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MnO films have been grown by reactive metal deposition in an O2 atmosphere on Pt�111�. The vibrational
and electronic excitations between 50 meV and 7 eV have been investigated by high-resolution electron energy
loss spectroscopy as function of layer thickness up to 17 ML. The vibrational spectrum of the MnO monolayer
is characterized by a strong and narrow phonon at 368 cm−1. For coverages above the monolayer the oxide
film is characterized by a Wallis mode and a Fuchs-Kliewer phonon �382 and 547 cm−1�. Whereas the Wallis
mode has constant intensity and frequency, the Fuchs-Kliewer phonon intensity increases and its frequency
decreases with coverage as predicted by dielectric theory. Mild annealing ��850 K� of MnO films improves
the long-range ordering while higher temperatures causes dewetting and cluster formation. For thin films
between 4 and 10 monolayers the losses due to electronic transitions within the Mn 3d states have been
studied. Six transitions could be identified which indicate for thick films an electronic structure similar to the
one found for MnO�100� single crystal surface. Additionally, surface related d-d transitions have been
identified.
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I. INTRODUCTION

The physical and chemical properties of 3d transition-
metal oxides cover a broad spectrum depending on the filling
of the 3d states.1 Particularly manganese oxides are techno-
logically interesting as electrode material, for magnetic ap-
plications, and in heterogeneous catalysis.2–4 Furthermore as
ultrathin films or nanoparticles manganese oxides exhibit un-
usual magnetic and electronic properties.5–8

The bulk properties of the antiferromagnetic �Néel tem-
perature, TN=118 K �Ref. 9�� MnO which crystallizes in the
rocksalt structure with a lattice constant of aMnO
=0.444 nm �Ref. 10� and exhibits a band gap of 3.6–4.3 eV
�Ref. 11 and references therein� are well established. Its elec-
tronic structure is characterized by a Mn+2 3d5 high-spin
configuration with a behavior between a charge transfer and
a Mott-Hubbard insulator.12–14 The dielectric properties15–21

and electronic excitations such as the d-d transitions11,13,22,23

have been investigated. Early work on the vibrational prop-
erties shows that the transversal-optical �TO� phonon is lo-
cated at the � point at about 265 cm−1.16,17,19,24 Below the
phase-transition temperature of 118 K, a splitting of the TO
phonon of approximately 30 cm−1 has been observed due to
the magnetic ordering.18,20,25,26

For structurally well characterized ultrathin films of MnO
there is much less known. Several groups reported successful
growth on top of single-crystal metals as Ag�100�, Rh�100�,
Pd�100�, and Pt�111�.27–38 Mainly growth of MnO�100�-
oriented films had been found. On the other hand for the
growth on Pd�100� a variety of different manganese oxide
monolayer �ML� structures have been characterized and
there phonon spectra reported.37 For a MnO�100�-like mono-
layer on Pd�100� an dipole-active phonon at 350–360 cm−1

has been found which is close to 368 cm−1 observed for the
MnO�100� monolayer on Pt�111�.33 MnO�100� films on
Pd�100� with a thickness of 20–30 ML on the other hand are
characterized by a phonon at 524 cm−1.34,35

However a systematic study of the evolution of the vibra-
tional and electronic structure with increasing thin film thick-
ness is still missing. This is the goal of the present work. We
report on a continuous shift of the dominant Fuchs-Kliewer
�FK� phonon with layer thickness which is discussed in
terms of the confinement of the bulk TO phonon to the
MnO�100� thin film. In addition, we report on layer-resolved
d-d excitations which allow for a detailed characterization of
transport-related electronic properties. These ultrathin film
data for a highly correlated transition-metal oxide system
might stimulate further theoretical studies. Complementary
investigations of the layer-resolved electronic structure by
scanning tunneling spectroscopy are in preparation.

