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The electronic structure of copper oxides has been investigated by photoelectron (x-ray photo-
emission, ultraviolet photoemission), Auger electron, and bremsstrahlung isochromat spectros-
copies. The experimental results are compared with one-electron band-structure calculations as

well as with a cluster configuration interaction model.

It is demonstrated that the results for

Cuz0 agree well with band theory, whereas those for CuO clearly show strong deviations which
we argue are due to electron-correlation effects in the open-shell d bands. From the comparison
to cluster calculations we extract values for the Cu d-d and O p-p Coulomb interactions, the O to
Cu charge transfer energy, and the degree of Cud-O2p hybridization. From this we demon-

strate that CuO is a charge-transfer gap insulator.

I. INTRODUCTION

Cu0 and CuO are almost ideal compounds to study
the influence of electron-correlation effects on the elec-
tronic structure of transition-metal compounds in general
and the high-T, superconductors in particular. The crys-
tallographic structure of Cu,0 is highly symmetric with
six atoms per unit cell: the oxygen atoms form a bcc lat-
tice, while the copper atoms are on the vertices of a
tetrahedron around each oxygen atom. This is one of the
rare occurrences of linear O-Cu-O coordination.! In CuO
the lattice has a monoclinic symmetry.? Each atom has
four nearest neighbors of the other kind: copper atoms
are at the center of an oxygen rectangle, while oxygen
atoms are at the center of a copper distorted tetrahedron.
Band-structure calculations became available only very
recently for CuO,>* whereas many band-structure calcu-
lations of Cu,O exist in the literature.’~® Crystallo-
graphic parameters and interatomic distances to nearest
neighbors are listed in Table 1.

TABLE I. Crystallographic parameters (from Refs. 1 and 2).

Cu,0 CuO

Lattice parameter Cubic Monoclinic

a=427 A a=4.6837 A

b=3.4226 A

c=5.1288 A

B=99.54°

Shortest distances

dcuo 1.84 A 1.95 A
do-o 3.68 A 262 A
dCu-Cu 3.02 A 2.90 A
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Cu,0 is expected to have an essentially full Cu 3d shell.
It forms a much studied textbook example of a semicon-
ductor with a gap of 2.17 eV.’ Because of the full 3d
shell, band theory using the ground-state charge density is
expected to provide a good description of the electronic
structure (except perhaps for a smaller band gap) and re-
lated photoemission spectroscopy (PES) and bremsstrah-
lung isochromat spectroscopy (BIS) spectra since the hole
created in PES and the electron created in BIS have no
open-shell 3d holes or electrons to correlate with. This sit-
uation is somewhat similar to Cu metal for which band
theory gives a very successful description of the electronic
structure. !

CuO has an open d shell (3d°) and is an (antiferromag-
netic) semiconductor with a gap of about 1.4 eV,!!
whereas band theory predicts it to be metallic for reasons
which are probably similar to the failure of band theory in
NiO and Co00.'>!3 On the other hand, this absence of
gap may result at least partially from the approximation
still involved in the band-structure calculation (see some
further discussion of this aspect in Ref. 3). It is of great
interest to determine the influence of the open 3d shell on
the band structure and especially the ionization states as
measured by PES and to determine the magnitude of the
3d electron-electron interaction since the basic structural
unit is similar to the CuQ; layers in the high-7, supercon-
ductors.

Although several x-ray photoemission spectros-
copy "4~ 17 (XPS) and some Auger!” and photon-cner§y-
dependent ultraviolet photoemission spectroscopy'®!?
(UPS) measurements on these oxides have been reported,
there is no published work on BIS (Ref. 20) or a compar-
ison of UPS (He 1 or He 11) to band-structure calcula-
tions. We mention here that the Cu L;3M4sM 45 Auger
spectroscopy on Cu,O should have a fairly straightfor-
ward interpretation similar to that of Cu metal?' and,
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therefore, the d-d Coulomb interaction can be directly
determined from the relation

U,ﬁ-Ekin—Eb(Zp)—zEde) , 1)

where E;(2p) is the Cu 2p binding energy and E;(3d) is
the binding energy of a 3d° state both of which are deter-
mined from PES. We note also that Cu 3d3-like states
are reached by an L;3M4sM4s Auger process in CuO
whereas in CuO they can be reached by one-electron ion-
ization as in photoemission since the ground state already
contains d holes. In a sense, going from Cu,0 to CuO is
like going from the simplicity of Cu metal to the complex-
ity of Ni metal when attempting to describe the electronic
structure.

