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The thermoelectric power~TEP! has been studied for polycrystalline~Y,Yb!12xCaxBa2Cu3O72d with vari-
able Ca and O content. The partial substitution of Y31 by Ca21 introduces additional hole carriers into the
CuO2 planes and allows the 123 system access far into the overdoped regime. Consequently, the CuO chains
can be strongly deoxygenated until they are nonmetallic~and no more contribute to the TEP!, while the CuO2
planes still are optimally doped (Tc5Tc,max) or even slightly overdoped. Over a fairly wide range of doping
this enables us to study the TEP of the 123 system as it arises solely from the CuO2 planes~‘‘plane contribu-
tion’’ !. This ‘‘plane contribution’’ is in good agreement with the general trend reported for various Bi and Tl
compounds@S. D. Obertelli, J. R. Cooper, and J. L. Tallon, Phys. Rev. B46, 14 928~1992!#. For samples with
almost fully oxygenated CuO chains, assuming independent TEP contributions from CuO2 planes and CuO
chains, we deduce a ‘‘chain contribution’’ which is very similar to the results obtained on untwinned single
crystals@J. L. Cohnet al., Phys. Rev. B45, 13 140~1992!#. @S0163-1829~96!04738-8#

INTRODUCTION

Recent experiments revealed a close relationship between
the unusual electronic properties of the cuprate high-Tc su-
perconductors and the charge~hole! carrier concentration of
the CuO2 planes,ppl .

1 Scaling relations uponppl have been
reported for several electronic properties in the supercon-
ducting and in the normal state, including the critical tem-
perature Tc ,

2 the magnetic penetration depthl,3 the
resistivity,4 the Hall number,5 the spin susceptibility,6 and
the thermoelectric power~TEP!.7

The TEP is a very impressive example where the charac-
teristic features of the unusual temperature dependence and
even the absolute values have been shown to vary withppl in
a systematic way.7 Almost identical results have been ob-
tained for various compounds spanning the entire doping
range from the very underdoped to the strongly overdoped
regime.7,8 ppl was determined here either using a bond va-
lence sum~BVS! analysis,9 assuming a unique dependence
of Tc /Tc,max upon ppl ,

2 or from the chemical substitution
level x in La22xSrxCuO4 and Y12xCaxBa2Cu3O6.

8

As shown in Fig. 1, the characteristic features ofS(T) and
their variation withppl can be summarized as follows. For
the entire underdoped to the optimally doped regime
S~Tc,T,290 K! typically has positive values.S(T.Tc)
first rises towards a maximum at a temperatureT* before
S(T.T* ) decreases almost linearly with temperature~at
least up to room temperature!. The negative slope of
S(T.T* ) does not change very much with the doping state
of the CuO2 planes and is very similar for the various com-
pounds. The absolute values ofS(T) andT* , however, ex-
hibit a strong and systematic decrease withppl . The room
temperature value,S~290 K!, as a convenient parameter, falls
nearly exponentially withppl from S~290 K!;500mV/K for
the undoped samples~ppl50! towardsS~290 K!51–2mV/K
in case of optimal doping~ppl;0.16!. T* appears to be

higher than room temperature for the strongly underdoped
samples but falls systematically withppl as well and is al-
ready very close toTc in the case of the optimally doped
samples. Recent experiments have indicated thatT* is
closely related with the temperature at which a ‘‘pseudogap’’
starts to develop in the excitation spectrum of the normal
state10 as evidenced for example in the specific heat,11 the
NMR relaxation rate and Knight shift12 and the resistivity.13

In the overdoped regimeT* seems to fall belowTc ~Refs. 10
and 11! and the upturn ofS(T.Tc) starts to diminish while

FIG. 1. The evolution ofS(T) as a function of the doping state
of the CuO2 planes~in the superconducting regime! is sketched by
the solid lines. The dashed lines indicate the expectedS(T) in the
absence of superconductivity. Labeled bypmin ~pmax! are the points
where superconductivity disappears on the underdoped~overdoped!
side.S(T) for optimally doped CuO2 planes~corresponding toTc
5Tc,max! is labeled bypopt. The solid arrows indicate the position
of the maxima inS(T) at T* .

PHYSICAL REVIEW B 1 OCTOBER 1996-IIVOLUME 54, NUMBER 14

540163-1829/96/54~14!/10201~9!/$10.00 10 201 © 1996 The American Physical Society



S(T.Tc) still decreases almost linearly with temperature.7

S~290 K! therefore changes sign shortly past optimum dop-
ing and is negative, growing in magnitude more or less lin-
early related toppl .

Deviations from this general trend so far have been ob-
served only for two classes of systems. For the YBCO com-
pounds YBa2Cu3O72d ~Y-123!,14 YBa2Cu4O8 ~Y-124!,10 and
Y2Ba4Cu7O152d ~Y-247!,15 they occur when the CuO chains
are almost fully oxygenated and become metallic. In
La22xSrxCuO4 ~La-214! and structurally related
compounds7,16 they appear when the carrier concentration
exceedsppl;0.12.

The deviations in the TEP of the YBCO compounds can
be explained by the CuO chains that become metallic when
nearly fully oxygenated~d,0.30! and provide a contribution
to the TEP~‘‘chain contribution’’! additional to the CuO2
planes~‘‘plane contribution’’!.7 The metallicity of the fully
oxygenated CuO chains has been demonstrated by a number
of experimental techniques including NMR,17 IR
reflectivity,18 and dc conductivity.13,19,20Recent muon-spin-
relaxation ~mSR! experiments21 and optical reflectivity
measurements22 have indicated that the CuO chains also be-
come superconducting. Direct evidence for the ‘‘chain con-
tribution’’ to the TEP comes from experiments on untwinned
single crystals where a pronounced anisotropy has been ob-
served between the components parallel (Sb) and perpen-
dicular (Sa) to the CuO chains.23,24

For polycrystalline samples the measured TEP consists of
the powder average as weighted by the electrical conductiv-
ity s. Due to its very low conductivitysc!(sa ,sb) the
component along thec axis can be neglected. Assuming that
CuO2 planes and CuO chains contribute independently to the
TEP along theb direction parallel to the CuO chains accord-
ing toSb5~2splSpl1schSch!/~2spl1sch!, while only the CuO2
planes are conducting along thea direction perpendicular to
the CuO chains withSa5Spl, one derives that

Spoly5
4splSpl1schSch

4spl1sch . ~1!

