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The electronic structures of CuO and Cu,O have been investigated by resonant photoemission at
the copper 3p threshold. The experimental data from CuO are compared with the results of a clus-
ter calculation. From this analysis we confirm the dominant d® character of the states between 8
and 16 eV, and that singlet and triplet final states behave quite differently at the (3p — 3d) reso-
nance. It is necessary to specify the multiplet state when calculating the d-d Coulomb interaction in
this case since the total energy spread of the d® multiplets is about 8 eV. The results confirm the
charge-transfer nature of the band gap in CuO. The resonance behavior in Cu,0O is explained in

terms of strong O 2p —Cu 4(sp) hybridization.

I. INTRODUCTION

In a previous article,! we reported on an investigation
of the electronic structure of CuO and Cu,O by x-ray and
ultraviolet photoemission (XPS and UPS), inverse photo-
emission [bremsstrahlung isochromat spectroscopy
(BIS)], and Auger electron (AES) spectroscopies. It was
found that whenever the final state has no more than one
hole in the copper d shell the description provided by
one-electron band theory? is adequate. On the other
hand, situations involving more than one hole in the d
shell are better described using a configuration-
interaction (CI) model.® Electron-correlation effects are
thus found to be important in Auger spectra of both ma-
terials and in photoemission spectra from CuO, whereas
photoemission results from Cu,O as well as inverse pho-
toemission results from both materials can be described
by one-electron band theory. The relative size of the
Coulomb energy U(3d,3d) and of the charge-transfer en-
ergy A found in CuO make it a charge-transfer semicon-
ductor, corresponding to class B of the Zaanen-
Sawatzky-Allen (ZSA) diagram.* These compounds are
also good model compounds for obtaining model Hamil-
tonian parameters for the high-7, superconductors as we
have discussed in recent reviews.’ ®

As a confirmation of our previous results,’ and to gain
a better understanding of the electronic structure of these
materials, we use in this work resonant photoemission
spectroscopy (RPES). This technique has now become a
standard tool for investigating the electronic structure of
a wide range of materials: transition metals,’”!! rare
earth,'>!® actinide!3 compounds, and high-T. supercon-
ducting oxides.!* The resonance of interest in the present
case is at the copper 3p threshold for photon energies
around 74 eV.

Resonant photoemission on Cu, Cu,0, and CuO has al-
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ready been reported by Thuler et al.!' whose experimen-
tal data are consistent with ours, but have somewhat
lower resolution. Our aim is to obtain a more quantita-
tive description of the resonance process. It can be ex-
pected that triplet final states resonate less strongly than
singlet states. Indeed, the simplest description of reso-
nant photoemission in CuO would allow only singlet
states to resonate.'> A more complete approach was used
by Okada and Kotani'® who did, however, neglect the
multiplet structure. Furthermore, the location of
resonating peaks will provide conclusive information
about the d°® character of the final states involved and the
total energy spread of the different multiplets.

II. EXPERIMENTAL SETUP
AND SAMPLE PREPARATION

High-purity copper foils were oxidized according to
the procedure described in Ref. 1. The cleanliness of the
samples was also checked by XPS. In order to fix the en-
ergy scale, we recorded the Fermi edge of clean copper
for a set of selected photon energies. This Fermi energy
was chosen as the zero point of the binding energy scale.
The stability of the oxide film upon exposure to synchro-
tron light was checked by duplicating some spectra, but
no changes were observed.

The measurements were performed at the Flipper II
beam line at the storage ring Doris at Hasylab. The ex-
perimental setup has been described elsewhere.!” The
base pressure was better than 107! mbar. The data were
collected in the angle-integrating mode using a double
pass cylindrical mirror analyzer. The analyzer and
monochromator resolution in the vicinity of the Cu 3p
resonance are 0.30 eV (FWHM) each for the settings we
used in this experiment.
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III. CuO

A. Theory

The model Hamiltonian® used describes a CuO,°~ clus-
ter in D4, symmetry which corresponds quite well to the
local symmetry of copper in CuO.!® We take into ac-
count the Coulomb interaction between copper 3d states,
but neglect it within the oxygen 2p shell, as well as be-
tween O 2p and Cu 3d states:

H=H,+H,,
HOZESd(m)d,t,dm-i-Zep(m)p,’;pm (1)
m m
+ 3 Tpu(m)ppd, +dypy)
m

H= 3 U(m,m’,n,n’)d;dm-d,:rd,,' ,

m,m’;n,n’

where H|, is the one-particle Hamiltonian. d' (pT) opera-
tor creates a hole with energy €,(e,) in the Cu 3d (O 2p)
shell. The third term of H, describes the Cu 3d -0 2p
hybridization. H, describes the Coulomb interaction
within the Cu 3d shell. The subscripts stand for the or-
bital and spin quantum numbers identifying the various
states in the irreducible representations of the D,, point
group. g,(m) includes the interatomic oxygen-oxygen in-
teraction T),,, which is a quarter of the total oxygen band
width. U(m,m’,n,n') can be expressed in terms of the
Racah A4, B, and C parameters. We neglect the point
charge contribution to the total ligand field,'® so that
g4(m)=g, is symmetry independent. The values we use
for the energy parameters are listed in Table I. This
Hamiltonian is solved under the further assumption that
orbitals centered on different atoms are orthogonal (i.e.,
neglecting overlap can be compensated by the use of
effective parameters). It describes rather well the contri-
bution of the orbitals from the central copper atom, but
perhaps less accurately the contribution of the oxygen
atoms on the corners. We consider only those combina-
tions of O 2p orbitals with the same symmetry as the
copper d orbitals, viz. ay, (322—r2), blg(x2~y2),
by, (xy), and e, (xz,yz). The applicability of our calcula-
tions is thus restricted to the photon energy domain
where the photoionization cross section is much smaller
for O 2p levels than for Cu 3d. This is certainly the case

J
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TABLE 1. Parameters used in the CuO, cluster Hamiltonian.

m e (m) €,(m) toa(m)
a, 0 A+T, toalbig)/V3
by, 0 A—T, toa(byg)
by 0 A+T, talbyg)/2
e 0 A ta(b,)/2V2
A =275 eV A=65 eV
T,4(byy) =25 eV B=0.15 eV
T, =1.0 eV C=0.58 eV

of XPS,% remains qualitatively true for as low a photon
energy as 40.8 eV (He II), but is no longer valid at a pho-
ton energy of 21.2 eV (He 1).! It can thus be expected to
hold for a photon energy at the Cu (3p —3d) absorption
threshold.

The M, ;M M, s Auger-type interaction as well as
the interaction with the electromagnetic field are treated
as perturbations:

V=V, _3a+D,
Vip—sa= 3 Ulh,i,j,k)d d]cie, +H.c. , )
h,i,j, k
D=3 D, li,j)eld;+ 3 Dy, (i,j)dle,+H.c.,
ij Lj

where ¢ ]T creates a hole in the Cu 3p shell and e,f creates a
vacancy for the outgoing electron. The only nonzero
terms in V3, 5, are those for which the outgoing elec-
tron has p, f or h symmetry (=1, 3, or 5, Ref. 21). D is
treated within the dipole approximation. The probability
of a transition from the ground state g to a two-hole final
state f with emission of an outgoing electron e; is then

given by
Py, =KfIVHVE—H+IT)"'V+ ---lge)?, (3

where the first and second term represent the direct and
indirect photoemission process, respectively. The in-
terference of these processes leads to a Fano reso-
nance’>?® when the photon energy is varied around the
binding energy of the Cu 3p level. The intensity collected
for a particular photon energy A v is proportional to

Ithv,f,e)=|{fIDlg,e;)+ Z [{fIV3,_34lis,je /M) (jgpj,_,'lJM|D|g,e,)/(AEJ-+1'I“1~)]I2 @)

with
AE,=hv—E,(3p,) (5)

The summation extends over all intermediate states
Jj3pjélJM ), that describe a vacancy in the Cu 3p shell jj

coupled with the vacancy of the outgoing electron. The
half-width T'; of the intermediate state is given by

Li=mp 3 [ fVjspie JM) 2 /(2j+1), (6)

where p is the density of states of the continuum and the
summation extends over f, j', J, and M. Despite the
high degree of polarization of synchrotron light, relation
(4) has to be averaged over all orientations, because we
use polycrystalline samples.
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Although the angular part of the matrix elements in-
volved in relation (4) is independent of any assumption on
the wave functions involved, this is not the case for the
radial part. The radial part of the Auger matrix elements
have been computed by McGuire** from the wave func-
tions of Herman and Skillman (HS).?* The radial parts of
the absorption matrix elements have been computed by
Davis and Feldkamp,26 who use also HS wave functions.
Numerical values are displayed in Table II.

