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Hole distribution and Tc suppression in Y12xPrxBa2Cu3O7
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A model Hamiltonian, which includes the components of the CuO2 planes, CuO3 chains, and the Pr-O
hybridization, is considered to describe the electronic structure of Y12xPrxBa2Cu3O7. We make the coherent-
potential approximation calculation for the Hamiltonian to present the variation of the distribution of the holes
against the Pr concentration. The results show that the hole transfer is mainly from thepds band to thep- f
hybridization band, and a small reduction of the holes residing on the CuO3 chains is caused by the Pr doping.
A metal-nonmetal transition aroundx50.5 can be obtained according to our calculation. We present a quan-
titative interpretation for theTc suppression in terms of the combination of hole-transfer and magnetic scat-
tering effects. Moreover, the enhancement of the magnetic pair breaking due to the presence of a normal-state
pseudogap is also considered. Consequently, we give a satisfactory explanation ofTc suppression for the whole
Pr-doping region.@S0163-1829~99!13701-9#
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I. INTRODUCTION

Since the discovery of nonsuperconducting and nonme
lic PrBa2Cu3O7 compounds,1 many efforts have been mad
on the Y12xPrxBa2Cu3O7 system in an attempt to understan
the mechanism of the superconductivity suppression o
doping.2–12 It has been experimentally shown that upon su
stituting Pr into the system,Tc decreases monotonically an
vanishes at a critical concentrationxcr'0.55, near the metal
nonmetal transition.1,2,8As for R12xPrxBa2Cu3O7 ~R refers to
the rare-earth elements! system, theTc suppression isR-ion-
size dependent: The larger the atomic size of the rare-e
elements in the host compounds is, the stronger theTc sup-
pression becomes.9,10

The substitution effect of Y by Pr onTc has been widely
investigated theoretically, and many explanations have b
proposed.12–14 Early explanations12 involved either hole fill-
ing or the influence of Pr31 spin on the CuO2 planes. The
former, assuming the valance state Pr41, considers that the
itinerant holes in the CuO2 planes are transferred to the P
sites, leading to the quenching of superconductivity an
metal-nonmetal transition atxcr . However, some direct ex
periments indicated that the Pr valence is mainly13.2–4 The
latter, assuming the valance state Pr31, considers that Pr31

spins break the superconducting Cooper pairs. But this
fails to explain the metal-nonmetal transition. The relative
satisfactory models for the explanation of theTc suppression
are that of Fehrenbacher and Rice~FR!,13 and Liechtenstein
and Mazin~LM !.14 The FR model assumes hole depletion
the CuO2 planes, not because of higher Pr valance, but
cause of transfer of the holes from the Cu-Opds band into
the O2p-Pr4f hybridization state. FR suggested that thep- f
hybridization bandwidth is small due to the orthogonality
the involved orbital on shared O sites of neighboring
cubes. The combination of the small bandwidth with a stro
PRB 590163-1829/99/59~5!/3845~6!/$15.00
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coupling to spin degree of freedom and with a potential d
order renders thep- f band localized. They assumed that t
CuO3 chains are intrinsically metallic, and ascribed the a
sence of metallic conductivity to oxygen disorder. This h
been supported by experiments.11 Although the FR model
has been supported by many experiments, and resolves
controversy on the different valence values of the Pr
obtained from different measurements,2 it still fails to ex-
plain some experimental observations. One of the failure
the FR model is that it cannot explain theR-ion-size depen-
dence of theTc suppression.14 In addition, an important con-
clusion of FR is that there are only two stable solutions
the hole distribution in their model:np50 or np
5(12nch)/2 (np is the hole density in the CuO2 planes, and
nch is the hole density in the CuO3 chains!. They suggested
that the parameters of their model are favorable for the
lution np50 in the PrBa2Cu3O7 and for the solutionnp
5(12nch)/2 in RBa2Cu3O7. However, when the FR mode
is applied to the intermediate doping regime
Y12xPrxBa2Cu3O7, one immediately find that there shou
be a critical value ofx, below which the hole density in the
CuO2 planes is not affected by the Pr doping. This is not
agreement with the experiments. Liechtenstein and Maz14