For almost fully oxygenated YBa2Cu3O72d with d,0.3,7

Y-124,10 and Y-247,15 it was shown that the appearance of
the ‘‘chain contribution’’ is accompanied by clear changes in
the temperature dependence ofSpoly(T). While the ‘‘plane
contribution’’ typically gives rise to a negative slope, the
‘‘chain contribution’’ has a large positive slope.7,10,15 It is
interesting to note that in case of Y-123 the absolute values
of S~290 K! are only moderately affected by the ‘‘chain con-
tribution’’ indicating thatSch~290 K! andSpl~290 K! around
optimum doping are rather similar.7

The ‘‘chain contribution’’ disappears once the CuO
chains are sufficiently deoxygenated ford.0.30.7,14 Such a
deoxygenation of the CuO chains, however, is accompanied
by a reduction ofppl and YBa2Cu3O72d is already strongly
underdoped whend.0.30. For polycrystalline samples of
YBa2Cu3O72d it is therefore not possible to study solely the
‘‘plane contribution,’’ Spl, over a wider range of doping
without the admixture of the ‘‘chain contribution.’’

Less well understood are the deviations that occur in the
TEP of the system La22x~Sr,Ba!xCuO4 ~La-214!. While
S(T) follows the trend of the other compounds in the low

doping regime forppl,0.12,7 clear deviations have been
shown to occur towards higher carrier concentration when
ppl.0.12.7,16 The magnitude ofS(T) decreases here much
more slowly withppl andS~290 K! stays positive even for
heavily overdoped samples.16 A similar effect has been ob-
served forT* which appears to be almost independent from
doping for ppl.0.12.16 The reasons for these deviations in
the TEP of the La22x~Sr,Ba!xCuO4 system are not yet clear.
We can only speculate that they may arise from scattering
effects associated with the increasing concentration of oxy-
gen vacancies within the CuO2 planes which occur especially
for x.0.12.25 Structural instabilities that are related to the
orthorhombic-tetragonal transition may also have some
effect.26

Others have suggested that La22xSrxCuO4 provides an
ideal model system for studying the ‘‘plane contribution,’’
Spl as it arises solely from the charge carriers within the
CuO2 planes.16 For all the Bi and Tl systems, they have
argued that an additional contribution to the TEP arises from
the BiO and TlO layers~like the ‘‘chain contribution’’ in the
YBCO compounds! and accounts especially for the negative
values ofS(T) in the overdoped samples.16 It is quite hard to
imagine, however, that the different layers of~Bi,Pb!2O2,
~Tl,Pb!2O2, and ~Tl,Pb!O, with the incorporation of various
amounts of lead and excess oxygen, should provide the same
contribution to the TEP as controlled solely by the doping
state of the CuO2 planes,ppl . The same applies for the Hg
cuprates for which the TEP correlates in the same way.27

One way to clarify this controversial situation is to mea-
sure the ‘‘plane contribution’’ to the TEP as it arises for an
optimally doped 123-type sample when the CuO chains are
strongly deoxygenated and any ‘‘chain contribution’’ is
known to be absent. The trend of the La22x~Sr,Ba!xCuO4
system then would be confirmed if one finds thatS(T) is
largely positive withS~290 K!;20 mV/K. In case one finds
S~290 K!;1–2 mV/K, however, it becomes clear that the
TEP of the various Bi and Tl compounds7 represent the gen-
eral trend for the ‘‘plane contribution’’ as a function ofppl .
The TEP obtained for the La-214 system then should be
regarded as an exception to the otherwise general trend.

SAMPLE PREPARATION AND CHARACTERIZATION

We addressed this issue by studying the TEP of polycrys-
talline samples of the system Y12xCaxBa2Cu3O72d with dif-
ferent Ca concentrations ofx50, 0.05, 0.10, 0.15, and 0.20
and variable oxygen content of 0.04<d<0.98. The idea is
that the substitution of Y31 by Ca21 introduces additional
hole carriers into the CuO2 planes, independently from the
~de!oxygenation of the CuO chains,d. The counterproduc-
tive doping effect due to the Ca substitution and the deple-
tion of the CuO chains then allows the preparation of
samples of the 123-system with optimally-doped CuO2
planes~corresponding toTc5Tc,max! but strongly deoxygen-
ated CuO chains~d.0.30! that are nonmetallic and do not
contribute to the TEP.

The preparation of such samples with a large amount of
Ca on the Y site requires a careful protocol which has been
described previously.8 From neutron scattering experiments
it was shown that we managed to incorporate the Ca almost
exclusively on the Y site up to Ca concentrations of
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x50.15.8 Only for Ca concentration in excess ofx.0.15 a
small fraction of the Ca starts to occupy the Ba site~xeff,x!
and minor amounts of BaCuO2 start to appear. Furthermore,
we investigated the changes in the~hole! carrier concentra-
tion of the CuO2 planes~Dppl! that are induced by the sub-
stitution of Y31 by Ca21. For a series of samples with
equally oxygenated CuO chains~with a fixed amount of
charges transferred from the CuO chains!, either fully oxy-
genated~d50.04! or completely deoxygenated~d50.98! ~as
confirmed by the neutron experiments!, we studied the evo-
lution of the critical temperature,Tc , as a function of the Ca
concentration on the Y site,xeff . Assuming thatTc exhibits a
unique dependence uponppl as reported in Ref. 2 we de-
duced that all the holes incorporated by the substitution of
Y31 by Ca21 are transferred into the CuO2 planes, corre-
sponding toDppl5xeff/2.

