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The technique of transmission high-energy electron energy 
loss spectrometry (EELS) in TEM has been applied to ana- 
lyze the formation of charge carriers (holes) and charge 
transfer in p-type doped cuprate superconductors. The 0 - K  
absorption edges of these compounds exhibit a distinct pre- 
edge feature which is related to the formation of holes on 
oxygen sites. The newly discovered Ga-based cuprate 
superconductors display additional significant spectral fea- 
tures. 0 - K  absorption edge fine structure analysis reveals 
two types of holes in this system, one induced by hole dop- 
ing alone and the other by high-pressure oxygenation treat- 
ment. Only the second type of hole appears to be associated 
with the occurrence of superconductivity. The Cu L, edge of 
the doped and oxygenated compounds also exhibits a pro- 
nounced shoulder on the higher-energy side of the Cu L, 
edge which represents the charge transfer between copper 
and oxygen. EELS absorption data are consistent with the 
doped charge-transfer insulator or Mott-Hubbard model 
description of the electronic states. Necessary experiments 
to distinguish between the above two models are also 
suggested. 

I. Introduction 

ORMATION of charge carriers and charge transfer are two F important parameters which form the basis for the under- 
standing of the complex interrelationship among crystal struc- 
ture, dopants, and the associated changes in the electronic 
structure of oxide superconductors. The evolution of the elec- 
tronic structure as a function of dopant concentration has an 
intimate relationship with the superconducting properties of 
these materials. It is only recently that high-quality data on the 
evolution of electronic structure with dopant concentration are 
becoming available.’ ‘Such data are crucial to resolve the con- 
troversy as to which model best describes the electronic struc- 
ture of cuprate ~ ~ p e r c o n d u c t o r s : ~ ~ ~  charge-transfer insulator, 
bandlike metal, or Mott-Hubbard models. 

Among the several techniques which are sensitive to changes 
in electronic structure, transmission EELS has proved to be a 
useful technique because the signal is sensitive to bulk elec- 
tronic structure6 unlike surface-sensitive techniques such as 
XPS, ellipsometry, etc. Furthermore, since EELS can be per- 
formed using a TEM where additional techniques of HRTEM 
X-ray analysis, and diffraction are readily available, EELS very 
much complements the above techniques and offers much 
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higher spatial resolution (- 1-10 nm). High spatial resolution 
offered by the TEM techniques is useful in the cuprate super- 
conductor systems which are notoriously inhomogeneous and 
display complex microstructure at “critical” compositions. 

Transmission high-energy electron energy loss spectrometry 
(EELS) has been employed by several workers to analyze the 
electronic structure of the high-temperature oxide superconduc- 

Utilizing their unique dedicated high-resolution 
EELS spectrometer, the Karlsruhe has contributed 
substantially to this area and demonstrated that certain fine 
structure features associated with the 0 - K  absorption edges can 
be analyzed to obtain evidence of holes and the symmetry of 
states in p-type oxide superconductors. Recently, Yuan et ~ 1 . ’ ~  
camed out an elaborate EELS study of the (TI, ,Pb,, s)(Cal !Y!)- 
SrZCu207- superconductor system where they observed a 
broad 0 - K  pre-edge feature for all values of x. They concluded 
that the broad pre-edge feature just below the O X  edge onset is 
not an indication of holes responsible for superconductivity, but 
may represent holes responsible for normal conductivity. Their 
high-resolution data of the compounds in the superconducting 
regime showed an appearance of a secondary feature, about I .5 
eV below the primary pre-edge feature of the 0 - K  absorption 
edge. The intensity of the secondary feature correlated well 
with the amount of Ca doping in the superconducting regime as 
well as the 7; of the compounds. They also observed that this 
secondary feature is associated with a high-energy shoulder on 
the Cu L,  edge. The observations were interpreted in terms of 
charge transfer between oxygen and copper as a result of Ca 
doping on yttrium sites. 

