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Exchange and Correlation Effects in Electronic Excitations of Cu,0
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State-of-the-art theoretical methods fail in describing the optical absorption spectrum, band gap, and
optical onset of Cu, 0. We have extended a recently proposed self-consistent quasiparticle approach, based
on the GW approximation, to the calculation of optical spectra, including excitonic effects. The band
structure compares favorably with our present angle-resolved photoemission measurements. The excitonic
effects based on these realistic band structure and screening provide a reliable optical absorption
spectrum, which allows for a revised interpretation of its main structures.
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The optical absorption spectrum (OAS) of Cu,O has
been an area of interest for more than 50 years [1], recently
boosted by the potential applications of this material in
solar energy conversion and catalysis [2]. The spectrum
shows numerous excitonic peaks of different nature: the
optical transitions in the vicinity of the band gap at I" give
rise to a bound exciton at the absorption onset and to
excitonic series based on dipole forbidden transitions.
These series have been measured [3,4] and well understood
theoretically [5]. In contrast, the interpretation of the rest
of the OAS has not been clarified. It has been discussed [4]
in terms of optical transitions and van Hove edges; how-
ever, to our knowledge, no theoretical work has assessed
these conclusions so far.

The state-of-the-art approach to calculate ab initio, the
OAS is a two-step process. First, one determines the band
structure (namely, electron addition and removal energies,
that are measurable in direct and inverse angle-resolved
photoemission). To this end, quasiparticle energies are
calculated using the GW approximation for the electron
self-energy [6,7]. Then this band structure is used as an
input for the Bethe-Salpeter equation (BSE) [8]: this ef-
fective two-particle equation corrects for the fact that
optical absorption is neither electron addition nor removal,
but the creation of interacting electron-hole pairs. In this
framework, the dielectric function &(r;, r,, @) plays a
prominent role. First, it screens the additional particle,
the hole in photoemission or the electron in inverse pho-
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toemission, which are both described by the one-particle
Green’s function G: in the GW self-energy, the screened
Coulomb interaction W [calculated in the random phase
approximation (RPA)] replaces the bare Coulomb interac-
tion v of exchange in Hartree-Fock. Second, & screens the
electron-hole attraction in the BSE that is approximated by
the static limit of W.

Today, GW calculations are most often performed as a
“one-shot” correction to a self-consistent Kohn-Sham
(KS) local density approximation (LDA) calculation [9].
Obviously, the accuracy of the Green’s function G and of
the RPA dielectric function & rely on how well the KS
wave functions and energies estimate the quasiparticles.
This approach, denoted G,W,, though successful in many
applications to solids [7], seems to fail in the case of d
electron metals and their oxides [10,11]. It is therefore not
clear how well the BSE, based on the resulting band
structure and on the electron-hole interaction W;, may
describe an optical spectrum for this kind of material.

In this Letter, we focus on the determination and inter-
pretation of the OAS of Cu,0. We will first show the
failure of GyW, and perform self-consistent GW (scGW)
calculations. We have implemented the scGW following
Faleev et al. [12] who recently suggested an ‘‘adaptative”
static model for the GW self-energy calculations. It pro-
vides a proper description of the eigenvalues and of the
spatial distribution of the strongly localized d states while
avoiding the frequency dependence and non-Hermiticity of
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the self-energy, which might worsen spectral properties
[13]. At variance with Ref. [12], our implementation is
based on pseudopotentials [14,15]. Because the band struc-
ture is an important intermediate result that can be com-
pared with experiment, we have checked it against existing
photoemission data of the literature as well as to our own
angle-resolved photoemission spectroscopy (ARPES)
measurements. Our scGW results provide a much better
description of the experimental band structure than the
LDA or GyW,. Furthermore, we demonstrate that only
by taking into account the improved band structure both
in the independent-quasiparticle response and in the
electron-hole screening can the excitonic spectrum of
Cu, O be properly described.

Electron removal and addition energies are presented in
Table I. In the first four columns we give theoretical values
at the experimental lattice parameter for the photoemission
band gap (E,), the absorption threshold (Ej), and the
photoemission peaks Al to F1 labeled in Ref. [16].
These are compared with the experimental values (last
column). The parameters of the calculations [17] can be
found in Ref. [18]. All calculations presented here consider
the semicore states 353 p of Cu explicitly as valence states:
as observed for bulk copper [19], this is crucial for GW
calculations. Here the situation is even more remarkable:
when including the 353 p in the core, GW approximation
predicts wrongly Cu,O to be metallic. Table I shows that
the choice of theoretical approach gives rise to differences
of up to half an eV for the valence band features, and up to
a factor of 4 for the band gap. GyW, improves the LDA
results, but band gaps are still far from the experimental
values. Self-consistency in GW yields further improve-
ment, with a more important influence of the eigenvalues
and a weaker role of wave functions. In a material where
already G, W, corrects the gap by almost a factor of 3, self-
consistency must drastically lower the screening and lead

TABLE I. Band structure elements of Cu,O (in eV). E,:
photoemission band gap; Ej: optical absorption threshold.
Structures A1 to F1 are the photoemission peaks measured in
Ref. [16] and reported in the calculated density of states in
Fig. 1. The binding energies of structures Al to F1 has been
adjusted using D1 as a reference.

