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The geometries and electronic structures of CuAl1−xCrxO2 have been investigated using density-functional
1
theory with on-site corrections for strongly correlated systems 共GGA+ U兲 for x = 0 , 2 , 1. Al is found to be well
described within the ionic model, with a valence charge corresponding to a +3 oxidation state. Substituting Cr
for Al is predicted to increase the density of states at the top of the valence band, in agreement with experimental x-ray photoemission spectroscopy data. Analysis of atom-projected densities of states and valence
charges suggests that this is due to increased covalency between Cr and O; the valence charge for O in the
Cu-O-共Al,Cr兲 subunits changes from −1.74 to ⬃−1.25 when Cr replaces Al. This produces an indirect oxygenmediated change to the Cu d states.
DOI: 10.1103/PhysRevB.79.035101

PACS number共s兲: 71.20.⫺b, 72.80.Ga, 71.15.Mb

I. INTRODUCTION

The coexistence of electrical conductivity and optical
transparency in a single material was first observed for cadmium oxide films in the 1950s.1 This combination of technologically useful properties has numerous potential applications, including solar cells, flat panel displays, electromagnetic shielding devices, light-emitting diodes, and transparent heat sources.2 It is hoped that such transparent conducting oxides 共TCOs兲 may be used in the fabrication of
functional p-n junctions, making possible a variety of transparent electronic devices. To prevent adsorption of visible
photons TCO materials should have an optical band gap
greater than 3 eV and to ensure concomitant conductivity
should possess carrier concentrations of at least 1020 cm−3.
In contrast with archetypal TCOs such as ZnO, In2O3, and
SnO2, which are intrinsically n-type,3 p-type TCOs have
proved more elusive. In wide-band-gap oxides the top of the
valence band is predominately composed of O 2p states. Traditional p-type doping approaches fail, as holes introduced to
the valence-band edge are trapped on oxygen atoms and cannot migrate.4 Effective transport of positive holes requires
disperse electronic states at the top of the valence band. Suitable covalent states can be generated by coupling the electronic states of oxygen with those of metals that possess
closed-shell valence electronic configurations, typically
those with complete low-binding-energy d shells, such as Cu
and Ag.5
One of the first reported p-type TCOs was CuAlO2, which
adopts the delafossite mineral structure 共CuFeO2兲.6 In this
structure each Cu atom is linearly coordinated between two
oxygen atoms, forming O-Cu-O dumbbells parallel to the c
axis 共Fig. 1兲. Oxygens in these O-Cu-O units are also coordinated to three Al atoms, oriented such that Al-centered octahedra form AlO2 layers which lie parallel to the ab plane.
Two alternative layer stackings are possible, resulting in a
hexagonal 共space group P63/ mmc兲 or rhombohedral 共space
group R3-mh兲 unit cell.7 An optical band gap of 3.5 eV ensures transparency in the visible region.8
When Al is replaced with other metals—e.g., Ga, In, and
Sn—the delafossite structure and wide band gap are main1098-0121/2009/79共3兲/035101共7兲

tained and such doped materials have been the subject of
experimental interest.9 Bipolar doping of CuInO2 has been
achieved with Ca 共p-type兲 and Sn 共n-type兲 dopants.10,11
CuCrO2, with an optical band gap of ⬃3.08 eV, has recently
been the focus of interest as a p-type TCO,12 with Mg-doped
CuCrO2 having the highest reported p-type conduction of
any delafossite-structured TCO.13 Studies are now focusing
on improving the conductivity of CuCrO2 by doping with
other divalent dopants, such as Ni 共Ref. 14兲 and Cd.15
Numerous computational and theoretical studies of p-type
TCO materials have been published, but in the case of
CuAlO2 these have tended to neglect the underlying chemistry in favor of analyses of the effects of doping on the band
structure.16–20 In CuAlO2, the effects of Cu and Al vacancies,
and Be, Mg, and Ca dopants, have been investigated
using local-density approximation 共LDA兲-based linearized
augmented-plane-wave 共LAPW兲 calculations.16 This study
suggested that the most promising defects for improving
p-type conductivity are Cu vacancies and Be doping at Al
sites. Nie et al.19 also employed LDA within the LAPW
method to investigate bipolar doping and band-gap anomalies in delafossite TCOs. The calculated band structures for
CuAlO2, CuGaO2, and CuInO2 show an indirect fundamental
band gap, in agreement with band structures for the hexagonal CuAlO2 structure calculated by Robertson et al.18 Layer
stacking has little effect on the minimum gap, with an indi(a)

