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Abstract

On the nanoscale, CoO can have different polymorph crystal structures, zinc blende and wurtzite, apart from rock salt, which is
the stable one in bulk. However, the magnetic structures of the zinc blende and wurtzite phases remain virtually unexplored. Here
we discuss some of the main parameters controlling the growth of the CoO wurtzite and zinc blende polymorphs by thermal de-
composition of cobalt (IT) acetylacetonate. In addition we present a detailed neutron diffraction study of oxygen deficient CoO
(Co0Og:70-0.75) nanoparticles with zinc blende (~15 nm) and wurtzite (~30 nm) crystal structures to unravel their magnetic order
and its temperature evolution. The magnetic order of the zinc blende nanoparticles is antiferromagnetic and appears at the Néel
temperature Ty ~ 203 K. It corresponds to the 3-rd type of magnetic ordering in a face-centered cubic lattice with magnetic mo-
ments aligned along a cube edge. The magnetic structure in the wurtzite nanoparticles turned out to be rather complex with two
perpendicular components. One component is incommensurate, of the longitudinal spin wave type, with the magnetic moments
confined in the ab-plane. In the perpendicular direction, this magnetic order is uncorrelated, forming quasi-two-dimensional mag-
netic layers. The component of the magnetic moment, aligned along the hexagonal axis, is commensurate and corresponds to the
antiferromagnetic order known as the 2-nd type in a wurtzite structure. The Néel temperature of wurtzite phase is estimated to
be ~ 109 K. The temperature dependence of the magnetic reflections confirms the reduced dimensionality of the incommensurate
magnetic order. Incommensurate magnetic structures in nanoparticles are an unusual phenomenon and in the case of wurtzite CoO
it is probably caused by structural defects (e.g., vacancies, strains and stacking faults).
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1. Introduction the 60’s [7]], the magnetic order in these compounds has not
been established until recently. On the other hand, the long-
range magnetic order in nanoparticles of 3d-oxides with rock
salt structures, including CoO, is well established [8 9} [10} [11}

12].

Recently, a renewed interest in the magnetic structure of the
CoO waurtzite type nanoparticles has emerged due to the pro-

In recent years, there has been an increasing interest in the
physical properties of magnetic nanoparticles arising from size
reduction. The increase of surface atoms enables the stabiliza-
tion of crystal structures never seen in the bulk. For CoO,
metastable phases with wurtzite and zinc blende (sphalerite)
crystal structures, which are polymorphs to the thermodynam-

ically stable CoO with rock salt structure, become stable in
nanoparticle form [} [2, 3]. Wurtzite and zinc blende crystal
structures differ by the packing of the characteristic layers and
are known for ZnS, MnS and other compounds [4}, 15} 16].
Although the CoO with hexagonal wurtzite (W-CoO) and cu-
bic zinc blende (ZB-CoO) crystal structures were reported in
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posed critical role played by this oxide in the ferromagnetic
response observed in diluted magnetic semiconductor Co:ZnO
films at room temperature [13| [14]. Moreover, in strongly
doped Co:ZnO films with Co up to 60 % a short-range, un-
compensated antiferromagnetic order has been reported [[15].

Density functional theory and Monte Carlo simulations pre-
dict either a collinear antiferromagnetic or more complex anti-
ferromagnetic orders for the CoO polymorphs [16} [17, [18}, [19]
20]. However, despite extensive studies on nanoparticles and
thin films, the magnetic properties of the CoO with wurtzite
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and zinc blende structures remain rather controversial. An early
neutron diffraction study of CoO nanoparticles with wurtzite
crystal structure showed the presence of a weak broad mag-
netic peak at low temperatures which was associated with a
short-range magnetic order [3]], in concordance with studies on
hexagonal CoO thin films prepared by laser deposition [21].
However, recent neutron diffraction studies have established
that both W-CoO and ZB-CoO are antiferromagnetic, although
W-CoO exhibits a complex magnetic structure [22].

