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Site-Specific X-Ray Absorption Spectroscopy ofY12xCaxBa2Cu3O72y: Overdoping and Role
of Apical Oxygen for High Temperature Superconductivity
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Using polarization-dependent O1s and Cu2p near-edge x-ray absorption spectroscopy on detwinned
Y12xCaxBa2Cu3O72y single crystals, the unoccupied electronic structure of the CuO2 planes and CuO3
chains has been studied. Unlike the conventional picture where superconductivity is related predomi-
nantly to the number of planar holes, we find clear evidence for a prominent role of the apical sites.
For both under- and overdoped samples the hole states in the planes and chains are identified and hole
counts for the relevant orbitals near the Fermi level are derived. Oxygen–deficient as well as oxygen–
rich samples show that the holes introduced by replacing Y31 with Ca21 appear solely in the planes.
[S0031-9007(98)06297-8]

PACS numbers: 74.25.Jb, 74.62.Dh, 74.72.Bk, 78.70.Dm
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The well-known crystallographic structure of
YBa2Cu3O72y contains two-dimensional CuO2 planes
embedded between Ba and Y layers and, additional
one-dimensional CuO3 chains along theb axis of the
crystal. It is widely accepted now that while the Ba21

and Y31 ions merely serve as counterions to stabilize th
compound, the formation of the chains is responsible f
the hole doping of the planes. Starting with the charg
transfer insulator YBa2Cu3O6.0, the number of holes in
the planes is increased by raising the oxygen conte
until, at y ø 0.6, the compound undergoes a tetragon
to orthorhombic phase transition and superconductivi
sets in [1]. Fory ø 0.06, the superconducting transition
temperatureTc approaches its maximum value ofø93 K
and, finally, on increasing the oxygen content beyon
6.94, drops slightly when the threshold to overdoping
passed [2]. However, the highest oxygen content atta
able is 7.0 and, consequently, the planes of YBa2Cu3O7.0
are barely overdoped compared to what is possible
La22xSrxCu2O41d or Tl2Ba2CuO61d [3].

Intriguingly, an alternative doping mechanism is pos
sible by the partial replacement of Y31 for divalent
alkaline-earth metals such as Ca21 [4]. Since the Y site is
situated right between the two CuO2 planes, one expects
from this substitution that holes are mainly introduced int
the planes while the charge balance of the chains rema
essentially unaffected. In this sense, oxygen-deficie
Y12xCaxBa2Cu3O72y is unique among allp-type high
temperature superconductors, where usually the Cu2

planes cannot be doped without simultaneously intr
ducing holes on the apical site or significantly changin
the (chemical) pressure. In addition, the overdope
regime becomes accessible if Ca-doped samples
strongly oxygenized. From the comparison of the tw
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doping mechanisms conclusions about the chain unit c
be expected. Especially, the correlation between th
critical temperature in optimally doped high temperatur
superconductorsTmax

c and the apical hole count could
be investigated. Such a relationship, if present, wou
greatly help in deciding whether the inclusion of next
nearest-neighbor hopping in band models is important [5

In this paper, we report on the site-specific unoc
cupied electronic structure at the Fermi levelEF of
Y12xCaxBa2Cu3O72y as measured by O1s and Cu2p
near edge x-ray absorption fine structure (NEXAFS). O1s
and Cu2p NEXAFS measurements predominantly prob
unoccupied O2p and Cu3d states, respectively. The ab-
sorption edges were obtained at the National Synchrotr
Light Source (NSLS) using polarized synchrotron radiatio
from the NRL-NSLS beam line U4B. The measurement
were performed in the nonsurface sensitive fluorescen
yield mode with an energy resolution of 220 meV a
530 eV and 480 meV at 930 eV. The data were correcte
for the energy-dependent incident photon flux as we
as for self-absorption effects [6] and were normalize
to tabulated cross sections [7] in an energy range abo
70 eV above the threshold energy. Details on the corre
tion process and on crystal growth as well as detwinnin
and annealing procedures are described elsewhere [8
In order to characterize our samples we performed neutr
diffraction experiments on single crystals from the sam
batches at the four-circle diffractometer 5C2 at the Orphé
reactor, Laboratoire Léon Brillouin, CE Saclay [10] along
with energy dispersive x-ray emission. It turns out from
these data that for none of the samples does the amoun
Ca incorporated on the Ba site exceed 1%.

