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The temperature dependences of the electrical resistivity, magnetic susceptibility, and specific heat
have been measured in Bi~Sr2Ca& M Cu208, where M= Y, Gd, and Pr, for concentrations 0 x ~ 1.0
and temperatures 1.6 K T 300 K. All three dopants substitute a trivalent ion for divalent Ca and

cause a depression of T, observable in the resistivity and susceptibility. Both Pr and Gd retain their
free-ion magnetic moment and appear to cause little, if any, magnetic pair breaking. Instead, the dom-

inant suppression mechanism in all three cases is driven by the filling of the Cu 3d hole by the extra elec-
tron and the breaking of the Cu 3d —02p hybridization. Consequent localization of Cu 3d holes causes
an observable antiferromagnetic ordering of Cu ions within the planes in the case of Y. The evidence for
Cu ordering for Gd and Pr is obscured by the large Curie contribution to the magnetic susceptibility due

to the rare-earth ions.

I. INTRODUCTION

The study of the effect of impurities on the physical
properties of superconductors has long been recognized
as being of great importance. Unlike conventional super-
conductors, where the addition of a nonmagnetic dopant
causes limited changes in the superconducting transition
temperature and gap parameter, rejective of changes in
electron densities or the removal of anisotropies in the
pair coupling, impurities substituted on Cu sites in high-
temperature superconductors generally are found to
cause a rapid suppression of the superconducting transi-
tion temperature. The overwhelming destructive effects
of nonmagnetic doping within high-T, superconductors
have been disappointing from a purely technological
point of view because doping has not led to enhance-
ments in T, or improvement in such quantities as critical
current and magnetic shielding through the introduction
of pinning sites as with conventional superconducting
systems. However, the lack of a clear understanding of
the effects of nonmagnetic and magnetic impurities in the
new oxide superconductors continues to stimulate much
interest.

From extensive studies of the YBa2Cu307 s (Y 1:2:3)
system, ' it has been found that while the final result of
an impurity doped onto a Cu site may be to lower T,
(Zn, Ni, Co,A1,Ga), the reasons for this may be both

diverse and subtle, involving charging effects at particular
atomic sites, breaking of conduction-electron-level hy-
bridization, and classic Abrikosov-Gorkov pair breaking.
Alternatively, substitution of Y by most trivalent rare-
earth elements (Eu,Gd, Dy, Ho, Er,Tm, Yb) leaves T, al-

most unchanged. The lack of any apparent exchange
depairing in most of the rare-earth-doped 1:2:3oxide su-

perconductors rejects the negligible electronic wave-

function overlap between 4f electrons on the rare-earth
site and the CuOz hybridized 2p-3d hole states within the

copper oxide planes. One exception to this behavior is

Y, Pr„Ba2Cu307 &, where T, is depressed rapidly with

increasing x and T, ~0 for x„=0.54. Specific-heat and

other studies suggest that for (Y,Pr)BazCu307 there is

substantial f-electron hybridization between the 4f elec-
trons on the Pr site and the 2p-3d holes within the Cu-0
planes. Such hybridization is not apparent in the other
rare-earth-doped 1:2:3 oxides. This hybridization may
lead to exchange depairing of the paired electrons (holes)
within the Cu-0 planes and could account for at least a
portion of the depression of T, with increasing Pr dop-

ing. In addition, magnetic-susceptibility and neutron-
diffraction studies have suggested that the Pr within Y
l:2:3 may be strongly mixed valent and possibly close to
tetravalent. Under such circumstances the doping of Y
1:2:3with Pr would lead to a depression of T, as a result

of changes in the charge density within the Cu-0 planes
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similar to that observed in oxygen-deficient
YBa2Cu307 &. Such arguments are supported by recent
NMR results in (Y,Pr) Ba2 Cu3 07 (Ref. 9) and studies of
T, vs x and y in (Y, „Pr„), Ca BazCu307, where the
substitution of divalent Ca tends to reverse the depression
in T, as a result of Pr doping. ' The controversy associ-
ated with the valence state of Pr in (Y,Pr)Ba2Cu307 and
the interesting and unexpected properties displayed by
this system have stimulated the study of other systems
with controlled doping.