In this paper, we present combined photoemission,
BIS, and Auger data for Cu,O and CuO and compare
them with the results obtained using an extended basis set
within the localized augmented-spherical-wave (ASW)
method.** We conclude that the Cu 3d Coulomb in-
teraction is larger than the O2p-Cu3d charge transfer
energy A in CuO making CuO a charge transfer semicon-
ductor of type B in the ?hase diagram of Zaanen,
Sawatzky, and Allen (ZSA).32*

II. SAMPLE PREPARATION AND
EXPERIMENTAL SETUP

The samples were prepared starting with 99.999%-pure
copper. The metal surface was sandpaper roughened be-
fore introduction into the spectrometer. In a first step,
copper was sputter cleaned until a clean XPS spectrum
was obtained. Thereafter, the valence-band spectrum was
recorded to determine the position of the Fermi level
which was subsequently used as the reference of binding
energies. The oxidation of Cu under 1-Torr O; (99%) at
400°C for 1.5 h produced a CuO layer thick enough to
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conceal the underlying metal from XPS and UPS, but
thin enough to allow for a good compensation of the
charging effect. Cu,O was produced by heating CuO in
vacuo at 300°C for about 1 h. During the conversion
from CuO to Cu,0, Cu 2p spectra were continuously
measured to monitor the disappearance of the Cu 2p sa-
tellite which is a fingerprint of CuO. !’

XPS and BIS measurements were performed using a
modified Auger electron infrared (AEI) 200 spectrome-
ter, with a residual gas pressure in the low 10 ~!*-Torr
range. The XPS source was the unmonochromatized Al
Ka line (1486.7 V), which corresponds also to the energy
of the photons collected by BIS. The instrumental
broadening is estimated to be 1.0 for XPS and 0.7 eV for
BIS. UPS data were collected using an ADES 400 spec-
trometer, with a base pressure better than 10 ~'° Torr.
The resolution was 0.25 eV for He 11 and 0.1 eV for He I.

BIS measurements are more severely plagued by charg-
ing effects than for XPS, because the electron current is
quite high (typically 200 zA vs 1 nA). This could, howev-
er, be avoided by our sample preparation procedure. Be-
sides charging effects, another source of trouble is the pos-
sible decomposition in the electronic beam, especially of
CuO. For the BIS spectra reported on here, there was no
detectable decomposition as confirmed by XPS measure-
ments before and after the BIS measurements.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Core levels

We consider first core-level spectra of oxygen and
copper (Table II), and use them to check the composition
of our material. The O 1s spectra are displayed in Fig. 1.
In CuO, a shoulder is apparent at about 1.8 eV higher
binding energy from the main peak. This is similar to the
observation by Robert, Bartel, and Offergeld'> who attri-

TABLE II. Core-level binding energies (eV).

Cu 2p3p O Is
Cu CuO CuO Cu0 CuO Reference
932.3%0.1 932.4+%0.2 933.2%0.2 530.2%0.2 529.2+0.3 This work
932.2 933.6 530.4 529.7 a
932.2 933.2 530.5 529.9 b
933.0 531.0 530.7 c
9324 932.5 933.8 529.5 d
932.5 932.5 933.8 530.5 529.6 e
932.0 933.5 529.9 529.5 f
932.5 g
932.2 h

®Reference 15.

K. Hirokawa, F. Honda, and M. Oku, J. Electron. Spectrosc. 6, 333 (1975).

°T. Novakov and R. Prins, Solid State Commun. 9, 1975 (1971).

¢T. H. Fleisch and G. J. Mains, Appl. Surf. Sci. 10, 51 (1982).

°N. S. Mclntyre and M. G. Cook, Anal. Chem. 47, 2208 (1975).

'N. Niicker, J. Fink, B. Renker, D. Ewert, C. Politis, P. J. W. Weijs, and J. C. Fuggle, Z. Phys. B 67, 9

(1987).

&J. C. Fuggle and N. Mirtensson, J. Electron. Spectrosc. 21, 275 (1980).

"Reference 21.
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FIG. 1. O Is spectra normalized to the peak height. The
shoulder observed on the high-binding-energy side results from
contamination. Bottom, Cu,O; top, CuO.

buted it to hydroxide and/or chemisorbed oxygen. The
binding energies are 529.2+0.3 and 530.2+0.2 eV for
CuO and Cu,0, respectively.

