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UTILIZATION OF A HIGHLY-CORRELATED CuO. CLUSTER MODEL TO
INTERPRET ELECTRON SPECTROSCOPIC DATA FOR THE HIGH-

TEMPERATURE SUPERCONDUCTORS

David E. Ramakerg
Department of Chemistry, George Washington University

Washington, DC 20052, USA

ABSTRACT

We have consistently interpreted electron spectroscopic data
for the high temperature superconductors utilizing a highly-
correlated CuOu cluster model, and an extended Hubbard Hamiltonian
which includes the inter-site Cu-O Uvd and 0-0 U.p parameters.
The data indicate much larger Up and Upp values than found in
other typical highly conductive metals. Previously unassigned
features in the data are now assigned within the model.

INTRODUCTION

In this work we summarize results of an interpretation of
electron spectroscopic data for the high temperature superconduc-
tors. The data interpreted include the valence band (VB), Cu 2p,
and 0 Is photoelectron data (UPS and XPS), the Cu LnVV, Cu
LajMzzV, and 0 KVV Auger data, and the 0 K and Cu L13 x-ray
absorption and emission (XANES and XES) data. Published data for
polycrystalline and single crystal samples of Las-,Ba.CuO4 and
YBaCu ,0-. (herein referred to as the La and 123 HTSC's) are
considered along with that for CuO and CutO.

The basic electronic structure of the HTSC's can be described
with the Anderson Hamiltonian utilized by Sawatzky and coworkerst-.
It includes the transfer or hopping integral t, the Cu and 0 orbital
energies Ce and cp, the core polarization energy Qd, and the intra-
site Coulomb repulsion energies U4 and Up (the latter sometimes are
assumed to be zero). This model is most useful when the U's are
large relative to the band widths&, Le. when correlation effects
dominate hybridization effects.. A CuO.("- ' -

" cluster model, which is
also reasonably valid when U >) t, simplifies the model further'. We
utilize an extended Hubbard model by adding the Inter-site repulsion
energies U.p and Up,* (i.e. between neighboring Cu-O and 0-0
atoms). The addition of these interactions is Important for
understanding many of the features in the data.

RESULTS

Our results for the Hubbard parameters are msimmarized at the
top of Table 1. Other estimates of these Hubbard U and c parame-
ters have been reported previously for the HTSC'sZ

-
4. These were

obtained empirically from the Cu Zp XPS and the VB UPS data
utilizing the Anderson model. Our optimal extended Hubbard

'Supported in part by the Office of Naval Research.
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results indicate that Up 12 and U,, -4.5 eV for 123. These are
much larger than previously thought for these metallic systems,
although Up-Up"* is in agreement with the best theoretical results
above.

An upper estimate of the two-center ppe hole-hole repulsion,
Up,, can be obtained from the Klopman approximation',

Uu = ex/(ru* + (2e/(U, + Uj)')" , (1)

where ru Is the interatomic distance and U, and Uj are the
corresponding Intra-atomic repulsion energies. Equation 1 gives a
value for Upe" around 4.8 eV assuming re-* is 2.7 A*. The
experimental energies of 9.5 and 5.0 eV for the pp% and pp*,
features in 123 suggests that the pp" final state energy is 7.2 eV.
This gives an empirical estimate for U,.' of 4.2 eV, very close to the
Klopman theoretical result, which does not include the effects of
interatomic screening.

The above result shows that metallic screening of two holes,
which are spatially separated on neighboring 0 atoms, is not very
significant. This is in contrast to two Cu-O holes, where Table 1
indicates the optimal Up 1 1 eV, while eq. I estimates Udp at 6.1 eV
assuming rc,.e is 1.9 A. This large reduction in U4. may result
from charge transfer into the Cu 4sp levels to screen the Cu-O holes.
Although metallic screening, which results from virtual electron-hole
(e-p) pair excitations at the Fermi level, is not expected to be large
in an insulator such as CuO, screening effects are expected to be
much larger in metals, such as the HTSC's. The above results show
that U.. is significantly reduced in both, and Upp remains large in
both. The lack of a significant change in the U's between CuO and
the HTSC's indicates that the DOS at the Fermi level in the HTSC's
must be very small.

