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Abstract
Electronic and structural properties of copper monoxide (CuO) sintered as
a common ceramic and nanoceramic are studied by positron annihilation
spectroscopy. A CuO nanoceramic with crystallite size ranging from 15 to
90 nm was prepared from a common one by shock-wave loading. It is found
that the momentum distribution of valence electrons in CuO is shifted, as
compared with metallic copper, towards higher momentum values. This result
is related to the effect of the Cu 3d–O 2p hybridization in the Cu–O ionic
covalent bond formation. It is found that open volumes, identified mainly as
small agglomerates of oxygen vacancies, appear at the nanoceramic crystallite
interfaces. The degree of the Cu–O bond covalency decreases locally at the
crystallite interfaces because of an oxygen deficit. The nanocrystalline state in
CuO is shown to be thermally stable up to 700 K.

1. Introduction

Copper monoxide (CuO) is under active study as the chemical basis of cuprate high-
temperature superconductors [1]. It is also of prospective use in photosensitive elements [2] and
catalysts [3]. Ceramics with nanometre-sized grains (crystallites) or so-called nanoceramics
are most efficient in the catalysis of chemical reactions. Size effects are found to cause
changes in the specific features of the chemical bond [4] and magnetic properties [5] and also
are significant for the efficiency of CuO-based structures in gas sensors [6].
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Thus, it is very important to understand the interrelation of the crystallite interface features
and electronic properties in nanoceramics since the properties of these interfaces make the
difference between the properties of the common and nanosized states. Since nearly all the
studies concerned with nano-CuO have been performed using either nanopowders or low-
compact sintered samples [4, 7], the examination of a compact nanoceramic presented in this
paper is of special interest. Also, the knowledge of the temperature range of the nanocrystalline
state stability is of significant interest for practical applications.

This study deals with the electronic and structural properties of a copper monoxide with
crystallites of the common micrometre scale and a high-density CuO nanoceramic prepared
by the shock-wave loading method [8]. Positron annihilation spectroscopy (PAS) having
a dual application was used. Firstly, the angular correlation of the annihilation radiation
(ACAR) gives information on electronic properties of the analysed material, specifically the
momentum distribution of the valence and core electrons [9]. Secondly, positrons are extremely
sensitive to atomic defects like the open volume [10]. In addition to the examination of metals
and semiconductors [11, 12], PAS has been used widely in the last decade for analysis of
structural and electronic properties of both oxide superconductors [13, 14] and nanocrystalline
materials [15, 16]. In compacted nanomaterials with a crystallite size much smaller than
the positron diffusion length (L+ ∼ 100 nm [17]), positrons are trapped at defects like the
open volume (vacancies and their agglomerates) located at crystallite interfaces. In this case
parameters of the annihilation radiation provide information on the structure of crystallite
interfaces.

The core electrons are tightly bound to nuclei and thus the high-momentum parts of
the ACAR spectrum carry information on the type of atom in the region scanned by the
positron [18–20]. Therefore the annihilation of trapped positrons with surrounding core
electrons reveals chemical information. The study also employs this approach for identifying
the local chemical environment of positron annihilation sites.

2. Materials and experimental technique

The copper oxide ceramic was prepared from a high-purity (99.99%) CuO powder with grains
5–15 µm in size. The powder was compacted under static conditions at 200 MPa and then
sintered in air at 1173 K for 4 h. The obtained ceramic density accounted for about 80% of
the theoretical value.

The nanoceramic was produced from the CuO ceramic by subjecting it to shock-wave
loading [8]. A layer of a hexogen-based explosive was set off on the surface of a spherical
sealed stainless-steel casing, which housed a sphere of the CuO ceramic. The sealed casing did
not break upon explosion and, therefore, the material was not polluted during the compaction
process. The microstructure of the nanoceramic prepared by this method was certified using
x-ray diffraction and scanning tunnelling microscopic (STM) analyses [21]. Most (∼80%) of
the volume of the compacted CuO sphere represented a nanoceramic (n-CuO) with crystallites
less than 100 nm in size and the density accounting for over 97% of the theoretical value.

