
Probing the valence band structure of Cu2O using high-energy angle-resolved
photoelectron spectroscopy

Anneli Önsten,1,* Martin Månsson,1 Thomas Claesson,1 Takayuki Muro,2 Tomohiro Matsushita,2 Tetsuya Nakamura,2

Toyohiko Kinoshita,2 Ulf O. Karlsson,1 and Oscar Tjernberg1

1Materials Physics, Royal Institute of Technology KTH, S-164 40 Kista, Sweden
2Japan Synchrotron Radiation Research Institute (JASRI), SPring-8, Sayo, Hyogo 679-5198, Japan

�Received 14 June 2007; published 26 September 2007�

We present angle-resolved photoemission data along the M-�-M direction from a Cu2O�111� single crystal,
collected at high photon energies �h�=619 and 891 eV� and T=100 K. Because of the high photon energies
and effective background subtraction, our data give a clear picture of the bulk band structure. The results
confirm the existence of a hybridized Cu 3d–Cu 4s state located between the two main Cu 3d and O 2p band
regions. Several theoretical studies have predicted the existence of this band, but until now it has not been
detected in any photoemission measurements. The experimentally derived band structure is compared to local
density approximation calculations with and without the Hubbard potential U. The clear band dispersion in our
experimental data has enabled us to extract a refined Hubbard U value, which makes it possible to achieve a
better agreement between theoretically calculated bands and experimental data.
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I. INTRODUCTION

Cuprous oxide, Cu2O, is a p-type semiconductor with a
direct band gap of 2.17 eV and potential applications in, e.g.,
solar energy conversion1 and catalysis.2 Since the 1950s, it
has gained considerable attention because of its rich exci-
tonic spectra and long-lived excitons.3–5 Later on, the bond-
ing and electronic structure in cuprous oxide and cupric ox-
ide, CuO, have been thoroughly studied in order to achieve a
better understanding of the high-temperature superconductiv-
ity observed in more complex cuprate materials.

Cu2O has a simple cubic structure where oxygen atoms
form a bcc lattice and every oxygen atom is surrounded by a
tetrahedron of copper atoms. Each copper atom thus binds to
two oxygen atoms in an unusual linear fashion, a type of
bonding that is also present in the CuO2 planes in high-Tc
superconductors. Alternatively, the structure can be described
as two independent cristobalitelike sublattices which are not
connected with any Cu-O bonds.

There is a controversy in the literature about the charge
distribution and bonding in Cu2O.6–14 As a first approxima-
tion, Cu2O is often considered to have a closed shell �3d10�
configuration, giving ionic bonding with spherically symmet-
ric Cu+ and O2− ions. However, there is quite a strong
consensus6–9,12–15 that such bonding cannot alone explain the
stability of this material. Two common arguments for this are
that the two interpenetrating networks would repel each
other due to the short Cu-Cu and O-O distances and that the
linear O-Cu-O bond would be unstable in case of a complete
ionization.14 In 1958, the stability of such linear bonds was
explained with 3d-4sp mixing that would compensate for the
low coordination number of copper atoms.16 Furthermore,
cluster calculations have shown that short Cu-Cu separations
in Cu�I� complexes could be explained with d10-d10 interac-
tions between copper atoms, also made possible by
Cu 3d–Cu 4sp hybridization.17

Zuo et al.6 presented Cu2O data from x-ray and electron
diffraction measurements treated with multipole-model fit-

ting. The results showed a nonspherical charge distribution
around the copper atoms and an unexpectedly high amount
of charge at the empty tetrahedral Cu4 site. The authors sug-
gested this to be due to the hybridization of Cu 3d and
Cu 4sp orbitals and the covalent bonding between Cu atoms.
In contradiction to these results, Lippmann and
Schneider10,11 could not deduce any interstitial Cu4 charge
density maximum from their synchrotron x-ray diffraction
data. They also showed that the charge transfer from Cu to O
was only 0.4–0.6 electrons compared to one electron, as pre-
dicted in the study of Zuo et al. This was confirmed by
theoretical studies,7,9,12 where the calculations gave
Cu+�0.5–0.84� ions and no local charge density maximum at the
tetrahedral site.

