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Satellite structure in the photoemission spectra of Mno(100)
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The satellite structure in both core-level and valence-band photoemission spectra from single-
crystal MnO{100) has been studied by using both x-ray photoemission spectra and resonant photo-
emission. Only very weak satellites are present in the Mn 2p core-level spectra, while no satellite
structure is evident in the Mn 3p and 3s core-level spectra. The small intensity of the satellite peaks
in MnO is consistent with the trend predicted by a recent ligand charge-transfer screening model;
such screening is quite weak in MnO in comparison to the heavier transition-metal oxides. The
valence-band spectrum, however, exhibits a stronger satellite peak than predicted by the model, and
its origin has been uncertain. We have found that, while the satellite in the valence-band spectrum
can be resonantly enhanced across the Mn 3p —+3d optical excitation threshold, its intensity de-
pends strongly upon surface treatment. The satellite disappears with only 0.2—1-langmuir exposure
of oxygen at 340 C, confirming that it is essentially a surface-related feature. We suggest that it is
associated with point defects on the surface, presumably surface Mn vacancies.

I. INTRODUCTION

The interpretation of so-called "satellite" features in
photoemission spectra, which are generally less intense
features occurring at several eV higher binding energy
than the "main" lines that are expected in the spectra
based upon a one-electron picture of the electronic struc-
ture of the material, has been the subject of lively debate
for decades. These satellites are visible in both the core-
level and valence-band photoemission spectra from a
wide variety of materials. For some materials their inter-
pretation is straightforward (e.g. , plasmon satellites in
nearly-free-electron materials), but for transition-metal
compounds these satellites are still not well understood. '

The origin of the various features in the photoelectron
(and other) spectra of transition-metal compounds has re-
cently been discussed by Sawatzky and co-workers,
and we will use their notation in this paper. In the heavy
transition-metal compounds (Z) 25), satellites occur at
binding energies between 5 and 7 eV greater than the
main lines and have recently been ascribed to multielect-
ron effects involving the transition-metal 3d and ligand p
states. ' Consider core-hole formation in a heavy 3d
transition-metal oxide having a

a3d" +P3d"+'L+y3d"+ L

ground state configuration, where L and L denote one
and two holes in the ligand p states, respectively; the nor-
mal configuration for the ligands is 0 2p . For
predominantly ionically bonded materials, u is the largest
coefficient in the ground state. After emission of an elec-

tron from the core level, the final state of the system can
be described by

a'c3d" +P'c3d"+'L+y'c3d"+ L

where c denotes a cation core hole. If the effective core-
hole —d-electron Coulomb attraction energy (Q) is large,
then, after creation of the core hole, the energy of the sys-
tem can be lowered by electron transfer from the ligand
orbitals into the cation 3d orbitals. In that case the larg-
est coeKcient in the final state will be p', and the main
line in the core-level photoemission from these com-
pounds can be assigned to a well-screened c3d '+ 'L
configuration. The satellite then corresponds to a poorly
screened c3d' final state. The assignment of satellites
in valence-band photoemission, where the final-state
configuration is

a"3d" '+P"3d "L+y"3d"+'L

is less obvious, since the Coulomb interaction due to the
3d hole created by photoionization is not strong enough
to widely separate different final-state configurations.
However, if a mechanism analogous to that discussed
above for core-hole formation is assumed to apply, the
main line and satellite configurations can be regarded as
3d "L and 3d" ', respectively. '

For the light transition-metal compounds (Z (25), the
dominant screening mechanisms are quite different; mod-
els such as exciton creation have been proposed to ex-
plain the satellites which occur at binding energies higher
than those expected for charge-transfer satellites. '

While the interpretation of the satellite structure in the
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heavy transition-metal oxides is in good agreement with
their bulk optical properties, a good understanding of the
dominant screening processes for light transition-metal
compounds is still lacking.

