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Superconductivity in the 90-K range is observed in most of the orthorhombic RBa,Cu;O;_, com-
pounds (R being rare-earth elements and Y). However, the isostructural Pr compound is not supercon-
ducting, either due to the 4+ state of Pr whereby the extra electron from Pr fills the Cu-O band, or due
to the hybridization of the Pr 4f states with the O 2p —Cu 3d states, or due to a combination of the two.
The compounds R, _,Pr,Ba,Cu;0;_, (R =Sm, Gd, and Tm; 0.0 =x =< 1.0) have been prepared and ex-
amined for superconductivity. It is observed that the critical Pr concentration required to suppress su-
perconductivity depends on the R ion, varying from x =~0.32 in the Sm-Pr system to x ~0.6 in the Tm-
Pr system. Band filling due to Pr** is expected to be nearly the same in all the compounds and cannot
solely account for the strong dependence of the critical Pr concentration on R. Instead, the hybridiza-
tion mentioned above may explain these results. The T, data are analyzed on the basis of the
Abrikosov-Gor’kov pair-breaking theory due to magnetic Pr’™" ions.

INTRODUCTION

Most of the orthorhombic RBa,Cu;O0;_, (R being
rare-earth elements and Y) compounds exhibit supercon-
ductivity with transition temperature (7,) in the 90-K
range, indicating that even strongly magnetic rare-earth
ions have very weak or no interaction with the supercon-
ducting electrons presumed to reside in the Cu-O net-
work.! The exceptions to this behavior are the com-
pounds with Ce, Pr, and Tb. While the Pr compound is
orthorhombic and isostructural to the superconducting
RBa,Cu;0;_, compounds, Ce and Tb compounds do not
even form in the same structure.? The nonformation of
the Ce and Tb compounds in the orthorhombic structure
type and the absence of superconductivity in
PrBa,Cu;0;_, have been attributed to the capability of
these rare-earth ions to show a stable valence state other
than 3+. The Pr compound is semiconducting down to
very low temperatures.> > Moreover, it exhibits magnet-
ic ordering of the Pr moments with Néel temperature
(Ty) of about 17 K (Refs. 4—6)—much higher than the
Ty of 2.24 K of the isostructural Gd compound.” The
electronic specific-heat coefficient, y, of PrBa,Cu;0,_, is
also extremely large.* %8

In order to understand the behavior of PrBa,Cu;0;_,
the system Y,_, Pr,Ba,Cu;O;_,, has been studied in
great detail by various techniques.>>%#71° In the latter
system, as the Pr concentration x increases, the T, de-
creases and eventually superconductivity disappears
around x=~0.55. Magnetic-susceptibility, Hall-effect,
and structural studies®!%!2 suggest that the Pr ions may
have a valence greater than 3+. Therefore, it has been
thought that the extra electron contributed by Pr (rela-
tive to other trivalent rare-earth ions) neutralizes a hole
in the Cu-O network, rendering the system nonsupercon-
ducting. On the other hand, x-ray-absorption-edge and
other spectroscopic measurements'>!* suggest a valence
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close to 3+ for the Pr ions and also provide evidence for
strong hybridization of the Pr 4f states with the electron-
ic states of the Cu-O network. The hybridization ac-
counts well for the high values of the electronic specific-
heat coefficient and may also be responsible for the rela-
tively high magnetic ordering temperature of the Pr mo-
ments in PrBa,Cu;O,_,. The suppression of T, in
Y,_,Pr,Ba,Cu;0,_, as a function of Pr concentration
can be understood on the basis of the Abrikosov-Gor’kov
theory of pair breaking which has been taken to imply
appreciable interaction of magnetic Pr ions with the su-
perconducting electrons residing presumably in the Cu-O
network.>%11:16

