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Ultrathin manganese monoxide films on silver substrates are studied as a function of the thickness using
x-ray absorption spectroscopy and x-ray photoemission spectroscopy. By combining these techniques, an
improved understanding of both the local geometry and the electronic structure is achieved. It was found that
both electronic and geometric properties in ultrathin films differ significantly from the bulk. A tetragonal
distortion of the oxide films is revealed by polarization-dependent x-ray absorption measurements; the extent
is decreasing gradually with increasing film thickness. A relaxation of an epitaxial oxide layer induced by
heating also leads to a decrease of the tetragonal interface strain. The electronic structure of ultrathin manga-
nese oxide films changes in the valence-band region with dependence on thickness.
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I. INTRODUCTION

Binary transition-metal oxides have been attracting funda-
mental scientific interest for many years. Their strong
electron-electron interaction combined with their composi-
tional simplicity makes them important model compounds
for understanding the effects of strong correlation in phe-
nomena such as magnetism and electron transport. Novel
properties are predicted for ultrathin films of these oxides on
metallic substrates.1 These properties are expected to differ
from bulk properties due to both the reduced dimensionality
and the influence of the interface. The metallic substrate may
have a purely electronic contribution to the properties of ul-
trathin films by changing the electron density at the
interface.2 This may change either the ground state of the
oxide film or the screening in response to an electronic
excitation.3,4 In case of less inert metallic substrates, inter-
face reactions in various extent can take place.5–9 Further-
more, interface strain effects may be observed in epitaxial
layer systems with a lattice mismatch.10 It is of basic interest
whether these different influences can be used to tune the
properties of ultrathin films systematically. Several studies
have been carried out on NiO thin films on Ag �001� as well
as on MgO �001� substrates. On the other hand, bulk samples
of the oxides of the neighboring metals—CoO or MnO—
have been extensively studied. It has been a long-time chal-
lenge for theoreticians to properly describe the experimental
properties of MnO with calculations. This led to an improved
understanding of the electronic—especially the insulating
nature of MnO—and the structural and magnetic
properties.11–14 Thin films of the polar surfaces CoO �111�
and MnO �111� as well as the nonpolar Co �001� surface on
several metal substrates have been investigated regarding
growth mode and electronic and structural properties with
scanning tunneling microscopy, photoemission, and electron-
diffraction techniques.15–17 Ultrathin films of the nonpolar
MnO �001� surface have been rarely studied.18,19 The elec-
tronic and structural properties of ultrathin films of these
binary monoxides need to be explored. In this study, we fo-
cus on ultrathin films of MnO on Ag �001�. We chose silver

as a substrate as it can be considered chemically inert. No
detectable reactions take place at the present preparation con-
ditions. The Ag �001� surface can be considered to be very
close to the truncated fcc bulk structure �a=4.086 Å�: No
surface reconstructions are known and only a small relax-
ation of the topmost layers occurs.20 Bulk manganese oxide
has rocksalt structure with a lattice constant of a=4.445 Å at
300 K. Consequently, the lattice mismatch to the substrate is
quite high �9%�. Depending on the preparation parameters,
substrate temperature, manganese flux, oxygen partial pres-
sure and annealing time, i.e., both thermodynamic and ki-
netic conditions, films of good epitaxial quality can be
obtained.18 By choosing the optimal preparation method, it is
possible for us to obtain either a film growth with a lattice
match in the surface plane or relaxed growth of MnO on Ag
�001�. Here, we present results regarding both the electronic
and local geometric properties as a function of the MnO film
thickness.