Most recently we have carried out transmission EELS stud- 
ies” of the Y,&a,Sr,Cu2Ga0, (0.1 5 x 5 0.4 ) series of com- 
pounds which exhibit superconductivity when hole-doped 
(with Ca) and annealed under high-pressure oxygen atmo- 
sphere. There is considerable interest in Ga-based supercon- 
ductors because (i) copper resides only in the CuO2 planes, (ii) 
copper is the only cation with a variable oxidation state, (iii) 
copper planes are separated by insulating Ga tetrahedra, (iv) 
CuO, planes can be doped without changing the oxygen stoichi- 
ometry significantly, and (v) this compound exhibits supercon- 
ductivity only when annealed under high-pressure oxygen 
atmosphere. 

Thus many questions related to “chains versus planes,” the 
effect of hole doping, changes in copper valence, and high- 
pressure oxygen treatment can be addressed realistically 
through systematic studies of these compounds. 

In this contribution, we first quickly summarize our EELS 
results on ErBa,Cu,O, (Er123) systems and then move onto 
the studies of Co-substituted YBa2Cu,0, (Y 123) and the 
newly discovered” family of superconductors in the series 
Y, -,Ca,Sr,CuzGaO, (0. I 5 x 5 0.4) 

torS,S.6.Y- 14 

11. Experimental Procedure 

Specimens of cuprate superconductors were prepared by the 
conventional solid-state synthesis route. The Y, ,Ca,Sr2Cuz- 
GaO, (0.1 5 x 5 0.4) series of compounds do not exhibit 
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superconductivity even when hole-doped (with Ca), but require 
a high-pressure oxygenation treatment,’, which was performed 
at Argonne National Laboratory. Conventionally treated speci- 
mens of Y, ,Ca,Sr,Cu,Ga07 (0.1 5 x 5 0.4) were annealed 
under an oxygen atmosphere of 200-300 bar at 925°C. X-ray 
and neutron diffraction studies of these compounds have been 
previously carried out” and its crystal structure i s  shown later 
in Fig. 4(A). Specimens for transmission EELS experiments 
were prepared by crushing the powder between glass slides and 
floating small fragments on holey carbon films. Self-supported 
specimens were also prepared by mechanical polishing fol- 
lowed by ion beam thinning (IBT). The results from both of the 
experiments were identical. 

EELS experiments were carried out using a 200-kV cold field 
emission TEM (Hitachi HF-2000) equipped with a Gatan 666 
parallel EELS spectrometer interfaced via the Gatan ELiP soft- 
ware to a Mac I1 fx. The microscope was also equipped with a 
Link Systems ultra-thin-window (UTW) X-ray detector for 
X-ray microchemical analysis. Local chemistry was always 
confirmed by X-ray microanalysis prior to EELS experiments. 
All of the data presented in this paper correspond to defect-free 
regions of appropriate composition. For EELS, probe sizes 
from 10 to 100 nm were utilized and the collection semiangle at 
the spectrometer was set to about 15 mrad to minimize any 
anisotropy effects. All of the specimens were first tilted to the 
[Ool ] zone but then specifically and consistently tilted away by 
a known amount to avoid strong channeling and localization 
conditions.’X The energy loss spectra thus collected represent 
the average of the spectral features along several niomentum- 
transfer directions. We have also been conducting momentum- 
transfer-resolved EELS experiments to identify localization of 
various excitations. The results of these experiments will be 
published at a later date. 

Considerable care was taken to minimize the radiation dose 
by employing beam spreading and minimum dose techniques. 
Specimen thickness was deliberately chosen to be less than 50 
nm to minimize multiple scattering. This was achieved by 
observing the low loss region of the EELS spectrum and lim- 
iting the area of analysis to only those which exhibited about 
1 : 10 ratio of the low loss to the zero loss intensity. 

EELS data were collected using the energy dispersion of 0.1 
to 0.3 evichannel, with the zero loss resolution (FWHM) being 
better than 0.5 eV. Energy calibration was performed using the 
carbon K edge (285 eV) as the reference for Ga-based speci- 
mens since photoemission data for this compound are not yet 
available. The absolute energy calibration is estimated to be 
better than 0.5 eV. EELS spectra were corrected for dark cur- 
rent and readout noise. The channel-to-channel gain variation 
was minimized by normalizing the experimental spectrum with 
an independently obtained gain spectrum of the spectrometer. 
The background was subtracted using the power law expres- 
sion. The technique of “difference” spectra” was employed to 
identify the presence of small spectral features such as the prei- 
post-edge peaks. 