Doping studies of Bi2Sr2CaCu20s (2:2:I:2) are fewer in
number in the literature, but in many ways this material
provides a superior medium. All copper sites are
equivalent, there being no chain sites as found in 1:2:3."
The material is easy to manufacture and does not require
the extensive oxygenation procedure of 1:2:3;nor does it
show the environmental sensitivity of this material. A
number of studies of rare-earth and lanthanide doping of
this system have been reported; ' ' however, these stud-
ies have primarily indicated trends of T, versus doping
and have not included more extensive studies of the ther-
modynamic, magnetic, and transport behaviors.

In this paper we present measurements of the tempera-
ture dependence of the magnetic susceptibility, low-
temperature specific heat, and electrical resistivity along
with measurements of the room-temperature lattice con-
stants for the BizSr2Ca, „(Y,Pr, Gd)„Cu308 (2:2:I:2) sys-
tem and discuss reported behavior for this system in rela-
tionship to similar studies reported for the other high-T,
superconductors. In particular, we will contrast the be-
havior of Pr, one of the few rare-earth ions to cause T,
suppression in 1:2:3and believed to be of mixed-valence
character in that system, with the effects of Pr doping in
2:2:1:2.

II. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

All the samples used in this study were prepared using
a two-stage coprecipitation method. ' The first stage
consisted of the actual powder production; dilute
stoichiometric solutions of the specific cations (Bi, Sr, Ca,
etc.) were added dropwise to a rapidly stirred solution of
NaOH, Na2CO3, and acetone chilled to O'C. The result-
ing precipitate was filtered, washed, and dried. The
second stage consisted of the subsequent calcination of
the dried powder. Because of the large variation in par-
tial pressure of CO2 with temperature exhibited by metal
carbonates, calcination of the powders generally required
a longer heat-treatment process than is typical for the
production of high- T, compounds from oxides. The
powders were heated in air at 540'C for 5 h, followed by
a longer 780—800'C bake for 12 h. Sample disks were
then pressed from the powder and sintered at 850 C for.
approximately 100 h. Regrinding, sieving, and sintering
were repeated as necessary to provide good sample homo-
geneity. After each reheating and sintering, the samples
were examined for phase purity using a 28-0 automatic
x-ray diffractometer. Heat treatments were continued
until there was no evidence of second phases within the
x-ray powder pattern. The impurity-phase contributions

were estimated from the diffraction patterns using a com-
mercial computer alogarithm, and in all cases the second
phase did not exceed S%%uo, in most cases being (3%, the
limits of second phase detection being -2%. Pressed
pellets of 2—4 g obtained from the final heat treatment
were used for the specific-heat measurements with small
bars being cut from these for the transport and
magnetic-susceptibility measurements.

The room-temperature crystal-structure and lattice
constants were determined using Cu Ka radiation and an
automated Rigaku D/Max-B series or Siemens 28-0 x-ray
powder diffractometer. A standard dc four-probe tech-
nique was used to measure the electrical resistivity on
polycrystalline samples from room temperature to 1.25
K. The specific heat was measured using a semiadiabatic
heat-pulse technique for the temperature range 1.5 —25 K
with some of the measurements extended to 250 K. The
magnetization was measured for 1.6& T&400 K and
H ~ 5.5 T using a Quantum Design superconducting
quantum interference device (SQUID) magnetometer.

III. RESULTS AND DISCUSSION

A. Crystal structure

5.50-
Y 2:2:1:2 Y 2:2:1:2 -31 ~ 1

5.35

0 0 0i005
'o0

I 0 ~

I
~

0 lb" 0 0 -'k
30.1

~ 5.50-
6$

Gd 2:2:1:2

d d 4 44
4

Gd 2'2'1'2 - 31.1 ~
c

O

d. .d
..4. . A. ..

5.35

Pr 2:2:1:2 Pr 2:2:1:2

' 30.1
-31 ~ 1

5.50-
P

I 4

Q Q 0 0 0 O DOa OO
O

5.35
0.0 0.8 0.2

30.1
1.0

FIG. 1. Variations of the tetragonal unit-cell parameters a
and c with concentration of dopant x for Y, Gd, and Pr.

The crystal structure was found to remain tetragonal
for all samples of Y, Pr, and Gd with 0 & x & 1.0. Figure
1 shows the variations of the lattice constants a and c
with concentration of dopant x for Y, Gd, and Pr. In the
case of Y, the basal plane a increases very slightly, while
the c axis shows a contraction consistent with the re-

0
placement of a bigger Ca + ion (ionic radius r,s =0.99 A)
with a smaller Y + ion (r,s =0.89 A). However, the con-
traction appears to have two separate regimes, a linear
decrease in c for x 0.7 and concentration-independent
region for 0.7&x &1.0. We note that a similar magni-
tude change in c with x has been observed by other au-
thors in the form of a single smooth decrease. ' This
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nonlinear dependence of c vs x for Y is not as apparent in
the other rare-earth-substituted system studied. While
such a trend does seem evident, the uncertainties pre-
clude a definitive statement being made. The very slight
elongation of a with x indicates that the addition of a
smaller ion at the Ca-ion site has little effect on the Cu-0
bond length within the planes.