Table I also correlates the calculated energies of the excited
states with features in the experimental data. The CuO.(2.8

-
3'

cluster has one hole shared between the Cu 3d and 0 2p shells in
the ground state, which we term the v (valence) states. The
spectroscopic final states reflect multi-hole states, e.g. va, cv (c =
core) etc. The v states, as reflected by the theoretical DOSI, have
the Cu-O bonding (+b) and antibonding (0,) orbitals centered at 4
and 0 eV, respectively, and the nonbonding Cu and 0 orbitals at 2
eV. The 0 features each have a width 2r = 4 eV due to the 0-0
bonding and antibonding character and the Cu-0 dispersion. We also
define the Cu-a hybridization shift di [(A44t2)I1i - AJ/2. which is
utilized in Table I to give the energies. Thus, the ground state of
an average CuOs cluster Is located at I eV having the energy ea-
a 1+r/2 = c--a, which we use as a reference energy for the excited C1

4, states. In CuO, the hybridization shift r is smaller, and we shall see
below that A=cp-ca has increased to I eV. 0

Those clusters containing additional charge carrier holes (these
exists in doped La, and 123 when x ) 0.5) actually have two holes
per CuO. cluster. The average vt ground state, which is dominated
by the ppP configuration, i.e. the charge carrier holes spend most of
their time on the 0 atoms, so we indicate this ground state by the

Codes

'Dist Special

IL



TABLE 1 Summary of hole states revealed in the spectroscopic
data, and estimated energies using the following optimal values for
the Hubbard parameters in &VO:

6t = 2 CA = 2 Up = 12, 13 Ud =9.5,10.2

62 = 0.5,0.8 c, = 2, 3 U,," = 4.5, 4 Uav =1
r = 2 Up,* = 0. U.P, = 2 Q& =9
a = 1, 0.5 a = 2 A = 0, 1. K= 4

State
b  

Energy expression Calb. E. Exp. E. Remark
eve , eve

G.S. and IPES, v
+a) d CA - 6t F 0 * 2 - heavily

+b) p c, + as * r 4 V 2 - mixed

UPS and BS. vs
1)" ppP cp + A - 64 + a 2.5 2.5 heavily

2)e dp c, + U4. +68 +a 4.5 4.2 mixed
3) pp.. cp+ A +Ue, -I+a 5.5 5.
4) ppeb cp+ A +Up, +fl+a 9.5 9.5 mystery

peak

5) d' CA + Ud + a 12.5 12.5 Cu sat.

6) p2 Cp + A + Up + a 15 16

Cu 2V XPS. cv
d - cp cc + A + a cC + 1 Et, main

cd cc + Q4 + a cc + 10 Et,+9.2 sat.

Cu Zp XPS for NaCuOt, PP - Cva

ppP"cppF CC +d2 + 0 c. + 2.5 c.+2.2 main

cppoa c€+Umr*-r+a+ c. + 4.5 c.+5 ?
cpp'* c,+Up,* r+da+B CC + 8.5 C,+9 ?

cdp cc-A+Qd+U +a+s cC +11.5 c€+11 sat.
Cp' g.+UP+62+6 c. +15.5 c,+14 sat.?

0 I. PS. Cv
d - cd c. + a CC + 1 a. main

cpP a + A ++ a Cc + I Eta main
cpO cc + A + U4pe +a c. + 3 Et,.+2 ? tail

cp cC + 4 Q, + a ? ? not obs
ppP-.cdp' a.-4 +Ud,+ 42 +8 c.43.5 Et,+2 ? tail

Cu LWVV ARS, YO
dppp 2c, + 2Up + a 7 7 2 cent.
dpp" 2c,+Up,+2Ua.+a 11.5 - no mix

dip gt,+€p U+2Udp-82+a 16 15.5 main

dpI 2cp+UP+2U4s.+6*+a 19.5 18-25 sat.



TABLE I (cont.)