The Cu 2p;/; peaks are shown in Fig. 2 and exhibit the
known characteristics of CuO and Cu,0. The main peak
of CuO is relatively broad (3.4 eV), has a binding energy
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FIG. 2. Cu 2p3; spectra, normalized to the peak height. Bot-
tom, Cu;O; top, CuO.
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of 933.2+ 0.2 eV, and is accompanied by a satellite on the
high-binding-energy side at about 9 eV. This satellite is
characteristic of materials having a d° configuration in
the ground state, such as, e.g., the copper dihalides? or
metallic nickel.?® The structure seen in the satellite line is
due to the multiplet splitting in the 2p°3d° final state
(note that the very existence of this multiplet structure
supports the assignment of 2p>3d° to the satellite and not
to the main peak as was originally proposed by Kim'°).
The spectrum of Cu,;O has only one peak at 932.4 +0.2
eV, which is significantly narrower (1.9 eV).

A simple model explaining the physical origin of the sa-
tellite in CuO and its absence in Cu,0O is based on a clus-
ter approach as used for the copper and nickel
dihalides.?>?"2® In this model, the ground state for CuO
is approximated by

¥ =cos®|d®) —sin6|d'°L), )

where |d°) and | d'°L) are configurations involving either
d(|d®)) or ligand (O 2p) holes (|d'°L)). Using T as the
transfer integral,

T=d°|H|d"L), 3)
where H is the Hamiltonian, and a charge transfer energy
A=E@'"L)—E(d°), 4)

we find tan(20) =2T/A. In the states with the core hole
present, the |d'°L) configuration is pulled down relative
to the | d°) configuration by the core hole— 3d interaction
Q. The resulting final states can be written as

¥ =cos' | cd®) —sind'| cd '°L) ,
(5)
¥g =sin6'| cd®)+cos6'| cd '°L) ,

where the subscripts M and S refer to the main peak and
satellite, respectively, tan(26') =2T/(A— Q). The energy
separation is given by

W=Es—Ey=[(A—Q)2+4T?)]"2, (6)

The satellite to main line intensity ratio is in the sudden
approximation given by

Is/IM‘|<\I’MI\PG)|2/|(‘I’3|\I’G)| Z=tan2(6—0'). (7)

The average energy separation is 9 eV and the intensity
ratio is 0.55. Using these values and Q =9 eV as found for
the copper dihalides, we find A=1.55 ¢V and T=2.5 eV.
Both A and T are considerably larger than the values
found by Shen et al.?’ which were also based on valence-
band spectroscopy. Using methods defined in Ref. 24,
these values together with an Uy, of 8 or 9 eV result in a
band gap of 1.7 eV somewhat larger than the experimen-
tally determined gap. As pointed out by Zaanen et al.?’
this discrepancy could be due to an oversimplification of
the influence of the core hole as well as to the neglect of
the O 2p bandwidth.

Within this cluster model, the d shell of Cu,O is full so
that screening via a charge transfer into the d states is not
possible. The screening of the core hole must then be ac-
complished by states involving the broad sp conduction
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band and will, therefore, not yield sharp satellite struc-
tures.

B. Auger spectroscopy

Unfortunately the d-d correlation energy U cannot be
determined from core-level spectroscopies because the d®
states are not involved. For this purpose, however, Auger
spectroscopy can be used. The O KLL and Cu LMM
Auger spectra are displayed in Figs. 3 and 4. The energy
they are referred to is the energy of the Auger electron
above the Fermi energy in the solid. This energy shall
later be compared to the value derived from the binding
energies of the levels involved, to estimate the correlation
energies of the outer-shell electrons. Comparing the oxy-
gen Auger spectra of CuO and Cu;O we notice that the
CuO spectrum is extremely wide. This is probably a re-
sult of the O 2p valence-band spectral weight being spread
out over a much broader energy range in CuO than Cu,0.
This, as we will see below, is supported both by band-
structure calculations and by energy-dependent photoelec-
tron spectroscopy.