If the model whereby the extra electron from Pr** fills
the O 2p—-Cu 3d conduction band is applicable, then it
would appear that the superconductivity in the
R,_,Pr,Ba,Cu;0,_, compounds should be suppressed
to the same extent at about the same Pr concentration, ir-
respective of the rare-earth ion R since the number of
holes is nearly the same (because of nearly the same T,)
and band structures are not expected to be very different
for different RBa,Cu;0,_, compounds. Therefore, we
have undertaken a systematic investigation to determine
the critical Pr concentration required to suppress super-
conductivity in the R, _, Pr,Ba,Cu;0;_, system. In this
paper we present the results of such measurements on
compounds with three representative rare earths, namely,
a light rare earth (Sm), a heavy rare earth, (Tm), and the
rare earth in the middle of the 4f series (Gd). We find
that the critical Pr concentration required to suppress su-
perconductivity depends on the ionic size of the R ion.
Superconductivity is suppressed in the Sm-Pr system for
a much lower concentration of Pr (x =~0.32) while in the
Tm-Pr system, a larger Pr concentration can be accom-
modated (x =0.6) before superconductivity is completely
suppressed. The band-filling model alone is not able to
explain such a strong dependence of critical Pr concen-
tration in various R, _, Pr, Ba,Cu;0;_, systems.
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EXPERIMENTAL DETAILS

The samples of R, _,Pr,Ba,Cu;0;_, (R = Sm, Gd,
and Tm; 0=<x =<1) were prepared by a standardized
ceramic procedure to ensure nearly the same oxygen con-
tent in all the samples. Stoichiometric amounts of R,03,
PrsO,,, BaCO;, and CuO were thoroughly mixed and
heated at 900 °C for 24 h for the initial reaction. The re-
sulting mixture was powdered, compacted, and reheated
at tempertures ranging from 910 to 930°C for 24 h. This
process of powdering, compacting, and heating was re-
peated at least twice. The final sintering was carried out
under a continuous flow of dry oxygen and the samples
were cooled slowly (2°C/ min) to room temperature. In
the case of Tm containing samples, additional sintering at
910°C was necessary to obtain single-phase materials and
to avoid phase separation which was evident in the resis-
tivity measurements on samples sintered twice. Powder
x-ray-diffraction patterns were obtained on a Sieman’s x-
ray diffractometer using Cu K, radiation which revealed
that all the R, ,Pr,Ba,Cu;O,_, samples were single-
phase materials crystallizing in the orthorhombic struc-
ture. The lattice parameters change little from one end
to the other end. The homogeneity and the
stoichiometry of the samples were determined using ener-
gy dispersive x-ray analysis. The samples were found to
be homogeneous with metal compositions close to the
starting values. Therefore, we shall use the nominal
starting compositions as the correct composition for fur-
ther discussions. Oxygen content was determined by the
iodometric technique and was found to be stable in the
range of 6.95 = 0.02 in all the compounds. Four-probe
dc resistivity measurements were made using a
computer-controlled resistivity setup employing a
closed-cycle refrigerator. The temperatures were moni-
tored using a Lake-Shore temperature controller and a
diode sensor. The ac-susceptibility measurements were
carried out using the mutual inductance method.

RESULTS AND DISCUSSION

The results of dc resistivity (p) measurements are quite
similar in all the three series of compounds. Typical
p—T plots for Sm-Pr and Tm-Pr systems are shown in
Figs. 1 and 2. The RBa,Cu;0,_, compounds with R =
Sm, Gd, and Tm exhibit superconductivity with a zero-
resistance temperature (7,) of 90 K, 90 K, and 89 K, re-
spectively, in agreement with the results reported in the
literature.! Reasonably sharp transitions are observed in
all the superconducting compounds with transition width
AT, (defined as the temperature interval for 10% to 90%
of the resistive transition) in the range of 1.2 K (for un-
doped samples) to about 10 K in the superconducting
samples with the highest Pr concentration. The AT,
values are comparable to those observed in
Y,_.Pr,Ba,Cu;0,_, compounds by Peng ez al. 16 As R
is partially replaced by Pr, the room-temperature resis-
tivity increases, the zero-resistance temperature de-
creases, and with increasing Pr concentration the shape
of the resistivity-temperature curve also changes. The
Sm, _, Pr,Ba,Cu;0;_, samples with x = 0.1, 0.2, and 0.3
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FIG. 1. Resistivity behavior of Sm;_,Pr,Ba,Cu;0,_, com-
pounds as a function of temperature for various values of x.

are superconducting with reduced 7, while the sample
with x =0.4 is not superconducting and, in fact, shows
semiconducting behavior throughout the temperature
range investigated. In contrast, the Tm-Pr system can
accommodate a larger amount of Pr (x =~0.6) before su-
perconductivity is suppressed. In the Gd-Pr system, the
critical Pr concentration is intermediate between the
above two. The results of resistivity measurements are
corroborated by the ac susceptibility (x,.) measurements.
A typical plot of x,. versus temperature for the Gd-Pr
system is shown in Fig. 3. The temperature where the
resistance goes to zero corresponds closely to the onset of
the diamagnetic signal. For the sake of discussion, we
shall take T, as the temperature where the resistance
goes to zero.

