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The band structures of cubic Cu,O and monoclinic CuO crystals have been calculated by means
of the first-principles orthogonalized linear combination of atomic orbitals method. Using the wave
functions obtained, the frequency-dependent interband optical conductivities are also evaluated.
The results show Cu,O to be a direct-gap semiconductor, while CuO is semiconductorlike with an
intrinsic hole population at the top of the valence band (VB). By comparing with a variety of exist-
ing data, we conclude that band theory works extremely well for Cu,O, but is less satisfactory for
CuO. This could be due to strong correlation effects for states near the top of the VB in CuO. A
careful reanalysis of optical data and excitonic spectra in Cu,O in conjunction with our calculations
suggests a complete reinterpretation of these data. A clear distinction between the intrinsic gap and
the optical gap is argued. We conclude that the intrinsic gap in Cu,O is of the order of 0.8 eV,
while the optical gap is of the order 2.0-2.3 eV. The excitonic series in Cu,O is due to the Coulom-
bic attraction of the hole at the top of the VB and the electron in the next-higher conduction band
(CB), not the lowest CB, because of the forbidden symmetry associated with angular-momentum
conservation. This reinterpretation of the excitonic data is also consistent with a calculated low
value for the static dielectric constant €, of order of 4 for Cu,O.
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I. INTRODUCTION

Copper oxides exist in two stable forms, the cuprous
oxide Cu,O and the cupric oxide CuO. These two oxides
have very different colors, crystal structures, and physical
properties. Simple chemistry tells us that these
differences are mainly due to the fact that Cu in Cu,O is
in the Cu™t state, while Cu in CuO is in the Cu?®" state.
Cu,0 is a red-colored cubic semiconductor that displays
a wealth of interesting excitonic levels. CuO, on the oth-
er hand, has a dark, iron-gray color and crystallizes in a
more complicated monoclinic tenorite structure exhibit-
ing interesting antiferromagnetic ordering. Many
different types of experiments have been carried out to
determine various properties of these two forms of
copper oxides. These include optical,! 3 transport,* °
elastic,”® plastic,!” excitonic,!'"1® spectroscopic,!®~??
neutron scattering,?* and many others.?*

The recent discovery of high-temperature superconduc-
tivity?® in ceramic oxides containing Cu has rekindled in-
terest in studying the properties of copper oxides in much
more detail. It has been suggested that the Cu valence
and its fluctuation may be the key to understanding the
mechanism for high-temperature superconductivity.?
The valence of Cu in YBa,Cu;0; may be different de-
pending on the crystallographic sites.’’ Since the oxida-
tion states of Cu and O ions in Cu,0O and CuO crystals
are very clear, it will be interesting to see if band theory
can establish any correlations between effective charges
on the ions and their oxidation states and elucidate the
possible chemical bonding in these two crystals.

There have been several electronic-band-structure cal-
culations on Cu,0 in the past.2*73° Even long before the
existence of any of these band calculations, the band con-
cept was employed to stipulate the symmetry of the wave
functions of excitons in Cu,0.33 On the other hand,
little is known about the electronic structure of CuO.
This is partly due to its more complicated crystal struc-
ture, but, more importantly, CuO may belong to that par-
ticular class of compounds known as Mott insulators,
where conventional band theory generally fails. This has
been the case with other transition-metal monoxides such
as CoO and NiO.*373% However, the question as to what
extent local-density theory (or local-spin-density theory)
can adequately describe the Mott insulator has not been
completely resolved and is still an actively pursued area
of condensed-matter theory. It is therefore important
and timely to study the electronic structures of these two
copper oxides on an equal footing by using the same com-
putational method in order to have a clearer picture of
their ground-state properties.

In this paper we report the results of ground-state
electronic-structure calculations on Cu,O and CuO crys-
tals using the state of the art, self-consistent orthogonal-
ized linear combination of atomic orbitals method
(OLCAO). In addition to the band structure and the den-
sity of states (DOS), we have also calculated the inter-
band optical conductivity in these crystals so as to under-
stand the excitation spectra as well. We shall compare
our calculated results with different types of experimental
data available and seek overall consistency in their inter-
pretation. Based on our calculated results, some of these
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long-standing data can now be interpreted differently.

The next section starts with a detailed discussion of the
crystal structures. This is followed by the description of
our calculation method in Sec. III. The main results on
the ground-state properties are presented in Sec. IV, and
those on the optical properties in Sec. V. These results
are discussed together with relevant experimental obser-
vations in Sec. VI. Some concluding remarks are made in
the last section.

II. CRYSTAL STRUCTURES

Cuprous oxide assumes a fairly simple cuprite struc-
ture,*® as illustrated in Fig. 1(a). It can be best visualized
as a cubic unit cell with a lattice constant of 4.2696 A,
such that the O ions are at the corners of the cube with a
tetrahedral Cu,O unit at the center, as illustrated in Fig.
1(a). Alternatively, it can be viewed as consisting of two
interpenetrating frameworks of copper ions in a face-
centered cube and oxygen ions in a body-centered cube
that are not crosslinked by any primary Cu—O bonds.
The cuprite structure has a high symmetry with space
group O}, the same as Ag,0 and Pb,O oxides. Because
of the low coordination number of 2 for the Cu atom, the
O—Cu—O—Cu configuration appears as a zig-zag chain

(a)

FIG. 1. Crystal structure of (a) cubic Cu,0 and (b) monoclin-
ic CuO.
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in the [110] direction with an unusually short Cu—O
bond length of 1.85 A. It is generally assumed that such
a structure is indicative of covalent bonding between Cu
and O. If complete ionic bonding is assumed, then exact-
ly one electron is transferred from each Cu to O, result-
ing in the oxidation states Cu™ and O*~.

