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portant results will  be presented and  discussed.
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Sl. gntrodianctgon

  Frorn the bcginning of  the reseaych  on  high-7} oxide

superconductors,  it has been widely  recognized  that the

hole concentration  is an  essential  parameter  for supercon-                                        '
ductivity of  this kind of  materials.  For  YBCO,  

it
 
was

shewn  in the  early  stage  of  the investigation that  their

supereonducting  properties depend critically  
on

 
the

 
ox-

ygen content  and  the  hole concentration  is strongly

                                       1987, a                                e  end  of
affected  by  the  oxygen  content.i,2}  At  th

new
 rnethod  to control  the hole concentration  in YBCO-

like system  was  proposed  by the group  ef  the present
                                        xNdx)2

author.3)  gn tite solid  solutioR  system  Nd(Bai.･

Cu307+i, it was  found by  the  Hall effect  measurement

that the hole concentratSon  can  be controlled  by chang-
                                        '
ing x  as if the  hole coneentration  of  1-2-3 phase is com-

pensated  by the partial substitution  of  divalent Ba  
by

trivalent Nd, lt was  suggested  that there exists an  almost

 linear relationship  between Tl and  the  hole concentration

 controkled  by  this method,3'S)  In March, 1988, Tokura  et

 at, reperted  an  extensive  investigatiofi of  7k and  the hole

 concentration  by using  a chemicai  method  to determine

 the hole concentration  in Y(La,Ba)2Cu]O, alld

 (Y, Ca)iBa2Cu]O, and  so  on.6)  It is shown  by J. Kondo  
et

 al, that these  experimental  findings are interpreted

 qualitatively by the Madelung energy  of  the systems.")  .
                                   x)]CUr,Oi+fi,  lt   According to our  result  in Nd(Bai-.Nd

 was
 revealed  that the  hole concentration  pH  determined

 froin the Hall coeMcient  RH  (bypH= 1 !RHe) almost  coin-

 cided  with  the mobile  hole concentration  determined by

 Tokura  method  from chemical  analysis  at least in the

 region  ofpHsO,2.  This result  in YBCe-like  
systems

 
is
 
m

                                         shows contrast  to the case  of  La2-xSr.Cu04, where  p}f

 large devgation from the chemically  determined hole con-

 centration.S)

   In this paper, at first we  describe new  results  on  
x-

 dependence of  hoie concentration  and  hole concentra-

 tion  dependence of  71 investigated in the  samples  
of

  Nd(Bai-.Nd.)2CuiOT+.  i,e. ti=:x in Nd(Bai-xNdx)2

  Cu3OT  i.b-.9) This series  of  samples  has been obtained  for the

  first time by  the annealing  in oxygen  at  high pressure up

to more  than 600 atm,  An  essential  importance of  this

series of  samples  is that the samples  are characterized  by

only  one  parameter x  and  the  average  charge  of  l9u-O]
unit  or  the total hole concentration  of  the  system  is not

changed  for ail sampres  in spite  of  the change  of.the

substitution  for Ba site.  In this series  of  samples,  it is
                                           '
clearly  demenstrated that the mobile  hoie concentrat}on

is determined  by  a  charge  transfer  between Cu02  sheet-

layer and  CuOi+. ehain-layer.

  Secondly, we  describe experimental  results of  the

suppression  of  the superconductivity  induced hy Pr in

YBCO-system. Analysis based en  a  detailed measure-

ment  of  the Hall effect will  be  presented, which  in                                        dicates

the  existence  of  the pair breaking effect  of  Pr  in

YBCo.To,n)

 E2. Cltargc Traptsfer Meehangsm  St-died im

     Nd(Bag-.Ndx)2CU307+x

 2,1 Ebeperimentatresutts

   As  first proposed  by Tokura et  aL6)  the superconduct-

 ing properties of  YBCO-like  systems  can  be described by

 a  kind of  phase diagram as  shown  in Fig, i. The abscissa

 represents  3 times of  an  average  charge  of  ICu-O] i,e. the

 total  hele concentration  per unit  cell,  and  the  ordinate

 represents  oxygen  content  (7 +  ti), which  is deduced from

 the chemical  titration, in Nd(Bai-.Nd.)2Cu307+fi. The

 broken line A  represents  samples  ef  NdBa!Cu307-ti･ just

 like YBCO,  where  7-6'  is contTolled  by yeduction  from

 about  7 toward  6. The  plotted points along  the  broken

 line B, represents  the  sampEes  of  Nd(Bai-xNdx  )zCu307+o-
 which  are  sintered  and  furnace-cooled in 1 atm.  oxygen

