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Abstract—Analysis of the experimental optical spectra of CuO nanoparticles with the electronic structure
characterized by strong electron correlations has revealed the appearance of unusual states inside the band gap.
The intragap states and the specific features of the electronic structure of CuO nanoparticles are discussed in
the framework of the generalized tight-binding method previously developed for describing the electronic struc-

ture of superconducting cuprates.
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1. INTRODUCTION

It is natural to expect that the changeover from clas-
sical bulk semiconductors and insulators to nanoparti-
cles should be accompanied by a broadening of the
band gap and, hence, a blue shift in the fundamental
absorption edge. This effect is well described in the
framework of the simplest one-electron band model as
a consequence of the quantum confinement [1]. In par-
ticular, the corresponding effect has been observed for
the Cu,0O semiconductor, whose electronic structure is
adequately described within the band theory [1]. A dif-
ferent behavior has been revealed for nanoparticles of
materials with strong electron correlations, such as cop-
per monoxide CuO. In this case, the changeover from
bulk materials to nanoparticles leads to a noticeable red
shift [2]. In the present paper, we generalize the exper-
imental data on the optical absorption spectra of CuO
nanoparticles prepared by different methods and discus
the results in terms of the many-electron approach
developed earlier for describing high-temperature
superconducting cuprates [3]. For doped compounds
with strong electron correlations, this approach predicts
the appearance of intragap levels with a high density of
states and, hence, an optical density at energies lower
than the energy E, corresponding to the fundamental
absorption edge.

2. SPECIFIC FEATURES OF THE OPTICAL
PROPERTIES OF CuO NANOPARTICLES

The measurement of optical absorption spectra of
semiconductors is the direct and most reliable method
for determining the fundamental absorption edge (i.e.,
the energy E,, which corresponds to the band gap) and
the specific features of the electronic structure at ener-
gies of electronic transitions in the IR, visible, and UV
spectral ranges (<6 eV). In order to verify the assump-
tions regarding the appearance of intragap states and
the specific features of the electronic structure of
nanooxides with strong electron correlations, we inves-
tigated the absorption spectra for a number of samples
of nanostructured oxide CuO. Copper monoxide is an
antiferromagnet with strong electron correlations and a
band gap of 1.45 eV [4]. The optical properties of the
CuO oxide are strongly affected by the type and con-
centration of defects in the sample. In order to reveal
the effects associated with the nonstoichiometry and
the defect structure, we studied samples of nanostruc-
tured oxide CuO that consisted of microcrystallites
approximately identical in size but were prepared using
different methods. The concentration and type of
defects depend substantially on the preparation tech-
nique. In our samples, the crystallite sizes were less
than 50 nm. As was shown in our previous works, the
specific features of the nanostructured state and optical
properties of copper oxides, such as the red shift of the
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absorption edge for the CuO oxide and the blue shift for
the Cu,O oxide, begin to manifest themselves at these
crystallite sizes [2].

The optical investigations were performed with
CuO high-density nanoceramics and CuO nanopow-
ders. The nanoceramic materials were prepared from a
coarse-grained polycrystalline CuO by loading with
converging spherical shock waves [5, 6]. The nanopow-
ders were produced by the gas-phase method via con-
densing copper vapors in an argon medium containing
oxygen and by electric explosion of a copper wire in a
nitrogen—oxygen mixture [7, 8]. The samples were
characterized by x-ray diffraction, and a number of
samples were examined using scanning electron
microscopy (SEM) and scanning tunneling microscopy
(STM). The sizes of crystallites (coherent scattering
regions) and the microstrains were evaluated from the
broadening of x-ray diffraction lines. The estimated
crystallite sizes are in agreement with the SEM and
STM data. The analysis of the x-ray powder diffraction
data demonstrated that the CuO nanoceramic materials
have a single-phase composition and a monoclinic lat-
tice with parameters close to those of the equilibrium
copper oxide. The CuO nanopowders contained the
Cu,0 phase in amounts up to 18%. The samples pre-
pared by the aforementioned three methods and having
close crystallite sizes (15—40 nm) were chosen for opti-
cal measurements.

