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Electronic structure of MnO studied by angle-resolved and resonant photoemission

Robert J. Lad* and Victor E. Henrich
Applied Physics, Yale University, P.O. Box 2757, Rem Haven, Connecticut 06520

(Received 4 April 1988)

Results are reported from angle-integrated, angle-resolved, and resonant photoemission measure-

ments on cleaved MnO single crystals using synchrotron radiation. Normal-emission spectra from a

cleaved (100) surface indicate that the relative dispersion of Mn 3d states in the valence band is less

than +0. 1 eV along I —5-X in the Brillouin zone, which supports the view of highly localized 3d
electrons on the Mn + cations. The results of polarization-dependent and off-normal-emission mea-

surements are also consistent with a localized Mn 3d orbital picture. To explain the presence of sa-

tellite photoemission peaks, a hybridization between Mn 3d and 0 2p valence states must be in-

voked. The degree of hybridization is evident from resonant-photoemission measurements at the

Mn 3p~3d absorption threshold. The antiresonant behavior of the 3d-derived states near the top
of the valence band in constant-initial-state spectra suggests that MnO is a charge transfer rather
than a Mott insulator. The experimental results are discussed in the context of recent cluster and

band theories which have been proposed to explain the insulating nature and electronic structure of
MnO.

I. INTRODUCTION

The insulating nature of MnO and the other antiferro-
magnetic transition-metal monoxides (i.e., FeO, CoO, and
NiO) was originally explained by the Mott-Hubbard
theory, ' which asserts that the d-d intra-atomic Coulomb
energy in these materials is much greater than the 3d
bandwidth, thereby giving rise to a gap between the filled
and empty states in the 3d band. Although it has been
generally recognized that electron-electron correlation
effects are of central importance in explaining the elec-
tronic structure of these materials, there has recently
been controversy concerning not only the magnitude of
the Coulomb interaction but, also more fundamentally,
whether the insulating gap is of cation 3d ~cation 3d or
of anion 2p~cation 3d character. Calculations of
the electronic properties of the rocksalt monoxides have
been performed in the framework of two seemingly con-
tradictory approaches: a single-particle band theory
and a more localized electron picture that includes
configuration interactions between hybridized 3d and
ligand orbitals. ' ' Both methods seem to provide re-
sults that are in agreement with many of the experimen-
tal observations.

One of the earliest calculations of the nonmagnetic en-

ergy band structure of MnO by Mattheiss incorrectly
predicted a metallic ground state. By including antiferro-
magnetic interactions, Wilson and Andersen et al. '

were able to produce a gap within the 3d band although
their calculations were not self-consistent. Recently,
Oguchi et al. " performed self-consistent augmented-
spherical-wave band calculations which included a treat-
ment of exchange and correlation within a local-spin-
density formalism. Their results show that the band
structure is strongly dependent upon magnetic ordering
and, in particular, that MnO is an insulator when the an-
tiferromagnetic ordering is along the [111]direction, as is

observed experimentally. ' Their calculations also indi-
cate that an insulating gap is retained when MnO is in
the paramagnetic state at room temperature. The impor-
tant result of their work is that a conventional band gap
can be created within the 3d band of MnO without ex-
plicitly utilizing the Mott insulator concept.

A fundamentally different view of the electronic struc-
ture of MnO and the other rocksalt transition-metal
monoxides is based on highly localized electron behavior,
and calculations have been performed using cluster
theories. Fujimori et al. ' successfully simulated the
valence band photoemission spectrum of NiO by consid-
ering configuration interactions (CI's) within a (Ni06)'
octahedrally coordinated cluster. Hybridization between
3d and ligand orbitals was taken into account, and the
relative intensities of the photoemission final states were
calculated for different configurations of the transition-
metal ion, including the atomic multiplet structure. The
most intense features in the valence band photoemission
spectrum were found to be associated with ligand-to-
metal charge transfer screening of the d holes. Based
upon these results, the insulating gap in NiO is interpret-
ed as a ligand 2p~metal 3d charge transfer gap rather
than the traditional 3d~3d Mott-Hubbard gap. ' For
MnO, the CI cluster calculation by Fujimori' suggests
that the charge transfer energy may be about the same
magnitude as the Mott-Hubbard gap. Zaanen et al.
have expanded the cluster model to include an anion
valence-band width with a corresponding delocalized
hole by treating the cation as an isolated impurity in an
anion lattice. Their results provide a generalized theory
for describing the electronic structure of the transition
metal monoxides, which is based on the relative magni-
tudes of the charge transfer and Mott-Hubbard gaps.