II. EXPERIMENT

X-ray absorption �XAS� and photoelectron spectroscopy
experiments were carried out at IFP’s soft x-ray beamline
WERA at the Karlsruhe synchrotron radiation facility
ANKA. Epitaxial layers of MnO on a Ag �001� surface—
with thicknesses in the range from 0.2 to 4 nm—were pre-
pared stepwise in situ by thermal evaporation of manganese
with a flux of 1.0 Å min−1 in a reactive oxygen atmosphere
�2�10−7 mbar�. The single-crystal substrate, orientation ac-
curacy �0.1° �MaTecK GmbH, Germany�, was kept at
475 K during the film growth and during a successive an-
nealing in ultrahigh vacuum �UHV� for 2 h. The base pres-
sure inside the preparation chamber was 10−10 mbar and did
not exceed 3.0�10−9 mbar during evaporation of pure man-
ganese. The layer thickness was determined with a quartz
microbalance referenced against x-ray photoemission spec-
troscopy �XPS� intensities of substrate and overlayer peaks
using the closed layer model. A MnO �001� single crystal
used as bulk reference �TBL-Kelpin, Germany� was cleaned
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by several sputtering-annealing cycles �500 eV Ar+ ion bom-
bardment, 740 K�. Photoelectron spectra �XPS� of the
Mn 2p, Mn 3s, and O 1s core levels were measured to con-
firm the chemical state of the manganese and the stoichiom-
etry. The epitaxial quality of the layers was monitored with
low-energy electron diffraction �LEED�. Soft x-ray photo-
electron spectra in the valence-band region using a photon
energy of 200 eV and an overall resolution of 150 meV were
taken to study changes in the electronic properties as a func-
tion of the film thickness. An ultrathin 0.28 nm epitaxial
layer was annealed at temperatures up to 600 K, leading to
both relaxation of the film and island formation visible as
specific changes in the LEED patterns. Polarization-
dependent XAS spectra of the Mn L2,3 edge were taken in
total electron yield �TEY� and partial electron yield �PEY�
detection modes for all layer thicknesses as well as for the
cleaned MnO �001� reference crystal. The Mn L2,3 PEY spec-
tra were measured with a cutoff energy which was sufficient
to completely suppress the contribution of oxygen �530 eV�.
The energy resolution was set to 100 meV for the XAS spec-
tra. The degree of linear polarization for the angle-dependent
measurements was set to 97%. The incident photon flux I0
was monitored online with a gold mesh for background cor-
rection. All measurements were performed with the sample
at room temperature, well beyond the bulk MnO Néel tem-
perature of 118 K.

III. SIMULATIONS

The theoretical simulations of the Mn L2,3 spectra were
conducted with the software package TT-MULTIPLETS.21–23 It
is based on a full atomic multiplet calculation with a subse-
quent crystal-field splitting calculation. The spectra were cal-
culated via a transition matrix between the ground-state con-
figuration �2p63d5� and a final state �2p53d6� of a Mn2+ ion.
In this study, we focused on this transition matrix; no further
configurations like charge-transfer states were considered.
The obtained line spectra were broadened with a Lorentzian
of width 0.1 eV for the L3 edge and of 0.3 eV for the L2 edge
and an overall Gaussian contribution of 0.15 eV full width at
half maximum �FWHM�. These broadening parameters lead
to a good correlation between experimental and calculated
bulk MnO spectra.24 They were also used for the simulation
of the Mn L2,3 spectra taken from the ultrathin films. In the
MnO bulk structure, manganese is sixfold coordinated by
oxygen ligands with Oh symmetry. As shown in Fig. 1�a�, the
experimental Mn L2,3 spectra of bulk MnO can be well re-
produced by an atomic multiplet calculation with an addi-
tional octahedral crystal-field splitting of 10Dq=0.85 eV.
However, for the successful simulations of spectra from the
epitaxial oxide films, a tetragonal distortion of the octahedral
ligand sphere had to be taken into account for pseudomor-
phic growth �symmetry reduction from Oh to D4h�. The in-
plane compression of epitaxial MnO on Ag �001� is accom-
panied by an elongation perpendicular to the substrate
surface �see Fig. 1�b��. This results in a splitting of the for-
merly degenerate t2g and eg orbitals and, consequently, to an
angle dependence of the x-ray absorption spectra measured
with linear polarized light. In the calculations, this splitting

