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Ca and Pr substitution in Y- and Sm-based 1:2:3compounds
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Substitution with equal amounts of Ca and Pr has been studied mainly in Y- and Sm-based 1:2:3sam-
ples and with some results also for Nd-based samples. Structural and chemical analysis and measure-
ments of the superconducting T, and the upper critical magnetic field were performed. It was found that
Ca and Pr can be dissolved in the orthorhombic structure up to about 25 at. % each in both Y- and Sm-
based samples while for larger concentrations, only Pr continued to enter into the 1:2:3structure. The
depression of T, with Ca-Pr doping was found to be linear in concentration in contrast to the accelerated
decrease in samples doped with only Pr. The rate of depression of T, increased in the sequence Y-, Sm-,
and Nd-based hosts. The results suggest that Ca-Pr doping isolates a characteristic Pr-impurity effect in
1:2:3samples. The critical magnetic-field slopes of Y- and Sm-based samples were almost independent of
Ca-Pr content in the cosolubility region while a strong decrease was observed for larger Pr content, simi-
lar to 1:2:3samples doped with Pr only. These results suggest an almost-temperature-independent mag-
netic pair-breaking effect by Pr.

I. INTRODUCTION

The monotonic decrease of T, with increasing Pr con-
centration in the orthorhombic phase of YBa2Cu307 & is
unique among the 4f elemental substitutions in this com-
pound. A large number of investigations by different
methods have been made in order to explain this result, '

with the underlying idea that understanding the excep-
tion would help clarify the nature of superconductivity in
the 1:2:3compounds.

However, there is no agreement on the interpretation
of these results. Explanations include Pr hole contribu-
tion, Pr 4f shell hybridization with the Cu-0 plane, and
magnetic pair breaking by Pr ions. Magnetic susceptibili-
ty, ' muon-spin relaxation, ' Hall effect, and specific-
heat measurements, ' have suggested that Pr has a
valence larger than +3, and therefore contributes elec-
trons which destroy holes in the Cu-0 plane. On the oth-
er hand high-energy spectroscopy ' and optical investi-
gations" have indicated the presence of trivalent Pr. The
depression of T, with Pr concentration could then be due
to magnetic pair breaking. This has been suggested ' by
the similarity of the T, vs impurity concentration curve
to the prediction from Abrikosov-Gorkov (AG) theory, '

and by further results form the critical magnetic field. '

On the other hand, recent work has indicated that the T,
vs Pr concentration curve is not AG-like. ' Further work
has also suggested that the low-temperature anomalous
H, z( T) previously observed, ' possibly was a spurious
effect. ' Additional support for magnetic pair breaking
has been obtained from spin-polarized band-structure cal-
culations. ' The large ionic radius of the Pr ion could
possibly explain the larger sensitivity of the Pr moment,
as compared to the other rare-earth substitutions.

The suggestion that Pr may cause a mobile hole to be-
come localized' may offer a reconciliation between these
different points of views. Such localization has been
claimed from photoemission and polarized Raman
scattering, ' ' and from Ce substitution of Y-based thin
films obtained by laser ablation.

In a study of YBa2Cu307 & doped with different
amounts of Ca and/or Pr, Neumeier et al. ' found that
the effect of Pr doping could be described as a combina-
tion of both effects mentioned: a destruction of about one
mobile hole per Pr atom and a magnetic pair-breaking
effect with an initial depression of about l K/at. % Pr. A
similar analysis was recently used in an investigation of
the isotope effect of YBazCu307 & doped with different
amounts of Ca and/or Pr, with similar results. Al-
though the nature of hole destruction is not clarified by
such analysis, it clearly represents a useful empirical sum-
mary of experimental T, data.

According to the results of Ref. 21, doping with about
equal amounts of Ca and Pr would compensate for the
chagge of mobile charge carriers due to the Pr addition.
We have used this result in order to try to isolate magnet-
ic pair breaking in 1:2:3compounds, and report here on
the results of doping with Ca and Pr in equal proportions
in different hosts, i.e., Y- and Sm-based 1:2:3compounds.
Some results from Nd-based 1:2:3compounds are also in-
cluded. Part of this work has been reported previously in
short communications. ' Different hosts give additional
possibilities to test the different models of the Pr effect.
In particular, since the Sm + and Nd + ions are larger
than Y +, the overlap between wave functions in the Cu-
O plane and on the Y position would vary for different
hosts, and one can investigate if this is correlated with a
variation of magnetic pair breaking. Similar ideas have
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been used recently in studies of Pr doping in several
different rare-earth 1:2:3compounds. In those cases
only Pr was doped into the 1:2:3 superconductors, and
the separation of different effects of Pr is less clear.

