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An extensive study of magnetic, thermal, transport, and structural properties of the alloy
Y,_Pr,Ba,Cu;0;_, is presented. The endpoints of the alloy series are a high-temperature super-
conductor Y-Ba-Cu-O and an antiferromagnetic semiconductor (Pr-Ba-Cu-O, Ty =17 K). The su-
perconducting transition temperature is reduced with increasing Pr concentration following the
Abrikosov-Gorkov pair-breaking curve with critical concentration x.=0.62. Alloying also
reduces the Néel temperature approximately linearly with the Y content, and there is a concentra-
tion region (0.4 <x <0.6) where antiferromagnetism and superconductivity is suggested to coexist.
The specific heat, the susceptibility, the magnetic ordering, and the metal-to-semiconductor transi-
tion seen in the resistivity are consistent with the picture that Y** is replaced by Pr** with some de-

gree of valence admixture of the Pr’* configuration.

I. INTRODUCTION

It was found very early during the “high-7,.” era that
most magnetic rare-earth-element substitutions for Y in
the 90 K superconductor YBa,Cu;0,_, left the super-
conducting properties essentially unchanged,' in strong
contrast to the case of conventional superconductors,
where the localized magnetic moments associated with
the magnetic rare-earth elements are extremely deleteri-
ous to the superconducting state.?> In a conventional su-
perconductor, exchange scattering of conduction elec-
trons by the magnetic moments and the resulting break-
ing of Cooper pairs, called pair breaking, causes a rapid
depression of superconductivity. The insensitivity of the
superconducting properties of YBa,Cu;0; to substitution
of most of the rare earths for Y is presumably due to the
fact that the superconducting electrons are in the CuO
planes and do not experience spin-flip scattering off of the
moments which substitute on the Y sites located midway
between the Cu-O planes. Among the magnetic rare-
earth systems that are based on YBa,Cu;0,_,, Pr-doped
YBa,Cu;0,_, and the isomorphic compound
PrBa,Cu;0O;_, stand out as anomalous.” Pr doping
suppresses the superconductivity of YBa,Cu;0,_, not
unlike the effect of magnetic impurities in conventional
superconductors.* Moreover, the temperature depen-
dence of the electrical resistivity and the pressure depen-
dence of the superconducting transition temperature, T,
of Pr-doped YBa,Cu;O,_, behave anomalously.’ Al-
though crystallographically identical to all the other
rare-earth-based superconductors, PrBa,Cu;0;_, is a
semiconductor, with very large electrical resistivity (10’
Q cm) at helium temperatures. Tb- and Ce-based analo-
gues may behave similarly, but these have not been fabri-
cated in an isomorphic structure to YBa,Cu;0,_,.° If
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Pr is trivalent, it is not easy to understand why the substi-
tution of Pr for Y in the 90 K superconductor should
have such a profound negative effect on the superconduc-
tivity, while other rare earths with local magnetic mo-
ments do not. With few exceptions (a few mixed valent
and Kondo systems) the properties of most Pr-based al-
loys and compounds are well behaved, i.e., their magnetic
properties can be understood reasonably well from the
point of view of localized magnetism if crystal-field effects
are taken into account. Generally, the properties of Pr-
based compounds and alloys are similar to those of the
heavy rare-earth systems when local perturbative effects
on the Pr’* orbital angular momentum are taken into ac-
count.’

In an effort to understand the unique superconducting
pair-breaking properties of Pr substituted YBa,Cu;0,_,
and the unusual magnetic properties of PrBa,Cu;0;_,,
we have undertaken a study of the superconducting and
magnetic properties of (Y,_,Pr,)Ba,Cu;0;_,, spanning
the complete composition range, 0 <x < 1.0, i.e., from a
90-K superconductor (x=0) to a high-resistivity semi-
conductor with antiferromagnetism (x =1.0).® A fur-
ther motivation for this study is that through an under-
standing of the pair-breaking interactions associated with
Pr substitution for Y, light may be shed on the pairing
mechanisms associated with YBa,Cu;0;_,, and perhaps
high-T, oxide-based superconductors in general. Our
study reveals a smooth evolution®~>° of
(Y| —,Pr,)Ba,Cu;0,_, from superconductivity (x <0.6)
to antiferromagnetic ordering (0.4 <x < 1.0) and suggests
a magnetic order-superconductivity overlap region for
0.4 <x<0.6. The data indicate that f electrons contrib-
uted by the Pr ions play a crucial role in the supercon-
ducting pair breaking for Y-rich samples and in the mag-
netic ordering in Pr-rich samples.