The lack of a systematic magnetic characterization sets an
obstacle for the full understanding and the development of
novel applications of these CoO-polymorph structures. Here
we present a comprehensive neutron diffraction study to estab-
lish the fundamental aspects of the magnetic structures of zinc
blende and wurtzite CoO.

2. Experimental

The synthesis of nanostructured CoO with wurtzite and zinc
blende phases was carried out by thermal decomposition of
cobalt (IT) acetylacetonate (Co(acac),) in 1-octadecene medi-
ated by oleic acid [22]]. 19.4 mmol Co(acac),, 8.8 mmol oleic
acid and 20 mL 1-octadecene were combined in a three-neck
flask and degassed at room temperature for 30 min. The mix
was subsequently heated up to 300 °C at 3 °Cmin~! under argon
flow and kept at this temperature for 30 min. The reaction was
cooled down to room temperature under argon flow. The mix-
ture was washed with toluene and 2-propanol, then centrifuged
and finally the sample was dried with a nitrogen flow.

The overall morphology of the sample was characterized
by transmission electron microscopy (TEM), using a FEI Tec-
nai G2 F20 HR(S) TEM microscope operated at 200 kV. The
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images were also acquired us-
ing the same microscope. The High Resolution-TEM images
were acquired in a JEOL J2100 TEM, equipped with a LaBg¢
thermionic cathode and operated at 200 kV. The Geometric
Phase Analysis (GPA) was carried out using the Digital Mi-
crograph plugin developed by HREM Research Inc.

The CoO nanoparticles were deposited on lacey carbon Cu
TEM grids from a hexane suspension. Since the nanoparticles
have a lot of organic remains from the synthesis procedure, the
TEM grids were heated at 120 °C for 12 h under ultrahigh vac-
uum to reduce the organic residue. Finally, the grids were sub-
jected to an argon plasma treatment for 2 min prior to imaging
to further reduce the carbonaceous remains.

Neutron powder diffraction was carried out at the D1B beam-
line in the Institute Laue-Langevin (Grenoble, France) with a
neutron wavelength of 2.524 A. The X-ray characterization was
performed at the BL0O4-MSPD beam-line on the ALBA Syn-
chrotron (Barcelona, Spain) with a wavelength of 0.4131 A.

All diffraction patterns were analyzed using the FullProf suit
[23]]. In the calculations of the line-shape, the Thompson-Cox-
Gastings approximation was used [24].

The Raman spectra were registered with a WiTec spectrom-
eter, using an excitation wavelength of 488 nm with a 0.2 mW

power to avoid sample heating and phase transformation. A
1800 gr/nm grating was chosen to provide a proper spectral res-
olution and deconvolution of the Raman peaks present in the
400 to 700 cm™! spectral range.

3. Results

3.1. Synthesis

It is well-known that the cubic rock salt structure is the
most stable CoO phase. Namely, although the decomposition
of cobalt precursors often leads to a zinc blende intermediate
(which is the least stable polymorph) [25]], if the synthesis fol-
lows a thermodynamic regime the most stable structure, i.e.,
rock salt CoO, is formed (Figure ). For example, thermal de-
composition carried out at moderate temperatures for the syn-
thetic approach (i.e., around 200 °C) is enough to promote the
formation of single rock salt CoO nanoparticles [26]]. However,
under kinetic conditions, set by the chemical parameters (pre-
cursor concentration, solvents or surfactants) and the reaction
conditions (heating rate, stabilization temperature, reflux tem-
perature or time), it is possible to form and stabilize the two
other metastable polymorph CoO phases: hexagonal wurtzite
and cubic zinc blende (Figure [Tp,c) [25]].