MnO is conceptually the simplest of the rocksalt
monoxides since the large atomic exchange splitting of
the Mn +(3d ) ion separates the 3d level into occupied
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spin-up and empty spin-down components. However,
most experimental studies have been performed on NiO
rather than Mn0 primarily because it is easier to grow in
single crystal form. To date, the few experiments that
have probed the electronic structure of MnO have relied
on optical reflectance' ' and absorption' methods,
which have revealed a gap of 1.8 eV within the 3d band
and an absorption edge of 3.8 eV. Photoemission from
the MnO valence band was first reported by Eastman and
Freeouf' and is discussed further in Sec. III.

In this paper we report the results of angle-integrated,
angle-resolved, and resonant photoemission experiments
on cleaved single crystals of MnO using synchrotron ra-
diation. The results are interpreted in the context of the
proposed theories for the electronic structure. All of the
experiments were performed at room temperature (well
above the Neel temperature of 122 K) where MnO is in
the paramagnetic state. Section II describes the sample
characteristics and measurement techniques. Section III
presents angle-integrated valence band spectra and com-
pares the data to the predictions of band theory and clus-
ter models. The results of angle-resolved measurements
are presented in Sec. IV, including some data showing the
effects of photon polarization. Section V discusses core
level and valence band photoemission satellites. Section
VI concentrates on the resonant enhancement of the 3d
states near the 3p-3d absorption threshold. Finally, Sec.
VII discusses the experimental results in terms of both
the itinerant and the localized electron points of view
that have been used to describe the electronic structure
and insulating nature of MnO.

II. EXPERIMENT

The valence-band photoemission experiments were per-
formed on beamline U14 at the National Synchrotron
Light Source (NSLS) at Brookhaven National Laboratory
using a plane grating monochromator with photon ener-
gies between 30 and 120 eV. Angle-resolved photoemis-
sion spectra were measured with a Vacuum Generators
Model 424 hemispherical analyzer, operating with a 15
eV pass energy and at +2' angular resolution. A Physical
Electronics 15-255G double pass cylindrical mirror
analyzer (CMA), also employing a 15 eV pass energy, was
used for angle-integrated measurements. The energy
resolution in the measured spectra, determined primarily
by the monochromator, ranged from about 0.2 eV at
h v=30 eV to 0.5 eV at h v=100 eV. Core level photo-
emission spectra was measured in a multiple technique
surface analysis system at Yale using an Al-anode x-ray
source (h v=1486. 6 eV) and a double pass CMA, with an
overall resolution of about 0.8 eV. Some valence band
photoemission spectra were also measured at Yale using
unpolarized HeI and Heal radiation generated by a dc
discharge lamp.

Single crystal Mn0 samples, obtained from Crystal Tec
(Grenoble, France), exhibited high quality Laue x-ray
diffraction patterns from the rocksalt structure. X-ray
diffractometer analysis of a powder sample made from
part of a single crystal revealed that the sample contained
approximately 7 at. % of a-Mn&04, ' the presence of this

second phase did not markedly affect the quality of the
monocrystalline MnO phase and is too small to be discer-
nible in the photoemission spectra. Cleavage rods about
4 mmg4 mm in cross section were cut from a single
crystal boule, with the [100] direction oriented parallel to
the rod axis. Because of the high bulk resistivity of MnO
at room temperature ( =10 0 cm), the rods were coat-
ed with = —, pm of a Pd-Au alloy to minimize charging
effects by enhancing the electrical conductivity from the
cleavage face to the spectrometer ground. The samples
were cleaved in situ to expose a (100) surface; the pres-
sure in the spectrometer vacuum chamber remained
below 2&(10 ' Torr throughout the measurements.

In spite of the insulating nature of MnO, a somewhat
diffuse (1X1) LEED pattern could be observed from a
cleaved surface for incident electron beam energies y 250
eV. At lower energies, charging precluded the observa-
tion of any pattern; a similar LEED charging threshold
for MnO(100) has been reported by Prutton et al. ' Dur-
ing photoemission, a small amount of steady-state charg-
ing was present. It did not distort the measure spectrum,
but it did prevent a precise determination of the Fermi
level. Therefore, all of the valence-band spectra present-
ed in this study are referenced in energy to the t2g&('Tz)
peak so that relative comparisons can be made.

Normal and off-normal emission electron energy distri-
bution curves (EDC's) were measured with the angle-
resolved hemispherical detector, employing several
different incident photon polarizations. In addition,
constant-initial-state (CIS) and constant-final-state (CFS)
spectra were taken in the angle-integrated mode using the
CMA; care was taken to correctly account for the back-
ground as discussed in Sec. VI. Total electron yield spec-
tra were simply determined by monitoring the sample
current to ground. For each spectrum in which the pho-
ton energy was varied, the photocurrent of a Ni diode
monitor was used to correct for the variation in light in-
tensity from the monochromator.