In order to summarize the results of this work, we
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FIG. 1. Superconducting transition temperature 7, and Néel
temperature Ty vs Pr concentration in Y,_,Pr,Ba,Cu;0,_,
with y =~0.1. T, and T have been normalized to 7,=92 K for
x=0.0and Ty=17 K for x=1.0.

present the entire superconducting-normal phase dia-
gram for (Y;_,Pr,)Ba,Cu;0,_, in Fig. 1. The data are
normalized to the transition temperatures of the end
members, 7, =90 K for x=0 and T, =17 K for x=1.0.
Note the monotonic decrease in 7T, and the rise of mag-
netic ordering transition temperatures as x increases as
well as the region of possible overlap, 0.4 <x <0.6.

In Sec. II of this paper we describe the method of
preparation of the samples that preserves the orthorhom-
bic YBa,Cu;0,_, structure for all compositions, detailed
x-ray analysis of all materials, and some experimental de-
tails. In Sec. III we focus on the magnetic ordering of
PrBa,Cu;0;_,, and in Sec. IV this analysis is extended to
the remaining (Y,_,Pr,)Ba,0;0,_, compositions,
0<x<1.0. A discussion of the results is contained in
Sec. V.

II. SAMPLE PREPARATION AND ANALYSIS

Polycrystalline samples of (Y, _,Pr,)Ba,Cu;0;_, for
0.0=x =<1.0 were prepared using a conventional solid-
state reaction technique. Stoichiometric quantities of
high-purity BaCO; (99.997%), Y,0; (99.99%), PrsOy,
(99.99%), and CuO (99.999%) were mixed and pressed
into pellets using a tungsten carbide pellet press. For
x <0.5, the nonreacted pellets were calcined at 950 °C for
24 h. The reacted samples were powdered, repressed into
pellets, and heated in air at 950°C for 24 h. This process
was repeated three times. These pellets were then heated
in flowing oxygen at 950 °C for 12 h, followed by an addi-
tional anneal at 500 °C for 12 h. Finally the samples were
slowly cooled over several hours to room temperature.
For x> 0.5, this same procedure was used except the cal-
cining process and the repeated heating to promote
homogeneity were limited to 900°C rather than 950°C.
This lower calcination and processing temperature was
necessary to prevent the formation of PrBa,0, and other
second phases which tend to form for large x at tempera-
tures above 900 °C. Samples were stored in dry oxygen to
help prevent deterioration of the samples due to absorp-
tion of water and carbon dioxide.

Powder x-ray diffraction studies using a Rigaku au-
tomated diffractometer indicated that the samples crys-
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FIG. 2. Orthorhombic lattice constants and unit-cell volume
vs Pr concentration in Y, Pr,Ba,Cu;0,_, for y =0.1. )

tallized in an orthorhombic YBa,Cu;0,_, structure for
all x. All the samples were essentially single phase with
less than 2% impurity phases in most of the samples and
less than 3% in all samples. There was no correlation be-
tween the Pr content and the amount of second phase
present. Both ionic size and valence of Pr’" and Pr*t
favors Pr going into the Y site. Thus we believe that the
Pr substitutes on the Y site, which is located midway be-
tween the Cu-O planes.

Thermal gravimetric analysis was conducted on all
samples, and these studies showed that the oxygen loss
upon heating to 900°C in a vacuum or flowing helium
was independent of Pr concentration. Based on these
measurements and other studies, it appears that the oxy-
gen content is essentially independent of Pr concentration
and y ~0.05-0.10 for all x in (Y, _,Pr, )Ba,Cu;0,_,.

We show in Fig. 2 the Pr-concentration dependence of
the orthorhombic lattice constants a, b, and ¢, and the
cell volume, V.. A tabulated summary of the lattice con-
stants for (Y,_,Pr, )Ba,Cu;0,_, with y ~0.1 is shown in
Table I. The system remains orthorhombic for all x with
a slight decrease in the orthorhombicity with increasing
x. The lattice constants for the fully oxygenated
YBa,Cu;0,_, are consistent with other published re-
sults.!® All three individual lattice constants increase
linearly with x for 0 <x < 1.0, except b which shows a
slightly larger value for x=1.0 than obtained by a linear
extrapolation of b versus x from samples with x <0.9.
This slightly larger value of b for x=1.0 is also reflected
in the x dependence of the cell volume. The linear depen-
dence of the lattice constants and cell volume indicate
that the Pr valence is not strongly dependent on Pr con-
tent.

Shown in Fig. 3 are V, versus rare-earth ionic radius, r,
for RBa,Cu;0;_,, where R represents Y and all the rare
earths except La, Ce, Pm, and Tb. The values of V, and r
are from Refs. 11 and 12, respectively. Also shown in
Fig. 3 are two data points indicated as triangles, one for
the ionic radius of each valence state of Pr. These points
are associated with the measured V, for PrBa,Cu;0,_,



I8

TABLE 1. Lattice constants and cell volume vs x for (Y,_,Pr, )Ba,Cu;0,_, with y ~0.1.