Energies LDA GyW, scGW scGW Experiment
Wave functions LDA LDA LDA scGW

E, 0.54 1.34 1.80 1.97 2.17%
E, 1.23 1.51 221 2.27 2.55°
Al —845 —819 —-795 -—8.13 —7.25°
B1 —6.90 —6.83 —647 —6.60 —6.04°
Cl1 —3.46 —3.44 -—-347 -3.46 —3.37°
D1 —295 -295 —-295 -295 —2.95°
El —246 —227 —-216 -—2.18 —2.00°
F1 —1.80 —1.58 —135 -—-1.31 -1.01°

#Reference [3]
PReference [4]
“Reference [16]

to a significant additional gap opening. It is still not ob-
vious that the dispersion of the band structure is correctly
described by the pseudopotential scGW approach. The
optical spectra, however, is based on the whole band struc-
ture. It is therefore important to independently check the
band structure before turning to the OAS.

Because the only reported photoemission results are on
polycrystalline samples [20], or cover a limited photon
energy range [16], we have performed ARPES measure-
ments with horizontally polarized light (; = 45°) on a
high quality Cu,O(111) single crystal at the APE beam line
of Synchrotron Elettra (Trieste). The sample was supplied
by Surface Science Laboratory and was cleaned in situ by
several cycles of Ar* ion sputtering at 600 eV and anneal-
ing at 400 °C. The ion energy and annealing temperature
were chosen as low as possible in order to prevent lack of
oxygen at the surface, but high enough to obtain a sharp
(1 X 1) LEED pattern. In order to verify the delicate
surface stoichiometry we checked the presence of the
satellite at —15.3 eV binding energy in the photoemission
spectrum measured at Ay = 76 eV [18]. This satellite is a
fingerprint of Cu,O [21]. The band dispersion along the
I'-R direction was then extracted from a series of energy-
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FIG. 1 (color). (a) Spectrum measured at hv = 34 eV (purple)
together with the theoretical scGW DOS (black line). Peaks from
Al to F1 correspond to those of Table I. (b) Valence band
structure deduced from ARPES (displayed as an image of the
second derivative of the photointensity). The theoretical bands
(arbitrarily aligned to fit the Cu 3d peak maximum) are dis-
played as follows: LDA (dashed lines), Gy W, (open diamonds),
and scGW (solid lines). The straight purple dotted line represents
the points in the band structure sampled by the spectrum at hy =
34 eV displayed in a).
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distribution curves (EDCs) in the photon energy range
from 20 to 46 eV, which cover all the k points along this
high symmetry direction. EDCs were constructed by inte-
grating 1° around normal emission the A§ = 12° disper-
sion measured with a SCIENTA-2002 analyzer
(660 = £0.2°, AE <0.1 eV). In Fig. 1(a), a spectrum at
hv = 34 eV, representative of the measured data set [18],
is displayed (purple line) together with the theoretical DOS
(black line). One can distinguish two energy regions: be-
tween —8 and —5 eV (O 2p levels); from —5 eV up to the
Fermi level (mainly Cu character, pure Cu 3d between —4
and —2 eV and hybridized with Cu 4s and O 2p near the
Fermi level). Considering that the calculated DOS is k
point integrated, whereas the experimental curve is not, the
agreement is fair. Figure 1(b) shows the image of the
second derivative of the photoelectron intensity (blue color
corresponds to the intensity maxima of the spectra) as a
function of the electron momentum, which was obtained
within a free electron final state model. This representation
of the band dispersion along the I'-R line allows us to
clearly see the splitting at the top valence band when
moving from I" to R and the dispersion of the O 2p states
near the middle of the Brillouin zone. The comparison with
the theoretical calculations obtained for scGW (solid line),
LDA (dashed line), and G,W, (points at I and R) shows
that, in general, the experimental bands are slightly flatter
than theoretical predictions, which may be due to a reduced
mean free path of the electrons [22]. The best overall
agreement is obtained for our scGW results, which repro-
duce reasonably well the position and the dispersion of the
Cu states. A less satisfactory agreement is obtained for the
oxygen states: their dispersion is slightly overestimated
and they are too strongly bound within scGW, though
half of the LDA and GyW, errors are corrected. This
discrepancy might be explained by the strong dependence
of the binding energy of these states on the lattice spacing,
that may vary at the surface [23], and by the finite momen-
tum resolution in the direction perpendicular to the surface
[24]. In fact, one should keep in mind that photoemission is
a surface sensitive technique whereas the ab initio spec-
troscopy calculations are, as most often, performed for a
perfect bulk system. The dispersive band between the O 2p
bands and the Cu 3d group cannot be seen in the measure-
ment because of the small cross section of the Cu 4s orbital
(a major contribution), the high-dispersion of the band and
the numerous secondary photoelectrons arising from the
Cu 3d states.