 fiow. By the annealing  in oxygen  at  high pressure

 (600 -  1000 atm.)  at around  3500C, we  have been able  
to

 get a series of  samples  Nd(Bai-.Nd.)]Cu30?-,ti  which  are

 plotted along  a  vertical  line of  C. This means  that the

  average  charge  for [Cu-O]-unit in these samples  i.e, the

  total hole concentration  are  not  changed  in spite  of  the

  change  in x, In other  words,  the change  of  oxygen  col-

  tents di equals  to the arnounts  of  the  substitution  x  in this

  system,  i.e. ti =:  x.  This series of  samples  plotted in Fig, 1

  are  expressed  as  Nd(Bai-.Ndx)2Cu306.g6+x. 
This

 
means
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Fig. 1, Phase  diagram of  YBCO-like  systems  against  the  oxygen  con-

 
tent

 (7 +a)  and  the hole concentration.  According  to  Tokura  et aL  ,G)

 
hole eoncentration  trapped  on  chain  layer p, and  that  of  mobile  hole

 
on

 
a
 
Cu02

 sheet  p, (p, is defined hoie concentration  per Cu02  sheet-

 
layer

 so  mobile  hele eoncentration  per unit  ce]1 is 2p,) are  given by

 
the  det-dashed line as  indieated, The  broken  line A  represents  the

 
samples  of  oxygen-reduced  NdBa,Cui07.rf,. '1'he

 samples  of'

 
Nd(Baifi.,Nd.-}2Cu]Oi+i･,sinteredandfurnace-eooledin1atm.oxygen

 fiow,     and  annealed  in oxygen  at high pressure,  are plotted around  the

 broken line B  and  vertical  line C, respeetively,  It shouid  be noted  that

 ti=x aiong  the  vertical  line C  as  described in the  text. The  dotted line
 
separates  the  superconducting  and  non-superconducting  sarnples.

 that  we  have obtained  a  series  of  samples  which  are  ex-

 pressed approximately  as Nd(Bai  -.Nd.)2Cu307+x. In the
 former part of  this section,  the experimental  results of

 the samples  along  the  line C  will  be described in com-

parison with  the samples  along  the line B,
  In Fig. 2, TL is piotted against  the effective  hole concen-
tration

 pH at  100 K. The  dotted line in this figure shows
our

 previous results for yarious  systems  sintered  in 1
atm,  pressure.3'S)pi.i at 1OO K  means  substantially  the  hole
coneentration

 just  above  7L. For  the samples  sintered

under1atm.,  7L shows  almost  linear dependence on  pHbelow 70 K but show  a  saturation  above  80 K  as  shown
by dotted curves.  On  the contrary,  it has been  found that
the samples  of  Nd(Baiu.Nd.)2Cu307+.  annealed  under
high

 pressure, Z  shows  almost  linear relationship  with

p}i up  to 95 K  as seen  in Fig. 2,

  In Fig. 3, the reiation  between 71 and  the chemically  cle-
termiped

 hole concentration  are  shown  by the  plots for
two

 kmds  of  samples:  B  series and  C  series in Fig. 1, Ac-
cording

 to an  extrapolation  of  the  assumption  proposed
by Tokura  et aL  

,              
6)
 hole concentration  of  a  Cu02  sheet-
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Fig,
 
2.

 TL plotted agninst  the effective  hole eoncentration  pi{
 (==IfR}te> at 100K,  Open symbols  represent  the resu]t of

 
Nd(Bai...Nd.)2Cu]OT

 ,..  annealed  in oxygen  at high pressure. CIosed
 

symbols
 represent  the result  of  Nd(Bai..Nd.)2Cu3 Oi.s  samples  fur-

 
nace-cooled

 in 1 atm.  oxygen  fiow. x=  O.OO; (c): x=O.05;  (O):
 

x==O.10;
 CA}x=O.15; Cm): x=O.20;  (O): x==025;  CV}.