The values of the matrix elements of » we use in our
calculation differ from those used by Davis and Feld-
kamp.m27 They found that for transition metals, from
Cr to Ni, a value for 2.5 for (3d|rle;)/(3p|r|3d) was
adequate. In order to obtain enough on-resonance inten-
sity for the mostly Cu d® and d'° levels (at binding ener-
gies between 8 and 16 eV), we had to reduce the ratio to
unity (Table II). In order to limit the number of parame-
ters, we keep the value of Ref. 25 for the ratio
(3d|rle,)/(3d|rle;). As discussed in the following, the
intensities found for an outgoing p electron are expected
to be very small, and it is not possible to derive the corre-
sponding matrix elements of r from a comparison with
the experiment. The Coulomb matrix elements from Ref.
24 have been divided by V2, since it has been observed
that McGuire’s matrix elements are too large by that
amount.?’ "2 Using relation (6), one gets 0.84 eV for the
half width of both 3p,,, and 3p;,, levels, in good agree-
ment with the experimental values of 1.0 and 0.8 eV.
Such a comparison makes sense because the width of
those levels is mainly due to super-Coster-Kronig transi-
tions.?®3% The R k(3d,3d;3p,eh ) matrix elements (involv-
ing an outgoing h electron) were neglected because they
are quite small. Although the Coulomb matrix elements
involving an outgoing p electron are about three times
larger,?* the corresponding intensity is still rather small
compared to that from f emission. Only in the case of a
'4 1¢ final state (small peak at a binding energy of about
16 eV) are the interference effects for an outgoing p elec-
tron found to be comparable with those for an f electron,
but that resonance is extremely weak. Nonetheless, they
were included in our calculation.

A more likely source of discrepancy is the neglect of
the resonance channel that goes though the temporary
promotion of a Cu 3p electron to the 4s shell. In atomic
copper, {3p|rl4s) is smaller than, but comparable to
(3p|r|3d).?® The magnitude of the R*(3d,4s;3p,e,) in-
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tegrals lies between that of R* (3d,3d;3p, e,) and

k(3d,3d;3p, er). 24 Although it is conceivable to treat
(3p —4s) resonances in the same way as the (3p—3d)
process, it is questionable whether a cluster calculation is
well adapted to the description of states involving contri-
butions from the Cu 4s shell (even with effective parame-
ters), because of their diffuse, delocalized nature.

B. Results and discussion

Figure 1 displays valence-band spectra measured in the
vicinity of the Cu 3p resonance. The data have been
corrected for the analyzer transmission, which was taken
proportional to the reciprocal kinetic energy. The inelas-
tic background was subtracted from valence-band spectra
under the assumption that its intensity at a given energy
is proportional to the peak area between that energy and
the Fermi level. Measured and computed spectra on and
off resonance, at the Cu 3p;,, threshold, are compared in
Fig. 2. Although the agreement between theory and ex-
periment is not perfect, one does see strong similarities.
Important points to note are the following: Clearly the
dominant d® character lies at energies above 8 eV, the
singlet states resonate much more than do the triplets,
and the resonant behavior up to about 8 eV is very small.

It appears that the binding energies obtained from the
cluster calculation agree reasonably well with those found
experimentally, except that the spread of the mostly d®
levels (from 8 to 16 eV) is about 1 eV too large. This can
be improved by using a larger cluster or an Anderson im-
purity model.

The discrepancies observed for the intensities may be
due to several causes. First, photoemission from the oxy-
gen site was completely neglected in view of the
difference of cross section of Cu 3d and O 2p shells.?’
Note that to improve this point, it is not sufficient to add
up copper and oxygen intensities, but that a possible in-
terference effect has to be considered.’! Second, the re-
sults of our cluster calculation were uniformly broadened
by 1 eV. A broadening proportional to the square of the
binding energy would be more realistic, but makes little
sense if the oxygen contribution is not included in the
first place. Finally, there are arguments pointing towards
different magnitudes for the transfer integrals:
(d"°L*|H|d°L)=1,,(10) and (d°L|H|d®)

=1,4(8), 32-34 where L denotes a hole in the outer shell of

TABLE II. Numerical values used to compute photoemission spectra of CuO near the Cu 3p reso-

nance, compared with some values from the literature.

