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To estimate the variations of the doping hole density in a series of thallium cuprates, TIBaQ-,Nd, 
CU~O,-~ with the substitution amountx, we used XAS at the copper Ls-edge. The spectra were recorded 
on powder samples with the total electron yield method. From the simulations of the spectra with two 
pseudo-Voigtfunctions, the ]3d9&> relative intensity, with respect to the /3d9> one, has been calculated 
and compared to the variations of T,‘s and to the copper formal charge deduced from previous neu- 
tron diffraction experiments. A correlation between the doping hole density in the [CuOz], planes, 
n,,(x, y), and T,‘s has been clearly established. The difference between the copper formal charge as 
deduced from neutron diffraction and the equivalent one deduced from our experiments has been 
assigned to extra holes likely located in the 2~: orbitals of the apical oxygen of the copper square 
pyramids. 0 1992 Academic Press, Inc. 

I. Introduction 

Comparison of the two series of high T, 
superconductors ‘WWh - l~um% +4 
(labeled “Tl,“) and TlBa,Ca, _ ,CU,O~,,~ + 3 
(labeled “Tl”) raises the question of the 
influence of the Cu(III) content upon the 

- 

superconducting properties of these com- 
pounds. Indeed the first series should con- 
tain no Cu(III), whereas the second series 
should present very high Cu(II1) contents, 
especially for the first member, TlBa,Ca 
Cu,O,, if one takes into account the stoi- 
chiometric formula. Several hypotheses 

’ In most of these oxides. the oxygen content is only determined by chemical methods which is a volumetric 
analysis capable of determining the total amount of active oxygen (see for instance Parantham et al., J. Solid 
State Chem. 87, 479, 1990). However, it cannot differentiate the species, especially in the case of many mixed- 
valence elements being present simultaneously in a single phase, so that it is questionable, and moreover the 
structure determination is not performed on the sample studied for superconductivity. Consequently, it is not 
possible to draw out conclusions about the role of oxygen and the density of carriers in the [Cu-OJ, planes 
necessary for superconductivity. Conversely, X-ray absorption spectroscopy deals with the electronic structure 
and is able to determine the hole density close to the Fermi level of one specific element inside a complex 
structure. 
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have been put forward to explain supercon- 
ductivity in these phases such as, for in- 
stance, the role of the hole reservoir of the 
[TlO], layers and the possible excess oxy- 
gen in the Tl, compounds and oxygen defi- 
ciency in the Tl oxides.’ 

XAS has been shown to be a valuable 
tool to estimate the formal valence and the 
electronic structure of elements in super- 
conducting oxides (1-6). The XAS studies 
of bismuth (7, 8) and thallium layered cu- 
prates (9, 10) have been interpreted on the 
basis of a partial reduced valence of the Tl 
and Bi cations due not to the formation of 
stable reduced valence states Tl(1) or Bi(I), 
but more likely to the delocalization of elec- 
trons on an hybridized band made of 6s, 6p, 
and 6d levels in the Bi-0 or Tl-0 planes. 

For the interpretation of the copper L,- 
edge spectra, we agree with the charge 
transfer model generally used to describe 
the spectroscopic properties of the super- 
conducting copper oxides: this situation oc- 
curs when the ligand-to-metal charge trans- 
fer energy A = E(d”+‘L) - E(d”) (the 
energy required for d” -+ d”+‘L transition) 
is smaller than the intra-atomic Coulomb 
energy U. Undoped, the cuprates are insula- 
tors of the charge transfer type. In other 
words the full valence band originates es- 
sentially from 2p oxygen orbitals but con- 
tains 3d character. The first empty band 
above the Fermi level is based on 3d,2-,2 
orbitals of Cu but has a partial 2p character 
due to covalency. The Cu(II1) term is used 
only to illustrate the charge balance in the 
chemical formula and represents a simpli- 
fied and abbreviated concept to image the 
cation Cu(II), described as an admixture of 
configurations (a13d9> + p13d10@ with 
a2 + p 2 = 1) in the presence of itinerant 2p 
holes. The & ligand hole is also an oxygen 
2p hole but without any itinerant capability. 

By doping, a hole impuritylike band is 
formed at the bottom of the gap, which fi- 
nally merges with the valence band to build 
a partially filled conduction band. Thus the 

stable electronic configuration for these 
doping holes is the (3d9fi> one, and the 
)3d*> configuration appears only at higher 
energy as shown by Bianconi et al. (31). 
Moreover, it has been found that CY~ in- 
creases with hole doping. 