extended the FR model, and showed that theR-O hybridiza-
tion forms a dispersive band~called the FR band in Ref. 14!.
They concluded that only in PrBa2Cu3O7 does this FR band
disperse across the Fermi level and hence compete for h
with the Cu-Opds band. For the different rare-earth ele
ments inR12xPrxBa2Cu3O7, the position of the FR band var
ies with the atomic number of the rare earth through thef
energy level. Using their extended model, LM presented
number of the holes grabbed by the FR band as a functio
the Pr concentration in Y12xPrxBa2Cu3O7, and
Nd12xPrxBa2Cu3O7, and explained the fact that Pr dopin
suppressesTc in Nd12xPrxBa2Cu3O7 more strongly than in
Y12xPrxBa2Cu3O7.
3845 ©1999 The American Physical Society
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Another important fact is that the amount of holes in t
CuO3 chains does not change with the increasing Pr dop
which is phenomenologically assumed in both the FR a
LM models. According to the LM model, the number
states above the Fermi level in the FR band is the numbe
depleted holes in the CuO2 planes. However, based o
band-calculation15,16 and x-ray-absorption measurement,17,18

it has been shown that the O 2p holes near the Fermi level in
YBa2Cu3O7 are distributed in the CuO2 planes and the CuO3
chains. So, the hole depletion takes place not only in
CuO2 planes but also in the CuO3 chains. In fact, recen
experiments19–21 indicated that a small reduction of the ho
concentration is caused by Pr doping in Y12xPrxBa2Cu3O7.

The aim of this paper is to investigate the hole-dens
distribution among the CuO2 planes, CuO3 chains and the FR
band, and then study the suppression ofTc in the
Y12xPrxBa2Cu3O7 system. To do this, we consider a mod
Hamiltonian in which the electronic structure of the Cu2
planes and CuO3 chains, and the Pr-O hybridization are a
included. Here, following LM we describe the FR band
employing a three-band model; using the planar singlet-h
spectrum given by Dagottoet al.,22 we describe the elec
tronic structure of thepds band in the CuO2 planes; accord-
ing to Ref. 15 we give the electronic structure in the Cu3
chains. In Ref. 14, Liechtenstein and Mazin already s
gested that the coherent-potential approximation calcula
should be made to study the behavior of the system at
intermediate Pr doping, by assuming disorder on theR sites
~for R5Y, the 4f energy level is to be taken infinity!. Fol-
lowing from this idea we make the coherent-potential a
proximation calculation for our model Hamiltonian to giv
the Pr-doping dependence of the hole distribution. In
study of theTc suppression, following our previous work,23

we consider the combination of hole depletion with the m
netic pair breaking of Pr ions. With increasing Pr concent
tion the system would evolve into the under-hole-doping
gion, so we also consider that the pair breaking is enhan
by the appearance of the normal-state pseudogap.24 There-
fore, we succeed in quantitatively understanding the wh
Tc suppression in the Y12xPrxBa2Cu3O7 system.

By the way, several authors25–27 reported the observatio
of superconductivity in PrBa2Cu3O7. But it has not been con
firmed widely, and the experimental data25 indicated that the
superconducting samples are strong inhomogeneous.
difference of the crystal structure between the supercond
ing and nonsuperconducting samples is not yet clear. On
other hand, recently, Pieperet al.28 have made nuclear mag
netic resonance experiment to study the nature of the do
hole in the CuO2 planes of Pr12xBa21xCu3O7 single crystals,
and found that there exist mobile holes in the rich-
Pr12xBa21xCu3O7 samples. This suggests that the appe
ance of the superconductivity in PrBa2Cu3O7 might be be-
cause thep- f hybridization is depressed by the Ba residi
on Pr sites. So, our attention is paid to the study of theTc
suppression in the Y12xPrxBa2Cu3O7 based onp- f hybrid-
ization.

