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Growth, atomic structure, and vibrational properties of MnO ultrathin films on Pt(111)
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Ultrathin films of MnO have been grown by reactive metal deposition in an O, atmosphere on Pt(111) and
studied using scanning tunneling microscopy (STM), low-energy electron diffraction, temperature programmed
desorption, and high-resolution electron energy loss spectroscopy. In situ STM experiments which have been
performed during film growth at elevated temperatures show that MnO grows highly ordered in a layerlike
mode on Pt(111). The first MnO monolayer exhibits large, uniaxial reconstructed domains with a (19X 1)
periodicity, which results in rotational domains on the hexagonal Pt(111) substrate. Growth and structural
properties of the (19 X 1) reconstruction are discussed in a model based on long-range ordering of antiphase
boundaries within a uniaxially reconstructed and otherwise bulklike MnO(001) monolayer. The vibrational
spectra for the MnO monolayer are dominated by a strong and narrow surface phonon peak at 368 cm™!, which
is identified as the out-of-plane vibration of the O sublattice against the Mn sublattice based on the '°0 to 80
isotope shift. After completion of the MnO monolayer, multilayer growth mode is found at higher coverages
(>1.5 ML). The appearance of the second MnO layer is accompanied by an additional Fuchs-Kliewer phonon

mode at 545 cm™'.
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I. INTRODUCTION

The particular electronic and magnetic properties of 3d
transition metal oxides have raised an increased scientific
and technological interest over the past years. Manganese
oxides are technologically interesting as electrode material,'
for magnetic applications,” and in heterogeneous catalysis.?
Beyond these applications, the scientific interest has focused
on the special electronic properties of 3d transition metal
monoxides like CoO, NiO, and MnO.*> In recent investiga-
tions of MnO, it has been shown that the variety of struc-
tural, electronic, and magnetic properties are strongly
interdependent.® Additionally, several unusual magnetic and
electronic properties have been observed for MnO ultrathin
films and nanoparticles which are related to their reduced
size, stoichiometry, and the presence of defects.”® A pro-
found investigation of nucleation and growth mechanism is
crucial for understanding, controlling, and implementing
size-dependent and defect-induced properties of MnO ultra-
thin films or nanoparticles.

Among several stable manganese oxide phases with dif-
ferent stoichiometries and structures, MnO is dominating at
low O, partial pressure.” The properties of bulk MnO are
well understood.!® MnO is electrically insulating, antiferro-
magnetic, and has rocksalt structure. In contrast, relatively
little is known about the surface properties of a MnO solid
due to its insulating nature and difficulties in surface
preparation.’ Referring to the rocksalt structure, a nonpolar
(001) and a polar (111) bulklike surface termination are
expected.!! Only recently, the structural and electronic fea-
tures of resulting MnO(111) and MnO(100) reconstructions
have been studied theoretically.!>!3

The difficulties occurring in experimental studies of bulk
MnO surfaces could be circumvented by the deposition of
thin oxide layers on conducting substrates.'* With the use of
different deposition methods including metal organic chemi-
cal vapor deposition,' pulsed laser deposition,'® and reactive
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deposition,14 it has been shown that MnO layers can be
grown epitaxially. Reactive deposition by thermal evapora-
tion of metal atoms in an O, atmosphere has proven to be a
suitable method for growing atomically perfect epitaxial lay-
ers of many transition metal oxides on metal substrates.'”
The quality of the obtained oxide layers is essentially deter-
mined by the lattice mismatch, orientation, thermal stability,
and O reactivity of the substrate. In the case of MnO on
Ag(001), epitaxial layers have been successfully prepared by
Miiller et al.'* despite a large lattice mismatch of 9%
[amn0=0.444 nm and a,,=0.409 nm (Ref. 18)]. For MnO on
Pt(111), the lattice mismatch of 13.3% [ap=0.392 nm (Ref.
18)] is even larger. However, thin film quality may be im-
proved due to a higher thermal stability of the Pt compared
to the Ag substrate during annealing steps. Furthermore, the
hexagonal symmetry of the Pt(111) substrate may induce the
formation of (111)-oriented oxide films as was found for
ZrO,/Pt(111).19-20

In this work, we show that a well-ordered (100)-like MnO
phase grows on the hexagonal Pt(111) substrate. The result-
ing (19X 1) morphology and the atomic structure of the first
MnO monolayer as well as the vibrational properties will be
discussed.

II. EXPERIMENT

The experiments were performed in two ultrahigh vacuum
(UHV) chambers at base pressures below 3 X 107'* mbar.
One UHV system is equipped with a variable-temperature
scanning tunneling microscope (Omicron VT-AFM/STM,
Germany) which allows in situ Mn deposition from an elec-
tron beam heated source during scanning tunneling micros-
copy (STM) imaging at elevated temperatures (400—-550 K).
Via a capillary array doser, a molecular beam of O, can be
directed onto the sample in the STM at a locally increased
partial pressure. The second UHV system houses a spectro-
meter for high-resolution electron energy loss spectroscopy
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(HREELS; Delta 05, VSI, Germany) and thermal desorption
spectroscopy (TPD) facilities as described elsewhere.?! Stan-
dard surface science methods for sample cleaning (Ar* sput-
tering and heating), analysis of surface composition (Auger
electron spectroscopy), and long-range ordering (low-energy
electron diffraction, LEED) are available in both systems.