8 Such a variation ofppl upon xeff
was confirmed independently by a bond valence sum~BVS!
analysis based on the results of the neutron scattering
experiments.8

RESULTS AND INTERPRETATION

A. Critical temperature

Shown in Fig. 2 is the evolution of the critical tempera-
ture,Tc , as a function of the oxygen content,d. Represented
by the full squares are our data for Y0.8Ca0.2Ba2Cu3O72d with
xeff50.18 and a variable oxygen content of 0.04<d<0.98.
The fully oxygenated sample withd50.04 is strongly over-
doped withTc546 K. Upon a reduction of the oxygen con-
tent, and thus ofppl , Tc increases up to the maximal critical
temperature ofTc,max585.5 K ford50.38 at optimal doping.
Upon a further deoxygenation of the CuO chains beyond

d.0.38 the CuO2 planes become underdoped andTc is sup-
pressed down toTc538 K for d.0.8. No further changes
occur in Tc in the range 0.8<d<0.98, indicating that no
charge carriers are transferred to the CuO2 planes as long as
the CuO chains are only lightly oxygenated. This circum-
stance was recognized earlier for the Ca-free YBa2Cu3O72d
where the Ne´el temperature is almost unaffected for
0.8,d,1, even thoughTN is known to be rapidly suppressed
already by a very small amount of charge carriers within the
CuO2 planes.

28 This effect was quantified using bond valence
sums determined from neutron diffraction data8 and the re-
sults reported below concur numerically with this.

Shown by the open triangles are the samples which have
fully oxygenated CuO chains withd<0.04. While
YBa2Cu3O6.98 is only slightly overdoped withTc589 K, the
CuO2 planes are progressively overdoped andTc is succes-
sively diminished towards higher Ca content toTc579 K for
x50.05,Tc569 K for x50.10,Tc557 K for x50.15, and
Tc546 K for x50.20~xeff50.18!. The open circles represent
a series, where for each Ca content ofx50, 0.05, 0.10, 0.15,
and 0.20, the CuO2 planes have been optimally doped corre-
sponding toTc5Tc,max. Optimum doping was ensured for
each Ca content specifically by the depletion of the CuO
chains until any further reduction~increase! of the oxygen
content causedTc to decrease towards the underdoped~over-
doped! side. The correspondingd values have been deter-
mined from the mass changes relative to the fully-
oxygenated samples. They ared50.38 for the samples with
x50.20 ~xeff50.18! and Tc,max585.5 K, d50.32 for
x5xeff50.15 andTc,max586.3 K, d50.26 for x5xeff50.10
and Tc,max587.9 K, d50.19 for x5xeff50.05 andTc,max
591 K and d50.12 for x50 and Tc,max593.5 K. The
changes in the oxygen deficiency,d, of the CuO chains and
the Ca content,x, appear to be almost linearly related. As-
suming that the optimal doping of the CuO2 planes always
occurs at the same carrier concentration~independent of the
oxygenation of the CuO chains! and furthermore, that the
hole carriers created by the substitution of Y31 by Ca21 are
transferred directly into the CuO2 planes@as indicated by the
changes ofTc for the fully ~de!oxygenated samples8# we
derive that about 1/3 of the charge carriers introduced into
the CuO chains are subsequently transferred to the CuO2
planes, corresponding toDxeff/22Dd/3;Dppl;const. This
value is in good agreement with previous estimates for
YBa2Cu3O72d.

8 Moreover, the open diamonds represent the
underdoped samples which have completely deoxygenated
CuO chains~d50.98!. Here, only the sample forx50.15 and
x50.20 ~xeff50.18! are superconducting withTc513 and
38 K.

B. The TEP for samples with fully oxygenated CuO chains

We have further investigated these samples by measuring
the thermoelectric power~TEP! S(T) as a function of tem-
perature~T,300 K! using conventional methods.7 Shown in
Fig. 3 is S(T) for the samples with fully-oxygenated CuO
chains and different Ca concentrations ofx50, 0.05, 0.10,
0.15, and 0.20. For all these samplesS(T) exhibits features
that are characteristic of the presence of a significant ‘‘chain
contribution’’ to the overall TEP.7,14,15A fall in S(T.Tc) to
large negative values just aboveTc is followed by nearly

FIG. 2. The critical temperatureTc plotted as a function of the
oxygen deficiency,d, in the CuO chains for Y12xCaxBa2Cu3O72d .
The solid squares represent Y0.8Ca0.2Ba2Cu3O72d with
0.04<d<0.98. The open symbols are a series of samples with dif-
ferent Ca contentx50, 0.05, 0.1, 0.15, and 0.2, where the CuO
chains are fully oxygenated withd<0.04 ~open triangles!, the oxy-
gen content of the CuO chains is reduced specifically for each Ca
content in such a way that the CuO2 planes are optimally doped
~open circles!, and the CuO chains are completely deoxygenated
~d;0.98! ~open diamonds!. The solid arrows always point in the
direction of decreasing Ca content.
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constant or moderately increasing values ofS~T.120 K! to-
wards room temperature. It can be seen from Fig. 3 that the
negative values ofS(T) increase in magnitude towards
higher Ca content where the CuO2 planes are more strongly
overdoped~as evident from the reducedTc values!. Irrespec-
tive of the peculiar temperature dependence ofS(T), this
demonstrates that the overdoped CuO2 planes give rise to a
negative TEP, similar to what is observed in the case of
overdoped Bi and Tl compounds,7 but in clear contradiction
to the case of overdoped La22xSrxCuO4 whereS(T) stays
positive.16 We would like to point out that the negative shift
of the TEP with increasing Ca content cannot be explained in
terms of an increase of the negative ‘‘chain contribution.’’
First of all, it is confirmed from neutron refinement that all
these samples have almost the same oxygen content of
d<0.04.8 Furthermore, the neutron scattering experiments in-
dicate that the incorporation of Ca enhances the occupancy
of the ‘‘off-chain’’ O~5! position and so introduces addi-
tional disorder into the CuO chains which should reduce the
‘‘chain contribution’’ to the TEP.8 Indeed, using the slope of
S~T.120 K! as a rough estimate for the relative weight of
the ‘‘chain contribution’’ ~the ‘‘plane contribution’’ always
has a negative slope,7 while the slope of the ‘‘chain contri-
bution’’ is positive7,14,15! such a trend may be seen in Fig. 3.
Finally, with increasing overdoping the TEP is weighted
more strongly toSpl asspl continues to increase.