(b)

(c)
O1

O2

FIG. 1. 共Color online兲 The crystal structures of 共a兲 CuAlO2, 共b兲
CuAl0.5Cr0.5O2, and 共c兲 CuCrO2. Red atoms are O, blue Cu, green
Al, and gray Cr. The two O sites that are inequivalent in
CuAl0.5Cr0.5O2 are labeled in the middle panel.
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Volume
a
c

CuAlO2

CuAl0.5Cr0.5O2

CuCrO2

81.79
2.885共+0.7%兲
11.340共+0.2%兲

86.95
2.965
11.418

92.50
3.055共+2.9%兲
11.416共+0.1%兲

rect gap of 2.1 eV predicted for both the hexagonal and
rhombohedral sequences. An LDA study of native defects in
CuAlO2 was also carried out by Hamada and
Katayama-Yoshida,20 which concluded that Cu vacancies
and O interstitials are the relevant defects and that control of
the copper and oxygen partial pressures is essential for the
fabrication of low-resistivity CuAlO2.
II. THEORETICAL METHODS

Here we report calculations on the electronic structure of
CuAl1−xCrxO2 for x = 0 , 21 , 1. All calculations were performed
using the periodic density-functional theory 共DFT兲 code
VASP,21 in which valence electronic states are expanded as a
set of plane waves, and core electrons are described through
the projector augmented wave approach,22 with cores of 关Ar兴
for Cu, 关Ar兴 for Cr, 关Ne兴 for Al, and 关He兴 for O. The
Perdew-Burke-Ernzerhof23 gradient corrected functional was
used with corrections for on-site Coulomb interactions for
strongly correlated systems 关generalized gradient approximation 共GGA兲 + U兴.24 GGA typically underbinds localized orbitals such as metal d states and the +U modification provides
an approximate correction for this shortcoming.25 The values
of U employed were 5.2 eV for the Cu d states, which
closely reproduces features of the experimental x-ray photoemission spectroscopy 共XPS兲 for Cu2O, and is close to the
effective U value of 5 eV used for Cu2O by Raebiger et al.;26
and 4 eV for the Cr d states, which reproduces the valenceband features of Cr2O3.27 All calculations were performed on
eight atom hexagonal unit cells, using a 9 ⫻ 9 ⫻ 5
Monkhorst-Pack k-point mesh and a 500 eV plane-wave cutoff. The calculations on both systems containing
open-d-shell Cr atoms were spin polarized. Geometric relaxations were performed, which were deemed to be converged
when the forces on all the atoms were less than
0.001 eV Å−1.

TABLE II. Nearest-neighbor interatomic distances 共in Å兲 for
CuAlO2, CuAl0.5Cr0.5O2, and CuCrO2.

Cu-O 共Al兲
Cu-O 共Cr兲
Al-O
Cr-O

CuAl0.5Cr0.5O2

1.866

1.865
1.846
1.958
2.008

1.928

CuCrO2
1.844
2.032

A. CuAlO2

Table II lists the nearest-neighbor interatomic distances
for the optimized structures. In CuAlO2 the Cu ions are linearly coordinated to two equidistant oxygen atoms at
1.866 Å. The Al-O distances in the Al-centered coordination
octahedra are 1.928 Å. These bond lengths are in excellent
agreement with experiment.7,29 The calculated band structure
is shown in Fig. 2. The conduction-band minimum 共CBM兲 is
at ⌫ and a broad valence-band maximum 共VBM兲 is found
along H-K, and extending past K along the K-⌫ direction, in
good agreement with previous calculations.18,30 Robertson et
al.18 previously predicted the VBM to be at L, and the
highest-occupied band at this k vector for the band structure
presented here is only 0.1 eV below the VBM. The band gap
is indirect and measures 2.2 eV. This is overestimated compared to the value of 1.8 eV obtained from optical-absorption
experiments,8 although it has been proposed that intrinsic
defect levels in experimental samples decrease this experimental value.18 The smallest direct band gap is at ⌫ and
measures 3.1 eV, compared to the experimental value of 3.5
eV.8
The calculated total and partial 共ion decomposed兲 electronic densities of states 共EDOS/PEDOS兲 for CuAlO2 are
shown in Fig. 3. The PEDOS were calculated by projecting
the wave functions onto atom centered spherical harmonics,
using radii of 1.4 Å for Cu, 1.2 Å for Al, and 1.4 Å for O.
The ratios are consistent with the positions of minima observed in valence-charge-density plots and result in the cor10

