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Functional oxides are highly fascinating materials driving much research in chemistry, physics, and materials
science. In this study, we have epitaxially grown CoO and Co;0, thin films on SrTiO;(001) and MgO(001)
substrates by pulsed laser deposition. By choosing the right deposition parameters such as substrate tempera-
ture and oxygen partial pressure, we are able to control the oxide phase and therefore the oxidation state of

the transition metal controlling its physical properties. Structural analysis revealed a cube-on-cube orientation
for both oxide phases with respect to the substrates and confirmed that all grown films are single-phase and
single-crystalline. In addition, post-annealing in oxygen atmosphere allows to change the cobalt oxide phase
from CoO to Co;0,. Furthermore, magnetic measurements indicated a Néel temperature of about 45K for
Co;0, thin films which is close to the reported bulk value.

1. Introduction

Transition metal oxides have been studied in various forms for their
interesting magnetic, optical, and electrical properties [1-6]. One of
these transition metal oxides is cobalt oxide. Cobalt oxide forms two
stable phases, CoO and Co;04. In Co;0,, cobalt has two different
oxidation states, Co?* and Co’*, while only Co** is present in CoO.
Both oxides crystallize in a cubic structure: CoO crystallizes in the NaCl
structure with a lattice constant of a = 0.426 nm, and Co;0, is a spinel
with a lattice constant of « = 0.808 nm. Magnetically, both materials
show antiferromagnetic order [7,8], where CoO and Co;0, have a
Néel temperature of 290K [7,9] and 40K [10,11], respectively. They
have been studied for their possible applications, like gas sensors [12],
battery materials [13-15], and supercapacitors [16-18]. Furthermore,
there were theoretical predictions of the linear magnetoelectric effect
in A-site collinear antiferromagnetic spinel oxides [19]. This was later
confirmed by experiments in bulk Co;0, [8].

Cobalt oxide thin films have been prepared using different de-
position techniques like RF sputtering [20,21], sol-gel process [22],
chemical vapor deposition (CVD) [23-27], spray pyrolysis [28,29],
atomic layer deposition (ALD) [30], ion beam sputtering (IBS) [31],
spin-coating [32], and pulsed laser deposition (PLD) [33-35]. In this
regard, single-crystalline films of Co;0, have been achieved on dif-
ferent substrates like SrTiO5(001) (STO) [23,30], LaAlO;(001) [23],
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Si(001) [31], a-Al,05(001) [30,34], and MgO(001) [24,30,35], while
films grown on glass were polycrystalline [25,27].

In this study, we demonstrate the phase control of single-crystalline
cobalt oxide thin films grown by PLD using a Co;0, target. By changing
either the substrate temperature or the oxygen partial pressure, we
have epitaxially grown CoO and Co;0, thin films on STO(001) and
MgO(001) substrates with film thicknesses between 4 and 71 nm. Fur-
thermore, with post-annealing in oxygen atmosphere, it is possible to
change the phase from CoO to C050;,.

Thin film deposition was performed using a PLD setup. The laser
used in the setup was a Coherent ComPEX 205F system with a wave-
length of 248 nm, applying a laser pulse with a repetition rate of
3Hz and a pulse duration of 30ns. For all films, the laser energy was
550mJ, the fluence was 8J/cm?, and the number of laser pulses was
15,000 [36]. All films were deposited using a commercial Co;0, target
(g-Materials e. K.). Please note that typically CoO or pure Co targets
were utilized in comparable studies [33-35]. We used two different
substrates, STO(001) and MgO(001). The STO substrates were annealed
before deposition. The annealing temperature was set to 900 °C, which
was held for 3h in ambient conditions. The annealing process leads
to an atomically stepped surface, which is SrO-terminated [37]. For
cobalt oxide films grown on STO(001) and MgO(001) either the sub-
strate temperature was varied (500-650 °C) while keeping the oxygen
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partial pressure constant, or the oxygen partial pressure was varied
(1 x 1073-5Pa) at a fixed substrate temperature.