C. The TEP for Y0.8Ca0.2Ba2Cu3O72d

with variable oxygen content

Shown in Fig. 4~a! is S(T) for a series of optimally-doped
to strongly-overdoped samples of Y0.8Ca0.2Ba2Cu3O72d with
0.38>d>0.04. The Ca content is fixed here and it is the
variation of the oxygen content of the CuO chains,d, that
determines the changes inppl . The fully-oxygenated sample
with d50.04 is strongly overdoped withTc546 K. For the

samples with oxygen depleted CuO chains the CuO2 planes
are less strongly overdoped andTc is increased up to its
maximum ofTc5Tc,max585 K for d50.38. Again, the most
negative values ofS(T) are found for the most strongly over-
doped and fully oxygenated sample as was shown already in
Fig. 3. The negative values ofS(T) are stepwise decreased
for the samples which have less strongly overdoped CuO2
planes. Simultaneously, however, the negative ‘‘chain con-
tribution’’ is reduced now by the deoxygenation of the CuO
chains and accounts at least in part for this effect. The rela-
tive weight of the ‘‘chain contribution’’ again may be
roughly estimated from the slope ofS(T). The ‘‘chain con-
tribution’’ is almost absent for the strongly deoxygenated
and optimally-doped sample withd50.38. For the only
slightly deoxygenated samples withd50.11 and 0.19, how-
ever, it appears to be even a little increased as compared to
the fully oxygenated sample withd50.04. At present we are

FIG. 3. The TEP plotted as a function of temperature for
Y12xCaxBa2Cu3O72d with fully oxygenated CuO chains~d<0.04!
but different Ca content ofx50 ~solid circles!, x50.05 ~open
circles!, x50.01~solid squares!, x50.15~open squares!, andx50.2
~solid triangles!.

FIG. 4. The TEP plotted as a function of temperature for
Y0.8Ca0.2Ba2Cu3O72d : ~a! for overdoped to optimally doped
samples withd50.04 ~solid triangles!, d50.11 ~open squares!,
d50.24 ~solid squares!, d50.33 ~open circles!, andd50.38 ~solid
circles!; ~b! for optimally to underdoped samples withd50.38
~solid circles!, d50.43 ~open circles!, d50.51 ~solid triangles!,
d50.54 ~open triangles!, d50.57 ~solid squares!, d50.69 ~open
squares!, andd50.99 ~crosses!.
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not sure if this effect is real and possibly related to the fact
that the oxygen in the O~5! position is removed first upon the
deoxygenation of the CuO chains, thereby increasing the or-
dering and the metallicity of the CuO chains. Neutron scat-
tering experiments are under way that might clarify this
point.29

Most notable is the TEP for the optimally-doped sample
with Tc5Tc,max585.5 K andd50.38. The monotonic and
nearly linear decrease ofS~T.100 K! indicates that its TEP
arises mainly from the charge carriers within the CuO2
planes while the ‘‘chain contribution’’ is almost absent. In
fact, there appears a striking similarity to the TEP as it is
typically observed for the optimally-doped samples of all the
different Bi and Tl compounds.7 The similarity holds not
only for the overall shape ofS(T) with T* being close toTc
andS(T.T* ) decreasing almost linearly with temperature,
but also for the absolute values withS~290 K!;1–2mV/K.
Our data therefore support the conclusions that the TEP of
the Bi and Tl compounds arises solely from the charge car-
riers within the CuO2 planes

7 and thereby leaves the case of
the optimally-doped La1.85Sr0.15CuO4 with T*;140 K and
S~290 K!;20 mV/K ~Ref. 16! as the exception from the
otherwise general trend.

Shown in Fig. 4~b! is S(T) for the more strongly deoxy-
genated and consequently underdoped samples of
Y0.8Ca0.2Ba2Cu3O72d for 0.98>d>0.38. For all these
samplesS(T) exhibits the typical features of the ‘‘plane con-
tribution,’’ Spl, i.e., an increase ofS(T.Tc) to a maximum
at a temperatureT* and an almost linear decrease of
S(T.T* ) towards room temperature.

Shown in Fig. 5 are the results forS~290 K! as a function
of ppl represented by the full squares for the fully oxygenated
series Y12xCaxBa2Cu3O6.96 for 0<x<0.2 ~see as well Fig. 3!
and by the full circles for Y0.8Ca0.2Ba2Cu3O72d for
0.04<d<0.98 @see as well Figs. 4~a! and 4~b!#. ppl has been
calculated from the suppression of the relative critical tem-
peratureTc /Tc,max using the empirical formula

Tc /Tc,max51682.6~ppl20.16!2 ~2!

as given in Ref. 2. Included for comparison are representa-
tive results for Bi-, Tl-, and Y-123 systems as they were
shown in Refs. 7 and 8. From this plot it becomes obvious
that S~290 K! of the 123 system follows the trend reported
by Obertelli, Cooper, and Tallon.7 Even though the tempera-
ture dependence ofS(T) is clearly affected by the appear-
ance of the ‘‘chain contribution’’ in the case ofd,0.3 @see
Figs. 3 and 4~a!#, it appears that the room temperature values
~somewhat accidentally! are only weakly modified by the
‘‘chain contribution’’ ~at least on the relevant scale of the
large changes that occur whenppl is varied!.