Although the stabilization of the Cu2O structure is a con-
troversial subject, several studies6,7,11,14,15,18 agree that the
charge density around copper atoms is not fully spherical.
Many studies also predict an intraatomic Cu 3d–Cu 4sp
hybridization12,14–17,19,20 that could explain the aspherical
symmetry. However, the extent of this hybridization is still
not clear. A recent study12 suggests that most of the charge in
the Cu 4s orbital is due to an incomplete ionization and that
only a minor part comes from the Cu 3d orbital. An analysis
of the electron localization function made by the same group
showed weak metallic interactions between copper atoms by
the sharing of Cu 4sp electrons.

Since the 1980s, several band structure calculations have
been performed on Cu2O, among them Hartree-Fock
studies,13,21 cluster calculations,18 empirical linear combina-
tion of atomic orbital studies,22 first-principles orthogonal-
ized linear combination of atomic orbitals studies,23 linear-
ized augmented plane-wave calculations within the muffin-
tin approximation,15 local density approximation �LDA�
calculations,12,20,24 pseudopotential-like self-interaction cor-
rected LDA,12 and self-consistent Green’s function calcula-
tions with screened Coulomb interaction �scGW�.20,24 The
electronic structure of Cu2O has also been investigated ex-
perimentally in a number of photoemission studies,19,20,24–27
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but to our knowledge, only one of them is angle resolved,24

measured along the �-R direction.
In the current study, a clear image of the band structure is

obtained from high-energy angle-resolved photoelectron
spectroscopy �ARPES� data. The high photon energies used
not only increase the bulk sensitivity significantly but also
make it possible to directly measure the dispersion along a
particular line in reciprocal space �here, M-�-M� in a single
measurement. These advantages, together with the specific
background subtraction used here, have enabled an experi-
mental proof of the hybridized band that has been predicted
to be located between the main Cu 3d and O 2p band re-
gions. To enable an identification and discussion of visible
bands, two types of band structure calculations have been
performed. Besides conventional LDA calculations, LDA in-
cluding the Hubbard U potential �LDA+U� has also been
performed and compared to the experimental data.

II. EXPERIMENTAL DETAILS

In this paper, we present ARPES data from a Cu2O�111�
single crystal, collected at T=100 K and at high photon en-
ergies �h�=619 and 891 eV�. The azimuthal orientation of
the sample was chosen to enable measurements of the dis-
persion along the M-�-M direction in reciprocal space. The
circularly polarized synchrotron light had a 45° angle of in-
cidence relative to the sample surface normal. Data were
acquired using a Gammadata Scienta SES-200 electron ana-
lyzer at the BL25SU beamline28 of the SPring-8 synchrotron
radiation facility. At photon energies of 619 and 891 eV, the
monochromator gives energy resolutions of 120 and
180 meV, respectively. The angular resolutions parallel and
perpendicular to the analyzer slit are ±0.1° and ±0.15°, re-
spectively. This gives a momentum resolution of
�0.022/0.033 Å−1 for h�=619 eV and �0.027/0.040 Å−1

for h�=891 eV. In the direction perpendicular to the surface
plane, the instrumental k resolution is not limiting since the
escape depth is on the order of 13 Å, which, in turn, implies
a k uncertainty of approximately 0.08 Å−1. The base pressure
was kept below 2�10−10 mbar during the entire acquisition
period.

The Cu2O�111� crystal ��1% calcium content� was ac-
quired from the Surface Preparation Laboratory.29 It was
cleaned through gentle Ar+ sputtering and subsequent an-
nealing at T=730 °C �Ref. 30� until a sharp �1�1� low-
energy electron diffraction �LEED� pattern was obtained, as
shown in Fig. 1. Acquired O 1s and Cu 2p core level photo-
emission spectra were compared with data from an earlier
photoemission study26 on polycrystalline Cu2O and CuO.
The results are consistent with a pure Cu2O sample.

III. EXPERIMENTAL RESULTS

Figure 2 displays the experimental band dispersion �no
background subtraction� along the M-�-M direction in recip-
rocal space, as obtained with ARPES. To the best of our
knowledge, no other ARPES study on Cu2O along this par-
ticular direction has been previously published. The photon
energies of 619 and 891 eV were chosen in order to reach

two different instances of the � point. Energy distribution
curves �EDCs� measured at the � point are plotted in Fig. 3.
Both the angle-resolved photoemission data �Fig. 2� and the
EDCs �Fig. 3� are very similar for the two different photon
energies, confirming that we, in both measurements, cross
the Brillouin zone �BZ� through the � point.