To directly check the hole density in the 
[CuO,], planes, one can use XAS either at 
the oxygen K edge or at the Cu L, edge. 
Direct observations of La2-,Sr,Cu0,P,,,+, , 
“123” phases, and Bi,Sr,CaCu,O,+, com- 
pounds at the oxygen K edge have shown 
the oxygen 2p character of the conduction 
band, the presence of a high density of 
holes, and the strong anisotropy of the hole 
symmetry in the layered cuprates (11-14). 
The Cu L,-edge spectroscopy is also a tool 
of choice to probe the filling of the d band 
(15, 16). The presence of holes is clearly 
evidenced by an absorption peak due to the 
/3d9&> (hole doping) configuration. But the 
problem here comes from the polarization 
of this transition as observed on single crys- 
tals of YBa,Cu,O, and Bi,Sr,CaCu,O,+, su- 
perconductors. 

In this respect, the 1212 series exhibits an 
interesting behavior since the critical tem- 
perature of the oxide TlBa,CaCu,O, (17-19) 
was shown to increase from about 50 to 
65 K by annealing in an inert atmosphere. 
This influence of the oxygen content, i.e., of 
the modification of the hole carrier density 
upon Tc’s was shown recently by hydro- 
gen-argon annealing of various thallium 
cuprates (20, 21) for which the critical tem- 
perature could be increased in a dramatic 
way. 

Another remarkable feature of the 1212 
series deals with the fact that the complete 
replacement of calcium by yttrium or neo- 
dymium allows pure nonsuperconduct- 
ing phases to be synthesized (22, 23). In- 
deed, this absence of superconductivity in 
TlBa,NdCu,O, needs to be compared to the 
existence of superconductivity at high tem- 
perature in Tl,Ba,CaCu,O, which exhibits, 
from its formula, the same charge balance, 
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i.e., “Tl(III)-Cu(II).” More recently, it was 
shown that the partial replacement of cal- 
cium by rare earth elements (Nd, Y, Gd) in 
TlBa,CaCu,O, allowed T, to be increased 
up to 100 K (24). 

A neutron diffraction study was per- 
formed on the TlBa,Ca, xNd,yCu,O,_, com- 
pounds to understand these phenomena 
(25); the authors have determined precisely 
the oxygen content. As a result, the copper 
formal charges have been indirectly deter- 
mined and shown to decrease from x = 0.2 
to x = 1 when T,‘s decreased from 100 K 
to no superconductivity. Moreover a new 
relation between Cu-0 apical distances in 
the CuO, square pyramidal layers and Tc’s 
has been found for oxides belonging to a 
same solid solution: the larger the Cu-0 
apical distances, the larger the critical tem- 
peratures. 

In this work, we will present and dis- 
cuss X-ray absorption spectroscopy of the 
thallium cuprates series TlBa,Ca, _ ,.Nd, 
Cu@_, (0.2 5 x 5 1). The samples used in 
this study were the same as those used for 
X-ray diffraction characterization, magnetic 
susceptibility measurements, and neutron 
diffraction so that the oxygen content and 
the superconducting properties were well 
known. In the present study, the Cu L,- 
edge spectra of the TlBa,Ca, _ ,.Nd,Cu,O,- fi 
series will be simulated in order to get quan- 
titative information about the hole density 
on the copper sites and to compare it with 
the copper formal charges deduced from 
neutron diffraction and with the variations 
of critical temperature. 

II. Experimental 

The oxides Tl?O,, BaO,, CuO, CaO, and 
Nd20i were mixed in the adequate ratios. 
The mixtures were pressed into bars of 4 
mm diameter x SO mm length (about 2 g 
weight) and heated in evacuated quartz am- 
poules (heating rate, 15OWhr; reaction 

time, 24 hr at 950°C; cooling rate, 8Whr 
from 950 to 6OOC and then furnace cooled). 

Neodymium, Nd,CuO, , and lanthanum 
cuprates, La,CuO, (reference compounds 
for the Cu(I1) formal valence state), were 
prepared from the oxides, Nd,O,, La,O,, 
and CuO, mixed, and heated in air in plati- 
num crucibles at 1100°C for Nd,CuO, . 

