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CoO grown on the Co(001)-p(1×1)O surface of a 5 ML thick Co layer on Fe(001)

The growth process does not induce Fe cation migration and/or oxidation
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Such a network acts as a template for a three-dimensional CoO nanostructuration
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A misfit dislocation network develops in the very early stages of CoO growth.
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The dimensions of CoO wedding-cake square mounds scale linearly with thickness
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The realization of nanometer-scale structures through bottom-up strategies
can be accomplished by exploiting a buried network of dislocations. We show
that, by following appropriate growth steps in ultra-high vacuum molecular
beam epitaxy, it is possible to grow nano-structured ﬁlms of CoO coupled to
Fe(001) substrates, with tunable sizes (both the lateral size and the maximum
height scale linearly with coverage). The growth mode is discussed in terms
of the evolution of surface morphology and chemical interactions as a function
of the CoO thickness. Scanning tunneling microscopy measurements reveal
that square mounds of CoO with lateral dimensions of less than 25 nm and
heights below ten atomic layers are obtained by growing few-nanometersthick CoO ﬁlms on a pre-oxidized Fe(001) surface covered by an ultra-thin
Co buﬀer layer. In the early stages of growth, a network of misﬁt dislocations
develops, which works as a template for the CoO nano-structuring. From a
chemical point of view, at variance with typical CoO/Fe interfaces, neither
Fe segregation at the surface nor Fe oxidation at the buried interface are
observed, as seen by Auger electron spectroscopy and X-ray Photoemission
Spectroscopy, respectively.
Keywords:
cobalt oxide, iron, self-organization, electron spectroscopies, scanning
tunneling microscopy
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1. Introduction
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There is nowadays a constantly growing interest towards the study of
nanostructured materials. Among diﬀerent possible fabrication approaches,
those classiﬁed as bottom-up, which consist in exploiting the peculiarity
of the growth procedure in order to obtain self-organized systems at the
nanometer scale, combine both fundamental and technological potentialities
[1, 2]. The former is due to the fact that many materials, when conﬁned
to low dimensions, show novel and intriguing properties. The latter stems
from the paramount importance of miniaturization for many devices, from
electronics, to magnetism, to catalytic applications, only to mention a few
general cases.
In this scenario, a known route to realize ordered nanostructures through
self-organization consists in exploiting the development of ordered networks
of defects in epitaxial layered structures [3]. Such a strategy has already been
successful in many cases where, in particular, either metallic or semiconducting ordered nano-structure assemblies have been obtained by growing the relative materials on interfaces containing dislocation networks [3–6]. In other
cases, the growth of nanostructures has been realized on oxide substrates similarly characterized by a peculiar distribution of defects [7–9]. Much scarcer
appears to be the record of cases in which the nanostructured systems consist
of the oxide materials themselves [10, 11].
In this paper, we report on the observation of nanostructured cobalt oxide
(CoO) ﬁlms with tunable sizes, grown on top of oxygen-passivated Co ultrathin ﬁlms on Fe(001). CoO is a compound of very broad interest in particular
in the ﬁelds of catalysis [12, 13], energy storage [14–16] and magnetism [17–
24], being an antiferromagnetic insulator. Furthermore, CoO ﬁlms coupled to
ferromagnetic substrates (like Fe), show the well-known and technologically
important exchange bias eﬀect [25, 26], which makes this kind of systems even
more appealing. Previous investigations on CoO/Fe(001) layered structures
reported on complicated and extended chemical reactions at the interface,
which is common when transition metal oxides are grown on the reactive
Fe substrate [18, 27–29]. Scanning Tunneling Microscopy (STM) measurements observed a three-dimensional growth of CoO without any particular
order [30]. In the present case, we have grown CoO by reactive deposition
on Fe(001) substrates covered by a ultra-thin buﬀer layer of metallic Co.
This approach leads to a substantial reduction of the chemical mixing at the
interface and, at the same time, induces the development of a network of
2
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misﬁt dislocations over which well-ordered wedding cake CoO islands begin
to form after a few atomic layers. Such islands have a square shape, with
edges parallel to the equivalent < 100 > in-plane directions of the cubic CoO
crystal structure. Their lateral size increases with coverage, up to about 25
nm for a nominal CoO thickness of about 7 nm, keeping a noticeable spatial
regularity.