Stateb Energy expression Cale. E. Exp. E. Remark
eVc .d eVc

Cu LMlI,,V A]S cvs

cdp c€+c+Q.+Uiv*K+a cc +9 E,,+10 main,'L
cc+17 Ep+18 majn,'L

CPS cc +c +A +U, + a c+15 - not

cds cc-ci+Ud+2Q4 +a c.+30.5 - obs.

Cu Lo, EELS, c
d -, c c. -ci + 8, EP-1 Ep-1.4 edge

cpq_ cc + A -CB + a Esp-Cs Etp1.2 upper
ppP - cp cc -c' + 8, + a E,,-0.5 Eip middle

0 K EELS, c
d - c cC -¢c + 61 119-1 Ila edge

cdCB cc - CB + a Es,-CB E,.+1.7 upper
ppP - d cc-A -cp +dt +8 E,,-0.5 - not obs

&Parameters for 123 indicated first, those for CuO second.

bThe dominant character in the hybridized states is given.

cThe Cae. E and Exp. E columns indicate the results for 123, except
for the "Cu 2p XPS, ppP - cvi" section, which is for NaCuO3.
dThe calculated E is defined relative to the ground v (d) state

energy = Cd - a, or to the v2 (ppP) ground state energy = 2cp--dr-S.
The v'(d) energy defines the Fermi level relative to the vacuum level
at zero.
*The dominant character switches as described in the text, and thus
the sign in front of ds is the opposite for CuO.

parameters in Table I were obtained by considering this same data
plus XANES, Auger and XES data. Although we are in general
agreement with the reported magnitudes for most of the parameters,
our U, value is larger by about 2-3 eV so that it is consistent with
the AES data. In Table 1, we indicate the location of two valence
holes by d (Cu 3d) or p (0 2p). In the case of two holes on the
oxygens, we distinguish two holes on the same 0 (p 2 ), on ortho
neighboring 0 atoms (ppo), or on para 0 atoms (pp') of the cluster.
Furthermore, neighboring pp- holes can dimerize

s
, so we distinguish

between two holes in bonded (pp%) and antibonded (ppog) 0 pairs.
The magnitudes of the U parameters are critical to the

mechanism for the superconductivity. As a consequence, much effort
has also gone into theoretically calculating these parameters, but
wide disagreement still exists over the magnitudes. Theoretical
values for Us in the range 6.5-10 eV, Up (actually Up-Up.) in the
range 7-14 eV, and Udv in the range 0.6-1.6 eV have been reportede,
with the smaller results favored based on the quality of the
calculations. No results for U," have been reported. Our empirical

6-



notation ppP. We use 2cv-
6

r4f an the energy ot the ppo ground
state relative to the vacuum level, where a 2 eV in the energy
shift between the principal ppr UPS final state at 2.5 eV and the
lowest ground ppP state, around 0.5 eV from the Fermi level.

The correlation between the calculated energies and experi-
mental features, utilizing the indicated optimal Hubbard parameters is
very good. Details of this work are published elsewhere'. Figs. 1
and 2 show examples of the UPS and Cu AES data for 123 and Cu~t,
which reveal some of the features itemized in Table 1; the remaining

-data are published elsewhere.-
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dynamical electronic processes which produce these features. We
itemize -'~r conclusions an follows:
1) A switch in the character of state I (see Table 1) from more dp
to ppP and vice versa for state 2 between CuO and 123 arises
because & decreases from I eV to 0 eV. The smaller A in 123, due to
a smaller c, polarization energy, Is consistent with the Cu 2p XPS
and XES data (the latter showing this effect dramatically