5

III. RESULTS

Structural optimizations at a series of volumes were performed for CuAlxCr1−xO2 共x = 0 , 21 , 1兲, allowing the atomic
positions and lattice vectors and angles to relax within a
constrained total volume. The equilibrium cell volume was
obtained by fitting the resulting energy-volume curve to the
Murnaghan equation of state.28 The cell parameters thus obtained are listed in Table I, and the resulting structures are
plotted in Fig. 1. The optimized lattice vectors are overesti-

CuAlO2

mated as is expected with GGA, yet remain within 2.9% of
experimental values.7,29

Energy (eV)

TABLE I. Structural data for the DFT-GGA+ U optimized
1
CuAl1−xCrxO2 共x = 0 , 2 , 1兲 structures and percentage error with respect to experimental data 共Refs. 7 and 29兲. Lattice dimensions are
given in Å and volumes in Å3.
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FIG. 2. The electronic band structure of CuAlO2 along the highsymmetry points, plotted with reference to the top of the valence
band at 0 eV. The valence-band–conduction-band gap is shaded.
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FIG. 3. 共Color online兲 The electronic density of states for
CuAlO2. 共a兲 Total EDOS, 共b兲 Cu PEDOS, 共c兲 Al PEDOS ⫻2 and
共d兲 O PEDOS ⫻2. The blue lines represent d states, green s states,
and red p states.

rect number of total electrons in each system. Four peaks are
distinguishable in the valence band at −7, −5, −3, and −1 eV
共labeled I–IV兲, which is consistent with recent XPS measurements reported by Aston et al.31 The conduction band displays a narrow peak between +2 and +4 eV, labeled V, with
a second broad peak above 6 eV.
The Cu PEDOS is dominated by 3d states between −4
and −1 eV, corresponding to peaks III and IV in the EDOS.
There are also Cu 3d states between −8 and −4 eV, indicating a degree of covalent bonding with oxygen. The Al PEDOS shows a very small valence-band contribution concentrated between −8 and −4 eV which consists mainly of 3s
and 3d states. The observed contribution is mainly due to the
overlap of the projected spherical harmonics with charge on
neighboring O atoms and is not significant. In the conduction
band the onset of Al states does not occur until +5 eV. The
Al contributions to the EDOS are small, as is expected for an
atom which is often well described by a fully ionized +3
oxidation state, and Al makes an insignificant contribution to
the states determining the electronic conduction properties.
The O PEDOS displays all five peaks observed in the EDOS.
Peak I is O 2p in nature, with peak II also mainly O 2p,
although with additional Cu 3d states present. Peak III is
mostly Cu 3d with some O 2p contribution, while peak IV
contains a mixture of O 2p and Cu 3d states. The bottom of
the conduction band and top of the valence band both consist
of states derived from a mixture of Cu 3d and O 2p.
B. CuAl0.5Cr0.5O2

Introducing Cr into the Al lattice sites in alternating ab
layers has a significant effect on the structure, as can be seen
by considering bond lengths. As shown in Fig. 1共b兲, oxygen
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FIG. 4. The electronic band structure of CuAl0.5Cr0.5O2 along
the high-symmetry points, plotted with reference to the top of the
valence band at 0 eV. The valence-band–conduction-band gap is
shaded. The upper panel shows the ␣-spin bands and the lower the
␤-spin bands.

atoms now exist in two environments: O1 situated between
Cu and Cr and O2 which is coordinated to Cu and Al. The
bond lengths are given in Table II. The Cu-O1 bond length
decreases to 1.85 Å, relative to the Cu-O distance in
CuAlO2 of 1.87 Å, whereas the Cu-O2 bond length is unchanged. The Al-O2 bond length is also unchanged from the
CuAlO2 value of 1.93 Å, indicating the local O coordination
environment is only dependent on the identity of the directly
bonded atoms. The Cr-O bond length is 2.01 Å.
The calculated band gap is indirect and measures 2.2 eV,
unchanged from CuAlO2. However, the band structure 共Fig.
4兲 shows that the CBM is no longer at ⌫ but occurs along the
line from L to A, with the VBM appearing just off K in the
direction of ⌫. Along the same K-⌫ direction but closer to ⌫,
there is a direct band gap of 2.8 eV, and a second direct gap
of 2.8 eV is found along L-A close to L.
The EDOS and PEDOS for CuAl0.5Cr0.5O2 for both ␣and ␤-spin components are shown in Fig. 5. The PEDOS
were calculated using the same ionic radii as for CuAlO2,
with 1.2 Å used for the Cr radius. Five regions are noted and
labeled I–V as for CuAlO2. Region I makes up the bottom of
the conduction band and is mostly O 2p in origin, with some
contribution from Cr. The O1 PEDOS itself is spin polarized,
in response to the direct contact with spin polarized Cr ions.
On substitution at the Al site, Cr adopts a formal oxidation
state of Cr共III兲 producing a 3d3 ion. The approximately octahedral crystal field removes the d orbital degeneracy and
increases the energy of the eg states. The favored electronic
3
. Peaks III and IV are
configuration is thus high spin t2g
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FIG. 6. The electronic band structure of CuCrO2 along the highsymmetry points, plotted with reference to the top of the valence
band at 0 eV.
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FIG. 5. 共Color online兲 The electronic density of states for
CuAl0.5Cr0.5O2. 共a兲 Total EDOS; 共b兲 Cu PEDOS; 共c兲 Cr PEDOS
⫻2; 共d兲 Al PEDOS ⫻4; and 关共e兲 and 共f兲兴 O PEDOS ⫻3. The blue
lines represent d states, green s states, and red p states.

