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Doping dependence of high-energy spectral weights for the high-T, cuprates
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In this paper we present calculations of the photo- and inverse photoemission spectra, and the O
1s and Cu 2p core-level spectra for the high-T, materials, using a multiband Hubbard Hamiltonian.
The spectra are obtained for small clusters containing two Cu atoms (Cu207 and Cu&O8) for the un-

doped, electron-doped, and hole-doped cases. In order to investigate the sensitivity of the spectra to
cluster size and localized versus delocalized oxygen levels, a comparison is made with a (@-

dependent) impurity approach and results from a Cu04 cluster. Special attention is paid to the dop-

ing dependence of the spectra and the low-energy states and to the redistribution of spectral weights

upon doping.

INTRODUCTION

In spite of the large amount of work dedicated to the
high-T, superconductors, one can say that their electron-
ic structure is still not well understood. ' The problem
originates from the fact that we are dealing with covalent
materials with strong correlations. The covalency is
clearly illustrated by the large value of Cu-0 hopping or
transfer-matrix elements. Furthermore, this covalent na-
ture is not restricted to only one orbital per site (like the
often-chosen d 2 2 for copper and p for oxygen), but
there is a direct mixing of most of the Cu 3d and O 2p
states. The biggest problem however is the large
Coulomb repulsion between holes on the copper. Esti-
mates show that these interactions (V=8 —9 eV) are
larger than or at least of the order of the total width of
the combined Cu-0 band and have to be taken into ac-
count explicitly in a realistic calculation.

That we are dealing here with a complicated many-
body problem is also evidenced by local-density-
approximation (LDA) band-structure calculations which
are now available for most of the high-T, compounds.
These calculations play an important role in identifying
the essential orbitals and determining tight-binding pa-
rameter values. " However, interpreting the one-
particle eigenvalues resulting from the ground-state cal-
culation as being excitations of the system has led to poor
results. In the first place the standard LDA calculation
predicts no energy gap at the Fermi level for the antifer-
romagnetic "undoped" compounds, while this gap is
known to be 1.5 —2 eV. Furthermore, the LDA ground-
state calculations predict states in the energy region from
Ez to only about 7 eV binding energy, while in this pho-
toemission spectra (PES) a large signal is seen up to 16 eV
with a large and broad structure around 12—13 eV below
the Fermi level. This appearance of a high-energy signal
is a weil-known characteristic of highly correlated sys-
tems.

Photoemission and inverse photoemission spectroscopy
(IPES or BIS) are important tools in unraveling the elec-

tronic structure of these compounds. In a one-particle
picture, these experiments give (in principle) directly the
occupied and unoccupied (partial) density of states, and
in a correlated many-particle framework the spectral dis-
tribution is a direct measurement of the one-electron
many-body Green's function.

One of the first interpretations of the photoemission
spectra for the high-T, compounds in terms of a many-
body configuration interaction was given by Shen et al.
They obtained rough estimates of the Cu Coulomb in-
teraction U, the charge transfer energy 6, and the Cu-0
hybridization by considering a 3 X 3 matrix problem for
the final state containing the configurations d, d I., and
d' I.. Later, more involved calculations in the same spir-
it have been done for small clusters (CuO~s 6),

' ' or
using an impurity approach. '

In order to obtain a good description of experiments, a
few considerations are of importance. In the first place,
all Cu 3d and O 2p states have to be included. Many-
body one-hole Green's functions have been calculated nu-
merically by some groups' ' for a small cluster (Cu40s)
or with a slave-boson approach, ' ' using d 2 2 and px —y
orbitals only . These electron-removal Green's functions
cannot directly be related to PES experiments, because
only about 1S% of the total d-spectral weight comes from
the d 2 2 orbital. In Fig. 1 we show the combined x-ray

x —y
photoemission spectroscopy (XPS) and BIS spectrum for
this reduced basis set for the Cu207 cluster. Clearly, the
overall shape is quite different from the one observed in
XPS or from calculations including the full set of orbit-
als, as we will show below. Second, Cu d has a rich
atomic Coulomb and exchange multiplet structure with
energy values distributed over a range of about 7 eV. ' '
This splitting of levels is seen very clearly in Auger data
for metallic copper. ' In Fig. 1, where only the d &

orbital is involved, this multiplet structure is completely
lost, and the d part of the spectrum shows a single sharp
peak at about 14 eV.