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The samples were fabricated by growing a 500 nm thick Fe ﬁlm onto a
Ultra-High Vacuum (UHV)-cleaned MgO(001) crystal substrate, by means of
molecular beam epitaxy (MBE) performed at room temperature (RT). The
Fe(001) surface was then exposed to 30 L (1 L = 1.33 ×10−4 Pa·s) of molecular
oxygen right after being annealed at 700 K and ﬁnally it was ﬂash heated
at 900 K. This recipe allowed us to obtain the well-characterized Fe(001)p(1 × 1)O surface, in which each surface unit cell has one oxygen atom in the
fourfold symmetrical Fe hollow site [31, 32]. A 5 monolayers (ML) thick buﬀer
layer of metallic Co was grown onto the Fe(001)-p(1 × 1)O surface. In such a
thickness range, Co is known to grow pseudomorphically on the Fe substrate
[33, 34], with a body centered tetragonal (bct) structure and the same inplane lattice parameter as bulk Fe (aFe = 0.287 nm). The growth of thin
Co ﬁlms on Fe(001)-p(1 × 1)O is known to proceed in a layer-by-layer (also
known as Frank-van der Merwe) mode, as demonstrated by former studies
[33, 35] and conﬁrmed by our STM observations [36]. The Co growth was
performed at RT by means of MBE through an e-beam evaporator in UHV
(base pressure in the 10−9 Pa range), then the sample was heated at 470 K for
about 5 minutes. As in other similar cases [32, 37–40], the oxygen segregates
to the sample surface and this procedure results in a Co(001)-p(1 × 1)O
surface, as testiﬁed by Low-Energy Electron Diﬀraction (LEED) and STM
[36]. Cobalt oxide is then grown at 470 K by reactive deposition of metallic
Co in a pure O2 atmosphere, with partial pressure pO2 = 1 · 10−4 Pa, with
thicknesses up to about 32 ML (1 ML of CoO is nominally equal to 0.213
nm). Bulk CoO has a fcc structure with lattice parameter aCoO = 0.426
nm and the surface atomic arrangement of the Co layer is the same as for
Fe(001). In this way, the oxide can epitaxially grow by exposing the (001)
surface, with the cubic cell rotated by 45◦ with respect to the substrate,
i.e. with the < 100 > in-plane directions parallel to the < 110 > in-plane
directions of Fe.
3
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STM images were acquired by an Omicron VT instrument in a UHV
chamber (base pressure 10−9 Pa) directly connected to the preparation system. STM measurements were performed in constant-current mode with
home-made electrochemically etched W tips. The chemistry of the growing
CoO/Co/Fe samples was investigated in situ by means of Auger Electron
Spectroscopy (AES). The AES measurements were performed by means of
an Omicron SPECTALEED with a retarding ﬁeld analyzer (total acceptance
angle 102◦), operated with a 3 kV, 20 µA primary electron beam, with a 3 V
peak-to-peak modulation amplitude. The same instrument was used in order to record LEED patterns. Moreover, X-ray Photoemission Spectroscopy
(XPS) was performed in order to further study the chemistry of the buried
interface. The XPS spectra were acquired by exploiting a Mg source (hν =
1253.6 eV) and a Phoibos 150 hemispherical analyzer (both instruments are
from Specs GmbH) in a separated UHV chamber in which the samples were
freshly prepared on purpose. All of the above measurements were performed
at RT.
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Low-energy Auger peaks in AES spectra, corresponding to Fe and Co
MNN transitions, are known to be extremely sensitive to the local chemical
environment of the atoms (see, for instance, Refs. 39, 41 for Fe oxidation and
Refs. 42, 43 for Co oxidation). Fig. 1 reports a series of AES spectra of the
investigated samples, where the relevant features are marked by vertical lines.
