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A model Hamiltonian, which includes the components of the £planes, Cu@ chains, and the Pr-O
hybridization, is considered to describe the electronic structure, of ff,Ba,Cu;0,. 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 frgrddhigand to thep-f
hybridization band, and a small reduction of the holes residing on the; Chdns is caused by the Pr doping.

A metal-nonmetal transition around=0.5 can be obtained according to our calculation. We present a quan-
titative interpretation for thd . 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 explandtsuppression for the whole
Pr-doping region[S0163-18209)13701-9

[. INTRODUCTION coupling to spin degree of freedom and with a potential dis-
order renders the-f band localized. They assumed that the

Since the discovery of nonsuperconducting and nonmetalcuQ; chains are intrinsically metallic, and ascribed the ab-
lic PrBa,Cu;0O, compounds, many efforts have been made sence of metallic conductivity to oxygen disorder. This has
on the Y, _,Pr,Ba,Cu;0; system in an attempt to understand been supported by experimentsAlthough the FR model
the mechanism of the superconductivity suppression of Ppas been supported by many experiments, and resolves the
doping?121t has been experimentally shown that upon sub-Controversy on the different valence values of the Pr ion
stituting Pr into the systenT,. decreases monotonically and OPtained from different measuremeﬁtﬁ, still fails to ex-
vanishes at a critical concentratisg~0.55, near the metal- plain some experimental observations. One of the failures of
nonmetal transitioh28 As for R, _,Pr,Ba,CuO, (R refers to the FR model is that it cannot explain tReion-size depen-

the rare-earth elementsystem, thel, suppression ig-ion- dence of theT,, suppression? In addition, an important con

. ) T %Iusion of FR is that there are only two stable solutions for
size dependent: The larger the atomic size of the rare—eartthe hole distribution in their modeln.—0 or n
p~ P

elements in the host compounds is, the strongefthsup- —(1—ng)/2 (n, is the hole density in the Cugplanes, and

pression beC.Om-eqS]:O _ Nen is the hole density in the Cu@haing. They suggested
invl:ﬁgii’g;“ﬁ:ggﬁf;f; ?’In\((j l;’%’aE; ZT(Cp:;anSaEsgg r\:\geght/)e that the parameters of their model are favorable for the so-
proposed? *Early explanation involved either hole fill- th(lclm_ 2: N /g ilr]nlqtg;gig(_:uﬁg\j\,:vn; ]:,?,Légethseo::gor?%%d
ing or the influence of Bt spin on the Cu@planes. The g applied to the intermediate doping regime of
former, assuming the valance staté Prconsiders that the Y,_4PrBa,Cu;0;, one immediately find that there should
itinerant holes in the CuOplanes are transferred to the Pr pe a critical value ok, below which the hole density in the
sites, leading to the quenching of superconductivity and &uQ, planes is not affected by the Pr doping. This is not in
metal-nonmetal transition at,,. However, some direct ex- agreement with the experiments. Liechtenstein and Mézin
periments indicated that the Pr valence is mainly.>~*The  extended the FR model, and showed thatRh® hybridiza-
latter, assuming the valance staté'Prconsiders that Bf  tion forms a dispersive bar(dalled the FR band in Ref. 14
spins break the superconducting Cooper pairs. But this ide@hey concluded that only in PrBau;O; does this FR band
fails to explain the metal-nonmetal transition. The relativelydisperse across the Fermi level and hence compete for holes
satisfactory models for the explanation of fhesuppression with the Cu-Opdo band. For the different rare-earth ele-
are that of Fehrenbacher and Ri¢R),* and Liechtenstein ments inR;_ ,Pr,Ba,Cu;0-, the position of the FR band var-
and Mazin(LM).* The FR model assumes hole depletion inies with the atomic number of the rare earth through the 4
the CuQ planes, not because of higher Pr valance, but beenergy level. Using their extended model, LM presented the
cause of transfer of the holes from the Cus@o band into  number of the holes grabbed by the FR band as a function of
the O2-Pr4f hybridization state. FR suggested thatfhé  the Pr concentration in Y ,Pr,BaCu;0;,  and
hybridization bandwidth is small due to the orthogonality of Nd, _,Pr,Ba,Cu;0O,, and explained the fact that Pr doping
the involved orbital on shared O sites of neighboring Prsuppressed, in Nd;_,Pr,BaCu;O; more strongly than in
cubes. The combination of the small bandwidth with a strongy , _, Pr, Ba,Cu;0;.
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Another important fact is that the amount of holes in the H=Hp¢+2Hps+Hep, (1)
CuG; chains does not change with the increasing Pr doping,
which is phenomenologically assumed in both the FR andvhere
LM models. According to the LM model, the number of
states above the Fermi level in the FR band is the number of |, :2
depleted holes in the CuyOplanes. However, based on P
band-calculatiot?!® and x-ray-absorption measureméht®
it has been shown that the (pholes near the Fermi level in + s
YBa,Cu,0; are distributed in the Cuplanes and the CuQ pr% Sel ficPrat H.C)F EJ: &fif. @
chains. So, the hole depletion takes place not only in the e o , ,
CuO, planes but also in the CyCchains. In fact, recent 'S the R-O hybridization Hamiltonian given by LM} in
experiment®2indicated that a small reduction of the hole Which the hole notation is used, and 3 refer tox ory, and
concentration is caused by Pr doping in YPrBaCw0O,  Sxy= 2 Sink/2);