Of course, taking a full basis set seriously restricts the
size of the cluster one is able to compute. In the
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FIQ. 1. C 3dCu 3d 2 2 electron-removal and -addition spectral

weight for the Cu207 cluster, for the reduced basis set consisting
of the d» and p orbitals only, and starting from the two-

hole ground state, corresponding to the insulating materials.
Positive-energy values correspond to electron-addition states
and negative ones to electron-removal states. The solid line is a
1 eV full width at half maximum (FWHM) Lorentzian broaden-

ing of the discrete levels (vertical lines).

Cu207-Cuz08 calculation we report here, the maximum
size of the matrices is about 2500, and the photoemission
spectra consists of the order of 20000 eigenvalues. Ex-
tending the size of the cluster to include four Cu atoms
(Cu40s periodic) would increase this number to about
12 X 10 Slater determinants.

In this paper we will include the above considerations
in calculations of spectral weights in PES and IPES, as
well as core-level spectroscopies like x-ray absorption
(XAS) or electron-energy-loss spectroscopy (EELS) and
XPS for both the 0 1s and Cu 2p core levels. We will
concentrate especially on the dependence of the spectral
shapes on doping.

CALCULATIONS

The Cuz07 and Cu20s clusters (see Fig. 2) have been
introduced in previous work. That paper was mainly
concerned with the energy and character of the lowest-

lying states. These states were compared with singlet-
spin trial wave functions, and the parameters appearing
in a t-t'-J model were estimated. Because of this intro-
duction, we will only give a brief description of the in-

gredients of the calculation.

FIG. 2. Cu307 and Cu208 clusters.

As mentioned above, the five Cu 3d and three 0 2p or-
bitals are included. The one-electron part of the Harnil-
tonian is described in terms of a set of tight-b' d

23
ig - in ing pa-

rameters. The various Cu-0 transfer integrals can be
expressed in terms of two parameters pdo. and pd~, and
the 0-0 matrix elements in terms of ppo. and pp~. The
two-electron part of the Hamiltonian contains several
contributions. First, the atomic Coulomb and exchange
interactions on copper are described by the three Racah
parameters ( A, B,C). The Racah B and C give rise to a
spreading of the d configurations over an energy range
of about 7 eV. Second, the interactions on the oxygen
site are described by two (Slater) integrals F d F
H ere I'z is responsible for the atomic multiplet structure.
All parameters are listed in Table I, taken from Ref. 22.
Thee parameters were largely determined by means of fits
of cluster and impurity calculations to photoemission
data, as described elsewhere (see, for instance, Ref. 21).
From Auger measurements on Cu20, the intersite
Coulomb interaction U d is estimated to be small (0—1

eV). In the calculations its value is set to zero.
For PES and BIS we focus our attention mainly on Cu

3d emission or absorption of electrons, which is assumed
to be described best because of the complete surrounding
with neighboring oxygen atoms. For high photon ener-
gies the cross section of copper is about 30 times the
cross section of oxygen. Therefore, the calculations are
to be compared with XPS measurements. The same
holds for the high-energy BIS experiment.

TABLE I. Parameter values. All energies in eV.

Cd

Ep

pd0
pd&
pp~
pp~

0
3.5
1.5

—0.7
—1.0

0.3

B
C
F()
F
Upd

6.5
0.15
0.58
5

6
0

Ud= 3 +4B+3C=8.8

Up =Fp+0. 16Fp =6.0

d= 2&3pdo =1.3
t» = 2(pp~ —ppo. ) =0.65
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The (angle-integrated) spectral distribution in the case
of d emission is calculated in the sudden approximation
using the expression

r(E ) ~ y!&F,N+ I!o!GS, N &!'

(a)
0 ~ 1 hole

XP
XZ, QZ

I I I I ( I I I I I I I I I I I I I I I I I I I ( I I I I I I I I I I I I I I ( I I I I I I I I I I I I I I I I I I I

x 5(Eos +A'co E~ —E, —),
O~ g dr

I,o, a

Here X is the number of holes measured from the full
band d' p system. Cxs, N& is the N-hole ground state.
dl- is a hole-annihilation operator for a hole with sym-
metry I and with spin o.. a labels one of the five d orbit-
als (x —y, 3z r, xy—, xz, and yz). Because the orbital
determines for a large part the symmetry, the two labels
a and I are not independent. The (N+1)-hole state thus
created is projected onto all the (N+1)-hole eigenstates
!F,N+1&. fico is the (constant) energy of the incoming
photon, and c is the energy of the outgoing free elec-

tron, which is probed in the experiment. Equation (1)
can be rewritten in terms of the one-hole Green's func-
tion

I(s ) ~ir 'Im[&GS, N!0 C(Eos+fico s ——i5)

xO!aS,N &],

LLJ

I—
C3
LJ
CL
Vl

()
1 ~ 2 holes

2 ~ 3 holes 0

Zhang —Rice
singlet

C(z) =(z 8)—
Similar expressions are used for IPES and core-level spec-
troscopies by using appropriate final states and replacing
the operator 0 appropriately.