Manganese oxide (MnO; Z=25) is a conceptually sim-

ple rocksalt monoxide since the large exchange splitting
of the Mn (3d ) ion separates the 3d level into occupied
spin-up and empty spin-down components. " Compared
to Ni, Co, and Fe monoxides, MnO has a relatively large
charge-transfer energy (6) and a relatively small d-d
Coulomb repulsion energy (U), and thus it is of a more
ionic nature. ' The satellite structure of MnO is particu-
larly interesting because MnO is at the border between
the light and heavy 3d transition-metal oxides. The study
of its satellite structure may assist our understanding of
the difference between the dominant screening mecha-
nisms of heavy and light transition-metal oxides.

In previous studies' ' (including our own) a satellite
feature was observed in the valence-band spectrum of
MnO, but the origin of the satellite (i.e., whether it
represents the bulk properties of MnO) was ques-
tioned. ' We have thus measured both core-level and
valence-band photoemission spectra on cleaved single
crystal MnO(100) using synchrotron radiation, He II and
Al Ea x-ray sources as a function of sample preparation
and surface treatment. Based upon the changes of the sa-
tellite structure with photon energy and surface treat-
ment, we suggest that the satellite in the valence-band
spectrum is actually a surface-related feature and does
not originate from the bulk electronic structure of MnO.

ture ( ~ 70'C) due to thermally activated conductivi-
15, 16

Photoemission spectra were obtained with both unpo-
larized 40.8-eV photons from a helium dc discharge lamp
and 1486.6-eV photons from an Al anode x-ray source in
our laboratory. These spectra were recorded with a
Physical Electronics 15-255G double-pass cylindrical-
mirror analyzer (CMA) whose axis was normal to the
sample surface. The resonant photoemission experiments
were performed on a beamline U14 at the National Syn-
chrotron Light Source, Brookhaven National Laborato-
ry. Angle-integrated photoemission spectra were also
measured with a double-pass CMA of the same model as
in the fixed photon-energy experiments. The CMA axis
was oriented 45' to the (100) surface, and photons were
incident at an angle of 45 to the (100) surface normal.
For each spectrum in which the photon energy was
varied, the photocurrent of a Ni diode Aux monitor was
used to correct for variations in light intensity from the
monochromator.

III. RESULTS

A. X-ray photoelectron spectra

The XPS photoemission spectra of Mn 2p3/p 2p»2,
and 3p core levels and the valence band from vacuum-
cleaved MnO(100) measured using Al Ka x rays are com-
pared in Fig. 1. In order to directly compare the satellite
structure in different spectra, the spectra have been

II. EXPERIMENTAL PROCEDURE

A single crystal of MnO obtained from Crystal Tec
(Grenoble, France) was oriented and cut into rods of 4 X 4
mm cross section having the (100) face normal to the rod
axis. The sides of these cleavage rods were coated with
-0.5 pm of Pd-Au alloy in order to reduce charging dur-
ing photoemission measurements; however, uncoated
cleavage rods were also used in some experiments. Al-
though the single crystal exhibited high-quality Laue x-
ray diffraction patters, x-ray diffractometer analysis re-
vealed that the sample contained ~7 mo1% of Mn30„.
The MnO(100) surface was produced by cleaving the
sample in situ in the surface analysis system at a base
pressure below 2X10 ' Torr. In order to measure the
changes in photoemission spectra at elevated tempera-
tures, a thin slice of MnO(100) was cut from the same
boule as the cleavage rods and polished successively to a
0.25 pm diamond paste finish. The polished MnO(100)
was mounted onto a tantalum holder and heated by a
tungsten filament mounted behind the sample. To moni-
tor the temperature, a chromel-alumel thermocouple was
spot-welded to the tantalum holder in contact with MnO
crystal. The MnO crystal was carefully cleaned by a cy-
clic sputter-annealing process until no impurities could
be detected by Auger electron spectroscopy. A small
amount of steady-state charging occurred during photo-
emission at room temperature on the MnO surface; thus
spectra are plotted on a relative-binding-energy scale.
No charging effects were observed at elevated tempera-