The Pt(111) surface was cleaned by Ar* sputtering at
room temperature, and subsequent cycles of sputtering at
1000 K and flashing at 1250 K. Depending on the amount of
MnO deposited during film growth, several preparation
cycles were necessary to clean the Pt(111) surface. STM im-
ages of the clean surface show smooth terraces with straight
step edges, free of adsorbates and impurities due to Mn seg-
regation.

Thin film growth experiments were performed by Mn
deposition in an O, atmosphere of 2 X 10~/ mbar. An esti-
mate of the deposition rate was achieved from series of STM
images during deposition of layerlike growing MnO films on
Pt(111). Alternatively, CO titration experiments were used in
the submonolayer regime as will be discussed below. Low
deposition rates (1 ML/h) were applied to allow STM imag-
ing during the film growth. The Mn deposition rate was
monitored and controlled by the flux of Mn ions present in
the evaporated Mn beam. With the aid of a capillary gas
doser, an O, partial pressure is obtained in front of the
sample mounted in the STM, which is increased by a factor
of about 10 with respect to the background pressure in the
UHV chamber. Thus, an ion getter pump could be used for
pumping the background gas phase. Compared to previous
experiments applying a turbo molecular pump or static O,
backfilling of the UHV system,?? this method improved the
chemical and mechanical stability of the STM during high-
resolution measurements. An estimate of the pressure gradi-
ent was obtained by STM in situ measurements of the
Pt(111)-(2 X 2)-O structure at 300 K, which is known to de-
velop after dosing of 2000 L (1 L=107° Torr s) molecular
oxygen.?? This value was compared to the measured pressure
and deposition time.

The influence of the tunneling tip on the in situ Mn-O
deposition experiments was investigated by shifting the lat-
eral imaging positions by several 100 nm during imaging.
Any influence on the growth mode could not be observed.
Depending on the tip apex ratio, the Mn coverage increases
outside of the scanning region due to the tip shadow in the
Mn beam. This effect could be reduced by choosing a sharp
tip (tip radius <50 nm) and a large imaging area (400 nm)
during deposition. A shadowing effect regarding the access
of oxygen to the tip sample region has not been observed.

For TPD experiments, the quadrupole mass spectrometer
(Balzers QMG 112) is equipped with a Feulner cup and a
constant heating rate of 2 K/s was used. All HREEL spectra
were recorded at 80 K with an electron energy of 4 eV. If
not stated otherwise, the experiments have been performed in
specular reflecting geometry with a total of 120° scattering
angle. Depending on the details of the experiments, overall
experimental energy resolutions between 9 and 24 cm™! were
used.

PHYSICAL REVIEW B 77, 075406 (2008)

1800 t[s]

1200

600

FIG. 1. STM image during deposition of MnO on Pt(111) at
400 K in an O, atmosphere of 2 X 1077 mbar. A total amount of 2-3
ML MnO is deposited at a rate of 3 ML/h incident from the top left
corner (arrow). Deposition was started at the lower part of the im-
age (r=0 s) and continued while scanning over a time interval of
2500 s. The STM overview image is composed of three scans.
From bottom to top, the scans have been shifted by the width of the
quadratic imaging area after each measurement (400X 1200 nm?,
U=-3.5V,1=0.03 nA, and Tpp.=400 K).

III. RESULTS
A. Growth

MnO films were grown on Pt(111) at a temperature of
400 K by deposition of Mn in O, atmosphere of 2
X 1077 mbar. These values were chosen with reference to a
study by Miiller et al.,'* where epitaxial MnO films on
Ag(001) could be obtained at similar growth conditions. A
large in situ STM overview recorded during deposition of
Mn in O, atmosphere at elevated temperatures is shown in
Fig. 1. The image is composed of three STM measurements
subsequently acquired over a time interval of 1 h. Each of
the images covers an area of 400 X400 nm? and has been
shifted by 400 nm from bottom to top after the measurement.
Since the Mn atoms hit the surface at grazing incidence from
the top direction (arrow in Fig. 1), a shadowing effect of the
tunneling tip is reduced by repeatedly shifting the imaging
area against the direction of the atomic beam. MnO deposi-
tion is started on the clean Pt(111) surface visible in the
lower part of Fig. 1. The opening of the evaporator shutter
can clearly be distinguished in the measurement and marks
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t=0 s (right axis in Fig. 1) due to mechanical oscillations
induced by manual operation of the shutter (A). The oscilla-
tions at about 140 s are related to an O, pressure adjustment
during the measurement (B). Deposition is performed over a
time interval of 1800 s until the shutter is closed (at position
O).