III. VALENCE-BAND PHOTOEMISSION

Valence-band photoemission spectra measured from
cleaved MnO(100) are shown in Fig. 1 along with the
valence-band structure predicted by band theory" and
cluster calculations. ' The experimental spectra in Fig.
1(a) were obtained using unpolarized Het (21.2 eV) and
He tt (40.8 eV) radiation. As mentioned above, the spec-
tra are referenced in energy to the T2 peak. The main
spectral features are in good agreement with those pub-
lished by Eastman and Freeouf, ' who interpreted the
valence band spectrum simply in terms of ligand field
theory. As will become apparent, the valence band con-
sists of overlapping 0 2p and Mn 3d states; but, as a first
approach, hybridization between the cation and ligand
states can be neglected, and the main photoemission
features can be assigned to localized 3d" ' final states
within a ligand field theory description. The validity of
this assumption will be addressed in Secs. V and VII.

In a ligand field picture the bonding is assumed to be
totally ionic, and the valence band is derived from 0
anions in a closed-shell 2p configuration and Mn + cat-
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FIG. 1. Valence-band structure of paramagnetic MnO. (a)
Angle-integrated photoemission spectra measured with He I and
He iI radiation. (b) Occupied density of states (DOS) calculated
from one-electron band theory (Ref. 11), with the Mn 3d states
shifted towards the 0 2p states by about 1.1 eV. (c) Simulated
photoemission spectrum from CI calculations for a (MnO~)'
cluster (Ref. 14).

L100i

ions in a 3d configuration; the relevant orbitals are
shown schematically in Fig. 2. The ground-state
Mn +(3d ) ion has A

~
symmetry, and the degeneracy of

the 3d orbitals is split by the octahedral field of 0
anions into a ( t2s &

) (es &
) configuration. The es com-

ponents correspond to the d 2 and d» orbitals which

are 0. bonded to the 0 anions, and the remaining 3d
orbitals make up the t2 components which are m. bonded
to the 0 anions. The 3d final states of the photo-
emission process, Tz and F., results from t2 &

and e
&

excitation, respectively, and are visible near the top of
the valence band in Fig. 1(a). From the separation of
these 3d states, the crystal field splitting is estimated to be
about 1.8 eV. The predominately 0 2p derived region in
the valence band is located between 1 and 5 eV, and we
tentatively separate the emission into components arising
from 0. and ~ bonding orbitals. The feature located
around 7 eV cannot be explained using a simple ligand
field model; its origin will be discussed in Sec. V.

Figure 1(b) shows the occupied density of states (DOS)
for paramagnetic MnO calculated using one electron
band theory by Oguchi et al. " To obtain good agree-
ment with the photoemission experiment, the calculated
Mn 3d band was shifted towards the 0 2p band by about
1.1 eV. Approximately a 2 eV discrepancy in the anion p
to cation d separation between DOS calculations and the
experimental UPS spectrum has also been noted for anti-
ferromagnetic NiO by Kubler and Williams; they attri-
bute the difference to be an energy shift of the 3d states
due to the creation of a d hole during the photoemission
process. For paramagnetic MnO, Ojala and Terakura
quote the shift to be only 1 eV when comparing the DOS
calculations to data in Ref. 19, and they postulate that
this smaller d band shift in MnO compared to NiO is as-
sociated with enhanced d-d hopping in the paramagnetic
state. From a comparison between the DOS calculations
and Fig. 1(a), our estimate for the energy shift in MnO is
about 1.1 eV.

Using CI theory and a (Mn06)' cluster, Fujimori'
has simulated the measured valence band photoemission
spectrum for MnO as shown in Fig. 1(c). The relative
magnitudes of the calculated final states, which include
different configuration components, are indicated by vert-
ical lines. The spectral line shape was obtained by
broadening each of the lines with Gaussian functions and
convoluting them with an 0 2p emission and inelastic
background to obtain a reasonable fit. The calculations
indicate that the photoemission spectrum contains over-
lapping 0 2p and Mn 3d states, and that the 3d contribu-
tion is made up of both 3d and 3d L final states, where
L represents a ligand hole formed by ligand-to-metal
charge transfer.

Clearly both the band and cluster calculations appear
to provide valid interpretations of the angle-integrated
valence band photoemission spectra. The new experi-
mental data that we present in this paper probe the
valence band in more detail by using angle-resolved and
resonant photoemission.

XZ L001j IV. ANGLE-RESOLVED PHOTOEMISSION

A. Normal emission

L0103

FIG. 2. Schematic diagram showing some of the Mn 31 and
0 2p orbitals in a ligand field picture for MnO.

