
Quantitative low-energy electron diffraction analysis of MnO„100… films grown on Ag„100…

E. A. Soares,* R. Paniago, V. E. de Carvalho, E. L. Lopes, G. J. P. Abreu, and H.-D. Pfannes
Departmento de Física, ICEx, Universidade Federal de Minas Gerais, CP702, Belo Horizonte, MG, Brazil

�Received 20 October 2005; revised manuscript received 2 December 2005; published 13 January 2006�

In this work we report on a low-energy electron diffraction �LEED� study of MnO�100� thick films grown
on Ag�100� in order to determine their surface geometry. The LEED results indicate a topmost layer rumple of
�4.8±2.0�% with the oxygen ions moving towards the vacuum side. These results are in line with other surface
structure determinations carried out on the �100� surface of different oxides having rock-salt structure but are
in disagreement with MEIS results reported in the literature for the MnO�100� using a MnO single crystal.

DOI: 10.1103/PhysRevB.73.035419 PACS number�s�: 61.14.-x, 68.35.-p, 68.47.Gh

I. INTRODUCTION

Oxide surfaces are of great technological interest, e.g., in
protective coating, catalysis, single tunnel barriers and
others.1 However, there are much fewer investigations of
their surface properties as compared to metals and semicon-
ductors. The investigation of insulator crystals by means of
low energy electron diffraction �LEED� is hindered due to
surface charging, unless very low electron beam currents are
employed. A practical method to avoid this problem is to
prepare an insulator ultrathin film on suitable metal sub-
strates. Another problem that arises when using oxide single
crystals is the often poor structural quality of the cleaved
surfaces. This is specially true for the case of MnO where the
cleavage of a single crystal along the �100� plane normally
leads to a surface, which consists of pyramids with �111�
octahedral faces.1

MnO is a 3d antiferromagnet transition metal oxide with a
Néel temperature of 120 K �Ref. 2� and has rock-salt bulk
structure with a lattice constant of 4.445 Å. As reported in
the literature,1 MnO�100� surfaces cleaved in ultra-high-
vacuum �UHV� conditions only exhibit a diffuse �1�1�
LEED pattern. Polishing the �100� surface followed by an-
nealing at 480 K results in a clear �1�1� diffraction pattern.
Subsequent annealing at temperatures between 800 and
1000 K gives rise to �2�2� and �6�6� reconstructions, re-
spectively, but no change of the surface stoichiometry has
been measured. A high resolution electron energy loss spec-
troscopy study performed on MnO�100� single crystals dem-
onstrated that the �100� surface can be selectively oxidized or
reduced by annealing under appropriate oxygen partial pres-
sure or in UHV conditions, respectively.3 Recently, high-
resolution medium energy ion scattering �MEIS� was used in
order to investigate the surface structure and lattice dynamics
of clean MnO�100��1�1� surfaces prepared by cleavage in
N2 atmosphere followed by annealing in an O2 partial
pressure.4 The MEIS results favor a rumpled surface with the
top-layer Mn atoms moving toward the vacuum side relative
to top-layer oxygen atoms. Those results are in agreement
with recent ab initio calculations5 but are in disagreement
with all other structural studies carried out on �100� surfaces
of other oxides having rock-salt structure, except MEIS re-
sults for NiO�100�.6 A very detailed study of epitaxial
growth of MnO films on Ag�100� was performed by Müller

et al.7 It was demonstrated by that study that it is possible to
prepare MnO�100� films on a Ag�100� surface with a struc-
tural order comparable to the corresponding substrate crystal
if the Mn evaporation rate and the oxygen pressure are prop-
erly tuned.

In this paper we present a quantitative LEED study of
ultrathin �24 and 48 monolayers� manganese mono-oxide
films grown on Ag�100�. Growth is observed to be nonp-
seudomorphous and, even at very low coverage, the lattice
parameter of the film is the one observed for bulk MnO. In
the Sec. II we describe the experimental and theoretical de-
tails. The results and discussion are presented in Sec. III and
some conclusions are drawn in Sec. IV.