To solve these expressions we use the following pro-
cedure. First the X-hole Hamiltonian matrix is written
down. The ground state is then solved by means of a
Lanczos-like method. The final-state Hamiltonian (N + 1

holes in the case of photoemission) is rewritten in tridiag-
onal form, and the spectral Green's function is expressed
in terms of a continued fraction. The size of the ma-
trices is reduced by exploiting the point-group symmetry
of the clusters.

DOPING DEPENDENCE OF PES AND IPES

In Fig. 3 we show the Cu d —electron-removal spectral
weight for N =0, 1, and 2 holes in the ground state. The
zero of energy for the one- and two-hole ground-state
cases is the center of the band gap (halfway between the
first electron-removal and first electron-addition states).
Therefore, the gap can be obtained directly from the
figure in these two cases. The two-hole ground state cor-
responds to the insulating undoped case, whereas the
one-hole ground state corresponds to 50'Fo electron dop-
ing.

The upper spectrum in Fig. 3 [Fig. 3(a)] describes emis-
sion from the full-band d' p system. Because of the ab-
sence of holes in the d' p state, the electron-removal
spectrum is identical to that which one would obtain
from an independent particle picture. The lower-energy
states (0—2 eV) are of mainly d character, and the states
with mainly p character lie in the region from 4 to 8 eV
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FIG. 3. Cu 3d spectral weights for the Cu207 cluster, for
zero, one, and two holes in the ground state. (a) Emission from

the full shell system. (b) Photoemission for the 50%%uo electron-

doped materials. (c) Spectral weight in the case of the undoped

insulating materials. The solid line is a 1-eV FWHM Lorentzi-
an broadening of the discrete levels (vertical lines).

binding energy. This spread of oxygen levels over about
4 eV is due to the intrinsic width of the oxygen band.
The basic features of this spectrum are close to those
found in the PES spectrum of Cu20. In the d part of
the spectrum, we see the ligand field split Cu 3d states as
marked. These correspond closely to the ground-state or
optical-absorption (one-hole) calculations of a CuO& clus-
ter, ' in which we found a lowest-energy d 2, (5 I ) statex —y
and the states of a&, e, and b2 symmetry clustered at 1.5
eV above this ground state. Upon making the cluster
larger, one expects to see some "banding" of the d 2x
state because of its strong covalent mixing as compared
to the 3z —r, xy, xz, and yz states. This is why the
d 2 2 state is split into a bonding and antibonding statex —y
with separation of 0.8 eV in the Cu207 cluster.

Upon adding one hole to the initial state, which would
correspond to a 50% electron-doped Cu0 system, the
final state in photoemission involves two holes. The
lowest-energy part [see Fig. 3(b)] again shows the split-
ting between the x —y and the 3z —r, xy, xz, and yz
orbitals. In a pure one-electron picture, we would still
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expect to see the bonding-antibonding splitting since an
electron can still be removed from the antibonding or the
bonding orbital with now an intensity ratio of 1:2. Be-
cause of the large U, however, this picture changes
dramatically in the low-energy-scale part. What we see
are indeed two peaks with an intensity ratio of 1:3, but
these now correspond to the singlet and triplet states of
two holes in the cluster. Comparison with the previous
spectrum shows nicely how we must go from a one-
electron molecular-orbital picture if we have only one
hole, and to a Heitler-London picture if we have two
holes with U large. The small splitting between these two
configurations is just the superexchange interaction
J. The intensity ratio between these two peaks is
mainly determined by the diiT'erence in degeneracy of the
triplet and singlet states. In addition, we see the appear-
ance of a low-intensity, high-energy feature (9—17 eV) in
Fig. 3(b), corresponding to Cu d -like final states which
now can be reached. This d -like part which involves U
corresponds to the high-polarity states in the Heitler-
London picture. The BIS spectrum for this case is trivial.
It consists of one peak at zero energy, corresponding to
the filling of the antibonding b, state of Fig. 3(a).