In this context we would like to comment on the seem-
ingly contradictory results that have been reported in a simi-
lar work where the ‘‘plane contribution’’ to the TEP was
investigated for Y12xCaxBa22xLaxCu3O7 with x<0.4.30 It
was concluded there that a large positive TEP arises from the
optimally-doped CuO2 planes of the 123-type system with
S~290 K!;10 mV/K, very similar to the case of
La1.85Sr0.15CuO4. The ‘‘chain contribution’’ was supposedly
suppressed here by the substitution of large amounts of Ba
by La, while a constant doping level of the CuO2 planes
~optimally doped! was believed to be ensured by the fully-

oxygenated CuO chains combined with the codoping effect
that was thought to arise from the substitution of equal
amounts of Y31 by Ca21 and Ba21 by La31. It is the latter
point that we doubt, for it is a very complicated task in itself
to incorporate large amounts of Ca exclusively on the Y site.
Following the conditions of sample preparation as described
in Ref. 30 we find that this is not possible, and even under
optimized conditions this is possible only up to a limited
amount forx,0.2.8 No indication has been given in Ref. 30
that the doping state of the CuO2 planes is kept at a constant
level. Therefore, it seems more likely to us that the large
positive value ofS~290 K! for x50.4 simply indicates the
fact that the CuO2 planes are slightly underdoped. This point
could be easily checked using, e.g., measurement of the
NMR Knight shift.31

D. Additional disruption of the CuO chains by Co substitution

We have further investigated the TEP of
Yb0.7Ca0.3Ba2Cu2.9Co0.1O72d , a 123-system where the CuO
chains have been additionally disrupted by the substitution of
Co on the Cu~1! site. The idea is that the substitution of
Cu~1! by Co should ensure that the metallicity of the CuO
chains is destroyed even faster upon deoxygenation of the
CuO chains. When the ‘‘chain contribution’’ to the TEP has
disappeared the CuO2 planes then still might be in a slightly
overdoped state. Using Yb instead of Y we attempted to
reduce the size mismatch between the Ca21 and theR31

which assists the incorporation of larger amounts of Ca21 on
the site of theR31. For this series no neutron experiments

FIG. 5. The TEP at room temperature,S~290 K!, as a function
of the hole concentration of the CuO2 planes,ppl . The values forppl
have been estimated from the ratio ofTc /Tc,max assuming the rela-
tionship Tc /Tc,max51682.6(ppl20.16)2 ~Ref. 2!. The results for
the underdoped to optimally doped samples are shown on a loga-
rithmic scale, while those for the optimally doped to overdoped
samples are shown on a linear scale~as indicated by the solid ar-
rows!. The solid squares represent our results for the fully oxygen-
ated samples with different Ca content@for S(T) see Fig. 3#. The
solid circles are data for Y0.8Ca0.2Ba2Cu3O72d with variable oxygen
contentd @for S(T) see Figs. 4~a! and 4~b!#. Included by the open
symbols~as labeled in the figure! are representative results for vari-
ous Bi-, Tl- and Y-123 systems from Refs. 7 and 8.
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have been performed to check for the Ca occupancy on the
Yb site or for the absolute oxygen content. For a similar
sample of Lu0.7Ca0.3Ba2Cu3O72d , however, neutron scatter-
ing experiments indicate that we managed to incorporate
xeff50.235 Ca on theR site.29 Our fully oxygenated sample
again is strongly overdoped withTc568 K. When oxygen is
removed from the CuO chainsTc is increased towards the
maximum value ofTc5Tc,max588.5 K, before it is de-
creased again on the underdoped side. The results of our TEP
measurements are summarized in Fig. 6. Clear signatures of
a ‘‘chain contribution’’ appear only for the fully oxygenated
and strongly overdoped samplesA–D. Even for the weakly
deoxygenated samplesE–G, for which the CuO2 planes are
still slightly overdoped, it can be seen thatS(T) exhibits the
features that are typical for the ‘‘plane contribution’’@i.e.,
the linear decrease ofS(T.T* )#. The overdoped state of
these samples is apparent from the increase inTc with the
oxygen depletion and from the negative values ofS~290 K!
whereS~290 K!521.9mV/K and Tc586.5 K for sampleE,
S~290 K!520.9 mV/K and Tc587.3 K for sampleF, and
S~290 K!520.1 mV/K and Tc587.9 K for sampleG. For
the optimally doped sampleH with Tc588.5 K we find
S~290 K!52 mV/K in good agreement with the results ob-
tained on the optimally doped sample Y0.8Ca0.2Ba2Cu3O6.62
shown above and indeed with most other cuprates. Finally,
for the underdoped samplesI andJ S~290 K! is positive and
grows in magnitude, while the negative slope ofS(T.T* ) is
almost unchanged. Clearly, our data support the essential
conclusions of Ref. 7.Spl~290 K! changes sign and becomes

negative shortly past optimum doping towards the overdoped
side. The slopea5dSpl(T.T* )/dT is almost unchanged
and stays negative on the overdoped side. Our data demon-
strate that the sign change ina5dS(T)/dT is related to the
onset of the ‘‘chain contribution’’ to the TEP. The sign
change ina, as it is observed for Ca-free YBa2Cu3O72d
around optimum doping, therefore is related to the onset of
the ‘‘chain contribution’’ that coincides here rather acciden-
tally with the optimal doping of the CuO2 planes. In particu-
lar, this coincidence is specific to the composition
YBa2Cu3O72d and is not related to the electronic properties
of the CuO2 planes and in particular the presence of a van
Hove singularity at the Fermi surface.32,33