Nucleation of the first monolayer occurs on top of the
substrate terraces within the first 60 s after opening the shut-
ter. The average nucleation density is in the range of
1/250 mm? on the terraces for the given surface temperature
of 400 K. Additionally, a decoration of the upper and the
lower side of substrate step edges is observed. After nucle-
ation, the islands (marked I) continue to grow by capturing
diffusing atoms. A diffusion length larger than 50 nm inhibits
further nucleation on the substrate and on top of the islands
during the growth of the first half monolayer. The islands of
the first monolayer are irregularly shaped with branches ex-
tending into the three equivalent [01—1] directions of the
substrate. The branches appear mostly with a fractal-
dendritic contour. However, at some locations (marked D,
700 s), one-dimensional extensions in [01—1] direction are
observed with a width of 1-2 nm and a length of up to
20 nm. At slightly higher growth temperatures (450-500 K,
not shown here), more compact islands are obtained. Also,
subsequent annealing of submonolayer coverages at 400 K
in UHV without further material deposition leads to less
frizzy step edges and more compact islands.

At a coverage of 0.8 ML after approximately 700 s,
nucleation in the second monolayer sets in. The islands are
preferentially located in the central part of larger islands of
the first monolayer. The increased nucleation density of
1/100 nm? (700—1000 s) may be related either to a reduced
diffusion length or an enhanced nucleation at defect sites
within the oxide monolayer, both being consistent with the
STM data. Additionally, decoration of upper and lower step
edges (E) can be observed, again. In particular, the islands on
the upper edges avoid growing over the step at the third
monolayer. Regarding the shape, the islands of the second
monolayer are more compact with parts of the step edges
aligned in the [01—1] directions. After deposition of 1.1 ML
(1050 s), the first monolayer is nearly completely covering
the substrate. A layerlike growth proceeds in the second
monolayer.

At 1.4 ML, a large number of small islands start to grow
in the third monolayer (F) before the second monolayer is
completed, indicating the transition to a multilayer growth
mode. The nucleation density rises to 1/40 nm?. Due to the
small size of the third monolayer islands, a detailed analysis
regarding shape and morphology is difficult from the data
presented in Fig. 1.

A more quantitative analysis of the layer-dependent cov-
erage has been obtained by measuring the surface areas of
uncovered Pt(111), the monolayer as well as bi- and trilayers
in STM images. The coverages were evaluated by dividing
the image in Fig. 1 into 33 nm wide horizontal stripes and
calculating the respective areas from a histogram. The results
are presented in Fig. 2(a). The coverage is displayed for 1
ML (open circles), 2 ML (open triangles), and 3 ML (open
diamond) islands as a function of deposition time. Addition-
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FIG. 2. (Color online) (a) Layer-resolved MnO coverage and
remaining bare Pt(111) area as a function of evaporation time dur-
ing MnO growth. The remaining Pt(111) areas (solid squares) have
been calculated from TPD data shown below. (b) TPD spectra
(mass: 28 amu) for CO adsorption on the Pt(111) surface which is
partially covered by MnO. Since no CO adsorption is found on
MnO, the MnO coverages can be extracted from the reduced area
for CO adsorption.

ally, the coverages of the different layers have been summed
up (filled circles). The error on the relative areas due to im-
age resolution and tip geometry has been estimated to be
below 1%. Slight image distortions due to thermal drift have
been neglected, since a continuous shift would affect all ar-
eas in a proportional way and, consequently, cancel out in the
area ratio. The uptake curves in Fig. 2 show accurately the
coverages for the onset of nucleation and layer completion.
In particular, nucleation of 1, 2, and 3 ML starts at MnO
coverages of 0, 0.6, and 1.2, respectively, with an estimated
error of 0.1. The first monolayer is completed after deposi-
tion of 1.1 ML. The increase of the total area (sum curve)
represents a linear behavior with deposition time. Slight de-
viations may originate from systematic errors during analysis
of very small (<10 nm) or very frizzy islands. Since a con-
stant Mn atom flux (=10% ) was maintained, the number of
Mn atoms impinging per unit time and surface area should
be constant. With the assumption that the Mn amount (Mn-O
stoichiometry) in each layer stays nearly constant, we can
conclude that a pronounced loss of Mn at the initial stages of
growth due to diffusion into the bulk of the Pt(111) crystal
does not take place. This is in agreement with earlier inves-
tigations in which bulk alloy formation has been found only
at temperatures above 750 K.?#23 Although an intermixing of
Mn and Pt within the first layers of the surface at 400 K
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could not be excluded in previous studies,’® we do not ob-
serve any indication of embedded MnO layers in the case of
Pt(111). This is in contrast to investigations of MnO, CoO,
and NiO submonolayer coverages on Ag(001), where em-
bedding of oxide islands has been frequently observed.”’
Here, the different mobilities of the Pt(111) and Ag(001) sub-
strate atoms may play a major role.??