II. MODEL AND COHERENT-POTENTIAL
APPROXIMATION

As mentioned above, the model Hamiltonian describ
electronic structure of the system may be given by
g,
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H5Hp f12Hps1Hch, ~1!

where

Hp f5(
ka

«ppka
1 pka1(

k
« f f k

1 f k2tpp (
kaÞb

SaSbpka
1 pkb

1tp f(
ka

Sa~ f k
1pka1H.c.!1(

j
« j f j

1 f j , ~2!

is the R-O hybridization Hamiltonian given by LM,14 in
which the hole notation is used, anda, b refer tox or y, and
Sx,y52 sin(kx,y/2);

Hps5(
k

Ek
sak

1ak , ~3!

and

Hch5(
ks

Ek
ccks

1 cks , ~4!

describe parts of the holes in the CuO2 planes and the CuO3
chain, respectively. In Eq.~2! j labels the Pr~or Y! site, and
« j50 or ` for the Pr or Y site; according to LM we take th
parameters«p5« f51.9 eV ~where we use the hole nota
tion!. Ek

s andEk
c represent the energy spectra of the holes

the CuO2 planes and CuO3 the chains, respectively. Follow
ing Dagottoet al.22 we giveEk

s as

Ek
s5E0

s11.33J coskxcosky10.37J~cos 2kx1cos 2ky!,
~5!

where J50.125 eV. According to Oles and Grzelka,15 we
can describe the electronic structure in the chains usin
tight-binding band

Ek
c5E0

c1
w

2
cos~k!, ~6!

wherew is the bandwidth, andw'2.0 eV.15 Here, we mea-
sure energy from the initial Fermi level of holes~i.e., that in
YBa2Cu3O7!, and E0

s and E0
c are determined by the initia

hole concentration in the CuO2 planes and in the CuO3
chains.

In order to investigate the behavior of the system at
intermediate doping, we make the coherent-potential
proximation~CPA! for the Hamiltonian~2!. According to the
CPA,29 we can write the following effective Hamiltonian:

HCPA5(
ka

«ppka
1 pka2tpp (

kaÞb
SaSbpka

1 pkb

1tp f(
ka

Sa~ f k
1pka1H.c.!1(

k
S f f k

1 f k , ~7!

whereS f is the CPA self-energy of thef hole and can be
self-consistently given by

S f5« f2~12x!~Gf !
21, ~8!

in which Gf is the local Green’s function off holes, andx is
the Pr concentration. By introducing the Green’s-functi
matrix
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Gk~E!5~E2Hk
CPA!21, ~9!

we can obtain the Green’s functionsGpk
a (E) and Gf k(E),

which correspond to the three components of the holes.Hk
CPA

is the matrix form of Hamiltonian~7!. Then the Green’s
function Gf in Eq. ~8! is given by

Gf~E!5
1

N (
k

Gf k~E!. ~10!

Now, we arrive at the following self-consistent equations
the hole-densities;

np5
1

N E
2`

m

(
ak

Gpk
a ~E101!dE, ~11a!

nf5
1

N E
2`

m

(
k

Gf k~E101!dE, ~11b!

nps5
1

N E
2`

m

(
k

rpsk~E!dE, ~11c!

and

nch5
1

N E
2`

m

(
ks

rchk~E!dE, ~11d!

np1nf12nps1nch5n01nch0, ~11e!

wherem is the chemical potential of the holes and also c
be self-consistently obtained in Eq.~11!; rps(E) andrch(E)
are densities of states in the CuO2 planes and CuO3 chains,
which are obtained through Eqs.~3! and ~4!. np and nf are
densities of the O 2p hole and the Pr 4f hole in the FR state
respectively;nps andnch are the hole densities in the CuO2
and in the CuO3 chains;n0 is the initial value of hole density
in the bilayer CuO2 planes, and according to Ref. 14 we w
taken050.39; nch0 is the initial value of hole density in the
CuO3 chains. The band-structure calculations15,30 showed
that the hole filling in the chains of YBa2Cu3O7 is close to
1.5 holes per unit cell, so we will assume that the init
value ofnch is 1.5 in our calculations, i.e.,nch051.5.