Interestingly, the growth of either wurtzite or zinc blende
CoO nanoparticles is mediated by the formation of a zinc
blende nuclei intermediate (which is controlled to a certain ex-
tent by the chemical parameters) [27]. This transformation is
controlled by an energy barrier which is set by the primary zinc
blende CoO size. In fact, there is a critical zinc blende radius,
where the energy barrier is low enough to enable the nucleation
of the wurtzite phase (see Figure ,c) [28]]. If the zinc blende
CoO intermediate is large (e.g., in solid state reactions, for in-
stance, by annealing Co-acetate at high temperatures) [7] the
final phase is zinc blende, since the energy barrier to transform
zinc blende CoO into wurtzite CoO is very high (Figure [Tp).
Namely, even adjusting the reactions conditions (heating rate,
stabilization temperature, reflux temperature or time) wurtzite
would be disfavored (Figure [Ib). However, if the zinc blende
intermediate is small (i.e., below the critical radius), by using
a low precursor concentration or if the energy of the system is
high (e.g., such as reflux temperatures around 300 °C or above)
the energy barrier for the wurtzite formation can be surpassed,
allowing the formation of wurtzite nanoparticles (Figure [Ik).

Thus, within this framework, subtle changes in the reaction
parameters lead to the formation of different phases. In fact, in
contrast to solid-state routes, there are no reports on the syn-
thesis of pure zinc blende nanoparticles by thermal decompo-
sition in liquid media, whereas the synthesis of single wurtzite
nanoparticles has been achieved [1} [2]. This suggests that sur-
factants lower the critical size enabling the complete transfor-
mation from zinc blende to wurtzite.

For the synthesis of CoO by the thermal decomposition of
cobalt acetylacetonate, important reaction parameters such as
the precursor concentration, nature of the solvent, surfactants,
heating rate and temperature reaction will determine the final
CoO phase composition. For example, changing the reaction



temperature by merely 50 °C (from 250 °C and 300 °C) has a
strong effect on the final structure. At 250 °C, the main phase is
zinc blende with a small amount of rock salt. Nevertheless, the
final product at 300 °C is a mixture of zinc blende and wurtzite
(see Figure ). Namely, at 250 0C, as it can be inferred from
the peak widths, the zinc blende nanoparticles have not grown
sufficiently to transform into wurtzite so they tend to form the
rock salt phase. However, at 300 0C, there is enough thermal
energy to grow larger zinc blende nanoparticles enabling the
transformation to wurtzite.

On the other hand, the ratio between wurtzite and zinc blende
in the final product can be controlled by the polarity of the sol-
vent. Namely, 1-octadecene is a non-polar solvent with less co-
ordinating capacity than benzyl ether, thus affecting the growth
regime of CoO. When 1-octadecene is used as solvent an equal
mixture of wurtzite and zinc blende is obtained. However, when
benzyl ether is used the proportion of zinc blende is consider-
ably larger than in the case of 1-octadecene (see Figure [2b).
Non-coordinative 1-octadecene enables a fast growth regime
leading to larger sizes of zinc blende while in the case of ben-
zyl ether the increase in coordination slows down the growth
of zinc blende nanoparticles leading to a poorer transformation
to wurtzite. The nature of the ligands also affects the growth
regime. Oleic acid and oleylamine are common surfactants in
thermal decomposition synthesis and especially in the CoO sys-
tem. However, they have a different role in the reaction since
oleic acid, and also its deprotonated form, oleate, favours the
formation of zinc blende and wurtzite mixtures. Conversely,
the use of oleylamine slows down the particle growth favour-
ing a thermodynamic regime, leading to the formation of pure
rock salt CoO nanoparticles (see Figure [2t). Finally, the ini-
tial amount of Co(acac), has also a strong effect on the final
product. When the initial amount of Co(acac), is very small
virtually pure either zinc blende or wurtzite particles can be ob-
tained, although the quantities obtained are rather small (Fig-
ure ). However, increasing the initial mass of Co(acac), re-
sults always in mixed zinc blende-wurtzite products. Note that
obtaining a pure wurtzite phase is somewhat difficult since it
requires a certain particle size of the pre-formed zinc blende
phase, which is not straightforward to control.