LalCu,,SLi,,,O,~fi (reference compound 
for the Cu(II1) formal valence state) was 
synthesized from a mixture of the oxides 
La,O, and CuO and of lithium carbonate 
L&CO, according to the work of Attfield and 
FCrey (26). The preparation was pelletized, 
heated in flowing oxygen at 900°C for 12 hr, 
and cooled to room temperature at the rate 
of SO”C/hr. TGA analysis could not be per- 
formed on this sample due to the possibility 
of lithium loss during the reduction. Iodo- 
metric titration confirmed the presence of 
trivalent copper and led to a 6 value close 
to 0.04. 

These materials were checked by X-ray 
and electron diffraction for purity and de- 
fects density. Superconducting properties 
were studied by susceptibility measure- 
ments. Structure determinations and physi- 
cal properties of these compounds have 
been published elsewhere (17, 22, 25, 27, 
28). 

All the XAS spectra at the L, edge of 
copper were recorded at room temperature 
on powder samples by a total electron yield 
method. The experiments were performed 
at LURE (Orsay) using the synchrotron ra- 
diation from the super-AC0 ring operated 
at 800 MeV with a typical current of 250 
mA. Samples were ground and sieved ho- 
mogeneously on a sticky band supported 
by an aluminum sample holder. Electrical 
contacts were realized by silver paste dots. 
The X-rays were monochromatized by two 
beryl crystals (1010) and the ejected elec- 
trons from the samples detected by a chan- 
neltron with an axis perpendicular to the 
beam line. The energy scale was then posi- 
tioned with respect to the /3d’> peak of 
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CuO at 931.2 eV. The experimental energy 
resolution was estimated to be better than 
0.3 eV, whereas the reproducibility of the 
energy position of the spectral features is 
close to 0.05 eV. The width of the core hole 
has been measured to be 0.56 eV at the L, 
edge (29). The usual thickness of the probed 
upper layer of the samples is about 200 A in 
the total electron yield method. 

The top of the )3d9> transitions for all the 
compounds has been set to a common value 
chosen arbitrarily. In order to obtain the 
relative intensities of the transitions, the 
spectra have been least-squares fitted by a 
combination of Gaussian and Lorentzian 
shapes using a program written by Rodri- 
guez to fit neutron diffraction line profiles. 
The initial program has been modified to 
take into account the specificities of X-ray 
absorption data and to introduce a linewidth 
per peak as a fitted parameter. 

III. Results 

Formal Valence States 

Cu(ZZ). Copper L,-edge spectra of cu- 
prates, NdzCuO, , and nonsuperconducting 
La,CuO, , taken as references for Cu(I1) va- 
lence states in previous papers (9, ZO), are 
shown Figs. la and lb. They are character- 
ized by one peak centered around 93 1.2 eV; 
energies and linewidths (deduced from the 
fits) are reported in Table I. Fitted curves 
are shown on the experimental data (Figs. 
la and lb). The single peak corresponds to 
the transition 12~+,~3d~> -+ j2p3d1’>, giving 
rise to the copper final state [ls22s22p53- 
s23p63d ‘“4s04p0]. 

Another peak of low intensity appears 
around 938 eV in these reference spectra; 
it should correspond to the ]2p,,,4s”> + 
12p4s1> transition which presents a much 
lower cross section than the first one. In- 
deed recent XANES simulations have 
shown that this second peak results from 
electronic transition to hybridized levels 
built on 4s, 4p, and 3d copper orbitals (30). 

Cu(ZZZ). The K,NiF,-type compound 
La2Lio.sCuo.504-s has been chosen as a ref- 
erence for the Cu(III) valence state since it 
is stable in air over long periods. From the 
iodometric titration, 6 was measured to be 
0.04 and thus the copper formal charge must 
be + 2.84, assuming adequate lithium stoichi- 
ometry. The Cu L, edge of this compound is 
shown in Fig. 2 together with the fitted curve. 
Two peaks are clearly visible due to a large 
energy difference; the intensity of the second 
peak at E, = 933.45 eV (see Table I) is quite 
a bit larger than the other one at E, = 93 1.1, 
keeping the same (HWHM) linewidths. The 
energy of the first peak is close to the values 
found for the Cu(I1) references, Nd,CuO, and 
La,CuO,, and thus the corresponding transi- 
tion must be 12p3n3d9> + 12p3d1°>, attesting 
to the presence of Cu(I1) valence state in small 
amounts. 