E. The evolution of the ‘‘chain condensate’’
with oxygen depletion

We have further investigated the evolution of the ‘‘chain
condensate’’ for a series of optimally-doped samples of
Y12xCaxBa2Cu3O72d with ~x50, d50.12!, ~x50.05,
d50.19!, ~x50.1, d50.26!, ~x50.15,d50.32!, and~x50.2,
d50.38!. The equally optimally doped CuO2 planes can be
expected to provide an identical ‘‘plane contribution’’ to the
TEP, so that the evolution of the chain contribution can be
studied as a function of the oxygen content of the CuO
chains. Our results forS(T) are summarized in Fig. 7. The
positive slope ofa5dS~T.120 K!/dT for YBa2Cu3O6.88 in-
dicates a rather strong ‘‘chain contribution.’’ The positive
slopea ~therefore the ‘‘chain contribution’’ to the TEP! can
be seen to decrease systematically for the samples with
higher Ca content which have more strongly deoxygenated
CuO chains. Finally,a becomes negative ford.0.30 as is
expected when the TEP is dominated by the ‘‘plane contri-
bution.’’ For Y0.8Ca0.2Ba2Cu3O6.62, the most strongly deoxy-
genated sample,S(T) was shown already in Fig. 4~a! and
discussed as an example where the TEP arises solely from
the charge carriers within the optimally-doped CuO2 planes.
Overall, it appears from Fig. 7 that the ‘‘chain contribution’’
has quite a strong influence on shape and especially on the
slope ofS(T@T* ), while the changes inS~290 K! are only
minor ~61 mV/K ! especially compared with the large
changes that occur upon the variation ofppl .

Assuming independent TEP contributions from CuO2
planes and CuO chains, one can use Eq.~1! to extract the
thermoelectric power~TEP! of the CuO chains,Sch, from the
measured TEP of the polycrystalline samples, provided one
knows the ‘‘plane contribution,’’Spl, and the in-plane anisot-
ropy of the conductivity parallel and perpendicular to the
CuO chains,g5ra/rb5~2spl1sch!/2spl. We derive

Sch5~g21!21$~g11!Spoly22Spl%. ~3!

A reasonably good estimate forSpl can be derived from its
unique dependence uponppl and upon the ratio
Tc /Tc,max.

7,8 In case of optimally doped samples we can use
the experimentally measured TEP of the polycrystalline
sample Y0.8Ca0.2Ba2Cu3O6.62 for which S

poly'Spl. The more
critical quantity is the in-plane anisotropy of the conductiv-
ity, g, which is experimentally accessible only for untwinned
single crystals.13,19,20,23Unfortunately, only few such studies
have been reported so far and in most cases the oxygen con-
tent was not determined very accurately. Even worse, an ad-

FIG. 6. The temperature dependence of the TEP for the system
Yb0.7Ca0.3Ba2Cu2.9Co0.1O72d. SamplesA–G are overdoped with
Tc569, 81.8, 84.3, 86.1, 86.5, 87.3, and 87.9 K;Tc is increased
upon the deoxygenation of the CuO chains. SampleH is optimally
doped withTc5Tc,max588.5 K and samplesI and J are slightly
underdoped withTc587.7 and 79.7 K. The negative slope of
a5dS(T.T* )/dT, that occurs typically for samples where the
‘‘chain contribution’’ to the TEP is absent, can be seen to persist for
the optimally doped sampleH and even for the slightly overdoped
samplesG–E. A significant ‘‘chain contribution,’’ as indicated by
a change towards positive slope, occurs only for the fully oxygen-
ated samples where the CuO2 planes are strongly overdoped.
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ditional source of uncertainty comes from the fact that most
single crystals are likely to contain small amounts of impu-
rities like Au or Al which are incorporated mainly in the Cu
chains and thereby affect and reduce the anisotropy. Finally,
the detwinning of the crystals may not be perfect and may
give rise to a reduction of the measured anisotropy. We are
aware only of one study on detwinned Y-123 single crystals
that have been grown in a specific way to ensure that no
impurities like Al or Au are introduced during the melting
process.20 The value ofg52.15~10! is amongst the highest
reported so far and the annealing conditions withT5500 °C
in O2 and the deduced oxygen content ofd;0.1 are very
similar to those of our optimized sample YBa2Cu3O6.88. The
result deduced forSch is shown in Fig. 8~a! by the open
squares together withSpoly ~full squares! and the TEP for
Y0.8Ca0.2Ba2Cu3O6.62 whereS

poly'Spl ~full triangles! repre-
sents the ‘‘plane contribution’’ that arises from the optimally
doped CuO2 planes. Shown by the dashed line isSch as it
was derived in Ref. 23 in a more direct way from TEP mea-
surements on a detwinned single crystal that was annealed at
460 °C in oxygen but contained Au as impurity in the CuO
chains. Except for the saturation ofSch at higher tempera-
tures which occurs for the detwinned single crystal the re-
sults are very similar.Sch for YBa2Cu3O6.88 is shown again
in Fig. 8~b! ~open squares! together withSch as derived for
fully oxygenated YBa2Cu3O6.98 ~open circles!. For the fully
oxygenated sample the CuO chains should be almost per-
fectly ordered and therefore we have assumed that the an-

isotropyg is comparable to that of Y-124 where a value of
g52.8 is observed experimentally.13 The idea is that the
electrical conductivity of the one-dimensional CuO chains is
limited mostly by the scattering of the charge carriers on
oxygen vacancies rather than by the concentration of the
charge carriers in the chains. The conductivity of the almost

FIG. 7. The TEP plotted as a function of temperature for the
series of Y12xCaxBa2Cu3O72d where the depletion of the CuO
chains was adjusted specifically for each Ca content in such a way
that the CuO2 planes are optimally doped withTc5Tc,max. Data are
shown forx50.2 andd50.38~solid triangles!, x50.15 andd50.32
~open circles!, x50.1 and d50.26 ~solid circles!, x50.05 and
d50.19 ~open squares!, andx50 andd50.12 ~solid squares!. The
slope a5dS~T.120 K!/dT decreases successively and changes
sign from positive~for x50 andd50.12! to negative~for x50.2
andd50.38! with the depletion of the CuO chains. The positivea is
a characteristic feature of a strong ‘‘chain contribution,’’ while the
negativea for S~T.T*;100 K! occurs when the TEP is deter-
mined solely by the CuO2 planes.

