a combined study of the valence and
conduction bands with x-ray photoemission spectroscopy
(XPS) and inverse photoemission spectroscopy
[bremsstrahlung-isochromat spectroscopy (BIS)] was
warranted. In this paper we present such a study, togeth-
er with a detailed analysis in terms of a configuration-
interaction cluster-model calculation. In addition, we
calculate the optical d-d transition with the parameters
obtained from a fit to the XPS and BIS measurements
and find good agreement with experiment. A similar cal-
culation, but limited to the valence-band spectrum, has
recently been published by Fujimori and co-workers,'!!2
whose conclusions were similar in some regards. We find
that MnO is in the intermediate regime of the ZSA (Ref.
9) phase diagram and, because of the large values found
for both U and A, MnO is a highly correlated insulator
with a gap of 3.9 eV.

EXPERIMENTAL DETAILS
AND SAMPLE PREPARATION

The XPS measurements were performed using a com-
mercial available “top hat” X-Probe 300 from Surface
Science Instruments. The x-ray source is a monochroma-
tized Al Ka (1486.6 eV) line. The background pressure is
in the low 107 !%mbar range and the used experimental
resolution is 0.9 eV. The BIS experiments and the mea-
surement of the gap were performed using a modified
Kratos 200 spectrometer, with a background pressure in
the low 10~ %mbar range. For BIS we use an Al Ka
(1486.6-eV) monochromator for phonon detection and a
home-built type of Pierce electron gun, capable of giving
electron currents of approximately 100 uA. The instru-
mental broadening is estimated to be 0.8 eV for BIS. BIS
measurements can be severely plagued by charging effects
because the electron current is quite high as compared to
XPS. To overcome the charging effects encountered, we
used a 1 at. % Li-doped MnO sample. The 1 at. % dop-
ing increases the conductivity considerably,!> and by
heating the sample up to 300°C the charging effects in
BIS could be overcome. The Li doping has, besides the
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increased conductivity, little effect on the XPS and BIS
measurements. The Li 1s core level is outside the
valence-band region, and the cross-section ratio of Mn 3d
compared to Li 2s is ~162,'* so that in the BIS experi-
ment the Li 25 level shows negligible intensity. All the
BIS measurements reported here were taken in several
scans, which were added afterwards. The samples were
checked before and after the BIS measurements with
XPS. For this we used an unmonochromatized Al Ko x-
ray source on the Kratos 200 spectrometer, which was
also used in measuring the gap. All the ceramics mea-
sured were scraped in situ with a diamond file.

MnO with 1% Li was prepared by the mixing in of the
proper amount of Li;MnO; in MnO. The stoichiometric
MnO was prepared by a slowly increased heating of
MnCO; in a H, atmosphere. The Li,MnO; was prepared
by heating the proper proportions of Li,CO; and Mn;0,
in oxygen. In the reaction between MnO and Li,MnO,
care must be taken to sustain an oxygen-free atmosphere;
otherwise, the reaction to higher manganese oxides
(Mn;0,) will dominate. All the phases and transforma-
tions were checked by x-ray diffraction. The x-ray-
diffraction data showed a homogeneous material with a
lattice parameter of a =4.4415 A. This is slightly small-
er than the lattice parameter of stoichiometric MnO
(@ =4.4450 A) (Ref. 15) and is the effect of the small
amount of Li doping. The lattice parameter change is
consistent with the lattice parameter change upon Li dop-
ing.’” The final sample is black and, on scraping,
mechanically hard.