MAGNETIC ORDERING AND SUPERCONDUCTIVITY IN . ..

x a () b (A) ¢ (A) v (A%
0.0 3.886(7) 3.819(8) 11.678(13) 173.3
0.1 3.888(5) 3.824(4) 11.677(6) 173.6
0.2 3.890(8) 3.830(4) 11.679(11) 174.0
0.3 3.895(4) 3.834(4) 11.686(11) 174.5
0.4 3.896(10) 3.841(6) 11.691(22) 175.0
0.5 3.901(6) 3.845(9) 11.691(8) 175.4
0.6 3.901(4) 3.848(6) 11.695(6) 175.6
0.7 3.910(7) 3.850(5) 11.703(8) 176.2
0.8 3.916(8) 3.857(6) 11.697(7) 176.7
0.9 3.919(15) 3.861(5) 11.697(8) 177.0
1.0 3.922(5) 3.880(6) 11.704(7) 178.1
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(including a 2% adjustment to ¥, to force our measured
value of V, for YBa,Cu;0,_, equal to that in Ref. 11). If
the Pr ion were trivalent, V. for PrBa,Cu;0,_, would
fall directly on the solid line in Fig. 3. Such a correlation,
however, belies the lack of superconductivity in
PrBa,Cu;0;_, and the accompanying modifications in
the normal-state properties, compared to all the other
trivalent RBa,Cu;0,_, systems. The weight of evidence
of this and other published work®~>%?° is that Pr in the
YBa,Cu;0;_, structure is mixed valent. Therefore, the
other point (second triangle) in Fig. 3 which is associated
with the tetravalent state of Pr is most appropriate for
this system. If one could form other RBa,Cu;0;_), sys-
tems with tetravalent R’s a second straight line parallel to
the trivalent one would be present in Fig. 3, which
presumably would pass through this point.

All the measurements reported in this paper were per-
formed using fairly standard techniques. The electrical
resistivity was measured on rectangular bars cut from the
pressed pellets using a standard dc four-probe technique.
The specific heat was measured from 1.2 to 25 K using a
quasiadiabatic method. For a few samples, the quasiadia-
batic measurements of the specific heat were extended to
200 K. For 1.8<T7T<400 K and 0<H <5.5 T, the mag-
netization and susceptibility were measured using a
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FIG. 3. Cell volume vs ionic radii for RBa,Cu;0;_, with
R=Y and other rare earths except Ce, Pm, and Tb.

Quantum Design superconducting quantum interference
device (SQUID) magnetometer, and for 2=<7 <300 K
and 0<H <9 T, using a vibrating sample magnetometer.
Measurements of the magnetization versus magnetic field
were extended to 20 T at 7=4.2 K for a few samples us-
ing the facilities of the Francis Bitter National Magnet
Laboratory, MIT.

III. MAGNETIC ORDERING OF PrBa,Cu;0,

The first evidence for cooperative magnetic ordering
in the anomalous nonsuperconducting compound
PrBa,Cu;0,_, was the discovery of a maximum in the
temperature dependence of the heat capacity C(T), at
about T=17 K.® The C(T) data of PrBa,Cu;0,_, for
2=T=<20K are shown in Fig. 4(a), where this maximum
is clearly seen. The C(T) peak near 17 K in Fig. 4(a) is
probably too narrow to be associated with a conventional
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FIG. 4. The specific heat C(T), magnetic susceptibility x(T),
and temperature derivative of magnetic susceptibility dx /dT vs
temperature for PrBa,Cu;0;_, with y~0.1. Ty and Ty, mark
anomalies in C(T) and x(T).
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Schottky anomaly, which might arise through thermal
depopulation of low-lying Pr-associated crystal-field exci-
tations. Preliminary inelastic neutron scattering data on
PrBa,Cu;0,_, does not show any excitations in this en-
ergy range that could be associated with crystalline elec-
tric fields (CEF) excitations.!3 In addition to the rather
sharp maximum at around 17 K there is a much smaller
feature in C(T) versus T at about 5 K (labeled T,).® In
Fig. 4(b), we show the magnetic susceptibility, x(7T) (tak-
en at 0.1 T) of PrBa,Cu;0;_, over the same temperature
region, along with dx/dT versus T. Both the 17-K and
5-K anomalies show up readily in the dx/dT data. The
continuing increase of x(7T) below 17 K is at variance
with conventional antiferromagnetic order. The magnet-
ic susceptibility versus temperature of PrBa,Cu;0,_,
and Y, ,PryBa,Cu;0;_, was also measured in several
high fields up to 9 T. Shown in Fig. 5 is x(7) and
dx(T)/dT versus T for PrBa,Cu;0;_, with y=~0.1 and
measured in H=1, 3, and 5 T. This data was taken on an
aligned powder sample, where the powder was intro-
duced into epoxy and allowed to harden in a magnetic
field of 15 T.'* An accurate estimate of the degree of
alignment for this sample has not been determined but a
very high level of ¢ axis alignment was apparent in x-ray
analysis. Note, there is about a factor of 2 anisotropy in
Xx(T) versus T with H|c and Hlc. Shown in the lower
portion of Fig. 5 is dx/dT versus T for PrBa,Cu;0;_,.
Applying large magnetic fields caused no discernible
change in the temperature of the y(7) anomaly near 17
K, i.e., the position of the anomaly is field independent
up to 9 T. At 9 T we obtain T =16.9+0.1 K. The in-
dependence of Ty for PrBa,Cu;O; , is dramatically
shown in Fig. 6, where Ty for PrBa,Cu;O, , and
GdBa,Cu;0,_, (Ref. 15) with y =0.1 versus H are com-
pared. This argues against conventional antiferromagne-
tism, where a field of a few tesla might be expected to
suppress T by a few degrees Kelvin. Also, any field-
dependent anomalies, for example a spin-flop transition,
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FIG. 5. The magnetic susceptibility x(7) and the tempera-
ture derivative of the magnetic susceptibility, dy /dT vs temper-
ature in H=1, 3, and 5 T for a partially aligned powder sample
of PrBa,Cu;0;_, with y =0.1.
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field for PrBa,Cu;0;-, and GdBa,Cu;0,_, with y=0.1.
(GdBa,Cu;0,_, data from Ref. 15.)