111. Results 

For the sake of convenience, the EELS results are catego- 
rized with respect to the family of superconductors inves- 
tigated. 

( I )  ErBa,Cu,O, (Er123) 
It is well known that in much studied YBa,Cu,O, (Y 123) 

system, yttrium can be substituted with Gd, Er, etc., without 
much change in the superconducting properties.”’ Insulating 
Y(or Er/Gd)Ba,Cu,O, can be doped with excess oxygen, over 
and above O,, which results in formation of holes on oxygen 
sites which are the majority charge carriers. Maximum doping 
is achieved with an oxygen stoichiometry of 0,. Er123 very 
much follows the properties of Y 123, however, with much 
smaller 60 K plateau than Y123.” The 0-K absorption edge of 
Er123 shows a strong dependency on the oxygen stoichiometry. 

Figure 1 shows the montage of 0 - K  EELS absorption edges of 
Er123 for x = 6.1 (insulating) and x = 6.9 (superconducting) 
specimens. For Er123, x = 6.1 there is no pronounced pre- 
edge feature in the vicinity of the binding energy (E,) but a dis- 
tinct pre-edge, at about 528.5 eV (I?”), clearly emerges with an 
increase in oxygen content. The 0 - K  absorption edge repre- 
sents transitions from the 0 - K  shell into unoccupied 0 21, 
states, Thus, the 0 - K  absorption edge approximately corre- 
sponds to the p-projected density of unoccupied states and the 
pre-edge feature is related to the formation of holes on oxygen 
sites. 

(2) Co-Substituted YI23 
Cation doping has been widely used to study the influence of 

cation site substitutions on superconducting properties. I t  has 
been shown” that cobalt substitutes for the squarely coordi- 
nated Cu(1) sites in Y 123. The effect of such selective substitu- 
tion on the superconducting properties i s  of considerable 
interest. The K. reduces gradually with an increase in Co substi- 
tution.”.” Electron diffraction indicates the presence of two 
types of microdomains with modulation of transverse displace- 
ments along the [ I 101 or [ IT01 directions, respectively (see Fig. 
2). One of the principal questions in this system is the effect of 
Co doping on the “hole count.” If the valence of cobalt is 
greater than + 2, the defect chemistry dictates that there should 
be reduction in the hole density. Earlier studies” with X-ray 
absorption indicate that Co exists in predominantly + 3 form, 
which implies that the hole count should reduce with Co substi- 
tution. However, there are no direct measurements of hole 
count in this system. 

Figure 3 shows the comparative EELS 0 - K  absorption spec- 
tra of Y123 (x = 6.9) and YBazCui_,Co,O, (J = 0.1 1 ,  x = 
7.29). Co-substituted Y I23 also clearly exhibits the familiar 
0-K pre-edge feature. We have modeled the 0 - K  absorption 
edges in terms of two Gaussian contributions, one (GI)  
describes the pre-edge and the other (G2) incorporates the 
broad main absorption edge. The ratio G I G 2  i s  the measure of 
the spectral weight of the pre-edge feature which i s  related to 
the hole density. In the present case, the G liG2 ratio for Y I23 i s  
0.199 and that for Co-Yl23 is 0.194, values which are virtually 
identical, implying that the hole counts for these compounds 
are identical. 
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Fig. 1. EELS 0 - K  absorption edges of Er123 (0 = 6.10 and 0 = 
6.90). A pronounced pre-edge is seen for 0 = 6.90 which indicates 
the hole density on oxygen sites. Dotted curves represent Gaussian fits 
to the data. 
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Fig. 2. 
iting diffuse scattering along [ I 101 and [ 1 101 directions. 

Selected area diffraction pattern-from Co-doped Y 123 exhib- 

(3) 
This series of compounds, abbreviated as Ga-HTS, display 

intriguing properties. The compound can be hole-doped with 
calcium, but even when Ca-doped these compounds do not 
exhibit superconductivity. However, the Ca-doped specimens 
exhibit superconductivity only when annealed under high-pres- 
sure oxygen atmosphere (typically 200-300 bar at - 925"C).I7 
The crystal structure and a high-resolution TEM image of this 
compound are shown in Fig. 4, indicating the sequence of vari- 
ous layers. 