In this paper we report on structural studies and mea-
surements of T, and upper critical magnetic field of
Y& 2„Ca Pr Ba2Cu307 &, Sm& 2~ Ca„Pr~Ba2Cu307
and Sm, „Pr„Ba2Cu307 &, and some T, results for
Nd, z Ca Pr Ba2Cu3O7 &. The results for Ca-Pr dop-
ing in different hosts are similar, with somewhat stronger
concentration dependence of T, and of critical-field
slopes for the larger ions. In particular, it is found that
equal amounts of Ca and Pr can be dissolved in the or-
thorhombic phase only up to about x =0.25 for both Y-
and Sm-based hosts, and that beyond that only the Pr
concentration increases. The slopes of the critical-field
curves are found to be almost constant or to increase
lightly with Ca-Pr doping for x (0.25 in both these sys-
tems, while for x )0.25 the critical-field slope decreases
at a rate comparable to that observed for Pr-only-doped
Sm- or Y-based 1:2:3compounds. This result would sug-
gest that if the depression is due to magnetic pair break-
ing, such pair breaking is close to being temperature in-
dependent, i.e., AG-like.

II. SAMPLE PREPARATION

The samples were prepared by a standard powder-
synthesis technique from the appropriate amounts of
CuO, Y203, Sm203, Nd203, Pr60», CaCO&, and BaCO3.
The oxygen content of the starting materials was deter-
mined by thermogravimetric analysis.

All samples were prepared by a similar route. After
careful mixing, the powders were compacted to cylindri-
cal tablets and subjected to a first heat treatment,
crushed, reground, and sintered a second time. Finally
the samples were annealed in oxygen. Time and tempera-
ture for each heat treatment are listed in Table I. For
Ca-Pr doping in Y-based 1:2:3 compounds, two series
were prepared, using slightly different preparation condi-
tions. For sample series 2 and for the Nd-based Ca-Pr
doping, only x-ray investigations and T, measurements
were made.

diation and Si as an internal standard. The evaluation of
photographs was performed with a microsdensitometer
system. The amount of BaCu02 impurities was estimat-
ed from the ratio of the intensities of the strongest
rejections from the 1:2:3 phase and of the impurity
phase.

Element distribution in individual 1:2:3crystals of the
sintered samples was determined in a scanning electron
microscope (Jeol 820) equipped with an energy dispersive
spectrometer (EDS, Link QX 200). For each composition
several crystals were selected, and for each crystal more
than five randomly chosen points were analyzed.

The oxygen content was determined by thermogra-
vimetric analyses (Setaram TAG 24). The estimated ac-
curacy is +0.02 in 5 for the Sm, Pr Ba2Cu307 &

sam-

ples, while for the Ca-Pr-substituted samples in Y- and
Sm-based hosts, the corresponding value is somewhat
larger (+0.04) due to the presence of impurity phases.

B. Analysis of impurities

The samples of Sm& Pr„Ba2Cu307 & were mono-
phasic for all values of x, i e., only rejections be-
longing to the orthorhombic 1:2:3 phase were observed.
On the other hand, in Ca-Pr doping of the Y- and Sm-
based 1:2:3 samples, impurity rejections were ob-
served for x 0.2 in Sm& 2 Ca„Pr28azCu307 &, and
Y& z Ca Pr Ba2Cu307 &, which could be assigned to
BaCu02.

The analyses of impurities in Ca-Pr-doped 1:2:3 sam-
ples were similar in both Y- and Sm-based samples. Thus
the estimated BaCuOz concentration was found to in-
crease rapidly above about x =0.25 in both cases. Fur-
thermore the element analysis of individual crystals
showed that in both series the crystals contained approxi-
mately the same amount of Ca and Pr for x ~ 0.25, while
for larger x values the Ca/Pr ratio decreases with in-
creasing x. An example of this analysis is given in Fig. 1,
where the Ca/Pr ratio and the estimated BaCu02 concen-
tration are given as a function of nominal Ca-Pr concen-
tration in the Y-based 1:2:3compound. A similar graph
was shown previously for Sm-based samples.