As an alternative approach for the MnO coverage deter-
mination in the submonolayer regime, titration experiments
with CO have been carried out. For this purpose, CO TPD
has been performed after exposure of the oxide layer to about
300 L CO at sample temperatures of 80—90 K for different
MnO submonolayer coverages. The CO desorption spectra
for increasing MnO coverages on Pt(111) are shown in Fig.
2(b) from top to bottom. The clean Pt(111) surface [ 6p )
=1 and 6y,p=0)] exhibits the typical TPD features known
for CO saturation coverage.”® In particular, a pronounced
shoulder at 360 K is indicative for a compressed CO mono-
layer after increased CO exposure (>50 L at 100 K).? In
contrast to adsorption on the bare Pt(111) substrate, CO ad-
sorption will not take place on a MnO monolayer. Conse-
quently, the CO TPD intensity decreases linearly with in-
creasing MnO coverage, whereas the overall shape of the
desorption spectrum is nearly unaffected. Assuming that the
CO adsorbate density on the free Pt(111) regions stays nearly
constant, independent of the varying MnO coverage, the
amount of CO is directly proportional to the relative area of
uncovered Pt(111) 6py;y). The dependence 1—6p ;) from
the TPD data as function of the Mn evaporation time is plot-
ted in Fig. 2(a) as filled squares. The linear increase of the
TPD data with time is clearly visible and agrees well with
the STM data after normalizing the evaporation time inter-
vals from the different experimental setups. The approach to
1 for the displayed 1-6py ;) data clearly indicates the
completion of the first MnO monolayer. At MnO coverages
beyond 1 ML, CO will not adsorb, which leads to absence of
CO in the TPD spectra. This behavior indicates a remarkable
inertness of MnO films (>1 ML). For example, the MnO
covered Pt(111) surface could be studied in UHV over a time
interval of several weeks at elevated temperature (>400 K)
without any traces of adsorbates such as, e.g., CO, H,O, or
OH™.

B. Morphology and atomic structure

The morphology and atomic surface structure of a 1.1 ML
thick MnO film is shown in a STM overview image in Fig.
3(a). Besides a step edge in the upper part of the image,
clearly holes (H) and islands (I) can be distinguished. Since
the main part of the surface is covered by a monolayer, the
holes and islands correspond to uncovered Pt(111) and the
second MnO layer, respectively. The monolayer regions ex-
hibit a characteristic uniaxial row structure which exists in
three rotational domains aligned along the three equivalent
high symmetry [01-1] directions. Two of them are marked
as D; and D, in Fig. 3(a). For a monolayer deposited at
400 K, a large number of domains with a size of 30—50 nm
is found. Subsequent annealing up to 750 K as shown in Fig.
3(b) leads to an enhanced long-range ordering with larger

PHYSICAL REVIEW B 77, 075406 (2008)

FIG. 3. (a) STM image of 1.1 ML of MnO on Pt(111) at 400 K
(70X 70 nm?, U==2 V, I=0.14 nA, and Tyye=400 K). Different
structures are labeled: domains of the monolayer reconstruction
(D, Dy, Dyy), structures at the domain boundaries (A, B, C), 2 ML
MnO islands (I), and the Pt(111) substrate (H). (b) STM image of
similar MnO coverage after annealing to 670 K, measured at 400 K
(100X 94 nm?, U=1.0 V, and 7=0.2 nA).

domains (100 nm). Additionally, areas (Dy;) can be identi-
fied in Fig. 3(a) where the orientation of the reconstruction
rows deviates from the close-packed Pt(111) directions and a
small angle of 9°-10° in between is formed. In these regions,
a small height modulation may be observed with a slightly
varying, long-range periodicity (2.8 X 1.8 nm?) and rectan-
gular symmetry as marked by a black rectangle on the upper
terrace in Fig. 3(a). It should be noted that these tilted rows
are predominantly found between parallel oriented domains
and at defects [marked A in Fig. 3(a)]. In some cases (B),
they can be regarded as a kind of extended domain boundary,
compensating the registry shift between parallel domains. In
contrast, sharp domain boundaries (C) are found between
120° rotated domains. Upon annealing to 650 K, the do-
mains oriented in the high-symmetry direction grow on the
expense of the small-angle rotated ones as can be seen from
Fig. 3(b).

A typical LEED pattern of the Pt(111) surface with 1 ML
MnO is reproduced in Fig. 4. The spots of the Pt(111) sub-
strate unit cell are marked with crosses. Along the main lat-
tice directions, several superstructure spots are observed,
which we attribute to the uniaxial reconstruction of the MnO
monolayer. In agreement with the large domain size present
after deposition at 400 K and annealing to temperatures of
500 K and higher, we find sharp superstructure spots with a
high signal-to-background ratio. All of these spots can be
well explained by a superposition of the uniaxial superstruc-
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FIG. 4. (Color online) LEED pattern of 1 ML MnO on Pt(111)
showing the Pt(111)-(1 X 1) bulk lattice (crosses) and (19X 1) su-
perstructure spots (Eq=80 eV).

ture cell drawn in Fig. 4 in threefold rotational and mirror
symmetry. A first order commensurate superstructure may be
excluded due to the asymmetric arrangement of the super-
structure spots around the first order beam of the Pt(111)
substrate. The periodicity of the uniaxial reconstruction rows
has been determined with reference to the Pt(111) unit cell.
Since the LEED pattern exhibits a slight distortion caused by
magnetic stray fields, the relative spot distances have been
measured and calculated locally and averaged for the differ-
ent domains. Within the limits of accuracy, we obtain a
(2.37 X 1) periodicity.