Also, the Cu L3M4sM, s spectra of CuO and Cu,O
show distinct differences. For Cu;0O in which the ground
state is nominally d '°, the two-hole final state after Auger
decay is primarily 3d® which splits in various multiplet
states corresponding to structures seen between 916 and
919 eV.?! This multiplet spread is, however, too small to
explain the structure seen at about 922 and 910-914 eV.
The structure at 922 eV is most likely a result of final-
state hybridization with the states d°L which lie about
5-6 eV lower in energy than the Cu d? states as we will
see below. The structure at lower kinetic energy is pri-
marily due to Coster-Kronig-preceded Auger transitions
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FIG. 3. O KLL Auger spectra, normalized to the peak height.
Top, CuO; middle, Cu0. The bottom curves show the self-
convolution of Cu;O He 11 valence-band spectra, for the full
valence band, and for the O 2p part (5 < E; <9 eV). The two-
hole binding-energy scale applies to Cuz0 only.
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FIG. 4. Cu L3M4sM4s Auger spectra, normalized to the
peak height. Top, CuO; middle, Cu,0. The bottom curves show
the self-convolution of Cu;O He II valence band, for the full
valence band, and for the Cu 3d part (E, <5 eV). The two-hole
binding energy scale applies only to Cu,O.

originating from the L level.*°

The Auger spectral shape for CuO is considerably
different from that of Cu0O. In fact, we expect the CuO
spectrum to be quite complicated because it can originate
from the 2p main line (2p°3d'°L) after which the final
state would be nominally d3L or it could originate from
the satellite (2p°d®) for which the final state would be
nominally d’. The d3L and the d” states are separated by
about 2U—A but the source energy for the d’ state is
about 9 eV larger so that we expect, for U=9 eV and
A==2 eV, the d’ structure to occur at about 7 eV lower
kinetic energy. Unfortunately, this structure occurs at
about the same energy region as the previously mentioned
Coster-Kronig-preceded Auger structure (d7L) so a de-
tailed analysis is not possible. Because of this complica-
tion in CuO it will be difficult to extract U directly from
the Auger spectra.

C. Valence bands

Valence-band spectra measured with different light
sources are displayed in Figs. 5 and 6 for Cu;0 and CuO,
respectively. In the case of XPS and He 11, they are com-
pared with calculated densities of states (DOS),
broadened as explained in Table III. The binding energies
are listed in Table IV, where calculated energies have
been shifted to match the first peaks. Utilizing the known
energy dependence of the photoionization cross section we
can easily identify regions of primarily O 2p or Cu 3d
spectral weight. The cross-section ratios are o(O
2p)/o(Cu 3d) = 1.41, 0.69, and 0.02 for hv=21.2 (He 1),
40.8 (He 11), and 1486.7 (Al Ka) eV, respectively.3!
Therefore, in XPS we see primarily the d spectral weight
which in Cu,O is concentrated at 1-4 eV whereas in CuO
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FIG. 5. Valence-band spectra from Cu;O. Bottom, He I;

middle, He 11; and top, XPS. Intensities are normalized to the

peak height. The solid lines superimposed on XPS and He II

data are broadened d DOS and total DOS curves, respectively,

using broadenings from Table III.

it is spread over a very wide energy range of 1-12 eV.
Similarly, the O 2p character is concentrated around 6-7
eV in Cu;0 and a wide range of 1-6 eV in CuQO. The
shoulder seen in XPS for Cu,0O at 4-8 eV corresponds to
the Cu 3d character in the 2p band due to hybridization.
The structure at 8-12 eV in the CuO spectrum is due to
the d%-like final states. This is often referred to as the sa-
tellite, but it in fact is the state most directly reached by d
ionization from the predominantly d°® ground state. The
large range of the spectral distribution in CuO is fairly
direct evidence of strong electron-electron interactions.
Also, the fact that the d® structure is at higher binding en-
ergy than the d°L structure shows that U> A, putting
CuO in class B of the ZSA scheme.?>%*

Broadened total DOS results are compared in the mid-
dle of Figs. 5 and 6 with valence-band spectra measured
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FIG. 6. Valence-band spectra from CuO. Bottom, He I; mid-
dle, He 11; and top, XPS. Intensities are normalized to the peak
height. The solid lines superimposed on XPS and He II data are
broadened d DOS and total DOS curves, respectively, using
broadening from Table III.

with He 11. For He 11 the O 2p and Cu 3d cross sections
are similar and, therefore, the spectrum should resemble
the total density of states. For Cu;O we see a good overall
agreement with experiment. The major differences have
to do with precise energy positions of structures. For ex-
ample, the O 2p-Cu 3d energy separation (peaks B and C
of Table IV) is about 1.0 eV larger in the band-structure
calculations than observed experimentally. This is a
discrepancy also observed for other monovalent copper
compounds (e.g., CuCl) (Ref. 32) and is an effect of the
self-interaction energy.

