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Two structurally distinct phases of manganese oxide ultrathin films were grown on Au(111) substrates and
imaged at atomic resolution by scanning tunneling microscopy (STM). The so-called MnOj fishbone phase is only
a few monolayers thick and nucleates epitaxially on the bare Au(111) substrate. The surface of this phase exhibits
two parallelogram unit cells with sizes and included angles of (14.6 + 0.2) x (5.6 + 0.2) AZ, 88 + 1° and (13.6
+0.1) x (5.6 + 0.2) A%, 80 = 1°. The other thicker phase is called the square phase. It is only observed growing
on top of the fishbone phase and has a surface unit cell of edge dimension 5.8 + 0.1 A. The square phase is

thought to be a (001) termination of hausmannite Mn3O4. In addition, less common intermediary surface
structures are also observed. This study demonstrates the transition of the crystal structure of an oxide film from
a unique ultrathin film structure that is epitaxially constrained by the interaction with the Au(111) substrate to
that of a thicker film with the structure of a bulk crystal.

1. Introduction

Oxides of manganese (MnO,) are one of the most widely studied
transition metal oxides. They have been extensively explored for their
catalytic properties in the oxygen evolution reaction [1], for CO acti-
vation [2], and in the removal of hazardous toluene from the atmo-
sphere [3]. The chemical mechanisms underpinning the catalytic
reactions depend on the surface atomic structure of MnO, and the
valence state of Mn [3-6]. It is therefore important to correlate the
atomic and electronic structures of the oxide with its catalytic perfor-
mance. A variety of stoichiometries and structures exist for MnO, (1 < x
< 2), among which Mn304 (hausmannite, with a spinel structure) is of
particular research interest because of the mixed valence states of Mn
(34 and 2+) and the possibility of a variety of surface terminations.
Mn304 growth has been studied on a range of crystalline substrates, each
with a varying degree of influence on the terminations and atomic
structures of Mn3O4 via the mechanisms of epitaxy and associated strain,
e.g., SrTiO3(001) [7-9], SrTiO3(111) [9,10], Si(001) [11,12], Ag(001)
[13-15], PA(001) [16], Cu(111) [14,17,18], and Au(111) [14,19-21].
The atomic and crystalline structures of the Mn3O4 films were investi-
gated using X-ray diffraction (XRD) [7,8,10,12,21], reflection high en-
ergy electron diffraction (RHEED) [8], transmission electron microscopy
(TEM) [12], atomic force microscopy (AFM) [7,10], scanning tunneling
microscopy (STM) [15,17,19,20], scanning transmission electron

microscopy (STEM) [17], and low-energy electron diffraction (LEED)
[13-15,17-19].

Among the studies listed above, only a few reported the surface
atomic structures of Mn3O4 [15,17,19,20]. For example, Moller et al.’s
STM study reported both a square structure and a few stripy patterns for
Mn304(001) grown on Au(111) [19]. The periodicity of the square
pattern agreed with the lattice parameter of hausmannite Mn3g04(001).
The stripy patterns could not be resolved with certainty and were pro-
posed to be surface reconstructions of Mn304(001). Later in Liu et al.’s
STM work, a stripy pattern was better resolved to show the Mn atoms,
which was also proposed to be a Mn3O4 structure with a parallelogram
unit cell [20]. Liu et al. also resolved the square pattern and thus
determined the corresponding atomic structure with more confidence.
In addition, there were some unidentified islands with a truncated
triangular shape reported by Moller et al. formed upon vacuum
annealing. Liu et al. later identified them as an MnO(111) phase based
on their atomically resolved STM images. These developments are a
good example of how structural models can be refined and improved
upon with higher resolution STM images.

Here, we report new STM data of MnO, structures on Au(111) that
demonstrates further atomic structure improvements of both the stripy
and square patterns, which are surface terminations of two structurally
different phases of MnO,. The stripy pattern when imaged in STM with
atomic resolution resembles “fishbones”, which adopts more than one
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type of parallelogram unit cell. The “square” pattern, which exists only
on thicker oxide layers, can be imaged to reveal individual atoms such
that the structural solution can be further refined. The high quality of
our STM images is achieved via both increased resolution of the raw
images compared to previous studies and the use of multiple-image
averaging to enhance the image signal-to-noise ratio (SNR).

2. Experimental techniques and procedures

Mica-supported Au(111) crystals were used as substrates (Unisoku
Co., Ltd). They were sputtered by Ar" ions (0.75-1 keV) for surface
cleaning, followed by UHV annealing at 600 °C for 1.5 h resulting in the
herringbone reconstruction. Mn (99.5% purity, Goodfellow, U.K.) was
deposited onto the Au(111) substrates from an e-beam evaporator
(Oxford Applied Research EGN4). When ~0.5 ML of Mn was oxidized in
1 x 107 Pa 0, at 500 °C for 0.5-1 h, only the MnOy fishbone phase was
created. (The coverage of ~0.5 ML was estimated from the proportion of
substrate covered by the fishbone islands.) When four times the amount
(i.e., ~2 ML) of deposited Mn was oxidized under the same oxygen
pressure and annealing conditions, the Mn304(001) square phase was
also observed.