I ~ ~ ~ ~ I . . . I, ~ . ~ I
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FICz. 1. XPS spectra from UHV cleaved MnO(100) showing
the satellite location with respect to the main core-level and
valence-band photoemission peaks. h v= 1486.6 eV.
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aligned with their main lines centered at 0 eV relative
binding energy. Weak but distinct satellites are observed
at a binding energy about 6 eV higher than the main lines
in the Mn 2p core-level spectra, whereas no evident satel-
lites are observed in the Mn 3p core-level or the valence-
band spectra. (Although the XPS 3s core-level spectrum
is not shown here, an -6-eV exchange splitting was ob-
tained on uncoated cleavage rods, in contrast to the pre-
viously reported smaller splitting. '

)

B. Ultraviolet and resonant photoemission

Although no evident satellite structure is observed in
the XPS valence-band spectrum shown in Fig. 1, our pre-
vious ultraviolet photoemission spectroscopy (UPS) study
of MnO has shown substantial photoemission intensity at
a binding energy of -7 eV higher than the main line in
the valence-band spectra. ' The discrepancy can be
clearly seen in Fig. 2, in which both UPS and XPS
valence-band spectra from a cleaved MnO(100) crystal
are compared. [The spectra are aligned at the maxima of
the largest emission peak; emission appears to extend into
the band gap in the 1486.6-eV spectrum due to the much
poorer resolution (about 1 eV) at that photon energy. ]
Although the amplitude of the satellite was found to be
somewhat sample dependent, a satellite in the UPS spec-
trum from a cleaved MnO(100) surface clearly exists.
(The possibility of this satellite being due to contamina-
tion from either CO or H20 chemisorption on MnO can
be ruled out because of the short data acquisition time
and low base pressure in the vacuum chamber

throughout the analysis. )

When the photon energy is varied across the region of
the Mn 3p~3d optical absorption edge, we find that
both the satellite and other features in the UPS spectra
are resonantly enhanced. This resonance arises from the
interference between the direct emission of 3d electrons
(3d "+hv~3d" '+e ) and the 3p~3d excitation
(3p 3d"+hv~[3p 3d"+']*) followed by a super-
Coster-Kronig decay ([3p 3d"+']*~3p 3d" '+e ). '

Figure 3 shows the valence-band spectra of cleaved
MnO(100) as a function of photon energy, in which both
the main lines and the satellite are enhanced simultane-
ously relative to the nonresonant O 2p emission as the
photon energy is varied across the 3p~3d excitation
threshold at —51 eV.

C. Effect of surface treatment

The intensity of the satellite emission in MnO(100) is
found to depend strongly upon the way in which the sur-
face is treated. As shown in Fig. 4, the intensity of the
satellite decreases upon Ar+ -ion bombardment [Fig.
4(b)], compared to the cleaved surface [Fig. 4(a)], while it
regains some of its intensity after the MnO sample is
heated to 340'C [Fig. 4(c)]. Moreover, the intensity of
the satellite is strongly affected by exposure to minute
amounts of oxygen. As shown in Figs. 4(d) and 4(e), the
satellite disappears after only 0.2 —1 L of oxygen exposure
at 340 C, while the other features in the valence-band
photoemission spectrum remain virtually unaffected. The
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FIG. 2. XPS and UPS valence-band photoemission spectra
taken on'UHV cleaved MnO(100). The spectra are compared to
calculated 3d and 3d I. final-state intensities from a CI calcula-
tion for a (Mn06)' cluster (Refs. 7 and 12).
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FIG. 3. Angle-integrated EDC's measured from cleaved
MnO(100) showing resonant enhancement of the 3d states.
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the surface is bombarded with Ar+ ions at room temper-
ature.