Since the objective of this work is to carefully study the
magnetic structure of both phases and neutron diffraction ex-
periments can easily discriminate the contribution of the two
phases, we have chosen the synthesis route that leads to a larger
quantity of material, especially wurtzite, since neutron diffrac-
tion experiments require some hundreds of mg. It is worth em-
phasizing that having a large amount of sample is critical to
obtain high quality neutron diffraction patterns.

As can be seen in the TEM and STEM images (Figures E}a,b),
the sample consists of triangular-shaped nanoparticles (Figure
[Bd) of around 40 nm in edge (Figure [3c), which corresponds
to wurtzite phase with a hexagonal crystal symmetry [7] and
smaller zinc blende particles of around 15 nm (Figure ) with
more irregular spheroidal shape (Figure [3f) [28]. Moreover,
the TEM characterization evidences that, in fact, many of the
wurtzite-CoO particles exhibit clear defects, as can be seen in
Figure fpfk. A more careful analysis of the defects was car-

ried out by Geometric Phase Analysis (GPA). The phase map
obtained by GPA for the most intense spot in the fast Fourier
transform (FFT) (Figure @f) (i.e., the (100) reflection of the
wurtzite phase) shows a sign change when crossing the line of
the defect (Figure djg-fj). This implies that the continuity of the
crystal planes is interrupted. The quality of the images (due to
the remaining carbonaceous residue) does not allow determin-
ing the exact nature of the structural defects.

3.2. X-ray and neutron diffraction.

The XRD pattern shows the characteristic reflections from
the W-CoO and ZB-CoO phases (Figure [Sh). The refined unit
cell parameters are a = 4.5534(1) A for the cubic zinc blende
crystal structure and a = 3.2526(1) A;c= 5.1977(1) A for the
hexagonal wurtzite crystal structure [22]]. The values in brack-
ets correspond to the errors (i.e., estimated standard deviation).
The zinc blende and wurtzite phases are 37 % and 63 % of the
whole sample volume, respectively. No traces of CoO rock salt
or metallic Co impurities were detected. The fit of the neutron
powder diffraction renders similar structural parameters.

The form and dimensions of the nanoparticles, as well as
the inner stresses, can be determined from the peak broaden-
ing AQ(Q). Indeed, the contribution arising from the finite size
of the particles is Q-independent, while the inner stresses give
a contribution proportional to the moment transfer Q. However,
as can be seen from the difference pattern in Figure [Sh, the pro-
files of the diffraction peaks are not properly described in the
frame of a standard refinement. Nevertheless, the profile refine-
ment can be strongly improved using an independent refine-
ment of every reflection width, known as "Pawley” or “match-
ing mode” approach (Figure[Sp). This refinement allows defin-
ing AQ(Q) more precisely. In Figure[6] the Q-dependence of
the refined AQ(Q) is shown for the two types of nanoparticles.

3.2.1. Zinc blende CoO nanoparticles.

It can be seen in Figure [6] that the zinc blende nanoparti-
cles have a AQ(Q) which does not follow a monotonic depen-
dence. This indicates a strong anisotropic shape of the nanopar-
ticles. The non-monotonic dependence of the peak broadening
implies an “anisotropic size-effect”, which is characteristic for
diffraction of nanoparticles, whose shape cannot be well ap-
proximated by a sphere [29, 30]. In this case, the “apparent
size”, i.e. the nanoparticle dimension along the scattering vec-
tor [31]], differs even for the reflections with the same interpla-
nar distance. Power averaging leads to an irregular behavior of
the peak broadening AQ, with moment transfer (or diffraction
angle).

The estimation from the XRD patterns using the Scherrer
formula gives a characteristic average size for the ZB-CoO
nanoparticles of 13.0(5) nm, in agreement with the TEM results
[22].

In neutron scattering the scattering lengths of oxygen and
cobalt are comparable; therefore the profile refinement allows
us to evaluate the relative occupancies of O and Co atoms. The
refined values for zinc blende nanoparticles correspond to the



chemical formula CoOy7(1), which indicates a strongly non-
stoichiometric compound with a significant amount of oxygen
vacancies [22]].