X-ray diffraction (XRD) measurements, including wide-range recip-
rocal space mapping (RSM), were performed using a Rigaku Smart-
lab 9 kW with a rotating copper anode (Cug, with a wavelength of
0.1541 nm) to determine the structure and phase formation of cobalt
oxide thin films. The thickness of the films was determined by X-
ray reflectrometry (XRR). The RSMs were simulated and the XRR
curves were fitted using the Rigaku’s SmartLab Studio II software.
The film morphology and surface roughness was analyzed by atomic
force microscopy (AFM), and images were recorded using a Dimension
Icon AFM from Bruker. Zero-field-cooled (ZFC) and field-cooled (FC)
measurements were performed using a superconducting quantum inter-
ference device-vibrating sample magnetometer (SQUID-VSM MPMS3,
Quantum Design GmbH) to determine the magnetic order temperature
of Co;0, on STO(001).

2. Results and discussion
2.1. Cobalt oxide thin films on SrTiO;(001)

The lattice mismatch between STO(001) and CoO(001) (-7.8%),
and Co03;0,(001) (-9.4%) is quite large. This can be an issue when it
comes to epitaxial growth. During the growth process, the substrate
temperature for all following cobalt oxide films was 500 °C. Only the
oxygen partial pressure was varied between 1 x 10~ Pa and 5 Pa. Fig.
1(a) shows the 26 scans of four different cobalt oxide films grown on
STO(001) at different oxygen partial pressures. It is visible that for
a low oxygen partial pressure between 1 x 1073 Pa and 2 x 1072 Pa,
CoO is favored as indicated by the presence of the (002) reflection.
The film grown at 2 x 1072Pa even shows Laue oscillations, which
indicates smooth interfaces between substrate, film and surface and
also confirms good film crystallinity. At higher oxygen partial pressure
(>0.5Pa) Co;0, is formed, as revealed by the presence of the (004)
reflection. Fig. 1(b) shows the corresponding in-plane (ip) XRD scans.
For the two Co;0, films the expected (220) and (440) reflections are
visible, while for CoO films only the (220) peak is present, because the
(110) reflection is forbidden. A similar behavior in the phase formation
has been observed by Matsuda et al. [34] for growing epitaxial cobalt
oxide thin films on «-Al,0; by PLD using a CoO target. They observed
at lower oxygen partial pressure of 10~° Pa that CoO was the preferred
phase and at higher O, pressure of 1Pa, the film only contained
Co;0, [34]. Prieto et al. [31] observed the same dependence of the
cobalt oxide phase from a pure cobalt target growing thin films on
silicon via IBS. Further, Laureti et al. [33] demonstrated that the oxygen
partial pressure during the PLD process has a large impact on the
growth of cobalt oxide on silicon using a cobalt target as well. At
low oxygen partial pressure of 102 Pa, they observed just pure cobalt
peaks, but after increasing the oxygen partial pressure to 1Pa, the
polycrystalline film contained both CoO and Co;0, [33].

The thickness of the films was determined with XRR, two examples
of XRR curves with the corresponding fits are shown in Fig. A.1. The
film thicknesses are in the range between 6 and 22 nm as summarized
in Table 1. The corresponding fit values can be found in the Appendix
in Table A.1. Please note that the film thickness does not follow a clear
trend with increasing oxygen partial pressure. The reason for that is
that the window where the laser beam enters the chamber will also
be coated. Therefore, the fluence gets decreased and alters the growth
rate (nm/puls). Besides that the position of the substrate on the sample
holder also has an influence on the growth rate. The surface roughness
of all films is well below 1 nm and matches well the root mean square
(RMS) roughness extracted from AFM images. A change in morphology
from a stepped (CoO) to a grainy (Co;0,) surface is visible, see Fig.
A.2.

In the 26 scans (Fig. 1(a)), there was no peak shift visible between
the films grown at 1 x 1073Pa O, and 2 x 1072 Pa O,; the same was
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Fig. 1. XRD scans of cobalt oxide films grown on STO(001) at different oxygen
partial pressures at 500 °C. (a) 20 scan, and (b) ip XRD measurements at y = 0°.

observed in the ip XRD scan. However, for films grown at higher oxygen
partial pressures, a slight shift of the Co;0, peak is observed in the 26
scan as well as in the ip scan. The calculated out-of-plane (oop) and
ip lattice constants of the films are summarized in Table 1. Three out
of the four prepared films have an oop lattice constant larger than the
corresponding ip lattice constant. Only for the film grown at 5Pa O, the
ip lattice constant is larger. The reason for that could be, that this is the
thinnest film of this series with 6 nm and with increasing thickness the
film starts to relax in the oop direction. This shows that all films are
slightly tetragonally distorted. The lattice constant of CoO is larger than
that of STO. Also, two times the lattice constant of Co;0, is larger than
the lattice constant of STO (~0.781 nm). Thus, the lattice of the cobalt
oxides will be under ip compressive stress which leads to an expansion
in the c-direction and a compression in the a- and b-direction.