Angle-resolved photoemission is a well-established ex-
perimental technique that has been used to determine
bulk energy band dispersions in many metals and serni-
conductors. However, very few angle-resolved mea-
surernents have been performed on transition-metal ox-
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ides since the valence-band features of these oxides are
generally quite broad and complex, making dispersion
measurements difficult. Band mapping has only recently
been attempted for SrTiO&, Ti20&, VzO&, and
Fe&04. ' Nonetheless, we have performed normal
emission experiments to observe the energy dispersion of
states within the valence band of MnO, with the aim of
determining whether a one electron band theory is ap-
propriate for describing the electronic structure of the
valence region.

Normal emission experiments are usually interpreted
within a direct transition model using free-electron-like
final states. In this approximation, the initial state wave
vector of an electron in the solid (k~) can be related to
the kinetic energy of the electron measured in vacuum
(E) using the relation

, (E+1o)f2

where Vo is a constant inner potential. A normal emis-
sion experiment from MnO(100) probes the [100] direc-
tion in k space, and k~ is traversed completely from I to
X in the second Brillouin zone for photon energies be-
tween 30 & h v & 80 eV.

Figure 3 shows normal emission data from cleaved
MnO(100) measured for two different polarizations of the
incident photon beam. For an incident angle a of 80'
with respect to the (100) surface normal, the electric vec-

tor of the linearly polarized radiation is nearly perpendic-
ular to the sample surface, corresponding to predom-
inately p polarization; for the 45' geometry, the incident
radiation is of mixed sp polarization. The e6'ects of
changing the polarization are discussed in Sec. IVB.
Each spectrum is normalized to a constant integrated
area of the valence band above an integral inelastic back-
ground. (The backgrounnd at each point was assumed to
be proportional to the total integrated intensity at higher
kinetic energies. ) The energy scale is adjusted so as to
align the t2z& emission peak in all of the spectra. With
this normalization procedure, only dispersions relative to
the tz~t emission could be measured. However, this limi-
tation is not significant in analyzing the main results.

By fitting the top of the valence band in Figs. 3(a) and
3(b) to the sum of two Gaussians (corresponding to the

es& and t2st emission) it was found that these Mn-derived
states, separated by 1.8 eV, do not disperse more than
+0. 1 eV with respect to each other across the entire Bril-
louin zone. Contrarily, band-structure calculations '
for MnO predict that the relative dispersion between t2 &

and e
&

emission should be at least 0.4 eV for I —6-X in
the Brillouin zone. We believe that the observed lack of
dispersion is strong evidence for localized 3d electrons.
In the 0 2p region located between 1 and 5 eV, some
dispersion is evident, as suggested by the dashed lines in
Figs. 3(a) and 3(b). However, we are unable to do band
mapping of these states within the Brillouin zone because
the broad and complex nature of the peaks prevents an
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FIG. 3. Normal emission spectra from cleaved MnO(100) for photon energies from 30 to 80 eV with (a) nearly p polarization
(a =80 ) and (b) mixed sp polarization (a =45').
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B. Polarization dependence

Normal emission valence band spectra measured with
nearly s polarization (a =30') and p polarization (a =80')
of the incident light with respect to the MnO(100) surface
are compared at several photon energies in Fig. 4. (The
geometry of the experimental arrangement did not allow
for a total s- or p-polarization condition. } Each of the
spectra is normalized to a constant integrated area above

MnO (100) tact
02p

n(E)
80

60

44

I

O
I I I

Initial Energy (eV)

40

FIG. 4. Normal emission spectra for nearly p polarization
(o.=80 ) and nearly s polarization (a =30') compared at several
photon energies.

unambiguous assignment of peak positions. The presence
of dispersion for the 0 2p states is nevertheless
noteworthy, and it supports the model proposed by
Zaanen et al. which considers both highly localized cat-
ion 3d states and a dispersional anion band formed by
ligand-ligand hybridization.

Another feature that is visible in the normal emission
spectra is a satellite peak located near 7 eV, which shows
an apparent enhancement in intensity between 48 &hv
&52 eV; the origin and behavior of this satellite will be
discussed in detail in Sec. VI. As pointed out by Kato
et al. , the M23M4sM4, super-Coster-Kronig (sCK)
Auger peak that occurs at constant kinetic energy within
this energy range can be mistaken for a satellite in
valence band spectra of transition metals and their com-
pounds. Although the sCK peak has been observed in
MnP, ' its intensity appears to be very weak in MnO and
is not visible in any of the spectra. A small peak having
constant kinetic energy (denoted by the arrows in Fig. 3)
is observed for 36 &h v&48 eV; it is due to Mn 3p emis-
sion generated by second-order light from the monochro-
mator.

an integral inelastic background so that the relative in-
tensities of the valence band features can be observed as a
function of the polarization of the incident light.