The aim of this paper is to investigate the hole-density
distribution among the Cufplanes, Cu@chains and the FR Hps= E Erag ay, 3
band, and then study the suppression Bf in the k
Y1_«PrBa,Cu;07 system. To do this, we consider a model gnq
Hamiltonian in which the electronic structure of the GuO
planes and Cu@chains, and the Pr-O hybridization are all -
included. Here, following LM we describe the FR band by HCh:kzu EkCkoCiko (4)
employing a three-band model; using the planar singlet-hole
spectrum given by Dagottet al,?> we describe the elec- describe parts of the holes in the Cuanes and the CuQ
tronic structure of thgpdo band in the Cu@planes; accord- chain, respectively. In Eq2) j labels the Pxor Y) site, and
ing to Ref. 15 we give the electronic structure in the GuO ;=0 or for the Pr or Y site; according to LM we take the
chains. In Ref. 14, Liechtenstein and Mazin already sugparameterse,=e¢=1.9 eV (where we use the hole nota-
gested that the coherent-potential approximation calculatiotion). E} andEj, represent the energy spectra of the holes in
should be made to study the behavior of the system at ththe CuQ planes and Cu@the chains, respectively. Follow-
intermediate Pr doping, by assuming disorder onRtgites  ing Dagottoet al?? we give E as
(for R=Y, the 4f energy level is to be taken infinityFol-
lowing from this idea we make the coherent-potential ap- Ey=Ej+ 1.33) cosk,cosk,+0.37](cos K,+cos Xy),
proximation calculation for our model Hamiltonian to give (5)
gtls dsro?(t)r?gjrg gfg:g;i?ocr? glér\;ﬁngocljird;g\l/?gﬁgu ol??( thewhereJ=(_).125 ev. Accor_ding to Oles_ and Grze_lk'%tWe_

. ¢ N . . ' __can describe the electronic structure in the chains using a

we consider the combination of hole depletion with the Magyi - ht-bindi

. . . . o : ght-binding band
netic pair breaking of Pr ions. With increasing Pr concentra-
tion the system would evolve into the under-hole-doping re- W
gion, so we also consider that the pair breaking is enhanced Ex=E{+ = cogk), (6)
by the appearance of the normal-state pseudéyajhere- 2
fore, we succeed in quantitatively understanding the wholgyherew is the bandwidth, angv~2.0 eV Here, we mea-
T¢ suppression in the . ,Pr,Ba,Cus0; system. sure energy from the initial Fermi level of holése., that in

By the way, several authds ' reported the observation yBa,Cu,0,), and ES and ES are determined by the initial
of superconductivity in PrB£u;0;. But it has not been con- pole concentration in the CyOplanes and in the CuQ
firmed widely, and the experimental d&tindicated that the  chains.
superconducting samples are strong inhomogeneous. The |y order to investigate the behavior of the system at the
difference of the crystal structure between the superconducintermediate doping, we make the coherent-potential ap-
ing and nonsuperconducting samples is not yet clear. On thgroximation(CPA) for the Hamiltonian(2). According to the

other hand, recently, Piepet al** have made nuclear mag- cpAZ2® we can write the following effective Hamiltonian:
netic resonance experiment to study the nature of the doped

hole in the CuQ@ planes of Pr_,Ba,, ,Cus0; single crystals, . .