Rocking curve measurements were performed using the (002) re-
flection for CoO and the (004) reflection for Co;0,. To extract the full
width at half maximum (FWHM), we fitted the peaks using a Gaussian
function. The values of the fits are given in Table 1. The 22nm thick
Co;0, film grown at 500 °C with an O, pressure of 0.5 Pa has a FWHM
of 1.219°. This value is four times larger than the FWHM which Shalini
et al. [23] has reported. They used a different growth technique which
could be responsible for the difference. In addition, in two films (6 nm
and 8 nm) we observed a convolution of two peaks (see Fig. A.3(a)) in
the rocking curves. Therefore, we performed a deconvolution to get the
FWHM of both peaks. Most probably, one region in our film has a better
crystal quality, which leads to the sharp peak, and another part, has a
lower crystal quality which is responsible for the broader FWHM. The
reason for that could be that the films are not fully relaxed as these
films are the thinnest ones.
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Table 1
Calculated oop (a,,,) and ip (a;,) lattice constants for cobalt oxide thin films grown on STO(001)
at a substrate temperature of 500 °C. In addition, values of the film thicknesses determined with
XRR measurements, FWHM of the (002) reflection for CoO and of the (004) reflection for Co;0,,
and phase of the cobalt oxide film are given.
O, pressure (Pa) o, (nm) @, (nm) Thickness (nm) FWHM (°) Phase
1x1073 0.4276 0.4247 22 1.357 CoO
2x 1072 0.4280 0.4239 8 0.172 and 2.057 CoO
0.5 0.8116 0.8056 22 1.219 Co;0,
5 0.7871 0.8117 6 0.169 and 1.161 Co;0,
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Fig. 2. ¢ scans around the (111) reflex of STO and CoO, and ¢ scan around
the (222) reflex of Co;0, for 22nm thick films grown at an oxygen partial
pressure of (a) 1 x 1073 Pa, and (b) 0.5Pa. The broad peak at 180° in (a) is
most probably due to the substrate.

0 50

To check if there is a rotation between the substrate lattice and the
film lattice, ¢ scans were performed around the (111) reflection of STO
and CoO, and for Co;0, around the (222) reflection. Fig. 2(a) and (b)
are showing the ¢ scans for the 22 nm thick films deposited at 1x1073 Pa
and 0.5 Pa O,, respectively. The four peaks, which were observed in the
scans, confirm the four-fold symmetry of the cubic system. There is no
offset visible between the CoO and STO in Fig. 2(a). Furthermore, also
in Fig. 2(b) there is no offset visible between the four STO and the four
Co;0, peaks. This confirms perfect cube-on-cube growth of both cobalt
oxide phases on STO(001).

To confirm the observation of the ¢ scans wide-range RSM was
performed. Fig. 3 shows the RSMs for both films. The substrate peaks
are labeled in the RSM. For confirmation of the single-crystalline nature
of the film, the theoretical peak positions of STO, CoO, and Co;0, were
simulated. With the simulation, all observed peaks could be reproduced

q,/(2n) (1/nm)

4 6 8 10
q,/(2m) (1/nm)

Fig. 3. Wide-range reciprocal space mapping of (a) a 22nm thick CoO film
grown at 1x 1073 Pa O, and (b) a 22nm thick Co,0, film grown at 0.5Pa O,
on STO(001). The enlargement shows the STO(004) reflection with the (a)
Co0(004) and (b) the Co;0,(008) peak. The Miller indices in the RSMs mark
the reflections of either the CoO or the Co;0, film. Please note that the wide-
range reciprocal space maps are stitched together from several pictures, which
gave rise to artifacts in the picture.

(not shown), which means that we can confirm that the films are single-
phase and single-crystalline. Also, the cube-on-cube growth was again
confirmed by the RSM results.