This work Literature Reference
R'(3d,3d;3p,e;) —2.04 eV —2.89 eV 23
R*(3d,3d;3p,e;) —1.01 eV —1.43 eV 23
R'(3d,3d;3p,e,) 0.38 eV 0.54 eV 23
R*(3d,3d;3p,e,) 0.38 eV 0.54 eV 23
p 0.0735 eV ™! 0.0735 eV ™! 23
A, _,(Cu 3p) 22 eV 22 eV 11
(3d|rle; ) /{3plr|3d) 1 25 25,26
(3d|rle,)/{3plri3d) 0.2 0.49 25,26
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the ligand. This last point we discuss in more detail in
the following.

In the case of nickel dihalides, it appears that
T,y(n +1) is smaller than T,;(n —1) with n=9 (Ref.
32). Gunnarsson et al.*} found that the opposite holds
for Cd,_ Mn,Te and leads to good agreement with ex-
perimental results obtained from resonant photoemis-
sion.” Two opposing effects are involved: The additional
e /r term due to one more hole in the transition-metal ion
tends to increase the f,,(n —1) relative to t,,(n +1),
whereas the associated contraction of the d shell has the
opposite effect. The first effect seems to dominate in ionic
compounds, the latter in more covalent materials.’* In
Fig. 3 we display the results obtained when either #pd (8)
or tpd(10) has been multiplied by a factor of 1.2. Besides
the change this produces on the binding energies, varying
the 7,; matrix elements mainly affects the relative intensi-
ties of the peaks around 9.5 and 12 eV binding energy.
The experimental results are better reproduced when
1,4(8) is larger than 7,,(10).

In Fig. 4(a) we display the constant-initial-state (CIS)

Photon Energy (eV) / Q

80
78 \ i\
77 g e
76 |

75 \
74
73
72
71
70
+ 60

Intensity (arb. units)

25 20 15 10 5 o]

Binding Energy (eV)

FIG. 1. Valence-band spectra of CuO recorded around the
copper 3p threshold. The correction for the analyzer transmis-
sion and the background removal procedure are explained in
the text.
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spectrum measured at a binding energy of 12 eV and
compare it to the corresponding calculated spectrum.
This particular binding energy was chosen because it
shows the largest resonance effect. The data have been
corrected for the monochromator and analyzer transmis-
sion but not for the inelastic background, so the superim-
posed curves do not have the same zero point on the y
axis. The slope of the asymptote to the measured spec-
trum reflects the variation of the photoionization cross
section with photon energy.?® This effect is absent from
the calculated curve because we use photon-energy in-
dependent matrix elements. Nevertheless, a comparison
of the two curves allows us to check that the spin-orbit
splitting of the Cu 3p levels corresponds well to the sepa-
ration of the two CIS peaks. Also, the relative intensities
of these two peaks are well reproduced by our calcula-
tion. Furthermore, it is important to note that the tail of
the CIS profile is on the high proton energy side, because
this confirms the sign of the ratio (3d|rle,)/(3p|r|3d).
In Fig. 4(b) we display CIS curves calculated for different
binding energies. The low binding energy peaks have

Intensity (arb. units)

25 20 15 10 5 0

Binding Energy (eV)

FIG. 2. Valence-band spectra of CuO recorded at photon en-
ergies of 74 and 70 eV, compared with intensities calculated at
the Cu 3p;,, threshold and 4 eV below. The results of the clus-
ter calculation have been Lorentz broadened by 1 eV.
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tpd(8) > tpq(10)
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-
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Binding Energy (eV)

FIG. 3. Valence-band spectra of CuO calculated for different values of #,,(8) and ¢,,(10); the resonance of singlet states (bottom)

and triplet states (middle) have been drawn together with the full spectrum (top).

t,4(8)=1,,(10), right: #,,(10) enhanced by 20%.

such small resonances that it is difficult to obtain accu-
rate CIS plots, especially because of the Ni coating of the
monochromator.!” A detailed comparison with theory is
therefore difficult. Nevertheless, it is worth noting that
the lowest binding energy peak whlch we have previously
interpreted as a singlet bound state®> and which corre-
sponds to the singlet described by Zhang and Rice*®
shows only a weak antiresonance that confirms its dom-
inant d°L and d '°L? character.