II. EXPERIMENT

The experiments have been performed in a two chamber
ultrahigh vacuum �UHV� system. The base pressure was be-
low 1�10−10 mbar. One chamber is equipped with standard
surface science methods for sample cleaning �Ar+ sputtering,
heating� and characterization �low-energy electron diffrac-
tion, LEED� and with thermal-desorption spectroscopy
�TPD� facilities. The second UHV chamber houses a spec-
trometer for high-resolution electron energy loss spectros-
copy �HREELS; Delta 05, Specs, Germany�. The system is
described in more details elsewhere.39,40 The Pt�111� surface
was cleaned by repeated cycles of Ar+ sputtering at room
temperature, subsequent annealing cycles in oxygen �1100
K� and final flashing to 1300 K. Cleanness was checked by
LEED and HREELS, no loss features were detected besides
spurious amounts of CO on Pt�111�. Before Mn deposition
the sample was annealed to 600 K to desorb traces of adsor-
bate as, e.g., CO and H2O. Thin films of MnO were grown
on Pt�111� at a temperature of 375 K by deposition of Mn in
O2 atmosphere of 5�10−8 mbar. These values were chosen
with reference to earlier work.27,33 As described previously
CO titration experiments were used in the submonolayer re-
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gime to estimate the Mn-deposition rate.33 The Mn-
deposition rate was monitored and controlled by the flux of
Mn ions present in the beam. The structural ordering has
been improved by post annealing the sample in UHV at 650
K for 20 s after every growth step. If not stated otherwise all
HREEL spectra were recorded at 80 K with an electron en-
ergy of 4 eV. The experiments have been performed in
specular reflecting geometry with a total 120° scattering
angle.

III. RESULTS AND DISCUSSION

A. Growth

Figure 1�a� shows the evolution of the vibrational spectra
of MnO on Pt�111� for coverages between 0.6 and 2.5 ML.
Two main features are visible. One peak at about 367 cm−1

which shifts with increasing coverage to higher energies and
one peak which becomes visible at coverages above 1 ML.
In the inset of Fig. 1�a� the relative intensities of these two

peaks are shown. While for the intensity of the phonon at
about 367 cm−1 only a small increase between 1 and 2 ML is
observed, the phonon at 547 cm−1 shows a clear approxi-
mately linear increase in intensity with increasing coverage.
The energy and width of the main loss are shown in Figs.
1�b� and 1�c�, respectively. The phonon energy of this energy
loss has a constant value of 367 cm−1 below 1 ML. Between
1 and 2 ML the energy increases monotonously to 382 cm−1

and stays approximately constant at this value above 2 ML.
The width of this phonon broadens between 1 and 2 ML, and
shows a maximum at 1.5 ML. These properties indicate that
the peak is composed of two phonons, one at 367 cm−1 be-
longing to the first monolayer and one at 382 cm−1 belong-
ing to the second monolayer. The intensities of the two
phonons depend on the areas with local thickness of 1 and 2
ML, respectively. The coverage dependence of the width and
energy of the resulting energy loss indicate a layerlike
growth at least up to 2 ML.

Figure 2 shows HREEL spectra for MnO films of cover-
ages of 0.9 �Ref. 33� and 2.3 ML which have been prepared
with different oxygen isotopes �16O or 18O�. The observed
phonon frequencies for the Mn 18O layers are shifted down
by 4% related to the otherwise similarly prepared Mn 16O
films. This down shift is related to the different oxygen
masses of the vibrating entities. A value of 4% is expected
for a phonon mode in which the oxygen sublattice vibrates
against the manganese sublattice. In contrast to thicker MnO
films �discussed below� all vibrational feature show narrow
line shapes. Especially the well-annealed monolayer can ex-
hibit a phonon linewidth below 9 cm−1 when correcting for
the instrumental resolution.

Figure 3�a� summarizes the phonon spectra for coverages
up to 17 ML. The phonon energies and intensities are pre-
sented in Figs. 3�b� and 3�c�, respectively. Above 2 ML nei-
ther the energy nor the intensity of the phonon at 382 cm−1

is affected by the film thickness. Above 8 ML the energy loss
is hardly visible since it is covered by the strong phonon at
about 540 cm−1. The phonon at 382 cm−1 has been inter-
preted as Wallis mode which is a displacement pattern where
the first-layer O atoms vibrate along the surface normal.41,42

FIG. 1. �Color online� �a� HREEL spectra of MnO grown on
Pt�111� with coverages between 0.6 and 2.5 ML. The coverages are
indicated at the right of Fig. 1�a�. Inset: relative intensities of the
two main features. �b� Energy of the phonon between 366 and
382 cm−1 as function of film thickness. �c� Deconvoluted width of
the phonon between 366 and 382 cm−1 as function of film thick-
ness. Squares and triangles in �b� and �c� indicate two different
growth series.