associated with the 17 K transition must be at fields
higher than 9 T. Conventional ferromagnetic order in
PrBa,Cu;0;_, and other Pr-rich materials showing mag-
netic anomalies is unlikely, not only because the transi-
tion temperature is independent of applied field, but also
because no magnetic hysteresis could be detected using
sensitive low-field magnetometry at T'<<17 K. Further-
more, for PrBa,Cu;O,; conventional ferromagnetism is
excluded by neutron studies (see Ref. 16 as well as further
discussion).

In Fig. 7 we show the T=4.2 K isothermal magnetiza-
tion, M (H), of PrBa,Cu;0;_, taken in fields up to 20 T.
As already indicated, no magnetic hysteresis was detected
using sensitive low-field magnetometry down to 1.5 K.
Note that M (H) never reaches saturation, even at 20 T.
The largest value of M reached at 20 T is only 38% of the
Pr3* saturation moment and 57% of the Pr*" saturation
moment. There is a reasonably pronounced negative cur-
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FIG. 7. Isothermal magnetization for PrBa,Cu;O;_, vs mag-
netic field H at T=4.2 K. Inset: Magnetic field derivative of
the isothermal magnetization dM /dH vs magnetic field.



40 MAGNETIC ORDERING AND SUPERCONDUCTIVITY IN . ..

vature in M(H) at about 1 T for T<17 K suggesting
weak ferromagnetic order, but this contention is not sup-
ported by other experimental evidence.!® The inset of
Fig. 7 shows derivatives of M versus H for several tem-
peratures, bracketing the temperature associated with the
lower (5 K) transition-like feature seen in the C(T) and
dx/dT data. The increase in dM /dH for T<5 K and for
H <0.5 T is taken as evidence for additional magnetic or-
dering below this temperature. However, aside from
these features, no microscopic evidence supports this,
and the possibility of an impurity phase cannot be ruled
out.

The magnetic ordering of PrBa,Cu;0;_, at 17 K is
unusual from several points of view. First the ordering
temperature is much higher, perhaps by 2 orders of mag-
nitude, than the value extrapolated from the ordering of
the other RBa,Cu;0;_, antiferromagnets. For example,
Ty=22 K for the isomorphic rare-earth compound
GdBa,Cu;0;_,."" The spin angular momentum associat-
ed with the Gd moment is 7, and if we estimate the other
rare-earth ordering temperatures based on this value by
scaling with the de Gennes factor, g2/ (J +1) (where g is
the Lande factor and J is the total angular momentum),
we estimate magnetic ordering for PrBa,Cu;0;_, should
occur at about 0.2 K for either of the possible integral
Pr-ion configurations, Pr’** (J=4) or Pr** (J=3). Of
course, a dipolar interaction cannot account for a Ty of
17 K. The “de Gennes factor” scaling estimate is in-
dependent of the nature of the exchange interaction but
assumes the same interaction type and strength for all
members of the series. In that case the ordering tempera-
ture depends only on the angular momentum state of the
rare-earth ion. If crystal-field effects are invoked to par-
tially lift the 2J +1 degeneracy of the spin-orbit ground
state for Pr3" or Pr*", the ordering temperature for
PrBa,Cu;0,_, would be reduced even further, particu-
larly for the trivalent state, where a crystal-field singlet
ground state would be expected, and only ordering
via van Vleck magnetism would be possible. Secondly,
as pointed out previously, the susceptibility of
PrBa,Cu;0,_, increases below the apparent ordering
temperature, unlike Y(7) for conventional antiferro-
magnetic ordering, where the magnetic susceptibility
decreases below T,. The Gd contribution to the suscep-
tibility for superconducting or oxygen-depleted
GdBa,Cu;0,_, shows this conventional antiferromag-
netic behavior.!>!7 Thirdly, the entropy associated with
the ordering is only about 5.0 J/mol K. This is slightly
less than the entropy associated with a magnetic doublet
ground state, i.e., 5.7 J/molK. For the Pr*t
configuration one expects to find a doubled ground state
if the crystal field is strong since the Pr ions are at sites of
low symmetry. For Pr’%, as stated earlier, the CEF
ground state would be a singlet, and if van Vleck—induced
transition did occur, the entropy removal due to the tran-
sition would be exponentially dependent on the CEF
splitting, and would probably lead to a negligibly small
entropy change.