The main difference for CuO is the absence of the “sa-
tellite” between 10 and 12 eV in the band-structure calcu-
lation. This becomes much more evident if we compare
the partial densities of states to the experimental data in
the case of XPS. We see that while the XPS spectrum of

TABLE III. Lorentzian and Gaussian broadening parameters (in eV) used for the calculation of
theoretical spectra. The same values were used for Cu,O and CuO. The Lorentzian broadening repre-
sents lifetime effects, while the Gaussian broadening represents instrumental effects.

Gaussian
Contributing Lorentzian (full width at
Spectrum partial DOS (full width at half maximum) half maximum)
XPS Total on Cu site 0.25+0.1(E —Eo) 0.7
He 11 Total 0.25+0.1(E —Eo) 0.25
BIS Total 0.25+0.09(E —Eo)? 0.6

2For CuO, 0.8 was used instead of 0.25, which would produce too sharp a leading peak. This only slight-

ly affects the shape of peaks at higher energies.
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TABLE 1V. Valence-band and conduction-band energies
(eV). Positions are obtained from UPS data. Labels refer to
Figs. 5,6, 8,and 9.

CuO CuO
Measured Calculated

XPS, UPS 7306 A4 7.95 1238022 4
598+0.11 B 6.70 10.02+0.16 B
3.11%0.10 C 2.78 5504 C
1.25+009 D 1.29 3.10x0.11 D
1.23+0.11 E

Gap energy 2.4%0.3 1.4%£03
BIS 3.1 w 1.8 w
8.1 X 6.8 X
134 Y 10.6 Y
17.8 z

Cu,0 agree very well with d partial density of states, the
agreement with CuO is very poor. This is clearly due to
involving two Cu 3d hole states in one electron removal
spectrum. The description of the one-electron removal
spectrum [like to the problem in NiO (Refs. 12 and 33)]
apparently goes beyond the ground-state band theory.

D. Correlation energies

Combining the valence-band binding energies with
those of the core levels and the Auger kinetic energies, we
can use relation (1) to determine the O pp and Cu dd
correlation energies. A better way is to translate the
Auger spectrum into a two-hole binding energy by sub-
tracting the core-hole binding energy and comparing this
to the self-convolution of the one-hole spectral distribu-
tion. The self-convolution is obtained from the He II spec-
trum for which it is simple to separate the O 2p and Cu 34
regions. In Fig. 4 we see self-convolution of the main d
spectral weight and in Fig. 3 that of the O 2p spectral
weight together with the corresponding two-hole spectral
distribution as obtained from Auger spectroscopy. Also
indicated are the resulting Coulomb interactions Uy, =4.6
eV and Uyz =9.3 eV. The value for Up, is comparable to
that found in other oxides3* and the high-T, superconduc-
tors.>> The U value for Cu corresponds to the dominant
d® component reached in Auger spectroscopy which is of
!G character, for which the relation between the U value
and the Racah parameters is

Usu('\G)=A+4B+2C. ®)

As is well established, ¢ the multiplet splitting in the solid
is nearlg' the same as in the free ion so the lowest-energy
(®F) d°® state has a U value of 2.3 eV lower.?! Although
U is strongly reduced from the free-ion value [U=16 eV
(Ref. 37)] because of the screening of the F° Slater in-
tegral it nonetheless is much larger than the d-band
dispersional width in Cu,O as we can see from Fig. 5.
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Unfortunately, we cannot determine U in this way for
CuO because of the complexity of the core levels, the
valence bands, as well as the Auger spectrum. However,
we expect the screening in CuO to be comparable to that
in Cu,0 since most of the screening is due to the higher
polarizability of the O2~ ions.>” A rough estimate of the
change in screening in going from Cu,0O to CuO can be
made as follows. The screening due to polarizable ions
goes to R ~*, where R is the nearest-neighbor distance®®
and is proportional to the number of nearest O neighbors.
Using Table I, we arrive at a screening contribution for
CuO which is 1.6 times that in Cu;O. In Cu,O the
screening was found to be 7 eV, so an estimate for CuO is
11 eV resulting in a Uy of 4-5 in CuO. Another estimate
of the minimum value would be that of Cu metal
U2 ('G) =7 eV].?