The situation changes as we go to the PES spectrum of
the two-hole system (bottom curve). Now, because U is
large, the two holes are correlated with one hole at each
Cu site. By removing another d electron, we no longer
can easily avoid U. The consequence is a large d ampli-
tude in the region 10—14 eV. Even more important is
that the low-energy-scale part can no longer be obtained,
from the curves in Figs. 3(a) or 3(b) in a simple way.

It is interesting to see what would happen if the Cu-0
hybridization were zero. Then the two-hole case would
imply one hole on each Copper site. From the correla-
tion point of view, this corresponds to a "half-filled"
band case. Because of the large Hubbard U, the d-
spectral weight will consist of only high-energy levels,
corresponding to the part above 8 eV n Fig. 3(c) (or Fig.
4). That the spectra, as seen in photoemission experi-
ments, show their largest signal in the region below 8 eV
is a consequence of the largely covalent nature of these
materials. The two-hole ground state from which the ex-
tra electron is removed to obtain Fig. 3(c) contains 0.66 d
holes and in total 0.34 O 2p holes per Cu site. These 0.34
O 2p holes, however, are distributed over four oxygens so
that each oxygen has only 8% holes transferred from one
neighboring Cu. The lowest-energy electron-removal
state contains 0.79 d holes and 0.71 0 2p holes per Cu
site, showing that it is primarily (for about 7S%) an 0 2p
electron which is removed, but also showing that all these
states are strongly hybridized.

In Fig. 4 we show the combined electron-removal and
-addition spectrum from the two-hole ground state,
which should be compared with the combined XPS and
BIS measurements for the undoped system. The zero en-
ergy corresponds again to the center of the insulating
band gap. The band gap is equal to the energy difference
between the first electron-addition and -removal states, or

E, =Ebs(3 holes)+Eos(1 hole) —2Eos(2 holes),

(3)
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FIG. 4. Cu 3d (solid curve and vertical lines) and central oxy-
gen 0 2p (dashed curve) electron-removal and -addition spectral
weight for the Cu2Q7 cluster, starting from the two-hole ground
state. Positive-energy values correspond to electron-addition
states and negative ones to electron-removal states. The solid
and dashed lines are 1-eV FWHM Lorentzian broadenings of
the discrete levels.

which is —1.9 eV for the Cu207 cluster. As already men-

tioned, the part of the spectrum roughly above 8 eV is
mainly due to the d multiplets. The small peak at 16 eV
is a high-energy d singlet ('S in spherical symmetry).
The other singlet configurations have most of their
weight at high energy (above 11 eV) and the triplets at
lower energies (8—12 eV). In a resonant photoemission
experiment, the strongest enhancement is to be expected
for the high-orbital-momentum '6 (in spherical symme-
try) d multiplet, which is concentrated around 12
V 12, 14,30

In the lower-energy part of the spectrum, there is a
concentration of levels around 2 —2. 5 eV with a large
spectral weight. These are largely due to weakly disper-
sive z-oriented levels, like the d„„d„„andp, orbitals.
The state at 1 eV binding energy is well described by a
bonding combination of (Zhang-Rice ') singlet-spin trial
wave functions. The antibonding counterpart lies -0.8
eV higher in energy and is separated by 0.3 eV from the
"continuum" of states around 2 eV. Such splittings as
between the bonding and antibonding states described
above have been used in several studies ' ' to arrive at
a value for t in a t-J or t-t'-J model for the hole-doped
case, which describes the hopping of the Zhang-Rice
singlet to a nearest-neighbor Cu atom. From this split-
ting we determined the value of t to be =0.4 eV.

If the photon energy is lowered, the relative cross sec-
tion of the oxygen increases. In general, the PES spec-
trum will contain both Cu 3d and 0 2p spectral weights.
The dotted line in Fig. 4 shows the emission and absorp-
tion spectrum of electrons from the central oxygen site in
the Cu2O7 cluster. Comparing this with the full line in
Fig. 4, we would expect an increase of spectral intensity
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FIG. 5. Cu 3d (solid curve and vertical lines) and central oxy-
gen O 2p (dashed curve) electron-addition spectral weight for
the Cu207 cluster, starting from the three-hole ground state.
FTHM=1 eV.