The 2.37-fold periodicity agrees well with the averaged
row distance of 0.66 nm measured in STM data displayed in
Fig. 5(a). Here, two differently oriented domains are shown
at high resolution. At the domain boundary, various imper-
fections are localized. Close to the island (I), an area (Dy,)
with a small-angle (6=10°) rotated row structure can be
identified. Such rotated row structures can separate small do-
mains from larger parallel ones as seen in Fig. 5(a). At dif-
ferent locations, various point defects may be identified. A
particular type of point defect (marked P in Fig. 5) which
appears as a slight depression on top of reconstruction rows
was used as marker in subsequent experiments. The profile in
Fig. 5(b) was measured along the line (L) in Fig. 5(a). Be-
sides the row structure with the 2.37-fold periodicity, deeper
grooves can be distinguished which split the mounds in
groups of 3 and 2. These triple and double rows appear in all
domains as visible in Fig. 5(a) for two domains. An analysis
of several STM images with large, defect-free domains
yields a predominant 2-3-3 sequence (>67% of all rows).
However, at some locations, an imperfect sequence of triple
and double rows can be observed as is visible in Fig. 5(a)
close to a defect (P), e.g., a 2-3-2 sequence of double and
triple rows.

High-resolution STM images of such 2-3-3 sequences are
shown in Figs. 5(c) and 5(d). The uniaxial rows of the recon-
struction are clearly visible in Fig. 5(c) with a corrugation of
20 pm. The position of the deeper grooves has been deter-
mined from a larger scan as shown in Fig. 5(a) and marked
by short vertical line segments. Along the [01—1]-oriented
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FIG. 5. (Color online) High-resolution STM images of the MnO
monolayer on Pt(111): (a) (19X 1) domains with profile line
(b) along L (32X33nm?, U=-2V, I=0.14nA, and Tgppe
=400 K). (c¢) Atomic corrugation of the (19X 1) structure
(49%0.9 nm?, U=-0.01V, =20 nA, and Tyumpe=400 K). (d)
Atomically resolved STM image of the MnO-(19 X 1) monolayer
with proposed structure model in the lower part (5.7 2.9 nm?, U
==0.1 V, I=2 nA, and Tgpye=300 K).

rows, an atomic corrugation with substrate unit cell period-
icity and a height of 10 pm can be determined [Fig. 5(c)].
Closer inspection of the atomic periodicity yields a registry
shift in [01-1] direction between triple and double row
groups. The position of the visible protrusions has been
marked by open circles in Fig. 5(c). A phase shift close to
half a unit cell in [01—1] direction occurs at the grooves with
reference to the white horizontal line running in [-211] di-
rection. Furthermore, a slight buckling is observed perpen-
dicular to the rows, leading to an increased apparent height
of the central row within the triple groups.

Figure 5(d) shows the atomic structure of the MnO mono-
layer highly resolved with different contrast due to different
tunneling conditions. Whereas in Fig. 5(c) and in all large
area images every second atomic row is imaged as protru-
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FIG. 6. (Color online) HREEL spectra of MnO layers on Pt(111)
for various coverages between 0.2 and 1.3 ML. All layers have been
annealed to 650 K. The inset shows the intensities of the 367 and
545 cm™! losses relative to the specular beam intensity as function
of MnO coverage. Spectra were recorded with 4 eV electron energy
in specular direction.

sion, in Fig. 5(d) all atoms of one sublattice are resolved. The
high-resolution image clearly displays a local quadratic
structure within each double and triple row stripe. Between
the stripes, a registry shift in [01—1] direction by half a unit
cell is observed for the quadratic structures. This leads to a
triangular arrangement between the stripes. The proposed
structural model which will be discussed below is sketched
in the lower part of Fig. 5(d). Note that only one sublattice,
e.g., only the Mn atoms, is imaged under typical tunneling
conditions.

C. Vibrational properties

Vibrational spectroscopy has been applied for the spectro-
scopic characterization of the oxide layer upon reactive Mn
evaporation in an oxygen atmosphere of (5—6) X 10~ mbar.
The substrate temperature during deposition was 375 K, fol-
lowed by annealing to 650 K under UHV. Figure 6 shows six
different HREEL spectra for manganese oxide layers with
(bottom to top) increasing Mn evaporation times. The oxide
coverage is indicated on the right side of Fig. 6. It has been
determined by the amount of desorbing CO in TPD experi-
ments upon CO adsorption at 80 K in comparison to CO
desorption from the bare Pt(111) surface [as shown in Fig.
2(b)]. The HREEL spectra are characterized by a strong pho-
non peak at 364—368 cm™! and a weak and broad feature at
about 100—170 cm™'. Both energy losses are absent on the
bare Pt(111) surface. The dominant phonon mode at
367 cm™! is attributed to the collective vertical vibration of
the oxygen sublattice against the Mn sublattice. For thicker
oxide layers, this mode would correspond to the optical
Fuchs-Kliewer phonon,*® which has been found at approxi-
mately 572 cm™! in the case of MnO(100).3! However, in the
monolayer, the dipole-active phonon mode is strongly red-
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FIG. 7. (Color online) HREEL spectra of isotopically labeled
Mn'%0 and Mn'%0 monolayers on Pt(111). Both spectra were re-
corded with 4 eV electron energy in specular direction. Note the
different experimental resolutions used.