III. DOPING DEPENDENCE OF HOLE DENSITY
DISTRIBUTION

In our picture, according to Eq.~11!, we can calculate the
hole-distribution among the CuO2 planes, CuO3 chains, and
the FR state, for various doping densities. First, we calcu
the hole density in the CuO2 planes. According to LM, the
O-O hoppingtpp and tp f are taken as 0.2 and 0.75 eV, r
spectively, and other parameters are taken as in Sec. II.
result is presented in Fig. 1~dashed line!. One can notice tha
for tp f50.75 the decrease of the holes with increasingx is so
slow that up tox51.0 the hole concentration is still 0.07
This is not in accordance with the Hall measuremen31

which shows a reduction by about 90% of the carrier dens
In addition, for x50.55 the curve gives the hole densi
nps'0.12, which cannot explain the metal-nonmetal tran
tion near this point. In fact, forx.0.5 the Y12xPrxBa2Cu3O7
system displays a semiconducting-type behavior at
r
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temperature.32 So, we repeat the calculation fortp f
50.85 eV, and the result is also shown in Fig. 1~solid line!.
This makes the result in rather good agreement with exp
ments. First, forx50.55 the result gives a reasonable ho
density, i.e., nps'0.084, lying in the region of metal
nonmetal transition~,0.1!.33 Second, forx51.0 the curve
gives the hole densitynps'0.04. So, about 80% of the hole
in YBa2Cu3O7 are grabbed by the FR band, which is rough
in agreement with the result of Hall measurement. Therefo
in the following calculations, we will choosetp f50.85 eV.
But it should be pointed out that the valuetp f50.75 eV fi-
nally chosen by LM is already taken larger than the value
the local density approximation~LDA ! calculation, i.e., 0.65
eV, and our valuetp f50.85 eV is a further departure from
the LDA value.

In order to investigate the change of the holes in the Cu3
chains, in Fig. 2, we present the reduction of the hole den
dnch5nch(x50)2nch(x) in the chains as a function of Pr
doping densityx. As a comparison, we also present the
duction of hole densitydnps in Fig. 2. One can find that the
reduction of the hole density in the chains is small. Forx
51.0 the result showsdnch'0.08, i.e., the hole density in

FIG. 1. Hole density in CuO2 planes as a function of Pr concen
tration for tp f50.75 ~dashed! and 0.85 eV~solid!.

FIG. 2. Reduction of the hole densities in the CuO2 planes
(dnps) and CuO3 chains (dnch) against Pr concentration.
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the chain decreases from 1.5 to 1.42. The calculations
Oleset al. showed that about 54% of the holes in the cha
of YBa2Cu3O7 is oxygen holes. This indicates that the ox
gen hole density in the chains decreases only by 0.043.
our calculation can explain the experimental fact that no
vious reduction of the O holes residing on the CuO3 chains is
caused by the Pr doping.19–21 In fact, for YBa2Cu3O7,
strongly coupled to the antiferromagnetic fluctuation, t
holes in the CuO2 planes form a spin-polaron band wit
small bandwidth, and the Fermi level is near the van Ho
singularities. While on the CuO3 chains the bandwidth is
wider. So, on doping Pr into the system, thep- f hybridiza-
tion states mainly grab the holes in the planes.

In Fig. 3, we present the component of FR holes~i.e., Pr
hole or O hole!. From the figure we find that the weight of O
hole (np) larger than that of the Pr hole (nf). So, a large part
of the FR holes is of oxygen character. Whenx51, we ob-
tain nf'0.17, this indicates that the valance of Pr
PrBa2Cu3O7 is roughly 13. Because the Pr 4f electrons in
the FR state are dispersive, the local magnetic moment o
ion is that of 4f 1 as observed experimentally.

In order to obtain the reasonable hole depletion, we h
enhanced the Pr-O hybridizationtp f in our calculations. Of
course, we may also adjust the other parameters such atpp
and«p to obtain a good result. In fact, the increase oftpp and
«p also can raise the hole depletion. However, as in Ref.
we choose enhancingtp f . Perhaps, one notice thattp f
50.85 eV seems to be too large in comparison with
value oftp f50.4– 0.5 eV given by FR. This is not surprisin
First, FR’s value was estimated based on their pure lo
model. Second, the meaning oftp f is different between the
two models. In the FR model,tp f represents the hybridiza
tion between one Pr site and one O site, but in the L
model, tp f is a effective hybridization between one Pr s
and two O sites in the bilayer planes.