Using the polarized character of synchrotron radiatio
and taking into account that the spectral region aroun
© 1998 The American Physical Society
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EF is dominated bys-bonded O orbitals [11],Eka con-
tributions are caused by unoccupied Os2d 2px orbitals.
Accordingly,Ekb contributions result from Os3d 2py or-
bitals in the CuO2 planes and, in addition, from Os1d 2py

orbitals in the CuO3 chains. By the same token, only the
Os4d 2px orbitals of the two apical oxygen sites contribut
for Ekc. Information on the unoccupied Cus1, 2d 3d states
in the chains and planes, respectively, can be obtained fr
polarization-dependent NEXAFS of the Cu2p edge, al-
though there the situation is more complicated.

In Fig. 1, the O1s Eka spectra of oxygen-
depleted samplessy ø 1.0d with Ca concentrations
of x ­ 0.03, 0.12, and 0.23 are compared to underdope
YBa2Cu3O6.5, nearly optimally doped YBa2Cu3O6.91,
and overdoped Y0.9Ca0.1Ba2Cu3O6.91. For insulating
Y0.97Ca0.03Ba2Cu3O6.0 a distinct upper Hubbard band
(UHB) is observed at about 530 eV [12]. With increasin
Ca content the intensity of the UHB is reduced an
a further peak on the low-energy side of the UHB
increases. This, in turn, means that holes are created
the valence band (VB) and spectral weight is transferr
from the UHB to the VB [13]. As can be seen from the
comparison of Y0.77Ca0.23Ba2Cu3O6.0 and YBa2Cu3O6.5
this transfer occurs in an analogous way for the tw
doping mechanisms mentioned above. The intens
of the VB peak and, therefore, the number of dope
holes in planar O2px orbitals are approximately equal.
When going from the underdoped through the optimal
to the overdoped regime the intensity of the UHB i
further reduced, and at the same time the VB intens

FIG. 1. Comparison of the O1s Eka absorption spectra of
Y12xCaxBa2Cu3O72y for various O contents,7 2 y, and Ca
concentrations,x. Upon doping, the spectral weight of the ZR
state is increased at the expense of the upper Hubbard band
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is continuously increased. Because of this success
transfer of spectral weight from the UHB to the VB [12]
the O- as well as the Ca-induced hole states in the pla
can be identified as in-plane O2ps states hybridized
with Cu 3dx22y2 orbitals [14], frequently referred to as
Zhang-Rice (ZR) [15] states.

This picture is confirmed by the Cu2p Eka data de-
picted in Fig. 2(a). Independent of the doping mech
nism and of the number of holes introduced to the plan
an almost identical Cu21 peak, ascribed to Cu3d9 !
Cu2p3d10 transitions [14], is observed at 931.7 eV. Thes
findings illustrate the fact that irrespective of the dopin
mechanism the formation of holes takes place on O rat
than on Cu sites. Ca- as well as O-doped samples
hibit an additional shoulderø1.4 eV above the Cu21 peak.
Since this feature increases with the doping level, it cor
sponds to Cu3d9L ! Cu2p3d10L transitions (L denotes
a ligand hole in an O2p state) at Cus2d 3dx22y2 orbitals
[11]. Hence, this shoulder is just an additional signatu
for the holes residing on ZR states. When comparing t
Cu 2p data of Y0.77Ca0.23Ba2Cu3O6.0 and YBa2Cu3O6.5 it
turns out that the two spectra are quite similar. Accor
ingly, the number of holes introduced to the planes is a
proximately equivalent for these two compounds, as w
already shown above for the O1s data. A further fea-
ture located at about 934 eV decreases with increasing
content but remains unaffected when the Ca concentra
of oxygen-depleted samples is raised. Therefore, we
cribe this peak to monovalent Cu(1) states in the O(4
Cu(1)–O(4) dumbbell (cf. Ref. [14]). Correspondingly
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FIG. 2. Cu2p absorption spectra for Y12xCaxBa2Cu3O72y
for Eka (b) andEkc (a).
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these monovalent states are also observed in theEkc spec-
tra shown in Fig. 2(b). Again, a reduction of this fea
ture with increasing O content is seen, and a broad pe
centered at about 932.5 eV occurs, which arises fro
Cus1d 3dz22y2 and Cus2d 3d3z22r2 orbitals [16]. The two
oxygen-rich samples show almost identicalEkc spectra,
irrespective of Ca content, indicating that none of the C
induced holes are transferred to these Cu orbitals.