in the region 4-6.5 eV in going from XPS to ultraviolet
photoemission spectroscopy (UPS). In this case one
should be cautious about simply adding the two curves,
because this will give only the incoherent sum, while
coherence effects between emission from Cu and 0 will
change the intensities significantly. The oxygen band-
width is seen to be about 5 eV. Contrary to emission
from copper, the main features of the p-spectral weight
do not change much if one compares the 0—+1, 1 ~2, and
2—+3 hole emission processes, in spite of the fact that U
is quite large. This is explained by the low oxygen hole
occupation number per site in all three cases. Note that
the lowest-energy state is not reached by the emission
from the central oxygen. The reason for this is that the
added hole has to be symmetric around the central oxy-
gen in order to connect the ground state with this first
electron-removal state, while a p orbital is antisymmetric.
This lowest-energy state none the less has overall 1.6
times as much O p- than Cu d-spectral weight, ' arising
from the other oxygens.

Figure 4 also shows the BIS spectrum from the two-
hole ground state. The main peak can be labeled d' d.
(one Cu is d' and the other d ) as one ends up in a local-
ly filled shell system. This peak is split into a bonding
and antibonding part with a splitting of about 0.8 eV, as
in the PES spectrum from the zero-hole ground state
[Fig. 3(a)). This can be compared with the HIS spectrum
of CuO or the high-T, compounds.

More interesting is the BIS spectrum starting from the
three-hole ground state, corresponding to the 50% hole-
doped case (Fig. 5). The signal now consists of two parts:
a d d part around 0 eV energy and a d ' d L part at 2—3
eV. Note that, although we label the state d d, this is a
strongly hybridized state and involves a large d' Ld
component. Here again it is interesting to compare this
spectrum with the spectrum one would get in the case of
zero or small hybridization. Because of the large value
for Udd, the initial state has hardly any d character, but

is then mainly of d d I. character. Thus we expect a
very-low-intensity d d peak when one adds an electron
to the Cu 3d shell, as in the high-energy BIS experiment.
However in Fig. 5 this d d peak actually dominates,
which is a result of hybridization. This strong shift of
spectral weight from the upper Hubbard band to the Fer-
mi level with hole doping could play a very important
role in the high-T, materials and is a general result of
constructive interference of the various channels for the
lowest-energy states in hybridized systems. The states
around 6 eV in Fig. 5 correspond to d' Ld' L-like states.

Besides the large features mentioned above, we also
find a small peak at 1.4 eV. This peak does not exist in
case we use only the reduced basis consisting of d 2X —y
and p orbitals. The three-hold ground state has a
d 2 2 occupation of -0.013 per Cu site, and the peak
at 1.4 eV can be interpreted as a d 2 2~d3 & 2 excita-

X 3z r
tion. However, although this peak is due to the d

3z —r
orbitals, it is mainly reached by means of d 2 2 electron

X

addition. Without this small peak, the spectrum using
the full basis and the spectrum for the reduced basis are
almost identical. This suggests that a reasonable descrip-
tion of the inverse photoemission (up to a few eV) can be
obtained using only the restricted basis set. ' Note that
the mixing of d & 2 and d 2 2 is symmetry forbiddenx —y 3z —r
in the Cu04 cluster, but in the two copper clusters or in
the translational symmetric material, this mixing is al-
lowed at k values far from 1, like (m. , O) in the two-
dimensional (2D) Cu02 plane.

Also shown in Fig. 5 is the 0 2p electron-addition spec-
trum, again for the central oxygen atom in the Cu2O7
cluster. Here we see that for the hole-doped system the
threshold peak is very strong indeed, indicating its
predominant ligand hole character.

CORE-LEVEL SPECTRQSCOPIES: Cu 2p

It is well known that the core Cu 2p line shape is
strongly dependent on the number of d holes in the
ground state. This dependence is clearly evidenced by
the very large satellite in Cu 2p XPS of CuO and its ab-
sence in Cu20. ' The large satellite for CuO is caused
by the fact that the core-hole potential in the final state
prefers the strongly screened d' local configuration.
Thus the energy-level diagram is the reverse of that for
the ground state; i.e., the final-state d' Lc configuration is
lower in energy than d c. The intensity of the satellite is
determined by the hybridization (and the related d occu-
pation) in both the ground and final states. As discussed
in detail elsewhere, the satellite structure is very weak
in XAS or EELS at the Cu 2p edge because here the pho-
toexcited electron can serve as the screening electron, and
a charge redistribution (as must occur in XPS) is no
longer required.