The cupric oxide CuO has a considerably more compli-
cated tenorite structure,’’ similar to AgO. The mono-
clinic unit cell (space group C$,) contains four CuO mol-
ecules. The crystal parameters were measuredi8 to be
a=4.6837 A, b=3.4226 A, ¢=5.1288 A, and
B=99.54°, as is illustrated in Fig. 1(b). The coordination
of atoms in CuO is such that each ion has four nearest
neighbors of the other kind. In the (110) plane, each Cu
atom is linked to four nearly coplanar O atoms at the
corner of an almost rectangular parallelogram. The
Cu—O bond lengths in this plane are 1.88 and 1.96 A, re-
spectively, which are larger than those in the cuprous ox-
ide. The next two Cu—O bond lengths perpendicular to
the plane are much greater, so an octahedral type of
coordination can be ruled out. The O atom is coordinat-
ed to four Cu atoms in the form of a distorted tetrahed-
ron. It is generally believed that the bonding in CuO is a
mixture of ionic and covalent bonding, although the oxi-
dation state of Cu in CuO is unquestionably Cu?*. The
transition-metal monoxides such as CoO and NiO, on the
other hand, crystallize in the rocksalt structure with
much higher symmetry. Thus, this may indicate a funda-
mental difference in electronic states between the CuO
crystal and those of NiO or CoO.

III. METHOD OF CALCULATION

We have used the self-consistent orthogonalized linear
combination of atomic orbitals method within the local-
density approximation to calculate the band structures of
Cu,0 and CuO. The details of the method have been de-
scribed in the literature.3>*° It has been shown that high-
ly accurate ground-state properties for diamond Si (Ref.
40) and wurtzite AIN (Ref. 41) can be obtained by this
method. Within the past two years this method has also
been extensively used to calculate the band structures and
interband optical conductivities of a number of newly
discovered oxide superconductors.*> % We shall outline
the procedures used in the present study for Cu,O and
CuO crystals.

In the OLCAO method the basis functions are atomic-
like functions calculated separately and expressed as a
linear combination of Gaussian-type orbitals. We used
a set of 16 Gaussians per atom with exponentials
ranging from 0.15 to 50000 to form
Cu 1s,2s,3s,4s,5s,2p,3p,4p, 5p, 3d,4d and (0]
1s,2s,3s,2p,3p atomic wave functions. This is referred to
as a full basis set because it consists of the atomic orbitals
of all the valence-shell electrons (both occupied and unoc-
cupied) plus an extra shell of unoccupied states. Past ex-
perience indicates that such a full basis can provide
sufficient variational freedom for the Bloch function. The
valence and the empty orbitals at each atomic site were
then orthogonalized to all the core orbitals of all the
atoms in the cell such that the core states are eliminated
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in the solution of the secular equations.*® This procedure
greatly reduces the computational time because of the
reduction of the dimension of the secular equations. The
eliminated core states (Cu 1s,2s,3s,2p,3p and O 1s) are of
no interest in the present study.

In the self-consistent calculation, both the potential
and the charge-density functions were also expanded in
terms of a set of simple Gaussians centered at each atom-
ic site. The coefficients of this expansion were obtained
by numerically fitting the data calculated at a large num-

ber of real-space sampling points. The exponentials a of -

this Gaussian basis set were predetermined. We have
adopted a set of 16 Gaussians per site with a ranging

from 0.5 to 10000000, distributed according to a .

geometric series. Since the charge-density distributions
in both Cu,0 and CuO are nearly spherical around each
atom, no auxiliary sites were employed for the potential
and charge-density fitting, as was done in the case of Si
(Ref. 40) and AIN (Ref. 41). The accuracy of the calcula-
tion depends on the quality of the fit, which must be
closely monitored. The errors associated with an uncon-
strained fit in the present calculation were 0.000 67 and
0.00006 electrons per valence electron for Cu,O and

J

27e? Q
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where E =7 is the photon energy. The momentum ma-
trix elements (MME’s) at each k point in the BZ were
evaluated exactly without any approximation, and the
transition probability was averaged over the three Carte-
sian directions. o ;(w) was calculated up to a photon en-
ergy of 20 eV. The integration of (1) over the BZ was
again carried out by using the analytic linear tetrahedron
method.*® The matrix-element contribution from each
tetrahedral microzone was taken as the average of the
MME at the four corner points of the microzone. Accu-
rate evaluation of MME’s has been of crucial importance
in obtaining an accurate optical conductivity function.
In principle, evaluation of the MME can be incorporated
into the linear analytic tetrahedron method.>® However,
with a sufficient number of k points in the BZ, the
averaging procedure for the MME contribution was
found to be adequate. Next, the imaginary part of the
dielectric function €,(w) is obtained from o (@) through
€)(w)=(47)o (w)/w, and the real part of the dielectric
function is obtained from €,(w) through the Kramers-
Kronig relation. From the dielectric function
e(w)=¢€(w)+ie,(w), the refractivity spectrum can also
be obtained.