Iay,er
 p, is deduced from  the average  charge  of  [Cu-O]-

umt
 p  determined from a chemical  titration. A  relation

ofp,.and
 ,v  is shown  in the  phase diagram  of  Fig. 1, As

seen  m  Fig. 3, in spite of  that  7k vs 3p  relation  is different
for the  sampies  which  undergo  different heat treatment,
71 vs  p, relation  is almost  the  same,  Furthermore, 7L vs p,
re]ation

 shows  almost  the same  relation  with  Z vs pH in
the

 case  of  the  samples  annealed  under  high pressure ox-
ygen.

2.2 Discblssion on  She change  tranofler mechanism

  ln the investigation in Nd(Bai-xNdx)2Cu307+s
systems,

 it is demonstrated that the  effective hole concen-   ,trationpH
 deduced  froin Hall coeMcient  RH  gives almost

same  vaiue  to p, which  is a mobite  hole coneentration
deduced from  chemgcal  analysis,  suggesting  that both
method  can  give a  reai  concentration  of  the mobiie  holes
per Cu02  sheet-layer  fin YBCO-system  in the range  of  the           '
present experiment.  Furthermore,  we  have been  able  to
rnake

 a series of  samples  where  ti :tx  by  annealing  in ox-
ygen  at high pressure, In this series  of  samples,  it is clear-
]y demonstrated that the mobile  hole concentration
changes

 rvith x, in spite  of  that  the  average  charge  of
ECu-O], i,e. the total hoie concentration,  is not  changed.

  Apart from a  sma]l  deviation from the linear relation
between hole concentration  and  x, which  is mentioned  in
the

 previous section,  the hole concentration  of  Cu02
sheet

 decreases with  increasing x  in Nd(Bai-xNdr)2
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Fig. 3. 71 plotted against  the  chemically  determined hole concenzra-

 tion of  a  CuO,  sheet,  p,. Resulls are  shown  for two  kinds of  samples

 annealed  under  different condition.  Open  squares  are  for rhe  samples

 annealed  in oxygen  at  high pressurc (line C in Fig, 1.). Closed

 triangles  are  for the  samples  furnace-coeled in latrn, oxygen  
fiow

 (line B).
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Fig.4. x-dependence  ef  hole concentraLioll  of  
CuO!

 
sheet

 
in

 Ndi(Bai..Nd.)2Cu30i...ExperimentalresulLsofp,andpi,areplotted
                                     on  a simple
 by A  and  C,  respectively.  Calculated resuits based

 charge  transfer  model  are  shown  by dotted lines {a) is for A,==  
1,OB,

 A2 ±=2.IB,  BT,--Bn=:B2,--B  anct  {b) is t'or A,tl.2B,  
A,=1.8B,

 Bll=Bn=B21=B･

Cu307+. as shown  in Fig, 4, in the  following, we  
will

discuss about  this relation  based on  a simple-minded

model  of  charge  transfer  between  Cu02  sheet  and

CuOi+. chain-layer.  As  is well  known, YBCO-structure

consists  of  6-layers as indicated in Fig. S. We  can  assume

that  each  layer has the  average  charge  as indicated in Fig.

K.  T,aK:T,x

Nd<Bai-xNdx)2CU307+x

k[
B

,S6,i.YP-:)9)il

'

lkilltallll]IIIiB
ge,,

Fig. S. Layer structure  ofNd(Ba,.  .Nd.)i.CuiOT,...  Ai,erage chargeof

 cachlayerisindicated.Meaningof[heinteractioncoeficients,Ai,A].

 and  Bij, arc  shown  schematically,

5, where  e expresses  the hole concentration  of  CuOz

sheet,  Taking into account  the 2-dimensionality of  tbe

hole system,  the hole of  Cu02  would  have  a  band energy

EB

                     nh2

                EB=2m*42'  (1)

where  n7"  is the effective  rriass of  the  hole. The  band

energy  associated  with  other  layers should  be negligible,

We  consider  the change  of  the el¢ ctrostatic  energy  caused

by the charge  transfer  between Cu02  and  CuOi+.  Iayer,

i.e. caused  by the change  o'f 4. In Fig. S, the constituents

of  each  layer and  the average  charge  of  the Eayers are in-

dicated, For  example,  the  CuO)  layer has the average

charge  of  
-(2-4).