and found that there exist mobile holes in the rich-Ba HCPA:kz Sppkapka—tppkz SeSpPraPp
Pr,_Ba,. ,Cu;0; samples. This suggests that the appear- “ arp

ance of the superconductivity in Pr2u,O; might be be-

cause the-f hybridization is depressed by the Ba residing +tpf% Sa(fy Prat H-C-)+; Siff, (D
on Pr sites. So, our attention is paid to the study of The

suppression in the \Y.,Pr,Ba,Cu;O; based orp-f hybrid-  where3; is the CPA self-energy of thé hole and can be
ization. self-consistently given by

8pp|:rapka+ ; Sff;fk_tppkz#ﬁ Sasﬁplzrapkﬁ

Il. MODEL AND COHERENT-POTENTIAL Si=e;—(1-X)(Gy) 1, (8)

APPROXIMATION . . . . .
in which G; is the local Green’s function dfholes, and is

As mentioned above, the model Hamiltonian describingthe Pr concentration. By introducing the Green’s-function
electronic structure of the system may be given by matrix



PRB 59

Gi(E)=(E—H{P L, (9)

we can obtain the Green’s functioﬁg’k(E) and Gy (E),
which correspond to the three components of the heig§”
is the matrix form of Hamiltonian(7). Then the Green's
function G in Eq. (8) is given by

1
Gi(E)= 2 Giu(E). (10

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

1 (wu
Np=o J_ Ek Gg (E+0")dE, (113
1 (m N
=y f_ ; G(E+0%)dE, (11b
1 (wm
Nps=1 f, ; ppx(E)dE, (119
and
1 (»
Nen=1g f 2 penB)IE, (11d
Np+ N+ 2N 56+ Nep=Ng+ Nepo, (11e
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FIG. 1. Hole density in Cu@planes as a function of Pr concen-
tration fort,;=0.75 (dashegl and 0.85 eV(solid).

temperaturé” So, we repeat the calculation fotp;
=0.85 eV, and the result is also shown in Figisblid line).
This makes the result in rather good agreement with experi-
ments. First, forx=0.55 the result gives a reasonable hole
density, i.e.,n,s~0.084, lying in the region of metal-
nonmetal transition(<0.1).>*> Second, forx=1.0 the curve
gives the hole densitg,~0.04. So, about 80% of the holes
in YBa,CusO; are grabbed by the FR band, which is roughly
in agreement with the result of Hall measurement. Therefore,
in the following calculations, we will choosg,;=0.85 eV.

where u is the chemical potential of the holes and also carBut it should be pointed out that the valtig=0.75 eV fi-

be self-consistently obtained in EQ.1); p,s(E) andp¢n(E)
are densities of states in the Cuflanes and Cu@chains,
which are obtained through Eg&) and (4). n, andn; are
densities of the O g hole and the Pr #hole in the FR state,
respectively;n,s andng, are the hole densities in the CyO
and in the Cu@chains;ng is the initial value of hole density
in the bilayer Cu@ planes, and according to Ref. 14 we will
takeny=0.39; ng,o is the initial value of hole density in the
CuQ; chains. The band-structure calculatibh® showed
that the hole filling in the chains of YB&u;O; is close to
1.5 holes per unit cell, so we will assume that the initial
value ofng, is 1.5 in our calculations, i.eng,o=1.5.

Ill. DOPING DEPENDENCE OF HOLE DENSITY
DISTRIBUTION

In our picture, according to Eq11), we can calculate the
hole-distribution among the CyMlanes, Cu@ chains, and

the FR state, for various doping densities. First, we calculate

the hole density in the Cuplanes. According to LM, the
O-O hoppingt,, andt,; are taken as 0.2 and 0.75 eV, re-

spectively, and other parameters are taken as in Sec. Il. The

result is presented in Fig.(@ashed ling One can notice that
for t,;=0.75 the decrease of the holes with increasingso
slow that up tox=1.0 the hole concentration is still 0.07.
This is not in accordance with the Hall measureniént,
which shows a reduction by about 90% of the carrier density
In addition, for x=0.55 the curve gives the hole density

n,s~0.12, which cannot explain the metal-nonmetal transi-

tion near this point. In fact, fox>0.5 the Y; _,Pr,Ba,Cu;0,

nally chosen by LM is already taken larger than the value of
the local density approximatiofi.DA) calculation, i.e., 0.65
eV, and our valug,;=0.85 eV is a further departure from
the LDA value.