Doping the Ca site of 2:2:1:2with Gd + (r,&=0.93 A)
or Pr + (r,&=1.06 A) causes very little change in a,
again reflecting the insensitivity of the Cu-0 bond length
to the size of ion at the Ca site. The similarity of the con-
centration dependence of a for Y, Pr, and Gd, despite the
significant difference in ionic radii for these ions, suggests
that the a-lattice-constant variation is a reflection of
change in the Cu-0 hybridization brought about by the
change in the charge density within the Cu-0 planes.
Changes are observed in the c parameter with Gd and Pr
substitution. Doping causes a slight increase in the case
of Pr, in keeping with the -6% increase in size of the Pr
ion. The c lattice constant decreases with Gd doping.
The general trends reported here for the x dependence of
c are semiquantitatively consistent with the expected be-
havior based on ionic radii of the dopants relative to that
of Ca. As noted above, there also seems to be a slight
nonlinearity for Gd similar to that observed in the Y-
doped data. The dashed lines in Fig. 1 are a guide to the
eye and would suggest an initial linear depression for
x ~0.70 and a lesser rate of decrease of c for x ~0.70.
With the present statistics for the c parameter for the Pr-
and Gd-doped materials, we cannot definitively defend
such a variation and note that more careful measure-
ments will be required to resolve this issue.

B. Electrical resistivity

The temperature dependence of the electrical resistivi-
ty p(T) for Y-doped 2:2:1:2is shown in Fig. 2. A linear

100

high-temperature behavior together with a depression of
the superconducting transition temperature T, is ob-
served for concentrations x ~0.6. For this concentration
range, the temperature derivative of the resistivity,
dp/dT, for T ) T, is reasonably independent of Y dop-
ing. Samples with x 0.7 show increasing resistance
with decreasing temperature, i.e., semiconducting behav-
ior, in full agreement with previous investigations of this
material' ' and with the behavior reported for many
other doped systems where an abrupt change from "me-
tallic" to semiconducting" behavior occurs in the vicinity
of the concentration required to depress T, to zero. Fig-
ure 3 shows the behavior for Gd and Pr doping. In both
these materials, T, is suppressed with increasing dopant
with T, ~O for x=0.5, and for concentrations x ~0.5
the samples display a semiconductor T dependence. The
similarity in T, vs x for Pr and Gd is significant in that it
suggests that both ions enter the lattice as trivalent ions
and that there must be minimal exchange coupling be-
tween the rare-earth ions and the conduction holes within
the Cu-0 planes. If the classic Abrikosov-Gorkov pair-
breaking phenomenon' due to a magnetic ion was a
significant factor in the suppression of T, in these materi-
als, it would be expected that the concentration of
dopants required for the observed suppression of T,
would differ greatly in the two cases because of the sub-
stantial difference in their paramagnetic moments and to-
tal angular momentum, i.e., p,z= 7.9pz, J =—', and

p ff 3.54pz, J=4 for the trivalent Gd and Pr free ions,
respectively. The depression would thus be significantly
different in the cases of Gd and Pr and substantially
different from that reported here for nonmagnetic Y.
That this is not apparent strongly suggests that the prin-
cipal mechanism of suppression is rather a nonmagnetic
charging effect due to the extra electron introduced at the
Ca site by the dopant. This electron fills the Cd 3d holes
(a factor confirmed by Raman spectroscopy ) and hence
disrupts the Cu 3d —02p hybridization, believed to be the
primary source for the formation of Cooper pairs, thus
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leading to the observed suppression of superconductivity.
This view is supported by recent theoretical discussions,
based on the Anderson impurity model, ' indicating that
the electronic states near the Fermi level are itinerant for
a large overlap of the Cu 3d and 0 2p wave functions, but
become localized when this overlap is reduced.