Figure 5 is the montage of EELS spectra of 0 - K  absorption 
edges in a series of Ca-doped Y, ,Ca,Sr,Cu,GaO, specimens 
not treated under high-pressure oxygen (i .e . ,  nonsuperconduct- 
ing). There is no pre-edge feature visible below the onset of the 
0 - K  absorption edge in the undoped specimen. However, a pre- 
edge feature (B) ,  at about 528.2 eV, which can be ascribed as 
above the Fermi level (see Discussion), clearly emerges with 
Ca doping, with its intensity somewhat proportional to the 

Y,-xCaxSr,Cu,GaO, (0.1 5 x 5 0.4) 

0 ' - - *  I b I & I I L I I I  

520 525 530 535 540 
Energy Loss (eV) 

Fig. 3. Comparison of Y I23 (0 = 7.0) and Co-Y 123 (Co = 0. I I )  
0 - K  edges. The relative intensities of the pre-edges are almost identi- 
cal to each other, indicating similar "hole count ." 

amount of Ca doping. These observations are qualitatively sirn- 
ilar to Niicker rt r r l .  ,5 ,6  who observed a systematic increase in 
the intensity of the pre-edge feature associated with the 0 - K  
absorption edge in the La, ,Sr,CuO, system with Sr doping. 

After high-pressure oxygenation treatment (200-300 atm at 
925"C), Y,-,Ca,SrzCu,CaO, (0.1 5 x 5 0.4) specimens 
become superconducting with from 25 to 73 K.I7 0 - K  
absorption edges (Fig. 6) of superconducting Y, ,Ca,SrlCu,- 
GaO,, interestingly, exhibit another secondary feature (A)  at 
about 527. I eV, which is I .  1 eV below the first brwad pre-edge 
peak (B), and probably corresponds to the Fernii level (see Dis- 
cussion)."' The presence of this pre-edge was confirmed from 
the first-difference spectrum which is shown as an inset. There 
is also some indication of reduction in the intensity of the ( B )  
pre-edge feature with high-pressure oxygen anneal with accom- 
panying increase in the secondary (A) pre-edge feature 
intensity. 

The Cu L ,  edge of this compound also exhibits a shoulder on 
the high-energy side of the main L ,  edge as shown in Fig. 7 .  
Again, the presence of the shoulder was confirmed by the first- 
difference spectrum shown in the inset. The secondary (A) pre- 
edge feature was consistently observed for all superconducting 
(oxygen annealed) specimens but not in the nonsuperconduct- 
ing (but Ca-doped) ones. Furthermore, the shoulder on the L,  
edge was also consistently seen only in the superconducting 
specimens which were associated with the secondary (A)  0 - K  
pre-edge feature. It should be pointed out that we could observe 
this second pre-edge feature below the 0 - K  edge and the Cu L,  
shoulder with statistical confidence only between x = 0.25 and 
x = 0.4 superconducting specimens. The presence of these fea- 
tures in superconducting .T = 0.  I and x = 0.2 specimens could 
not be conclusively determined because of lack of the signal-to- 
noise ratio expected for such smaller concentrations. However, 
looking at the trend between x = 0.25 and x = 0.40, it can be 
inferred that such features may very well be present for smaller 
Ca concentrations, but are not detected with statistical confi- 
dence because of the limited signal-to-noise ratio of the present 
technique. These and other statistical considerations are out- 
lined in the next section. 

IV. Discussion 
The origin of pre-edge feature(s) in p-type doped supercon- 

ductors has been discussed by several workers.' 1.5-x In their 
X-ray absorption studies of La2. ,Sr,CuO,, Chen rt ul.'.' 
reported two pre-edge peaks below the 0 - K  absorption edge as 
a function of x. The lower pre-edge peak (A), which is absent 
for x = 0, increases in intensity with x and the higher pre-edge 
peak (B) reduces with x. The upper (B) peak (higher energy) 
was identified'."-"-' as transition into the upper Hubbard band 
with largely Cu 3d character and the lower (A) peak (lower 
energy) was interpreted, analogous to Niicker et (I/. , 5 . h  as due to 
introduction of charge carriers into the charge-transfer band 
with mostly 0 2p character. 