FIG. 8. The temperature dependence of the ‘‘chain contribu-
tion’’ to the TEP, Sch, for YBa2Cu3O72d as extracted assuming
independent contributions of CuO2 planes and CuO chains to the
overall TEP of the polycrystalline samples@see Eq.~3!#. ~a! The
solid squares showSpoly for optimally doped YBa2Cu3O6.88. The
solid triangles represent the ‘‘plane contribution,’’Spl, of the opti-
mally doped CuO2 planes as measured for the optimally doped
sample Y0.8Ca0.2Ba2Cu3O6.62 whereS

poly'Spl. The open squares
show the ‘‘chain contribution’’Sch for YBa2Cu3O6.88 as deduced
using Eq.~3!. For comparison the dashed line shows the results for
Sch as reported from TEP measurements on a detwinned Y-123
single crystal of similar oxygen content~Ref. 23!. Except for small
deviations towards higher temperatures the agreement is very good.
~b! The open squares showSch for optimally doped YBa2Cu3O6.88,
while the open circles representSch as we deduced it~for details see
text! for fully oxygenated and slightly overdoped YBa2Cu3O6.98. It
appears thatSch becomes more negative with the filling of the CuO
chains while the positive slopea remains almost unchanged.
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perfectly ordered double chains in case of Y-124 and the
single-chain for fully oxygenated YBa2Cu3O6.98 therefore
can be expected to be rather similar even though the total
concentration of charge carriers is a little different. From the
value of Tc /Tc,max589/93.5 we estimateSpl5S~290 K!
@12a~290-T!# with Spl~290 K!522 mV/K and a50.02
mV/K2. As was concluded in Ref. 23 from the TEP measure-
ments on the detwinned single crystals we find thatSch be-
comes more negative when the CuO chains are fully oxygen-
ated while the positive slopea is hardly changed.

SUMMARY

In summary we have studied the TEP of polycrystalline
samples of the 123 system~Y,Yb!12xCaxBa2Cu3O72d for
0<x<0.2 and 0.04<d<0.98. The partial substitution of Y31

by Ca21 introduces additional hole carriers into the CuO2
planes and makes the 123 system access far into the over-
doped regime. The counterdoping effect by Ca substitution
and oxygen depletion of the CuO chains enables us to pre-
pare 123 samples which have strongly deoxygenated and
nonmetallic CuO chains but still have optimally doped~as
determined byTc5Tc,max! and even slightly overdoped
CuO2 planes. Over a fairly wide range of doping we can
study the TEP that arises typically from the CuO2 planes
~‘‘plane contribution’’! of this 123 system. The observed
‘‘plane contribution’’ follows almost perfectly the trend as it
was reported by Obertelli, Cooper, and Tallon for various Bi

and Tl compounds.7 In particular, for the optimally doped
sample we find thatSpl~T.T* ! decreases almost linearly
with temperature towards a value ofS~290 K!;1–2mV/K.
Shortly past optimum doping towards the overdoped side
Spl~290 K! changes sign and becomes negative. The charac-
teristic negative slopea5dSpl(T.T* )/dT, however, is al-
most unchanged and remains negative like in the underdoped
regime. We find that the sign change in
a5dSpoly(T.T* )dT is related to the onset of a significant
‘‘chain contribution’’ to the TEP. The coincidence of the
sign change ofa andS~290 K! as it is observed in Ca-free
YBa2Cu3O72d just around optimum doping therefore occurs
accidentally only for this specific composition, and is not
related to the electronic properties of the CuO2 planes, i.e., to
the presence of a van Hove singularity at the Fermi surface.
Assuming independent TEP contributions from CuO2 planes
and CuO chains, we can deduce a ‘‘chain contribution’’
which agrees remarkably well with the results that have been
obtained more directly from TEP studies on untwinned
single crystals.

ACKNOWLEDGMENTS

We would like to thank Dr. G. V. M. Williams for his
help with the TEP measurements. Dr. Ch. Niedermayer is
acknowledged for the critical reading of the manuscript and
helpful comments.

1See, for example, B. Batlogg, H. Y. Hwang, H. Takagi, R. J.
Cava, H. L. Kao, and J. Kwo, Physica C235-240, 130 ~1994!.

2J. L. Tallon, R. G. Buckley, E. M. Haines, M. R. Presland, A.
Mawdsley, N. E. Flower, and J. Loram, Physica C185-189, 855
~1991!; H. Zhang and H. Sato, Phys. Rev. Lett.70, 1697~1993!.

3Y. J. Uemura, L. P. Le, G. M. Luke, B. J. Sternlieb, W. D. Wu, J.
H. Brewer, T. M. Risman, C. L. Seaman, M. B. Maple, M.
Ishikawa, D. G. Hinks, J. D. Jorgensen, G. Saito, and H. Yamo-
chi, Phys. Rev. Lett.66, 2665 ~1991!; Ch. Niedermayer, C.
Bernhard, U. Binninger, H. Glu¨ckler, J. L. Tallon, E. J. Ansaldo,
and J. I. Budnick,ibid. 71, 1764~1993!.

4H. Takagi, B. Batlogg, H. L. Kao, R. J. Cava, J. J. Krajewski, and
W. F. Peck, Jr., Phys. Rev. Lett.69, 2975~1992!.

5T. Nishikawa, J. Takeda, and M. Sato, J. Phys. Soc. Jpn.62, 2568
~1993!; H. Y. Hwang, B. Batlogg, H. Takagi, H. L. Kao, R. J.
Cava, J. J. Krajewski, and W. F. Peck, Jr., Phys. Rev. Lett.72,
2636 ~1994!.