One advantage with using high photon energies is that the
entire M-�-M line across the BZ can be covered in a single
measurement. This is because the angular acceptance of the
analyzer ��em= ±6° � corresponds to a range of �k�� on the
order of the M-�-M distance in Cu2O at these energies. Data
from emission angles −4.9° . . .4.1° have been used to plot
the band structure in Fig. 2. This range of angles covers
100% and 115% of the M-�-M line for the photon energies
of 619 and 891 eV, respectively. Furthermore, at these high

FIG. 1. �Color online� LEED pattern from the clean Cu2O�111�
surface.
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FIG. 2. �Color online� Angle-resolved photoemission data
�M-�-M� from Cu2O �no background subtraction� acquired at T
=100 K and �a� h�=619 eV and �c� h�=891 eV. �b� Energy distri-
bution curve measured with h�=619 eV at the � point.
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energies, the k� vector is approximately proportional to the
emission angle. Normally, ARPES measurements are per-
formed at lower photon energies �20–100 eV�, where it is
necessary to perform several measurements at different pho-
ton energies and/or emission angles to reach across the BZ.
In addition, at lower photon energies, one has to resort to the
assumption of a free-electron-like final state to extract the
k-resolved band structure from the ARPES data. This is not
necessary in the present high-energy study. Another advan-
tage with high photon energies is the longer mean free path
of photoemitted electrons, giving increased bulk sensitivity.

Due to indirect transitions in the photoemission process31

and a nonperfect sample surface, the untreated experimental
data �Fig. 2� are dominated by k-independent background
intensity. In order to extract and clearly display the
k-dependent intensity superimposed on this background, it is
necessary to perform a background subtraction. In Fig. 4,
this has been achieved by a two-step process. First, the in-

tensity in each EDC has been normalized to unity in order to
correct for variations in detection efficiency along the angu-
lar direction. �This normalization condition is reasonable in
the present case since Cu2O has no bands crossing the Fermi
level.� Second, a constant background has been subtracted
from each momentum distribution curve �MDC�. The value
of the subtracted background for each MDC is chosen as the
mean value of the MDC, rather than the minimum value, in
order to minimize the statistical noise. As seen from a com-
parison between Figs. 2 and 4, this background subtraction is
very efficient in extracting the k-dependent intensity. On the
other hand, one has to keep in mind that the information
about absolute intensities is lost. The absence of the strongest
feature in the spectra �D1 in Fig. 4�b�� around the � point is
perhaps the clearest such effect. Finally, since the MDCs are
symmetric around the � point, the statistics in the data has
also been improved by symmetrizing the data around the �
point. Overall, this treatment of the data gives a clearer im-
age of the band structure, which is obvious when comparing
Fig. 4 with Fig. 2.

The Cu2O valence band structure has previously been
shown to consist of two main regions of bands, where one
region �Ebin�1–4 eV� is dominated by Cu 3d states, while
the other region �Ebin�6–7 eV� has a more pronounced
O 2p character.20,26 Six different band structure features, re-
ferred to as A1, B1, C1, D1, E1, and F1 �see Fig. 4�b��, have
been identified in an earlier resonant photoemission study,25

where each feature is associated with a band or a group of
bands. A1 and B1 were shown to mainly be oxygen features
with some copper character for A1, while C1–F1 predomi-
nantly had copper character with an oxygen part in F1. These
features are all present in the angle-integrated spectrum in
Fig. 4�b�; their binding energies are listed in Table I and
orbital characters in Table II. Most theoretical calculations
have also predicted a dispersive mixed Cu 3d-4s state, here
labeled by its symmetry character �1, situated between the
main Cu 3d and O 2p band regions. However, this state is
not visible in any of the photoemission spectra in the litera-
ture. The �1 band can be distinguished in the binding energy
region of 4–5 eV of our ARPES data presented in Fig. 4�a�
and is clearly seen in Fig. 7. In the latter figure, the data in
the binding energy range of 4–9 eV have been replotted
with a more appropriate numerical interval for the color in-
tensities. Table II lists the results from an analysis of the
atomic orbital character of the different states made by

In
te

n
s
it
y

(a
rb

.
u

n
it
s
)

0 1 2 3 4 5 6 7 8 9

Binding energy (eV)

h = 891 eV�

h = 619 eV�

FIG. 3. Energy distribution curves �EDCs� at the � point for
h�=619 eV �dashed line� and h�=891 eV �solid line�.
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FIG. 4. �Color online� Background-subtracted and symmetrized
angle-resolved photoemission data �M-�-M� from Cu2O acquired
at T=100 K and �a� h�=619 eV and �c� h�=891 eV. The intensity
color scale is the same in both panels. �b� An angle-integrated spec-
trum measured at h�=619 eV.