The spectral dependences of the optical density D =
In1/T (where T is the transmittance) were studied for
the copper oxide nanopowders because of the very
strong absorption and the uncertainty in the estimate of
the sample thickness. The transmittance spectra were
measured in the range 0.2-3.5 eV at room temperature
on spectrometers operating in the IR and visible ranges
with a transmittance sensitivity of ~10~. The nanocer-
amic samples for the absorption measurements were
prepared by mechanical polishing in the form of plates
40-60 um thick. In the case of nanopowders, the sam-
ples were produced directly during the preparation of
the nanomaterials by evaporating the nanopowders on
glass and quartz substrates. The measured spectra were
compared with those of CuO and Cu,O single crystals
(Fig. 1). The presence of some amount of the Cu,O
phase in the nanopowders does not substantially affect
the spectrum of the main material, because the funda-
mental absorption edge of the Cu,O oxide is located at
2.1 eV and only weak absorption bands at energies of
0.14 and 0.10 eV are observed in the transparency win-
dow of this oxide.

Nanostructured oxides are nonequilibrium materials
with a considerable concentration of point and surface
defects. The high concentration of oxygen vacancies in
CuO nanoceramic materials can be judged from the
experimental data on angular correlations of annihila-
tion radiation [9]. Druzhkov et al. [9] showed that oxy-
gen vacancies and their small-sized clusters are pre-
dominantly located at crystallite boundaries and their
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Fig. 1. Absorption spectra of (/) CuO and (2) Cu,0 single
crystals.

concentration decreases with an increase in the crystal-
lite sizes. The concentration of cations with a decreased
valence was estimated using x-ray photoelectron spec-
troscopy [10]. Note that single-phase samples, accord-
ing to the x-ray diffraction data contained up to 8—10%
Cu*. These high defect concentrations cannot be
observed in equilibrium polycrystalline or single-crys-
tal CuO samples. The ratios between the copper and
oxygen concentrations measured by the nuclear-reac-
tion method and Rutherford backscattering indicate a
considerable disturbance of the stoichiometry of CuO
nanomaterials [11]. Therefore, the inference can be
made that oxygen vacancies and cations with a
decreased valence in the form of individual point
defects or their clusters are the main types of defects in
copper nanooxides.

The absorption spectra of all copper nanooxide sam-
ples are characterized by a strong smearing of the fun-
damental absorption edge and a shift of the optical den-
sity toward low energies. This suggests that levels with
a high density of states appear in the band gap. The
appearance of intragap states leads to a decrease in the
effective band gap. The effective band gap estimated
for the copper nanooxide samples from the transpar-
ency window decreases to 0.7-0.5 eV, whereas the band
gap for CuO single crystals is equal to 1.45 eV [4].
Against the background of a relatively monotonic
decrease in the optical density with a decrease in the
energy below ~1.5 eV, there are specific features that
can be characterized as individual broad absorption
bands. In particular, the broad “impurity” band at
~0.6 eV is clearly seen for the nanopowder prepared by
the gas-condensation method (Fig. 2, curve 2). For the
nanoceramic sample and the nanopowder produced by
electric explosion, the spectral dependences of the opti-
cal density exhibit kinks at energies of ~1.3 and
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Fig. 2. Absorption spectra of CuO nanooxides: (/) the nano-
ceramic material, (2) the nanopowder prepared through gas
condensation, and (3) the nanopowder produced by electric
explosion. The arrow indicates the fundamental absorption
edge of the CuO single crystal.
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Fig. 3. Schematic diagram of the many-electron levels in
different subspaces of the Hilbertian space for the numbers
of holes 0, 1, and 2 per unit cell. The cross indicates the spin
level filled at 7 = O for the stoichiometric oxide CuO.
Arrows with numerals O and 1 identify one-electron quasi-
particles corresponding to the bottom of the conduction
band and the top of the valence band.