It is evident from Fig. 4 that the e
&

emission has a
larger intensity relative to the tzg& emission for the s-
polarization geometry and that the 0 2p region is
enhanced for p polarization. This behavior can be inter-
preted by considering the 3d electrons as completely lo-
calized and by applying symmetry selection rules.
Within an electric dipole approximation, the measured
photoemission intensity I is governed by the matrix ele-
ment between the initial states (f; ) and final states (gf )

of the system,

where A is the polarization vector of the incident light
and P is the momentum operator. For a normal emission
geometry, only final states that are totally symmetric
about the surface normal can contribute of the photo-
emission intensity. ' This condition restricts the initial
state symmetry to be the same as that of the dipole opera-
tor, A P, in order to have a nonzero matrix element. It
is useful to consider the symmetry of the dipole operator
and the initial states with respect to mirror planes of the
surface. If A is parallel (perpendicular} to a mirror
plane, the dipole operator is even (odd) and therefore
emission will occur only from even (odd) initial states.
The application of these selection rules to each of the
four mirror planes for a MnO(100) surface [viz. , (010),
(001), (011), and (011)]and to the orbitals shown in Fig.
2 determine those initial-state orbitals that con contribute
to the measured normal emission spectra. For s polariza-
tion, A is parallel to the (010) mirror plane and therefore
the initial states d„„d», d 2, p„and p„which have

even symmetry with respect to the (010) plane, will give
rise to a nonzero matrix element. Similarly, A is also
perpendicular to the (001) mirror plane, so the selection
rules also allow emission from the odd d„, d„„and p„
orbitals. Finally, for the (011)-type mirror planes, A can
be resolved into parallel and perpendicular components,
and symmetry considerations dictate that emission can
arise from the d 2 2, d„, d 2, and p, initial-state orbit-
als. Summarizing the selection rules for the s-
polarization geometry, each of the Mn 3d and 0 2p initial
state orbitals except for d„and p can couple to the final
state. Using similar reasoning for the p-polarization
geometry, one finds that all of the initial-state orbitals
can contribute to the measured photoemission intensity.

These simple symmetry arguments based on atomiclike
3d orbitals qualitatively explain the data in Fig. 4. Be-
cause emission from the d„„and p„orbitals is not allowed
for s polarization, the eg&lt2g& intensity ratio is larger
and the 0 2p emission is smaller than for p polarization.
Since the data were not measured under total polariza-
tion conditions, only these qualitative intensity compar-
isons can be made.

C. Oft'-normal emission

Valence band spectra were also measured with the
detector positioned along off-normal directions within the
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(001) and (011) mirror planes of the MnO(100) surface.
The incident light was chosen to be of mixed sp polariza-
tion (a =45'), thereby allowing transitions from all of the
3d initial-state orbitals. To get an estimate for the rela-
tive intensities of emission from the Mn t2

&
and e

&

states, the top of the valence band in each spectrum was
fitted to the sum of two Gaussian peaks. The results of
the measurements for hv=44 eV are shown in Fig. 5,
where the ratio of the areas of the t2z& and e~~ Gaussian
peaks are plotted versus the polar emission angle 8 for
measurements in each mirror plane.

If the Mn 3d electrons in MnO are localized rather
than itinerant, the photoemission intensity along off-
normal directions should, to first order, contain symme-
try information derived from the initial-state 3d orbital
wave functions. This is evident by considering the form
of the transition probability for photoemission [Eq. (2)]
evaluated assuming a plane-wave final state ( gf ~

=exp(ik r) and hydrogenic wave functions for the 3d
initial-state orbitals. The initial-state wave functions
have the form

~ g;) =R (r)Y& (8,$), where R (r) is the
radial part of the wave function and Y& (8,$) represents
the angular part in terms of spherical harmonics. Mak-
ing these substitutions into Eq. (2), the photoemission in-
tensity becomes

I ~nt(p)
I

Y&m(~ rp)5(Ef (3)

Mna (F00) (0,1 1)

[0103

20 40 60

e (degrees)

FIG. 5. Ratio of the t2~~ /e~~ emission intensities, determined
from angle-resolved EDC's, as the polar angle 0 is varied within
the (001) and (011) mirror planes of the surface. The inset
shows the collection geometry for measurements in the (001)
mirror plane.

where
~
F„~(p)

~

is the Fourier transform of the radial
part of the wave function. The angular dependence of
the emission is contained within the spherical harmonic
terms which are easily evaluated for 3d orbitals. Going
off-normal in the (001) mirror plane, one would expect
emission from the d 2, d~„and d 2 2 orbitals (see Fig. 2)

which have angular dependencies of 3cos 0—1, sinO
cosj9, and sin 0, respectively. Within this model, the
tz t /e

&
intensity ratio should go through a maximum at

0=45'. Likewise, in the (011) mirror plane, the t2
&
le

&

intensity ratio should exhibit a minimum of E9=0 and
continue to increase for larger angles. This general trend
is visible in Fig. 5, but anomalies exist, especially for
small angles.