To continue this approach, for the concentrations of
dopant that promote semiconducting behavior, the resis-
tivity can be modeled assuming variable-range hopping
between localized states, ' giving rise to

p(T)~exp(To/T)' ",
where n is an integer having a value of 3 for two-
dimensional localization and n=4 for three-dimensional
localization. In the case of all three of these materials for
all semiconducting concentrations, the best fit of the data
with Eq. (1) is obtained with n =4. shown in Fig. 4 is the
logarithm of p( T) vs T '~ for the fully doped com-
pounds. Evidence for three-dimensional variable-range
hopping for the other nonsuperconducting samples is ob-
served, but the temperature range over which this behav-
ior is apparent is not as extensive. Similar behavior has
been seen for other high-T, oxide systems which have
been doped outside the superconducting region, such as
La2 „Sr Cu04 (Ref. 24) and YBa2Cu& Zn„07
This result is, however, particularly interesting when
viewed in the context of detailed measurements of the
electrical resistivity of the superconducting parent com-
pound 2:2:1:2. Analysis of these results for the temper-
ature regime 109 T ~ 125 K in terms of thermodynamic
fluctuations of the pair density has shown that the excess
conductivity found is in close agreement with that pre-
dicted for a two-dimensional superconductor. In addi-
tion, the normal-state conductivity for the parent com-
pound Y 2:2:1:2is extremely anisotropic with metallic be-
havior in the basal plane and highly resistive behavior
perpendicular to this. With doping of Y, the magnitude
of the resistivity at any particular temperature (T & T, )
increases, but the metallic nature is maintained for most

of the samples within the superconducting concentration
regime. As soon as x is increased to the point where
T,~0, the resistivity switches from this quasi-two-
dimensional behavior to a highly resistive state reflective
of three-dimensional variable-range hopping.

C. Magnetic properties

For those samples that remain superconducting, the
temperature dependence of the magnetization shows both
a systematic suppression of the magnitude of the diamag-
netic response and of T, with increasing Y-, Gd-, and
Pr-dopant concentration. The T, 's derived for the mag-
netic susceptibility y(T) are in full agreement with those
obtained from electrical resistivity and similar to the re-
sults of work on other systems.

The temperature dependence of y( T) for Y-doped
2:2:1:2 in the temperature range 80~ T~400 K (i.e.,
T & T, ) is shown in Fig. 5. For x 0.5 the susceptibility
is essentially temperature and concentration independent.
At higher concentrations sufficient to depress T, to zero,
y( T) switches to a Curie-Weiss-like behavior, i.e.,

CX(T)=Xo+ T+T (2)

In addition, a detailed examination of the high-
temperature data for the Y-doped samples reveals weak
but clear cusps at 290, 362,and 369 K for x =0.8, 0.9, and
1.0, respectively. See, for example, the anomaly shown
for x=1.0 in the inset of Fig. 5. In this insert hy is the
difference between the measured y( T) and y" ( T) ob-
tained by fitting g( T) to the curve over an extended tem-
perature range. These cusps are indicative of long-range
antiferromagnetic ordering of the Cu + spins as the sub-
stitution of Y + for Ca + causes the localization of the
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FIG. 6. Inverse susceptibility vs temperature for two concen-
trations of (a) Gd-doped 2:2:1:2and (b) Pr-doped 2:2:1:2.

Cu 3d electrons. This increase in localization may
enhance the antiferromagnetic superexchange interaction
between the Cu ions and result in an observable Neel
temperatures for these concentrations. This magnetic or-
dering has been confirmed by muon-spin-resonance mea-
surements.

In Fig. 6 the inverse susceptibility versus T for two
concentrations of Pr- and Gd-doped 2:2:1:2are shown.
For the high-concentration nonsuperconducting samples,
the y(T) behavior is Curie-Weiss like with T (0, indi-
cating antiferromagnetic exchange. No explicit cusps in-
dicative of antiferromagnetic ordering similar to those
apparent in y(T) for the Y-doped samples are observed.
Evidence for an antiferromagnetic ordering temperature
nf the c'ii lgra1izeA d gt+g. in Ph~ Pr
ples is likely obscured by the large Curie-%eiss contribu-
tion to g(T) due to the rare-earth moments. The data in
Fig. 6 have been fitted to the standard Curie-Weiss-like
expression given in Eq. (2), and the effective paramagnet-
ic moments versus x for the Pr- and Gd-doped samples
have been extracted and are shown in Fig. 7. It can be
seen that for both Gd and Pr the ions retain an effective
paramagnetic moment which is nearly independent of x,
with average values of these moments being close to the
free-ion paramagnetic moments for Pr + and Gd +,
shown by the solid lines in Fig. 7. It is interesting to
note, however, that in the case of Pr-doped 2:2:1:2 the
effective paramagnetic moment is not the same moment
obtained when Pr is substituted for Y in the 1:2:3lattice,
also shown in Fig. 7 for convenience. In 1:2:3 for all
values of x, the effective moment has a value consistently
closer to the one expected for a Pr + ion. This result has
caused much discussion in the literature. ' It has been
proposed that the apparent tetravalent behavior of Pr in
1:2:3,as reflected by the data in Fig. 7, is due to the im-
proper accounting of crystal electric-field (CEF) effects in
the analysis of the high-temperature y(T) data. If this is
true, the disparity in the observed effective moment for
Pr in 1:2:3 vs 2:2:1:2remains diScult to understand as
one would not expect a large difference in the CEF split-
ting of the low-lying Pr levels for these two systems. The
local environment for the Pr ion in these two systems is
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FIG. 7. Effective moment of impurity ions obtained from sus-