TABLE I. Binding energies for band structure features in Cu2O
from experimental angle-integrated spectra and broadened theoret-
ical density of states.

Features
Fig. 4�b�

�eV�
Ref. 25

�eV�
LDA, Fig. 6�c�

�eV�
LDA+U, Fig. 6�d�

�eV�

A1 7.5 7.25 7.75 7.45

B1 6.3 6.04 6.2 5.93

C1 3.52 3.37 2.9 3.58

D1 2.93 2.95 2.4 2.93

E1 2.1 2.00 1.7 2.11

F1 1.17 1.01 1.2 1.13
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Bruneval.20 The �1 band was there predicted to have a char-
acter that is 60% Cu 4s and 36% Cu 3d at the � point. An
additional state �L1, Fig. 6�a�� visible in both our data and in
the data of Bruneval et al.24 is situated around 1.5 eV at the
� point. This nondispersive state does not exist in in any of
the theoretical studies found in the literature.12,13,20,22,23

IV. BAND STRUCTURE CALCULATIONS

In order to compare the band structure, as measured by
ARPES, with predictions from theory, we have performed
band structure calculations �Fig. 5� in the LDA. In a recent
study, Laskowski et al.14 performed LDA+U calculations on
Cu2O using different forms of the LDA+U correction. The
authors found that an improved description of the electronic
structure was attained using the self-interaction corrected
form of the potential introduced by Anisimov et al.32 To test
this theory, we have also performed similar LDA+U band
structure calculations. Through comparisons of LDA+U
density of states �DOS� �Fig. 5�b�� with the angle-integrated
spectrum �Fig. 4�b�� and calculated bands �Fig. 5�a�� with
ARPES data �Fig. 4�a��, we have found that the values U
=0.45 Ry and J=0.07 Ry for Cu 3d orbitals result in a gen-
erally good agreement �Fig. 6�. For reference, we have also
performed LDA+U calculations using the literature values
U=0.59 Ry and J=0.07 Ry.14 The result is presented in Fig.
6�e�. All calculations were performed using the WIEN2k soft-
ware package33 and a cubic Cu2O lattice with a=4.27 Å.

The resulting band structure from our calculations along
the �-M direction is displayed in Fig. 5�a� and that on top of
the corresponding ARPES valence band data in Figs. 6�a�,
6�b�, and 7�b�. Our LDA results agree well with earlier LDA
calculations.20 The unbroadened DOS from LDA/LDA+U
calculations is shown in Fig. 5�b�. To simulate the effect of
instrumental resolution, we have applied a Gaussian broad-
ening of 120 meV on the LDA/LDA+U DOS. The result is
shown in Figs. 6�c�–6�e� next to an angle-integrated photo-
emission spectrum in Fig. 6�f�. The LDA and LDA+U cal-
culations have all been displaced by �0.6 eV in order to
align the valence band maximum to the ARPES data. Some
of the peak positions of the broadened DOS are listed in
Table I. When comparing the broadened DOS to the experi-

mental angle-integrated spectrum, it is important to bear in
mind that the photoionization cross sections for O 2p and
Cu 4s are much smaller than that for Cu 3d. Cross sections
for different energies and orbitals are listed in Table III.

V. DISCUSSION

The only other ARPES study on Cu2O until now is a
recently published work from Bruneval20 and Bruneval et
al.24 Contrary to our study, their data were acquired along the
�-R direction, at room temperature and at low photon ener-
gies �20–46 eV�. One of the aims of their investigation was
to find the hybridized Cu 3d–Cu 4s band ��1�, whose exis-
tence had not been proven experimentally. By performing
ARPES measurements, they hoped to make this band visible.
They argued that since earlier photoemission studies only
presented angle-integrated spectra, the �1 band might have
been averaged out because of its high dispersion. However,
their study did not prove its existence, which they explained
by the low cross section of the Cu 4s orbital, the large
amount of secondary electrons, and the high dispersion of
the band.