The comparison of the neutron diffraction patterns measured
at 300 and 10 K reveals a strong magnetic contribution at low
temperatures, as shown by the difference pattern in Figure
From the nuclear reflections positioned at large momentum
transfer, one can precisely define the lattice parameters of the
comprising nanoparticles and hence to calculate the positions
of the magnetic reflections, based on the cubic structure (SG
F43m) for zinc blende nanoparticles and hexagonal structure
(SG P63mc) for wurtzite nanoparticles.

The observed magnetic reflections reveal for ZB-CoO
nanoparticles a simple commensurate magnetic order, which
corresponds to the 3-rd type of antiferromagnetic ordering in an
face-centered cubic (fcc) lattice with the wave vector k = [0.5 0
0] [32]. Such type of magnetic order is typical for zinc blende
type compounds [4, [33]] (Figure [8). The magnetic moments of
2.3(2) pp/ion are aligned along a cube edge [22].

The temperature dependence of the intensity of the character-
istic reflection (0.5 1 0) is well fitted by a straight line (Figure
E}a). Using a power law I ~ (T — Ty)?, this means a critical
exponent 8 = (.5, which corresponds to a mean field behaviour
[34]. The fit renders a Néel temperature (Ty) of ZB-CoO, ~
203(5) K, in concordance with the Ty estimated from magnetic
measurements [22]].

3.2.2. Wurtzite CoO nanoparticles.

In contrast to the ZB-CoO nanoparticles, the nanoparticles
with wurtzite structure demonstrate a monotonic increase of AQ
with Q (Figure [6)), indicating they have an isotropic shape, but
also present inner stresses.

The slope of the AQ(Q) curve indicates the presence of mi-
crostrains, which originate from the presence of defects with
long-ranged strain fields like planar defects [33].

Additionally, the sample was characterized using Raman
spectroscopy. The results (Figure S1) are consistent with
hexagonal CoO spectra in the literature [36]. However, some
of the observed Raman peaks are slightly shifted and broader
with respect to the reported values, which may indicate the pres-
ence of residual stress and defects in the sample. Moreover, the
higher spectral resolution used in our measurements reveals a
deconvolution of several Raman peaks.

The estimation from the peak broadening gives a character-
istic size for the W-CoO nanoparticles of 32.0(5) nm. Note
that the somewhat smaller size with respect to the TEM val-
ues is probably related to presence of defects in the W-CoO
structure (see Figure f)) The refined occupancies of the O and
Co atoms correspond to the chemical formula CoOy 75(. Thus,
similar to the ZB-CoO nanoparticles, W-CoO is strongly non-
stoichiometric with a considerable amount of oxygen vacancies
[22].

For a description of the magnetic order in the wurtzite crystal
structure, it is more convenient, instead of the hexagonal unit
cell, to use the orthohexagonal unit cell for whicha = a’, b =
V3a’' ¢ = ¢, where the primed symbols refer to the original

hexagonal cell. All the reflections for the wurtzite nanoparticles
are indexed using this type of unit cell.

To describe the observed magnetic pattern in the W-CoO
nanoparticles we first assumed a wave vector k = [0 0.5 0],
which corresponds to the magnetic cell, which is the double
of the chemical one along the b-direction, similar to the one
reported for other compounds with wurtzite structure [4} |5, 16].
However, we could not describe the positions of all observed re-
flections, magnetic and nuclear, in the frame of a unique hexag-
onal or orthogonal unit cell. The analysis shows that the only
way to index the reflections is adopting an incommensurate
magnetic structure in the wurtzite nanoparticles. In this case the
refined wave vector is k = [0 0.457(1) O] and, thus, the strongest
reflection has indexes (1 0.46 0) [22].

The analysis of the observed reflections from the incommen-
surate structure in the wurtzite lattice shows that the observed
magnetic order corresponds to the 4-th type antiferromagnetic
structure, in contrast to the 3-rd type magnetic order reported
for other compounds with a wurtzite structure (after L. Corliss
[4]). In the 3-rd type magnetic order, the nearest moments are
antiparallel, while in the 4-th type they are parallel [4].