FIG. 2. �Color online� HREEL spectra of Mn 16O �blue� and Mn 18O �red� grown on Pt�111� with coverages of �a� 0.9 and �b� 2.3 ML.
�a� Adapted from �Ref. 33�.
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Due to its local character the constant energy and intensity
indicates that the Mn-O bonding in the outermost 1–2 layers
is rather similar for all thicknesses beyond 2 ML. A similar
Wallis mode was observed for MgO thin films on
Ag�100� which shows an analogous coverage dependence
as observed in our experiments.43 The second phonon mode
��540 cm−1� has been identified as FK phonon.44 The FK is
a macroscopic surface phonon polariton which represents the
dielectric response of the MnO film.

Langell et al.45 observed this mode for single crystals at
572 and 525 cm−1 depending on the sample preparation.
Whereas the value at 572 cm−1 is unexpectedly located out-
sides the gap between the transversal optical mode ��TO
=262 cm−1 �Ref. 16�� and the longitudinal optical mode
��LO=552 cm−1 �Ref. 16�� of bulk MnO, the value of
525 cm−1 is well located in the expected phonon gap. The
latter also corresponds well to the observed HREEL spectra
of thin MnO films grown on Pd�100� which show a single
narrow phonon at 524 cm−1.34,46 A detailed comparison with
the theoretical expected coverage dependence of the FK will
be given below.

B. Annealing

Annealing experiments have been performed to improve
the long-range order of the film and to identify thermal de-
composition processes within the film. Figure 4�a� shows
vibrational spectra for a 17-ML-thick MnO film on Pt�111�
upon sequential annealing in UHV. The lowest spectrum is
the same as the upper spectrum in Fig. 3�a�. In all spectra the
FK at about 540 cm−1 is visible. Whereas up to 850 K only
minor changes occur, annealing to 950 K leads to a signifi-
cant down shift of the FK to 521 cm−1. Additionally after
annealing at 950 and 1050 K an energy loss at 365 cm−1 is
observed. The width of the FK as function of annealing tem-

perature is shown in the inset of Fig. 4�a�. One can clearly
distinguish a decrease in the width up to annealing tempera-
tures of 850 K which is explained by long range ordering of
the MnO film. Note that the minimum width of about
60 cm−1 is significantly wider for the 17-ML film as com-
pared to the 2-ML film discussed before. Upon further an-
nealing beyond 850 K a broadening of the phonon can be
observed which is accompanied by a sample charging effect
resulting in a decreasing intensity of the elastic peak with
time. For that reason the relative intensities in Fig. 4�a� are
hardly comparable. All these observations can be explained
by an ordering of the MnO film up to annealing temperatures
of 850 K and a restructuring of the MnO film into larger
islands and a remaining MnO monolayer which is recog-
nized by the phonon peak at 365 cm−1 above this
temperature.33 A schematic representation is given in Fig.
4�b�. The larger islands result in a FK phonon at 521 cm−1.
Height variations in the islands explain the slightly increased
width of this phonon. In LEED images the Pt�111�-�1�1�
substrate and the characteristic �19�1� MnO�100� mono-
layer diffraction peaks became visible due to annealing �not
shown here� which is a further independent evidence for a
dewetting of the MnO film. However, a total dewetting
which would expose a bare or oxygen-covered substrate can
be excluded on the basis of the HREEL spectra. For the bare
Pt�111� surface the adsorption of CO from the residual gas is
inevitable which is characterized by a strong energy loss at
2100 cm−1 due to the internal stretching mode of on top
adsorbed CO.47 Since this vibration is absent an upper limit
of 0.1 ML for areas of bare Pt�111� can be given. On the
other hand also no desorption of O has been observed in
TPD during annealing. By the same observation a segrega-
tion of Mn into the platinum substrate can be widely ex-
cluded as this would cause an increase in the oxygen amount
in the manganese oxide which would be visible in the energy
loss spectra. Consequently the MnO film restructures into
thicker MnO�100� cluster on a MnO�100�-like monolayer.
Since the observed charging effects disable a comparison of
the relative intensity an estimation of the cluster height is
difficult. On the other hand a charging of the sample is a hint
for high MnO clusters which can be explained by the isolat-