In order to investigate the change of the holes in the £uO
chains, in Fig. 2, we present the reduction of the hole density
ONep=Nc(X=0)—n(X) in the chains as a function of Pr-
doping densityx. As a comparison, we also present the re-
duction of hole densityin,s in Fig. 2. One can find that the
reduction of the hole density in the chains is small. Kor
=1.0 the result shows$n~0.08, i.e., the hole density in

0.16
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--8Nch
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FIG. 2. Reduction of the hole densities in the Gu@anes

system displays a semiconducting-type behavior at lowsn,) and CuQ chains @ng;) against Pr concentration.
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0.25 band, as discussed above; the other is the modification to the
—Np magnetic state of CuQplanes, since the Cuyplanes are
--N¢ antiferromagnetically correlated in Prg2usO; below ~300
K.2 Hall angle measuremenifs® in the Y;_,Pr,Ba,Cu0;
system have indicated that Pr doping change the stope
0.15 | - well as the intercepC in the linear co®,—T? equation
- (cot ®,=aT?+C). Experimentally,« varies only depending
i - on the carrier concentration as shown in ¥8850;.  ,>*3°
01 e while C is directly related to the Q@)-site substitution such

i p as in YBaCu;_,Zn,0,.3" Moreover, according to Ander-

- son’s theory® « is predicted to be sensitive to carrier con-
0.05 s . . .. . .
y centration, andC is due to magnetic impurity scattering.
” Therefore, it is reasonable and necessary to consider the two
ol : ; ' L effects simultaneously.
0 0.2 04 06 08 1 If one does not consider the effect of magnetic interaction,
X it is plausible that the holes residing on thdo band sup-

port the superconductivity. As we know, obeys phenom-
enologically a parabolic relation dependent of the hole
concentratiorfy which can be written as

02

FIG. 3. Component of the holes in thef hybridization band.
The solid line represents2hole densitiesif,,), and the dashed line
represent 4 hole densities rf;).

_ 2
the chain decreases from 1.5 to 1.42. The calculations of Te(Nped =T ma{l_ (Nopi™ Np)” , (12)

Oleset al. showed that about 54% of the holes in the chains (Nopt— nzero)2

of YBa,CusO, is oxygen holes. This indicates that the oXy- \yheren  is the hole concentration @ido band in the Cu@
gen hole density in the chains decreases only by 0.043. SBianes.nopt is the optimal hole density that gives the maxi-

our calculation can explain the experimental fact that no obs ; ;
. ) o o mum of T, (T in YBa,CusO;, andn,g, is the zerot
vious reduction of the O holes residing on the GuBains is 5 denscit§/ aifmv?/ﬁicﬁ' vai]islﬁe; zero ¢
c .

caused by the Pr dOp'rhj'z.l In fact, fqr YBaQCU:”OW Now, we may introduce the magnetic effect of Pr doping.
strongly coupled to the ant|ferromagnet|c fluctuation, _the\Ne do not think that the Pr-ion magnetic moment itself will
holes in the Cu@ planes form a spin-polaron band with a4y cooper pairs, since most “123” compounds with large
small bandwidth, and the Fermi level is near the van Hovggre_earth magnetic moments are still superconductors. How-
singularities. While on the CuQchains the bandwidth is  gyer the Pr-O hybridization does affect the pairing environ-
wider. So, on doping Pr into the system, aef hybridiza-  ment, or Pr-O hybridization may induce a kind of magnetic
tion states mainly grab the holes in the planes. scattering. Generally, it can be treated, at least phenomena-