III. STRUCTURAL PROPERTIES

A. Techniques

The samples were characterized by their x-ray-
powder-diffraction patterns obtained at room tempera-
ture in a Guinier-Hagg focusing camera using CuÃe ra-

Y-Ca-Pr 1

Y-Ca-Pr 2
Nd-Ca-Pr
Sm-Ca-Pr
Sm-Pr

920'C, 24 h
910'C, 24 h
910 C, 24 h
910 C, 24 h
910'C, 24 h

950 C, 48 h
950 C, 24 h
930'C, 24 h
910'C, 24 h
910'C, 24 h

450'C, 48 h
450 C, 24 h
450'C, 24 h
450'C, 48 h
450'C, 48 h

TABLE I ~ Sample preparation conditions.

First heat Second heat Heat treatment
Sample series treatment (air) treatment (air) in oxygen
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FIG. 1. Chemical analysis of Y& 2„Ca Pr~Ba2Cu307 z. Left
scale: ratio of Ca and Pr content in crystals; right scale:
volume % of BaCu02. The curves are guides to the eye.



7592 ANDERSSON, RAPP, WEN, HEGEDUS, AND NYGREN

From the stoichiometry of the prepared powders one
would therefore expect the samples with x ~ 0.25 to also
contain some Ca-containing compound. In fact, careful
examination in the scanning electron microscope of such
samples showed the existence of areas in which, within
experimental error, Ca was the only metal. Since the x-
ray photographs did not contain any lines besides those
belonging to the 1:2:3phase or to BaCu02, it seems likely
that such a Ca compound is amorphous.

C. New concentration variables z and y

o+
V)

CD

E
G$

G$

CD

3.920 I

S.gi 0

3.905—

3.900—

We thus conclude that Ca and Pr enter the orthorhom-
bic phase in equal proportions up to x =0.25, while for
larger x values only Pr continues to dissolve in the 1:2:3
phase. Assuming that all Pr substitutes Y, the Pr concen-
tration z is calculated from the nominal x by
z =0.75x/(1 —x) for x ~0.25. Due to the possibility of
a small amount of Pr substituting Ba, this may slightly
overestimate z. Such partial replacement of Ba by Pr was
found, e.g., by Karen et al. , and could also be a likely
interpretation of the small BaCu02 content at x =0.2 in
Fig. 1, and for 0. 1 ~ x ~ 0.2 in Ref. 24.

In view of these results it is convenient to describe
the compositions of the samples by

Y
& y, Cay Pr, Ba2Cu307

Sm] —y —z Cay Prz Ba2Cu307

with y =z for z + 0.25 and y =0.25 for z & 0.25, with z
calculated from the overall x as above.

D. Oxygen concentration

The oxygen concentration 5 was found to be constant
within the experimental errors for three investigated sam-
ple series. Typical results for (z, 7 —5) are (0,7.00),
(0.1,6.98), (0.2,6.99), (0.3,6.97) for the Pr-doped Sm-based
samples and (0,7.00), (0.1,6.92), (0.2,7.01), (0.3,6.98) for
Ca-Pr-doped Sm-based series, respectively. We thus con-
clude that charge variations due to oxygen concentration
variations are negligible.

When YBa2Cu307 & is doped with Ca there is a
marked decrease in oxygen concentration, which thus
compensates for the decreasing metallic valency. It can
be noted that a similar interpretation is not possible for
the present dopings. In Sm-based hosts, the oxygen con-
centration is close to being constant both for Pr doping as
well as for Ca-Pr doping, and cannot be simply related to
either Pr + or Pr +. Similar results hold for the Y-based
samples. The oxygen concentration is roughly constant
from neutron-diffraction data of Pr-doped 1:2:3 com-
pounds, ' as well as from our chemical analyses of Ca-Pr
doped samples.