Bruneval et al. presented their two-dimensional ARPES
data in the form of the second derivative of the photoelectron
intensity from which a Shirley background35 was subtracted.
In our study, the intensity itself is plotted, which gives a
more direct description of the data. Our experimental valence
band data have many similarities with those obtained by

TABLE II. Orbital characters at the � point for band structure
features in Cu2O and their corresponding binding energies �Ebin� as
calculated by Bruneval within the LDA and listed in Table 12.4 in
Ref. 20.

Ebin
a

�eV�
Cu 3d
�%�

Cu 4s
�%�

O 2p
�%�

7.89 30 8 61

5.44 0 0 98

5.47 36 60 0

2.12–3.58 �98 �2 0

0.60 68 12 20

aThe binding energy has been adjusted by +0.60 eV as compared to
Ref. 20.
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Bruneval et al.24 but give more clearly distinguished bands
and show several features that are weak or not visible in their
study. The most obvious such features are the Cu 3d bands in
the binding energy range of 1.7–2.6 eV, represented by E1
in Fig. 6�f�, and the �1 band at energies of 4.0–4.6 eV, also
shown in Fig. 7. One possible reason why these bands are
clearly visible in our study and not in Ref. 24 might be the
difference in cross section ratios �see Table III�. At the higher
photon energies used in our study, the O 2p /Cu 3d cross
section ratio is much lower and the Cu 4s /Cu 3d cross sec-
tion ratio is approximately two times higher. Another possi-
bility is that these bands are easier to distinguish in the �-M
direction as compared to the �-R direction. In addition, these
two experimental studies also differ in terms of bulk sensi-
tivity �photon energies� and data treatment.

Due to its nearly closed Cu 3d shell, Cu2O is considered
as the cuprate material with the simplest electronic structure,
which is why it is often used for studying the O-Cu-O bond.
In spite of this, the agreement between band structure calcu-
lations and photoemission experiments found in the literature
has not been completely satisfactory. Laskowski et al.14 con-
cluded that LDA and generalized gradient approximation cal-
culations tend to overestimate the Cu 3d–Cu 4s hybridiza-
tion. On the other hand, a better description of the charge

density and electric field gradients in Cu2O was obtained
using the LDA+U method.14 Encouraged by this fact, we
have performed LDA and LDA+U band structure calcula-
tions, which we compare to our experimental data. It should,
however, be noted that LDA calculations are known to give
an incomplete description of the electronic band structure in
3d systems such as transition metal oxides.

In Figs. 5 and 6, the energy band structure and DOS from
LDA/LDA+U calculations are shown. Clear differences are
revealed between the conventional LDA and LDA+U meth-
ods. The inclusion of a repulsive potential U shifts the Cu 3d
bands and, hence, the features C1 and D1 �Figs. 6�c� and
6�d�� to higher binding energies. The O 2p bands and, hence,
the features A1 and B1 �Figs. 6�c� and 6�d�� are, neverthe-
less, moved to lower binding energies. The LDA+U method
also gives a smaller dispersion for the �1 band, as seen in
Figs. 6�b� and 7�b�. Overall, this method gives a smaller
width of the valence band than what is obtained with the
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TABLE III. Photoionization cross sections �Mb� of atomic or-
bitals for different photon energies h� from Ref. 34.

h�
�eV�

Cu 3d
�Mb�

Cu 4s
�Mb�

Cu 2p
�Mb�

21.2 7.6 0.036 10.7

40.8 9.9 0.041 6.8

600 0.15 0.0014 0.0061

800 0.077 0.00089 0.0022

1041 0.036 0.00055 0.00089
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LDA calculation. These changes are significant compared to
the effects of the scGW calculations performed by Bruneval
et al.24 The scGW calculations also give a larger displace-
ment between features D1 and F1, and the dispersion of the
hybridized Cu 3d–Cu 4s band is lowered somewhat, but not
to the extent obtained with the LDA+U method.

The LDA+U method is described in Refs. 14 and 32 and
normally gives a good description of strongly correlated sys-
tems with localized electrons. This method gives less
Cu 3d–Cu 4s hybridization and an increased occupation of
Cu 3d orbitals, which results in the observed shift of these
orbitals to higher binding energies.14 Figures 6�a� and 6�b�
show the band structure calculations on top of the ARPES
data. The LDA and LDA+U calculations have been dis-
placed by �0.6 eV in order to align the valence band maxi-
mum to the ARPES data in Fig. 6. Figures 6�d� and 6�e�
display DOS from the LDA+U calculations performed with
two different sets of U and J values. The refined U value
gives a somewhat lower binding energy for the Cu 3d states
in C1 and D1 and a slightly higher binding energy of the
bands in features A1 and B1 �see Fig. 6�d�� compared to
what was obtained with the U and J values used in Ref. 14
�see Fig. 6�e��.