In Fig. 3, we present the component of FR halies., Pr|5gically, by the Abrikosov-Gorkov pair-breaking thedi/*!
hole or O hol¢. From the figure we find that the weight of O

hole (n,) larger than that of the Pr hol@{). So, a large part T(X) 1 1 I' Teo
of the FR holes is of oxygen character. Whea 1, we ob- In——= ( )“I’ §+0-14F—W :
tain n;~0.17, this indicates that the valance of Pr in c0 ©°
PrBa,Cu;0O; is roughly +3. Because the Prfdelectrons in  where T (X)=T[x,np(x)], and To=T[0np(x)]. T
the FR state are dispersive, the local magnetic moment of PrxmNyV? is magnetic scattering ratél, is the density of
ion is that of 4* as observed experimentally. state at the Fermi level, and represents the scattering po-
In order to obtain the reasonable hole depletion, we havéential. Here, we use the Born approximation because the
enhanced the Pr-O hybridizatidp; in our calculations. Of scattering is weakl'.. is the critical scattering rate. We can
course, we may also adjust the other parameters sutf,as write Eq.(13) as
ande , to obtain a good result. In fact, the increasegfand
& also can raise the hole depletion. However, as in Ref. 14, In Te(x) -
we choose enhancing,;. Perhaps, one notice thdf; Teo
=0.85eV seems to be too large in comparison with the m - . . -
value oft,;—0.4-0.5 eV given by FR. This is not surprising. where x¢' is the magnetic scattering critical Pr content at
First, FR's value was estimated based on their pure local'Mich Te becomes zero if there wexmly pair-breaking in-
model. Second, the meaning bf; is different between the teractions kc can be larger than 10 Let P(x)
two models. In the FR modet represents the hybridiza- = T¢(X)/Tco, we can obtain the numerical solution B{x).
tion between one Pr site and one O site, but in the LMSO: Tc(x) can be calculated by
model, ty is a effective hybridization between one Pr site [Noo o ((X)]2
and two O sites in the bilayer planes. T(X)=T, ma>{1_ S,
' (nopt_ Nzero)

> (13

1 1 X Teo
5|~V 54014

xg' Te(X)

2

) . (19

P(x). (15

IV. QUANTITATIVE DISCUSSION FOR THE T,

SUPPRESSION We should still consider the variation &f' under differ-

ent hole doping. Kluget al*® found thatT, suppression of
There are at least two consequences of the Pr-O hybrid=u-site substitution was basically unchanged in the optimal
ization: one is the hole transfer from tpelo band to thep-f and overdoped regime, but became serious in the underdoped
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100 [ — experimental data>® This can be clearly seen in Fig. 4, in
o0 & ‘EOle'f'"'"g . which the experimental.(x) values are taken from the re-
: - hole-depletion ' 5
o | - pair-breaking sult of Maple’s group® o _
; —present result To our knowledge, other existing models cannot give a
nr " o experimental data good explanation for the wholg, suppression so far. In Fig.
60 | Y 4 we also shows the comparison between the results of vari-
©os0 | \ ous scenarios. In the hole-filling cae., Prion is Pt), the
: ‘\ hole density of thendo band will be decreased by &%x is
40 i \ the Pr content So, pdo hole density is 0.5{,— x). We find
30 ' that the hole-filling mechanism would give a shdrpdrop
20 | (see dashed curyeThe dotted curve is obtained by only
10 3 considering hole-depletion effect. It shows a more stekdy
o o . . 5 I decrease than the experimental result. Even if one may adjust

0 04 02 03 04 05 06 017 08 09 the values of some parameters sucl@snop:, andn e to
elucidate theT .(x) behavior for lowerx, it is still difficult to
understand the abrupt drop ®f at x=0.5-0.55. The pure
FIG. 4. Comparison of calculate® (x) curves according to pair-breaking theory gives the dash-dotted curve, as we
different models with the typical experimental dgfeom Maple’s  know, it can basically account for the latter point, but fails to
group (Ref. 35]. explain the “plateau” ofT(x) for x<0.12 Neumeieret al®
already proposed the combination of hole filling and pair
regime. This indicates that the strength of pair breaking inbreaking, but they could interpret the(x) curve only for
creases with the decreasing carrier density in the underdopgd<0.2.
regime. Sox{' should be decreased with the increasing Pr |t is worth noticing that the experimental data Bf(x)
doping. Recently, the authors of Ref. 24 gave a reasonabj@st implies the mechanism3(x) values decrease slowly
explanation for theT . suppression induced by Zn substitu- for 0<x=<0.1; then go down more rapidly and nearly lin-
tion. They ascribed the increase of the pair-breaking effect irarly for 0.. x=<0.5; finally drop sharply to zero ax
the underdoping region to the presence of the normal-state 0.552°° The first stage mainly reflects a crossover from
pseudogap. Talloret al”* presented the critical scattering overdoping to underdoping; and the second stage reflects the