CuO ceramic plates, 10 mm × 10 mm × 2 mm in size, polished mechanically and then
etched chemically, were used for the PAS measurements. n-CuO plates with the same
dimensions were cut out at right angles to the radius of the compacted sphere. The crystallite
size in the samples was varying in a wide range from 15 to 90 nm because of a difference in
loading conditions along the radius of the compacted sphere [21].

To reveal the temperature range of the n-CuO stability the samples of the latter were
stepwise annealed (50–100 K in each step) in air over a temperature range from 300 to 1173 K
at an average heating rate of 1 K min−1.
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Samples made of well annealed pure copper and monocrystalline silicon were also used
in PAS measurements as references.

ACAR (one of the PAS methods) used in the study was realized in a one-dimensional
ACAR spectrometer providing a resolution of 1 mrad × 160 mrad [20]. The ACAR spectra
represent the dependence of the coincidence count rate on the angle θ . The angle θ = pz/m0c,
where pz is the transverse component of the momentum of an electron–positron pair, m0 is
the rest mass of an electron and c is the light velocity. The ACAR data contain information
on the momentum distribution of annihilating electrons [9] and it is possible to separate the
contributions from the annihilation of positrons with valence electrons (the low-momentum
part of the spectrum) and core electrons (the high-momentum part of the spectrum). The
lattice crystal field has little effect on strongly bound (core) electrons and therefore the high-
momentum part of the ACAR spectrum bears information on the type of atom at a positron
annihilation site.

The ACAR spectra of the CuO and n-CuO were approximated by two Gaussians, while
those of Cu and Si were approximated by an inverted parabola and a Gaussian. The
approximation of the experimental spectra considering the spectrometer resolution function
has been described in detail elsewhere [22]. The approximation quality criterion approached
unity. The contributions of valence and core electrons to ACAR spectra were determined from
ratio curves [19]. The latter were obtained in the following way: approximated ACAR spectra
were normalized to a unit area and then the CuO and n-CuO spectra were divided by spectra
of reference elements. Cu and Si have been taken as the reference elements, since copper is a
part of the compound and silicon has a relatively simple structure of the ionic core.

Variations in the shape of the ACAR spectra were characterized by standard S- and W -
parameters [20]. The S- and W -parameters were defined as a ratio of the sum of the coincidence
count rate over θ range from 0 to 3.5 and 10 to 15 mrad to the full coincidence count rate
respectively. The S- and W -parameters characterize the probability of annihilation of positrons
with valence electrons and core electrons respectively. When positrons are trapped at open
volume defects, the S-parameter grows and the W -parameter diminishes [10].

3. Results and discussion

3.1. The common CuO ceramics

The parameters of the CuO ACAR spectrum are given in table 1, together with the data
obtained for copper and silicon. A large value of the full width at half maximum (FWHM)
of the CuO ACAR spectrum as compared to the FWHM in the metal (Cu) and the classical
semiconductor (Si) is remarkable. It should be noted that an unusually wide ACAR spectrum is
typical for NiO [23] and other transition-metal oxides [24], and also cuprate superconductors,
such as YBa2Cu3O7−δ [25] and La2CuO4 [14]. One more specific feature of the CuO ACAR
spectrum consists in a relatively high value of the W -parameter, which attests to a considerable
contribution of the core electrons to the full annihilation rate [20].

The contribution of core and valence electrons to the positron annihilation probability
densities in CuO can be more readily illustrated by ratio curves. Figure 1 presents ratio curves
of copper and CuO with respect to Si. These ratio curves directly reflect the contribution
of core electrons, because the contribution of intrinsic Si core electrons (mainly 2p-states)
is small enough (2–3%) [26]. The momentum pz is given in m0c units. At the momentum
values exceeding 8 × 10−3 m0c, the copper curve exhibits a wide peak corresponding to the
annihilation of positrons with 3d electrons [27]. The ratio curve of CuO also has a peak at
those momentum values, but this peak is narrower and less intensive.
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Figure 1. Ratio curves of the ACAR spectra of Cu, CuO and n-CuO with respect to that of Si.