, ". Since
state 1 is more of ppv character in the SC's, the "charge carrier
holes" (present in the La after Sr doping and in the 123 when 7-x is
greater than 6.5) spend more time on the oxygens in 123 than in
CuO.
2) The pp% state is believed to be responsible for the "mystery"
peak found at 9.5 eV in the UPS. Figure I indicates that such a
feature also appears for CuOi.U. This feature does not appear for
CutO, as expected since UPS reflects the one-hole DOS in CujO.
Thus this feature is not unique to the SC's; it naturally appears for
those systems with two-hole photoemisasion final states.
3) Although CusO, CuO, and NaCuOt have a formal Cu valence of
+1, +2, and +3, in the current picture they reflect the cve DOS, with
n-0, 1, and 2. Furthermore, we consistently predict the "chemical
shifts" in the primary Cu 2p XPS peaks. Whereas, CusO exhibits just
a primary core hole c state at energy cc, CuO has its primary cd
feature energy shifted by A+a relative to c., and the primary cppr
feature for NaCuOt by d2+ (Table 1), which Is consistent with the
experimental data". The width of the primary feature is seen to
correlate with the intensity of the satellite, and is not due to the 0
p band width as suggested by others".
4) The increased "satellite" feature at 19 eV in the Cu LuVV
Auger line shape for the IITSC's compared with CuO s .i' (see Fig. 2)
arises because of increased final-state configuration mixing between
the d'p and dps states. Its intensity is increased in 123 relative to
CuO because the energy separation (before hybridization) between
d'p and dp2 has decreased from 3.8 eV in CuO to 2.5 eV in 123. We
have indicated this mixing in Table 1 by adding the hybridization
shifts 6s to the energy expressions for these two states.
5) We find that the initial-core shakeup (ICSU) process, which Is
known to be responsible for the satellite features in the Cu 2p XPS
data', does not produce satellites in the AES or XES data, because
the ICSU states generally "relax" to the primary states of the same
symmetry before the core level decay. Such a relaxation is expected
when the ICSU excitation energy is larger than the core level
width"9. Previously, vanderLean et al.', for the Cu halides,
suggested that the intensity of these ICSU states in the XPS should
be quantitatively reflected in the intensity of the Auger satellites
found in the Ltvv lineshapes. The data do not indicate this
however. We previouslys indicated that a fraction of these ICSU
states probably resulted in Auger satellites for the RTSC's, and that
this fraction becomes larger as the the covalency of the HTSC
material increases. This work indicates rather that the ICSU states
relax before the core level decay to states of the same symmetry,
provided they have a ICSU excitation energy that is much greater

7



than the core level width. We believe this to be a genera] result, at
least in the Cu*I materials.
6) The EELS and XANES data"lJI reflect the contributions from
three possible transitions; the dominant d - c contribution nearest
the Fermi level, the ppP -. cv (v = d or p) contribution resulting
from the carrier hole states, as well as the cvCB contribution well
above the Fermi level

n
. Here CB represents an electron present in

the higher Cu 4sp or 0 3p "conduction band". The latter two
contributions are not always resolved, and sometimes have been
confused in the literature29-'1.
7) All of the temperature effects seen in the spectroscopic data'2

-

m can be attributed to a single phenomenon, namely a decrease in cp
due to increased metallic screening, or long range polarization. This
is consistent with the decrease in the primary cp peak energy in the
Cu 2p XPS, while the cd satellite remains unshifted. The larger
energy separation between the cd and cp states decreases the mixing
which causes the satellite to decrease in intensity and the main peak
to get narrower. Although the primary cd peak does not shift in the
O Is XPS, a slight shift to lower energy is seen in the cp, and cp*
contributions at lower temperature, as expected with a decrease in
cv. The UPS spectra show a skewing toward the Fermi level at lower
temperature, as expected with a decrease in cp. Finally the growth
of the satellite intensity in the Cu L2VV Auger lineshape is
consistent with a decrease in ep. The increased metallic like
screening or polarization which appears to occur at lower
temperature, reducing c,, probably involves the grain boundaries,
since the more recent data for the single crystal samples do not
change with temperatures7.

In summary, an interpretation of the data utilizing a highly
correlated CuO. cluster model shows that a single set of Hubbard
parameters predicts all of the state energies. Changes in the data
between CuO and the ITSC's arises primarily from a reduction in cp;
this reduction continues with decreasing temperature in the HTSC'a
due to Increased metallic screening. Compared with CuO, the HTSC's
show an increased covalent interaction between the Cu-O bonds. The
large size of Up, and the temperature dependence, reveal that
metallic screening is incomplete, and hence that the DOS at the Fermi
level in the HITSC's is relatively small.
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