To a first approximation, the EELS 0 - K  edge spectra display 
the p-projected density of unoccupied states. The systematic 
increase in the 0 - K  pre-edge intensity with x in the La, ,Sr,- 
CuO, and other similar systems led Nucker ct ~ l . ~ - - "  to propose 
that the valence band is made of 0 2p orbitals and that this pre- 
edge feature corresponds to holes introduced in this band (on 
oxygen sites) which serve as majority charge carriers. How- 
ever, il similar pre-edge feature was subsequently observed by 
Nucker ef id.?' and Takahashi et u1.l5 for electron-doped 
(n-type) Nd,- ,Ce,CuO,, questioning the simple correlation 
between the pre-edge feature and formation of holes. Based on 
their observation of a pre-edge peak below the 0 - K  absorption 
onset for Nd,-,Ce,CuO,, which is similar to p-doped supercon- 
ductors (e.g., Laz- ,Sr,CuO,), Nucker et (11.'' in fact questioned 
whether Nd,- ,Ce,CuO, is an electron-doped superconductor at 
all. However, subsequent studies, including observation of a 
negative Hall coefficient25 and the sign of the Seebeck coeffi- 
cient,26 strongly support the view that Nd,_ ,Ce,CuO, is indeed 
an n-type superconductor. 
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ing the defect-free stacking sequence. (C) Representative X-ray emission spectrum of Ga-HTS. 

(A) Schematic illustration of the crystal structure of pristine Y, ,Ca*Sr$u,GaO,. ( B )  HRTEM image of Ga-based superconductor indicat- 
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Fig. 5. Montage of 0-K absorption edges of Y, ,Ca,SrlCu,GaO, 
(x = 0, 0.20, and 0.35). Note the gradual emergence of B pre-edge 
with Ca doping. 

In the much studied Y I23 and La,.. ,Sr,CuO, systems, there 
is now a c ~ n s e n s u s ’ ~ ” . ’ ~ ’ ~  that the pre-edge feature below the 
0 - K  absorption edge represents the hole density on oxygen 
sites. Our observations of the 0 - K  pre-edge feature in Er123 is 
no exception, and Er-substituted Y 123 also displays holes on 
oxygen sites. This result is not surprising since Er has the same 
valence as that of Y and no cation intermixing or valence fuc-  
tuations are expected. However, the mobility of holes may be 
modified, which may explain differences in T, versus oxygen 
content in  the Erl23 system compared to Y 123. 

Co-substituted Y 123 poses an interesting scenario. Since the 
cobalt valence in this system is determined to be close to + 3, a 
reduction in hole density is expected owing to charge compen- 
sation. Our 0 - K  EELS absorption data indicate that the pre- 
edge feature has about the same weight as that of Y 123 with an 
oxygen stoichiometry of 0,, which implies that the hole density 
is virtually unchanged with Co doping. This can be explained 
by the fact that Co substitution results in excess oxygen stoichi- 
ometry (>7) which appears to compensate for the reduction in 
hole density due to the presence of Co’+. Thus the reduction in 
T,  with cobalt doping does not seem to be related to hole den- 
sity. It is inconceivable that the mobility of the holes may be 
affected by cobalt doping. However, more transport and defect 
studies are necessary to identify the exact role of cobalt in this 
system. 

We have modeled the 0 - K  absorption edges in Ca-doped 
Y, ,Ca,Sr,CuZGaO, (0.1 5 x 5 0.4) specimens using two 
Gaussian distributions as shown in Fig. 5 ,  one Gaussian for the 
(B) pre-edge feature and another describing the main absorp- 
tion edge. Using such an approach, we have been able to iden- 
tify the contribution of the pre-edge feature in terms of hole 
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Fig. 6 .  Comparison of 0 - K  EELS absorption edges of Y, ~,Ca,Sr,- 
Cu,GaO, (x = 0.35) with and without high-pressure oxygenation treat- 
ment. Note that oxygenated specimen exhibits A pre-edge peak in 
addition to B pre-edge. Inset shows the difference spectrum confirming 
the presence of A pre-edge. 

concentration, which increases systeinatically with an increase 
in Ca doping. Thus, following Nucker et ~ l . ’ , ~  and Chen et 
al., we can interpret the appearance and the increase in inten- 
sity of the broad 0 - K  pre-edge feature in Ca-doped Ga-HTS 
specimens in terms of the formation of holes on oxygen sites 
due to doping of Y’+ by Ca” . However, because these speci- 
mens are not superconducting (not treated under high oxygen 
pressure), these holes are clearly not associated with super- 
conductivity. 