In a further study, we have investigated the magnetic properties
of our films using ZFC and FC curves. Fig. 4 displays the ZFC and
FC curves of a 71 nm thick Co;0, film grown at 550°C at 0.5Pa O,
on STO(001) from 5 to 375K with a guiding field of 100mT. For the
ZFC curve the sample was cooled down without an applied field, after
reaching 5K the guiding field was switched on, and during the heating
the magnetization was measured. In the FC sequence the sample was
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Fig. 4. Zero-field-cooled (ZFC) and field-cooled (FC) measurements of a 71 nm
thick Co;0, film grown on STO(001) at 550°C and 0.5Pa O,.

Table 2

Cobalt oxide films grown on MgO(001) with different oxygen partial pressures
at 500°C. In addition, film thicknesses determined with XRR measurements,
FWHM of the (002) reflection for CoO and phase of the cobalt oxide film are
given.

O, pressure (Pa) Thickness (nm) FWHM (°) Phase
1x1073 19 0.144 and 0.922 CoO
0.5 17 0.136 and 1.206 CoO
5 5 0.159 and 2.402 CoO

cooled down with an applied field, which had the same value as the
guiding field. After reaching the temperature the magnetization was
measured during the heating again with a guiding field. It is visible that
with decreasing temperature, the magnetization starts to increase for
the FC curve. For the ZFC the magnetization first starts to decrease and
around 280 K the magnetization starts to increase. Around 45K a kink is
visible in both curves and the magnetization is nearly constant till 20K
and then starts to rise again. The position of the kink (~45K) is in good
agreement with the Néel temperature of bulk Co;0, (~40K) [7,11].
The difference could originate from the strain in the thin film and also
from oxygen vacancies. Please note that the rise in magnetization below
20K is a substrate effect, as confirmed by measurements of a blank STO
substrate under the same conditions (Fig. A.4). Attempts to measure the
Néel temperature of CoO failed due to the low signal.

2.2. Cobalt oxide thin films on MgO(001)

A substrate with a much smaller lattice mismatch to CoO (—1.1%)
and Co;0, (—2.2%) is MgO(001). This makes it a suitable substrate for
epitaxial growth of both cobalt oxide phases. During the deposition
of the films on STO(001), a piece of MgO(001) was simultaneously
deposited to ensure the same growth conditions. Fig. 5 shows the XRD
scan of cobalt oxide thin films at 500 °C with different oxygen partial
pressures. All films show the (002) and (004) reflections of CoO. The
films grown at 1x 10~ Pa and 0.5 Pa O, pressure show Laue oscillations.
The thickness of the films, as extracted from XRR measurements, are
given in Table 2. It can be observed that with increasing oxygen partial
pressure the film thickness is decreasing from 19 to 5nm. Similar sur-
face roughness of the cobalt oxide films on MgO(001) were achieved,
despite having a smaller lattice mismatch compared to STO(001), see
Table A.1. All three films showed a convolution of two contributions in
the rocking curve scans, examples are shown in Fig. A.3(b). The FWHM
are also included in Table 2. As only CoO was observed with increasing
oxygen partial pressure, we decided to keep the oxygen partial pressure
constant and varied the substrate temperature.
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Fig. 5. 20 scans of cobalt oxide films grown on MgO(001) with different
oxygen partial pressures at 500 °C.
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Fig. 6. XRD scans of cobalt oxide films grown on MgO(001) using different
substrate temperatures and an oxygen partial pressure of 0.5Pa. (a) 26 scan,
and (b) ip XRD measurements at y = 0°.

In Fig. 6(a), 20 scans and (b) ip scans of three different cobalt
oxide films grown on MgO(001) at different substrate temperatures are
presented. The oxygen partial pressure was 0.5 Pa for all films. In Fig.
6(a) it is observed that the film peak moves from the left side to the
right side of the substrate peak by increasing the substrate temperature
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Table 3
Calculated oop (a

oop
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) and ip (aip) lattice constants for cobalt oxide thin films grown on MgO(001) at an oxygen

partial pressure of 0.5Pa. In addition, film thicknesses determined with X-ray reflection measurements, FWHM
of the (002) reflection for CoO, and of the (004) reflection for Co;0,, and phase of the cobalt oxide film are

given.
Substrate temperature (°C) ay,, (nm) a;, (nm) Thickness (nm) FWHM (°) Phase
500 0.4317 0.4131 17 0.136 and 1.206 CoO
550 0.8200 0.7980 4 0.784 Co;0,
600 0.8001 0.8144 35 1.070 Co;0,