IV. QUANTITATIVE DISCUSSION FOR THE Tc

SUPPRESSION

There are at least two consequences of the Pr-O hyb
ization: one is the hole transfer from thepds band to thep- f

FIG. 3. Component of the holes in thep- f hybridization band.
The solid line represents 2p hole densities (np), and the dashed line
represent 4f hole densities (nf).
of
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band, as discussed above; the other is the modification to
magnetic state of CuO2 planes, since the CuO2 planes are
antiferromagnetically correlated in PrBa2Cu3O7 below;300
K.2 Hall angle measurements34,35 in the Y12xPrxBa2Cu3O7
system have indicated that Pr doping change the slopea as
well as the interceptC in the linear cotQH2T2 equation
(cotQH5aT21C). Experimentally,a varies only depending
on the carrier concentration as shown in YBa2Cu3O61x ,34,36

while C is directly related to the Cu~2!-site substitution such
as in YBa2Cu32xZnxO7.

37 Moreover, according to Ander
son’s theory,38 a is predicted to be sensitive to carrier co
centration, andC is due to magnetic impurity scattering
Therefore, it is reasonable and necessary to consider the
effects simultaneously.

If one does not consider the effect of magnetic interacti
it is plausible that the holes residing on thepds band sup-
port the superconductivity. As we know,Tc obeys phenom-
enologically a parabolic relation dependent of the h
concentration,39 which can be written as

Tc~nps!5Tc,maxF12
~nopt2nps!

2

~nopt2nzero!
2G , ~12!

wherenps is the hole concentration ofpds band in the CuO2
planes.nopt is the optimal hole density that gives the max
mum of Tc (Tc,max) in YBa2Cu3O7, andnzero is the zero-Tc
hole density at whichTc vanishes.

Now, we may introduce the magnetic effect of Pr dopin
We do not think that the Pr-ion magnetic moment itself w
break Cooper pairs, since most ‘‘123’’ compounds with lar
rare-earth magnetic moments are still superconductors. H
ever, the Pr-O hybridization does affect the pairing enviro
ment, or Pr-O hybridization may induce a kind of magne
scattering. Generally, it can be treated, at least phenom
logically, by the Abrikosov-Gorkov pair-breaking theory,24,41

ln
Tc~x!

Tc0
5CS 1

2D2CS 1

2
10.14

G

Gc

Tc0

Tc~x! D , ~13!

where Tc(x)5Tc@x,nps(x)#, and Tc05Tc@0,nps(x)#. G
5xpN0V2 is magnetic scattering rate,N0 is the density of
state at the Fermi level, andV represents the scattering po
tential. Here, we use the Born approximation because
scattering is weak.Gc is the critical scattering rate. We ca
write Eq. ~13! as

ln
Tc~x!

Tc0
5CS 1

2D2CS 1

2
10.14

x

xc
m

Tc0

Tc~x! D , ~14!

where xc
m is the magnetic scattering critical Pr content

which Tc becomes zero if there wereonly pair-breaking in-
teractions (xc

m can be larger than 1.0!. Let P(x)
5Tc(x)/Tc0 , we can obtain the numerical solution ofP(x).
So,Tc(x) can be calculated by

Tc~x!5Tc,maxF12
@nopt2nps~x!#2

~nopt2nzero!
2 GP~x!. ~15!

We should still consider the variation ofxc
m under differ-

ent hole doping. Klugeet al.40 found thatTc suppression of
Cu-site substitution was basically unchanged in the optim
and overdoped regime, but became serious in the underd
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regime. This indicates that the strength of pair breaking
creases with the decreasing carrier density in the underdo
regime. So,xc

m should be decreased with the increasing
doping. Recently, the authors of Ref. 24 gave a reason
explanation for theTc suppression induced by Zn substit
tion. They ascribed the increase of the pair-breaking effec
the underdoping region to the presence of the normal-s
pseudogap. Tallonet al.24 presented the critical scatterin
rateGc as a function of the pseudogapEg(p),

Gc5Gc0~12z2!5/4, ~16!