IV. RESULTS ON GROUND-STATE PROPERTIES

A. CU2O

The band structure of Cu,O calculated by the OLCAO
method is shown in Fig. 2 along the directions of the
symmetry axes of the BZ. It shows Cu,O to be a semi-
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CuO, respectively. Such a fitting accuracy is generally
adequate for the band-structure and wave-function stud-
ies, but may not be sufficient for obtaining accurate total
ground-state energies.*%447

The Brillouin-zone (BZ) integration for the charge-
density calculation in the self-consistent iterative pro-
cedure was based on 12 special k points in the irreducible
part of the zone. The exchange and correlation poten-
tials were approximated by the Wigner interpolation for-
mula. Fifteen to eighteen iterations were needed to
achieve self-consistency. The energy eigenvalues stabi-
lized to less than 0.00001 eV when convergence was
reached. The energy eigenvalues and eigenfunctions were
then solved at 149 regularly spaced k points in the irre-
ducible part of the BZ for Cu,O (CuO), from which the
densities of states (DOS’s) were calculated using the
linear analytical tetrahedron method.*® The partial DOS
(PDOS) and the effective charge of each atom were evalu-
ated by the Mulliken charge-analysis procedure.*’

The optical properties of these two crystals were stud-
ied as follows. First, the real part of the interband optical
conductivity o(w) in the random-phase dipole approxi-
mation was evaluated according to

fazdkz (¥, (k,0)|[Ply,(k,0) ) |2f (k) 1—f,(k)]S(E,(k)—E,(k)—E) , )
n,l

[

conductor with a direct band gap of 0.78 eV at I'. The
valence band (VB) consists of two parts. The upper part
has a width of about 4 eV and consists predominantly of
Cu 3d states. The lower part, which is about 3.5 eV wide,
contains a significant number of O 2p states. These two
parts are separated by a direct gap at I 0.8 eV. There
have been several band-structure calculations on Cu,O.
The earlier calculations?®? were much less accurate sim-
ply because the computational methods of modern band

Energy bands of CuZO
8 o
\
41 -
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FIG. 2. Band structure of Cu,0.
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theory had not been fully developed. The most recent
calculation was carried out by Kleinman and Mednick3®
(KM), who also studied the spin-orbit splitting of the
states at the top of the VB. Our results on both the VB
and the conduction band (CB) are close to those of KM,
who obtained a gap value of 1.07 eV. This value is larger
than ours, but is still smaller than the oft-quoted experi-
mental value of 2.04 eV. It is well known that local-
density calculations always underestimate the band gap
of a semiconductor, but, in the case of Cu,0, the size of
the gap will not be settled until a much more careful
analysis of the optical data is performed. We will return
to this point in Sec. VI, in which the calculated and mea-
sured optical properties are compared.

The calculated DOS and the orbital-projected PDOS
for Cu,O are displayed in Fig. 3. It is clear that the VB is
dominated by the Cu 3d states. Cu 4p and Cu 3s states
are only negligible components, while O 2s states are al-
most entirely absent. The DOS of Cu,O has a rich spec-
trum with multiple structures. The most prominent ones
are at —0.06, —2.38, and —3.05 eV for the upper VB
and at —5.57 and —7.46 eV for the lower VB. The CB
also has several structures that are much less prominent
than those of the VB. It is important to note that the
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FIG. 3. Calculated DOS and PDOS of Cu,0.
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DOS at the bottom of the CB is very small and rises grad-
ually as the energy is increased. We will compare our
calculated DOS spectrum with the experimental photo-
emission measurement in Sec. VI.

The components of effective electron and hole masses
for Cu,O along different symmetry directions at T" are
summarized in Table I. In the absence of spin-orbit split-
ting, the states at the top of the VB at I are triply degen-
erate. The electron effective mass is very isotropic, while
the hole effective masses are not. The top two VB’s are
much heavier than the third band. The anisotropy in the
hole effective masses is evidenced by their very different
components in the [100], [110], and [111] directions.
They range from —O0.34m for the lowest band in the
[100] direction to —3.16m for the top band in the same
direction. By averaging over all directions, we obtain the
electron effective mass of 0.66m and the hole effective
masses of —3.02m, —1.41m, and —0.50m for Cu,O.
This corresponds to averaged reduced masses between
electrons and holes of 0.54m, 0.45m, and 0.28m, respec-
tively. Therefore, on the average, the effective reduced
mass between a top of a VB hole and a lowest CB elec-
tron in Cu,O is about 0.42m. The reduced effective mass
corresponds to the excitonic mass, and its accurate deter-
mination is of crucial importance in interpreting the exci-
tonic levels.

In Fig. 4 we display the valence charge-density distri-
bution on the (110) plane. It can be seen that the charge
distribution is almost confined to the Cu—O—Cu—O
zig-zag chains in this plane. Around both Cu and O ions
the distribution is nearly spherical with no evidence of
bond charge. This is illustrated more clearly in Fig. 5, in
which the electron density p(r) along the Cu—O bond
direction is plotted. Thus the charge distribution appears

FIG. 4. Valence charge-density distribution of Cu,O in the

(110) plane.
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TABLE 1. Effective-mass components at I' for Cu,O (in unit
of m).

CB 0.65 0.66 0.66
—3.16 —3.14 —2.74
VB —3.16 —1.02 —0.67
—0.34 —0.46 —0.67

to suggest that Cu,O should be quite ionic. However, a
Mulliken charge analysis gives the following distribution
of valence electrons on each ion: Cu 3d, 9.98; Cu 4s,
0.59; Cu 4p, 0.50; O 2s, 1.72; O 2p, 4.15. This translates
into effective charges Q* of 11.07 and 5.87 electrons for
Cu and O ions, respectively, and thus shows no evidence
of charge transfer. A more accurate estimation by means
of direct integration over a spherical region of radius
r=0.924 A for both Cu and O (indicated by a vertical ar-
row in Fig. 5) gives Q&, =10.42 electrons and Q§ =6.57
electrons with 1.18 electrons in the interstitial region of
the cell. Hence the charge calculation does not support
the fully ionic picture for Cu,O, in which each Cu ion
transfers one electron to O to form O?~.