Figure 3 shows the O1s Ekc spectra, assigned to the
apical O(4) oxygen, while the O(1) contributionsEkb 2

Ekad is depicted in Fig. 4. For all Ca concentrations
distinct peak at about 531 eV is observed for theEkc
spectra. This peak is assigned to transitions into t
O(4)–Cu(1)–O(4) dumbbell of oxygen-depleted sample
[14] and, therefore, its intensity serves as a measu
of vacant O(1) sites. It is evident that this featur
is reducedsy ­ 0.5d and, finally, vanishessy ­ 0.09d
with increasing O content. At the same time a broa
peak at about 528 eV rises with increasing O conten
implying that the formation of the chains leads to a
increasing number of holes observed at the apical O(
site. Similarly, the number of holes on O(1) sites (se
Fig. 4) increases when the O content is raised. T
Ca-doped but oxygen-depleted samples, however, ha
vacant O(1) sites (see Fig. 3), and thus neither O(1) n
O(4) contributions occur.

To further discuss the electronic structure we giv
estimates of the relative contributions of the O2px, O 2py,
and O2pz orbitals. Since the doped holes reside predom
nantly on O sites, as was verified above, we fix the numb
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FIG. 3. Ekc O 1s spectra of Y12xCaxBa2Cu3O72y . The
feature at 528 eV is assigned to hole states at the api
O(4) atoms while the peak at 531 eV is a measure for vaca
O(1) sites.
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of introduced holes for YBa2Cu3O7 to one. Using this
scaling factor, the site-specific hole counts were deriv
from the integrated cross sections of the first absorpti
peak in the various O1s spectra. For the Ca- and O
doped samples measured, the number of holesnplane, napex,
andnchain obtained from theEka, Ekc, andEkb 2 Eka
NEXAFS data, respectively, is listed in Table I along wit
the Tc values. As expected, the number of planar hol
increases with increasing Ca concentration and reac
0.22 for Y0.77Ca0.23Ba2Cu3O6.0. In agreement with optical
data [17] we find the Ca-induced holes to appear solely
the planes, while none of these holes are detected on
chain unit (see also Figs. 3 and 4). This clearly contradic
a “redistribution” of holes from planes to chains presume
from rc measurements [18].

Comparing the hole numbers of YBa2Cu3O6.5 and
Y0.77Ca0.23Ba2Cu3O6.0, it turns out that the same amoun
of planar holess2 3 nplane ­ 0.22d is observed for these
two compounds. The former exhibits aTc at ø55 K,
whereas for the latter, remarkably, superconductivity
absent. The literature is currently divided on this issu
Older work tends to find superconductivity in simila
compounds; recently, such a lack ofTc was also observed
for Y0.8Ca0.2Ba2Cu3O72y sy . 0.6d ceramics [19]. Al-
though we cannot resolve this issue here, we find th
oxygen removal in polycrystalline material under Ar flow
may not be as complete as expected [20]; however, it
important to note that NEXAFS givesdirect informa-
tion on hole distributions for our samples. From Table
it is obvious that for YBa2Cu3O6.5 approximately equal
amounts of holes reside on the O sites of the CuO2 planes
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FIG. 4. Difference spectra Ekb 2 Eka for O-doped
YBa2Cu3O72y. The spectra are ascribed to the contribution
the O(1) chain oxygen.
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TABLE I. The hole distribution between the structural unit
of Y12xCaxBa2Cu3O72y. The hole numbersnplane, napex, and
nchain are deduced from theEka, Ekc, and Ekb 2 Eka
NEXAFS data. Estimated error limit for the totaln: 60.03.