shifted due to the interaction with the substrate. Interestingly,
this mode is already well developed from 0.2 ML and its
frequency stays constant within 4 cm™ up to 1 ML. Its in-
tensity normalized to the elastic peak grows linear with cov-
erage up to 0.5 ML, as shown of the inset of Fig. 6. For
higher coverages up to 1 ML the intensity drops and stays
constant above. The broad loss features in the 100—170 cm™!
range are assigned to acoustic modes and vibrations parallel
to the surface due to their low frequencies and weak inten-
sities. For coverages above 1 ML, an additional energy loss
at 545 cm™! (see Fig. 6 for 1.3 ML) is observed, which is
assigned to the “Fuchs-Kliewer phonon” of the oxide bilayer.
Its relative intensity grows as shown in the inset of Fig. 6
(open symbols) with the appearance of the second layer.
Note that the energy loss of 545 cm™' is already close to the
frequency of the Fuchs-Kliewer phonon for MnO(100). The
weak feature at about 735 cm™! visible in all spectra is due to
the double excitation of the 367 cm™' phonon. A weak peak
at about 480 cm™! in the 0.2 and 0.5 ML spectra is due to the
small amount of CO adsorbed on the uncovered Pt(111) sur-
face. Spectra taken without initial annealing to 650 K (not
shown here) exhibit similar vibrational features. However,
due to the reduced long-range order, the energy loss peaks
are broadened. Figure 7 shows a comparison of the mono-
layer spectrum upon preparation with the different oxygen
isotopes %0 and 0. The manganese '°0 spectrum has been
recorded with a higher resolution of 9.8 cm™ (1.2 meV)
here. Due to the higher resolution, the position of the optical
phonon can be accurately determined to 368 cm™!. The width
of the phonon peak of 13.2 cm™! yields an intrinsic phonon
width of 8.8 cm™ after deconvolution with the instrumental
resolution. This narrow width indicates a well-ordered oxide
structure. For the '8O-substituted layer, the optical phonon
loss is 15 cm™! redshifted to 353 cm™' as shown in Fig. 7,
which corresponds to an isotopic ratio of 1.042. This ratio is
close to the theoretical value of 1.046, which is given by the
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FIG. 8. (Color online) Structure model for the MnO monolayer
on Pt(111): The dominant MnO(001)-(1 X 1)-like building blocks
are indicated by squares. Triangular atomic arrangements occur at
antiphase boundaries between MnO(001)-like triple and double
rows. The total (19X 1) unit cell on Pt(111) is indicated. Hollow
(Hy) and bridge site (B,) adsorption in the three different
MnO(001)-like areas within the (19X 1) unit cell are labeled.

square root of the ratio of the reduced masses for a vibration
of the oxygen against the manganese sublattices.

IV. DISCUSSION

The monolayer coverage of MnO on Pt(111) is character-
ized by the layerlike growth of large domains with a uniaxial
reconstruction and nearly defect-free long-range ordering.
The long-range order upon annealing to 650 K results in a
single remarkably narrow phonon peak. For a better under-
standing of the atomic arrangement and its interplay with
monolayer growth, we put forward a simple model. It con-
tains the main structural properties as they have been de-
duced from STM, LEED, and HREELS measurements. A
schematic drawing of the proposed MnO monolayer is dis-
played in Fig. 8.

We conclude from the uniaxiality of the reconstruction
that the atomic positions within the rows follow the period-
icity of the substrate pseudomorphically in [01—1] direction.
The rational value of the interrow distance (2.37 substrate
unit cells) as determined from LEED patterns would imply a
higher-order commensurability of the overlayer lattice in the
[-211] direction. However, a distinction from an incommen-
surate periodicity characterized by an irrational number?? is
not possible on the basis of the obtained LEED data. Further
information may be drawn from STM measurements [Fig.
5(a) and 5(b)]. In particular, the ordering of triple and double
rows leads to the assumption that the value of 2.37 results
from averaging of various interrow periodicities between 2.3
and 2.4. The regular arrangement of the 2-3-3 sequence is
induced by the finite interaction energy in the overlayer-
substrate system. Based on the description of the overlayer
lattice by rational numbers in both [01—1] and [-211] direc-
tions, we assume a higher-order commensurate coincidence
lattice.