in which z5Eg(p)/D00 whereD005AEg
21D008

2, andD008 is
the superconducting order parameter at zero temperatu
the absence of impurity;p is hole concentration~i.e., here
nps!, andGc0 is the critical scattering rate in the absence
Eg . On the other hand, according to Williamset al.24 N0
}(12z)0.5. Therefore, we can obtain

xc
m5xc0

m ~12z2!3/4, ~17!

wherexc,0
m is the magnetic scattering critical Pr concentrati

in the absence ofEg . Tallon et al.24 usedz53.08– 15.4p to
describe the observed linear dependence ofEg on hole con-
centration, but it seems unreasonable becausez.1 as long
as p,0.135. Here, we will usez57.14(0.192p) to satisfy
Eg(0.19)50,24 and D008 (p5nzero50.05)50. Whereasxc,0

m

can be reasonably estimated by comparing the magn
scattering-induced reduction of Tc (DTc,m) in
Y12xPrxBa2Cu3O7 ~Ref. 34! and YBa2Cu32xZnxO7 ~Ref. 37!
systems. The interceptC of the equation (cotQH5aT21C)
indicates the magnetic scattering, thus it should corresp
to DTc,m . Comparing the experimental data ofC ~Refs. 34
and 37! in the two systems, we obtainDTc,m'40 K for
Y0.4Pr0.6Ba2Cu3O7. We give xc,0

m 51.1 in the following nu-
merical calculation, so thatDTc,m for Y0.4Pr0.6Ba2Cu3O7 is
just around 40 K.

Using the above equations, we can calculate theTc(x).
For the Y12xPrxBa2Cu3O7 system, we chose the typical va
ues: Tc,max594 K, nopt50.18, andnzero50.05. It is found
that the calculatedTc(x) is quite in accordance with mos

FIG. 4. Comparison of calculatedTc(x) curves according to
different models with the typical experimental data@from Maple’s
group ~Ref. 35!#.
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experimental data.2,35 This can be clearly seen in Fig. 4, i
which the experimentalTc(x) values are taken from the re
sult of Maple’s group.35

To our knowledge, other existing models cannot give
good explanation for the wholeTc suppression so far. In Fig
4 we also shows the comparison between the results of v
ous scenarios. In the hole-filling case~i.e., Pr ion is Pr41!, the
hole density of thepds band will be decreased by 0.5x ~x is
the Pr content!. So,pds hole density is 0.5(n02x). We find
that the hole-filling mechanism would give a sharpTc drop
~see dashed curve!. The dotted curve is obtained by onl
considering hole-depletion effect. It shows a more steadyTc
decrease than the experimental result. Even if one may ad
the values of some parameters such asn0 , nopt, andnzero to
elucidate theTc(x) behavior for lowerx, it is still difficult to
understand the abrupt drop ofTc at x50.5– 0.55. The pure
pair-breaking theory gives the dash-dotted curve, as
know, it can basically account for the latter point, but fails
explain the ‘‘plateau’’ ofTc(x) for x,0.1.2 Neumeieret al.5

already proposed the combination of hole filling and p
breaking, but they could interpret theTc(x) curve only for
x<0.2.

It is worth noticing that the experimental data ofTc(x)
just implies the mechanisms.Tc(x) values decrease slowl
for 0<x<0.1; then go down more rapidly and nearly lin
early for 0.1<x<0.5; finally drop sharply to zero atx
;0.55.2,35 The first stage mainly reflects a crossover fro
overdoping to underdoping; and the second stage reflects
combination of hole depletion and pair breaking; the l
stage suggests that pair breaking plays a significant role
to the opening of the pseudogap. Therefore, theTc(x) behav-
ior strongly suggests that there are two mechanisms coe
ing in the systems: hole depletion and magnetic scatter
and the former strengthens the latter.