FIG. 3. �Color online� �a� HREEL spectra of MnO�100�-like
thin films grown on Pt�111� with thicknesses between 0.9 and 17
ML. The coverages are: 0.9, 1.5, 2.8, 4.1, 5.3, 6.6, 7.9, 9.2, 10.4,
11.7, 13.0, 14.2, 15.5, and 16.8 ML ��10%�. �b� Energies of the
two main phonons as function of film thickness �dots and squares�
and calculated thickness dependence of the Fuchs-Kliewer phonon
�solid line�. �c� Intensity of the two main phonons as function of
film thickness. In Figs. 2�b� and 2�c� the loss at about 382 cm−1 is
indicated by green squares and the loss between 547 and 546 cm−1

by blue solid circles.

FIG. 4. �Color online� �a� HREEL spectra of 17-ML-thick
MnO�100� film grown on Pt�111� as function of subsequent anneal-
ing. Annealing temperatures are indicated on the right �annealing
for 20 s�. �b� Schematic of the restructuring of the MnO film due to
annealing above 900 K.
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ing behavior of these cluster �band-gap MnO 3.6–4.3, Ref.
48 and citations therein�. However if we assume an area of
2/3 of the dewetted first monolayer and 1/3 cluster for an
initial coverage of 17 ML, an average cluster height of 40–50
ML follows. The observed energy of the FK �521 cm−1� is
than in agreement with theoretical values �see below� and
experimental observed values by Allegretti et al.34 and Lan-
gell et al.45 for a 30-ML-thick MnO film on Pd�100� and for
a MnO�100� single crystal, respectively. The transformation
of the MnO thin film into MnO clusters occurs in a wider
temperature range which depends on the oxide film thickness
�not shown here�.

C. Dielectric response

Figure 5 shows vibrational spectra of 10 ML MnO on
Pt�111� taken below and above the bulk Néel temperature.
The paramagnetic antiferromagnetic transition results in a
slight distortion of the ideal rock salt structure. The former
cubic structure ��=90°� transforms into a rhomboidal struc-
ture ��=90.62° at 4.8 K �Ref. 49��. Beside the structural
change the phase transition influences also the vibrational
properties as can be seen in a splitting of the transversal
optical phonon ��TO� of about 30 cm−1 due to the spin or-
dering as observed for a MnO single crystal.18,20 One would
expect to observe a related splitting of the FK, respectively.
At the given experimental resolution of about 27 cm−1 a
splitting of 30 cm−1 would be visible as a broadening of the
FK. However a broadening of the FK at 85 K relative to the
width of the phonon at 300 K is not visible in Fig. 5. At both
temperatures the FK phonon is rather broad with a slightly
higher width at RT. Therefore the data in Fig. 5 do not allow
to conclude on the magnetic ordering of the film. On the
other hand the absence of a strong temperature dependence
enables one to use RT material constants to calculate the
expected coverage dependence of the FK. For a single crystal
or a thick film the energy of the FK can easily be estimated
by50

�FK =��0 + 1

�� + 1
�TO, �1�

where �� is the high-frequency dielectric constant, �0 the
static dielectric constant, and �TO the energy of the zone-

center transverse optical phonon. These values vary slightly
in literature.15–21 In the following we use ��=4.85, �0
=20.6, and �TO=269 cm−1.20 Equation �1� leads to an en-
ergy of the FK of 517 cm−1 which is in good agreement with
the experimentally observed value for thick films.