For the second peak, the core electron 
can be transferred to two possible initial 
electronic configurations 13d8> and (3d9&>, 
the 13d10LZ> being unaccessible at the Cu 
L, edge due to the selection rules. From 
previous XI’S measurements made by Bian- 
coni et al. (3Z), it has been shown that the 
1 3d8 > configuration has a very small transi- 
tion probability such that the main peak ap- 
pears very likely to be due to transitions to 
the 13d9&>. Indeed, this compound is an 
insulator presenting an ordering in the [(Cu, 
Li)O], planes and exhibiting a diamagnetic 
behavior likely due to an antiferromagnetic 
coupling between the d hole and the 2p hole. 
From the intensities of both peaks IO and I, 
(Table I), one can deduce a mean density of 
holes per copper 

in good agreement with the chemical analy- 
sis. It is worth noting here that, in the charge 
transfer model, the doping hole density in 
the 2px,Y oxygen band should only be 0.425 
due to the small copper concentration in this 
cuprate. 
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FIG. 1, Copper L, edge of reference compounds for the Cu(llj valence state, exhibiting a single peak 
corresponding to the transition j2p,?3dy> + i2p3d1°> due to covalent holes. (aj NdzCu04: (-) 
experimental curve: (...) fit. (bj La?CuO,: (-Texperimental curve: (.,.) fit. 
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TABLE I 

SIMULATION PARAMETERS OF THE COPPER L3 EDGES FOR REFERENCES AND SUPERCONDUCTING CUPRATES 

OF THE TIBa,Ca,_,Nd,CuzO,-, SERIES 

Compounds 13d9> 13d9&> nh = Il(I + lo) 
Neutron 

diffraction (9) 

Nd,CuO, E 931.3 (1 0 0 b 

I- 0.54 
La,CuO, E 931.1 L1 0 0 b 

I- 0.53 
hLi0.5Cu0.504 E 931.1 933.45 0.84 0.84 b 

I- 0.46 0.47 0.16 
TlBa2C~.8Ndo,2Cu206.~6 E 931.1 932.4 0.14 0.21 qcu = 2.32 

I- 0.67 0.8 0.14 Ons6 T, = 98 K 
TlBa2Cac,,Ndo.,Cu207-fi E 931.1 932.3 0.12 0.18 b 

r 0.63 0.8 0.12 T, = 90 K 
TlBa2C~.sNdo.4Cu20,-s E 931.1 932.5 0.10 0.15 b 

r 0.6 0.8 0.09 T, = 60 K 
TlBa2Cao.5Ndo.5Cu206.~6 E 931.1 932.6 0.08 0.12 qcu = 2.18 

r 0.62 0.8 O6.R6 T, = 40 K 
TlBa2C~.2Ndo.8Cu20,~~ E 931.1 0 CO.06 CO.06 b 

r 0.57 T,=OK 
T1Ba2NdCu20, E 931.1 0 0 0 4cu = 2 

r 0.55 Oh.96 Tc = 0 K 

Note. In order to properly compare the 13d9&> line intensities, the linewidth of this transition has been kept 
constant and fixed to 0.8 eV. E and I are, respectively, the energy and linewidth of the lines. 

u Not detectable 13d9&> line. 
’ Neutron diffraction spectra not recorded. 

Thallium Layered Cuprates 
Five compositions of the solid solution 

TlBa,Ca, -,YNd,Cu,O,, corresponding to 
x = 0.2, x = 0.3, x = 0.4, x = 0.5, 
x = 0.8, and x = 1, have been studied by 
X-ray absorption spectroscopy at the Cu L, 
edge. A neutron diffraction study (25) of 
some members of the series (x = 0.2, 
x = 0.5, and x = 1) has shown that these 
superconducting oxides became oxygen de- 
ficient as the calcium content increases and 
that the corresponding copper formal 
charges increase as well as T,‘s. 

The idealized structure of these 1212-type 
cuprates is shown in Fig. 3a, whereas mag- 
netic susceptibilities for the x = 0.2, x = 
0.3, x = 0.4, and x = 0.5 compounds are 
plotted in Fig. 3b. The latter curves show 
clearly the decrease of T,‘s and diamagnetic 
volumes with increasing substitution rate. 