IV. DISCUSSION

A. Origin of satellites in photoelectron spectra

I

10
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FIG-. 4. UPS spectra from MnO(100) for (a) cleaved in UHV,
(b) then bombarded with 2-keV Ar+ ions, (c) then heated at
340'C, (d) then exposed to 0.2 L of oxygen at 340'C, and (e) fur-
ther exposed to 1 L of oxygen at 340'C. h v=40.8 eV.

low dosage of oxygen required to suppress the satellite
rules out the possibility that the MnO surface is being ox-
idized to a higher valency oxide. In contrast to such a
striking surface sensitivity for the satellite in the valence-
band spectrum, the Zp core-level spectra from a cleaved
MnO surface, shown in Fig. S, are unchanged even after

I
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FIG. 5. Mn 2p XPS spectra from MnO(100) as a function of
surface treatment: (a) cleaved in UHV, (b) bombarded with 2-
keV Ar+ ions, and (c) then heated at 340 C.

As has been shown for transition-metal dihalide com-
pounds, both the ratio of the intensity of the satellite to
that of the main peaks in core-level spectra and their
binding energy splitting can be properly described within
the cluster approximation in terms of the fundamental
parameters 6, U, Q, and T (the ligand p-metal d-transfer
integral). ' Upon the creation of a core-hole, the in-
teraction with the core hole lowers the energy of the
valence-electron configuration. The energies of the
main lines and the satellites in the core-level spectrum are
determined by the difterences between the energies of the
d", d" +'L, and d" + L valence electronic configurations
in the initial state and the cd', cd" +'L„and cd" + L
configurations in the final state. If the interaction be-
tween the core hole and valence electrons is large enough,
the energy of the system can be lowered by a charge
transfer from the ligand orbitals into the d orbitals, thus
modifying the level sequence of valence-state
configurations. The cd'+'L configuration will have the
largest final-state energy (i.e. , the lowest binding energy)
and thus corresponds to the main line, while the satellite
corresponds to either a cd" or a cd"+ L final state hav-
ing a higher binding energy. If such a Coulomb interac-
tion is very strong, the fully relaxed cd"+ L final state
will eventually become the main line. In the same spirit,
based upon a molecular-orbital model by Asada and
Sugano, ' Hiifner et al. ' also presented a simple charge-
transfer screening criterion for the ionic transition-metal
compounds. Namely, charge-transfer satellites will be
present in the core-level spectra if Q) b, . For the case
where Q & b, , no inversion of the valence-electronic
configuration will occur; consequently no core-hole in-
duced charge-transfer satellites will be seen in the spec-
tra.

In transition-metal compounds, the intensity ratio of
the satellite to the main peak is a function of the atomic
parameters Q, U, T, and A. ' When comparing the in-
tensities of satellites associated with difI'erent core levels
on the same ion, such as 2p and 3p, the parameter that
will vary the most is Q, the core-hole —d-electron
Coulomb attraction, since 6 depends only on the ligands
adjacent to the cation, T depends only on the hybridiza-
tion between ligand and metal 3d levels, and U involves
only the d-d Coulomb interaction. The ratio of the satel-
lite to the main peaks is found to increase with increasing
Q, as shown in Fig. 3 of Ref. 3. Thus the XPS spectra in
Fig. l suggest that Q is larger for the Mn 2p core level
than it is for the 3p. The absence of a satellite in the 3p
core-level spectrum is in agreement with such a trend; a
recent study of atomic Mn and Mn ionic compounds
showed that outer core-level spectra are of unscreened
intra-atomic nature. ' Consistent with the fact that MnO
is a strongly ionic compound having a large 6, the inten-
sity ratio of the satellite and main peaks in the 2p3/2
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core-level spectrum is low; the ratio is -0.06, which is
close to that of MnF2. This small value suggests that
MnO lies on the borderline between charge transfer and
other screening mechanisms.

The valence band XPS and UPS spectra can be com-
pared with the results of recent configuration-interaction
calculations. Fujimori et al. ' have previously inter-
preted the valence-band features of MnO within the
configuration-interaction (CI) picture considering the hy-
bridization of 3d and 3d L final states; the 3d-derived
main lines are attributed to a strong hybridization of the
3d and the 3d L final states, with more 3d L spectral
weight. The CI result is included in Fig. 2; note that the
calculation does not show any high binding energy satel-
lite emission.