In particular, these are related to metallic Fe (46.8 eV), metallic Co (52.5
eV), oxidized Fe (39.0 eV and 49.7 eV) and oxidized Co (37.0 eV and 43.7
eV). The series starts from the Co(001)-p(1 × 1)O surface of a 5 ML thick Co
layer grown onto Fe(001)-p(1×1)O (indicated as Co/Fe substrate) and passes
through the early stages of CoO growth (up to 6.4 CoO ML). Along such
proﬁles, the valley feature related to metallic Co is clearly reduced upon CoO
thickening, while the peak related to oxidized Co correspondingly increases,
as expected. For higher CoO thicknesses, the low-energy Auger spectra are
substantially unchanged, keeping a CoO-like line shape in good agreement
with previous investigations [42, 43].
Substantially, no traces of Fe oxides are seen in these spectra, as conﬁrmed
by comparing them to a spectrum acquired from a bare Fe(001) ﬁlm oxidized
by exposure to 50 L of molecular oxygen, which is reported as a dotted line
in Fig. 1. Also, no further traces of a metallic Fe signal can be seen, after the
4
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Figure 1: AES spectra related to Fe and Co MNN transitions, as a function of the CoO
coverage. Co/Fe substrate refers to the Co(001)-p(1 × 1)O surface of a 5 ML thick Co
layer on Fe(001). The topmost spectra are shown for comparison and refer to a Fe(001)
sample exposed to 50 L of oxygen (dotted line) and to the Co/Fe substrate exposed to 30
L of oxygen (dashed line), respectively. The positions of characteristic Fe and Co features
(either peaks or valleys) are highlighted by vertical lines.

shoulder visible in the Co/Fe substrate spectra is attenuated by the growing
CoO ﬁlm. These observations indicate that the CoO ﬁlm grows onto the
Co/Fe substrate without inducing signiﬁcant Fe segregation (and subsequent
oxidation), at variance with the case of reactive deposition of CoO directly
onto the Fe(001)-p(1 × 1)O surface [28]. This result is quite surprising, since
the standard enthalpy of formation of CoO is higher (∆f H 0 = -238 kJ/ mol
O) than that of Fe oxides (∆f H 0 = -272 kJ/ mol O for FeO, which has
the higher value), resulting in a lower oxygen aﬃnity for Co than for Fe
[44]. Indeed, Fe segregation has been observed in the post-oxidation of ultrathin Ni (that, as Co, has a lower oxygen aﬃnity than Fe) ﬁlms on Fe(001)
[41, 45]. The absence of Fe segregation is further conﬁrmed by inspecting the
5
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Figure 2: Normal emission XPS spectra related to: a) the Fe 2p energy region (circles are
the raw data, continuous lines are the fittings); b) the Co 2p energy region (circles are the
raw data, continuous lines are the fittings of the oxidized components; dashed lines are
the fittings of the metallic components). From bottom to top, the spectra are reported as
a function of the CoO coverage. Co/Fe substrate refers to the Co(001)-p(1 × 1)O surface
of a 5 ML thick Co layer on Fe(001).

low-energy AES spectrum of the Co/Fe substrate after exposing it to 30 L of
molecular oxygen, which is reported as a dashed line in Fig. 1. Here, again,
no traces of either metallic or oxidized Fe can in fact be detected.
Further pieces of information about the chemistry of the buried interface
can be obtained by the XPS spectra reported in Fig. 2. Compared to AES
experiments, the XPS measurements are characterized by a larger escape
depth, on account of the larger kinetic energy of the emitted electrons. In
particular, for the present case, current models for the calculation of the
electron inelastic mean free path predict that the latter is as low as 0.4 nm
at a kinetic energy of 50 eV (AES case), to be compared to about 1.1 nm at
a kinetic energy of about 450-550 eV (XPS case) [46]. XPS is therefore more
suited to analyze the buried interface.