The samples were imaged by STM (JEOL JSTM 4500XT model, base
pressure 1078 Pa) at room temperature. STM images were processed by
Gwyddion, FabViewer [22], and Smart Align [23,24]. Smart Align is a
multi-frame averaging tool that helps to enhance the SNR in our STM
images. It works by aligning multiple successive images of the same area
and averaging them to calculate a “reference” image. Raw images are
then corrected according to the reference image. The process can be
repeated if necessary, using an updated “reference” image from the
previous process. The availability of very high SNR data without the
need for smoothing allows quantitative dimensional measurements to be
taken with confidence. Most STM images shown in this work are aver-
aged over 10-30 frames, while some small-scale ones are averaged over
thousands of frames. This information is included in the figure captions.

3. Results and discussion
3.1. Fishbone phase

Fig. 1(a) shows a large-scale STM image of five islands with the
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fishbone phase grown on Au(111). The stripes within the islands, which
look like fishbones, align either with the Au(111) herringbones along the
three <112> directions, or with the three <110> directions. Roughly
80% of the fishbones (stripes) align with <112> directions [e.g., most
islands in Fig. 1(a)], and around 20% align with the <110> directions
[e.g., the top left island in Fig. 1(a)]. The stripes show internal angles of
120° where the alignment changes direction. Note that the substrate
lattice directions labeled in Fig. 1(a) do not apply to other panels as the
images were taken on different parts of the Au (111) substrate, which is
a polycrystal. In previous reports this fishbone structure has been
interpreted as a MngO4 phase via the analysis of X-ray photoelectron
spectroscopy (XPS) data [19,20].

Most of the fishbone islands observed in our experiments have an
apparent thickness of ~2 A as determined from STM measurements.
Others are either ~3 A or ~4 A in thickness, as summarized in the
histogram in Fig. 2. For example, most islands in Fig. 1(a) are ~2 A
thick, except for two of the islands towards the bottom of the figure
which have an extra layer on part of them (the brighter parts), which are
~3 A thick. Although the thinnest fishbone islands found in our study
are ~2 A, we believe they are not monolayers, as discussed later in
relation to Fig. 1(c.ii).

Both Fig. 1(b.i) and 1(c.i) clearly show the fishbone pattern on the
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Fig. 2. Histogram of the thicknesses of fishbone MnO, islands.

Fig. 1. STM images of the fishbone MnO,
islands grown on Au(111): (a) 43.1 x 43.1 nmz,
Vs = 0.4 V, I, = 0.80 nA, averaged over 14
frames; (b.i) 11.2 x 11.2 nm?, V; = 0.4 V, I, =
0.80 nA, averaged over 15 frames; (b.ii) close-
up image of the boxed part in panel (b.i),
averaged over 15 frames; (c.i) 21.0 x 21.0 nm?,
Vs = 0.5 V, I, = 0.50 nA, averaged over 15
frames; (c.ii) close-up image of the boxed part
in panel (c.i), averaged over 23 frames. In
panels (b.ii) and (c.ii), each “fishbone” consists
of a blue column and a green column, where the
blue and green rings highlight the atomic po-
sitions. In (b.ii), two different parallelogram
unit cells are identified for the patterns on the
two sides of the vertical white dashed line.
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MnO, islands, and the areas in the white boxes are enlarged in Fig. 1(b.
ii) and 1(c.ii), respectively. In Fig. 1(b.ii), atoms are circled in blue and
green in alternating columns and each “fishbone” consists of a blue
column and a green column. Within each column, atoms are grouped
into threes. Here we cannot conclusively assign the atoms to be Mn or O,
and we note that the structure shows no significant difference when
imaged using positive and negative sample biases.