V. CONCLUSION

We have considered a model Hamiltonian to investig
the hole-density distribution in the Y12xPrxBa2Cu3O7 sys-
tem. In the Hamiltonian the electronic structure of the Cu2
planes and CuO3 chains, and the Pr-O hybridization are a
included. In our picture, with the increasing Pr content, t
transfer of holes into thep- f hybridized states appears n
only in CuO2 planes but also in the CuO3 chains. We made
the coherent-potential approximation calculations for t
model Hamiltonian to study the behavior of the system at
intermediate Pr doping, and presented the Pr-doping de
dent distribution of the holes. Our calculation shows that
obvious reduction of the hole residing on the CuO3 chains is
caused by the Pr doping, and the oxygen hole in the ch
decreases only by about 0.043 per unit cell. So, the h
transfer is mainly from thepds band of the CuO2 planes to
the p- f hybridization band. We presented a hole-deplet
behavior in the CuO2 planes, which is coincident with the
experimental results. A metal-nonmetal transition aroundx
50.5 was predicted based on the calculation for the reas
able parameters.

Combining the hole-depletion effect with pair breakin
and considering the enhancement of the pair breaking du
the appearance of the normal-state pseudogap, we have g
a good explanation for the wholeTc suppression in
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Y12xPrxBa2Cu3O7. For smallx, it is mainly hole depletion
that controls thatTc variation. For intermediatex, the com-
bination of the hole depletion with the pair breaking rend
the Tc depression. Whenx is nearxcr , a pair-breaking-like
mechanism plays a significant role, resulting in the fast d
of Tc . We thus conclude that there are two mechanis
-

E

g

r,

C

s

C
-

-
B

.

.

p
s

coexisting in the systems: hole transfer and magnetic scat
ing.

ACKNOWLEDGMENTS

This work was supported by the National Center for R
D on Superconductivity of China.
-

*Electronic address: yhren@public1.hz.zj.cn
1L. Soderholm, K. Zhang, D. G. Hinks, M. A. Beno, J. D. Jor

gensen, C. U. Segre, and I. K. Schuller, Nature~London! 328,
604 ~1987!.

2H. B. Rodousky, J. Mater. Res.7, 1918 ~1992!, and references
therein; B. Maple, B. W. Lee, J. J. Neumeier, G. Nieva, L. M
Paulius, C. L. Seaman, J. Alloys Compd.181, 135 ~1992!.

3F. W. Lytle, G. van der Laan, R. B. Greegor, E. M. Larson, C.
Violet, and J. Wong, Phys. Rev. B41, 8955~1990!.

4S. Horn, J. Cai, S. A. Shaheen, Y. Jeon, M. Croft, C. L. Chan
and M. L. denBoer, Phys. Rev. B36, 3895~1987!.

5J. J. Neumeier, T. Bjornholm, M. B. Maple, and I. K. Schulle
Phys. Rev. Lett.63, 2516~1989!.

6J. Zaanen, A. T. Paxton, O. Jepsen, and O. K. Andersen, Ph
Rev. Lett.60, 2685~1988!.

7I. S. Yang, A. G. Schrott, and C. C. Tsuei, Phys. Rev. B41, 8921
~1990!.

8J. Neumeier, M. B. Maple, and M. S. Torikachvili, Physica
156, 574 ~1990!.

9Y. Xu and W. Guan, Phys. Rev. B45, 3176~1992!.
10S. K. Malik, C. V. Tomy, and P. Bhargava, Phys. Rev. B44, 7042

~1991!.
11M. Lee, M. L. Stutzman, Y. Suzuki, and T. H. Geballe, Phy

Rev. B54, R3776~1996!.
12D. Khomskii, J. Supercond.6, 69 ~1993!.
13R. Fehrenbacher and T. M. Rice, Phys. Rev. Lett.70, 3471

~1993!.
14A. I. Liechtenstein and I. I. Mazin, Phys. Rev. Lett.74, 1000

~1995!.
15A. M. Oles and W. Grzelka, Phys. Rev. B44, 9531~1991!.
16C. J. Mei and G. Stollhoff, Phys. Rev. B43, 3065~1991!.
17N. Nucker, E. Pellegrin, P. Schweiss, J. Fink, S. L. Molodtsov,

T. Simmons, G. Kaindl, W. Frentrup, A. Erb, and G. Muller
Vogt, Phys. Rev. B51, 8529~1995!.

18A. Krol, Z. H. Ming, Y. H. Kao, N. Nucker, G. Roth, J. Fink, G.
C. Smith, K. T. Park, J. Yu, A. J. Freeman, A. Erb, G. Muller
Vogt, J. Karpinski, E. Kaldis, and K. Schonmann, Phys. Rev.
45, 2581~1992!.