RESULTS AND DISCUSSION
Core lines

The O 1s core line in Fig. 1 shows a single line with a
slight shoulder at high binding energy. This small shoul-
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FIG. 1. Oxygen ls core spectrum of 1 at. % Li-doped MnO.
The shoulder observed at high binding energy (532 eV) is most
likely due to a small amount of water, hydroxide, or defect
structure present at the grain boundaries. The energy zero is
the Fermi level.
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FIG. 2. Mn 2p;,, core spectrum of 1 at. % Li-doped MnO.
The energy zero is the Fermi level.

der is probably due to some absorbed water or defect
structure at the grain boundaries. The Mn 2p,,, core
line in Fig. 2 shows a satellite structure at about 6 eV
higher binding energy. These high-binding-energy satel-
lites are also observed in the other late transition-metal
oxides Co0,!%!” NiO,!® and CuO,' and also in the man-
ganese dihalides.?”?2 The higher-oxidation-state man-
ganese oxides do not show these high-binding-energy sa-
tellites.”>* The Mn 2p, ,, spectrum is comparable to the
one measured by Oku, Hirokawa, and Ikeda.?}

A simple model explaining the physical origin of the
high-binding-energy satellites in the core 2p;,, XPS of
late transition-metal oxides and dihalides is based on a
cluster approach, as is shown for CuO,'? and the Cu and
Ni dihalides.?>?® In the model the ground state is ap-
proximated by

¢, =ald®)+Bld°L) +y|d’L?) . (1)

The L stands for a ligand (O 2p) hole. In the final state
we have a Coulomb interaction Q between the created
core hole (¢) and the Mn d electrons. This pulls the c¢d 5L
and cd’L? final states down by Q and 2Q, respectively.
As a result of this Coulomb interaction Q, the final-state
levels cd® and cd °L are now close together or even invert-
ed. A similar situation occurs with the ¢d® and ¢d '°L
final-state levels in CuO. In CuO (Ref. 19) the ¢d® final
state with its characteristic multiplet structure is clearly
visible as the satellite line, and the main line is mostly
cd'°L. The intensity of the satellite line depends very
strongly on the values of the charge-transfer energy A,
the O 2p to Mn 3d hybridization energy 7T, the Mott-
Hubbard d-d Coulomb-interaction energy U, and the
core-hole 3d Coulomb interaction Q. By using a simple
model with a limited number of states Oh?® and Park
et al.?' analyzed the manganese dihalides and found
values of U =3.2 eV, T=1.5eV, Q =4.5¢eV, and A, de-
pending on the halide, between 3.2 and 9.0 ¢V. In their
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analysis it is assumed that U, Q, and T are the same for
the different dihalides. In MnO we find, after a back-
ground correction, an intensity for the first satellite line
of ~9%, and if we analyze MnO by using their Fig. 3 in
Ref. 21 for A/T and Q/T we estimate a A value of
around 8 eV which is very close to the value of MnF,.

Valence and conduction band

The valence-band spectrum is similar to other XPS
measurements'!? and angle integrated ultraviolet photo-
emission spectroscopy measurements.?””?® The valence-
band spectrum consists of the sharp peak labeled (B) (see
Fig. 3) with shoulder (A) at the lower energy side, a
broad structure (C), and the high-binding-energy satellite
(D) at 10.5 eV. It has been claimed!? that the high-
binding-energy satellite (D) is not an intrinsic part of the
MnO electronic structure, but due to defect structure,
impurities, or absorbed oxygen or hydroxide. It cannot
be due to a Mn;0, impurity phase or defect structure at
the grain boundaries because this high-binding-energy sa-
tellite is not seen in the XPS valence band of 1 at. % Li-
doped Mn;0,.2* As we will show below, we find this
structure to be an intrinsic part of the 3d electron remo-
val spectrum. This is supported by resonant photoemis-
sion experiments?’ in which one observes a resonance at
this energy indicating Mn 3d admixture at this high bind-
ing energy. The conduction band shows a slowly rising
structure attributed to the empty Mn 3d states present.
The only visible effect of the 1 at. % Li doping in the con-
duction band could be the weak tail entering the gap as is
also found in Li-doped NiO.?

For determining the gap the top of the valence band is
taken to be at 50% of the intensity of the shoulder la-
beled (A4). This shoulder is more clearly visible in
higher-resolution data.?”»?® For the conduction band it is
more complicated. We take the end of the gap here at
10% intensity of the rising Mn 3d structure. To this we
add the energy difference of a Cu reference sample in go-
ing from 10% to 50% intensity of the Cu 4sp states. This
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FIG. 3. XPS valence-band and BIS conduction-band mea-
surements of 1 at. % Li-doped MnO. The energy zero is the
Fermi level.
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is 0.4 eV, half of the resolution of our BIS spectrometer.
We ignore here the tail entering the gap. Using the above
procedure we find a gap value of 3.91+0.4 eV, in good
agreement with a photoconductivity experiment of Drab-
kin et al.® who find a gap of 3.8 to 4.2 V.