K. I.attice parameters

Some lattice parameters for

Sm 1 —y —z Cay Prz Ba2Cu307

3.895
0.0 F 1 0.2 0.3 0.4

Pr concentration

and Sm, ,Pr, Ba2Cu307 & are compared in Fig. 2. The c
axis deceases for Pr- and Ca-Pr-doped samples at a simi-
lar rate up to x =0.2, while for larger z values c saturates
for Pr-doped samples and continues to decrease weakly
for Ca-Pr doping. Since the Pr + ion (0.96 A), in con-
trast to Pr (1.126 A), is smaller than Sm (1.079 A),
this decreasing c-axis length might indicate a valence
state of +4 for the Pr ion. However, the b axis of Pr-
doped Sm-based 1:2:3samples increases with Pr concen-
tration, as can be seen in Fig. 2, and for the a axis (not
shown in Fig. 2), the length increases both for Pr doping
and, at a smaller rate, for Ca-Pr doping. The variations
of lattice parameters with doping concentration therefore

CO

E 1.010—
O
O

0)

1.005—
O

1.000

0.0 0.1 0.2 0.3 04
Pr concentration

FIG. 3 ~ Relative cell volume plotted vs Pr concentration.
Circles refer to Y-based 1:2:3 samples, triangles to Sm-based
1:2:3samples. Open symbols represent Pr doping, filled symbols
Ca-Pr doping. The dashed and full lines are guides to the eye.
Data for Pr in Y&—,Pr, Ba2Cu&07 q are from Ref. 31.

FIG. 2. The b- and c-lattice parameters of Pr- and Ca-Pr-
doped Sm-based 1:2:3 samples. The full lines are guides to the
eye for the b-axis data, the dotted lines for the c-axis data. o:
c /3 for Pr in Sm& —,Pr, BazCu&07 z,

' ~: c /3 for Ca-Pr in
Sm& y, Cay Pr, Ba2Cu&07 z, b for Pr in
Sm& —,Pr, Ba2Cu&07 z, ~: b for Ca-Pr in
Sm] —y —CayPrzBa2Cu307 —$. y =z for z ~ 0.25, andy =0.25 for
z ~0.25.
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do not seem to be related in a simple way to the valency
of the Pr ions, as noted previously.

The relative cell volumes are plotted versus Pr concen-
tration for the four systems in Fig. 3. For Sm-based sam-
ples the cell volume is almost constant in the cosolubility
region z ~0.25 for both Pr and Ca-Pr doping. For Y-
based samples the increase of the cell volume is only
about half as large for Ca-Pr doping as that for Pr dop-
ing. These results show that the distortions of the unit
cell due to Ca-Pr doping are small, smaller than those ob-
served for Pr doping. This is a further indication, in ad-
dition to those discussed in Sec. IV, that Ca-Pr doping
may isolate those effects of Pr doping which are not due
to changes in mobile-hole concentration.

IV. T, MEASUREMENTS AND RESULTS

A. Measurements

The cylindrical samples were cut into thin rectangular
ribbons. Typical dimensions were 0.7 X 2 X 10 mm .
Four grooves were cut with a razor blade on the surface
of a sample, into which thin copper wires for voltage and
current leads were attached with silver paint. This ar-
rangement gave satisfactorily low contact resistances of

30

25—
a)

order 1 fL.
Magnetic fields up to 12 T were provided by a super-

conducting magnet. Platinum resistors were used as
thermometers. The magnetoresistance R(T,B) of these
thermometers was measured at several temperatures and
interpolated at intermediate temperatures. The tempera-
ture dependence of R (B) is small in the present tempera-
ture range, and adequate corrections for the magne-
toresistance of the thermometer were obtained by this
method. Measuring currents were small, corresponding
to current densities of order 0.1 A/cm .

As examples of primary data, the resistive transitions
in magnetic fields are shown for two Ca-Pr-doped Sm-
based samples in Fig. 4. For clarity only a few magnetic
fields are included in the figure. As can be expected, the
transitions broaden both with increasing magnetic field
and with increased doping. It can also be noticed that a
considerable broadening takes place already in small
magnetic fields.