was introduced via the additional crystal-field parameters Ds

and Dt in addition to the octahedral crystal-field splitting
parameter 10Dq.25 These parameters were varied from
0.80 to 0.90 eV for 10Dq, from 0 to 110 meV for Ds, and
from 0 to 5 meV for Dt, leading to a set of 414 simulations.
Two model spectra were then calculated for each set of pa-
rameters: The first spectrum with an electric-field vector per-
pendicular to the axis of the tetragonal distortion �normal
incidence� and the second with an electric-field vector paral-
lel to the surface normal �grazing incidence� �see Figs. 1�c�
and 1�d��. Spectra of any given angle can be calculated as a
geometrically weighted summation of these orthogonal spec-
tra. The experimental spectra recorded at normal incidence
and at 70° with respect to the surface normal were compared
to simulated spectra in order to determine the crystal-field
parameters for each film thickness. The first criterion for the
selection of the corresponding simulation was the exact en-
ergy shift �L3 of the main feature of the L3 edge with the
change of the polarization �see Figs. 1�c� and 1�d��. The sec-
ond criterion was the overall shape of the linear dichroism
spectrum which changes in a characteristic manner with
varying parameters. The linear dichroism spectrum results
from subtracting the spectrum taken at 70° from the spec-
trum taken at 0°. Additionally, the distances between the fea-
tures in the L2 edge were taken into account. This method of
selecting the appropriate parameter set allows us to give an
estimation of the variation range for the crystal-field param-
eters, i.e., about 5–10 meV.
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FIG. 1. �a� Experimental x-ray absorption �XA� spectrum of a
MnO �001� bulk sample compared to the simulated spectrum. The
simulation is based on an atomic multiplet calculation with a sub-
sequent crystal-field splitting of 10Dq=0.85 eV. The obtained line
spectrum �gray bars� was broadened with a Lorentzian of width
0.1 eV for the L3 edge and of 0.3 eV for the L2 edge, and an overall
Gaussian contribution of 0.15 eV FWHM. �b� Illustration of the
tetrahedral distortion for a MnO6 octahedron which is compressed
in-plane. �c� Calculated Mn L2,3 XA spectra of a distorted MnO6

octahedron for normal incidence. �d� Calculated Mn L2,3 XA spec-
tra of a distorted MnO6 octahedron for grazing incidence. The exact
energy shift �L3 is a main criterion to find the matching simulations
for the experimental spectra.
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IV. RESULTS AND DISCUSSION

In the MnO bulk structure, manganese is octahedrally co-
ordinated by oxygen. Therefore no polarization dependence
is expected in the XAS spectra of the MnO �001� crystal, as
confirmed by our measurements. The peak positions, the
relative intensities, and the overall intensity after normaliza-
tion with respect to the edge jump remain unchanged for the
reference crystal when going from normal to grazing inci-
dence. In contrast to this, clear changes in the peak positions
and the relative intensities are visible in the polarization-
dependent Mn L2,3 edge spectra of the ultrathin films. These
changes become evident in different angular-dependent sets
of spectra recorded at the different film thicknesses �see Fig.
2�.

The most prominent change is the shift of the main peak
of the L3 edge to lower energies when going from normal to
grazing incidence. We observe that the polarization-
dependent energy shift of the main feature in the L3 edge
depends systematically on the film thickness of the oxide
layer. The �L3 values change, e.g., from −210 meV for the
0.28 nm film thickness to −100 meV for the 3.9-nm-thick
film. The two features in the region between 641 and 642 eV
show a significant polarization-dependent change in their
relative intensities. Additionally, we find that the spectral
contribution in the region between 639 and 640 eV increases
in the series from 0° to 70°. Especially for the 0.28-nm-thick
film, the features that are visible as separated satellites beside
the main peak of the L3 edge are diminished to a shoulder.
When we compare the spectral series of the 0.28- and
3.9-nm-thick films, we find that the spectral features of the
thicker film are sharper �see Fig. 2�. The broadened features
in the spectra of the low film thicknesses might be an indi-
cation of a reduced film homogeneity. However, this broad-
ening is also present in our calculations �see discussion be-
low� and is regarded as a consequence of the changes in the
crystal field. The spectra of the 3.9-nm-thick film look al-
ready very similar to the spectra of bulk MnO �001�. How-
ever, the change of the polarization still leads to a shift of the
main feature in the L3 edge of about 100 meV. These

angular-dependent changes can be studied in more detail in
linear dichroism �LD� plots. For this purpose, we subtracted
the normalized spectra taken at an angle of 70° from the
spectra at 0° and plotted them together with the related simu-
lations scaled by a factor of 10 to match the total intensity
�see Fig. 3�. The LD plot of the bulk MnO shows only a
small artifact at the position of the highest absorption inten-
sity. This might originate from saturation effects in the bulk
oxide which cannot be completely corrected �for details of
this procedure, see Ref. 26 and references therein�. In the LD
plots we see that the dichroism decreases and that features
shift to lower energies with increasing film thickness. Our
simulations closely resemble these experimental findings, as
can be seen in more detail in the inset of Fig. 3.

In our simulations we assume that the epitaxially grown
manganese oxide layers on a silver substrate are tetrahedrally
distorted MnO6 octahedrons. This describes the observed lin-
ear dichroism reasonably well. The influence of the substrate
on the layer decreases with increasing film thickness. Con-
sequently, we expect that the distortion of the MnO structure
by the matching to the Ag substrate decreases with increas-
ing film thickness. In general, the influence of the substrate
on the distortion of the epitaxial layer can be discussed in
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FIG. 2. Polarization-dependent Mn L3 XA spectra of a 0.28 nm
�left� and a 3.9 nm �right� MnO �001� film on Ag �001�.