As can be seen from the large-scale image in Fig. 1(a), the spacing
between neighboring fishbones is variable. Two types of periodicities
are most commonly observed, which are both contained in Fig. 1(b.ii),
separated by the vertical white dashed line. The atomic columns to the
left of the dashed line are spaced further apart than those to the right,
with a spacing of 14.6 + 0.2 A between adjacent blue columns on the
left, and a spacing of 13.4 £+ 0.1 A on the right. Also, on the right, the
blue and green columns within each fishbone are aligned with each
other, while on the left, they are vertically offset. The unit cells in both
cases are labeled by a white parallelogram. The left unit cell is (14.6 +
0.2) x (5.6 £0.2) AZin dimensions, with an included angle of 88 + 1°.
The right unit cell is (13.6 + 0.1) x (5.6 + 0.2) A%in dimensions, with
an included angle of 80 + 1°. The periodicity in the vertical direction is
the same in both patterns here and also in other less commonly observed
patterns, i.e., the vertical spacing between neighboring sets of three-
atom groups is always 5.6 + 0.2 A. While our right unit cell has not
been previously reported, our left unit cell is consistent with the struc-
ture reported by Liu et al. [20], where they assigned a different unit cell
for the same structure, which is a parallelogram with a more acute
included angle (15.48 x 5.85 AZ, 72°).

The island in Fig. 1(c.i) is measured to be ~2 A thick, and we believe
it is not a monolayer as Fig. 1(c.ii) shows atoms from the underlying
layer as well. The two types of patterns analyzed in Fig. 1(b.ii) are also
observed here, highlighted by a few groups of blue and green circles.

We believe that the complicated atomic arrangement of this fishbone
phase and the six preferred epitaxial orientations are due to a strong
interaction with the Au(111) substrate. One of the possible reasons for
the multiple periodicities observed is that there are multiple sets of sites
(i.e., combinations of hollow/bridge/atop sites) on the Au(111) sub-
strate where Mn and O atoms can be favorably located. In addition to the
epitaxial interaction, there is likely charge transfer from the MnO,
overlayers to the Au substrate because of the strong electronegativity of
Au, which is another factor that can impact the structure and compo-
sition of the fishbone phase.

3.2. Square phase

When ~2 ML of Mn was oxidized under the same conditions as for
the fishbone phase above (annealing in 1 x 10 Pa O, at 500 °C for
0.5-1 h), it resulted in a further dominant phase with a square unit cell,
as shown by the black squares in Fig. 3. Another surface phase, which
also has a square periodicity, but we think of as a transition phase, is
shown in Fig. 3 with white squares.

The black squares represent a surface termination of a phase that has
previously been identified as the hausmannite Mn304(001) phase in the
literature [19,20]. The black squares in all panels in Fig. 3 have a
measured edge length of 5.8 + 0.1 A, consistent with the lattice
parameter of MngOy4 (a = b = 5.765 A). This phase was previously re-
ported to form under more oxygen-lean conditions compared to the
fishbone phase [20]. However, we found that the critical factor was the
thickness of the layer rather than the oxygen annealing conditions. As
can be seen in Fig. 3, the Au(111) substrate is completely covered by the
fishbone phase, and the black square phase usually forms on top of the
fishbone phase. Therefore, we believe that the fishbone phase is the
nucleating phase and that the square phase only emerges after a certain
thickness. The minimum thickness of the black square phase measured
relative to the Au(111) substrate in our data is 5-6 A (not shown in
Fig. 3).

Each black square in Fig. 3 aligns one of its edges with the underlying
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Fig. 3. STM images of two square phases: the black and white squares
respectively have edge dimensions of 5.8 4 0.1 A and 8.1 + 0.5 A. Image sizes,
scanning parameters, and Smart Align processing: (a) 70.0 x 41.2 nm?, V, = 2.0
V, I, = 0.25 nA; (b) 37.1 x 37.1 nm?, V, = 1.5 V, I, = 0.20 nA; (c) 18.0 x 18.0
nm?, V; = 1.0 V, I, = 0.20 nA, averaged over 10 frames.

fishbone structure; this observation is the clearest in Fig. 3(b). Consis-
tently, the black squares within a given sample area, e.g., in Fig. 3(a), all
orient at 60° to each other. These orientations follow from the alignment
of fishbones with the three <112> directions and the three <110> di-
rections on Au(111), which are at 60° to each other.

The other square phase, represented by the white squares in Fig. 3(a),
has a unit cell edge length of 8.1 + 0.5 A. This phase has also been re-
ported previously, and was attributed to a (\/ 2 x \/ 2)R45° recon-
structed Mn304(001) surface [19,20]. Each of the black squares in Fig. 3
(a) can be associated with a white square rotated by 45°. The white
squares themselves are oriented at 60° to each other. It can also be seen
from Fig. 3(a) that the white square phase is generally less ordered with
missing bright spots than the black square phase. In addition, the white
square phase is sometimes observed to form on the same layer as the
fishbone phase as seen for example in the top right corner of Fig. 3(a).
We therefore believe that the white square phase is an intermediary
structure that is part of a transition from the fishbone towards the black
square phase. A further structure in the bottom left corner of Fig. 3(c)
also seems to be a transition phase.