B. CuO

We are not aware of any existing band-structure calcu-
lation for cupric oxide. As alluded to in the Introduc-
tion, our purpose in calculating the band structures for
CuO is to test the validity of the local-density theory for
this unique system and for making a parallel comparison
with the Cu,O crystal. Our calculated band structure for
CuO using the OLCAO method along the symmetry axes
of the monoclinic BZ is shown in Fig. 6. This band struc-
ture is drastically different from that of Cu,O. First, it
has a semiconductor-like structure with a direct gap of
1.60 eV at T". This value is quite close to the reported
gap values of 1.7 eV (Ref. 51) and 1.4 eV (Ref. 52) ob-

Charge Density (Electrons/au?)

0 T T T T T

T T T T T
0.0 0.2 0.4 06 08 1.0 1.2 1.4 1.6 1.8
Cu-0 (A)

FIG. 5. Charge density p(r) along the Cu—O bond in Cu,O.
The arrow defines the radii of the touching spheres for charge
integration.
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FIG. 6. Band structure of CuO.

tained by using indirect electrochemical methods on
polycrystalline samples. However, our calculation shows
that a Fermi surface is present, thus resulting in the ex-
istence of exactly four intrinsic holes at the top of thé VB.
It is interesting to note that the high-T. superconductor
YBa,Cu;0; also has four intrinsic holes at the top of the
VB.#? The top of the VB at T is 0.95 eV above Ey, and
the bottom of the CB is 2.55 eV above Er. The VB is
about 8.5 eV wide and does not have a second gap as in
the case of Cu,0.

Figure 7 displays the DOS and PDOS spectra for CuO.
In the VB the states are dominated by the Cu 3d and
O 2p components. The most prominent structure is at
—3.20 eV. The second most visible structure is at —6.04
eV. Other structures at —0.89, —1.92, —2.47, —4.72,
and —7.08 eV can also be identified. For the unoccupied
states a rather sharp peak at 0.58 eV near the top of VB is
evident and the CB has a broad peak at 7.37 eV. The ma-
jor peak at —3.20 eV in the VB is almost exclusively de-
rived from Cu 3d states. For other peaks in the VB, in-
cluding that from the intrinsic hole states, both Cu 3d
and O 2p states participate. The value of the DOS at the
Fermi level for CuO is 3.72 states/eV cell.

The effective-mass components for bands at I" in CuO
along several crystallographic directions are listed in
Table II. The effective mass of the CB is no longer iso-
tropic because of the noncubic crystal structure. In the

TABLE II. Effective-mass components at I' for CuO (in unit
of m).

direction
[T=>X] . [=>Y] [T=>B] [T=> 4]
CB 0.42 0.46 - 0.16 0.37
VB —1.75 —3.01 —0.60 —0.54
—0.72 —3.72 —0.58 —1.33
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CB the effective mass is lighter in the z direction than in
the x or y directions. For the VB the component in the y
direction is unusually heavy. At the I' point the top two
bands are very close to each other. At the I' point the
hole effective mass has components —1.75m, —3.01m,
—0.60m, and —0.54m along the I'-X, I'-Y, I'-B, and
I' - 4 directions. For the second band, the corresponding
components are —0.72m, —3.72m, —0.58m, and
—1.33m. Therefore, in both Cu,0O and CuO, the hole
effective masses are heavier than the electron effective
mass.

Figure 8 displays the valence charge-density distribu-
tion of CuO in the (110) plane containing the CuO, unit.
Again, the distribution is nearly spherical for both types
of ions, with no evidence of bond charge between the two.
The charge-density distribution along a Cu—O bond,
shown in Fig. 9, is similar to that of Fig. 5 for Cu,O. The
only difference is that the Cu—O bond in Fig. 8 is 1.947
A long instead of 1.849 A as in Fig. 5. Mulliken charge
analysis gives the following effective charges: Cu 4s, 0.52;
Cu 4p, 0.66; Cu 3d, 9.79; O 2s, 1.75; O 2p, 4.27. This
gives a total effective charge Q* of 10.97 electrons for Cu
and 6.02 electrons for O. Like Cu,O, these numbers
show little or no charge transfer. Real-space spherical in-
tegration with a radius 0.966 A for both ions gives
0&,=10.52 electrons and Q& =6.72 electrons, which

FIG. 8. Valence charge-density map of CuO in the (110)

plane.
40

overestimates the total charge within the cell by about
301 Total one electron. From these calculations it appears that it is
’ difficult to assign definitive values for valence charges to
both of the ions in CuO and Cu,O crystals, indicating the
bonding in these two crystals is neither ionic nor co-
valent. These conclusions are based on the fact that radii
104 of the Cu and O ions are both equal to half of the bond
length, as indicated by the arrows in Figs. 5 and 9. It is
K ,,/\ unlikely that improved numerical accuracy will yield
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ENERGY (eV) FIG. 9. Charge density p(r) along the Cu—O bond in CuO.
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FIG. 7. Calculated DOS and PDOS of CuO. integration.
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numbers significantly different from the two estimates
given above. Apparently, effective charge per atom is an
ill-defined concept in copper oxides that has no direct
bearing on the oxidation states of the ions in the crystal.?’