X

ratel’; as a function of the pseudogéy(p), combination of hole depletion and pair breaking; the last
stage suggests that pair breaking plays a significant role due
I.=T(1-2%)%4 (16)  to the opening of the pseudogap. Therefore Ttkex) behav-

. i - . ior strongly suggests that there are two mechanisms coexist-
in which z=E(p)/Ago where Age= VEg+Agp, andAge i jng in the systems: hole depletion and magnetic scattering,
the superconducting order parameter at zero temperature ghq the former strengthens the latter.

the absence of impurityp is hole concentratiorii.e., here
Nps), andl¢g is the critical scattering rate in the absence of

Ey. On the other hand, according to Willianes al** Ny V. CONCLUSION

x(1—2)%2 Therefore, we can obtain We have considered a model Hamiltonian to investigate
the hole-density distribution in the ;Y ,Pr,Ba,Cu;O; sys-
XI'=xTp(1—22)%4, (17)  tem. In the Hamiltonian the electronic structure of the GuO

. _ _ . . planes and Cu@chains, and the Pr-O hybridization are all
wherex, is the magnetic scattering critical Pr concentrationjnciuded. In our picture, with the increasing Pr content, the
in the absence dE,. Tallonet al”* usedz=3.08-15.4 t0  transfer of holes into the-f hybridized states appears not
describe the observed linear dependencEpbn hole con-  only in Cu, planes but also in the Cu@hains. We made
centration, but it seems unreasonable becaust as long  the coherent-potential approximation calculations for this
asp<0.135. Here, we will use=7.14(0.19-p) to satisfy  model Hamiltonian to study the behavior of the system at the
E4(0.19)=02* and A{y(p=n,ee=0.05)=0. Whereasx(, intermediate Pr doping, and presented the Pr-doping depen-
can be reasonably estimated by comparing the magnetigtent distribution of the holes. Our calculation shows that no
scattering-induced  reduction of T, (AT.,) in  obvious reduction of the hole residing on the Gufains is
Y 1-xPrBa,Cu0; (Ref. 34 and YB3Cu;_,ZnO; (Ref. 37 caused by the Pr doping, and the oxygen hole in the chains
systems. The intercef of the equation (co®y=aT?+C)  decreases only by about 0.043 per unit cell. So, the hole
indicates the magnetic scattering, thus it should corresponglansfer is mainly from th@do band of the Cu@planes to
to AT, . Comparing the experimental data ©f(Refs. 34  the p-f hybridization band. We presented a hole-depletion
and 37 in the two systems, we obtaiAT;,~40K for  behavior in the Cu@planes, which is coincident with the
Y 0.4P1o BaCU0;,. We givexgjo=1.1 in the following nu-  experimental results. A metal-nonmetal transition aroMnd

merical calculation, so thak T, , for Y, ProBaCu0; is  =0.5 was predicted based on the calculation for the reason-
just around 40 K. able parameters.
Using the above equations, we can calculate Tpex). Combining the hole-depletion effect with pair breaking,

For the Y, _,Pr,Ba,Cu;0; system, we chose the typical val- and considering the enhancement of the pair breaking due to
ues: T¢ max=94 K, Ngp=0.18, andn,e=0.05. It is found the appearance of the normal-state pseudogap, we have given
that the calculated (x) is quite in accordance with most a good explanation for the whold . suppression in



3850

Y1 «Pr,BaCu0;. For smallx, it is mainly hole depletion
that controls thafl; variation. For intermediat®, the com-
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coexisting in the systems: hole transfer and magnetic scatter-
ing.

bination of the hole depletion with the pair breaking renders

the T, depression. Whenr is nearx.,, a pair-breaking-like
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