The registry shift of half a unit cell which has been ex-
perimentally observed between triple and double rows, the
predominant 2-3-3 sequence, and the approximately qua-
dratic structure between the antiphase boundaries as ob-
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served in Fig. 5(d) can unambiguously be reproduced by the
model in Fig. 8. One-half of one atomic species of the oxide,
e.g., the Mn atoms, occupies preferentially high-symmetry,
hollow (H,_3) and bridge (B,_3) sites. The triple (H;,,B; ;)
and double (H;,B3) arrangements of atoms are aligned to the
[-211] direction with a distance of 2.33 substrate unit cells.
In [01-1] direction, a pseudomorphic unit cell periodicity is
maintained, yielding the uniaxial reconstruction rows. Be-
tween the triple rows, a row distance of 2.33 substrate unit
cells and a 180° registry shift are located due to the substrate
symmetry. In a similar way, the double rows are arranged
with a 180° phase shift with row distances of 2.33 and 2.66
substrate unit cells, respectively. The resulting 2-3-3 se-
quence is made up of eight reconstruction rows distributed
over 19 (19=7X2.33+1X2.66) close-packed substrate
rows. The resulting average row distance of 19/8=2.375
substrate unit cells agrees well with the value of 2.37 ob-
tained from LEED data. The superstructure unit cell of the
2-3-3 sequence can be described as a (19X 1) mesh with a
multiatomic basis. In particular, the triple atom arrangements
constitute identical subunits which can be interpreted as
small, approximately quadratic domains with a periodicity of
(2.33X 1), a width of 7 substrate unit cells, and intermediate
antiphase boundary. Note that the 2-3-3 sequence can be eas-
ily disturbed by surface inhomogeneities such as, e.g., de-
fects: Figure 5(a) shows from left to right six 2-3-3 se-
quenced unit cells and one sequence fault close to a defect.
In larger scale STM images as in Fig. 3(b), the 2-3-3 se-
quence is barely visible as a slightly darker contrast of the
double rows. Based on the model in Fig. 8, the LEED pattern
is explained in terms of electron diffraction at an ordered
(19X 1) arrangement of small domains and antiphase bound-
aries (double and triple rows).’> A perfectly ordered (19
X 1) reconstruction would yield 19 sharp fractional order
spots along the main crystal axes. In our data, the intensity of
these spots is modulated by two form factors arising from the
(2.33X 1) row periodicity and the (7 X 1) periodicity of the
triple rows in the 2-3-3 sequence. In general, the form factor
of a limited number N of scattering units as in small domains
shows a broad peak with a full width at half maximum
(FWHM) of 1/N of the corresponding spot distance in recip-
rocal space.’® This yields a nominal FWHM width of the
form factor peak for the (2.33 X 1) triple rows of 7.15% of
the first Brillouin zone (BZ). The form factor of the (7 X 1)
periodicity of both triple rows in the 2-3-3 sequence has a
FWHM width of 3.57% of the first BZ. As a result, a mea-
surable intensity is only obtained for those (19X 1) spots
close to the (2.33 X 1) spots (<3.57% of the first BZ). Since
the distance between the sharp (19X 1) spots (5.26% of the
first BZ) is larger than that region, the LEED pattern shows
intensity only for the 8th and the 16th fractional order spots
of the (19X 1) structure. The position calculated for the 8th
fractional order spot is 8/19=1/2.375, which corresponds to
the measured value. For comparison, the diffraction pattern
has also been successfully calculated in a simple simulation
experiment by applying fast-Fourier transformation to a two-
dimensional image of the reconstruction model (not shown
here).

Regarding the composition of the monolayer, we expect
a stoichiometry close to MnO since (001)-oriented MnO
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films were obtained on Ag(001) under similar preparation
conditions.'* According to Tasker’s rule, the growth of non-
polar (001) layers should be energetically preferred for rock-
salt MnO.!"! The vibrational characteristics (as shown in Figs.
6 and 7) of a single, strong, and narrow phonon peak in the
MnO monolayer points to a homogenous layer with only one
oxygen species. All vertical oxygen vibrations are coupled
into this phonon mode. The isotopic ratio for the Mn'%0 and
Mn'?0 layers can be understood based on the collective vi-
bration of oxygen and manganese sublattices against each
other. Such a motion explains also the high intensity of this
phonon by a large dynamical dipole moment.

Based on these findings and the highly resolved STM im-
age in Fig. 5(d), we propose an atomic configuration within
the (2.33X 1) rows similar to a (001)-oriented MnO layer
[lower half in Figs. 5(d) and 8]. The rectangular symmetry of
the unit cell (marked by open squares) particularly in the
center of the triple rows is confirmed by the high-resolution
STM measurement in Fig. 5(d). Within the triple row struc-
tures, the MnO film is connected to the substrate at the hol-
low and bridge sites, leading to a misfit of 11.8% in [0
—11] direction and 10.6% in [-211] direction. The compres-
sive strain in [—-211] direction is followed by a buckling of
the MnO overlayer, which adds to the corrugation of the
reconstruction rows as seen by STM [Figs. 5(a) and 5(c)].