These considerations suggest that either the magnetic
ordering associated with the 17-K heat capacity and sus-
ceptibility anomalies is not entirely three dimensional or
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that some portion of the magnetic moment does not enter
into the ordering. Cooper!® has discussed magnetic or-
dering in Pr-rich (Y;_,Pr,)Ba,Cu;0;_, in terms of
cooperative valence fluctuations of the Cu ions mediated
through hybridization effects. The Pr ions are seen to be
weakly hybridized with the conduction electrons, and the
magnetic ordering is orbitally driven, rather than spin
driven. The theory'® accounts qualitatively for the ob-
served ordering in these materials.

Neutron elastic scattering experiments by Li et al.!®
were performed on PrBa,Cu;O;_, in order to deter-
mine details of the magnetic order. They found antiferro-
magnetic ordering for T <Tp, with the ordered mo-
ment along the ¢ axis, similar to that found for
GdBa,Cu;0;_,."° The integrated intensity of one of the
scattering lines, gives a magnetic moment in the ordered
state of 0.74+0.08u, consistent with a crystal-field-split
Pr**, a ground-state doublet which would have a mo-
ment of the order of the observed moment, namely,
0.71u 5. Along with the large ordering temperature, this
suggests that f-electron hybridization effects may play a
role in the magnetic ordering of PrBa,Cu;O;_,. Al-
though the neutron scattering results verify the presence
of long-range magnetic ordering for <17 K, they do
not explain the increasing susceptibility for T<17 K, nor
do they shed any light on the high value of Ty. Finally
we note that it is possible that ordering along directions
other than the ¢ axis may exist but perhaps was missed in
the neutron scattering experiments due to the low Pr mo-
ment.

A satisfactory explanation of the magnetic ordering of
PrBa,Cu;0,_, must account for the semiconducting en-
vironment in which the ordering takes place. This im-
plies that a superexchange mechanism involving hybridi-
zation of f electrons with the electrons associated with
the Cu-O sheets, i.e., those responsible for the supercon-
ductivity of the undoped material, must be invoked to ex-
plain Pr-moment coupling. Discussions of the measure-
ments described further reinforce the contention that
there is strong hybridization and valence mixing in this
system.

IV. SUPERCONDUCTIVITY AND MAGNETISM IN
(Y{_xPr,)Ba,Cu;0,_,

Recalling the data of Fig. 1, which showed the smooth
transition from superconductivity to ordered magnetism
in Y,_,Pr,Ba,Cu;0,_, from x=0 to 1.0, we show in
Fig. 8(a) the electrical resistivity versus temperature, p(T)
for six samples covering a wide range of Pr concentra-
tion. Note there are 2 orders of magnitude difference in
the vertical scales of 8(a) and 8(b). These data are similar
to those of Ref. 5. The electrical resistivity for
PrBa,Cu;0;_, is difficult to measure at low tempera-
tures, but it appears to be around 10’ Q cm at 4.2 K, and
there is negative magnetoresistivity at low temperatures.
All four samples in Fig. 8(b) show superconductivity, and
those near the critical concentration for suppression of
superconductivity show small rises in p(T) near T,. Fits

c
to p(T) for the semiconducting samples did not yield
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FIG. 8. Resistivity vs temperature for Y, _,Pr,Ba,Cu;0,_,
with y =0.1.