As has been discussed for MgO, LiBr, and NiO thin films,
the expected energy of the FK is thickness dependent. It can
be calculated by taking the dielectric response into account.
The spectral function of inelastic electron scattering can be
described by a classical energy loss probability �Pcl�.51–55

The loss probability describes for a given acceptance area D
of the HREELS spectrometer, a given electron velocity v� of
the incoming electrons, and a given film thickness d the
spectral response

Pcl��,d� =
4e2

�2�v�
�

D

q� · v�
3

��� − q� �v� ��2 + �q�v��2�2

F

� Im
− 1

�0�q�� ,�,d� + 1

I

d2q� .

�2�

Here q� � is the momentum transfer parallel to the surface, and
v� and v� are the electron-velocity components parallel and
perpendicular to the surface. 	0�q�� ,� ,d� is the effective di-
electric function of the thin-film system. The first part of the
integrand in Eq. �2� F is a kinematics prefactor that describes
the spatial behavior of the HREELS cross section.54 Elec-
trons which have undergone an energy loss experience also a
small momentum transfer and are therefore scattered slightly
out of the specular direction. For example, for a given energy
loss of about 550 cm−1 the maximum of F can be observed
at q� =0.08 nm−1. The second part I describes the energy-loss
function due to the response of the system.54 The effective
dielectric function for a two-layer system can be described
as55

	0�q�� ,�,d� = 
 · coth�q�d� −
�
/sinh�q�d��2


 · coth�q�d� + 	1�q�� ,��
, �3�

where the 
 and d are the dielectric function and the thick-
ness of the first layer. 	1 is the dielectric function of the
second layer which is the Pt�111� substrate here. In case of
MnO on Pt�111�, 
 is the dielectric function of MnO which
can be written as


��� = �� +
��0 − ����TO

2

�TO
2 − �2 − i���TO

, �4�

where � is a damping constant. The dielectric function of
platinum can be approximated by a simple Drude Ansatz
	1���=−�P

2 / ��2+ i�P��P�. Here �P is the frequency of the
surface plasmon �P=23 eV �Refs. 56 and 57� and �P the
corresponding damping ��P=0.1�.

Figure 6�a� shows a comparison between the HREEL
spectra of 10-ML MnO on Pt�111� �black line� and the cal-
culated spectral response for the thin film of the same thick-
ness using q� =0.08 nm−1 �red solid line�. The oxide damp-
ing constant � has been varied to fit the experimental width

FIG. 5. �Color online� HREEL spectra of a 10-ML-thick MnO
film on Pt�111� measured at 85 �lower blue� and 300 K �upper red�.
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and has been estimated to be 0.4. The value is significant
higher than the value observed for a MnO single crystal ��
=0.05 �Ref. 20��. The origin of this broadening is not under-
stood yet although some contribution from inelastic phonon
scattering at the interface are expected.

The development of the spectral response with film thick-
ness is shown in Fig. 6�b�. To emphasis the phonon shift a
�=0.05 has been chosen for displaying the results. The cal-
culation exhibits an intensity increase and redshift of the FK
with increasing film thickness. The calculated redshift is
compared to the experimental data in Fig. 6�c� as solid line
and as square markers, respectively. For the MnO films with
thickness over 8 ML the theory fits well with experiments.
For thinner films there is a small deviation of the experimen-
tal data which might be caused by the macroscopic and con-
tinuous nature of the dielectric theory or by thin-film modi-
fications of the bulk-derived constants due to structural
relaxation at the interface.

D. Electronic structure

In Fig. 7 the loss spectra in the region of the electronic
Mn d-d transitions are shown for the clean Pt�111� surface
and for a MnO monolayer on Pt�111�. The spectrum of bare
Pt�111� shows a broad energy loss at about 0.6 eV which is
attributed to a known interband transition of bulk platinum.56

In addition a narrow loss at 0.25 eV is visible due to spurious
amounts of adsorbed CO from residual gas.58 Its width indi-
cates the instrumental resolution �about 10 meV�. Upon
deposition of 0.9-ML MnO an additional energy loss struc-
ture appears in the range between 1.5 and 3.0 eV. Since the
spectrum is still dominated by the Pt interband transition the
difference spectrum after subtraction of the bare Pt�111�
spectrum is shown in Fig. 7 �lowest spectrum�. Similarly
spectra for other MnO film thicknesses are presented in Fig.
8 after subtraction of a smooth background.