When comparing different samples below, we use resis-
tive midpoints for the definitions of critical temperature
and critical magnetic field H, z. In the case of critical
fields this procedure only gives a result which is related to
the thermodynamic critical field. Nevertheless it gives a
convenient estimate of the concentration dependence of
the critical fields. Furthermore, as will be discussed
below, the main features of this concentration depen-
dence do not depend on which points on the transition
curve are chosen, but are preserved also for other
definitions of the critical magnetic field.
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The transition temperatures are given as a function of
Y and Sm concentration for Pr- and Ca-Pr-doped sam-
ples in Figs. 5(a) and 5(b). T, is normalized to the value
T,o at z =0 for each series. The data for
Y&,Pr, Ba2Cu307 & are from the magnetic measure-
ments given in Ref. 12.

It can be seen that the addition of Ca to Pr-doped sam-
ples results in a marked increase in T, for both hosts and
for all concentrations in the cosolubility region z 0.25.
Furtherinore, T, decrease linearly with decreasing Y or
Sm concentration for Ca-Pr-doped samples, in contrast to
the accelerated depression for Pr-doped samples.

Figure 6 shows T, /T, o as a function of Pr concentra-
tion for all four Ca-Pr-doped sample series of Table I.
There is some scatter in the data of the Y-Ca-Pr-II series,
but the general linear trend is confirmed.
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Temperature (K)

FICx. 4. (a) and (b) Examples of resistive transitions in mag-
netic field. Top: Smo 7Cao»Pro»Ba2Cu307 q, bottom:
Sm05Cao»Pro»Ba2Cu307 z,

' the magnetic field is 0, 0.5, &, 4,
and 8 T from right to left in both figures.

The midpoint resistive transitions at different magnetic
fields are shown for Pr- and Ca-Pr-doped Sm-based sam-
ples in Fig. 7. This estimate of H, 2 is linear in tempera-
ture for magnetic fields above about 3 T for all samples.
A similar conclusion was found previously also for Ca-
Pr-doped Y-based 1:2:3compounds. It is interesting to
note that analysis of the slightly curved region below 3 T,
when plotted as H, 2 normalized to its value at 0.9T, vs
T/T„shows that this curvature is similar to some obser-
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FIG. 5. {a)and (b) Reduced transition temperature plotted vs
Y and Sm content. Top: O: T, /T, p vs Y content in
Y& y, CayPr, Ba2Cu307 z,

' ~: T, /T, p vs Y content in

Y),Pr, Ba2Cu307 g, bottom: o: T, /T p vs Sm content in
Sm& y, CayPr, Ba2Cu307 q, ~: T& /T&p vs Sm content in

Sm&, Pr, Ba2Cu307

Fig. 7. H, 2(T) for Sm-based 1:2:3superconductors estimated
from 50% of the resistive drop. Top: Sm&, Pr, Ba2Cu307 —$,
bottom: Sm& y, CayPr, Ba2Cu307 q. The appropriate z values
are given above each curve.
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FIG. 6. T, /T, p vs Pr content in Ca-Pr-doped
O: Y& y, Ca„Pr,Ba2Cu307 t;, Series
Y) y —z Cay Pr, Ba2Cu307 —$y Series
V: Sm, y, Cay Pr, Ba2Cu307 —$,
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II;
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FIG. 8. Pr concentration dependence of the normalized criti-
cal magnetic field slope for four systems. Filled symbols: only
Pr-doped 1:2:3 superconductors; open symbols: Ca-Pr-doped
samples; circles: Y-based 1:2:3 samples; triangles: Sm-based
1:2:3 samples. (Results for Y&,Pr, Ba2Cu307 z, filled circles,
have been taken from magnetic data in Ref. 12.)
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vations in other superconductors which also exhibit weak
pinning, such as amorphous metals with T, of below
about 2 K.

dH, zldT was evaluated from straight lines fitted to the
data in the field range 4—12 T. The results for the con-
centration dependence of this slope are shown in Fig. 8.
In order to allow for convenient comparison the normal-
ized values of dK, z/dT for the four different systems are
given in the figure.

For the Y- and Sm-based samples which are doped
with Pr only, the depression of —dH, 2/d T with
increasing Pr concentration is fairly strong and is simi-
lar in both sets of samples. These data were obtained
by different methods; magnetic measurements for
Y, ,Pr, Ba2Cu307 & from Ref. 12, and the present resis-
tive measurements for Sm, ,Pr, Ba2Cu307 &. The agree-
ment between these two sets of data thus gives further
support for our contention that resistive estimates of H, 2

are useful for intercomparisons in a series of related sam-
ples.