6C. Allgeier and J. S. Schilling, Phys. Rev. B48, 9747~1993!; T.
Kondo, Y. Kubo, Y. Shimakawa, and T. Manako,ibid. 50, 1244
~1994!.

7S. D. Obertelli, J. R. Cooper, and J. L. Tallon, Phys. Rev. B46,
14 928~1992!.

8J. L. Tallon, C. Bernhard, H. Shaked, R. L. Hitterman, and J. D.
Jorgensen, Phys. Rev. B51, 12 911~1995!.

9J. L. Tallon, Physica C176, 547 ~1991!.
10J. L. Tallon, J. R. Cooper, P. S. I. P. N. de Silva, G. V. M.

Williams, and J. W. Loram, Phys. Rev. Lett.75, 4114~1995!.
11J. W. Loram, K. A. Mirza, J. R. Cooper, and W. Y. Liang, Phys.

Rev. Lett.71, 1740~1993!.

12H. Alloul, T. Ohno, and P. Mendels, Phys. Rev. Lett.63, 1700
~1989!.

13B. Bucher, P. Steiner, J. Karpinski, E. Kaldis, and P. Wachter,
Phys. Rev. Lett.70, 2012~1993!.

14J. L. Cohn, S. A. Wolf, V. Selvamanickam, and K. Salama, Phys.
Rev. Lett.66, 1098~1991!; P. J. Ouseph and M. Ray O’Bryan,
Phys. Rev. B41, 4123~1990!; J. R. Cooper, S. D. Obertelli, A.
Carrington, and J. W. Loram,ibid. 44, 12 086 ~1991!; J. W.
Cochrane, G. J. Russell, and D. N. Matthews, Physica C232, 89
~1994!.

15G. V. M. Williams, M. Staines, J. L. Tallon, and R. Meinhold,
Physica C258, 273 ~1996!.

16J. S. Zhou and J. B. Goodenough, Phys. Rev. B51, 3104~1995!.
17A. J. Vega, W. E. Farneth, E. M. McCarron, and R. K. Bordia,

Phys. Rev. B39, 2322~1989!.
18Z. Schlesinger, R. T. Collins, F. Holtzberg, C. Field, S. H. Blan-

ton, U. Welp, G. W. Crabtree, Y. Fang, and J. Z. Liu, Phys. Rev.
Lett. 65, 801 ~1990!.

19T. A. Friedmann, M. W. Rabin, J. Giapintzakis, J. P. Rice, and D.
M. Ginsberg, Phys. Rev. B42, 6217~1990!.

20R. Gagnon, C. Lupien, and L. Taillefer, Phys. Rev. B50, 3458
~1994!.

21J. L. Tallon, C. Bernhard, U. Binninger, A. Hofer, G. V. M.
Williams, E. J. Ansaldo, J. I. Budnick, and Ch. Niedermayer,
Phys. Rev. Lett.74, 1008 ~1995!; C. Bernhard, Ch. Nieder-
mayer, U. Binninger, A. Hofer, Ch. Wenger, J. L. Tallon, G. V.
M. Williams, E. J. Ansaldo, J. I. Budnick, C. E. Stronach, D. R.
Noakes, and M. A. Blankson-Mills, Phys. Rev. B52, 10 488
~1995!.

10 208 54C. BERNHARD AND J. L. TALLON



22D. N. Basov, R. Liang, D. A. Bonn, W. N. Hardy, B. Dabrowski,
M. Quijada, D. B. Tanner, J. P. Rice, D. M. Ginsberg, and T.
Timusk, Phys. Rev. Lett.74, 598 ~1995!.

23J. L. Cohn, E. F. Skelton, S. A. Wolf, and J. Z. Liu, Phys. Rev. B
45, 13 140~1992!.

24A. J. Lowe, S. Regan, and M. A. Howson, Phys. Rev. B44, 9757
~1991!; C. K. Subramaniam, H. J. Trodahl, A. B. Kaiser, and B.
J. Ruck,ibid. 51, 3116~1995!.

25M. W. Shaferet al., Phys. Rev. B36, 4047~1987!; H. Zhang, H.
Sato, and G. L. Liedl, Physica C234, 185 ~1994!.

26H. Takagi, R. J. Cava, M. Marezio, B. Batlogg, J. J. Krajewski,
W. F. Peck, Jr., P. Bordet, and D. E. Cox, Phys. Rev. Lett.68,
377 ~1992!.

27K. Isawa, A. Tokiwa-Yamamoto, M. Itoh, S. Adachi, and

H. Yamauchi, Physica C217, 11 ~1993!; C. K. Subramanian, M.
Raranthaman, and A. B. Kaiser,ibid. 222, 47 ~1994!.

28H. Alloul, T. Ohno, H. Casalta, J. F. Marucco, P. Mendels, S.
Arabski, and G. Collin, Physica C171, 419 ~1990!.

29J. L. Tallon ~unpublished!.
30J. S. Zhou, J. P. Zhou, J. B. Goodenough, and J. T. McDevitt,

Phys. Rev. B51, 3250~1995!.
31Z. P. Han, R. Cywinski, R. Dupree, D. Norris, and S. Kilcoyne,

Physica C235-240, 1723 ~1994!; J. L. Tallon, G. V. M. Will-
iams, M. P. Staines, and C. Bernhard,ibid. 235-240, 1821
~1994!.

32D. M. Newns, C. C. Tsuei, R. P. Huebener, P. J. M. van Bentum,
P. C. Pattnaik, and C. C. Chi, Phys. Rev. Lett.73, 1695~1994!;
75, 4552~1995!.

33J. L. Tallon and C. Bernhard, Phys. Rev. Lett.75, 4553~1995!.

54 10 209THERMOELECTRIC POWER OF Y12xCaxBa2Cu3O72d : . . .