mainly Cu 3d, both with some Cr 3d and O 2p characters.
The Cr contribution to IV increases the density of states at
the top of the valence band, relative to that for CuAlO2. The
appearance of a small shoulder at −1 eV for the ␣-spin component is due to a change in the O1-Cu interaction, caused
by the presence of the adjacent Cr. The bottom of the conduction band 共V兲 is dominated by Cr states, with the onset of
the Al states at 6 eV. Compared to CuAlO2, oxygen contributes more strongly to the bottom of the conduction
band—O1 in particular—indicating a significant O1-Cr interaction which is absent for O2-Al, which is likely to be responsible for the change in k vector of the VBM on doping
from CuAlO2 to CuAl0.5Cr0.5O2.

sites introduces the possibility of magnetic ordering within
3
the periodicity of the simulated unit cell. Due to the t2g
configuration, antiferromagnetic 共AF兲 interactions are stabilized,
while ferromagnetic 共FM兲 interactions result in no net energy
gain. The calculated energy difference between the AF and
FM configurations is small at 20 meV/ f.u., consistent
with the low Curie temperature reported in experiment.33
The EDOS of CuCrO2 共Fig. 7兲 is similar to that of
CuAl0.5Cr0.5O2. In CuAl0.5Cr0.5O2, however, the Cr PEDOS
displays two peaks at −2.5 and −1 eV of approximately
equal height, whereas for CuCrO2 the peak at ⬃−2.5 eV
dominates. The Cu peak shape is also affected: the shoulder
to the left of the maximum just below −2 eV is less pronounced and a second shoulder now appears to the highenergy side of the main peak. The bottom of the conduction
band is predominantly Cr in nature, with the contribution
III
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The CuCrO2 bond lengths are listed in Table II. The Cu-O
distance is marginally changed at 1.84 Å and the Cr-O bond
lengths have extended to 2.03 Å, which is consistent with
diffraction data.32 The band structure 共Fig. 6兲 again exhibits
an indirect band gap, here of 2.04 eV, while the direct gap
measures 2.55 eV and is found near M along M-⌫. For
CuCrO2 there is an experimentally demonstrated redshift in
the experimental optical absorption relative to CuAlO2. As is
the case for CuAl0.5Cr0.5O2, the CBM is centered between L
and A and the VBM is situated at M. The presence of two Cr
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TABLE III. Bader partial electron charges for CuAlO2,
CuAl0.5Cr0.5O2, and CuCrO2.

Cu
Al
Cr
O1
O2

CuAlO2

CuAl0.5Cr0.5O2

CuCrO2

+0.49
+3.00

+0.57
+3.00
+1.92
−1.23
−1.78

+0.58

−1.74
−1.74

CuCrO2

-10

+1.93
−1.25
−1.25

from O 2p states now extending up to ⬃5 eV due to increased interaction with the Cr 3d states.