simple single gap characteristics [Inp(T)~T ~'] or vari-
able range hopping characteristics [Inp(T)~T "1/ or
Inp(T)~T'/?]. The drastic increases in the electrical
resistivity accompanying the transition from supercon-
ductivity to normal behavior of (Y,_,Pr,)Ba,Cu;0,_,
is also characteristic of other systems, for example,
YBa,(Cu;_,Zn,);0,_,,>° and for oxygen-depleted
YBa,Cu;0,_,.'*! In order to illustrate this transition
we show the resistivity at 100 K for several
(Y,_,Pr,)Ba,Cu;0;_, samples in Fig. 9. Clearly the
semiconducting behavior accompanies the destruction of
the superconducting phase. In the YBa,(Cu,Zn);0; sys-
tem, there was clear evidence of d-electron localization
accompanying the dramatic increase of p(T) versus Zn
concentrations which occurred at that Zn concentration
needed to depress T,—0. The most dramatic evidence
for the localization of d electrons came from electron spin
resonance (ESR) studies which displayed rapid growth in
the intensity of the ESR resonance for Zn concentrations
greater than that necessary to depress 7, —0. Other evi-
dence of localization was also evident in C(T) and x(7)
data. The localization occurring in the YBa,(Cu,Zn);04

T
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FIG. 9. Resistivity of Y, _,Pr,Ba,Cu;0,_, at T=100 K vs
Pr-concentration x.
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system was attributed to a disruption of the Cu(3d)-O(2p)
hybridization within the two-dimensional bands associat-
ed with the Cu-O planes. For Y, ,Pr,Ba,Cu;0,_,,
there is no supportive evidence in Y(T) or ESR (Ref. 22)
for a corresponding localization for x >x ., where x, is
that concentration which depresses T, —0. There is no
ESR response seen for any x in Y;_,Pr,Ba,Cu;O0;_,
with y =0.1.?* Such data also indicates that these sam-
ples are quite clean with respect to second phases such as
BaCuO,,, and Y,CuBaOs, which have been shown to
produce large ESR responses.? On the other hand, the
absence of ESR response does not exclude localization.

In Fig. 10 we show the specific heat at low temperature
(T<10 K), displayed in the customary C/T versus T
manner in order to emphasize the low-temperature elec-
tronic contribution to C(T). All three specimens are su-
perconducting, with 7,=90, 75, and 50 K, for the
x=0.0, 0.2, and 0.4 samples, respectively. In the lower
part of the figure, a slight enhancement of C(7) with
magnetic field is evident for the x=0.2 sample. For all
the data of Fig. 10, the superconducting entropy is ex-
pected to be removed since T <<T,, so that the normal
contribution to the electronic heat capacity should dom-
inate for T<10 K. The data for the x=0.2 and 0.4 sam-
ples are reminiscent of those for heavy-fermion sys-
tems,2* namely, high values of C /T, which measures the
electronic density of states at the Fermi surface. The
value of C/T for the x=0.4 sample reaches 200
mJ/mol K?, which is in the “heavy-fermion” range.
Perhaps this represents increased hybridization of the Pr
ions with the conduction electrons near the critical con-
centration for superconductivity suppression, as suggest-
ed by Cooper.!® Although there are upturns in C /T (as
one lowers T) for most materials, the data for the x=0.4
sample is particularly interesting due to the low-
temperature downturn in C /7. This may be evidence for
spin-wave-type excitations at low temperatures, indicat-
ing incipient magnetic ordering for <3 K in the super-
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FIG. 10. The specific heat divided by temperature vs the
temperature squared for Y;_,Pr,Ba,Cu;0,_, with y ~0.1 and
0=x=<04.
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FIG. 11. The electronic specific heat coefficient per Pr ion vs
Pr concentration for Y,_,Pr, Ba,Cu;0,_, with y=0.1.

conducting state (7, =50 K for this sample). The tem-
perature where C(T)/T versus T? begins to decrease is
indicated by an arrow in Fig. 10 and the open circles in
Fig. 1. These temperatures lie close to the extrapolated
Ty versus x data obtained from d) /dT versus T for sam-
ples in the nonsuperconducting regime. The extrapolated
electronic heat-capacity coefficient ¥ per mole Pr versus
x is shown in Fig. 11. They were obtained by subtracting
the x=0 data and fitting C /T to ¥ +BT? in the tempera-
ture range between 5 and 10 K. A clear trend to larger ¥
and, hence, higher correlated states is seen with increas-
ing Pr concentration, perhaps reflecting increased local-
ized moment-conduction electron hybridization at low
temperatures.