II. EXPERIMENTAL AND THEORETICAL DETAILS

The experiments have been carried out in a VG Escalab
UHV system with a base pressure of 1�10−10 mbar. The
UHV system was equipped with the standard facilities for
sample preparation �cleaning, heating and deposition� and
sample characterization �Auger, XPS, and UPS� as well as
with a computer controlled 4 grid LEED and a RHEED op-
tics. The Ag�100� single crystal was supplied by the Monoc-
rystal Company, with 99.995% purity, presenting a mirror
like �100� surface oriented within ±0.5°. The �100� silver
surface was cleaned with several cycles of sputtering �Ar+

ions at 1.0 keV for 30 minutes� and annealing �up to 450 °C
for 5 minutes� until no trace of carbon, oxygen, and sulphur
contaminations could be detected by XPS and a sharp �1
�1� LEED pattern could be observed. MnO�100� layers of
thickness of 1, 2, 8, 24, and 48 monolayers �ML� were pre-
pared by evaporating metallic Mn �99.99% purity� in an O2
partial pressure of 2�10−8 mbar at an evaporation rate of
1.0 ML/min following the procedure described by Müller et
al.7 During the evaporation the Ag�100� surface was held at
room temperature. Since only diffuse �1�1�LEED patterns
were observed after the film growths, the MnO�100� films
were annealed at 773 K �±50 K� during 5 minutes. After that
a well defined LEED pattern was observed for all MnO�100�
films. The MnO stoichiometry was checked by the splitting
in the 3s XPS peak, before and after annealing. The Mn 3s
splitting has its origin in the interaction of the spin of the
remaining electrons in the Mn 3s level after the photoemis-
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sion process and the resulting Mn 3d spin.7 After each
growth, the Ag�100� sample was cleaned by cycles of sput-
tering and annealing until no trace of Mn and O were detect-
able by XPS and a new film was grown.

The LEED patterns were collected as a function of the
incidence beam energy for the two thickest MnO films using
a high-sensitivity CCD camera and an automated data acqui-
sition system. The diffracted intensity as a function of elec-
tron energy �LEED-IV curves� for 23 beams was then col-
lected at nominal normal incidence in the range of
50–550 eV. The experimental LEED-IV curves were then
normalized by the incident electron current and smoothed
using a 3-point least-squares cubic polynomial algorithm.
The symmetry-equivalent beams were then averaged reduc-

ing the data set from 23 to 6 inequivalent beams. The total
energy range �ET� defined by the independent experimental
beams are 2064 and 1814 eV, respectively, for the 24 ML
and 48 ML MnO�100� film thickness.

The LEED analysis was performed using the familiar
method of symmetrized automated tensor LEED �Ref. 8�
which has been used, for example, to study complex oxide
surfaces such as Fe3O4�111� �Refs. 9 and 10� and �
-Al2O3�0001�.11,12 Although MnO is an ionic compound,
neutral scattering phase shifts were used. It is well know that
the structural fit depends very little on those nonstructural
parameters, provided their values are reasonable. Barbieri et
al.9 carefully verified this point in a surface structural analy-
sis of Fe3O4�111�. To take into account the difference in the
ionic radii, we assumed that the oxygen muffin-tin radius
�rmuf

O � was twice the Mn muffin-tin radius �rmuf
Mn � in such a

way that rmuf
O +rmuf

Mn =dnn where dnn is the nearest-neighbor
distance. This was done in order to avoid overlap of the
muffin-tin spheres. The muffin-tin potential and the phase
shifts were calculated using the Barbieri/Van Hove phase
shift package.13 In particular, a set of 11 relativistic phase
shifts �lmax=10� was used in all the LEED calculations. In
order to quantify the agreement between the experimental
and theoretical LEED-IV curves we have used the R factor
proposed by Pendry14 �RP�. All the calculations were per-
formed on the AMD Athlon Oscar/Linux cluster15 at the sur-
face science laboratory of UFMG.