With total electron yield curves (Fig. 4) at 
the copper L, edge, one can clearly observe 
the increase of the 13d9@ line intensity as 
the calcium content increases. For the de- 
termination of the line intensities, we have 
simulated the spectra with two lines taking 
the energies, linewidths, and intensi- 
ties as fitting parameters as well as the ad- 
mixture of Lorentzian and Gaussian shapes 
to take into account the distortion of the 
experimental line. For example, the spec- 
trum of the thallium cuprate TlBa, 
Ca,,,Nd,.,O,.,, (Fig. 5) shows the agreement 
between experimental and simulated curves 
and the intensity distribution between both 
lines. The results of the simulation (Table I) 
show that the energy shift of 13d9&> (F = 
E,, - E, = 1.5 + 0.1 eV) is constant and 
smaller than that in the La,Li,,,Cu,,,O,-, 
compound (E = 2.3 eV). 
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FIG. 2. Copper L, edge of the LazLi,Ju 0 5 0 i 9h reference compound for the Cu(Il1) formal valence 
state, showing two peaks at 931.1 and 933.45 eV, corresponding to 12p,,,3d9> + /2p3d”> (covalent 

- holes) and /2pjj23d9&> + 12p3d”‘L> (doping holes) transitions, respectively. 

In the TlBa$a, ,Nd.,Cu,O,_, series, the 
linewidths of the /3d9&> line appear to be 
always slightly larger than the 13d9> one, 
and this result can probably be related to 
the random distribution of oxygen vacancies 
and thus to the distribution of electronic 
state energies in the hole impurity band fol- 
lowing a model described by Tolentino et 
al. (32). These 13d9L> linewidths have been 
kept constant in all the simulations in order 
to be free of the influence of these parameter 
fluctuations on the line intensities. 

IV. Discussion 

In agreement with the neutron diffraction 
data, which allow one to calculate a copper 
formal charge close to 2+ in the TlBa?Nd 
CulO, compound, no density of doping 
holes could be detected on the copper L,- 
edge spectrum (Fig. 4), which shows only 

the main /3d’> line due to covalent holes. 
The absence of the /3d9&> line shows that 
no doping holes are present in the [CuO,], 
planes of the compound; taking into account 
the resolution of the experiment (AE = 0.8 
eV), the absolute error on such a determina- 
tion can be estimated to be ~3%. 

Increasing the calcium content, one can 
see (Fig. 4) the increase of the 13d9&> con- 
tribution since x = 0.5. The absence of any 
enlargement of the high energy shoulder for 
the x = 0.8 compound shows that the den- 
sity of doping holes for this composition 
should be less than 6%. From x = 0.5 to 
.r = 0.2, the calculated densities of doping 
holes q, increase with the calcium content 
at the same time as T,‘s increase (Table I). 
Unfortunately, no pure phase correspond- 
ing to x = 0 could be synthesized so that 
the variation of T, for larger doping hole 
densities could not be measured in this se- 
ries. But looking now at the copper formal 
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FIG. 3. (a) Structure of the “1212” thallium cuprates family. (b) AC susceptibility x’(T) for four 
compounds of the series TlBa,Ca, -,NdxCuz07+, showing the simultaneous decrease of both T,‘s and 
diamagnetic volumes. (a) x = 0.5; (b) x = 0.4; (c)x = 0.3; (d) x = 0.2. 

charges, calculated from the oxygen con- 
tents due to the neutron diffraction experi- 
ment, for the two compositions x = 0.2 and 
x = 0.5, where they are larger than 2, one 
can see that they are quite a bit larger than 
the corresponding densities of doping holes 
observed in the copper L,-edge spectra. 

To explain such a difference, one can 
think first of the anisotropic distribution of 
the hole carriers in the very anisotropic 
structure of the layered cuprates. In the bis- 
muth layered cuprate of the 2212 type, it has 
been shown by EELS (24) at the oxygen K 

edge that the doping holes are introduced 
only in the oxygen 2p,, orbitals and are 
completely absent from the 2p, orbitals. 
That result is in agreement with the copper 
L,-edge spectra realized on thin films or sin- 
gle crystals by Bianconi ef al. (15, 16). With 
the electric field of the X-ray beam in the 
(a, 6) plane of the structure, the /3d9&> 
transition appears clearly on the high energy 
side of the main peak, whereas, with the 
electric field nearly parallel (+ 15”) to the c 
axis of the structure, the 13d9L> does not 
appear any more and the total intensity is 
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FIG. 4. Copper L, edge for five substitution amounts x in the TlBa,Ca, _ ,Nd,Cu@_8 series, 
the increase of the )2plj23d9&> + 12p3d”‘L> transition intensity with decreasingx. (-1 x = 
.Y = 0.3: (---I I = 0.4; (-.-) .Y = 0.5: f---)x = I. 

showing 
0.2; (...) 