The magnetic ordering temperatures as a function of x
for the Pr-rich samples of (Y,_,Pr,)Ba,Cu;0,_, were
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FIG. 12. The temperature derivative of the magnetic suscep-
tibility vs temperature for Y,_,Pr,Ba,Cu;0,_, with y=0.1 and
0.6=x =1.0. The Néel temperatures, 7 are indicated by ar-
rows.
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FIG. 13. The specific heat vs temperature for
Y, ,Pr,Ba,Cu;0,_, with y=0.1 and 0.5=x =1.0. The Néel
temperatures T are indicated by arrows.

best determined by the temperature derivative of the
magnetic susceptibility. This is seen in Fig. 12, where the
arrows indicate the position of the steepest negative
slope. In Fig. 13 we show C(T) versus T up to 20 K for
several high-Pr-content samples. The magnetic ordering
temperatures are indicated by arrows in both Figs. 12 and
13. For PrBa,Cu;0;_,, Ty obtained from dy/dT and
C(T) agree with the temperature at which the ordered
moment goes to zero.'® As seen in Fig. 14, T), decreases

100 T T v 100

Te (K)
T (K)

FIG. 14. Superconducting transition temperature 7, and
Néel temperature Ty vs x for Y, _, Pr,Ba,Cu;0,_, with y =0.1.
[ A — T, obtained from p(T), O— T, obtained for x(T), @— Ty
obtained for dy/dT and C(T), 0— Tx obtained for C/T vs T?.]
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linearly with decreasing Y concentration in the range
1=x =20.6. An extrapolation of T versus x yields a crit-
ical concentration to depress T,y —0 of x =0.4 and a pos-
sible region of coexistence of superconductivity and mag-
netic order. However, one must be concerned with the
possibility that the two phenomena are occurring in
different physical parts of the sample. Although we have
no microscopic evidence bearing on this issue, indirect
evidence from the concentration dependence of the lat-
tice constants, specific heat, Ty, and T, suggest that both
are occurring throughout the bulk of the sample. dy/dT
versus T provided the clearest definition of Ty(x) but for
x <0.6 superconducting diamagnetic shielding interferes
with such a measurement. Returning to Fig. 10, C(T)/T
versus T2 for x <0.4 displays a pronounced upswing as
T?—0. For x=0.4 and 0.5 this upswing is suppressed in-
dicating the onset of partial magnetic ordering or correla-
tions (spin-wave-type excitations). Shown in Fig. 14 as
open circles are Ty for x=0.4 and 0.5, where T} corre-
sponds to the temperature where C(T)/T versus T2 has
an apparent downturn. It is not clear whether these tran-
sition temperatures truly represent a long-range ordering
temperature. The Ty deviate from a linear extrapolation
of Ty versus x for x>0.6. If Ty approximately
represents T this deviation could reflect the interplay
between superconductivity and magnetism. Changes in
the effective exchange interaction within the supercon-
ducting state are expected, due to a change in the
conduction-electron-spin susceptibility. Such effects have
been observed in conventional superconducting systems
doped with rare-earth impurities.?> Further work is re-
quired to more clearly establish the nature of the possible
coexistence region and changes in both the magnetic and
superconducting phase boundaries due to interplay be-
tween these two ordered states.

Continuing with the magnetic and superconducting
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FIG. 15. (x¥—Xo)~' vs temperature for dilute

Y, .Pr,Ba;Cu;0,_, samples. Here the constant Y, is deter-
mined from a fit to y =Y, +C/(T+T*). Shown in the inset is
the magnetization versus temperature for samples cooled in a
field of 75 G.

A. KEBEDE et al. 40

2 T T T
— — 4
o | m
E 3- - ---- -.
£ ar l
: o ..."
s ,| L, R |
E °©  yx t.x=0.4
¥
;? [ ot -t

Ty * .
>l< l_ N X=1.0
~ 0 1 1 1
(o} 100 200 300 400
T (K)

FIG. 16. (x—xo) ! vs temperature for pure PrBa,Cu;0,_,
and Y, ¢Prg4Ba,Cu;0;_,. The Néel temperature determined
from dy /dT is indicated as Ty. The inset shows the paramag-
netic moment for the entire series 0 <x =< 1.

properties of some of the (Y, _, Pr, )Ba,Cu;0,_, samples,
we show in Fig. 15 the inverse of the high-temperature
magnetic susceptibility above T, for two of the supercon-
ducting samples. Also shown is the field-cooled Meissner
effect magnetization for three samples (inset of Fig. 15).
The superconducting transition temperatures as deter-
mined from the onset of a diamagnetic response are also
shown in Fig. 14 along with T, determined from p(T)
data. Both measurements provide a consistent deter-
mination of the normal-superconducting state phase
boundary. In Fig. 14, the solid line tracing out the
normal-superconducting phase boundary is a fit to the
classic Abrikosov-Gorkov pair-breaking theory,