In magnetic scattering, only the component of the magnetic
moment that is perpendicular to the diffraction vector is be-
ing measured [37]]. Therefore, the extinction of the reflection
(0 0.46 0) in W-CoO indicates that the magnetic moments are
aligned along the b-axis in the basal plane. This implies that
the observed incommensurate magnetic structure belongs to the
longitudinal spin wave (LSW) type or spin density wave (Fig-
ure [I0R).

In the experimental diffraction pattern, only the reflections
with indexes hkO are observed. Such extinction is characteristic
of the two-dimensional magnetic order in the ab-plane, with h
and k indexes only. The quasi-two-dimensional order suggests
that magnetic correlations exist within a thin layer parallel to
the basal plane.

On the other hand, a lack of correlations in the direction
perpendicular to the basal plane assumes a sharp boundary in
the magnetic order along the c-axis. Such arrangement can be
described by a form-factor of sin(Qx)/Qx, whose “zeros” are
approximately at the positions of the reflections with [ # 0.
This form-factor is a Fourier transform of a “rectangular pulse”,
which in our case corresponds to a layer with a thickness of 2x.
A simple calculation results in a layer thickness of ~ 6.8 A,
i.e., the correlation length along the c-axis is about 1-2 unit cell
parameters.

Importantly, in the case of the LSW, the spin direction is
rigidly defined. Therefore, the lack of correlations between
different layers along the c-axis can result from the lack of
phase relations between the spin waves associated with different
atoms in a cell. Consequently, the observed unusual structure is
a peculiarity of incommensurate LSW.

In the low-temperature pattern from the wurtzite nanopar-
ticles, apart from the superstructure antiferromagnetic reflec-
tions, there is a magnetic contribution into the nuclear reflection
(1 1 0). This contribution can be attributed to a ferromagnetic
as well as an antiferromagnetic order with k = [0 O 0]. The
analysis demonstrates that the observed magnetic contribution



to the nuclear reflections can be explained by an antiferromag-
netic structure of the 2-nd type in the wurtzite crystal structure
[4] with the magnetic moments aligned along the c-axis (Figure
[TOp) [22], i.e., perpendicular to the magnetic moments, which
form the incommensurate, quasi-two-dimensional order in the
basal plane.

The profile refinement gives magnetic moments of 2.8(2)
pp/ion and 1.4(1) up/ion for the two perpendicular components,
incommensurate and commensurate, respectively [22]]. The to-
tal moment is 3.1(1) up/ion. This volume-averaged magnetic
moment is substantially smaller than the moment 3.80(1) up/ion
found for bulk, rock salt, CoO [38]]. This effect is a common
phenomenon and it is explained by the moment disorder at the
surface of a nanoparticle. Interestingly, this phenomenon has
been observed in nanostructured CoO and MnO, embedded into
porous media [} 9} [10].

Importantly, no ferromagnetic contribution was observed in
the neutron diffraction pattern. Moreover, note that due to the
lack of long range order, the uncompensated spins observed in
magnetization and dichroism measurements [22] cannot be de-
tected by our neutron diffraction experiments and any diffuse
scattering due to short-range ordered spins is beyond of the ac-
curacy of our measurement.

The temperature-dependence of the intensity of the charac-
teristic reflections can render additional information (Figure
Eb). First, it is seen that the reflection from the incommensu-
rate structure and the contribution to nuclear reflection have the
same Néel temperature, Ty ~ 109(1) K, indicating that, indeed,
they belong to the same wurtzite lattice. Second, the critical
exponent 8 for the incommensurate structure, calculated from
the magnetic reflection (1 0.46 0), is noticeably smaller, 8 =
0.28(3) compared to the 8 = 0.5 (mean-field approximation) for
the commensurate component, which gives a contribution into
the nuclear reflection (1 1 0). This implies a reduced dimen-
sionality of the incommensurate magnetic order [39] and con-
sequently a quasi-two-dimensional character of the magnetic
order, in concordance with the previous analysis.