Interpretations of valence and conduction bands

Before we discuss our own calculation we first discuss
some published interpretations. One of these used by
Eastman?®? is based on ligand field theory. The structures
labeled ( 4) and (B) in the valence band (see Fig. 3) are
ascribed to the d* multiplet structure in a cubic ligand
field. They start from the ground d>(°4 1¢) State obtained
by filling the ¢,, and e, majority spin levels. Assuming
that the first electron-removal state is a Mn 3d state the
possible final states are d* STZg and SEg symmetry states
as shown in Fig. 4. The splitting of these states is the
combined crystal and ligand field splitting. The predicted
intensity ratio 3/2 is close to what is observed for the
peaks labeled (B) and (A4) in Fig. 3. Such a simple pic-
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FIG. 4. (a) XPS valence-band spectrum of 1 at. % Li-doped
MnO with ligand-field interpretation, the energy zero is the Fer-
mi level; (b) band-structure calculation in the AF II ordering,
the 3d partial density of states is taken from Fig. 4(a) of Ref. 1,
the occupied density of states is aligned with the top of the
valence band; (c) configuration-interaction cluster results of
Fujimori et al. (Ref. 12), the O 2p spectral weight is indicated,
the dashed line is a background added. The vertical bars indi-
cate the position and intensity of the final states.
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ture, however, makes it difficult to explain the broad
structure (C) and high-binding-energy satellite (D).
Similar to the electron-removal states, ligand field theory
predicts two d° final states for electron addition. These
are again of 5T23 and SEg symmetry with an intensity ra-
tio of 3/2. In the ligand-field picture the splitting within
the electron-removal and electron-addition final states
should be the same and this should be equal to the
ligand-field splitting in the ground-state d°> configuration.
It is quite clear that a splitting of 1.9 eV, as seen in the
XPS, is too large to explain the BIS spectrum and also
too large to explain the optical data in the ligand-field
picture.’®3! This discrepancy makes clear the need for a
configuration-interaction approach in which the energies
of states are strongly occupation dependent.

An opposite approach to the localized ligand field
description is one-electron band theory, in which each
electron is assumed to occupy an itinerant Bloch state.
Band-structure calculations with the actual antiferromag-
netic (AF II) ordering! ™* yield fully occupied majority-
spin Mn 3d bands split from the empty minority-spin
bands by a gap of 1.3 eV (Refs. 1 and 2), or, in a more re-
cent calculation, 2.2 eV.»* The widths of these bands
are, respectively, about 2.5 and 2.6 eV and they are split
in #,, and e, character states. In the valence band the
band-structure calculation can, at first sight, explain the
structures labeled ( 4) and (B) [see Fig. 4(b)]. In the con-
duction band, the bandwidth is approximately the same
as the width of the empty minority-spin band in the
band-structure calculation. There is actually a good
correspondence between the assignments made by
ligand-field theory and band-structure theory. This is
due to the closed-shell structure of the majority-spin d°
Mn?" ion; the multiplet structures of the allowed d°—d*
and d°*—d® transitions are identical to the occupied and
unoccupied one-electron Mn 3d levels. The band-
structure calculations cannot explain the broad valence-
band structure labeled (C) and the high-binding-energy
satellite (D) nor the significantly larger experimental gap
measured. This is a problem also encountered in the oth-
er late transition-metal oxides."? By including a self-
interaction correction in the local-spin-density band-
structure calculations a realistic value of 3.98 eV for the
gap of MnO is found'® and the 3d states move into or
even cross the O 2p band causing the first ionization
states to be of very mixed character.