To explain the anomalies in the off-normal emission
data, other processes that infiuence the emission angle of
the photoemitted electrons must be considered, namely,
refraction of final-state electrons at the surface and ini-
tial state ' or final state interference effects. As in
LEED experiments, a final-state electron originating
from below the surface is refracted by the potential bar-
rier at the surface, where only the parallel component of
the electron momentum is conserved. The amount of re-
fraction increases with polar emission angle and depends
not only on the size of the potential barrier ( Vo) but also
on the final-state kinetic energy of the electron (Ef).
For uv excitation, this effect can be significant. For ex-
ample, assuming Vo ——10 eV and Ef ——40 eV, an electron
directed 45' from the surface normal will be refracted to
52.2' in the vacuum. The net effect of the refraction is to
skew the angular distribution of photoelectrons towards
larger polar angles. The other structure in the angular
distribution may be due to either the coherent interfer-
ence of initial-state wave functions described by Gad-
zuk ' or interference of the final-state electrons by mul-
tiple scattering.

V. PHOTOEMISSION SATELLITES

In Sec. IV the angle-resolved photoemission data were
interpreted within the ligand field picture of completely
localized Mn 3d electrons. However, satellite peaks are
generally visible in both valence-band and core level pho-
toemission spectra from transition-metal compounds
which cannot be explained by ligand field theory. These
satellites occur at binding energies between 5 and 7 eV
above the main lines and have recently been ascribed to
multielectron effects involving the transition-metal 3d
and ligand p states. ' ' ' The multielectron effects can
be present either in the initial or final states. As a final-
state effect, it is believed that within the time scale of the
photoionization process, the valence levels undergo a re-
laxation and charge can be transferred from a ligand p to
an unoccupied transition-metal 3d level to locally screen
the photoinduced hole. For core level photoemission
from a transition-metal compound in a 3d" ground-state
configuration, the main line is assigned to a c3d" +'L
configuration (where c and L refer to core and ligand
holes), which results from the charge transfer screening,
whereas the satellite corresponds to a poorly screened
c3d" fina state. Likewise for valence band emission, the
main line and satellite configurations are 3d "L and
3d" ', respectively. Charge transfer can also be impor-
tant in the initial (ground) state due to cation-ligand hy-
bridization; this initial-state effect contributes to the
3d "L and 3d" ' photoemission peaks as well.

Figure 6 displays angle-integrated spectra measured
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cleaved MnO (100) VI. 3p ABSORPTION AND RESONANT
PHOTOEMISSION

n (E)

I

l

I

I

I

I I I I I I I I I I I

16 12 8 4 0
Initial Energy (eV)

FIG. 6. Angle-integrated photoemission spectra from cleaved
MnO(100) showing the satellite location (dashed line) with

respect to the main core level and valence-band photoemission
peaks. The core and valence spectra were measured with pho-
ton energies at 1486.6 eV and 40.8 eV, respectively.

from the Mn 2p, 3s, and 3p core levels and valence band
of cleaved MnO. The satellites are located at binding en-

ergies about 7 eV higher than the main lines, and their in-

tensities are very weak compared to those observed from
NiO (Ref. 44) and CoO (Ref. 45). The spin-orbit-split Mn

2p level has a small satellite associated with each line, but
the satellite is scarcely visible in the 3p and 3s spectra.
We believe that the valence band satellite does exist, con-
trary to a recent claim, ' but one must be careful to ac-
count for the possibility of OH contamination on the
surface since the 3o photoemission peak from OH coin-
cides with the satellite position.

The multiplet structure in the 3s and 3p levels arises
from multielectron effects. Photoemission from the 3s
level of a Mn + compound ( S initial-state symmetry) can
occur via two final states: the S state with the 3s elec-
tron coupled parallel to the d-shell spin and the S state
with the two spins coupled antiparallel. Measurements of
this splitting in MnO (Ref. 47) and MnF2 (Ref. 48) sam-
ples have been reported to be on the order of 6 eV, which
is about half the value predicted for free ions because of
electron correlation. Our measurements of the 3s split-
ting from a cleaved MnO single crystal show both a
smaller splitting (=3.7 eV) and narrower peak widths
compared to previous measurements. The origin of this
effect is unclear and is currently being investigated. In
the 3p shell, the multiplet splitting gives rise to four
closely spaced final states causing a broad 3p line shape.

Recently a large amount of effort has been devoted to-
wards understanding the valence band structure of
transition-metal and rare-earth compounds from reso-
nant photoemission experiments; the reader is referred to
a very comprehensive review by Davis. In the present
study this technique has been applied to cleaved MnO
samples at the 3p ~3d absorption threshold, and the res-
onant enhancement of the Mn 3d states in the valence
band has been observed for photon energies between
47&hv&52 eV.