Fig. 2a) shows the Fe 2p energy region, for the Co/Fe substrate (5 ML
Co, as above) and ultra-thin CoO ﬁlms of 1.6 ML, 3.2 ML and 6.4 ML. The
6
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measured spectra are represented by circles, while continuous lines are sums
of ﬁttings made up of typical line shapes. The Fe 2p spectrum can, in particular, be ﬁtted by line shapes mimicking the Doniach-Sunjic asymmetric line
shape, which is typical of metallic materials, without the need to introduce
any additional peak possibly related with the presence of oxides. This agrees
well with the fact that, upon Co deposition, oxygen ﬂoats to the topmost Co
layers and leaves metallic Fe at the interface. At higher CoO coverages the
corresponding Fe 2p spectra keep their metallic character, while decreasing
in intensity due to the electron attenuation from the overlayer.
Fig. 2b) shows the Co 2p energy region. Here, the ﬁrst signiﬁcant information is the line shape of the 6.4 ML thick CoO layer (top spectrum), which
agrees very well with that expected for a CoO ﬁlm [28, 43, 47, 48]. Such a
line shape did not change at higher thicknesses (not shown). On the other
hand, the spectrum of the Co/Fe substrate has a clear metallic character,
similarly to the Fe 2p case. A small shoulder next to the Co 2p3/2 peak (at
higher binding energy) is consistent with the presence of one layer of oxygen
at the vacuum interface [49]. Concerning the CoO layers of intermediate
thicknesses (1.6 ML and 3.2 ML), the line shapes can be correctly ﬁtted only
by considering the presence of both oxidized (continuous lines) and metallic
(dashed lines) features. Only a tiny metallic component can be derived for
the 6.4 ML spectrum. Given the low thickness of the CoO ﬁlm compared to
the estimated electron escape depth (see above), as testiﬁed by the fact that
the signal from the Fe 2p region is still visible at a 6.4 ML nominal coverage, we conclude that the Co buﬀer layer gets oxidized while the CoO ﬁlm
is grown by reactive deposition. Moreover, the metallic character of the the
Fe 2p spectra allows us to conclude that such an oxidation did not extend
to the Co/Fe interface, thus leaving a thin Co metallic buﬀer layer whose
thickness can be varied by appropriately selecting the growth conditions and
the thickness of the initial bct Co layer. In particular, the thickness of such
a buﬀer layer can be comprised in a relatively wide range from about 3 to 17
atomic layers, where the growth of bct Co onto Fe(001)-p(1 × 1)O proceeds
in a nearly perfect layer-by-layer mode [36].
Coming to the morphology of the growing CoO/Co/Fe(001) layered structure, at sub-monolayer coverages the growing oxide wets the Co(001)-p(1 ×
1)O surface, without presenting any particular feature (not shown). Slightly
above 1 ML, a series of ordered bright rows are observed on the surface, as
in Fig 3a) for a 1.6 ML coverage. They are clearly oriented along the inplane < 110 > directions of Fe, which correspond to the in-plane < 100 >
7
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Figure 3: STM images of: a) 1.6 ML CoO (V = −3.1 V; I = 1 pA) and b) 3.2 ML CoO
(V = −3 V; I = 5 pA) films. The insets show the LEED patterns of the corresponding
surfaces, both obtained with an electron beam energy of 50 eV.
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directions of the developing CoO ﬁlm.
Such step-like features are the ﬁngerprint of the presence of a square
network of misﬁt dislocations, which is a well-known mechanism for relieving
stress and strain in thin ﬁlms. It has, in fact, already been observed by
STM in oxide thin ﬁlms such as, e.g., MgO/Fe(001) [11] and MgO/Mo(001)
[50–52]. The need for the development of a misﬁt dislocation network can
be understood on account of the mismatch between the CoO and Fe lattice
constants, which corresponds to 4.9 % in the present case (CoO is subject to
a compressive strain). In particular, making reference to the coincidence-site
lattice model [10, 11, 36],
√ one would expect an average dislocation periodicity
of about aCoO,P · aFe / 2|aCoO,P − aFe | = 4.4 nm. Here, aCoO,P = 0.301 nm
is the lattice parameter of the primitive cell, and the minimum possible
coincidence site is on the bridge epitaxial sites, rotated by 45◦ with respect
to the primitive lattices, see Ref. 36. The presence of diﬀerent spacings,
typically comprised between some 5 nm and 20 nm, among the bright lines
in Fig. 3a), suggests that the elastic strain was not completely released trough
dislocations at this growth stage.