Table 1. Parameters of the ACAR spectra in several materials.

S-parameter W -parameter FWHM
(arb. units) (arb. units) (mrad)

Material ±0.0015 ±0.001 ±0.1

CuO 0.5250 0.067 13.0
Cu 0.5341 0.092 10.6
Si 0.6922 0.012 10.0
n-CuO 0.5550 0.060 11.5
n-CuO (Tann = 1173 K) 0.5270 0.068 12.9

Let us discuss the features of the latter curve. The lattice in CuO has a monoclinic
symmetry [28]. Each atom has four nearest neighbours of another kind: copper atoms are at
the centre of an oxygen rectangle, while oxygen atoms are at the centre of a distorted copper
tetrahedron. It is commonly assumed [14, 29] that the delocalized Bloch states of positrons are
realized in perfect oxide compounds. We shall assume that this is valid in CuO also. A positron
trapping at structural vacancies is highly improbable, because the homogeneity interval of CuO
is very narrow and this compound is nearly stoichiometric at room temperature [30]. Positrons
are also insensitive to micrometre-scale voids inevitably present in the common ceramics (the
density is only 80% of the theoretical value).

So, the observation of a peak in the oxide over the same momentum value range as
in the metallic copper suggests that the delocalized positrons annihilate in the CuO with
mainly 3d electrons of copper ions. As is known [28], CuO represents an antiferromagnetic
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Figure 2. Ratio curves of the ACAR spectra of CuO and n-CuO with respect to that of Cu.

semiconductor with an ionic covalent chemical bond and the covalent component is formed
as a result of the Cu 3d–O 2p hybridization. Therefore the occupancy has to decrease due to
hybridization and this is confirmed by recent data on the 3d-state occupancy, equal to ≈9.3
electrons [31] instead of 10 in metallic copper. Thus the partial involvement of 3d electrons in
the chemical bond might be one of the factors mainly responsible for a peak height decrease
in the CuO.

The specific features of the chemical bond should manifest themselves in the low-
momentum (valence) part of the ACAR spectrum. In this case, the ratio curve with respect to
the metallic copper (figure 2) proved unexpectedly to be most informative. As is seen from
the figure, an enhanced momentum density is observed within the low-momentum region
(3–9 × 10−3 m0c) in the CuO. These relatively high momentum density values of valence
electrons (the peak of valence electrons) as compared to conduction electrons of the metal
might point to an interference of copper 3d and oxygen 2p states. Indeed, the calculations made
within the LCAO-MO (molecular orbital as a linear combination of atomic orbitals) scheme
in Fe3O4 [29] showed that even a small degree of covalency fully modifies the momentum
distribution. In particular, mixing of Fe 3d t2g and O 2p orbitals leads to an increase in the
momentum distribution density around (5–8) × 10−3 m0c. Thus the CuO ratio curve with
respect to a pure metal allows us to obtain valuable information on electron density variations
for valent states.

Lower momentum density values observed in the high-momentum part of the CuO curve
(figure 2) obviously are due to the above-mentioned decrease in the contribution of the localized
3d states to the positron annihilation probability as compared to metallic copper.