The 3p~3d resonant photoemission channel becomes
operative when the incident photon energy exceeds the
Mn 3p core excitation threshold. Above this threshold,
optical absorption promotes a 3p electron into an occu-
pied 3d state, and this excited state can decay via a direct
recombination process (also known as autoionization) in
which a 3d electron drops down to fill the 3p hole,
transferring energy to another 3d electron that is ejected
into the continuum. In an atomic picture, the
configurations can be written 3p 3d +hv~[3p 3d ]*
~3p 3d +e . The final state is indistinguishable from
that caused by the direct photoemission process
(3p 3d +hv~3p 3d +e ), and the interference be-
tween the two channels gives rise to a Fano-type profile
for the photoemission intensity as the photon energy is
swept through the 3@~3d threshold. so 52 Model cal-
culations involving the interaction between the discrete
states and the continuum by Davis and Feldkamp yield
profiles that agree quite well with measurements from
atomic Mn vapor, ' giving credence to a direct recom-
bination mechanism. In transition-metal compounds, the
3p excitation remains localized on the cation site, and a
quasiatomic interpretation can be used to describe the
resonance behavior. However, multielectron effects and
associated satellite peaks in the transition-metal com-
pounds complicate the analysis " in comparison to atomic
systems.

The resonant enhancement of the 3d states in the
valence band of MnO is visible in Fig. 7, which shows
angle-integrated EDC's measured between 40 & h v & 60
eV. Each spectrum was corrected to obtain an absolute
intensity by taking into account the decay in the syn-
chrotron ring current and the intensity variation of light
from the monochromator. The t2g& and es& peaks (corre-
sponding to positions A and B in Fig. 7) appear to under-

go an antiresonance between 44&hv&52 eV, while the
satellite (position D) resonates. The intensity profile
across the 3p threshold of a given feature at a binding en-

ergy Eb can be observed more quantitatively by measur-
ing CIS spectra, where the photon energy is varied while
keeping (hv Eb) constant. Ho—wever, the problem with
this method (which has not been universally recognized)
is that a background of inelastic electrons is always in-
cluded, and the background may have a different reso-
nance behavior from the feature of interest. To avoid this
problem, we have generated CIS-type spectra by rneasur-
ing the peak height (or peak area in the case of the satel-
lite) above an integral inelastic background at a given
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FIG. 8. Total yield (TY) spectrum, partial yield (PY) spec-
trum, and CIS spectra corresponding to binding energies 3 ~D
in Fig. 7, across the Mn 3p ~3d excitation threshold.

FIG. 7. Angle-integrated EDC's measured from MnO(100)
showing resonant enhancement of the 3d states. The 51-48 eV
difference spectrum is compared to calculated 3d and 3d'L
final-state intensities from a CI calculation for a (Mn06)'
cluster (Ref. 14).

binding energy directly from the EDC's. No correction
for the decrease in the analyzer transmission with in-
creasing kinetic energy of the photoelectrons was made
since the effect is small compared to the resonant behav-
ior.

Figure 8 shows the CIS spectra that correspond to the
binding energies A ~D in Fig. 7. Clearly feature A near
the top of the valence band exhibits a strong antireso-
nance, while the satellites feature D displays a resonance.
The profiles at positions B and C appear to consist of
both antiresonant and resonant components. Also in-
cluded in Fig. 8 are the total photoelectron yield (TY)
and the partial electron yield (PY) at a kinetic energy of
10 eV obtained from a CFS measurement. The total and
partial yield curves exhibit Fano-like profiles that closely
resemble the absorption spectrum measured from atomic
Mn. The strong increase in intensity near 50 eV is asso-
ciated with the (3p 3d ) P atomic multiplet, while the
sma11 peak at 48 eV corresponds to the D multiplet
which is prohibited from decaying into a continuum state
because of conservation of angular momentum.

In has been demonstrated for other transition-metal
compounds' ' ' ' ' that the d" ' and d "L final states
in the valence band can be distinguished by means of
their line shapes in CIS spectra. The d" ' final states
tend to exhibit Fano-like resonances, while the d "L final

states undergo antiresonant behavior at photon energies
immediately proceeding the Fano peak. On this basis,
we assign the final states near the top of the valence band
in MnO (feature A ) to be predominantly of 3d L charac-
ter and the satellite (feature D) to be primarily 3d -like.
Thus MnO can be classified as a charge transfer insula-
tor, like NiO (Refs. 6 and 13) and Fe„O, in which the
insulating gap is of anion 2p ~cation 3d in character.