~1.0 eV, respectively (Fig. 2). It should be noted that
similar absorption bands at energies of 0.8—1.0 eV were
observed for CuO single crystals irradiated by electrons
and He" ions [12, 13]. The appearance of these bands
was attributed to the formation of Cu* ions and their
clusters. The difference in the location of the impurity
bands can be associated both with the difference in the
concentration of impurities and defects in different
samples and with the difference in the type of defects.
For example, there can arise small-sized clusters com-
posed of oxygen vacancies (“pairs,” “triads,” etc.) and
complexes in the composition of oxygen vacancies and
Cu" ions. The contribution to the smearing of the fun-
damental absorption edge is also made by the micros-
trains, which, in the nanoceramic material, can be as
large as 0.5% [6]. In our opinion, in all cases, the
appearance of intragap states and the corresponding red
shift in the absorption edge for nanostructured copper
oxides are associated with the high concentration of
nonstoichiometric defects and the specific features of
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the electronic structure of oxides with strong electron
correlations.

3. SPECIFIC FEATURES OF THE ELECTRONIC
STATE AND INTRAGAP STATES
FOR CuO NANOPARTICLES

One of the main experimental findings is the
increase in the number of oxygen vacancies and the
concentration of Cu* ions in nanoparticles as compared
to bulk copper monooxide samples. From the stand-
point of the electronic structure of Mott—Hubbard insu-
lators, including copper monooxide, the same defects
are responsible for electron doping. As in layered high-
temperature superconducting cuprates, the doping
results in the appearance of intragap states. Let us con-
sider the mechanism of their formation in more detail as
applied to copper monooxide.

In view of strong electron correlations, the elec-
tronic structure of the CuO oxide will be discussed in
the framework of the generalized tight-binding method,
which was specially developed for systems with strong
electron correlations [3]. At the first stage of the gener-
alized tight-binding method, the exact diagonalization
is performed for a many-electron cluster simulating a
unit cell. At the second stage, jumps that occur between
many-electron terms of neighboring unit cells and lead
to their dispersion and the formation of a band structure
are taken into account within the perturbation theory.
The unit cell can be represented by a CuO, cluster.
Owing to the electroneutrality of the crystal, the follow-
ing valences can be assigned to the ions in the stoichio-

metric case: Cu®* OZ_. The many-electron terms of the
unit cell will be numbered according to the number of
holes. In particular, for the 3d°2p® configuration, we
have one hole per unit cell (n, = 1). The addition of one
electron leads to the formation of the 3d'2p® configu-
ration with n, = 0 (or Cu*). The addition of one hole
results in the formation of two-hole terms with n;, = 2,
which are described by the superposition of the 3d%2p®,
3d°2p°, 3d'2p2p°, and 3d'°2p* configurations (with a
finite probability, there appear Cu®* ions).

The same CuO, cluster was considered within the
generalized tight-binding method when calculating the
electronic structure of the n-Nd,CuO, high-tempera-
ture superconductor [14]. Figure 3 schematically
depicts three orthogonal subspaces of the Hilbertian
space with the numbers of holes n;, =0 (n), 1 (n,), and
2 (n,) and the many-electron terms E, (S = 0), E,5 (S =
172, 6 = £1/2), and E, (S = 0). The spin doublet E,; is
split by the internal two-sublattice molecular field. The
cross indicates the spin sublevel filled at 7 = 0. The
arrows show the one-particle Fermi excitations: the
addition of one electron (the band index O corresponds

to the bottom of the empty conduction band Q((,C) =
E; — E,) and the addition of one hole (the band index 1
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corresponds to the top of the valence band Qév) =F,-

E, 5). Here, we have 6 = —6. The band gap between

the filled band and the empty conduction band (in the
given case, the charge-transfer band gap) amounts to
E,=Q9 - QW =2E, - E, - E, at typical parameters
for cuprates E,, = 2 eV. The difference between the
Nd,CuO, and CuO compounds from the viewpoint of
their electronic structures lies only in the type of three-
dimensional packing of unit cells. This eventually man-
ifests itself in the difference between the dispersion
laws for electronic quasiparticles in the vicinity of the
top of the filled valence band and the bottom of the
empty conduction band. However, the dispersion is
small (with a typical width of approximately 0.3—
0.4 eV). Therefore, the difference between the types of
unit cell packing in the structures of the CuO and
Nd,CuO, compounds can lead to a change of the order
of 0.1 eV in the band gap.