FIG. 3. Linear dichroism of the Mn L2,3 x-ray absorption spectra
of �a� a MnO �001� single crystal, �b� a 3.9 nm MnO �001� film on
Ag �001�, �c� a 2.5 nm MnO �001� film on Ag �001�, and �d� a
1.1 nm MnO �001� film on Ag �001�. The experimental spectra
�black solid curves� are directly compared to the theoretical simu-
lations �dashed gray curves�. The inset shows the experimental and
theoretical findings of the L3 edge for two different film thicknesses.
The theoretical spectra are scaled with a factor of 10 to fit the
experimental intensities.
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different ways. The simplest model to describe the distortion
within the oxide layer is the assumption of a homogeneously
deformed layer for each film thickness. Alternatively, one
can assume the spectra of an oxide layer to be composed of
a homogeneously distorted layer with a contribution of the
topmost layer in which manganese has a crystal field with
C4v symmetry. A more advanced model would include a
gradual change of the distortion within the layer. However,
we did not find any differences between the spectra of the
3.9-nm-thick film recorded with TEY, probing a depth of
about 5–10 nm and thus the entire ultrathin film, and with
PEY, probing a depth in the few nanometer range. Therefore
the latter two contributions are less likely. This separation
into surface- and bulk-sensitive probing might not hold for
the lowest thicknesses since both recording methods should
probe the entire film. Consequently, the crystal-field distor-
tion parameters for these samples might be averaged values.
An experimental indicator for this assumption can be the
slightly increased linewidth compared to the related simula-
tion. Having identified the tetragonal distortion as the main
origin of the spectral changes, we find a clear trend with
increasing film thickness �see Fig. 4�. The orbital splitting
values of the eg and t2g orbitals in a tetragonal crystal field,
�1 and �2, respectively, decrease with growing film thick-
ness. By extrapolating this trend to a nondistorted crystal
field, we expect purely bulklike manganese oxide films to set
in at about 5 nm thickness. In addition, we found that the
distortion decreases when epitaxially grown MnO is forced
to relax by heating the sample up to 600 K, as shown for the
0.28 nm layer. XPS core-level intensity ratios of the heated
0.28 nm layer have been analyzed using a peak shape analy-
sis software27 in order to obtain information on the changes
of the surface composition. The peak intensity ratio of the
Ag 4s peak to the Mn 3s doublet changes from approxi-
mately 2:1 for the epitaxial film to 4:1 for the annealed film.
The mean free paths for electrons can be considered to be

equivalent for both levels. The increase of this ratio demon-
strates a redistribution of MnO at the surface, very likely
accompanied by island formation.

In order to compare these thickness-dependent changes
observed in XAS with spectra which give information about
occupied states, we conducted photoemission experiments.
The valence-band �VB� spectra are shown in Fig. 5 �left�.
Changes in the VB region of ultrathin MnO on silver are not
directly observed with XPS, since the Ag 4d bands with
maxima located at 4.8 and 6.3 eV mask the MnO features,
especially at very low film thickness. The Fermi edge of the
silver substrate is still visible in the ultrathin film spectra. By
subtracting a scaled reference spectrum of the clean silver
surface, the valence-band region of ultrathin MnO films can
be revealed �see Fig. 5 �right��. The intensity scaling before
subtraction has been performed by aligning the Fermi edges
of the clean substrate spectrum and the thin-film spectrum.

After subtracting the silver reference spectrum, we ob-
serve four dominant features A, B, C, and D in the VB of
ultrathin MnO films, as reported recently for bulk MnO.28

Even for the lowest film thicknesses, these features are ob-
served in the spectrum. However, there are some changes in
the relative intensities and energy positions. The valence-
band maximum is shifted from 0.8 to 0.5 eV, going from
bulk MnO to the ultrathin film of 0.28 nm thickness. Thus,
the Fermi level appears closer to the valence-band maximum
in the thin-film case. Also feature B shifts from
3.9 to 3.5 eV. Within feature C, spectral weight is shifted
from higher to lower binding energies. Feature D hardly
changes in its intensity. The origin of the four features has
been discussed controversially. Calculations on the basis of
the ligand field theory combined with the configuration-
interaction �CI� approach were performed to resemble the
experimental spectra.11–13,29 Ab initio studies with the PBE
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FIG. 4. The tetragonal orbital splitting values �1 �black closed
circles� and �2 �black open circles� decrease with increasing film
thickness. The black line on the lower right-hand side shows a film
thickness for a bulklike behavior, i.e., an undistorted crystal field
can be expected. The inset shows the tetragonal distortion of the
crystal field caused by an in-plane compression of the epitaxial
oxide film. Heating of a 0.28 nm epitaxial layer �gray arrow� leads
to a decrease of the distortion and thus to a decrease of the tetrag-
onal orbital splitting �black squares�.