The appearance of an additional low-energy pre-edge peak 
(A) at 527.1 eV, as in Fig. 6, provides some clues about the 
locations of holes in the Ga-HTS system. We have been able to 
model the 0 - K  edges of the superconducting specimens in 
terms of three Gaussians: the first describes the broad (B) pre- 
edge, the second one incorporates the smaller low-energy (A) 
pre-edge, and finally the third includes the main 0 - K  absorp- 
tion edge (see Fig. 6). The intensity associated with pre-edge A 
is clearly very low, probably because it has intrinsically lower 
“weight” than the B pre-edge. However, we strongly believe 
that it is indeed present based on the “difference spectrum” 
which is shown as an inset in Fig. 5. It is clear from the differ- 
ence spectrum that the pre-edge A stands out clearly above the 
background. Intensity calculations show that the first-differ- 
ence intensity of the A pre-edge is 4 times the background 
noise. This implies that pre-edge A is statistically significant. 

There is also some faint evidence of reduction in the intensity 
of the B pre-edge feature with high-pressure oxygen anneal 
with accompanying increase in the secondary (A) pre-edge fea- 
ture intensity. In this respect, our results are somewhat similar 
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Fig. 7. Cu L, edges of Y, ,Ca,Sr,Cu,GaO, (x = 0.35) before and 
after oxygenation treatment. A broad shoulder on the high-energy side 
appears on the Cu L, edge of Oxygenated specimen. Inset shows the 
difference spectrum indicating the presence of the shoulder. 

to those of Nucker et ul.’.(‘ and Chen et ul.‘,’ for La,-,Sr,CuO,, 
although an entirely different interpretation may be necessary 
to explain the details. In our case, we observe the appearance of 
A pre-edge with high-pressure oxygenation treatment of 
Ca-doped specimens, accompanied by slight but notable 
decrease in B pre-edge intensity. The fact that B pre-edge inten- 
sity increases with Ca doping alone strongly suggests formation 
of holes, but perhaps on sites other than the CuO? planes. The 
possibility that these holes are not associated with the CuOz 
planes and/or that they may lack the necessary mobility may 
explain why these holes are not associated with superconduc- 
tivity in this system. We interpret the appearance of a secondary 
pre-edge feature (A) in terms of formation of holes on oxygen 
sites in the crucial CuO, planes, induced by high-temperature 
oxygenation treatment. The small but notable decrease in the B 
pre-edge feature with an accompanying increase in the A pre- 
edge feature after oxygen anneal suggests that at least some of 
the holes which are formed by Ca doping alone (on sites other 
than CuO, planes) transfer to the CuO, planes. This suggestion 
is supported by the observation of superconductivity in high- 
pressure oxygenated specimens, which is related to formation 
of charge carriers (holes) in the crucial CuO, planes. Further, 
the recent powder X-ray diffraction data on the high-pressure 
oxygen-annealed specimens” show noticeable contraction of 
the in-plane lattice parameters, indicative of increased hole 
doping of the CuO, planes. We have also obtained additional 
data by probing the Cu L3 edge as described below. 

We have analyzed the Cu L, edge spectral features of both 
Ca-doped and high-pressure oxygen-annealed specimens of 
Ga-HTS compounds. In Ca-doped, but nonsuperconducting 
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specimens (i.e., without high-pressure treatment), the CU L7 
edge is highly symmetric and sharply peaked, but develops a 
notable shoulder on the high-energy side after high-pressure 
oxygenation treatment, analogous to many cuprate p-type 
doped superconductors. I-’.’.‘ We have modeled the Cu L, edge 
considering three contributions (see Fig. 7): the first one is the 
main Cu L, edge as a Lorentz oscillator, the second one is 
another Lorentz oscillator incorporating the high-energy shoul- 
der, and finally the third arctangent curve describes the energy- 
dependent background profile. We have utilized a difference 
spectrum to conclusively analyze the presence of a Cu L ,  shoul- 
der. The inset in Fig. 7 shows the first-difference spectrum of 
the Cu L, edge of the superconducting specimen, which exhib- 
its a clear signature of the Cu L ,  shoulder. The intensity associ- 
ated with the first-difference peak of the shoulder is about 4 
times the background noise, indicating that it is statistically 
significant. 