For both the XAS and XPS core-level spectra, one
needs to know the core-hole binding energy. The abso-
lute values of the energies for XPS are related to those of
XAS by means of this energy. One, however, has to be
careful because the different spectra all involve different
numbers of holes in the valence band. To obtain the en-
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a rich satellite structure in the 0 1s XPS spectra. This,
however, turns out not to be the case as we will now
demonstrate. '

In 0& core-level XPS, a 1s electron is ionized. The en-
ergy of the outgoing electron will strongly depend on the
number of holes present in the 2p shell of this specific ox-
ygen site. In the sudden approximation the spectrum
essentially consists of a projection of the valence-band
ground state without a core hole on the eigenstates in the
presence of the core-hole potential. The repulsion be-
tween the core hole and 2p hole is treated again as a local
potential on the core-hole site. Here the core-hole —2p-
hole exchange interaction is neglected. This exchange is
only of importance for the high-lying energy states where
the oxygen with the core hole has five instead of six elec-
trons in its 2p shell.

In Fig. 8 we show the XPS spectrum calculated for
one, two, and three holes in the Cu207 cluster, with the
core hole located at the central oxygen site and for a
core-hole —2p-hole interaction Q„2 =6 eV, which is
about 30% larger than the average 2p-2p repulsion (Table
I). The spectra all mainly consist of one large threshold
peak containing 95%, 90%, and 85% of the total spectral
weight for the one-, two, and three-hole cases, respective-
ly. The weight of this peak is equivalent to the overlap
squared between the ground states with and without the
core hole present. Besides this peak there are several

0) XPS
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FIG. 8. 0&, core-level x-ray photoemission spectrum with
the core hole located at the oxygen site of the Cu207 cluster, for
the one-hole (top curve), two-hole (middle}, and three-hole (bot-
tom curve) ground states. The core-hole potential is taken to be
6 eV. The arrows indicate the frozen ground-state Koopman's-
theorem value for the core-hole binding energy. FWHM = 1 eV.

very-low-intensity states at higher energies, which will
not be easy to detect in the actual XPS experiment. That
these satellites are so low in intensity is a result of a rela-
tively low density of 0 2p holes in the system. This
"lack" of satellite structure is in agreement with the ex-
perimental 0& XPS spectra for clean surfaces. In the
literature one Ands a multitude of 0&, XPS spectra with
multicomponent structures, most of which we believe
are a result of surface contaminations.

The arrows in Fig. 8 (and Fig. 9) indicate the
Koopman's-theorem value for the binding energy of the
core hole. This is calculated by freezing the ground-state
charge distribution and then calculating the total energy
in the presence of the core hole, and is equivalent to the
weighted average energy over the main peak plus satel-
lites. It is the Koopman's-theorem value of the binding
energy which shows the shift with doping expected be-
cause of the 1s-2p interaction. The shift of the main line
is due mainly to the shift in the chemical potential. In
other words, if we had used the vacuum level as a refer-
ence, the main line would hardly have shifted. The in-
creasing energy difference between the Koopman's-
theorem value and the position of the threshold line in
Fig. 8 can be compared to Q„2~ && n2~, where n2~ is the
number of 2p holes on the central oxygen. These occupa-
tions are 0.14, 0.21, and 0.37 for the one-, two-, and
three-hole ground-state wave functions, respectively.
Small differences from this are due to changing hybridi-
zation effects. This result shows very clearly that there is
no simple relationship between the binding energy of the
threshold peak and the effective charge, but that there is
such a relationship if one considers instead the weighted
average peak position. This has been a misconception in
numerous papers on binding-energy shifts in XPS.

In Fig. 9 we investigate the inhuence of changing the
core-hole —valence-hole repulsion Q for the three-hole or
50% hole-doping case. For Q =0 [Fig. 9(a)] the spec-
trum consists of only one peak. In this case the charge
distribution in the valence band is not inAuenced by the
core hole, and there will thus be no satellite structure. As
already mentioned, the 1s-2p repulsion will manifest itself
only in states with holes on the oxygen, i.e., in the high-
energy low-intensity satellite structure. In Fig. 9 there
are indeed some small changes in the part above 530 eV,
comparing Q =4 with Q =8. Note that these small satel-
lites stretch to far below —537 eV.

The effects of the strong hybridization between the Cu
3d and 0 2p levels do not only show up in the photoemis-
sion and inverse photoemission spectra, but it also
strongly inAuences the shape of the 0&, XAS spectra. In
the XAS experiment an oxygen 1s core electron is pro-
moted to the 2p level of the same atom. The spectral dis-
tribution is again given by an expression like Eq. (1), but
now the operator creates a 2p electron on the central oxy-
gen site in the Cu207 cluster, and the [(N —1)-hole] final
states are calculated with the core hole present.