V. RESULTS ON THE OPTICAL PROPERTIES

The interband optical conductivity for Cu,O calculated
according to Eq. (1) is shown in Fig. 10(a). Although the
calculated band gap for Cu,O is 0.76 eV, the optical ab-
sorption is negligible in the low-energy range up to 2.6
eV. This is a source of difficulty for a direct measurement
of the band gap by optical means, and indicates that the
symmetry of the wave functions near the band edge is
such that a direct transition at I" is forbidden. Elliott®!
was the first to point out the forbidden dipole transition
in Cu,O based on a detailed group-theoretical analysis.
Inspection of eigenfunctions for the triply degenerate
states at the top of the VB shows that these wave func-
tions contain no O s component, but contain the O p
components as well as the Cu s and Cu d orbitals, while
the bottom of the CB is dominated by the O s orbitals,
with substantial mixing from the Cu s and Cu d orbitals,
but none from the O p orbitals. Both states have no Cu p
components. At first sight, one would like to argue that
the s-p matrix element should be nonzero in such a transi-
tion. However, the unit cell contains two Cu,O mole-
cules, and the relative phases of the Bloch functions are

o, (10"sec™)

o, {10%sec™)

0 T T T "’: T

~
(o]

0 1 2 3 4 5 6
ENERGY (eV)

FIG. 10. Interband optical conductivity o,(w) for (a) Cu,O
and (b) CuO. Dotted lines in (b) show possible absorption
edges.
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such that the transition is forbidden at the zone center.
The absorption starts to become significant for photon
energies above 3.2 eV because a transition to the next-
higher CB states or for states along the X —-M direction
becomes possible. At I', the next-higher CB (doubly de-
generate), the Bloch states consist entirely of Cu p orbit-
als. The major structures in the o(E) curve for Cu,O are
at 3.79, 4.55, and 5.20 eV ( labeled A4, B, and C, respec-
tively), while the two minor structures (labeled E and F)
are at 4.03 and 4.94 eV. These structures can be account-
ed for by specific band-to-band transitions. Peak A origi-
nates from transitions involving the top VB states to the
first CB state along the X —M direction while peak C in-
volves transitions from the lower VB states to the same
first CB in the same direction. Peak B can be traced to
the transitions between a pair of almost parallel bands in
the R —-X direction. The big drop in o(E) between peaks
B and C is the reflection of the two leading peaks in the
VB DOS at —0.60 and —3.05 eV mentioned in Sec.
IV A. Above 5.7 eV there are multiple structures in o (E)
involving a more complicated pattern of transitions. We
will discuss these structures again in the next section, to-
gether with available data from optical measurements.

A similar interband optical calculation has been car-
ried out for the CuO crystal. We have assumed that tran-
sitions from the states below E to the empty hole states
near the top of VB are possible. Since one-electron
theory may not be fully applicable for a system like CuO,
this assumption ignores any possible correlation that may
be quite strong in the CuO crystal. The interband con-
ductivity of CuO is shown in Fig. 10(b), which is much
different from that of Cu,O in Fig. 10(a). The absorption
strength is generally smaller, and the spectrum lacks
sharp structures, as would be expected from a crystal of
low symmetry. Although a Fermi surface exists in CuQO,
absorption becomes significant only for photon energies
greater than 0.4 eV. It reaches a broad maximum at 1.0
eV, then drops to a minimum at 1.7 eV and reaches
another broad maximum at 2.3 eV. The first broad max-
imum in o(E) is obviously from the transition below Ep
to the empty intrinsic hole states near the top of the VB.
The minimum at 1.7 eV is, of course, the signature of the
semiconductor-like gap discussed previously. After
reaching another broad minimum at 4.4 eV, o(E) in-
creases gradually as a function of photon energy. Be-
cause the band structure of CuO is considerably more
complicated due to its low crystal symmetry, it is difficult
to make specific assignments of band-to-band transitions
in CuO.

The real and imaginary parts of the dielectric functions
extracted from the interband optical conductivity curves
and the Kramer-Kronig relation are shown in Figs. 11(a)
and 11(b) for Cu,O and CuO, respectively. The struc-
tures in the €(E) curves can be traced to the structures in
the o(E) curves and they will not be discussed in detail.
Of more importance is the value of the static dielectric
constant €,=¢€,(0). We obtained €,=3.7 for Cu,O and
12.3 for CuO. These two €, values are to be compared
with the experimentally determined values of 7.5 (Ref. 6)
and 12.0 (Ref. 53), respectively. It appears that for Cu,O
the calculated value is only about half the measured one.
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FIG. 11. Real (solid line) and imaginary (dashed line) parts of
the frequency-dependent dielectric function derived from the
conductivity function: (a) Cu,O and (b) CuO.

However, we must remember that the experimental value
is most likely deduced from the optical data, which inev-
itably involve other parameters such as the optical gap
and the reduced effective mass. A small €, value for
Cu,0 is not inconsistent with revised values for these pa-
rameters. It is also noteworthy that, although CuO has a
Fermi surface, and therefore will normally be regarded as
a metal, its calculated value of €, is comparable to those
of semiconductors such as Si and GaAs with ¢, values of
11.5 and 15.9, respectively. The €, value for CuO will be
even smaller if one only considers the interband transi-
tions from the occupied portion of the VB to the CB.
Thus, based on the magnitude of €;,, CuO should be re-
garded as a semiconductor-like material and not a metal,
in agreement with experimental observations.