reduced to 20% of the former. Thus, in the 
bismuth cuprates, with the electrical field 
direction at an angle 0 from the (a, b) plane, 
the /3d9L> intensities are 1~,,9,.,(8) = 
I (id9&)7. cos’(0) according to the dipole 
approximation. These results would suggest 
that the essentials of the doping holes are 
concentrated in the (a, b) plane in electronic 
levels based on the oxygen 2p.,,) orbitals in 
the bismuth cuprates. Such an electronic 
configuration can be thought of also for thal- 
lium cuprates which present the same type 
of lamellar structure. Furthermore, in pow- 
der samples where the grains are randomly 
distributed, the /3dyL> relative intensity 
can be calculated from both contributions 
I along the c axis and I, perpendicular to 
the c axis using the angle 0 between the 
electrical field of the incident beam and the 
(a, h) plane of the structure: I = I #, . cos(0) 
+ II . sin(B) with I,, = I; and I_ = Z., = I,. . 
The isotropic condition leads to sin’(8) = 4 

and cos’(8) = $ as a possible solution and 
thus to 0 = 35.2”. Then the powder spec- 
trum must correspond to the spectrum of an 
oriented sample with the electric field at 35” 
from the (u, h) plane: lljdyL> = Ii,,y,,,?,, 
. cos’(35”). Owing to this co&ection, the fi- 
nal doping hole content per copper PZ~,~ = 
z13d9L_(r.v)>l(~13rl’L(x,?)~ + Zijd9.J in the [CuO,], 
planes of the TIBa,Ca, ~, Nd,CuzO, m6 can be 
calculated (Table I) and compared to the 
formal charges derived from the oxygen 
stoichiometry measured by neutron diffrac- 
tion. For the substitution rates x = 0.2 and 
.Y = 0.5, one can see that the XAS results are 
systematically below those deduced from 
neutron diffraction. The difference, which 
can be estimated to be one-third of the total 
copper formal charge, can be due to some 
extra holes located, for instance, on the 2p, 
level of the apical oxygen of the CuO, pyra- 
mid located in the [Ba-01, planes. Indeed 
recent EELS work on a Tl,Ba,CaCu,O,+, 
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FIG. 5. Copper L1 edge of the TIBazCQ,sNd,,,Cu z 0 6,86 compound and simulation with two peaks due 
to /2p,,,3d9> -+ 12p3d”> and 12p,,,3d9&> + 12p3d1°L> transitions, respectively. (-) Experimental 
curve; (...) total fit; (---) )3d9> simulated peak; (-.-) /3d9L> simulated peak. 

single crystal (33) has shown the existence 
of a large amount of doping holes in the 
oxygen 2p, orbital at the oxygen K edge, 
whereas no significant change could be de- 
tected by XAS at the Cu L3 edge. This result 
needs to be confirmed on other single crys- 
tals and oriented thin films but it corre- 
sponds to the first observation of holes out 
of the [CuO,], plane in the layered cuprates. 

To explain the anisotropy of the ]3d9&> 
line in the thallium layered cuprates, one 
must deal with the amount of covalent over- 
lapping between the copper 3d,z_,z orbital 
and the 2p, orbital of the apical oxygen. The 
latter interaction depends strongly on the 
Cu-0 apical distance in the dipolar approxi- 
mation; most X-ray and neutron diffraction 
structure determinations (25, 34) have 
shown that the Cu-0 distances in the (a, b) 
plane (dcueo = 1.9 A) are much smaller than 
the apical ones (dcumo = 2.7 A) in thallium 

cuprates (25). This result suggests a negligi- 
ble overlap of copper and oxygen orbitals 
along the c axis of the TlBa,Ca,-,Nd, 
Cu,O,-, structure and consequently a 
strong localization of some doping holes in 
the oxygen 2p, orbitals. 

V. Conclusion 

We used X-ray absorption spectroscopy 
at the Cu L, edge on thallium cuprates 
TlBa,Ca,-,Nd,Cu,O,-, (0.2 5 x I 1) in or- 
der to investigate the hole density in the 
copper planes and to correlate it with the 
copper formal charges deduced from neu- 
tron diffraction measurements. The intensi- 
ties of the 13d9&> electronic configuration, 
i.e., the doping hole densities, have been 
correlated to the critical temperatures and 
decrease when neodymium content in- 
crease. Comparing calculated estimation of 
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doping holes with the copper formal charge, 
we conclude that the obse~.veJ difference 
can be due to extra holes located on the 
2p, level of the apical oxygen of the CuO, 
pyramid. 
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