ceptibility data. Solid lines indicate the values of the free-ion
moments for trivalent Qd and Pr in 2:2:1:2and tetravalent Pr in

1:2:3. Open circles indicate the effective moment developed by
Cu ions in Y-doped 2:2:1:2.

D. Specific heat

Examples of specific-heat data for the three materials
plotted as C/T vs T are shown in Fig. 8. All of the ma-

terials show an almost linear temperature dependence
with a slight upturn at low T. The data was fitted for
comparison to the standard equation C(T)/T =y+PT,
giving the values of y shown in Fig. 9. Also shown in

Fig. 9(b) are ) values for Pr-doped 1:2:3. In all cases, as

the concentration of impurity is increased, y also in-

very similar; i.e., we would suggest that the lattice posi-
tion of the substituted Pr ion in both 2:2:1:2and 1:2:3at
the center of an almost cubic Cu-0 array is sufBciently
similar to first-order nearest and next-nearest neighbors
that it would be both surprising and fortuitous if the
splitting could cause this discrepancy in p, ff.

It is clear from susceptibility measurements on Pr
22.1.2 that while this material exhibits some antifer-
romagnet exchange, a clear antiferromagnetic transition
such as that observed in Pr 1:2:3 at —17 K (Ref. 29) is
not in evidence for T& 1.6 K. The large electronic
specific-heat contribution seen in Pr 1:2:3has been associ-
ated with strong 4f-conduction-hole hybridization which
could drive the ordering of the Pr ions. As discussed
next, evidence for such hybridization for Pr 2:2:1:2is ab-
sent and the significantl depressed exchange interaction
due to the lack of hybridization could account for the
difference in magnetic response between these two sys-
tems. No evidence for ordering of the Gd moments is
seen for T) 1.5 K, and this should be compared to the
T&=2.25 K due to Gd ordering in GdBa2Cu307. It
would thus appear that the coupling of the rare-earth
ions in rare-earth-doped 2:2:1:2 is depressed relative to
that reported for rare-earth-substituted 1:2:3 despite the
similarity in the local environment of the ions.
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material in 2:2:1:2.This has been argued to be a result of
the mixed-valence nature of Pr when in the 1:2:3 lat-
tice, causing strong 4f mixing or hybridization with the
conduction holes of the Cu-0 planes. The slight
differences seen between the x dependences of y for Y,
Gd, and Pr must be attributed to differences in Cu-0
conduction-hole localization brought about by differences
in the lattice constants. The y=33 mJ/(molK ) mea-
sured for Gd 2:2:1:2is similar to that reported for highly
correlated d-electron systems such as Pd. The upturns
seen in C(T) as T~O could then be due to spin-
fluctuation effects. Additional measurements of C( T) ex-
tended to lower temperature and in a magnetic field
would help shed some light on further analysis of the
specific-heat data for these systems.

Despite the fact that the C( T) data do not explicitly
show additional structure at low temperature, a careful
analysis of C(T) for T(15 K clearly indicates evidence
of an excess phonon contribution in the specific heat of
Y-doped 2:2:1:2similar to that observed in the pure ma-
terial. This additional structure in C(T) is most likely
due to low-energy phonon modes and can be accounted
for by the inclusion of a low-temperature Einstein contri-
bution to C(T).