1V, CU2O

Cu,O is known to have a formally full 3d band,! there-
fore 3d?® final states should not be visible in the one-
electron removal spectrum, unless the final state is in fact
3d%(sp)'. This state can be reached because the ground
state of Cu,O hybridizes 3d and 4(sp ) shells:

lg)=al3d'°) +B|3d%(sp)') +y|3d'°L4a(sp)') (7

Such a mixing occurs because the Cu 4(sp) and
3d(3z2—r?) orbitals both combine with the O 2p, orbit-
als of the neighboring oxygen atoms, and because the lo-
cal surrounding of the copper has a low symmetry. The
intermediate state in RPES would be 3p>3d'%(sp) (Ref.
1) whose optical oscillator strength will be determined by
B?in Eq. (7). This together with the fact that the resonat-
ing final state is essentially 3d®4(sp) (Ref. 1) has a very
straightforward consequence: The photon energy at the
resonance is larger than in CuO because some extra ener-
gy is needed to excite a 3d electron to the 4(sp) shell.

Left: 1,,(8) enhanced by 20%, center:

Similarly, the final state that resonates most has a higher
binding energy in Cu,O than in CuO. For the same
reason as in CuOQ, it is doubtful that a (3p —4s) resonant
process can be adequately described in terms of atomic
matrix elements. Igarashi’”3® has calculated resonant
photoemission intensities for copper halides, solving ex-
actly the three-body problem involving two valence holes
and an optically excited conduction electron [3d%4(sp)
(Ref. 1) final state]. However, Ishii et al.'° found that the
spectra of copper halides are quite different from that of
Cu,0. This is perhaps partially due to differences in data
evaluation, but the local symmetry around copper atoms
has also to be considered. Therefore we discuss our re-
sults by comparison with data collected on Ag,O (Ref.
39). The instability of AgO in vacuo precludes a similar
comparison being performed with CuO.

Valence-band spectra measured at photon energies
around the Cu 3p photoionization threshold are shown in
Fig. 5. Most of the resonant enchancement occurs at
binding energies around 15.3 eV. These states are thus
predominantly 3d®4(sp) (Ref. 1) and have a binding ener-
gy given by ¢, + Uy (T)+ A, _,, where ¢, is the energy
required for removing a Cu 3d electron in the absence of
correlation effects, U,,(I") is the Coulomb correlation en-
ergy for the particular symmetry I' under consideration
and A, ,, is the d —sp charge- transfer energy. Using
values from Ref. 40 [e,=3.1 eV, Uy, ('G)=9.2 eV, and
A, ;,=4.7 V], we obtain 17.0 eV, in reasonable agree-
ment with the experimental value. The agreement can
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FIG. 4. (a) CIS spectrum measured at a binding energy of 12
eV (dotted line), compared with the results of cluster calcula-
tions (solid line). The data have been corrected for analyzer and
monochromator transmission. Some contribution from the
monochromator (mirror coating) may still be present at the Ni
3p edge (Ref. 13). (b) CIS curves calculated for some selected
binding energies. For each curve, we have set the asymptotic
value of the intensity to unity. One division on the vertical axis
is 0.05.
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probably be further improved by explicitly including the
O 2p —-Cu 4(sp) hybridization in the Hamiltonian.

V. CONCLUSION

Our calculation of the photoemission intensity for pho-
ton energies in the vicinity of the (3p —3d) resonance
confirms some important points for the understanding of
CuO. First, the resonance occurs mostly for final states
that are overwhelmingly d®-like. The identification of
these states with the peaks found between 8 and 13 eV
binding energy!? is thus confirmed. To reproduce this
spread, it is necessary to include the dependence of the
Coulomb interaction upon the multiplet states in the cal-
culations. Second, singlet final states play a much more
important role than triplets in the resonance process, as
was expected from the consideration of a simpler mod-
el.'”” Also important is the much reduced resonance of
the lowest binding energy peak, confirming its dominant
d°L and d'°L? character. These conclusions confirm the
charge-transfer nature of the band gap in CuO. Finally,
there is some indication that the transfer integral 7,;(8) is
larger than the transfer integral 7,,(10). In addition, we
have presented an explanation for the resonant photo-

S S S S—
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Photon Energy (eV)

90
80
79 ,
78 i
77

TSNS S

Intensity (arb. units)

75
74
73

71
70
60
50

25 20 15 10 5 0

Binding Energy (eV)

FIG. 5. Valence-band spectra of Cu,0 recorded around the
Cu 3p threshold.
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emission of Cu,O which clearly shows the importance of
O 2p-Cu 4(sp) hybridization.*!
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