just by 50°C, indicating that the cobalt oxide phase changes from CoO
to Co;0,4. Laue oscillations are also visible for the 17nm thick CoO
film. Phase control of cobalt oxide films grown on MgO(001) was also
previously reported using a CoO target for the PLD process and varying
the oxygen partial pressure [35]. Prieto et al. [31] used IBS to grow
thin films of cobalt oxide on silicon. They observed a single-phase CoO
film at higher temperatures and a single-phase Co;0, film at lower
temperatures [31], in contrast to our observations. A reason for this
could be that they used a pure cobalt target, while we used a Co;0,
target. It is also visible that with increasing temperature, the oop lattice
constant of Co;0, is getting smaller as the (008) peak shifts to larger
20 values with increasing temperature from 550 °C to 600 °C. Fig. 6(b)
shows the ip diffraction pattern of these three samples. The sample
deposited at 500 °C shows the (110) and the (220) peaks of CoO. Please
note that the (110) is a forbidden peak but can appear due to strain in
the lattice. It is also visible that the (220) reflection shifts to higher
26 values, which means the ip lattice constant is smaller compared to
the oop constant. For the samples deposited at 550 °C and 600 °C, the
peaks move to lower and higher 26 values, respectively. The calculated
lattice parameters are displayed in Table 3. All three samples on
MgO(001) show a tetragonal distortion similar to the samples deposited
on STO(001). For one of the samples the ip lattice constant is actually
larger than the oop lattice constant. We also performed rocking curve
measurements. The same reflections as for the films on STO(001) were
used for CoO and Co;0,. The values of the FWHM are shown in Table
3. Also here we had the convolution of two contributions, but only for
the 17 nm thick film grown at 500 °C. The thinnest 4 nm thick Co;0, film
grown at 550 °C showed the best FWHM (0.784°), which is still higher
than those reported in the literature [24,30]. Fig. 7(a) displays the
wide-range RSM for a CoO film grown at 500 °C and (b) for a Co;0, film
grown at 600 °C. Both RSMs confirm the cube-on-cube growth of CoO
and Co;0, on MgO(001). This means there is no rotation between film
and substrate, which was also reported for other deposition techniques
like metalorganic vapor deposition [24]. The peaks between the labeled
substrate peaks are corresponding forbidden peaks, either from CoO,
Co;0,, or MgO. This was confirmed with simulated RSMs (not shown).
From the XRD data and RSMs we can say that all cobalt oxide films
grown on MgO(001) are single-phase and single-crystalline. Attempts
to measure the Néel temperature of CoO and Co;0, failed due to the
strong diamagnetic signal of the MgO substrate.

2.3. Annealing study

As shown before, we noticed that we can easily control the cobalt
oxide phase with increasing oxygen partial pressure or substrate tem-
perature and thus the valence state of Co. Therefore, we decided to
anneal a 22nm thick CoO film grown on STO(001) and a 19 nm thick
CoO film on MgO(001) to see if the cobalt oxide phase can be changed.
We annealed the samples at 900 °C for 3h in oxygen atmosphere. The
XRD scans of the as-deposited and annealed films are presented in Fig.
8(a) for STO(001) and (b) for MgO(001). Both CoO films, either grown
on STO(001) or MgO(001), have changed their value of the lattice
parameter as the film peak in both cases shifted to higher 26 values.
This new peak positions fit with the theoretical ones of (004) and (008)

0.5

4 6
q,/(2m) (1/nm)

10

10.5

0.5

»

N

q,/(2x) (1/nm)

4 6 8 10
q,/(2r) (1/nm)

Fig. 7. Wide-range reciprocal space mapping of (a) a CoO film (grown at
500°C) and (b) a Co;0, film (grown at 600°C) deposited on MgO(001).
The inset shows the MgO(004) reflection with the (a) CoO(004) and (b) the
Co,0,(008) peak. The Miller indices in the RSMs mark the reflections of either
the CoO or the Co;0, film. Please note that the wide-range reciprocal space
maps are stitched together from several pictures, which gave rise to artifacts
in the picture.