7986 A P Druzhkov et al

3.2. The nanoceramics

The annihilation of positrons in the nanocrystalline ceramics is characterized by the narrowing
of the ACAR spectrum. The FWHM decreases up to 11.5 mrad with an initial value equal to
13 mrad. The S-parameter grows, while the W -parameter drops (see table 1). An examination
of nanocrystalline materials by PAS shows [15] that with the crystallite size much smaller
than the positron diffusion length, positrons are mainly trapped at open volume defects
(vacancies, vacancy agglomerates and nanovoids) at crystallite interfaces. The trapped positron
annihilation parameters are very sensitive to the open volume of the defects and can vary
significantly depending on the technology of nanomaterial production [15, 16]. According
to [15, 16] the positronium quasi-atoms (which exist in two states, para- and ortho-ones) can
be formed in nanovoids with size about the size of crystallites. A decay of the ortho-state can
be detected by positron lifetime measurements while that of the para-one can be seen by means
of ACAR. A decay of para-positronium state causes a considerable narrowing of the ACAR
spectrum: FWHM ranges from 3 to 8 mrad depending on the size of the nanovoids [32]. As
shown above, the spectrum of our n-CuO narrows little and therefore it may be inferred that
the n-CuO samples under study are free of nanovoids. This conclusion agrees well with a high
compactness (up to 97% of theoretical value) of our nanoceramics. Single micrometre-scale
voids (cracks), which may be present in large n-CuO samples, have a negligible effect on the
ACAR spectra because of their small concentration.

Since data concerned with positron states in CuO are not available now it is reasonable
to refer to the data in cuprate superconductors, in which as in CuO the positron density is
concentrated near Cu–O bonds [13, 14]. The S-parameter increment in n-CuO (as compared
with common CuO) is close to the value of the S-parameter increase in YBa2Cu3O7−δ with the
oxygen deficit parameter δ varying from zero to unity [33]. According to the calculation [13],
the positron affinity is enhanced with decreasing oxygen content, i.e. positrons have a strong
tendency to localize in the oxygen-deficient zones. On the other hand, single oxygen vacancies
are found to be only weak traps for positrons. Considering the aforementioned facts, the authors
of [33] concluded that the increase in the S-parameter (and the lifetime) in YBa2Cu3O7−δ in
high-temperatureequilibrium experiments was due to a loss of oxygen from Cu(1)–O(1) planes
and trapping of positrons at anion vacancy complexes. Therefore is reasonable to discuss the
probable interrelation of positron annihilation parameters in n-CuO with the local oxygen
deficiency.

As is seen in figure 1 the peak position in n-CuO fully coincides with that in CuO, but the
peak height is smaller. This is possible if positrons in the nanoceramics also annihilate with
localized 3d electrons of copper ions, but the probability of this process is smaller. Such a
situation is typical for positrons being trapped at open volume [34]. The positron wavefunction
becomes localized within the open volumes and its overlapping with wavefunctions of the
nearest ion core electrons drops leading to a subsequent drop in both the annihilation rate with
the core electrons as well as the amplitude of momentum distribution. As follows from the
n-CuO ratio curve (figure 1), copper ions are nearest to positron annihilation sites. Therefore
it could be concluded that the vacant sites namely in the anion sublattice act as positron
traps, because the distance between copper and oxygen ions is the shortest (1.95 Å) [28]
in a monoclinic cell of CuO. If positrons were trapped at cation vacancies, the peak in the
ratio curve (figure 1) would not have been observed, since the probability of the positron
annihilation with 1s electrons of oxygen is small owing to a strong Coulomb repulsion of the
nucleus. Nevertheless the effects of positron trapping at cation vacancies cannot be neglected
completely. For example, the local non-stoichiometry at the crystallite interfaces can lead
to the appearance of Cu atoms in the nearest neighbour shell of the Cu vacancy. Also, the
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positron wavefunction may extend to the next nearest Cu vacancy neighbours where Cu atoms
dominate. These processes can contribute to the 3d electron momentum distribution but the
value of this contribution in our opinion is not essential. Both sufficiently high values of the
3d electron momentum distribution peak height in n-CuO and theoretical and experimental
results in cuprate superconductors [13, 33] point to the dominant positron trapping at oxygen
deficit zones, therefore giving evidence in favour of such an assumption. Thus the dominant
positron traps are presented by open volume as oxygen-vacancy-like defects.