In contrast to the Pr-doped samples, dH, zld—T for
the Ca-Pr-doped samples is almost constant, with even an
apparent small increase for small z. For z ~0.25 on the
other hand, —dH, 2/dT decreases with increasing z at a
rate which is comparable in both series and roughly equal
to that observed for Pr-doped samples. Recalling that
the cosolubility limit of Ca-Pr in the orthorhombic phase
is close to z =0.25, we may interpret this stronger de-
crease of dHz IdT —at large values of z as caused by the
uncompensated Pr effect in 1:2:3superconductors.

The small increase of dH, z ld T i—n the cosolubility re-
gion for both hosts is in qualitative agreement with the
expected increased disorder scattering for increasing dop-
ing concentration, resulting in a decrease of the mean free
path.

In order to check that the results for the concentration
dependence of the critical magnetic field obtained from
Fig. 9 did not depend on the definition of H, 2 the analysis

was repeated with K,2 defined as the point on the resis-
tance R vs temperature curve which corresponds to a
10%%uo resistivity drop. This measure of H, z is probably
closer to the thermodynamic critical field. The result is
shown in Fig. 9. The data are more scattered here since
the smaller temperature shifts in the upper region of
resistance curves reduce the accuracy (see Fig. 4). Never-
theless the main features from Fig. 8 are preserved and a
consistent picture of the critical magnetic field emerges;

dH,—zldT decreases with increasing z already for small
z in Sm, ,Pr, Ba2Cu307 &. In the two Ca-Pr-doped sys-
tems, dH, z—ldT is roughly constant in the cosolubility
region and decreases for larger values of z at a rate com-
parable to that observed in samples doped with Pr only.

V. DISCUSSION AND CONCLUSIONS

A. T,

By doping 1:2:3 superconductors with equal amounts
of Ca and Pr, it was seen in Fig. 5 that the strong depres-
sion of T, due to Pr doping only was arrested and a linear
decrease of T, with doping concentration was obtained.
This result indicates that we have isolated some charac-
teristic effect of Pr, and compensated for other effects,
presumably charge density variations, by also adding Ca.
We will argue below that the decrease of T, in the cosolu-
bility region is likely of magnetic origin. It can also be
noted that our result is apparently more general than the
correlation between T, depression and ionic size, which
was based on doping in different 1:2:3 compounds with
Pr only. In that case the host 4f elements had to be di-
vided into two classes depending on whether T, vs Pr
concentration was linear or not.

It can be seen in Fig. 6 that the depression of T, at
constant Ca-Pr concentration increases in the sequence
Y, Sm, Nd. Straight lines were fitted to the data in the
cosolubility region x ~0.25. These depression rates are
plotted in Fig. 10 vs ionic radius of host atom divided by
the a-axis length. The latter procedure is introduced in
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0 I

0.0 0.2 0.4 0.8—
I I

0.23 0.24 0.25 0.26
(host ionic radius)/(cell a axis)

FICx. 9. Pr concentration dependence of the critical
magnetic-field slope for three systems. H, 2 is estimated from
10% of the resistive drop. o: Y, y —zCa~PrzBa2Cu307
Sm] —y —z Ca~ Pr, BazCu307 q', ~: Sm& „Pr,Ba2Cu307 q. The
square is the z =0 point for Sm-based 1:2:3samples. The three
curves are guides to the eye only.

Fig. 10. The slope of the straight lines in Fig. 6 vs normalized
host-ion radius (see text). The three points are from the left:
Y-, Sm-, and Nd-based 1:2:3samples, respectively, which have
been doped with equal amounts of Ca and Pr. The bars are es-
timated errors in the fitted straight lines.
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B. H, 2

The application of a magnetic field to a superconductor
acts as a pair breaker. In the presence of magnetic im-
purities and magnetic field one must therefore consider
multiple pair breaking. Assuming these to be indepen-
dent, one can simply add them. If a,„ is the pair-
breaking parameter which reduces T, to zero we there-
fore write

H,~(T), o

a,„H,2(0), o a,„
H, z(T), )o+
H, 2(0), o

(2)

where the first equality applies to the case where the im-
purity concentration z =0, and in the right-hand
member, pair-breaking parameters from impurities i and
the magnetic field have been added.