E. Cluster model: Parameter estimates

For CuO a clear identification of the valence-band spec-
tra with DOS features cannot be done. The high-energy
“satellite” structure which we identify as being predom-
inantly 42 indicates a large U for CuO. Because of this, it
is probably more appropriate to describe the valence elec-
tronic structure with an Anderson impurity model?*2* or
with a configuration interaction (CI) cluster-type calcula-
tion.? Because of the almost molecularlike structure of
CuO, the electronic structure is probably well described
by a (CuO4)®~ cluster with the copper in the center of the
oxygen square (D44 point group) although in the actual
lattice the O ions form nearly a rectangle, with an O-Cu-
O angle of 84° rather than 90° (Ref. 2). The details of
such a cluster calculation will be published elsewhere.
Here we suffice by specifying the basis and the interac-
tions used. We take into account the py, p,, p, atomic or-
bitals on the oxygens, and the 3d (x2—y? 3z2—r2, xy,
xz, yz) orbitals on Cu which have by,, aig, b2, and e
symmetry, respectively. We considered an oxygen-oxygen
transfer integral T, =1.25 eV chosen to agree with the
bandwidth found from band theory, and Op— Cud
transfer integrals as dictated by symmetry and the obser-
vation that the = transfer integrals are about half as large
as the o-type transfer integrals>’

T(a)=Tb)/V3, TMb)=T®b,)/2, T()=T(b)/V2.

For the Cu d? states the Racah parameters B=0.15
and C=0.58 were taken from free-ion optical data.’’
These parameters determine the d® multiplet structure.
T(b,), A, and A were taken as adjustable parameters and
the d-d Coulomb interaction 4 used here would be equal
to U if B=C=0 but, in fact, the “U” value one should
use depends on the d 8 state considered. For example, for
the 'A4), state in D4y symmetry composed of d(x2—y?2)1
xd(x*—y?)|, U is given by U('4,,) =A+4B+3C,
whereas for the 3By, state d(x2—y2)td(x2—y?)t one
has U(’B,z) =A4 —8B. For the above value of B and C
these states are split by 3.5 eV which is not negligible.
The full Coulomb and exchange matrices for d® in D4y
symmetry are given in Ref. 40. The configurations con-
sidered in the calculations are |d®), |d'°L) of the b,
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FIG. 7. XPS valence-band spectrum of CuO (dots) compared
with the result obtained by the cluster calculation (solid line)
described in Ref. 41.

aig, bag, or e; symmetry for the “neutral” (ground) state;
|19 for the electron addition state (BIS); and |d®),
|d°L), |d'°L? for the electron removal states where
again we considered all the irreducible representations
spanned by two d holes in D4; symmetry. The theoretical
d removal spectral weight for T(b,) =2.3,A=2.2, 4 =6.0
is compared to the XPS spectrum in Fig. 7. The band gap
calculated with these parameters is 1.25 eV. Since the
theoretical spectra are very sensitive to the choice of pa-
rameters and since they give us the correct energy spread

of the d spectral weight, we feel that these are good esti-
mates for CuO. We can compare this value of 7.8 eV
found for U('G) applying relation (8) to Auger spectros-
copy measurements of CuyO (9.3 eV) as found above.
We see indeed that the U value for CuOQ is less than that
for Cu,0 because of the increased screening, although the
difference is less than our estimate above. The Cu 3d to O
2p transfer integral T'(b,) is close to that found from the
core-level spectral shape analysis above, whereas the value
found for A is about 0.7 eV larger. As pointed out in Ref.
27, it is not uncommon that somewhat different parame-
ters are found for two different spectroscopies.

Of special interest is the nature of the first shoulder in
the photoemission spectrum since it describes the holes
that would be induced by doping. This shoulder is of sole-
ly '4 1g character but has only a few percents of d 8 mixed
in. It is primarily a d°L state with one hole in a
d(x?—y?) orbital and the other in O 2p orbitals combin-
ing to form an orbital of b; symmetry. These two holes
have a strong antiferromagnetic exchange as described in
more detail elsewhere. *!