The Mn304(001) phase with a black square surface termination has
steps of height 2.8 & 0.3 A, consistent with previously reported results
[19]. This is significantly lower than the height of an orthorhombic unit
cell of Mn304 (¢ = 9.442 Io\). Since a full unit cell consists of eight atomic
layers in the c¢ direction [Fig. 4(c)], we believe our Mn304(001) layers
are likely two atomic layers in thickness. This makes sense from a
structural perspective because along the ¢ axis of hausmannite MngOy,
the more densely packed oxygen-containing layers are separated by a
quarter of the c-axis unit cell dimension, i.e., 2.4 A.

More details of the black square phase are shown in the STM images
in Fig. 4. Slightly different patterns are resolved under positive [Fig. 4
(a)] and negative [Fig. 4(b)] sample imaging biases. Note that Fig. 4(a)
and (b) are not of the same area. STM images with an improved signal-
to-noise ratio were obtained when thousands of unit cells were stacked
and averaged using Smart Align, over 1561 and 2579 frames to produce
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Fig. 4(a.ii) and 4(b.ii), respectively. In Fig. 4(a.ii), we can see four bright
spots at the corners of the unit cell, as well as two less bright spots along
the middle line of the unit cell. This unit cell could be a reconstruction
formed by the superposition of layers 1 and 2 in Fig. 4(c) if the bright
spots in the STM image correspond to Mn atoms, which, in the atomic
model, are blue at the corners and green along the middle line of the unit
cell. The structure in Fig. 4(b.ii) is similar to that in Fig. 4(a.ii), but the
atoms along the middle line are shifted in position compared to the
“green atoms” in the model, and the middle spot is much brighter.
Further exploration of the atomic positions would require DFT
simulations.

Our observations confirm the presence of an (001) termination of
hausmannite Mn3Og4, which is consistent with previous reports [19,20],
though in previous reports, only the 5.8 A periodicity was identified
because of the limited STM resolution. The (001) layers of hausmannite
Mn30, in the unit cell have alternating charges of +2 (Mn?") and -2
(Mn3702"), meaning that a simple bulk termination is not possible. This
means that the surface has to be reconstructed, although the recon-
struction could be subtle. For example, it could involve atomic move-
ments and changes in oxidation states that do not extend beyond a bulk
(1 x 1) unit cell, therefore retaining the 5.8 A periodicity. Future DFT
models could be compared with our high-resolution STM data to
determine the exact atomic configuration of the reconstruction.

The mechanisms that drive the fishbone-to-square phase transition
are likely to initially involve a favored epitaxial interaction for the
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Fig. 4. STM images and atomic models of Mn304(001) islands
(the black square phase) grown on Au(111). Panels (a) and (b)
are empty-state and filled-state images, respectively. Panel (c)
shows an orthorhombic unit cell of Mn3O4 and lays out the
eight atomic layers perpendicular to the ¢ direction. The square
unit cell (edge length = 5.8 A) is drawn in black or gray in all
panels. Image sizes, scanning parameters, and Smart Align
processing: (a.i) 6.3 x 6.3 nm? V; = 1.0 V, I, = 1.00 nA,
averaged over 4 frames; (a.ii) close-up image of the unit cell in
(a.i), averaged over 1561 frames; (b.i) 6.3 x 6.3 nm?, V, =
-2.0 V, I = 0.50 nA, averaged over 12 frames; (b.ii) close-up
image of the unit cell in (b.i), averaged over 2579 frames.

nucleating fishbone phase. This phase is then retained for a few mono-
layers of growth, but beyond a critical thickness it transforms into the
bulk form of hausmannite Mn3O4. The lowest energy termination of
hausmannite is the (001) surface [25] and hence this determines this
crystal surface orientation. It remains an open question as to whether the
transition from the fishbone to the square hausmannite phase also
causes the initial few monolayers of the fishbone phase to transform to
hausmannite.

4. Conclusions

In summary, we have grown MnO, ultrathin films on Au(111) sub-
strates and have observed two phases with distinctly different surface
structures. The MnO, fishbone phase consists of a complicated atomic
arrangement that results in a stripy pattern in STM images. This phase
occurs for films of a few monolayers up to 4 A in thickness and has
preferred epitaxial orientations along the six <112> and <110> di-
rections of the substrate. The fishbone phase is stabilized by the inter-
action with the Au(111) substrate and does not appear to have a bulk
analog. For thicker films that are at least 5-6 A thick, we observe a
square phase which appears to have the structure of hausmannite Mn3O4
with a reconstructed (001) termination. For both the fishbone and
square phases, our STM images show multiple features within the sur-
face unit cells with a high signal-to-noise ratio due to multiple image
averaging. These images provide the necessary high-resolution
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information that is required for comparison with future DFT simulations
of the reconstructions. This will enable the atomic surface structures to
be determined and form an underpinning link to the understanding of
the catalytic activity of these manganese oxides.
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