Since the two MnO films we have quantitatively analyzed
in this work were thick enough to totally cover the substrate,
we have not considered the Ag�100� in the calculations.

III. RESULTS AND DISCUSSION

The Mn 3s doublets of MnO�100� grown films, with
thicknesses of 2, 8, and 24 ML, are shown in Fig. 1. The

FIG. 1. XPS spectra of the Mn 3s splitting of MnO�100� grown
on Ag�100�. The thicknesses of MnO films are indicated and spec-
tra were collected after annealing at 773 K.

FIG. 2. LEED patterns at 142 eV after annealing the MnO�100� films as a function of the MnO�100� thickness. �a� Clean Ag�100��1
�1�, �b� 1 ML of MnO�100�, �c� 2 ML of MnO�100�, �d� 8 ML of MnO�100�, �e� 24 ML of MnO�100�, and �f� 48 ML of MnO�100�.
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measured energy splitting is the same for all samples
�6.10±0.05 eV�, exactly the one expected for a pure Mn2+

valence state and is in accordance with XPS spectra of MnO
grown by other authors.7,16 We can rule out the formation
and coexistence of either Mn3O4 or Mn2O3 which, having
both lower energy splittings, would broaden and turn asym-
metric the Mn 3s doublet lines of the MnO film. An energy
shift towards lower kinetic energy �higher binding energy� is
observed for the 24 ML thick sample as compared with the 2
and 8 ML ones, which is obviously due to some surface
charging of that sample.

The LEED patterns for the clean Ag�100��1�1� and for
the MnO�100� films after annealing are shown in Fig. 2 as a
function of the film thickness at an electron incidence energy
of 142 eV. As can be seen from Fig. 2�c�, there is a clear
splitting of the silver diffracted beams after the growth of
2 ML of MnO�100�. A careful analysis of the 2 ML film
LEED pattern led us to the conclusion that, in fact, the ob-
served LEED pattern is a superposition of the Ag�100��1
�1� and the MnO�100��1�1� diffracted patterns with the
same orientation. This LEED pattern can be easily explained
by assuming that, under our growth conditions, the
MnO�100� films grow in islands which are epitaxial to, but
incommensurate with, the Ag�100� substrate. The MnO�100�
islands cover the substrate only partially, since the diffracted
beams from both Ag�100��1�1� and the MnO�100��1�1�
are visible simultaneously. Estimates of the diffraction angles
showed that the pattern related to the MnO�100� film is con-
sistent with a square lattice periodicity around 9% larger than

FIG. 3. �2,0� and �1,1� beam profiles along the radial direction at
142 and 154 eV of incidence energy, respectively. kx

// and ky
// are the

Ag�100� normalized reciprocal space vectors.

FIG. 4. The behavior of the RP factor as a
function of �a0

MnO for the 24 ML �top� and
48 ML �bottom� MnO�100� films. Triangles, re-
laxing two layers. Diamonds, relaxing four
layers.
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that of Ag�100� which is compatible with the fact that the
misfit between Ag and MnO bulk lattice constants is around
8.6%. An equivalent diffraction pattern is also observed for
the 8 ML film �Fig. 2�d��. These observations are in good
agreement with the results reported for the growth of
5 ML–7 ML layers of MnO�100� on Ag�100�.7 A similar
behavior was observed by Tian et al. for the growth of MnO
on Cu�100�,17 a system with much larger misfit �23%�. It is
worth to point out that the same splitting was also visible for
the 1 ML thick film but only at incidence energies lower than
100 eV.