VI. DISCUSSION AND COMPARISON
WITH EXPERIMENTS

Our band-structure calculations for Cu,O show it to be
a semiconductor with a direct band gap of 0.78 eV at T,
much smaller than the oft-quoted experimental gap value
of 2.2 eV. One would tend to reconcile this difference as
being due to the fact that local-density calculations gen-
erally underestimate the gap because of a failure to in-
clude self-interaction corrections or other types of many-
body corrections necessary for obtaining the correct ex-
cited states. However, we believe that, in the case of
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Cu,0, the experimentally determined E, is actually the
optical gap, while the band-structure calculation gives
the intrinsic gap. These two entities are definitely not the
same. As can be seen from the optical calculation of Sec.
V, the direct transition at I" is symmetry forbidden, and
the optical absorption in Cu,O becomes appreciable only
at photon energies above 2 eV. In fact, the calculated in-
trinsic gap value is very close to the reported activation
energy of 0.65 eV (Ref. 5) or 0.767 eV (Ref. 4). Whether
this activation energy involves intrinsic conduction or
transitions to impurity states near the CB edge has not
been completely clarified. Nevertheless, these
activation-energy values are certainly consistent with our
calculated value of the intrinsic gap. Although the accu-
racy of the calculated value is somewhat affected by the
local-density approximation and the numerical procedure
associated with the OLCAO method, we believe that the
intrinsic gap in Cu,O should be much smaller than the
optical gap determined experimentally. The reported
hole effective mass of Cu,O is 0.84m,® which is close to
the calculated values ranging from 0.46m to 1.02m for
the lighter bands along the [110] and [111] directions.

The band structure of CuO turns out to be most in-
teresting. The existence of intrinsic hole states at the top
of the VB is consistent with the reported p-type conduc-
tivity in CuO.* An interesting experimental measure-
ment of resistance in CuO as a function of pressure
showed a discontinuous drop of 4 orders of magnitude at
391 K at a pressure of 187 kbar, which was not observed
in other transition-metal oxides.” This was explained as
being indicative of the occurrence of some type of
pressure-induced phase transition in CuO. It is conceiv-
able that at such a high pressure the semiconductor-like
gap shown in Fig. 5 may collapse, transforming CuO into
a normal metal. It has been suggested,22 however, that
CuO belongs to the category of binary transition-metal
oxides generally characterized as Mott insulators, such as
CoO or NiO. For such compounds the prevailing con-
sensus appears to be that one-electron band theory is
inadequate to describe the ground-state electronic struc-
ture. Thus our calculation for CuO is to be considered
exploratory rather than confirmatory. Spin-polarized
band-structure calculations** for NiO showed Ej to lie in
a small gap, in contrast to a finite DOS at E in the
present calculation. Neutron-scattering studies?®> on CuO
crystals indicated antiferromagnetic ordering at 220 K
with a moment of 0.68u, per Cu, which is significantly
smaller than 1.81up for Ni in NiO. It is not clear to
what extent this magnetic ordering will affect the
ground-state electronic structures of CuO. These
differences and the fact that CuO has a much more com-
plicated monoclinic structure tend to suggest that CuO
may belong to a different category than the usual
transition-metal oxides.

Optical measurements on cuprous oxide in the ultra-
violet region have been performed.! The spectra were in-
terpreted in terms of whatever band-structure informa-
tion was available at the time. Our first-principles calcu-
lation of optical properties presented above makes inter-
pretation of such data much easier. In Fig. 12 we com-
pare the measured and the calculated €,(w) curves for
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12 P, direct dipole transition is forbidden by the selection rules

P i P, between the Bloch states of the CB and VB edges. The

104 3 El‘\fv"\‘/ﬁ‘l same selection rules also forbid the excitonic-state n =1

o P2 j Vo \\ (s state) transition to the O p state in the VB. This

8 i 7 “‘ ;' \ feature is confirmed by the missing # =1 line of the exci-

—_ N\ tonic yellow series'? in Cu,O. The excitonic spectrum is

3 6 ’ 7 given by

o
)

41 v,=v,—R'/n?% n=123,... )

2 where R’ is the effective Rydberg constant given by

R'=R(u*/m,)/€}, and R is the hydrogen Rydberg con-

0 T T T T T stant. u* is the excitonic reduced mass and ¢, is the in-

2 3 4 S 6 7 8 terband static dielectric constant. v, was experimentally

fiw (eV) determined to be 2.164 eV by fitting to the excitonic Ryd-

FIG. 12. Comparison of the experimental (Ref. 1) and the
theoretical €,(w) curves. A shift of about 1 eV for the experi-
mental curve has been applied.

Cu,0. The experimental curve is shifted by about 1 eV
to make the peak structures align. Five prominent struc-
tures in the experimental curve, labeled P1, P2, P3, P4,
and PS5, can be identified. The first two peaks, P1 and
P2, at 2.54 and 2.69 eV, were interpreted to result from a
transition to the excitonic levels.!*»!* Peaks P3 and P4,
at 3.58 and 4.34 eV, were attributed to band-to-band
transitions. P5 at 5.43 eV is really a sharp edge beyond
which the absorption drops rapidly. To our surprise,
other than the exciton-related peaks P1 and P2 all other
structures were reproduced by the theoretical calculation,
although an overall shift in the theoretical curve was
needed. The need for such a shift could be of experimen-
tal origin related to the gap determination, or it could be
due to the presence of excitonic levels which, in turn,
may affect the optical spectrum. Nevertheless, the close
agreement in the calculated €,(w) curve with the mea-
sured one cannot be considered as fortuitous, especially
when the relative separations of the peak positions are so
very close. The experimental separation between P3 and
P4 is 0.76 eV. The range of the plateau from P4 to the
edge PS5 is 1.09 eV. The calculated values for these two
separations are 0.76 and 1.08 eV, respectively. The big
minimum between P3 and P4 that was discussed earlier
in the o(E) curve is also well reproduced. Some addi-
tional small structures between P4 and PS5 are also visi-
ble. The most unmistakable signature of the spectrum is
the huge minimum between P3 and P4, which was well
reproduced by the calculation.