At the antiphase boundaries, a triangular atomic coordina-
tion is proposed in the structure model (Fig. 8). Presuming a
pseudomorphic unit cell periodicity in [0—11] direction, sev-
eral atomic structures seem possible here: (a) missing O rows
(as shown in Fig. 8), (b) MnO in a local (111)-like orienta-
tion, and (c) O adatom rows leading to a locally higher O
coordination of Mn. Whereas the details along the antiphase
boundaries cannot be inferred from Fig. 5, depending on the
detailed preparation conditions, STM images (not shown
here) sometimes show enhanced noise here. This might be
interpreted as oxygen vacancy diffusion along the antiphase
boundaries.

Whereas the (19X 1) periodicity is easily disturbed by
defects, the triple and double reconstruction rows represent
stable building blocks of the monolayer. Single or four and
more rows have never been observed. The observed small-
angle rigid rotation of the MnO monolayer which is induced
by local defects or domain boundaries (see Fig. 5) indicates
that the observed STM contrast of the monolayer is largely
due to an intrinsic property of the monolayer rather than due
to height modulations simply based on hollow versus on top
adsorption sites. For the small-angle rotated structure, the
film accommodates to the substrate by formation of weak
moiré-like patterns [see domain marked Dy in Fig. 3(a)]. A
stronger influence arises from step edges. After annealing, a
preferential alignment of the reconstruction rows parallel to
the high-symmetry [01—1] directions is found as shown in
Fig. 3(b), indicating the energetically favored arrangement.

The atomic structure during growth of the first monolayer
at 400 K is kinetically restricted. This can be concluded from
the formation of dendritic islands pointing in [01-1] direc-
tions. The growth of anisotropic, fractal-dendritic islands ob-
served at lower temperatures (400 K) and submonolayer
coverages is known from homoepitaxial studies on many
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fce(111) metal surfaces,? leading to a preferential orienta-
tion of island branches in [-211] direction. As shown in Fig.
1, we also find an anisotropic growth, but the branches of the
islands point in the [01—1] directions of the substrate. Al-
most one-dimensional branches with a very low aspect ratio
appear. The latter indicates an interesting analogy to the one-
dimensional growth of Ni-O adsorbate structures on Pt(111),
where a uniaxial (7 X 1) reconstruction was observed.*® The
growth phenomenon has been explained by an anisotropic
step edge diffusion and step adatom binding probability
caused by the particular structural anisotropy of either
uniaxially reconstructed islands themselves or an interaction
between the islands and the Pt(111) substrate (e.g., substrate
lattice distortions). For the uniaxially reconstructed MnO
monolayer on Pt(111), a similar interaction of structure and
adatom diffusion may determine the growth dynamics.?> Ac-
cording to the model in Fig. 8, atoms follow pseudomorphi-
cally the substrate unit cell periodicity within the reconstruc-
tion rows, leading to densely packed step parallel edges.
Perpendicular edges yield a more open structure due to buck-
ling and the misfit of the MnO(001)-like row structure along
the [-211] direction of the (111) substrate. Accordingly, an
increased diffusion along the [1-10] steps and a higher
binding probability for adatoms at [-211] steps appear rea-
sonable. As a result, a pronounced diffusion anisotropy is
obtained, leading to the observed anisotropic, fractal-
dendritic island shape as well as the local formation of one-
dimensional islands elongated in [ 1—10] direction.

V. CONCLUSION

The growth, structural, and vibrational properties of the
first MnO monolayer on Pt(111) have been studied using
STM, LEED, TPD, and HREELS. Deposition of Mn in O,
atmosphere between 5X 107 and 2X 107" mbar onto
Pt(111) at 400 K leads to a layerlike growth of the first MnO
layers. The first MnO monolayer exhibits an almost perfect
wetting behavior of the Pt(111) substrate with nucleation of
the second monolayer at a total coverage of 0.8 ML. Based
on STM and LEED, a commensurate uniaxially recon-
structed (19 X 1) reconstruction of a MnO(100)-like mono-
layer is found. This monolayer is dominated by an atomic
row structure with an approximate (19/8 X 1) periodicity.
Upon deposition, it forms large well-ordered domains which
can be further improved by annealing to 650 K in UHV. The
monolayer is characterized by a strong and narrow (9 cm™!
FWHM) surface phonon at 368 cm™!, which exhibits a clear
160-180 isotope shift and corresponds to a collective vertical
vibration of all O atoms against the Mn sublattice. We pro-
pose a structural model for the (19 X 1) monolayer, which is
based on a nonpolar, (001)-oriented MnO layer. The stress
induced by the large lattice mismatch (13%) is relieved by a
buckling of the (001) monolayer with a uniaxial (19/8 X 1)
periodicity and a long-range ordering of antiphase bound-
aries between double and triple atomic rows. Between the
large (19X 1) domains, various domain boundaries appear
depending on the relative domain orientation. Whereas do-
mains which are rotated by 120° develop sharp common
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boundaries, parallel domains accommodate their structural
mismatch over extended areas, forming typical moiré pat-
terns. At elevated temperatures above 400 K, the surface
stays free of adsorbates over time intervals of several weeks,
indicating a remarkable chemical inertness at these condi-
tions.
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