The EEL spectra undergo dramatic changes with increas-
ing film thickness between 0.9 and 10 ML �Fig. 8 from bot-
tom to top�. In contrast to the broad spectral structure at 0.9

ML, narrow losses appear starting from the second and third
MnO monolayers. As shown by the fitted curves in Fig. 8 six
distinct d-d transitions with high intensity can be resolved in
the energy range between 2 and 4 eV at 2.11, 2.55, 2.90,
3.21, 3.41, and 3.81 eV. Additionally there are broader struc-
tures at 4.61 and 5.18 eV and furthermore, the 10-ML spec-
trum can only be fitted successfully by allowing a peak at
about 3.55 as indicated in Fig. 8. By comparison with previ-
ous studies11,13,22,23 on MnO single crystals the resolved en-
ergy losses can be assigned to distinct d-d band transitions of
the Mn2+ ions within MnO �Table I�. It should be noted that
all possible d-d transitions for MnO between 2 and 5 eV
have been resolved here and that the resolution is improved
by 1 order of magnitude compared to previous measurements
using single crystals.22 The good general agreement of the
EELS data for MnO layers above 4 ML with those of a
MnO�100� single crystal shows that the ultrathin films grown
on Pt�111� have indeed clear MnO�100� character. In contrast
the films in the thickness range of 1–4 ML show a different

FIG. 6. �Color online� �a� Comparison of experimental HREEL spectra �black� and result of function I �red� for 10-ML MnO on Pt�111�.
For the calculation of I �=0.4 and q� =0.08 nm−1 has been used. �b� Results of function I as function of MnO film thickness �the term q�d
has been transferred into film thickness by 0.08�d and d=N�aMnO�100�=N�0.222 nm with N as the number of layers� For a better visibility
�=0.05 has been used. �c� Comparison between calculated �straight line� and experimental �squares� estimated energy of the FK as function
of film thickness, additionally the frequencies of the Wallis mode �triangles� are shown.

FIG. 7. �Color online� EEL spectra for bare and 0.9-ML MnO
covered Pt�111�. From top to bottom: Pt�111�, 0.9-ML MnO on
Pt�111�, background �blue solid line� accounting for the Pt�111�
substrate, and difference spectrum. Spectra have been recorded in
specular direction with a primary electron energy of 36 eV.
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and less-pronounced peak structure. Especially the peak at
about 3.4 eV shifts down below 4 ML and gains relative
intensity. For the ultrathin films the d-d excitations of Mn
ions at the inner and outer interface where a local C4v sym-
metry is expected contribute stronger to the signal. Other-
wise the spectra are dominated by Mn2+ ions located octahe-
drally between six O2− ions �local Oh symmetry�. At ultrathin
films the excitations due to different symmetries overlap sig-
nificantly. However, interface-related d-d excitations are
identifiable at 1.85, 2.85, 3.18, and 3.34 eV.

The primary electron energy for the data of Fig. 8 has
been chosen to 36 eV which corresponds to an observed
oxygen 2p→3p resonance for the MnO single crystal.11

However this resonant behavior could not be observed for
the system MnO/Pt�111� here.

IV. CONCLUSION

The thickness dependent vibrational and electronic prop-
erties of MnO grown on Pt�111� have been investigated. The

vibrational spectra are dominated by the Wallis mode at
about 368 cm−1 and the Fuchs-Kliewer phonon. With in-
creasing film thickness the Wallis mode is constant in energy
and intensity. In contrast the FK shows a redshift with thick-
ness and increases in intensity. The thickness dependence of
the energy of the FK has been compared to dielectric theory
and shows a good agreement for coverages above 8 ML. The
long-range ordering of the MnO films can be improved by
postannealing. However, at temperatures above 950 K a
dewetting and MnO cluster formation takes place. The elec-
tronic excitations as determined by EEL spectra for an en-
ergy range up to 7 eV reveal that the electronic structure for
film thickness above 4 ML is comparable to that of single
crystals. The observed transitions could be attributed to d-d
excitations in MnO. Only below 4-ML additional surface and
interface excitations have been observed which are explained
by the reduced surface symmetry.
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