The CIS line shapes corresponding to features B and C
in Fig. 7 appear to contain both resonant and an-
tiresonant characteristics. This reflects some hybridiza-
tion between the Mn 3d and 0 2p states, which leads to
an overlap between 3d and 3d L features in this region
of the valence band. The distribution of the 3d-derived
states can be seen more clearly in a difference spectrum
taken between spectra that are on and off of the reso-
nance, as shown in Fig. 7; taking the difference removes
most of the unhybridized 0 2p contribution from the
valence spectrum. The difference spectrum reveals that
the 3d-derived states extend throughout the valence band
and are significantly hybridized with some of the 0 2p
states. The relative intensities of the final states from
Fujirnori's CI cluster calculation' for MnO are shown at
the bottom of Fig. 7. An overlap between the 3d and
3d L final states is borne out in the CI calculation, but it
does not predict the existence of the valence band satel-
lite that is observed experimentally.

VII. DISCUSSION

There still remains some controversy as to the validity
of localized versus itinerant electron models in describing
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the electronic structure of Mn0 and other transition-
metal monoxides. For Mn0, our angle-resolved photo-
emission data have shown that there is an absence of any
significant dispersion of the 3d states throughout the Bril-
louin zone, as expected for localized 3d electrons. Also,
the polarization-dependent and off-normal emission data
agree with a localized 3d orbital interpretation. There-
fore, especially in light of the recent theory for the elec-
tronic structure of transition-metal compounds formulat-
ed by Zaanen et al. , it is becoming clear that a purely
itinerant description of the 3d electrons in MnO is not
correct. For the 0 2p states in the valence band, the nor-
mal emission data suggest the presence of some disper-
sion, but the broad, complex nature of the spectra pre-
cludes obtaining any conclusive evidence on this point.
The experimental determination of a small 31 bandwidth
and possible 0 2p band dispersion substantiates the as-
sumption used by Zaanen et al. in using an Anderson
impurity Hamiltonian to calculate the electronic struc-
ture of these compounds.

Although our angle-resolved photoemission data sug-
gest that the 3d electrons remain localized on the Mn cat-
ions, a ligand field picture is not strictly valid; some hy-
bridization with the 2p states of neighboring oxygen
ligands must be invoked in order to explain the presence
of satellite peaks in both the core level and valence band
photoemission spectra. ' ' ' We observe that the mag-
nitudes of the poorly screened satellite peaks are very
small compared to the intensities of the screened emission
features in Mn0, indicating that the time scale for ligand
charge transfer screening is much less than the lifetime of
the photoinduced hole. The existence of 0 2p-Mn 3d
hybridization in the valence band can also be inferred
from our resonant photoemission measurements across
the 3p~3p excitation threshold. CIS spectra for states
near the upper edge of the valence band were found to ex-
hibit antiresonant behavior, as predicted for hybridized
3d L states, whereas the 3d states having a Fano-like
line shape were found to be concentrated closer to the
so-called satellite position. The amount of ligand charge
transfer for MnO in the ground state is expected to be
small because the Mn + ion contains a full 31"
configuration, ' and thus the presence of 3d L states is
mainly a final-state effect. In the related compound
MnC12, a Fano-like resonance is observed for all states in
the valence band, reflecting a minimal amount of 2p-3p
hybridization and a bonding that is more ionic in nature.

Fujimori's CI cluster calculations for an isolated cation
octahedrally coordinated to oxygen ligands clearly

demonstrate the importance of 0 2p~Ni 3d hybridiza-
tion in Ni0; ' measurements of the position and intensity
of the valence band satellite and the 3p~3d resonance
behavior have been shown to be in very good agreement
with the CI cluster theory. For Mn0, the CI cluster cal-
culation'" shows reasonable agreement with our measure-
ments of the 3d-derived valence states in that the position
of measured intensity maxima correspond to the loca-
tions of the predicted final states (see Fig. 7). However,
our measurements reveal a valence-band satellite peak
which is not predicted by the CI calculations. Based on
the resonance behavior in CIS spectra, we identify the
final states near the satellite location to be mainly 3d-
like and states near the top of the valence band to be pri-
marily 31 L in character. Although an overlap between
3d and 3d L states is predicted by Fujimori's calcula-
tion, our measurements suggest that the degree of hybrid-
ization between these states and the p-d charge transfer
energy is smaller than the calculation predicts.

In summary, we conclude that MnO is a charge
transfer insulator rather than a Mott-Hubbard insulator
according to the classification scheme for transition-
metal compounds proposed by Zaanen et al. This
identification is based on the 3d L character for states at
the top of the valence band. The difference in energy be-
tween the 31"L and 31" ' states in MnO appears to be
smaller than for the heavier transition-metal monoxides,
suggesting an increase charge transfer energy in going
from Ni to Mn in the transition-metal series, as recently
postulated. However, all of the transition-metal monox-
ides appear to be in the regime of charge transfer insula-
tors in which the charge transfer energy is less than the
traditional Mott-Hubbard intra-atomic Coulomb energy.
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