In our previous photoemission study of MnO, ' the sa-
tellite was thought to be due predominantly to a 3d final
state emission, with the main lines due to 3d L Anal-state
emission. In the present study, we find that these assign-
ments are not consistent with the photon-energy-
dependent behavior (UPS versus XPS) shown in Fig. 2.
Since the charge-transfer process depends upon the
response time of the medium, ' ' the 3d L adiabatic
peak is expected to gain more spectral weight as the sud-
den approximation is relaxed at low photon energies (i.e.,
when the photoemitted electrons remain in the vicinity of
the excited ion for a relative long time), while the 3d" un-
screened peak is expected to increase with respect to the
3d L peak as the photon energy increases. Such a
photon-energy dependence has been clearly seen in other
heavier transition-metal oxides. For example, the
main lines in the valence-band spectrum of NiO are attri-
buted to a 3d L final state and the satellite to a 3d final
state. ' ' The satellite is very prominent in the XPS
spectrum, whereas its intensity decreases with respect to
the main line as the photon energy decreases in
UPS, the intensity of the NiO satellite decreases to
such an extent that it is even not visible in the spectrum
taken at photon energy of 40.8 eV. Thus the photon-
energy dependence of the MnO satellite observed in Fig.
2 is clearly different than that expected for a 3d final
state.

across the valence band can be seen clearly in the
difference spectrum in Fig. 6, which is taken between
photoemission spectra just above and just below the
3p ~3d resonance; the difference spectrum removes most
of the unhybridized 0 2p contribution from the spec-
trum. The increase of hybridization between 3d" ' and
3d "L final states in the (n —l) particle state is expected
due to the smaller U and larger 6 as one moves from the
heavier monoxides to MnO; such a trend can also be seen
in the CI calculation by Fujimore et a/. ' Thus the
3p~3d resonant enhancement of the satellite suggests
that it is clearly associated with Mn cations.

C. Surface nature of the valence-band satellite in MnO

Although resonant photoemission spectra show that
the satellite in MnO is associated with the Mn cations, its
behavior is not consistent with an explanation in terms of
bulk electronic structure. The spectra in Fig. 4 clearly
show that the satellite is a surface-related feature. The
absence of any satellite in XPS valence-band spectra in
Figs. 1 and 2 is also consistent with this picture. The es-
cape depth of photoelectrons having kinetic energies near
1400 eV, as in the XPS valence-band spectra, is much
longer than that for electrons excited by photons in the
range of 30—80 eV. Thus a satellite of surface origin
should be much weaker in XPS spectra, where tens of
angstroms of material are being sampled, than in UPS
spectra where the electron mean free path is a few
angstroms.

Although the intensity of the valence-band satellite in
Fig. 4 exhibits a complex dependence on surface treat-
ment, decreasing under both ion bombardment and Oz
exposure while increasing at higher temperature, it is
probable that the satellite is associated with surface de-

B. Resonant photoemission from transition-metal compounds

As has been demonstrated for Fe, Ni, and Cu com-
pounds, the intensity of the 3d" ' final-state features
generally exhibits a strong Fano-type resonance near the
3p ~3d threshold as the photon energy is varied in
constant-initial-state (CIS) photoemission spectra, while
the resonance for a 3d "L final state is relatively weak and
exhibits an antiresonant dip (rather than a peak) on the
lower photon-energy side in its CIS spectrum. ' The
main line in the MnO valence band was previously as-
signed to a 3d L final state and the satellite to a 3d final
state. ' However, the resonant enhancement of the main
lines in MnO spectra suggests that they contain
significant 3d" ' final-state spectral weights, in contrast
to the main lines for heavier transition-metal oxides
which have more distinct 3d "L final-state charac-
ter. ' The distribution of the 3d-derived features (in-
cluding the contribution from both surface and bulk)