2 ? nplane napex nchain Tc (K)

Y0.97Ca0.03Ba2Cu3O6.0 0.00 0.00 0.00 0 s,4.2d
Y0.88Ca0.12Ba2Cu3O6.0 0.10 0.00 0.00 0 s,4.2d
Y0.77Ca0.23Ba2Cu3O6.0 0.22 0.00 0.00 0 s,4.2d
YBa2Cu3O6.5 0.22 0.13 0.12 55
YBa2Cu3O6.91 0.40 0.27 0.24 92
Y0.9Ca0.1Ba2Cu3O6.91 0.49 0.26 0.23 78

and the CuO3 chain, while for Y0.77Ca0.23Ba2Cu3O6.0 the
holes are found exclusively on the planar O(2,3) site
This leads to an important result: Superconductivit
at least in Y12xCaxBa2Cu3O72y , appears only if holes
reside on the chain unit, especially on the apical O(
sites. In other words, the absence of holes on the api
sites is detrimental to high-temperature superconductiv
(HTSC), independent of the number of holes introduc
to the planes. Since for hole-doped materials HTSC o
curs usually in compounds which contain layers includin
apical sites, this conclusion may be more general.

In order to investigate the effect of Ca doping o
oxygenized YBa2Cu3O72y , we compare nonsubstituted
YBa2Cu3O6.91 with Y0.9Ca0.1Ba2Cu3O6.91. Again, the fig-
ures and Table I show that Ca doping increases the num
of holes exclusively for planar O2ps orbitals, while all
other orbitals remain essentially unaffected. Thus, cons
tent with the findings for the oxygen-depleted samples d
cussed above, a Ca-induced charge redistribution betw
the planes and the chain can be ruled out for the oxyge
rich samples also. Despite the increase of holes found
planar O2ps orbitals, however,Tc drops from 92 to 78 K
when going from YBa2Cu3O6.91 to Y0.9Ca0.1Ba2Cu3O6.91.
One can relate this to a substantial overdoping of the plan
of Y0.9Ca0.1Ba2Cu3O6.91.

In summary, we draw the following conclusion
for HTSC in Y12xCaxBa2Cu3O72y : Ca doping of
YBa2Cu3O72y introduces holes exclusively in the CuO2
planes, without affecting the CuO3 chains at all. More-
over, Ca-doped but oxygen-depleted samples exhibit
superconductivity, independent of the total hole cou
of the planes. On the other hand, raising the O conte
provokes an increase of holes at both the O(1) and
apical O(4) site which renders the sample supercondu
ing. Therefore, to obtain the maximum achievableTmax

c
it is not sufficient to merely have optimally doped plane
rather, an optimum hole count on the apical site is equa
important. This intriguing result also offers an expla
nation for the somewhat unexpected decrease ofTmax

c
with increasing Ca concentration reported for sampl
with optimally doped planes [21]: In order to retain th
optimum number of planar holes, Ca doping has to
counterbalanced by an appropriately smaller O conte
thus reducing both the hole count on the apical oxyg
s
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andTmax
c significantly. If the apical hole count, however,

is raised by an increase of the O content, the CuO2 planes
become overdoped andTc is lowered. In other words,
in Ca-doped samples the apical site does not reach
most favorable doping level until the planes are alread
overdoped. Taken together, this strongly indicates th
Tmax

c in hole-doped high temperature superconducto
scales not only with the planar hole concentratio
but is also governed by the number of holes on th
apical site.
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