 The  electrostatic  energy  in this layer

would  be expressed  approximategy  in the  form of

(.tlif2)(2-C)2 in the  analogy  with  the  case  that the layer

consists  of  the Cu02-molecules. Similarly, the elec-

trostatic energy  associated  with  CuOi+.  Iayer would  be as

 (A2!2)(1-2C-2x)2. We  take into account  further the

 electrostatic  interaction with  the nearest  neighbor  layers

 of  Cu02  and  CuOi+. Eayers. Using the  coethcients  Bi,- of

 these  interactions defined as indicated in Fig. 5, the elec-

 trostatic  energy  associated  with  holes of  Cue2,  E,t, would

 be  expressed  as:

          A,

      E,i=i(2-4)2-3Bii(2-C)-Bi2x(2-e),  
(2)

 where  BTT and  Bn  are the interaction coeMcgent  which

 express  the effects of  the charges  of  Nd  and  (BaT-xNdx)2-

 layers on  the hole of  Cu02. The  electrostaUc  energy  asso-

 ciated  with  tbe  holes of  CuOi+.,  E,!, is expressed  similar-

 ly as:

          A2

      Ee2=::'ll'(lm24'2X)Z+2Bnx(1-24-2x),  (3)

 where  it is noted  that (1 -24  is the hole concentration  of

 Cuei+., As there are  two  Cu02  sheets  and  one  CuOi+.

 chain-layer,  the total energy  per unit  cell Ul,t would  be ex-

 pressed as:
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            Ulot=:2EB+24i+Ee2･ (4)
Minimum  energy  condition,  OU,.,7OC=O,  gives a  relation
as  follows:

    4=(2".hil+A-2T+A,)
-'{(A,+'-Zi22--23-B,,)

      
m
 (A2+ ?/2-B22)x)

    
Eor-liX.

 (5)
This means  that the x-dependence  of  the  hole concentra- 'tion

 e of  Cu02  sheet  is expressed  simply  by eq, (5), If we
assume  further that  the band  energy  is negligible  com-

pared  to the electrostatie  energy  and  Bll=BT2==B22EB,
we  obtain

A1==5+2a-6fi

and

4-2or-36B, (6)

                 2-a+36
             A2=                         B. (7)
                 4-2or-36

If we  insert ev=  O.24 and  6=O.54 which  are obtained  ex-   'perimentally
 
from

 the chemical  analysis,  eq. (6) and  (7)
mdicate  that  Aic=l,2B and  A2==l,8B. If we  insert
cr 

=::O.22

 and  fi= O.62 which  are  from the Hall measure-
ment,

 
the

 equations  give Ai =  1.0B  and  Az =:  2. 1B, In Fig.
4, examples  of  the calculated  x-dependences  based on
this simple  model  are shown  comparing  with  the ex-

perimentai results,  As is shown  there, the experimental
results  of  the x-dependences  of  the hole concentration  of
Cu02  are  reprocluced  well  by the simple  model  using  a set
of  reasonable  values  of  the parameters. Thus it is clearly

K, TAKI･I'A119

 demonstrated by the present experiment  that  the mobile

 
hole

 concentration  in this system  is determined by charge
 transfer        between Cu02  sheet-layer  and  CuO]+. chain-

 
layer.

 The charge  transfer model  in YBCO-like  system

 has been proposed  through  experiments  by Tokura et

 aL6)  and  theoretical calcuiation  by Kondo  et aL7) It is
 shown  by  the present experirnent  that this model  is valid

 even  in the region  of  large positive x  (x>O in CuOi+.),
 
where

 the transfer  mechanism  is rather  simple  because
the

 ordering  of  the oxygen  in CuOT+.-chain layer is not
expected.

  In Fig. 6, we  summarize  schematically  the  data of  the
relation  between  7'L and  the mobiie  hole concentration.