Hence, instead of a simple Néel-type commensurate mag-
netic structure with k = [0 0.5 0], known for bulk materials with
a wurtzite structure, in W-CoO nanoparticles the magnetic or-
der is more complex. There are two perpendicular components
with different magnetic order: an incommensurate component
with the wave vector k = [0 0.457(1) 0], correlated within a
thin layer parallel to the basal plane, and a component along
the c-axis with the wave vector k = [0 0 0] with a simple anti-
ferromagnetic structure (Figure [I0).

As can be seen in Figure S2, the resulting profile refinement,
including both ZB-CoO and W-CoO phases, presents an excel-
lent agreement with the experiment.

4. Discussion

It should be noted that an incommensurate magnetic order
in nanoparticles is a rather unusual phenomenon. Remarkably,
incommensurate magnetic order has been detected reliably by
the neutron diffraction in three systems, in 20 nm nanoparticles

of &-Fe; O3 [40], in nanoparticles of CoCrFe,O4 with 10-50 nm
size [41]] and in CoCr,Oy4 [42]].

The incommensurate order, observed in the CoO wurtzite
nanoparticles, has a pronounced two-dimensional character,
which is most probably caused by the defects in the anisotropic
wurtzite crystal structure. It is worth emphasizing, that in
the previous neutron study of CoO wurtzite nanoparticles only
short-range magnetic order was observed, which was explained
by the frustrated super-exchange in the wurtzite lattice [3} 21]].
However, the structural defects (e.g., vacancies, strains or pla-
nar defects) could release the frustration and provide the ob-
served long-range, two-dimensional order that we observe [43]].
Thus, the amount and type of defects in W-CoO probably de-
termine its macroscopic magnetic behavior [22]. In fact, this
could shed light on the spread of magnetic behaviour reported
for W-CoO |11 2, 13,21}, [22]].

In addition, since W-CoO may nucleate on growth faults of
ZB-CoO nuclei [27], the resulting planar defects in W-CoO
could, in fact, influence the two-dimensional character of its
magnetic order.

CoO is traditionally considered as a classical example of a
compound with a large orbital moment. Therefore, its magnetic
behavior should fit the predictions of the three-dimensional
Ising model with a critical exponent § = 0.312 (or 5/16). How-
ever, the commensurate component in CoO with wurtzite and
zinc blende structures demonstrates the usual, “mean-field” be-
havior, with 8 ~ 0.5. Such an increase of the critical exponent
could be a size-effect known as the rounding” of a phase tran-
sition, which results from the correlation length being limited
by the nanoparticle size [9, 39]].

Another possible source for the “rounding” of the phase
transition could be a mutual interaction of wurtzite and zinc
blende nanoparticles with different magnetic orders due to a
well-developed interface between them. For example, mag-
netic proximity effects [30l 44, 45] between ZB-CoO, with a
higher Néel temperature, and W-CoO could induce a magnetic
order in the W-CoO. However, our neutron diffraction experi-
ments with single phase wurtzite nanoparticles showed that al-
though the diffraction signal was too weak to perform any quan-
titative calculations, the long-range magnetic order was unam-
biguously observed. This implies that the magnetic order in
the zinc blende CoO nanoparticles with higher Néel tempera-
ture cannot be responsible for the long-range magnetic order in
wurtzite CoO nanoparticles, which is obviously intrinsic. How-
ever, some mutual influence cannot be ruled out completely.

5. Conclusion

The main parameters affecting the growth of the growth of
the CoO wurtzite and zinc blende polymorphs by thermal de-
composition of cobalt (II) acetylacetonate (temperature, polar-
ity of the solvent, surfactants, and amount of precursor) have
been established.

Moreover, neutron diffraction studies were performed in
CoO nanoparticles with wurtzite (~30 nm) and zinc blende
(~15 nm) crystal structures to establish their elusive magnetic



order. The magnetic order in the zinc blende nanoparticles was
found to be commensurate, antiferromagnetic, corresponding
to the 3-rd type of magnetic ordering in an fcc lattice with the
magnetic moment aligned along a cube edge, similar to other
compounds with a zinc blende structure.