The local zones of non-stoichiometry in the anion sublattice of the nanoceramics also
have to affect the other physical properties such as electrical resistivity. An increase
in the nanoceramic electrical resistivity is observed and also related to a deviation from
stoichiometry [35]. It is thought that the deviation from the stoichiometry due to the oxygen
deficit leads to the formation of Cu+ ions. Since CuO has a p-type conductivity [36], Cu+

ions represent donors and compensate the initial hole conductivity giving a rise in electrical
resistivity correspondingly. Recent studies of n-CuO by x-ray photoelectron spectroscopy and
x-ray emission spectroscopy [37] revealed some quantity of the reduced Cu2O phase in the
nanoceramics. These facts also point indirectly to the partial oxygen deficit and formation of
anion-vacancy-like defects in n-CuO.

The peak of valence electrons in n-CuO shifts towards lower momentum values as
compared to that in CuO (figure 2). This testifies both to trapping of positrons at vacancy-like
defects and a partial disturbance of ionic covalent (or the covalent component) Cu–O bonds
owing to an oxygen deficit and, hence, a redistribution of the electronic density. An increase
in the ionicity of Cu–O bonds with decreasing size of CuO nanoparticles was also observed
by x-ray photoelectron spectroscopy [4], giving independent evidence in favour of the above.

If all observed peculiarities of positron annihilation in n-CuO as compared to common
CuO are related to the positron trapping at oxygen deficit zones at crystallite interfaces they
have to recover during recrystallization. But determination of the mean crystallite size is
strongly complicated by a large scattering in crystallite size (15–90 nm) in the whole sample.
To reduce this effect and reveal the kinetics of crystallite growth the STM measurements were
made approximately at one and the same local point of the n-CuO sample, which was used
in the ACAR series. Nevertheless even in this case a wide crystallite size spectrum leads to a
large scattering in mean crystallite size data.

As seen in figure 3 correlation between variations in the S-parameter and the crystallite
size during the thermal annealing of n-CuO is observed: the S-parameter values in n-CuO
are shifted towards the values in common CuO during recrystallization. The crystallite size
and S-parameter recovery start to occur at temperatures above 600–650 K. The S-parameter
attains values characteristic of coarse-grained CuO at 1100 K. The parameters of the ACAR
spectra and ratio curve (figure 4) also recover values typical of common CuO at 1173 K (see
table). The above data give direct evidence in favour of the oxygen deficit zone location at
crystallite interfaces. Additionally a very important conclusion can be made that despite a
wide size distribution of the crystallites (15–90 nm) in the initial n-CuO positrons diffuse with
high probability (L+ ≈ 100 nm) from the interior of the crystallites into the traps at interfaces
without measurable annihilation in the bulk state. Another conclusion which follows from the
data is that the n-CuO state is thermally stable up to 700 K. This temperature is high enough
for nanostructured materials and allows extension of the range of applications of the CuO
nanoceramics prepared by the method of shock-wave loading.

Unfortunately nothing can be said about whether the positron annihilation parameter
recovery starts simultaneously with the crystallite size growth or some delay between these
two processes occurs. Such information could shed light on the details of the crystallite
interface intrinsic structure.
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Figure 4. Ratio curves of the ACAR spectra of Cu, CuO and n-CuO after annealing at 1173 K
with respect to that of Si.

4. Summary and conclusions

Electronic and structural properties of a copper monoxide prepared by thermal sintering and
shock-wave loading methods with micro- and nanometre-sized crystallites respectively were
investigated by PAS. The obtained results may be summarized as follows.
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(i) The momentum distribution of valence electrons in CuO is shifted, as compared with
metallic copper, towards higher momentum values. This shift is attributed to specific
features of the ionic covalent Cu–O bond, specifically, the Cu 3d–O 2p hybridization.

(ii) It is found that open volumes, which are identified, mainly, as anion-vacancy-like defects,
appear at the crystallite interfaces in the nanoceramics. An oxygen deficit in these open
volumes leads to a decrease in the degree of Cu–O bond covalency at the crystallite
interfaces.

(iii) Nanovoids were not detected and this testified to a high quality of the nanoceramics
obtained by a shock-wave loading method. The nanoceramics prepared by this method
were found to be thermally stable up to 700 K.
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