After growing 24 ML �Fig. 2�e�� and 48 ML �Fig. 2�f�� of
MnO, only the diffracted beams related to the MnO�1�1�
were visible indicating that the MnO�100� islands had coa-
lesced totally covering the substrate. This fact can be better
seen in Fig. 3 where the spot profiles for the �2,0� and �1,1�
beams at incidence energies of 142 eV and 154 eV, respec-
tively, are shown as a function of the film thickness. The spot
profiles are measured at a radial direction passing through
the diffracted beams using the raw data, i.e., without any
smoothing of the curves. It is clear that the intensity of the
beams related to the substrate decreases as the film thickness
increases. The LEED pattern for the 24 ML film does exhibit
some strips between the diffracted spots that may be associ-
ated to the existence of mosaics on the surface. It is worth to
stress that the six independent experimental LEED-IV curves
collected for the 24 ML and 48 ML MnO�100� films are
very similar and we should not expect large differences be-

tween the structural results obtained from an independent
quantitative LEED analysis of the two data sets.

The first issue that we investigated quantitatively was the
MnO�100� film in-plane lattice constant �a0

MnO�. In order to
do that, we have carried out a series of calculations assuming
different values for a0

MnO from −5% up to �5% of variation
with respect to the MnO�100� single crystal surface lattice
constant value of 3.14 Å in steps of 1%. Since we have ob-
served that, under our preparation procedure, the MnO
growths nonpseudomorphic even for 1 ML, we have as-
sumed that all layers of the film had the same in-plane lattice
constant a0

MnO. For each value of a0
MnO, a full structural op-

timization was performed starting from the ideal bulk posi-
tions. The surface and bulk Debye temperatures were as-
sumed to be identical and equal to 534 K �Ref. 18� in this
first step. In order to verify the influence of the number of
structural parameters used during the optimization, and the
size of the experimental data sets in the final structure, we
have carried out the calculations using four and eight fitting
parameters �equivalent to relax two and four layers� and four
and six experimental beams for the 24 ML and 48 ML films.
The RP factor as a function of the variation of the surface
lattice constant ��a0

MnO� with respect to the bulk value is
shown in Fig. 4. In all cases, a very well-defined minimum
was obtained indicating an expansion of �+1.0±0.6�% of the
MnO�100� surface lattice constant. The final structures are
also very close to each other suggesting a surface rumple of
0.1 Å with the O2− moving towards the vacuum and the

TABLE I. The lowest RP factor obtained in the lattice constant grid. All of them correspond to a +1%
expansion when compared to a single crystal.

Film thickness 24 ML 24 ML 48 ML 48 ML

Expt. beams 4 6 4 6

Four parameters 0.14±0.02 0.16±0.02 0.18±0.03 0.19±0.03

Eight parameters 0.14±0.02 0.16±0.02 0.17±0.03 0.19±0.03

FIG. 5. RP factor as a function of the surface
Debye temperature �1

MnO for the 24 ML �left�
and 48 ML �right� MnO�100� films. Triangles, re-
laxing two layers. Diamonds, relaxing four
layers.
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Mn2+ moving into the crystal. The rumple in the ith layer is
defined as ��i=�zi

A−�zi
C� where �zi

A and �zi
C are, respec-

tively, the anion and the cation vertical displacements from
the ideal bulk positions. The z-axis points towards the
vacuum. The lowest RP factors obtained are listed in Table I
and all of them correspond to an expansion of 1% of the
surface lattice constant when compared to the ideal value of
a MnO�100� single crystal. It is clear that the expansion in
the surface lattice constant and the surface rumple do not
depend on the number of fitting parameters or the size of the
experimental data set.