A different approach for describing the electronic
structure of MnO was published by Fujimori and co-
workers,!"12 who used a configuration-interaction calcu-
lation similar to the one we will present in the next sec-
tion. We have reproduced their results in Fig. 4(c). Al-
though their results look quite good at first sight, we have
a few objections. They cannot explain the structure at
10.5-eV binding energy and they require the intensity of
the oxygen 2p band to be three times as strong as that
given by the cross-section ratio of Mn 3d -0 2p. 1

Configuration-interaction cluster calculation

To determine values for the various interactions in-
volved we compare the results of the cluster calculation
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with the experimental data. From the calculation we
want to obtain (a) the Mn 3d electron-removal spectral
weight, to be compared with the valence-band XPS; (b)
the character (symmetry, spin, and orbital composition)
of the ground state and first ionization states; (c) the Mn
3d electron addition spectral weight to be compared with
the measured conduction band. The model calculation
uses a MnOg cluster and a model Hamiltonian given by

H=Hy,+H, , )

Hy=3 E,(m)d}d,+3 E,(mp}p,

+3 To(m)d}p, +phd,) 3)
m
H='S U(mm',n,n")d)d,dd, . 4)

The indices m, m’, n, and n’' denote orbital and spin
quantum numbers. We include all the Mn 3d orbitals but
only the oxygen orbital combinations that can hybridize
with the Mn 3d orbitals. As a “vacuum” we take the
Mn?" (d®) Hund’s rule ground state (°S as a free ion,
6A1g in 0, symmetry) and a closed-shell oxygen 2p°.
The operator d,‘; creates a Mn 3d hole with energy
E;(m). We have included a point-charge crystal-field
splitting (10Dgq), which splits the 3d orbitals in a double
degenerate e, hole level at E;(e,)=E,;—(6Dgq) and a tri-
ple degenerate t,, level at E,(t,,)=E;+(4Dq). The
value used for (10Dg) [(10Dg)=0.7 eV] is equal to a
value found in an impurity calculation’? and a cluster cal-
culation® of the optical spectrum of NiO, which are both
consistent with the experimental data. This value is also
used in a similar cluster calculation of the CoO 3d addi-
tion spectral weight describing the conduction-band BIS
experiments.'’

The operator p,, creates an oxygen 2p hole with energy
E,(m). The ligand hole wave functions consist of linear
combinations of oxygen 2p orbitals with the appropriate
(d orbital) symmetries. The nonbonding ligand wave
functions are not included. The Slater-Koster®> oxygen
nearest-neighbor interactions (ppo) and (pp) split the
oxygen states in a double degenerate level with e, symme-
try at E,(e,)=E,+(ppo—ppm) and a triple degenerate
level with 7,, symmetry at E,(e,,)=E,—(ppo—ppm).
The value of (ppo —ppr) is governed by the width of the
oxygen band in MnO (~4 eV).?’

The last term of H|, describes the one-particle hybridi-
zation between the Mn 3d states and the ligand orbitals.
T,,; is the transfer integral for Mn 3d -0 2p hybridiza-
tion. This is written in terms of Slater-Koster*> (pdo)
and (pd ) transfer integrals. The transfer integral (pd )
is according to Harrison* taken to be
(pdm)=—0.45(pdo). We define A as the energy needed
in the ground state for removing an O 2p electron to the
empty Mn 3d orbitals (A=E, —E,).

H, describes the two-particle 3d Coulomb and ex-
change interactions U. The calculation includes the d-d
Coulomb and exchange interactions using the full atomic
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multiplet theory as fully specified in terms of the Racah
A, B, and C parameters. For the B and C parameters the
unscreened atomic values of Mn?* are taken.®

In this Hamiltonian we have neglected the Mn 4s,4p
levels and the empty O 3s,3p bands. These levels are as-
sumed to be at high energy so that their influence
through hybridization can be treated as a renormaliza-
tion of the effective parameters. We also neglect the O-O
Coulomb interaction.