In Fig. 10 we show the XAS spectra starting from the
two-hole [Fig. 10(b)] and three-hole [Fig. 10(a)] ground
states. Figure 10(a), which is the spectrum starting from
a three-hole (50% hole-doping) ground state, consists of
two main parts. The large peak at 528 eV is reached by
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promoting the core electron to the top of the ligand band
and can be labeled d d . A second, smaller peak at
530—531 eV corresponds to the upper Hubbard band
(d'od L). The distance between the ligand and upper
Hubbard peaks is somewhat larger than the band-gap
value obtained from Eq. (3), because of the hybridization
between these two bands. The XAS spectrum for the in-
sulating case [Fig. 10(b)] consists of essentially one peak,
corresponding to the upper Hubbard band (d' d ).

A prominent feature of Fig. 10 is the strong decrease in
intensity of the d ' or upper Hubbard band state in going
from the two-hole [Fig. 10(a)] to the three-hole [Fig.
10(b)] ground-state case. This effect has clearly been ob-
served in the XAS spectra of Li-doped NiO, and is a
direct result of the strong hybridization.

Because of the very low double occupation (p ) on the
central oxygen site, the final state in the XAS process is
almost purely p . As the core-hole potential is only
present in the Anal state, the spectrum is expected to be
quite insensitive to the actual value of the core-hole —2p-
hole repulsion. In Fig. 11 we show the three- to two-hole
XAS spectra for various values of this repulsion Q [see
also Fig. 10(a)]. As can be seen, there is hardly any
change in the shape of the spectra in going from Q =0
(corresponding to IPES on the central oxygen site) to
Q =8 eV.

FIG. 9. 0&, core-level x-ray photoemission spectrum with
the core hole located at the central oxygen site of the Cu207
cluster, for different values of the 1s-2p Coulomb matrix element

Q, calculated for the three-hole or 50% hole-doping case. The
arrows indicate the Koopman's-theorem value for the core-hole
binding energy. FTHM=1 eV.
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FIG. 10. 0&, core-level x-ray absorption spectrum with the
core hole located at the central oxygen site of the Cu20, cluster,
for the three-hole (top curve) and two-hole (bottom curve)
ground states. The core-hole potential is taken to be 6 eV.
FWHM = 1 eV.

FIG. 11. 0&, core-level x-ray absorption spectrum with the
core hole located at. the central oxygen site of the Cu207 cluster,
for different values of the is-2p Coulomb matrix element Q, cal-
culated for the three-hole or 50%%u~ hope-doping case.
FTHM = 1 eV.
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An important conclusion in comparing the XPS to
XAS threshold lines is that these all come at nearly the
same binding energies, independent of the choice of
Q„2 . This is so even if this interaction is large enough
to pull out an excitonic state. A comparison of XPS and
XAS energies therefore does not in this case provide in-
formation about whether or not core-hole excitons are in-
volved. This again is a result of the low 02 -hole concen-
tration.

COMPARISON OF SPECTRA OBTAINED
FOR VARIOUS CLUSTERS

OR AN IMPURITY APPROACH

To get a feeling for the sensitivity of the spectra on
cluster size and the way the oxygen levels are treated, we
compare the spectrum of Fig. 4 with several other calcu-
lations using the same set of parameters (given in Table
I). In Fig. 12(c) the XPS spectrum of a Cu20s cluster is
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FICx. 12. Photoemission spectra for the undoped materials,

calculated by means of (a) a CuO4 cluster, (b) an impurity calcu-
lation, (c) a Cu208 cluster, and (d) the Cu207 cluster.
FTHM=1 eV. The bottom curve (E) is the experimental XPS
spectrum for CuO, taken from Ref. 35.

shown. This cluster, shown in Fig. 2, consists of two
next-nearest-neighbor Cu atoms and their four surround-
ing oxygens. The overall shape of the photoemission
spectrum is very similar to the one shown in Fig. 4 Ior
Fig. 12(d), which shows again the XPS spectrum for the
Cu207 cluster for comparison]. The d part has changed
only little in shape, but has become a little broader. Most
of the changes occur in the d I. part below 8 eV, as is to
be expected because mainly the oxygen levels will be
different. The bonding and antibonding singlet-spin com-
binations are closer together than in the Cu207 case, re-
sulting in t'(t, as shown previously, and are more
clearly separated from the levels around 2.5 eV. The en-
ergy gap is —1.95 eV.