Using the optimized geometry found during the lattice
constant search as starting point, a grid search over the top-
most layer Debye temperature ��1

MnO� was conducted over
the range 200–1000 K for the 24 ML and 48 ML MnO�100�
films. Again, for each value of the Debye temperature, a full
optimization of the structural parameters was carried out.
The Mn2+ and O2− Debye temperatures were assumed to be
identical in the topmost layer and all available experimental
beams were used in the theory-experiment comparison. The
dependence of the RP factor with �1

MnO is shown in Fig. 5.
Again, a very well-defined minimum was obtained for each
film thickness at �1

MnO=400 K �25% lower then the bulk
value�, independently of the number of fitting parameters and
film thickness. In order to try to discriminate the Mn2+ and
O2− Debye temperatures in the topmost layer a two-
dimensional �2D� grid search was also carried out, but the
final results for the Debye temperatures were identical to
400 K considering the error bars and no significant improve-
ment in the RP factor was achieved. The final structural and
nonstructural parameters of interest, as well as the corre-
sponding RP factors are presented in Table II for the two
MnO�100� film thicknesses studied here. The relaxation of
the ith layer is defined as �i=

1
2 ��zi

A+�zi
C� and the variation

in the interlayer distance between the ith and jth layers can
be defined in terms of the layer relaxations as �dij =�i−� j.
As it can be seen, the final best-fit structures gave very low
values for the RP factors with variances of 0.02. The RP

variance was than used to estimate the error bars of the re-
sulting fitted parameters. The optimized geometries of the
MnO�100� films are identical considering the error bars and
the most important feature is a surface layer rumple with an
average value of �1=4.8% �0.11 Å�, where the oxygen ions
move towards the vacuum and the manganese ions go into
the surface. A very small expansion of the first interlayer
distance is also observed by LEED, but with large uncertain-
ties. All the other structural parameters can be considered
identical to the bulk values. A side view of the MnO�100�
film structure is shown in Fig. 6. The comparison between
the experimental and theoretical LEED-IV curves for the
best models presented in Table II is presented in Fig. 7. It can
be seen that there is, indeed, a very good agreement between
theory and experiment.

From Table III it can be seen that these results are in
agreement with most of the structural studies carried out on
the �100� surface of other oxides having the rock-salt struc-

TABLE II. Final structural parameters after Debye temperature optimization for the 24 ML and 48 ML
MnO�100� films. All the calculations were performed using all the six experimental beams and assuming that
the Mn2+ and O2− have the same Debye temperature in the topmost layer. All the percents are calculated with
respect to the optimized film bulk interlayer distance of 2.24 Å, but the �a0

MnO that is evaluated with respect
to the surface lattice constant �3.14 Å� of a MnO single crystal. ET is the total energy range defined by the
independent experimental beams.

MnO�100� thickness 24 ML 48 ML

Fitting parameters 4 8 4 8

�a0
MnO�%� 1.0±0.6 1.0±0.6 1.0±0.6 1.0±0.6

�1�%� 4.2±1.4 4.1±1.6 5.5±2.5 5.5±2.5

�1�%� 0.4±1.4 0.3±1.6 1.5±2.5 1.5±2.5

�2�%� 0.2±1.5 0.2±1.7 0.6±2.5 0.5±2.5

�2�%� 0.3±1.5 0.4±1.7 0.4±2.5 0.4±2.5

�d12�%� 0.1±1.5 −0.1±1.7 1.1±2.5 1.1±2.5

�1
MnO�K� 400±80 400±80 400±100 400±100

ET �eV� 2064 2064 1814 1814

RP 0.13±0.02 0.13±0.02 0.16±0.02 0.16±0.02

FIG. 6. Side view of the MnO�100� surface structure. The oxy-
gen and manganese ions are represented by the big white and the
small black spheres, respectively.
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ture, but in conflict with the MEIS studies carried out on
MnO�100� and NiO�100� single crystals.4,6 In those studies a
rumple of −3.6% and −4.8% were observed for MnO�100�
and NiO�100�, respectively, but with the O2− ions moving
into the bulk. From the MEIS results, it was also possible to
derive the individual bulk Debye temperatures �340±30 and
620±50 K for Mn and O, respectively� and the enhance-
ments on the vibration of the topmost layer atoms. In order
to explicitly verify if different values for the bulk Debye
temperatures would give us different final structures, we
have performed all the LEED calculations described above
using the values obtained from the MEIS analysis. No sig-

nificant differences were obtained in this new analysis and
final structures are very similar to the one obtained assuming
a value of 543 K for the bulk atoms. Indeed, the final RP
factors increased from 0.13 �0.16� to 0.16 �0.21� for the
24 ML �48 ML� MnO�100� film. It is worth to point out that
a RP higher than 0.5 was always obtained when comparing
the experimental LEED-IV curves with the theoretical ones
calculated from models having the Mn2+ ions moving to-
wards the vacuum.