To reduce the size of the problem we omit the charge-
transfer states with three ligand holes (d3L3) or more in
the calculation of the ground state (five holes) because
these states are high in energy. In the electron-removal
spectrum we omit in the final states for the same reason
the charge-transfer states with four ligand holes or more;
and in the electron-addition spectrum, the charge-
transfer states with three ligand holes or more. The
many-body Hamiltonian is solved exactly by means of a
continued-fraction expansion of the Green’s function,
giving directly the electron-removal or -addition spectra.

In our calculation of the valence-band and
conduction-band electronic structure we treat three pa-
rameters as free variables. These are the Racah A pa-
rameter, which is the monopole part of the d-d Coulomb
interaction, the on-site manganese to oxygen charge-
transfer energy A, and the manganese oxygen charge-
transfer integral (pdo ). The parameters are varied with
the following criteria: (a) to reproduce in the valence
band a 5Eg to 5T2g final-state splitting of 1.9 eV, to ex-
plain the experimentally observed structures ( 4) and (B)
(Fig. 3), (b) a high-binding-energy satellite around 10.5 eV
with an intensity of 10% as compared with the maximum
intensity at 3.9 eV, and (c) a calculated gap of more than
5 eV to take the dispersional broadening due to transla-
tional symmetry into account.

In Fig. 5 we compare our calculated result with the ex-
perimental valence band. The broad structure (C) in the
experiment is much more intense than found in the calcu-
lated 3d spectral weight. However, we expect oxygen-
derived states at this position and should add about 18%
of the 3d spectral weight in this region based on the
cross-section ratios between Mn 3d and O 2p.'* Now
theory reproduces all the characteristic features of the ex-
periment. Our parameters are listed in Table I.

In Fig. 5 we also show separately the E, and T, sym-
metry final states reached by the removal of a ¢,, or e, 3d
electron. The splitting of the first ionization states of the
E, and T,, symmetries is equal to the ligand-field and
band-structure interpretations. In addition to the 5Eg
and 5T2g final states there are also 7Eg and 7T2g final
states, as indicated in Fig. 5. They appear because we
have d°L states mixed in in the ground state; the
transferred sixth d electron is now photoionized, leaving
behind a d°L final state with five majority spins and a
parallel L spin. This state can only hybridize with the
d®L? final states but not with the d* final states. They
are therefore mainly d’°L like with a small amount of
d®L? mixed in.

In the conduction band we find two states of mainly d°®
character split by 1.0 eV into 5T2g and 5Eg symmetry
states. The magnitude of the splitting of these two states
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FIG. 5. The XPS valence-band spectrum (top, expt) as com-
pared to the result of the 3d electron-removal spectral weight
(top, theory). The vertical bars indicate the position and inten-
sity of the final states. The dashed line indicates an oxygen band
(4 eV wide) of 18% intensity as compared with the 3d removal
spectral weight. In the bottom part we show the spectral weight
for removing a t,, or an ¢, 3d electron. The energy zero is the
Fermi level.

is smaller than the splitting found in the valence band.
The magnitude of this splitting is mainly determined by
the point-charge crystal-field parameter (10Dgq)
[(10Dg)=0.7 eV]. A hybridization contribution is added
to this, but this added contribution is small and not very

TABLE I. Parameters used in our model Hamiltonian cluster
calculation as compared to the parameters of Fujimori et al.
(Ref. 12).

Parameter This work (eV) Fujimori et al. (eV)
Racah 4 3.9 7.3
Racah B 0.12 0.12-0.14
Racah C 0.41 0.41-0.46
A 8.8 7.0
(pdo) 1.3 0.9
(pd ) —0.6 —045
(ppo) —0.55 0
(pp) 0.15 0
(10Dgq) 0.7 0
U=A4+14B +7C 8.5
U=4—-YB+]C 7.5
E,., 5.3
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sensitive to different parameters [(pdo ), 4,A] because
the d° final states can only hybridize with d’L final states
that are 4 +A (~11 eV) higher in energy. In Fig. 6 we
show our calculation and the BIS spectrum. We have
added a background to the calculated spectrum to de-
scribe inelastic electron-loss processes. The intensity of
the background at a certain energy is proportional to the
integrated intensity of the 3d addition spectral weight up
to that energy.