FIG. 5. Valence band �left� and valence-band difference spectra
�right� of the ultrathin MnO films �gray�, the silver substrate, and
the MnO �001� reference �black�. The binding energy of the thin-
film spectra can be precisely aligned with the Fermi edge of the
subjacent silver before subtraction �dotted line�. The bulk MnO
spectrum can be aligned with the O 2s peak at 21.4 eV. In the MnO
�001� spectra, we show the method used to determine the valence-
band maximum �black lines�. The positions of the features A, B, C,
and D are indicated by the black bars. Especially for feature A and
B, a significant shift is visible with increasing film thickness.
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+U approach have been recently utilized to successfully de-
rive the properties of the MnO �001� surface.14 As an out-
come from CI calculations, features A and B can be attrib-
uted to 5Eg and 5T2g symmetry states respectively, after
removal of a Mn 3d electron. The amount of mixing between
d4 and d5 L� final states is under debate and is discussed to be
up to 50%. According to Ref. 13 feature C gains about 18%
intensity from a 4 eV broad O 2p band. Preceding calcula-
tions suggest a broad O 2p band which is split into � and �
bonding orbitals, whereas the � bonding part also contributes
to feature B. According to the density of states ab inito cal-
culation in Ref. 14 Mn 3d and O 2p states contribute to the
overall VB but with different weights than found for CI cal-
culations. On the one hand, the origin of feature D is dis-
cussed in terms of intrinsic contributions due to configura-
tion interaction as calculated by van Elp et al.13 and as
derived experimentally by Lad and Heinrich11 in analogy to
NiO CI calculations. On the other hand, spectral weight in
this region is ascribed to manganese vacancies, impurities, or
oxygen defects by Fujimori et al.12 based on their calcula-
tions. The assumption of manganese vacancies as an origin
for feature D is supported experimentally by Jeng et al.30 It is
also worth noting that the difference spectra of the ultrathin
films show a decreasing spectral contribution in the region
between features C and D with increasing film thickness.
This observation fits both interpretations of the origin of
spectral weight in this region, since we might expect more
vacancies in ultrathin films than for bulklike films. Nonlocal
contributions are caused by charge transfers from the coor-
dinating ligand sphere to the metal atom or by even more
delocalized charge redistributions. Therefore the presence of
nonlocal contributions, as described with CI calculations,
should be slightly increased for defect-free films or films
with larger domains of ordering. The difference spectra may
contain small artifacts of the subtraction procedure. Espe-
cially the difference spectrum of the 0.28-nm-thick film is

susceptible to artifacts in the range from 3.8 to 7.5 eV due to
the high spectral contribution of silver states in this region.
Nevertheless, the observed changes remain significant and
show a trend for increasing film thickness. Two reasons for
these changes may be considered. An influence of the tetrag-
onal distortion as probed with XAS is possible. On the other
hand, ground-state and final-state effects due to the silver
substrate may also have to be taken into account.1 This calls
for a more detailed theoretical analysis.

V. CONCLUSION AND OUTLOOK

We have clearly observed that the change in the electronic
structure of ultrathin MnO films on Ag �001� is thickness
dependent as a consequence of the change of the local ge-
ometry around the manganese atom. The results from the
Mn L2,3 x-ray absorption spectra give evidence for a decrease
of the tetragonal distortion with increasing film thickness.
The valence-band photoemission spectra of ultrathin MnO
films closely resemble those of the bulk material. Significant
thickness-dependent changes are revealed in the difference
spectra. These findings are of interest for investigations in
which thin metal-supported oxide films are prepared to
mimic bulklike properties. On the other hand, one can use
the thickness-dependent changes to tailor electronic proper-
ties of thin films gradually. Further investigations will follow
to study the influence of the oxide layer thickness on other
properties such as magnetic phenomena.
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