The rumbles determined by the MEIS studies support re-
cent ab initio calculations where the surface properties of
MnO�001� and NiO�001� were investigated and contradicts
calculations based on semiclassical treatment. It is argued
that the disagreement between the semiclassical calculations
and the MEIS experiment is due to the fact that pair poten-
tials have an isotropic nature and can only describe almost
isotropic electron charge density distributions. This is a good
approximation for metallic and ionic compounds and may
fail for covalent crystals where there is an accumulation of
electrons between the bonding atoms. This type of core-shell
approach is basically the one used in LEED to evaluate the
phase shifts used to describe the electron scattering inside the
crystal. However, it is important to point out that LEED
analysis based on the muffin-tin approach for the phase shifts
calculations has been used for a long time on the surface
structure determination of semiconductors compounds where
a reasonable agreement between LEED and ab initio calcu-
lation were achieved. Very recently, a LEED surface struc-
ture determination was performed on the TiO2�110��1�1�
where self-consistent phase shifts were used in order to ac-

FIG. 7. LEED-IV curves for the 24 ML �top� and 48 ML �bot-
tom� MnO�100� films grown on Ag�100�. Thick solid lines, experi-
mental curves. Thin solid lines, theoretical curves for the best
model obtained using six beams and relaxing two layers.

TABLE III. The topmost layer rumple determined for some
�100� surfaces of rock-salt oxides obtained by several experimental
techniques and theoretical calculations reported in the literature.
Experimental results marked with a dagger means that the oxide
sample was an ultrathin film grown on a metal substrate and the
minus sign represents a displacement of the O2− ions into the crystal
�GIXS, represents grazing incidence x-ray scattering�.

Oxide �1�Å� Technique

MnO�100�† 0.10±0.04 LEED �this work�
MnO�100� −0.08±0.02 MEIS �Ref. 4�
MnO�100� −0.01 ab initio �Ref. 5�
MgO�100� 0.02±0.01 GIXS �Ref. 20�

MgO�100� 0.04±0.04 LEED �Ref. 21�
MgO�100� 0.024 Hartree-Fock �Ref. 22�
NiO�100�† 0.05±0.05 LEED �Ref. 23�

NiO�100� −0.10±0.01 MEIS �Ref. 6�
NiO�100� 0.014 Hartree-Fock �Ref. 22�
CoO�100�† 0.06±0.04 MEIS �Ref. 24�

CaO�100� Less then 0.04 LEED �Ref. 25�

Other rock-salt

compounds

NaCl�100�† 0.12±0.03 LEED �Ref. 26�
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curately describe the ground state charge density.19 The use
of such type of phase shifts on LEED analysis of MnO�001�
films growth on metals may shade some light on the discrep-
ancy between the different experimental results.

IV. CONCLUSIONS

In this work we have successfully applied low energy
electron diffraction in order to determine the surface struc-
ture of MnO�100� thick films grown on Ag�100�. A very
good agreement between experiment-theory was obtained as
reflected by very low values achieved for the RP factor. The
most important feature observed for the �100� surface of the

grown films is a topmost layer rumple of �4.8±2.0�% with
the oxygen ions moving towards the vacuum side. These
results are in line with other surface structure determinations
carried out on the �100� surface of different oxides having
rock-salt structure but are in disagreement with MEIS results
reported in literature for the MnO�100� using a MnO single
crystal and also with the result from recent calculations.
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