In the original Abrikosov-Gorkov theory, o.; is temper-
ature independent and proportional to zNJ P of Eq. (1).
It can be seen from Eq. (2) that H, 2(T) for a doped sam-
ple then is obtained from a pure sample by subtracting a
constant (the impurity pair breaking). In this case there-
fore the slopes of the critical-field curves are constant as a
function of impurity concentration. In more general situ-
ations a; may depend on temperature, e.g., for the reen-
trant superconductors cz, increases with decreasing tem-
perature, implying from Eq. (2) that the critical-field
slopes decrease with increasing impurity concentration.

order to compensate for the increase in the a- and b-axes
lengths with increasing radii of the ion at the Y position.
The abscissa in Fig. 10 is thus a measure of the overlap
between Y-site wave functions.

For a small concentration of paramagnetic impurities
the depression of T, is linear in impurity concentration z,
and can be expressed within the AG theory as

XJT —T = —z Pc co
B

where T,o is the unperturbed transition temperature, N
the density of states, J the exchange interaction pararne-
ter, and P is a simple function of the impurity angular
momentum. It can be seen in Fig. 10 that T, —T,o is of
the order —1 K/at. %, which would be a rather large
value for nonmagnetic substitutions in a superconducting
system. Such a depression rate may therefore by itself in-
dicate a magnetic pair-breaking effect. Of course, for
high-T, superconductors, there is the possibility that T,
is strongly sensitive to other factors which are not
known.

Furthermore, it is seen in Fig. 10 that the depression of
T, increases linearly with wave-function overlap on the Y
position. This may suggest that the Pr depairing effect is
correlated to the size of the host ions resulting in an
enhanced exchange interaction parameter for larger ra-
dius of the ions.

Assuming that Pr in Ca-Pr-doped samples with
z (0.25 acts as a magnetic pair breaker, we infer from
Figs. 8 and 9 that the pair-breaking parameter is close to
being temperature independent and apparently decreases
slightly with decreasing temperatures as in weakly mag-
netic or pair-weakening systems.

This analysis is tentative. Resistive measurements of
H, 2( T) in high-temperature superconductors may be
influenced by Aux-Aow effects. In fact, recent results for
Y, „Pr Ba2Cu307 & suggest that the H vs T curve ob-
tained from resistive measurements may rather represent
the irreversibility line. On the other hand, our result
does not depend on the point chosen on the R (T,H)
curves to represent H, 2(T), as shown by the results in
Figs. 8 and 9. The critical-field gradients corresponding
to a 10% resistive drop are more than twice as large as
those corresponding to resistive midpoints, and clearly
quite difFerent H(T) curves are mapped out by these
difFerent definitions. H, 2( T) defined as in Fig. 9 is expect-
ed to be much closer to the thermodynamic critical field
than H, 2(T) from Fig. 8, and the observation that the
conclusions are similar may therefore give some empiri-
cal justification for our approach.

According to our analysis, the results thus indicate
that there is no reentrant superconductivity in Pr-doped
1:2:3 superconductors. We note, however, that resistive
measurements in Y& Pr„Ba2 Cu307 & at larger x values
than studied here recently gave support for a
temperature-dependent pair breaking with a negative ex-
change interaction parameter. In this case a magnetic-
field-induced sup erconducting transition could occur
close the metal insulator transition in the Y-Pr 1:2:3sys-
tem. This has, however, not been observed to date.

Summarizing our results we have substituted Ca and
Pr in equal proportions in different 1:2:3superconductors
and found that the cosolubility region in the orthorhom-
bic phase extends up to about 50% substitution of the Y-
site ion. By this substitution an impurity effect of Pr in
1:2:3superconductors can be isolated as evidenced by the
linear depression of T, with Pr concentration. This
depression rate is rather strong and furthermore, it in-
creases with increasing host-ion radius. These observa-
tions suggest magnetic pair breaking by Pr ions.

The critical magnetic field gradients have different con-
centration dependence in samples substituted with Pr
only, as compared to those with substitution of Ca and
Pr. When analyzed in terms of magnetic pair breaking
these data suggest that the pair-breaking parameter is al-
most temperature independent.
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