In Fig. 12(a) the results for a Cu04 cluster are shown. '

The first electron-removal "local singlet" state now con-
sists of only one level and is clearly separated from the
levels around 2.5 eV. The d part of the spectrum is
broader than in Fig. 12(d); thus increasing the size of the
cluster seems to decrease this width. The overall shape
is, however, very similar to that of Fig. 12(d). The band
gap is 2.2 eV, 0.3 eV larger than for Cu207. Hybertsen
et al. have studied a sequence of clusters, starting from
Cu04 up to Cu50, 6, using the reduced basis set. They
also find a decrease of the band gap with the size of the
cluster. Their gap for Cu04 is about 0.6 eV larger than
for Cu207. Thus we find a less pronounced effect here.

Figure 12(e) shows the measured XPS spectrum for
CuO, taken from Ref. 35. As discussed in a previous pa-
per, ' CuO resembles the high-T, materials in quite a few
aspects, like, for instance, the value of the superexchange
interaction, the shape of the Cu 2p core-level XPS spec-
trum, the local surrounding of the Cu atom, etc. The
overall shape and intensities of the valence-band XPS
spectrum for CuO are taken as being characteristic of
those measured for the high-T, compounds.

Finally, the results of Fig. 4 IFig. 12(d)] are compared
with an impurity calculation. ' Here a single Cu "impur-
ity" atom is placed in the square lattice of in-plane oxy-
gens. Correlation effects are treated explicitly on the Cu
site only. Starting from full bands, the antiferromagnetic
compounds (one hole per Cu) correspond to the one-hole
solution. The one-electron part of the Hamiltonian is
given by

Mo= g e d d + g Ep(k)cp~ Cpg

+ g I
V p(k)cpl, d +H. c. ] . (4)

a, k, P, o.

Here the first term counts the number of holes on Cu
(a&1, . . . , 5) with spin o. The second term counts the
number of oxygen holes in the Bloch state with momen-
tum k. P labels the three different oxygen 2p orbitals.
The last term describes the k-dependent coupling of the
Bloch states with the Cu site. The one-hole Green's func-
tion can be written down in terms of the double integral
over k, which is evaluated numerically:

(d, aI~Id, a) = z —E —
~ fdkg1 V p(k)'

(2m) p z —
ep k
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and, for example,

E„(k)=2ppo cosk +2pp~cosk~,

(lt) =4iV 6p do. cos( —,'k )sin( —,'k~) .
(6)

The photoemission spectrum, equivalent to adding a
second hole, requires the solution of the two-hole prob-
lem. Now the two-electron (or two-hole) part of the
Hamiltonian has to be included. It consists of all the
different Coulomb multiplet interactions of two holes in
the 3d shell of the Cu, written in terms of the Racah 3,
8, and C parameters. The exact solution of this two-hole
problem can be expressed in terms of the one-hole
Careen's functions given by Eq. (5). For details the reader
is referred to Refs. 13 and 34. The results of the calcula-
tions are shown in Fig. 12(b). Again, the result compares
favorably with experiment. At the lower side of the d L
band (between 2 and 8 eV binding energy), a discrete
singlet bound state is pushed out of the band. This state
has the symmetry and spin of a low-spin Cu (d ) state,
but with one of the holes primarily on the oxygen. This
state looks like a Haldane-Anderson multiply charged
impurity state in semiconductors. The gap is somewhat
smaller than for the clusters (namely, 1.65 eV), which is
largely due to the neglect of oxygen-oxygen correlations.
Inclusion of these correlations will increase the gap by

about 0.2 eV.
In conclusion, we have presented calculations of the

photoemission and inverse photoemission spectra and 0
1s core-level spectroscopies for high-energy incoming
photons for two clusters containing two Cu atoms, name-
ly, Cuz07 and Cu208. The photoemission results were
compared with earlier work (CuO& and impurity calcula-
tions) and were found to be different only in the smaller
details, within an energy resolution of about 0.5 eV. It
was found that the calculated oxygen 1s core-level XPS
has a weak and very smeared out satellite structure, in
contrast to the Cu 2p XPS spectrum. The BIS and 0 1s
core-level XAS spectra for the hole-doped case showed a
strong decrease of intensity of the upper Hubbard band
as compared to the insulating case, due to the transfer of
spectral weight to the oxygen band. Furthermore, atten-
tion was paid to the doping dependence of the spectra.
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