The above discussion tends to support the earlier con-
clusion that the intrinsic gap in Cu,O should be much
smaller than the long-quoted value of nearly 2.2 eV, since
a shift to the lower transition energy is required to align
the calculated peaks with the experimental ones. Howev-
er, it is also conceivable that the energy scale in the ex-
perimental curve was not accurately determined. There-
fore, more accurate optical measurements with single-
crystal Cu,O are called for. As discussed earlier, the

berg series.!? This threshold frequency is the same as the
value obtained from the optical-absorption edge. It is
likely that it is the optical gap, because the same selection
rules that govern the forbidden dipole transition between
the CB O s electronic state to the VB O p electronic state
also govern the excitonic s state to the VB O p state. If
the formation of the excitonic states is due to the
Coulomb binding between the VB O p hole state and the
lowest CB O s state, then it follows from the angular-
momentum addition that no total L =0 state can be ob-
tained, and thus the » =1 state must be absent in such an
exciton. In the yellow series it was observed experimen-
tally'? that a quadrupole transition occurs that reveals
the presence of the n =1 excitonic level. We can there-
fore conclude that the yellow excitonic series comes from
the binding between the O p VB hole state with the next-
higher CB state, which is dominated by the Cu p orbitals.
If this is the case, v, in (2) is the same as the optical gap,
which is close to the second-lowest CB at T, not the in-
trinsic gap. Gross'? had actually pointed out the possibil-
ity of having exciton lines in the higher-CB spectrum.
The unavailability of a realistic band structure for Cu,O
had prevented previous researchers from making a more
precise interpretation.

Our new interpretation of the yellow excitonic spectra
also leads to a significantly different interpretation of
what constitutes the excitonic effective mass. Although
the O s CB effective mass is quite well defined and rather
isotropic, as discussed in Sec. IV A, the Cu p CB electron
is not as isotropic. Like the VB O p state, its effective
mass ranges from 0.20m to 0.53m depending on which
state is at I'. The excitonic reduced mass between one of
the O p states in the VB and one of the p states in the CB
can range from 0.12m to 0.48m. Hence, from the exci-
tonic spectra, we can easily deduce the interband dielec-
tric constant €, to range from 3.7 to 7.4, which is con-
sistent with the calculated value from the interband opti-
cal conductivity. Had we used the u* value deduced
from the lowest-CB effective mass, the €, value would be
considerably larger. Therefore, it is our belief that the
experimental data on the excitonic spectra are consistent
with a small direct intrinsic gap of 0.8 eV and a small
dielectric constant of about 4 for Cu,O. Both excitonic
and optical spectra involve transitions from the top of the
VB to the next-higher CB rather than to the lowest CB.

We are not aware of any direct optical measurement on
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single-crystal CuO samples. Koffyberg and Benko>?
made a photoelectrochemical determination of the CB
and VB edges in a lithium-doped p-type CuO polycrystal.
By relating the energy dependence of the quantum
efficiency n to the optical-absorption coefficient, they
have identified two well-defined absorption edges at 1.35
and 3.25 eV and a small maximum at 1.17 eV. The first
edge was interpreted as the indirect gap and the second
as arising from direct transitions from the low-lying O
states to the CB, while the occurrence of the small max-
imum was unexplained. These data are not inconsistent
with our optical calculation based on first-principles band
structure. In the o,(E) curve for CuO [Fig. 10(b)], if we
extrapolate the edges at the two minima as indicated by
the dotted lines in Fig. 10(b), they intercept the energy
axis at 1.3 and 3.6 eV, close to the observed edges. The
unexplained small maximum can be identified as the first
broad maximum at 1.0 eV in Fig. 10(b), which arises from
the transitions from the states below Ep to the unoccu-
pied intrinsic hole states. However, because of the strong
correlation effects in CuO for states near the gap, and the
fact that the experimental measurement was not a direct
optical measurement on well-characterized samples, it is
premature to draw a more definitive conclusion. Many of
the band assignments for CuO in Ref. 52 remain tentative
because of the unavailability of reliable band structure at
that time.

Photoemission experiments on copper oxides have been
performed by several groups.’®?° The most recent and
detailed study was done by Ghijsen and co-workers.??
They have studied the electronic structures of both Cu,O
and CuO by x-ray photoemission spectroscopy (XPS), ul-
traviolet photoemission spectroscopy (UPS), and Auger-
electron spectroscopy for the VB and the core levels and
by bremsstrahlung isochromat spectroscopy (BIS) for the
CB. They have concluded that the experimental data
were consistent with band theory in the case of Cu,O, but
disagreed with the band result in the case of CuO because
of strong correlation effects. We shall compare our re-
sults with their measurements. In Fig. 13(a) we compare
our broadened total DOS (convoluted with a Gaussian of
0.3 eV) with the UPS data with a Hell source. These
particular data are chosen for comparison because, for
He11, the O 2p and Cu 3d photoionization cross sections
are comparable, so that the measured count is directly
proportional to the total VB DOS without the need for
additional scaling in the calculated DOS. The leading
peak at —1.2 eV in the theoretical curve is shifted by
0.65 eV so as to align with the experimental one. As can
be seen, there is excellent agreement in the two DOS
spectra. All the peaks are reproduced, especially the ma-
jor peak at —3.0 eV and the double peak in the —6 to
—8 eV range. Furthermore, the presence of a shoulder at
—3.7 eV is also quite evident.