The
 p,-dependence  of  7} in Nd(BaT-.Nd.)2Cu307+x was

almost  linear up  to  the highest L  of  about  95 K  as is
shown  in Fig. 6(a). The  relation  obtained  in the system  in-
cluding, Ca deviates from  the linear relation,  showing  a
satyration

 
value

 ot' 7L==80K  and  decrease in higher p,
region.  The  difference of  the maximum  7L in Ca-free
system

 arxd the Ca-substituted system  may  suggest  the
ditference of  the  arnount  of  pair breaking effect between
these

 systems.  Sirnilar relations  investigated in Ca-
substituted  system  are  reported  also  by Tokura  et  al.6)

and  Penney et al.i2)

  In Fig. 6(b), pH-dependences  of  Z  is schematically  sum-
rnarized
       for differerjt kinds of  samples,  wherepH  means
the mobiie  hole concentration  derived fTom the  Hall
coeMcient

 RH  (at IOO K) using  the relationpH=1IRHe,  In
the case  of  the samples  of  Nd(Bai-xNdx)2Cu307+x
system,  pH  at IOO K  almost  coincides  with  p,, In the case
ofNd(Bai-.Nd.)2Cu307+s,pH-dependenceshowsadevia-

?ion from p,-dependence  of  7L. The deviation is enlarged
m  the region  of  higher hole concentration  as observed  in
(Ndo.sCao.z)(Bao.gpCao.oi)2Cu307-"･

120

100

80AK-

 60HO

  40

20

oo

Nd(Bai.xNdx)2CU307.x

    x
        - ,Jbkura et al.

.tt. /

    /ovdageao2)(BaosgCao.J:Cu20,.ti

(Lai.xSrx)!CuQ4

/

O.1 O.2 O.3 O.4

   R} (Per Cu02layer)Q5

Fig.
 
6,
 <a) A retation  between  TL and  the  mobile  hole concentration  p,

 obtained  in the present experiment  is shown  by thick selid  lines and

 :9,iP,P.a;eS,.WSkh,i,t.a,kl"g,rBL].C,20.::3,"1,YllgTO,-gueM.,bJ,g,?5,Uaa,g,[
 
Nd(Ba,..Nd.}2CuiO,+.

 and  also  f'or Nd(BaiL.Nd.)]CuiO,.fi,  For

 (Ndo.sCeq.2)(Bao,ggCeq.o])2CuiOi.ti, however,  the curve  saturates  and

 shows  a  decrease in hlgher p, regions.

t.liYvre

120

100

80

60

40
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oo
   Ql O.2 O.3 Q4  O.5 O,6

     [r, (!llRHe) (per Cu02[ayer)

Fig. 6, (b) A  relation  between  7L and  pH obtained  from  Hall effect
 measLirernentisshowni'ordifferentkindsofsamptes.Nd(Bag..Nd.)2

 Cu30i+.  and  Nd(Bai..,Nd.)!Cui07hs  are  the  samples  annealed  in
 high pressure oxygen  and  1 atm.  oxygen,  respeetively.  The  curve

 
dcnoted  by {Ndo.sCao.2)<Bae.o"Cao.oD2 Cu307.,i was  obtained  using  the

 samples  with  same  meta[  composition  and  different oxygen  content.
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g3. Ho}e  asillning and  Pair Breakgng Effects of  Pr

  It is currently  of  great interest to find eut  the

mechanism  of  the suppression  of  superconductivity  in

the  cuprate  oxide  with  the YBCO-structure  due to

substitution  of  Pr  for the Y-site, because it would  help to

understand  the high-q superconductivity.  Several

reasons  has been proposed  so  far for the suppression  of

superconduetivity  by  a  Pr ion in the YBCO-structure,  
i.e.

hole filling effect,B'`4} pair breaking effect  via exchange

scatterings  of  the  mobile  holes by the Pr-magnetic  mo-

ment,i4,iS) a  structural  asymmetry  of  the Cu02  planes in-

creased  by  the substitution  of  Pr for the  Y-site,'6) and

h.'.b,rld,Li.a,`i:",."8htg:7,:,Y.r.'#fh.ai2gi.O,62trmZiP'5tglZroWr/-i'fih7)

and  so  on.  In order  to obtain  a better understanding

about  the origin  of  the suppression  of  superconductivity

by Pr, electrical properties are  extensiveEy  investigated 
in

the  present work  using  several  new  systems  including

(Ndir.Py.)(BaT.pNdo,i)Cu3e7-fi and  PrxCai.-.