The observation of a broad shoulder on the Cu L,  edge in the 
superconducting Ga-HTS specimens also lends some support to 
the argument of hole formation in CuO, planes as a result of 
high-pressure oxygenation treatment. Since there is only one 
site for copper (in the CuO, planes) in these compounds, the 
appearance of the Cu L, shoulder can be unambiguously inter- 
preted in terms of charge transfer between copper and oxygen 
induced by high-pressure oxygenation treatment. The extent of 
such charge transfer can be deduced by modeling the Cu L ,  
edge in terms of two Lorentz oscillators as illustrated in Fig. 7. 
An excellent match is obtained for two Lorentz oscillators of 
appropriate intensity, width and location. This charge transfer 
implies a strong covalent mixing of copper and oxygen orbitals 
at the Fermi level, i.e., oxidation of CuOz planes. 

Thus, it appears that the Ga-HTS system exhibits two types 
of holes. The first broad pre-edge feature (B), at about 528.2 
eV, represents holes associated with oxygen sites other than the 
crucial CuO, planes. The high-pressure oxygen anneal appears 
to induce the formation of another type of hole, most probably 
associated with the CuOz planes, as reflected in the appearance 
of a second pre-edge feature (at about 527. I eV). High-pres- 
sure oxygenation treatment induces transfer of some of the 
holes formed by Ca doping alone (on sites other than the CuOz 
planes) to the crucial charge carrier CuO, planes. The shoulder 
on the high-energy side of Cu L ,  can be interpreted as due to 
oxidation of CuO, planes by charge transfer between copper 
and oxygen. 

The EELS absorption data indicate gradual evolution of the 
electronic structure of p-doped superconductors. As pointed 
out by Eskes et al. ,’ a half-filled Hubbard system for p-doped 
superconductors in the localized limit has two low-energy elec- 
tron-addition states for each hole created by doping. In con- 
trast, a charge-transfer system in the localized limit is 
fundamentally asymmetric between hole and electron doping. 
When the hybridization is increased, this asymmetry disap- 
pears quickly and both holes and electrons introduced by dop- 
ing show a strongly correlated behavior. Thus, in the p-type 
doped region, both charge-transfer and Mott-Hubbard descrip- 
tions are virtually indistinguishable. Thus, unless additional 
hole und electron doping experiments are performed, it would 
not be possible to determine unambiguously whether the 
charge-transfer insulator or Mott-Hubbard model best 
describes the electronic structure of p-type doped superconduc- 
tors. Thus the absorption data for the p-type doped supercon- 
ductors investigated in this contribution conform to both the 
charge-transfer insulator description and the Mott-Hubbard 
model. Unambiguous discrimination between these models 
awaits further studies. 

V. Conclusions 

0 - K  absorption edges of p-type doped cuprate superconduc- 
tors display pronounced pre-edge peak(s) which is (are) related 
to the hole density on oxygen sites. Er123 EELS data are simi- 
lar to the Y123 where the evidence for holes on oxygen sites 

appears in the form of an 0 - K  pre-edge peak. Co substitution in 
Y 123 on Cu(1) sites does not seem to affect the hole density, but 
perhaps their mobility. The Ga-based superconductors exhibit 
two types of holes, one induced by Ca doping alone and the 
other brought about by high-pressure oxygenation treatment. 
The Cu L ,  edge of the oxygenated specimens also exhibits a 
pronounced shoulder on the high-energy side. These observa- 
tions indicate charge transfer between oxygen and copper. The 
EELS absorption data are consistent with the charge-transfer 
insulator or the Mott-Hubbard description of cuprate super- 
conductors. 
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