reflections of Co;0,4. To check if the phase change is reversible, we
annealed the newly formed Co;0, films in vacuum (p ~ 5 x 10° Pa) at
900°C for 3h. The XRD scan (not shown) revealed no change for the
film grown on MgO(001), however the film on STO(001) disintegrated
into a polycrystalline film. Wang et al. [38] showed that with annealing
cobalt oxide in different atmospheres, the valence state of cobalt can
be controlled. They have observed that in N, atmosphere, thin films
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atmosphere, grown on (a) STO(001), and (b) MgO(001).

of Co;0, transformed into CoO between 400 °C and 600 °C. It has also
been reported that bulk Co;0, decomposes into CoO around 900 °C to
950°C in air [39]. Further, Cheng et al. [27] showed that annealing
bulk Co;0, in vacuum (1 x 102 Pa) at 300°C for 3h leads to the
formation of CoO. Nevertheless, our films did not decompose into CoO,
which means the oxygen partial pressure used in our case was probably
too high. Another interesting approach was reported by Kaneko et al.
showing that a phase change can also be induced by vacuum ultraviolet
irradiation [40].

2.4. Comparison to literature

Fig. 9 displays a phase diagram where epitaxial growth of CoO
and Co;0, on (a) STO(001) and (b) MgO(001) was achieved in our
study. The orange area marks the Co;0, region, the blue area the
CoO region, and in the white area, CoO is most likely stabilized, but
no data points were available here. For the growth on STO(001), a
threshold value for the oxygen partial pressure is visible. Around 0.1 Pa
the phase changes from CoO to Co;0,. While for STO(001) this change
is probably constant for the whole temperature range, on MgO(001)
the stabilization of Co;0, occurs at temperatures higher than 500°C.
Co;0, can be grown single-crystalline on STO(001) even at 5Pa O, and
at 600°C (see Fig. A.5(a) and (b)). We were also able to grow single-
crystalline Co;0, films on STO(001) at an oxygen partial pressure
of 0.5Pa and temperature of 550°C. The same holds true for cobalt
oxide films grown on MgO(001), of which we have grown films at
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up to 650°C with an oxygen partial pressure of 5Pa. The XRD scans
of these can also be found in the appendix Fig. A.6. A phase diagram
summarizing results for single-crystal cobalt oxide films is presented in
Fig. 9(c). Here we included results obtained by different techniques and
different substrates, but they have in common that films were prepared
using a CoO target, expect for mist-CVD [41]. A similar threshold for
the oxygen partial pressure for PLD [34,35] and IBS [31] was observed.
For IBS, a lower temperature (330 °C) and lower oxygen partial pressure
(» ~ 1073 Pa), compared to PLD, is needed to stabilize the Co;0,
phase [31]. Interestingly, CoO [34,40] and Co;0, [34] could even be
stabilized at room temperature on a-Al,0;. Matsuda et al. observed
a phase change from CoO to Co;0, with increasing oxygen partial
pressure [34]. Furthermore, Chen et al. have grown Co;0, on a-Al,0,
using mist-CVD with a substrate temperature of 500 °C and an oxygen
partial pressure of 1 x 10°Pa [41]. In addition, they decreased the
substrate temperature to 450°C and used nitrogen instead of oxygen,
which resulted in the stabilization of CoO (not included in the phase
diagram). Overall, the data fit perfectly to our observations, as high
oxygen partial pressure results in Co;O, while low oxygen partial
pressure leads to the CoO phase.

3. Conclusion

In summary, we have epitaxially grown thin films of CoO and Co;0,
on MgO(001) and STO(001) substrates. It was shown that it is possible
to control the phase of cobalt oxide by either varying the oxygen
partial pressure or changing the substrate temperature. A higher oxygen
partial pressure favors the growth of Co;0, on STO(001). The threshold
value for the phase changes is in the range from 2 x 1072 Pa to 0.5 Pa.
Furthermore, at 500°C CoO will be stabilized on MgO(001), while
Co;0, is favored by increasing the substrate temperature to 550 °C. All
films prepared in this work were single-phase and single-crystalline,
which was confirmed by XRD and wide-range RSMs. This and further
XRD measurements also revealed a perfect cube-on-cube growth of the
thin films. Nevertheless, all prepared films showed a slight tetragonal
distortion. By post-annealing in oxygen atmosphere, it is possible to
change the phase of cobalt oxide from CoO to Co;0O,, while post-
annealing of Co;0, films in vacuum did not lead to a change or even
to a degradation. ZFC and FC measurements on Co;0, film grown on
STO(001) revealed a Néel temperature of about 45K, which is close to
the bulk value (~40K).
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Fig. 9. Phase diagram of cobalt oxide films grown with a Co;0, target on (a) STO(001), (b) on MgO(001) in our study. (c) shows the phase diagram of cobalt
oxide films grown with PLD or IBS using a CoO target extracted from literature. The blue area marks where CoO is stabilized and the orange one where Co;0,
grows single-crystalline. In the white area in (a), (b) no data are available but CoO is most likely stabilized.