F. Conduction bands: Band gaps

BIS results are displayed in Figs. 8 and 9, along with
XPS spectra and DOS of unoccupied levels. The energy
in both XPS and BIS is referred to the Fermi level, mea-
sured on copper prior to oxidation. The gap is found to be
2.4 eV in Cu,;0 and 1.4 eV in CuO, in good agreement
with previous determinations.®!' The DOS of Cu,0 was
shifted (1.2 eV) to align it with the leading peak of the
BIS. For CuO, a shift of 0.7 eV was necessary. For both
compounds, a good agreement is observed between mea-
sured and calculated features. The leading peak of CuO
(1.8 eV) is attributed to the completion of the 3d shell.
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2
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L \/ 00s
-15 -10 -5 L] 15 20 25 30 35
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FIG. 8. XPS (dots, left-hand side), BIS (dots, right-hand side), and conduction-band density of states (solid line, right-hand side)
of Cuz0. The vertical scales of the different curves are independent. The DOS has been shifted to align the leading peak with the

BIS results.
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FIG. 9. XPS, BIS, and conduction-band density of states of CuO, as in Fig. 8. The DOS has been shifted to bring the second peak

under its BIS counterpart.

The peaks at 6.8 and 10.6 eV correspond to the filling of
empty sp states on copper or on oxygen, while the d DOS
of oxygen has a peak corresponding to the one observed at
17.8 V.3

In view of the intense sharp peak observed at 3.1 eV in
Cu,0, one might suspect a stoichiometry defect, giving
rise to some 4~ states, whose filling would then be respon-
sible for it. This can, however, be ruled out because the
Cu 2p peak was measured by XPS both before and after
BIS and gave a clear indication that the measured materi-
al was Cu,0, without significant changes from the elec-
tron bombardment. Furthermore, the peak is also seen in
the DOS result which is reliable for Cu,0, due to the ab-
sence of d holes. The identification of peaks from the
DOS is as follows: the peak at 3.1 eV corresponds to Cu d
and O p, the peak at 8.1 eV is Cu s, and the peak at 13.4
eV is Cu p with some O p contributions. Despite the good
agreement between the calculated DOS and the BIS re-
sults, there is no measured peak corresponding to the DOS
peak at about 28 eV. Even if one takes into account that
lifetimes broadening effects increase with the energy of
the level, it is unlikely that such effects would blur that
peak out completely.

At first glance, one might be surprised that band theory
does so well for the BIS spectra even for CuO. However,
if we accept that correlation effects are large then in the
ground state the wave function is of the form

v=g|d”)+X B |d'°Ls) )

with negligible d® character. In this case, there is only
one state left for the extra electron in BIS resulting in a
d'® state. We then do not expect any satellite structure
since the electron addition produces a closed d shell.
Despite its limitations, the cluster configuration interac-
tion (CI) model gives a reasonable value for the gap of

CuO (1.3 eV) (Ref. 29) and describes it as being a charge
transfer gap: the highest N—1 state is essentially d°L
and the lowest (and only) N +1 state is mainly d'°. This
is generally the case for the late transition-metal com-
pounds. A better description of BIS requires considera-
tion of a larger basis as we did for the densities of states
displayed in Figs. 8 and 9, taking into account matrix ele-
ments*? and the influence of electron energy losses.

IV. CONCLUSIONS

In conclusion we have shown that the electronic struc-
ture of the closed d shell CuO compound is in good
agreement with one-electron band-structure calculations,
whereas for CuO the valence-band electronic structure is
to a large extent dictated by electron-correlation effects.
CuO, therefore, should be considered as a strongly corre-
lated system in spite of the fact that the Cu3d-O2p hy-
bridization is extremely large. The band gap in CuO is
found to be 1.4 eV and is caused by electron correlation,
but it is of a charge transfer type since the d-d Coulomb
interaction is considerably larger than the charge transfer
energy. This puts CuO in phase B of the ZSA diagram.?*
The lowest ionization state in CuO is primarily of O 2p
character which in a configuration interaction approach is
a state of |d°L) character. However, the O 2p hole is
strongly antiferromagnetically exchange coupled to a
nearest-neighbor Cu (d°) spin. An analysis of core satel-
lite structure, valence- and conduction-band structure and
two-hole states reached by Auger spectroscopy yield
values of the relevant parameters: Uy (!G)=A+4B
+2C=9.3 eV and Up=4.6 eV for Cuy0O; and
Usui(!G) =18 eV, A=2.2 eV, and T(b,) =2.3 eV for
CuO.
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