We dispose hence of a reliable band structure for the
determination of the OAS. Figure 2(a) shows the compari-
son of the experimental data [4] with the result obtained by
a GyW, calculation of the band structure and the subse-
quent solution of the BSE using W, for the static screened
electron-hole interaction. Although at first glance the theo-
retical and experimental spectra are similar and the struc-
tures labeled A, E1, and C seem to be reproduced, there are
significant discrepancies: the absorption onset is redshifted
by 1 eV in the calculation, and the shoulder at 3 eV has no

o (arb. units)

o (arb. units)

o (eV)

FIG. 2 (color online). Optical absorption of Cu,O: (a) using
standard G,W,, inputs. (b) using scGW inputs. Experiment from
Ref. [4] (full circles), BSE result with LDA dielectric function
(dot-dashed line), BSE result with scGW dielectric function
(solid line). The inset in panel (b) shows the transition analysis
for peak A: contributing transitions (dots) and OAS calculated
with scGW energies but without excitonic effects (dashed line).

counterpart in the measured spectrum. In Fig. 2(b), we
display the solution of the BSE (dot-dashed line) using
our scGW band structure. The absorption onset is much
improved with respect to the panel (a) and the peaks A, E|,
and C reproduce the experiment, though much less pro-
nounced. This may be due to the standard BSE procedure
[8] in which W, calculated from KS ingredients, is used.
Because the KS band gap is 4 times smaller than the scGW
one, an important error in the screening can be expected.
Moreover, to be fully consistent, W should be the same as
in the GW calculation (the screened electron-hole interac-
tion is obtained as the derivative with respect to G of the
GW self-energy). Therefore, we have solved the BSE with
W evaluated using scGW energies [25]. The result, shown
as a solid line in panel (b), reproduces remarkably well the
experimental spectra and, in particular, the sharpness of the
peaks [26]. This result finally allows us to interpret with
confidence the different structures. The inset of Fig. 2(b)
shows (dots) the energy and the weight of the independent-
quasiparticle transitions that mix through the electron-hole
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interaction and yield the BSE spectrum in the region of
peak A marked by the vertical line. Many transitions
contribute to this peak (corresponding to the Cu d states
in the same energy region), and contrary to what was
proposed in Ref. [4], they are not limited to a part of the
Brillouin zone. Furthermore, its extinction when excitonic
effects are switched off in the calculation (dashed curve of
the inset) indicates that it is not a band structure effect
associated with a particular van Hove edge, but is created
by the electron-hole interaction. The peak E;, however, is
not purely excitonic: it is present (though weaker) when
excitonic effects are disregarded (not shown). We therefore
conclude that the interpretation of the peaks proposed in
Ref. [4] should be revised. We stress that the seeming
agreement between GyW, based BSE spectrum in panel
(a) and experiment leads to an erroneous interpretation,
because, for example, peak A would have been given a
characterization that is more appropriate for peak E;. Only
the scGW approach used consistently for the band structure
and the electron-hole screening is able to yield an unam-
biguous and reliable interpretation of the experiment.

Although Cu,O0 is not considered to be a strongly corre-
lated material because its d shell is almost filled, the d
electrons play an important role. As they are rather local-
ized, exchange effects are strong and GyW, [which cor-
rectly describes (screened) exchange] leads to a strong
gap opening. Self-consistency weakens the screening.
Moreover, it changes the wave functions correcting both
the error of coming from the LDA (in particular the self-
interaction) and the fact that the local KS potential is the
same for conduction and for valence states. In turn, the
electron-hole attraction that yields the strong excitonic
effects in the OAS is caused by a variation of the exchange
due to the optical excitation; correlation leads to screening
of this interaction (as opposed to the bare electron-hole
attraction of time-dependent Hartree-Fock). W, overesti-
mates screening and therefore weakens the sharp excitonic
peaks, that are instead correctly recovered using the self-
consistent W.

In conclusion, we have shown that the electronic prop-
erties of Cu,O can be fully understood provided self-
consistency beyond perturbative GoW, is taken into ac-
count. The scGW band structure, an ingredient that is
crucial for a correct description of the OAS, has been
confirmed by published as well as our own photoemission
data. Furthermore, we have demonstrated that the strong
excitonic effects in Cu,O can be described by solving the
BSE, and that the screening of the electron-hole interaction
has to be treated consistently to reproduce the peak posi-
tions and line shapes in the OAS. Finally, we have clearly
stated that the ab initio solution of the BSE is a powerful
tool to interpret the complex optical spectrum, comple-
mentary to models and experiments.
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