Table A.1

Fit parameters of the XRR fits for all grown cobalt oxide films. 7 is the substrate temperature, O, pressure is the oxygen partial pressure during the deposition,
teim 1S the film thickness, p is the density of the film or the substrate surface (sub), rghy;,, is the roughness of the film and rgh,, the roughness of the interface
between substrate and film, and the R-factor describes the quality of the fit.

Substrate Film T (°C) O, pressure (Pa) trim (DM) Prim (8/cm?) Pap (g/cm?) rghg, (nm) rghy,, (nm) R-factor (%)
STO(001) CoO 500 1x1073 22 6.227 3.954 0.159 0.285 3.069
STO(001) CoO 500 2x1072 8 6.416 4.603 0.300 0.209 1.136
STO(001) Co;0, 500 0.5 22 6.250 4.753 0.203 0.238 1.439
STO(001) Co;0, 550 0.5 71 5.946 5.133 0.238 1.130 6.704
STO(001) Co;0, 500 5 6 5.758 4.697 0.515 0.101 3.127
STO(001) Co;0, 600 5 31 6.098 4.521 0.344 0.494 1.889
MgO(001) CoO 500 1x1073 19 6.141 3.150 0.100 0.447 2.555
MgO(001) CoO 500 0.5 17 6.156 3.160 0.100 0.359 2.496
MgO(001) CoO 500 5 5 3.300 1.786 0.361 0.393 1.661
MgO(001) Co;0, 550 0.5 4 5.900 5.484 0.178 0.004 1.056
MgO(001) Co;0, 600 0.5 35 5.939 3.584 0.272 0.954 3.675
MgO(001) Co;0, 550 5 57 6.000 4.357 0.219 0.603 2.107
MgO(001) Co;0, 600 5 34 5.091 2.098 0.162 0.517 2.754
MgO(001) Co;0, 650 5 50 6.042 3.029 0.239 0.933 2.853
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Fig. A.1. XRR measurements and fits for two cobalt oxide films grown on
STO(001) with different oxygen partial pressure at 500°C. The film grown
with an oxygen partial pressure of 2x 1072 Pa is 8 nm thick, and the one grown
with 0.5Pa O, pressure is 22nm thick (see Table A.1).
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Fig. A.2. AFM images of two cobalt oxide films grown on STO(001). (a)
8nm thick CoO film deposited at 500°C with an oxygen partial pressure of
2 x 1072 Pa and (b) 5nm thick Co;0, film deposited at 500°C with an oxygen
partial pressure of 5Pa. The CoO film in (a) has a stepped surface, while the
Co;0, film in (b) has a grainy surface. The RMS roughness of the CoO and
Co;0, film is 0.36nm and 0.46 nm, respectively.
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Fig. A.3. Rocking curve measurements of cobalt oxide films grown on (a)
STO(001) at 500°C, and (b) MgO(001) at 550°C. We observed that some
rocking curves showed a convolution of two reflections, while the other only

consist of one.
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Fig. A.4. ZFC and FC measurements of an STO(001) substrate and a 71 nm
thick Co;0, film grown on STO(001), with a guiding field of 100 mT.
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Fig. A.5. XRD scans of Co;0, films grown on STO(001) (a) at 500°C and
550°C with an oxygen partial pressure of 0.5Pa, and (b) at 500 °C and 600°C
with an oxygen partial pressure of 5 Pa. It is clearly visible that the cobalt oxide
phase does not change with increasing oxygen partial pressure and substrate
temperature. All grown films are single-phase and single-crystalline.
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Fig. A.6. Cobalt oxide films grown on MgO(001) with an oxygen partial
pressure of 5Pa at different substrate temperatures. By increasing the substrate
temperature to 550°C Co;0, is the preferred phase. All grown films with
this oxygen partial pressure are single-phase and single-crystalline. Structural
parameters are summarized in Table A.1.
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