Ba2Cu30i-fi,ii)
  By  ehe measurement  of  resistivity  and  the  Hall

 coeMcient  RH  in these  systems,  we  obtained  experimental-

 ly a relation  of  Tl, with  two  parameters of  pH  (== 1!RHe)
 and  Pr-contents. It should  be emphasized  that  we  have

 been  able  to prepare several  pairs ef  samples  whose  RH

 and  temperature  dependence are  very  similar  each  other

 in spite of  the  different Pr-comtents.

   The samples  were  prepared  by solid  state reaction.  In

 (NdL-xPr.)(BaisNdo.i)Cu]07-ti system,  Tl decreased with

 increasing Pr-content and  the superconductivity  disap-

 peared for x  more  than O.3S. PrxCaT--xBa!Cu307-ti

 system  did not  show  superconductivity  for (1-x) less

 than  e,3.LD The  Hall coeMcient  RH  was  measured  in order

 to obtain  the mobile  hole coneentration  pH  (-- lfRHe)

 which
 relates  with  7}. Th ¢  value  ofpT{  is decreased and  its

 temperature  dependence is also  decreased systematically

 with  increase in the Pr content.

   Figure 7 shows  a comparison  of  the  temperature
                                        '
 dependence  of  the  mobile  hole concentration  p"

 (=E!Ri{e) between two  systems  of  (NdT-.Pr.)

 (BaipNdo.i)Cli]07-ti and  PrxCai.xBa?Cu]0i-fi.  As seen

K. TAKIT,X

o,t,

here, we  have prepared  the  samples  whose  pH  and  its tem-

perature dependence  are  very  similar  each  other  m  spite

of  the  difference of  Pr-content. For  example,

Pro.iCae.3Ba]Cu307-s shows  sirnilar ternperature

dependence of  pH  to that for the  Pru.iNdo.g(Bai.gNdo.i)

Cu307-fi as seen  Fig. 7, lt should  be ernphasized  here that

the  former sample  with  large Pr  contents  did not  show

superconductivity  while  the  lattey sample  with  small

Pr-contents showed  superconductivity  at  rather  high

temperature  of  64 K  in spite  of  the resemblance  of  the

temperature  dependence  of  pH. Sirnilar contrast  is more

clear  for the  pair of  Pro.sCao.2Ba2Cu307-ti and

Pro.3Ndo.i(BaT.DNdo.i)Cu]07-ti, :I'his fact strongly  sug-

gests that  there are two  distinct effects of  Pr  for the  sup-

pression of  superconductivity:  reduction  of  mobile  hole

concentration  through  hole fi11ing or  hole gocaEization in

Cu02  plane, and  pair breaking efEect  through  strong

magnetic  or  non-magnetic  scattering,
                                  '
  Based on  the  RH  measurements  for various  systems,  a

kind of  a  phase  diagram is sbown  forpiK 
==

 1!RHe)  and

 Pr-contents in Fig. 8, using  RH  at 100 K. Open  symbols

 and  closed  symbols  denote  the superconducting  and  the

 non-superconducting  samples,  respectively,  Half-open

 symbols  denote the samples  which  do not  show  zero  resis-

 tivity above  4K  in spite of  a  trace  of  superconducting

 transition. This diagram clearly  shows  that  the boundary

 between supereonducting  and  non-superconducting

 samples,  denoted by line (b), is not  independent of  Pr-

 contents.  This indicates the  existence  of  the  pair-break-

 ing. If we  assume  that there  is a  magnetic  pair-breaking

 effects by Pr and  it is expressed  by Abrikosov  and

 Gor'kov  expression,iS)  we  can  estimate  the value  o'f the

 pair breaking parameter  B as 50 K!Pr,  This is Iess than
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Fig. 7. Temperature  dependence  of  lhe  eff'ective  
hole
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Fig. 8, Plots of  the  experimental  points in Prtpii  plane,  where
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 ing and  non-superconducting  samples,
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half of  the reported  value'`)  but the  pair breaking e'ffect is
clearly  observab}e.  It should  be pointed out,  

'nowever,

that in the  region  of  low  Pr-content less than  about  O,3                                          '

the plotted points suggest  a  smaller  slope  of  the bound-
ary  (b). This may  suggest  some  complex  efTect  of  Pr in
these

 system  and  a  more  detailed experiment  using  single
crystals  is now  in progress.
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