A similar comparison for CuO is presented in Fig.
12(b). Here the agreement is less satisfactory. After a
shift of 0.37 eV in the theoretical curve aligning the main
Cu 3d peak at —2.9 eV, there is general agreement for
the DOS in the 0 to —8 eV range. The shoulder at —1.7
eV is well matched and the peak at —5.6 eV in the
theoretical curve appears as a broad shoulder in the ex-
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FIG. 13. Comparison of broadened valence-band DOS with
experimental photoemission spectrum (Ref. 22, He 11 source):
(a) Cu,0 and (b) CuO. See text for detail.

perimental data. However, there are two major disagree-
ments. First, the calculation shows a finite DOS at the
Fermi level due to the existence of the intrinsic hole pop-
ulation at the top of the VB, while the experimental data
seem to suggest an edge at the gap. Second, the experi-
mental data show additional ‘“‘satellite” structures in the
—10 to —12 eV range that are not reproduced by the cal-
culation. The presence of these satellite structures has
been attributed to the involvement of the two Cu 3d hole
states in the one-electron removal spectrum, which can-
not be adequately described by conventional one-electron
band theory.’>>® These two disagreements appear to
come from the same source of strong correlation effects
for states near the top of the VB. However, we should
also be cautious in drawing such conclusions because
photoemission experiments are very sensitive to surface
conditions and sample contamination and, as such, a
small DOS at E; may not be detectable.

The broadened CB DOS for Cu,O up to 18 eV is
shown in Fig. 14(a), together with the BIS data from Ref.
22. It can be seen that the major structures at 2.9 eV can
be roughly reproduced after a small downward shift of
about 0.5 eV, thus again suggesting that the calculated
gap should be smaller to account for this shift. The CB
DOS shows much more structure than the experimental
data even after a sizable smoothing of the calculated
curve. Therefore the agreement between theory and ex-
periment for the CB states in Cu,O is not as impressive as
for the VB shown in Fig. 12(a). With increased resolu-
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FIG. 14. Comparison of broadened conduction-band DOS
with experimental BIS spectrum (Ref. 22): (a) Cu,O and (b)
CuO. See text for detail. .

tion in the BIS spectra, some of the calculated structures
may be better resolved.

In Fig. 13(b) we make a similar comparison for CuO

without any shift in the calculated curve. With the ex-
ception of the leading peak, there is excellent agreement
in all the peak structures from 4 up to 18 eV. The calcu-
lation fails to reproduce the leading peak at 1.9 eV. This
is the same disagreement for states near the Fermi level
discussed earlier in the VB spectra, and it reflects the
general failure of the band calculation for states near E.
Ironically, for the states high in the CB the agreement
with experiment is better in CuO than in Cu,O. It is
difficult to understand why the structures in the CB for
CuO are better resolved than for Cu,0O, especially when
band theory is not expected to work well for CuO. If we
identify the peak at 0.6 eV in the DOS of CuO where the
intrinsic hole states lie as the leading experimental peak
at 1.9 eV in the BIS spectra, the difference of 1.3 eV can
probably be related to the degree of correlation for the
states at the top of the VB. More realistic estimates
should include the total-energy calculation®® for both the
ground state and the excited state for CuO. Unfortunate-
ly, such a calculation will be prohibitively difficult for a
system like CuO. Thus, apart from the disagreement due
to correlation effects of the d-shell hole in CuO, the
overall agreement of the calculated band for CuO with
experiment is better than expected.

VII. CONCLUSIONS

We have calculated the band structures and the inter-
band optical properties of Cu,O and CuO crystals using a
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first-principles method. This is the first time the band
structure of CuO has been studied in detail. By compar-
ing with different experimental measurements, it is safe to
say that band theory can adequately predict the ground-
state properties of the Cu,O crystal. For CuO there is
evidence that one-electron theory may not be adequate in
interpreting the photoemission experiments, especially
for the states near the top of the VB. It is argued that
CuO may not be in exactly the same category as the
transition-metal monoxides collectively known as Mott
insulators. The nature of the intrinsic hole states at the
top of the VB as calculated by one-electron local-density
theory is not well understood and certainly warrants a
more detailed study. Experimentally, CuO behaves like a
semiconductor, yet the calculation shows it to be
semiconductor-like with a Fermi surface below a well-
defined gap. Many of the newly discovered high-T, oxide
superconductors have CuO as an important ingredient
and show similar characteristics in their band structures,
namely the existence of a semiconductor-like or
semimetal-like gap, and a Fermi surface.”” Therefore,
further study of CuO oxide could add to the understand-
ing of the normal-state properties of the superconducting
oxides.

The calculation of interband optical conductivity is
very revealing. There are no direct optical data on CuO
available, but our calculated result is in line with the in-
direct photoelectrochemical measurement. Our theoreti-
cal calculations on CuO crystal will certainly be valuable
for the interpretation of any future experimental data. In
the case of Cu,O the calculated spectrum is in very good
agreement with the optical measurement if a shift in the
energy scale is applied. This brings up an important
point: The actual intrinsic gap in Cu,O crystal is much
smaller than the oft-quoted experimental gap that was de-
duced from the optical data. However, the strength of
optical absorption is negligible for photon energies below
the optical gap. This is because the symmetries of the
wave functions at the I' point are such that they are
dipole-transition forbidden. The clarification of these
two different gaps is important because many other ex-
perimental data may be interpreted differently. For ex-
ample, the static dielectric constant €, may have been de-
rived from the optically measured excitonic levels and the
assumed gap value. Our calculated €, value as well as the
intrinsic gap value are much smaller than the experimen-
tal values, but they still give a numerically correct value
for the Rydberg constant as deduced from the excitonic
spectra. It appears that our calculations have clarified
long-standing confusion regarding some of the important
fundamental constants in Cu,O crystal. We conclude
that the intrinsic gap in Cu,O is of the order of 0.8 eV,
while the dielectric constant should be of the order of 4.
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