In contrast to the zinc blende CoO nanoparticles, the mag-
netic structure in the wurtzite CoO nanoparticles turned out to
be complex with two perpendicular components. One compo-
nent is incommensurate, of the longitudinal spin wave type. It
has a pronounced two-dimensional order correlated within thin
layers (1-2 unit cells) parallel to the basal plane. The temper-
ature dependence of the incommensurate component confirms
its two-dimensional character. The perpendicular component of
the magnetic moment, along the hexagonal axis, is commensu-
rate, with an antiferromagnetic order known as the 2-nd type
in a wurtzite structure. No ferro or ferrimagnetic ordering was
detected.

The unusual incommensurate magnetic structure is proba-
bly caused by the different types of defects present in the
anisotropic crystal structure of wurtzite on the nanoscale.

5.1. Data availability

The raw/processed data required to reproduce these findings
cannot be shared at this time due to technical or time limita-
tions.
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Figure 1: Synthesis of the different CoO polymorphs as a function of the reaction regime. (a) Under a thermodynamic regime the most stable polymorph (rock
salt CoO) is formed. If the reaction follows a kinetic regime, the final phase depends on the diameter of the primary zinc blende CoO nanoparticles. (b) When the
diameter is larger than a critical dimeter, it is possible to stabilize the zinc blende CoO phase because the reaction conditions cannot provide sufficient energy to
overcome the energy barrier to lead to the wurtzite polymorph. (c) Below a critical diameter, the energy barrier is much lower and the conversion to wurtzite CoO
phase is possible by adjusting the reaction conditions.
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Figure 3: (a) TEM and (b) HAADF-STEM images of the CoO sample with mixed wurtzite and zinc blende CoO particles. Note that since the wurtzite particles are
larger than the zinc blende ones, they appear brighter in the HAADF-STEM image. (c) Particle size distribution of the CoO particles. (d) Single wurtzite particle
highlighted in orange (e) Single zinc blende CoO particle highlighted in blue. 1()



Figure 4: a-d) Different single CoO nanoparticles, where planar defects have been highlighted by circles. ¢) HRTEM image of the marked area of the particle shown
in b) and f) its corresponding FFT. g) Phase map from the reflection A highlighted in the FFT in panel f. h) Line profile of the phase map crossing the two line
defects. i) Strain map from the same area and j) line profile of the strain map showing the two line defects.
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Figure 5: Profile refinement of the XRD-pattern using the standard isotropic model (a) and individual fit of the full width at half maximum for every reflection i.e.,
“Pawley” or “matching mode” type refinement (b). The experimental points are shown in red symbols, the calculated profile with a black line, and the difference
pattern with a blue line. The bars indicate the positions of reflections, where the top row corresponds to the wurtzite structure and the bottom row to the zinc blende
structure.
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Figure 6: Refined peak broadening AQ vs. momentum transfer Q (full analogue of the Williamson-Hall plot) for the wurtzite (solid circles), (the black line is a
linear fit) and zinc blende (open triangles) nanoparticles. The red line is the instrumental resolution.
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Figure 8: Antiferromagnetic structure in the zinc blende-CoO nanoparticles, which corresponds to the 3-rd type structure in a face-centered cubic lattice.
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Figure 9: (a) Temperature dependence of the characteristic (0.5 1 0) reflection for the zinc blende nanoparticles. (b) Temperature dependence of the (1 0.46 0)
reflection for the incommensurate order (in orange) and of the (1 1 0) reflection for the commensurate component (in red) for the wurtzite nanoparticles. Solid lines
are fits to a power law (T — Tn)?, where S is the critical exponent. (See text for details.)
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Figure 10: Magnetic structures of the wurtzite-CoO nanoparticles: (a) incommensurate order in the ab-plane and (b) commensurate order along the c-axis.
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