As previously stated, specific-heat measurements do
not shown any explicit peaks due to magnetic ordering

creases. This again supports the suggestion that the sub-
stitutions reduce the hybridization of the Cu 3d and 0 2p
levels, causing a localization of the holes at the Fermi en-
ergy and a subsequent increase in the density of states at
EF. The increase in the electronic contribution to the
specific heat is greater by an order of magnitude for Pr
doped into 1:2:3 than for the equivalent amount of the
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FIG. 9. The concentration dependence of the electronic con-
tribution to the specific heat for (a) Y and Gd and (b) Pr in
2:2:1:2. Also shown for comparison are similar data for Pr in
1:2:3.

FIG. 10. Magnetic phase diagrams for (b) Y and (c) Gd and
Pr in 2:2:1:2. Also shown is a similar figure for (a) Pr in 1:2:3
with the detail of the crossover region of T, and TN shown in
the inset.



7442 Y. GAO et al. 45

for T ~ 1.7 K for the Pr- or Gd-doped materials. This is
somewhat puzzling when compared to T~=17 and 2.25
K for Pr 1:2:3and Gd 1:2:3,respectively.

IV. CONCLUSIONS

The results presented above allow the construction of
the phase diagrams of the Y-, Pr-, and Gd-doped 2:2:1:2
materials, shown in Fig. 10 together with the equivalent
data for the Pr-doped 1:2:3. ' The most noticeable as-
pect is the similarity of the curve of T, vs x for the Gd
and Pr materials. As mentioned, this highlights the
minimal contribution to T, suppression of Abrikosov-
Gorkov pair breaking, a fact that is surprising when corn-
pared with the phase diagram for Pr-doped 1:2:3. The
sharp drop in the curve of T, for Pr 1:2:3around x=0.5,
highlighted in the inset of Fig. 10(a), is indicative of ex-
change depairing in this system. Renormalization of T,
vs x due to exchange effects in the vicinity of crossings
between magnetic and superconducting phase boundaries
have been frequently seen in magnetically doped conven-
tional superconductors. We note that no such effect is
observed for Y- Pr- or Gd-doped 2:2:1:2.

Also shown in Fig. 10(a) is the Neel temperature of the
copper ions ( Ttv, ). This curve clearly intercepts the criti-
cal temperature curve at x -0.5, thus raising the possibil-
ity of the coexistence of antiferromagnetism and super-
conductivity. Extrapolation of the T~ curve for the Y-
doped 2:2:1:2shows the possibility of a similar intercept
behavior. However, further measurements on a fine grid
of concentrations around x =0.5 are needed.

In conclusion, measurements of some of the transport
and thermodynamic properties of Y-, Gd-, and Pr-doped
2:2:1:2have been presented and discussed. All of these
materials substitute a 3+ ion for a 2+ ion at the Ca site,
with the consequent introduction of magnetic moments
in the cases of Gd and Pr. The dominant superconduct-
ing suppression effect in all cases seems to be the filling of
the Cu-0 holes by the excess charge introduced by the
dopant, leading to a breakdown of the hybridization of
the Cu 3d —02p states within the Cu-0 planes. A corre-

lation between T, and hole concentration in the Cu-0
planes has previously been established in La, Sr Cu04
and 1:2:3. ' With the complete suppression of super-
conductivity, known to be a quasi-two-dimensional
phenomenon in these materials, the predominant conduc-
tivity mechanism is one of three-dimensional variable-
range hopping between localized states, resulting in a
macroscopic semiconducting behavior. Localization of
the Cu 3d electrons causes an increase in antiferromag-
netic exchange between Cu ions and the appearance of
antiferromagnetic ordering for concentrations of x ~0.8
of Y. In the case of Gd or Pr, this Cu ordering is not ob-
servable because of the large Curie-Weiss contribution of
the rare-earth moments themselves. In addition, no
anomalies that would indicate possible magnetic ordering
of the rare-earth moments in fully substituted Gd and Pr
2:2:1:2are observed in either the magnetic susceptibility
or heat capacity for T ~ 1.5 K. The effective moments of
Gd and Pr within the materials are very close to their 3+
free-ion values, which, in the case of Pr, contrasts with
the suspected 4+ value found when doped for Y in 1:2:3.
The reason for this is not yet understood.

It is clear from the measurements and discussions
presented here that the effect of impurity doping on the
physical properties of high-temperature superconductors
is far from clear-cut. In particular, the addition of mag-
netic impurities may not cause the significant changes
one may expect from a simple examination of the free-ion
moments, this being due to the importance of the lattice
position of the impurity and the specific conduction-
electron wave-function overlaps. The special case of the
so-called mixed-valence impurity is likely to engender
much interest and future work.
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