The physical mechanism of formation of new
intragap states upon both n- and p-type doping can be
easily explained using Fig. 4. The electron doping (it is
assumed that x is the concentration of Cu* ions) leads to
a change in the occupation number of the terms shown
in Fig. 3 (they are determined by solving the self-con-
sistency equation for the chemical potential). At T =0,
we obtain

ng=x, n_=1-x, n,=0, n,=0. (1)

In the generalized tight-binding method, each quasi-
particle is characterized not only by the energy but also
by the spectral weight determined by the sum of the
occupation numbers of the initial and final many-elec-
tron terms. Therefore, the doping is accompanied by
the redistribution of the spectral weights of the bands

Q© and Q); that is,

Fop=1-x+x=1, F, =1-x, 2)

Moreover, there arises a new quasiparticle (shown
by the solid arrow with the band index 2 in Fig. 4),
whose spectral weight is proportional to the doping
concentration:

Q, = E,s—Ey), F,=x. (3)

This is an intragap state induced by n-type doping.
In the two-hole representation, the level €, lies higher
than the level €2, by the magnitude of the internal
molecular field ~J [15]. In the electron representation,
the intragap state lies inside the band gap in the vicinity
of the bottom of the conduction band. The transition
from the top of the valence band to the empty intragap
states results in the appearance of the peak separated
from the absorption edge E,, in the absorption spec-
trum by the magnitude of the order of J. Note that J ~
0.1 eV for cuprates. The intensity of the absorption
peak is proportional to the doping concentration, i.e.,
the concentration of Cu* ions and oxygen vacancies.
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Fig. 4. Schematic diagram illustrating the formation of qua-
siparticles upon n-type doping. The arrow with numeral 2
indicates the intragap state.

Judging from these considerations, we can believe that
the absorption bands (found for the samples of nano-
structured oxide CuO) in the energy range 1.0-1.3 eV
directly below the fundamental absorption edge for the
“undoped” copper oxide are associated with the
intragap states split from the conduction band. How-
ever, the absorption band at 0.6 eV for the nanopowder
prepared by the gas-phase method (Fig. 2, curve 2), in
our opinion, is attributed to the defect band lying deep
in the band gap.

4. CONCLUSIONS

The quantum confinement of one-electron band
states (typical of nanoparticles with free electrons) does
not manifest itself for the CuO oxide and other nano-
particles with strong electron correlations, because the
main contribution to the formation of quasiparticles is
made by the central unit cell and its nearest neighbors.
Therefore, the main change in the electronic structure
and the optical absorption spectra is associated with the
mechanism (specific to systems with strong electron
correlations) responsible for the formation of intragap
states with the spectral weight proportional to the dop-
ing concentration.

Certainly, typical impurities can also be responsible
for the deep levels and similar absorption peaks, which
are difficult to separate in experiments. In the theory,
levels induced by light impurities have a one-electron
nature and are associated only with the irregularities
and defects of the lattice. In the three-dimensional case,
their splitting-out requires a rather deep potential well.
The aforementioned intragap states have a many-elec-
tron nature and do not necessitate lattice defects. It is
sufficient to change only the carrier concentration. Note
that this change can be regular; i.e., it can be governed
by the variable-valence effect. Actually, both mecha-
nisms operate in the crystal. Note also that a similar red
shift in the fundamental absorption edge was observed
for nanocrystalline oxide Fe,O5 and yttrium iron garnet
with a large number of defects generated under quasi-
hydrostatic pressure [16, 17]. The appearance of
intragap levels with a high density of states in the elec-
tronic structure of 3d metal nanooxides makes it possi-
ble to control the spectral characteristics of these mate-
rials and, in particular, to change the effective band gap,
i.e., to vary the transparency window. As was demon-
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strated in our earlier work [18], this opens up new pos-
sibilities for the design of effective materials for selec-
tive coatings of solar heaters based on oxide nanomate-
rials.
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