In(T, /T,0)=W(1)—W(l+e "xT, /4x,.T,) ,

where x . is the critical concentration and V¥ is the di-

gamma function. The critical concentration x_ =0.62 is

uniquely related to the initial slope of T, versus x, i.e.,
dT,/dx = —m% ""T,,/8x

cr 2

where y is Euler’s constant. The agreement between the
measured T, versus x and the standard pair-breaking re-
lationship is remarkable.®° As illustrated in the inset of
Fig. 16, which also shows the inverse susceptibility for
the x=04 and 1.0 samples, the effective high-
temperature paramagnetic moment is essentially indepen-
dent of Pr content over the entire series. The value lies
close to the effective moment for Pr*t, namely 2.54up,
and is in good agreement with Dalichaouch et al.3

V. CONCLUSIONS

In this paper we present an extensive study of the mag-
netic, thermal, and superconducting properties of
(Y,_,Pr,)Ba,Cu;0,. The endpoints of the alloy series,
namely, the compounds Y-Ba-Cu-O and Pr-Ba-Cu-O, are
a high-temperature superconductor and a magnetic semi-
conductor, respectively. Alloying reduces both the su-
perconductivity and the magnetic order, and gives rise to
a region (0.4 <x <0.6) where antiferromagnetism and su-
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perconductivity are likely to coexist. We show the corre-
sponding phase diagram in Fig. 1.

The most remarkable feature (noted previously in Ref.
3) is that Pr substituted into Y-Ba-Cu-O behaves very
differently from almost all other rare-earth ions, which do
not depress the superconductivity. From the fact that T,
versus x closely follows an Abrikosov-Gorkov pair-
breaking curve with x.. ~0.62, one would conclude that
the magnetic moment of the Pr ions interacts with the
conduction electrons responsible for the superconductivi-
ty,®° unlike the other rare-earth ions (except Ce and Tb,
which apparently do not form in the same structure).
Furthermore, the relatively high Néel temperature of Pr-
Ba-Cu-O (T, =17 K as compared to 2.2 K for Gd-Ba-
Cu-0, i.e., two orders-of-magnitude larger than expected
from a de Gennes scaling) strongly suggests that the in-
teraction mechanism between Pr ions is different (and
considerably stronger) than the one between other rare-
earth ions. The lack of field-dependence of Ty for Pr-
Ba-Cu-O (shown and compared to Gd-Ba-Cu-O in Fig. 6)
and the continuing increase of the susceptibility when the
temperature is lowered below Ty are other indications of
the distinct properties of the Pr ions. On the other hand,
the same simple antiferromagnetic order as for Gd-Ba-
Cu-O was observed via neutron scattering.

These properties cannot be explained assuming
trivalent Pr ions. Instead they suggest that the Pr ions
have some mixed-valent character, which accounts for
the exchange coupling with the conduction electrons in
the adjacent Cu-O planes. The high-temperature mag-
netic moment of the Pr ions as obtained from the Curie
constant of the susceptibility is independent of the Pr
concentration and close to that of the tetravalent ion.
The superconducting to normal transition as a function
of Pr content is accompanied by a transition into a semi-
conducting phase, similar to oxygen depleted Y-Ba-Cu-O
and Zn-doped Y-Ba-Cu-O. In the latter two cases the
metal-insulator transition is explained by the filling of d
holes and localization of states due to disorder in the Cu-
O planes. The analogy suggests that Pr is close to tetra-
valent, so that the additional electron (Pr** versus Y3)
reduces the number of available d holes in addition to in-

troducing some disorder in the planes. This interpreta-
tion is however not supported by spectroscopic observa-
tions.?® Note that Pr*"t has the same electronic
configuration as Ce**. In a strong crystal field of ortho-
rhombic symmetry the ground state is expected to be a
doublet, while for Pr** it would be a ground singlet. The
antiferromagnetic order and the entropy removal at the
transition (about In2 per Pr ion) strongly support the
Pr** hypothesis. The large ¥ values, the AG curve fol-
lowed by T, and the large Néel temperature can then be
understood with some valence admixing from the Pr3™
configuration.

As already discussed,’ the relative initial 7, depression
rates, i.e., dT, /dx, are very different for Pr (115 K per Pr
fraction) as compared to Zn (1000 K per Zn-fraction)
substitutions. In neither case can the T, depression be at-
tributed just to a filling of d holes, but at least in the case
of YBay(Cu,Zn);0,_, a localization of states within the
Cu-O planes must be invoked. Evidence for such a locali-
zation is the ESR signal, which is almost absent in the
superconducting-metallic phase and shows a rapid rise
for Zn concentrations larger than the critical. An ESR
bulk response was not observed in (Y,Pr)Ba,Cu;0,_ y,22
probably implying a lesser degree of localization. This is
consistent with the superconductivity being depressed by
magnetic moments (AG curve). Another difference
worth pointing out’ is the curvature of T, versus x for
the two systems: while this curvature is negative for
(Y,Pr)Ba,Cu;0,_, it is positive for YBa,(Cu,Zn);0,_,.
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