Before we discuss the results we first look at the effects
of different parameters. If we take (pdo)=1.0 eV, we
find that the intensity distribution of the 3d removal spec-
tral weight is still the same, but is now spread over a
much smaller energy range [see Fig. 7(b)]. To spread the
calculated 3d removal spectral weight over the measured
energy range we need (pdo)=1.3 eV. If we change the
difference between U and A by changing A with *1 [see
Figs. 7(c) and 7(d)] we find strong changes in the intensity
of the higher-binding-energy features (C) and (D). The
intensity of the high-binding-energy features increases
when A decreases, which is a result of the increase of d
character in these high-binding-energy features. The first
ionization states will have more d°L character mixed in.
These changes limit the difference between U and A con-
siderably; we take A=8.8+0.5 eV. The Racah A4 param-
eter (=39 eV) determines the value of U
(U=A +14B +7C =8.5 eV). We calculated a theoreti-
cal gap of 5.3 eV.

In comparing our results with those of Fujimori we
first point out a difference in the definition of U. We have
defined U in terms of the lowest Hunds rule state in each
case d""!, d", and d""l. For Mn?t, Uy
= A +14B +7C. Fujimori et al.'? define U in terms of
the multiplet average in each case U,, =4 —B +1C.

Intensity

Energy (eV)

FIG. 6. The BIS valence-band spectrum (top) as compared to
the electron-addition spectral weight (bottom). The dashed line
is the inelasticly added background as described in the text.
The two different final-state symmetries are indicated. The en-
ergy zero is the Fermi level.
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FIG. 7. The effect of different parameters on the 3d electron-
removal spectral weight. (a) The standard parameter set of
Table I. (b) (pds)=1.0 eV instead of 1.3 eV. (c) A=7.8 eV in-
stead of 8.8 eV. (d) A=9.8 eV instead of 8.8 eV.

For B =0.12 and C =0.41 they find U,,~ A4 =7.5 eV for
Mn, Uyg =U,, +4.55 eV. That they require such a large
U value as compared to ours is at least partly due to their
neglect of higher-order states. The photoemission
features ( A) and (B) in Fig. 3 are explained by them in a
different way. The states in the shoulder [see Fig. 4(c)]
are photoemission final states of mainly d>L character
and in the main peak at 3.9 eV of mainly d* character.
The splitting in the d® electron addition final states is,
with 10Dg =0 eV, around 0.2 eV, too small to explain the
broad empty structures seen.

We find U~A, which indicates that MnO should be
placed in the intermediate region of the ZSA phase dia-
gram.” Although we find a large A, MnO is not com-
pletely ionic. The ground state contains 14% d°L and
1% d’L? states (see Table IT). The hybridization between
the d* and d>L final states is very strong because these
states are close together (A~ U). This makes the first
ionization states of °E, and ° T,, symmetry of very mixed

g
character (see Table II).
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TABLE II. Occupation numbers of the ground state and first
two ionization states of MnO.

Ground state Ionization states

6A I SEg STZg

d’ 0.85 d* 0.42 0.52
d°’L 0.14 d’L 0.50 0.42
d’L? 0.01 dSL? 0.08 0.06
d’L? 0.00 0.00

We can compare our parameters to the one estimated
from Mn 2p; , core spectra and listed in the part discuss-
ing the core lines. The value for U is quite different, but
this is a result of the fact that our U is defined as
d’d>—d®d* and that in the 2p core line U is defined as
d%d°—d’d®. The difference between these two
definitions is the large exchange contribution of the d°
ion. Our Racah parameters would give for the
d®d®—d’d* a value of U=3.0 eV, almost the same as
the value (U =3.2 eV) from the core line analysis. Before
we compare the transfer integral T we should first define
T in terms of Slater-Koster>> parameters. For the e,
symmetry orbitals this would give T=V3(pdc)=2.2 eV.
The value of T tabulated by Oh?° and Park et al.?! and
listed is, however, a mean value between t,, and e, sym-
metry orbital hybridizations. The values of A found in
both ways are quite comparable. A problem with the
core line analysis is that one determines A by determining
A—Q and then use Q =4.5 eV on the grounds of the rela-
tion U =0.7Q. The problem now is which definition one
should take for U. It might be better to use the monopole
part of the Coulomb interaction instead of U, so
A =0.7Q. This will change the values for U, A, T, and
Q, but not by much, because A4 is only slightly larger
than the U used. In general, we conclude that the param-
eters we find in the configuration-interaction cluster mod-
el are consistent with the parameter values found from a
Mn 2p;, core line analysis, provided the different
definitions are taken into account.