I. . . . I. . . . I. . . . I
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FIG. 6. Angle-integrated EDC's from cleaved MnO(100) for
photon energies of 48 and 51 eV and the di6'erence between
them, which reflects primarily the energy distribution of the
3d-derived final state.
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fects. The presence of a high density of defects on
cleaved MnO(100) is supported in part by the high reac-
tivity of cleaved MnO(100) for chemisorption of various
gases at room temperature. Two categories of defects
are likely to be present on a cleaved single-crystal oxide
surface: point defects such as vacancies and adatoms,
and extended defects including steps, kinks, and edges.
Since the valence-band satellite in MnO(100) occurs at
several eV higher binding energy than the main lines, it is
most likely associated with a decrease in the 3d-electron
population on Mn cations at surface defect sites (i.e.,
holes on the Mn cations); any increase in the 3d-electron
population on Mn ions at defects should result in features
in the photoemission spectra at lower binding energy, as
has been observed for NiO, CoO, Ti02 etc. It is in-
structive to compare the MnO valence-band photoemis-
sion satellite with the 9.5-eV satellite in the valence-band
spectra obtained from YBa2Cu307 superconductors,
since the 9.5-eV satellite there is known to be a surface-
related feature arising from either a surface phase trans-
formation, surface defects, or impurity phases in the crys-
tals. ' Oxygen 2p holes are present in the
YBa2Cu307 crystals for x &0.5, and the origin of the
9.5-eV satellite has been interpreted as an oxygen satellite
arising from the Coulomb correlation of the 2p hole
created on an 0 anion during the photoemission process
and an 0 2p hole on a neighboring 0 site. While this
interpretation has been subject to some dispute, it is
supported by the resonant enhancement of the 9.5-eV sa-
tellite across the 0 2s~2p excitation threshold. Re-
cent theoretical work on models of several transition-
metal oxides has suggested that holes in MnO tend to be
localized on the metal sites, in contrast to the Cu-
oxide —based superconductors whose holes are mainly as-
sociated with oxygen sites. Since the satellite in MnO is
resonantly enhanced by the Mn 3p —+3d excitation, the
high binding energy satellite in the MnO valence-band
photoemission spectrum could thus result from an addi-
tional Coulomb attraction between the photoemitted 3d
electron and a defect-induced hole on a Mn site (presum-
ably corresponding to Mn surface vacancies). Further
experimental and theoretical work is certainly necessary
in order to clarify this point.

D. Possible effect of bulk defects

Since the valence-band satellite is observed even in the
spectrum obtained from vacuum-cleaved MnO(100), we

must consider the possible effect of bulk defects. Two
types of bulk imperfections, a Mn30& secondary phase
and Mn vacancies, are known to exist in MnO. ' Small
amounts of Mn304 are commonly found in commercial
MnO single crystals, as is the case here. Because the
amount of Mn304 in the crystal is only a few percent, the
presence of this secondary phase is probably too small to
be discernable in the photoemission spectra of Mn0. For
the second type of imperfection, recent studies suggest
that a substantial number of cation vacancies can exist in
MnO; the nonstoichiometric Mn& 0 can have x be-
tween 0.001 and 0.15 similar to wustite Fe& 0. How-
ever, the bulk concentration of Mn vacancies in MnO
should not be large enough, as suggested by its insulating
nature at room temperature, to markedly affect the MnO
photoemission spectra. Moreover, neither the Mn304
secondary phase nor Mn vacancies in the bulk can ex-
plain the surface sensitivity of the satellite shown in Figs.
2 and 3. Therefore imperfections in bulk MnO are un-
likely to be the only origin for the satellite.

V. SUMMARY

Both XPS and resonant photoemission have been used
to study the core-level and valence-band satellite struc-
ture in single-crystal MnO(100). The very small ampli-
tude of the satellites associated with the Mn 2p core level
and the absence of satellites in the 3s and 3p core-level
spectra are consistent with the predictions of a recent
ligand charge-transfer screening model. The valence-
band photoemission spectra, however, contains a relative-
ly strong satellite feature which exhibits resonant behav-
ior as the photon energy is tuned through the Mn
3p~3d optical excitation threshold; this satellite is not
predicted by the model. Its amplitude is found to be
highly dependent upon surface treatment, and we suggest
that it is associated with point defects on the surface; its
resonant behavior indicates that it may correspond to ex-
citations at surface Mn vacancies.
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