When the CoO thickness is increased to 3.2 ML (Fig. 3b), the growth
mode clearly switches to three-dimensional island nucleation, with the formation of square mounds, whose edges appear to be aligned along the inplane < 100 > directions of CoO. All mounds are composed by monolayer
steps and the surface exposes up to four layers overall (i.e. each mound is
composed by a maximum of four steps).
8
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Figure 4: Left side: STM images of, from left to right, 6.4 ML CoO (V = −3 V; I = 10
pA), 12.8 ML CoO (V = −3.1 V; I = 200 pA) and 25.6 ML CoO (V = −5 V; I = 100
pA) films. All images are 200 × 200 nm2 wide. The insets report the LEED patterns of
each corresponding surface, all obtained with a electron beam energy of 50 eV. Right side:
line profiles collected along the dashed lines of the corresponding STM images.
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The presence of the dislocation network induces spatially periodic deformations that are visible in the LEED patterns of the sample surfaces in
terms of satellite spots, which are broadened into crosses oriented along the
in-plane < 100 > directions of CoO. Such crosses are only weakly visible
at 1.6 ML coverage (inset of Fig. 3a) and become more evident at 3.2 ML
(inset of Fig. 3b). Similar eﬀects have been reported in several other cases,
related to oxide ﬁlms characterized by the development of a misﬁt dislocation
network, and were attributed to the surface mosaic spread (i.e. to the local
tilting of the surface) [10, 11, 50, 51, 53, 54].
As anticipated above, the signiﬁcant role of the interface dislocations is
better evidenced at higher CoO thicknesses, in terms of stabilization of wellordered CoO mounds with square bases and mesa morphology, as reported in
Fig. 4. The mounds, already present for a CoO coverage of 3.2 ML, become
much more uniformly distributed at 6.4 ML. Furthermore they are well separated by deep grooves. The presence of such grooves puts in evidence how
the mound edges are always clearly oriented along the equivalent < 100 >
directions of CoO, as for the step-like features related to the misﬁt dislocations network. Even if no plastic deformation related to the misﬁt dislocation
network can be clearly evidenced by STM here, the related LEED pattern
(see the inset of Fig. 4, 6.4 ML CoO) is characterized by large square spots,
arranged with a (1×1) symmetry with respect to the substrate. The square
spots have edges oriented along the < 100 > directions of CoO, most likely on
account of an additional mosaic eﬀect due to a twisting of the CoO islands,
as described in details in Refs. 11 and 53.
9
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The CoO surface morphology appears to be characterized by a visible
spatial regularity also at higher thicknesses, as testiﬁed by the STM images
of 12.8 ML and 25.6 ML CoO ﬁlms, also reported in Fig. 4. At the same time,
the dimensions of the square mounds increase linearly with increasing CoO
thickness, as shown also by drawing typical line proﬁles along one of the inplane < 100 > directions of CoO, reported in the right panel of Fig. 4. In this
scenario, it is evident that the interplay between chemistry and morphology
plays a fundamental role. In particular, previous works have been evidencing
that oxidation induces a strong roughening of the surface of Fe substrates [11],
thus preventing the formation of coherent interfaces with oxide overlayers.
The insets of Fig. 4 show the LEED patterns of the corresponding surfaces. The rotated square spots related to the 6.4 ML thick CoO ﬁlms,
already discussed above, leaves gradually the place to rounded spots, more
and more similar to LEED patterns of CoO thin ﬁlms grown on Fe(001)
without a Co buﬀer layer [30]. Such an evolution indicates that the degree
of mosaicity of the ﬁlm tend to decrease continuously with increasing thickness [50], suggesting that the plastic deformations of the oxide layer have
eventually relaxed.
The switching of the sample growth mode to three-dimensional indicates
that the atomic diﬀusion between contiguous layers (interlayer transport)
has become less favorable. The limit of zero interlayer transport would correspond to a pure statistical growth, equivalent to random deposition, where
vertical and lateral diﬀusions are substantially inhibited. This is clearly not
the case here, since the morphology of the growing ﬁlm is regular on a characteristic length scale (see below). The growth mode shows instead many
similarities with the wedding cake model [55], in particular concerning the
fact that the spatial distribution of the mounds is substantially determined
by the positions of the islands nucleated on the ﬁrst layer [55, 56]. In this
case, they are those formed after the development of the misﬁt dislocation
network.