-8

-6

-4

-2

0

-6

-4

-2

0

CuAlO2

-10

-8

Energy (eV)

IV. DISCUSSION

Using Bader partial charge analysis, it is possible to quantify how the distribution of charge changes as Cr progressively replaces Al. Bader charges also give an indication of
the applicability of an ionic description to the charge distribution. The calculated charges are listed in Table III. For
CuAlO2, this gives charges of +3e for Al, +0.49e for Cu, and
−1.74e for O. Al is well described by a formal ion in a +3
oxidation state. The charges for Cu and O are less than those
expected from purely ionic considerations, which agrees
with the interpretation of the PEDOS that there is covalent
mixing between Cu and O to form the valence-band states.
Charge analysis of CuAl0.5Cr0.5O2 gives charges of
+0.57e for the Cu, +3e for the Al, −1.23e for O1, −1.78e for
O2, and 1.92e for Cr. Again Al is well described as fully
ionic. Cu is slightly more ionic than in CuAlO2, and O1 is
significantly less ionic, while Cr is less ionic than the Al it
replaces. This indicates partial charge transfer from O1 to Cr
and a reduced amount of charge transfer from O1 to Cu and
supports the interpretation of the PEDOS that Cr contributes
significantly to the top of the valence band and bottom of the
conduction band.
For CuCrO2 charges of +0.58e for Cu, +1.93e for Cr, and
−1.25e for O are found, indicating valence charge distributed
between all three species. Both O are less ionic than in
CuAlO2, with charges close to that for O1 in CuCrO2, as is
expected since both Al sites have been occupied by Cr. The
valence electron density supports an indirect Cr-Cu interaction, mediated through the oxygens with which Cr now is
directly hybridized. This contribution of Cr to the band edges
produces the flattening of the CBM seen in the band structure, due to the localized nature of the 3d states compared to
the dispersive cation-s-derived CBM in CuAlO2 共Fig. 6兲.
Figure 8 shows simulated spectra for CuAlO2 and
CuCrO2. These have been constructed by performing
weighted summations of the atom-projected densities of
states. The coefficients used are the calculated scattering
cross sections as given in Ref. 34. These simulated spectra
can be compared directly to experimental XPS data of Cr
doping in CuAlO2 共Ref. 35兲 共Fig. 9兲. The lower panel of Fig.
8 共CuAlO2兲 shows good agreement with the experimental
line shape. In particular, the main peak at −3 eV displays a
shoulder on the left which is also seen in the experimental

FIG. 8. 共Color online兲 GGA+ U cross-section weighted DOS for
CuCrO2 共top兲 and CuAlO2 共bottom兲. In each case the black curve is
the summed DOS. The atom specific components are shown as red
共Cu兲, blue 共O兲, violet 共Cr兲, and green 共Al兲.

XPS. For CuCrO2 共upper panel of Fig. 8兲 the shoulder to the
left of the main peak is smaller than in CuAlO2 and a second
shoulder is seen to the right. Again these features are observed in the experimental CuCrO2 XPS. The large scattering
cross section of Cu 3d states 共1.20 kb兲 compared with Cr 3d
states 共0.18 kb兲 means this change in features is not due to a
direct probing of Cr states produced on doping since these
contribute minimally to the simulated spectra. Instead a
change in the distribution of Cu states is observed, which is
brought about by the presence of Cr, through an indirect
interaction via the mutually bonded O atoms. This produces
hybridized states at the top of the valence band, as seen
above in the calculated DOSs 共Figs. 3 and 7兲.

CuCrO2

CuAl0.75Cr0.25O2

CuAlO2
10

8

6

4

2

0

Binding energy (eV)

FIG. 9. Experimental XPS valence band of CuCrO2 共top兲,
CuAl0.75Cr0.75O2 共middle兲, and CuAlO2 共bottom兲 共Ref. 35兲.
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In light of this it is constructive to examine the work of
Nagarajan et al.13 who compared the p-type conductivity of
Mg-doped CuCrO2, CuScO2, and CuYO2. They found decreasing conductivity across this series, which tracks an increase in the size of the M 3+ ion and a consequent increase in
the Cu-Cu distance. They therefore proposed that increased
overlap between Cu d bands produces better charge mobility.
The in-plane Cu-Cu distance, however, is clearly not the only
factor determining conductivity on Mg doping since Mgdoped CuAlO2 displays a lower conductivity than Mg-doped
CuCrO2,13 despite the Cu-Cu distance being smaller in the Al
based delafossite. Our results indicate that the occupied
Cr 3d states interact covalently with the neighboring O atoms and hence indirectly modify the Cu 3d states, an effect
which the 2p6 Al atoms are unable to produce. This increases
the density of states at the top of the valence band, which are
precisely those states expected to determine the mobility of
p-type charge carriers formed on doping. It is therefore likely
that chemical differences between Cr, Sc, and Y also play a
role in determining the relative conductivities of these materials when doped to form p-type conductors.
V. CONCLUSION

The electronic structure and geometries of CuAlO2,
CuAl0.5Cr0.5O2, and CuCrO2 have been investigated using
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