19M. Merz, N. Nuker, E. Pellegrin, P. Schweiss, S. Schuppler, M
Kielwein, M. Knupfer, M. S. Golden, J. Fink, C. T. Chen, V
Chakarian, Y. U. Idzerda, and A. Erb, Phys. Rev. B55, 9160
~1997!.

20K. Widder, M. Merz, D. Berner, J. Munzel, H. P. Geserich, A
.

.

,

ys.

.

.

.

Erb, R. Flukiger, W. Widder, and H. F. Braun, Physica C264,
11 ~1996!.

21J. M. Chen, R. S. Liu, J. G. Lin, C. Y. Huang, and J. C. Ho, Phys.
Rev. B55, 14 586~1997!.

22E. Dagotto, A. Nazarenko, and A. Moreo, Phys. Rev. Lett.74,
310 ~1995!.

23Guanghan Cao, Yabin Yu, and Zhengkuan Jiao, Physica C301,
294 ~1998!.

24J. L. Tallon, C. Bernhard, G. V. M. Williams, and J. W. Loram,
Phys. Rev. Lett.79, 5294 ~1997!; G. V. M. Williams, E. M.
Haines, and J. L. Tallon, Phys. Rev. B57, 146 ~1998!.

25Z. Zou, J. Ye, K. Oka, and Y. Nishihara, Phys. Rev. Lett.80,
1074 ~1998!.

26Z. Zou, K. Oka, T. Ito, and Y. Nishihara, J. Appl. Phys.36, L18
~1997!; J. Ye, Z. Zou, A. Matsushita, K. Oka, Y. Nishihara, and
T. Matsumoto, Phys. Rev. B58, R1 ~1998!.

27H. A. Blackstead, J. D. Dow, D. B. Chrisey, J. S. Horwitz, M. A.
Blach, P. J. McGinn, A. E. Klunzinger, and D. B. Pulling, Phys.
Rev. B54, 6122~1996!; H. A. Blackstead and J. D. Dow,ibid.
51, 11 830~1995!.

28M. W. Pieper, F. Wiekhorst, and T. Wolf~unpublished!.
29J. S. Faulkner, Phys. Rev. B13, 2391~1976!.
30W. E. Pickett, Rev. Mod. Phys.61, 433 ~1989!.
31A. Matsuda, K. Kinoshita, T. Ishii, H. Shibata, T. Watanabe, and

T. Yamada, Phys. Rev. B38, 2910~1988!.
32C. N. Jiang, A. R. Baldwin, G. A. Levin, T. Stein, C. C. Almasan,

D. A. Gajewski, S. H. Han, and M. B. Maple, Phys. Rev. B55,
3390 ~1997!.

33B. Batlogg, Phys. Today44 ~6!, 44 ~1991!.
34P. Xiong, G. Xiao, and X. D. Wu, Phys. Rev. B47, 5516~1993!.
35M. B. Maple, C. C. Almasan, C. L. Seaman, S. H. Han, K. Yoshi-

ara, M. Buchgeister, L. M. Paulius, B. W. Lee, D. A. Gajewski,
R. F. Jardim, C. R. Fincher, Jr., G. B. Blanchet, and R. P. Guer
tin, J. Supercond.7, 97 ~1994!.

36B. Wuyts, E. Osquiguil, M. Maenhoudt, S. Libbrecht, Z. X. Gao,
and Y. Bruynseraede, Phys. Rev. B47, 5512~1993!.

37N. P. Ong, T. W. Jing, T. R. Chien, Z. Z. Wang, and Y. V.
Ramakrishnan, Physica C185-189, 34 ~1991!.

38P. W. Anderson, Phys. Rev. Lett.67, 2092~1991!.
39M. H. Whangbo and C. C. Torardi, Science249, 1143~1990!.
40T. Kluge, Y. Koike, A. Fujiwara, M. Kato, T. Noji, and Y. Saito,

Phys. Rev. B52, R727~1995!.
41Y. Sun and K. Maki, Phys. Rev. B51, 6059~1995!.