Optical absorptions

Within the MnOg cluster we also calculated the
dipole-forbidden optical intra-atomic d -d transitions us-
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ing the parameters obtained from the XPS-BIS experi-
ments. We compare (see Table III) our calculated ab-
sorption energies with measured absorption energies.3%3!
The optical-absorption spectra have in a ligand-field pic-
ture always been explained by using reduced B and C pa-
rameters. This has been explained as a result of the
reduction of the 3d component in a molecular orbital as
compared to a pure 3d orbital. We calculated the optical
absorptions by using the same parameters as those deter-
mined from the fit on the valence- and conduction-band
spectra, thereby using the free-ion Racah B and C param-
eters of Mn2".3 The calculated positions and the mea-
sured absorptions agree quite well for the first three lines
and are shifted over 0.2 eV for the next two. The ap-
parent reduction of the Racah B and C parameters men-
tioned above is, in the cluster configuration-interaction
calculation, incorporated through the Mn3d-O2p hy-
bridization, which is symmetry dependent. The positions
of the absorptions are therefore very sensitive to the
Slater-Koster®>® hybridization parameters (pdo) and
(pd). For example, as shown in Table III, some multi-
plets are shifted much more than others, upon switching
on the hybridization. The *T 1¢ State originating from the
4P multiplet hardly changes because of the small effective
transfer integral. The fact that we use the same value for
(pd o) as in the XPS and BIS analyses could indicate that
the hybridization in the ground state is equal to the hy-
bridization for the XPS final states.

CONCLUSIONS

We have presented experimental data on the unoccu-
pied electronic structure of MnO. By using a combina-
tion of XPS and BIS, an experimental band gap of
3.9+0.4 eV is found, in good agreement with photocon-
ductivity experiments. The band gap is caused by strong
correlation effects, which are also responsible for the
breakdown of the one-electron picture. These strong
correlation effects can be taken into account by using a
configuration-interaction cluster model. The -cluster-
model calculations give with a reasonable parameter set a
good representation of the experimental data. The pa-
rameters found [A=8.8 eV, U =8.5 eV, and (pdo)=1.3
eV] are consistent with parameters obtained from an
analysis of the Mn 2p;,, core lines in the dihalides and
the monoxide after taking into account the different

TABLE III. The d-d optical transitions of MnO calculated with the parameters of Table I and compared with the experimental
values of Pratt and Coelho (Ref. 30) and Huffman, Wild, and Shinmei (Ref. 31).

Symmetry state

Measured optical absorption

Calculated optical absorption

Ref. 31 Ref. 30 (pdo)=1.3 eV (pdo)=0 eV

(eV) (eV) (eV) (eV)
‘T, (*G) 2.0 2.1 2.01 2.78
4Ty, (*G) 2.6 2.6 2.56 3.14
‘4, (*G) 2.95 2.95 2.94 3.25
‘E, (*G) 2.95 2.95 2.95 3.25
4T,, (*D) 3.25 3.50 3.94
‘E, (*D) 3.5 3.69 4.09
‘T, (*P) 4.20 4.12
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definitions. The high-binding-energy satellite (D) at 10.5
eV in the valence band can be very well reproduced in the
cluster calculation and is not caused by impurities, de-
fects, or contaminations, as previously proposed. We find
that MnO, because U and A are comparable, should be
placed in the intermediate region of the ZSA phase dia-
gram. As a consequence, the first ionization states are of
very mixed character. By using the parameter set found
in the XPS-BIS analysis we can also predict the Mn d -d
forbidden optical transitions and find good agreement
with experimental d -d absorption energies.
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