The increasing size of the mounds was evaluated by generating the twodimensional autocorrelation functions (2D-ACF) of the STM images and by
measuring the ﬁrst-neighbors peak distances (such an analysis was performed
with the help of the WSxM software [57]). This method is exempliﬁed in
Fig. 5a), which shows some line proﬁles derived from the 2D-ACF calculated
on STM images of the 6.4 ML, 12.8 ML and 25.6 ML CoO, respectively. Such
proﬁles are drawn along one of the in-plane < 100 > directions of CoO, as
shown in the inset of Fig. 5a) for the 6.4 ML CoO case. The results reported
10

Page 12 of 20

ip
t
cr
us
an

d

M

Figure 5: a) Autocorrelation functions profiles for 6.4 ML, 12.8 ML and 25.6 ML CoO
thicknesses. The gray arrows show how the first-neighbors peak distances are calculated.
Inset: plot of the two-dimensional autocorrelation function for 6.4 ML CoO. More bright
indicates higher value. The dashed line is related to the 6.4 ML CoO autocorrelation
function profile. b) Spatial periodicity of the mounds displacement as a function of the
CoO coverage. c) Number of CoO layers exposed in the STM images as a function of the
CoO coverage.
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in Fig. 5b) show the spatial periodicity of the square mounds, which are
calculated as the mean distance between the central spot and one of the ﬁrstneighbor peaks of the 2D-ACF, averaged over several STM images. Such a
periodicity substantially corresponds to the lateral dimensions of the mounds,
which are seen to increase from about 13 nm at 6.4 ML CoO thickness to
about 23 nm for 32 ML CoO.
One diﬀerence with respect to the expectations of a wedding cake model
is the fact that here we observe a partial coalescence of the mounds during
growth, which is absent in the reference example of the model, namely Pt
homoepitaxy on Pt(111) [55, 58]. This means that, for an ideal wedding cake
growth, the spacing between mounds (and therefore their lateral dimensions)
is determined by the size distribution of the ﬁrst layer islands. In the present
case, instead, the lateral size of the lower exposed layer increases as well.
This is also testiﬁed by measuring the number of exposed layers (by using
the ﬂooding analysis function of the WSxM software [57]), which is reported
in Fig. 5c). Indeed, while at 6.4 ML the number of exposed layers is similar
to the nominal thickness, such a number raises, almost linearly, up to only
10 layers when the nominal CoO thickness is above 30 ML.
11
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In conclusion, when CoO is grown at 470 K by reactive deposition on
the Co(001)-p(1 × 1)O surface of a 5 ML thick Co layer grown onto Fe(001),
the growth proceeds without inducing Fe cation migration and oxidation, at
variance with the growth of CoO directly on Fe(001). In such conditions,
furthermore, a misﬁt dislocation network develops in the very early stages
of CoO growth. Such a network acts as a template for a three-dimensional
growth characterized by square wedding cake mounds that are regularly distributed on the surface, with sides parallel to the sides of the cubic CoO
crystal structure. Both lateral size and height of such mounds scale linearly with the CoO thickness, making them tunable as a function of such a
parameter alone.
This particular combination of wedding cake growth and spatial regularity
is rather unique for ultra-thin oxide systems. Given the relevance that can
be attributed to the self-organized growth of oxides, our system will oﬀer an
interesting workbench for testing nano-oxides growth theories.
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[38] A. Picone, G. Bussetti, M. Riva, A. Calloni, A. Brambilla, L. Duò, F. Ciccacci, M. Finazzi, Oxygen-assisted Ni growth on Fe(001): Observation
of an “anti-surfactant” eﬀect, Phys. Rev. B 86 (2012) 075465.
[39] A. Picone, G. Fratesi, M. Riva, G. Bussetti, A. Calloni, A. Brambilla,
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