When comparing the experimentally derived valence band
structure with band structure calculations, the LDA+U
method gives a better fit of the Cu 3d states in features C1
and D1 than LDA. As expected, the LDA+U method gives
an improved description of the localized Cu 3d states. Also,
when considering the �1 band �see Fig. 7�, it is a better
choice. The dispersion of the �1 band in the LDA calculation
is much too strong, while it is well reproduced with LDA
+U when applying our refined value U=0.45 Ry. The latter
method might thus give a more accurate picture of the
Cu 3d–Cu 4s hybridization than the conventional LDA
method.

There are also bands that are better described by the con-
ventional LDA calculations, e.g., the dispersive band where
Ebin=1.8 eV at the M point. In the LDA+U calculations, the
binding energy of this band is approximately 0.3 eV too
high. The difference in binding energy between the O 2p
states �A1 and B1� and the Cu 3d states �C1 and D1� is too
large for both LDA and scGW but too small for LDA+U.
When considering the binding energies for the oxygen fea-
tures A1 and B1, the LDA+U calculations thus lead in the
right direction, but the step in this direction is slightly too
large, even when using our refined value U=0.45 Ry. When
the literature U and J values from Ref. 14 were used, this
binding energy difference was even smaller and the disper-
sion of the �1 band was too small, giving a less accurate
agreement than for U=0.45 Ry. Additionally, the experimen-
tal data in the lower part of Fig. 7 �Ebin�8 eV� display a
clear dispersion toward higher binding energy in going from
� to M. Yet, such dispersion is visible neither in the LDA nor
in the LDA+U calculations.

The dispersion of the �1 band and the bands in features
E1 and F1, as well as the relative placement of the
Cu 3d–O 2p band regions, might be a key to revealing the
extent of the Cu 3d–Cu 4s and Cu 3d–O 2p hybridizations

in Cu2O. More knowledge about the mixing of orbitals in
Cu2O might, in its turn, help to explain how the two cristo-
balitelike sublattices in the cuprite structure stabilize. To ob-
tain a greater understanding in this field, the theoretical
methods have to be further developed to better fit experimen-
tal data.

While most photoemission experiments are highly surface
sensitive, band structure calculations concern, in general, the
bulk band structure. This might partly explain the minor dis-
crepancies between theoretical and experimental investiga-
tions of the band structure of Cu2O. In the present study, the
impact of this issue is reduced through increased bulk sensi-
tivity stemming from the use of high photon energies. Nev-
ertheless, the nondispersive state �L1� around 1.5 eV cannot
be associated with any bulk bands, neither in our band struc-
ture calculations nor in any of the theoretical studies found in
the literature.12,13,20,22,23 The origin of this state is not clear,
but given its lack of dispersion, one could speculate that it is
a localized state, e.g., a surface-, impurity-, or defect-derived
state. Since the same feature is present in another ARPES
study24 performed under different conditions and with a dif-
ferent data treatment, one cannot ignore the presence of this
state.

VI. CONCLUSIONS

We present ARPES data from Cu2O in the �-M direction.
The high photon energies used �h�=619 and 891 eV� in-
crease the bulk sensitivity and make final-state approxima-
tions unnecessary, thus giving a very clear picture of the
valence band dispersion. Owing to the effective background
subtraction used in this study, we are able to distinguish a
hybridized Cu 3d–Cu 4s state between the main Cu 3d and
O 2p band regions. The dispersion of this band is not well
described by LDA nor by scGW calculations but is closer to
the predictions of the LDA+U method. Furthermore, by
treating the Hubbard U potential as an adjustable parameter
we have been able to achieve a better agreement between
calculated results and our experimental data. Through a care-
ful comparison of LDA+U DOS with the angle-integrated
spectrum and of calculated bands with ARPES data, we have
arrived at a refined Hubbard U value U=0.45 Ry. We con-
clude that the LDA+U method better describes the localized
Cu 3d states and the mixing of Cu 3d–Cu 4s orbitals than
the conventional LDA method. Although the overall agree-
ment between the experimentally and theoretically deter-
mined band dispersions is remarkably good, there are still
some minor discrepancies. We hope that the work presented
here will stimulate further theoretical advances.
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