Figure 4 shows the plot of reduced superconducting
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FIG. 2. Resistivity behavior of Tm,_,Pr,Ba,Cu;0;_, com-
pounds as a function of temperature for various values of x.
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FIG. 3. ac susceptibility of Gd,_,Pr,Ba,Cu;O,;_, com-

pounds as a function of temperature for various values of x.

transition temperature (7T,/T,,) versus x in
R,_,Pr,Ba,Cu;0,_, compounds, where T, corre-
sponds to the zero-resistance temperature of the respec-
tive undoped (x =0) RBa,Cu;0,_, samples. The data
for Y,_,Pr,Ba,Cu;0,_,, taken from the literature,® with
T, as the midpoint of the resistive transition, are also
plotted for comparison. It is to be noted that the depres-
sion of T, for the same Pr concentration is stronger in the
Sm system compared to that in the Gd and Tm systems.
As mentioned earlier, the band-filling model would sug-
gest nearly the same value of critical Pr concentration for
the suppression of superconductivity independent of the
rare-earth ion (R), which is not observed experimentally.
Instead, we feel that the results may be understood in
terms of the hybridization between the Pr 4f states and
the O 2p—-Cu 3d states. The ionic size of Pr is much
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FIG. 4. Reduced T, of R, _,Pr,Ba,Cu;0,_, compounds as a
function of x. Solid lines are fits based on Abrikosov-Gor’kov
theory.
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larger than that of Tm, but comparable to that of Sm.
Therefore, the Pr ion is able to adjust its size by hybridi-
zation of the 4f electrons with the conduction electrons
in the Cu-O network depending upon the lattice volume
available. Since the ionic size of Pr is closer to that of Sm
than to that of Tm, a situation similar to that in undoped
Pr compound is easily obtained in the Sm-Pr system for
relatively small Pr concentration and superconductivity
is suppressed quickly. Alternatively, viewed from the Pr
end, because of nearly the same ionic size of Pr and Sm,
even a large amount of Sm does not substantially alter the
hybridization present in the undoped Pr compound, so
that superconductivity does not appear in the
Sm,_,Pr,Ba,Cu;0;_, system until a large fraction
(~70%) of Pr is replaced by Sm. On the other hand, the
ionic sizes of Pr and Tm or Pr and Y are different and,
therefore, the hybridization changes and these systems
can accommodate more Pr than the Pr-Sm system. Thus
our measurements favor a picture involving hybridization
of the Pr 4f electrons with the O 2p —Cu 3d electrons as a
possible mechanism for the suppression of superconduc-
tivity. The actual situation may involve a combination of
both the hybridization and the band-filling effects.!! In
fact, it has been shown!! that the band filling alone ini-
tially raises the T, in the Y-Pr system. This may be the
reason for the deviation of the experimental T, points in
the Tm-Pr system from the Abrikosov-Gor’kov predic-
tion (vide infra).

As mentioned above, there are many experimental ob-
servations*~®'>1* in the literature on PrBa,Cu;0;_,
which also suggest strong hybridization of the Pr 4f
states with the O 2p—-Cu 3d electronic states. These in-
clude the high magnetic ordering temperature of the Pr
moments (T, =17 K), the large electronic specific-heat
coefficient, and spectroscopic evidence of 4f character
near the Fermi level. Besides, the bell-shaped upper-
critical-field curves obtained in the Y,_,Pr,Ba,Cu;0,_,
(Ref. 16) system indicate the presence of internal fields
presumably arising due to the magnetic interaction of the
Pr ions with the conduction electrons. These observa-
tions have prompted us to analyze the suppression of T,
in Ry_,Pr,Ba,Cu;0;_, (R=Sm, Gd, and Tm) on the
basis of the Abrikosov-Gor’kov (AG) pair-breaking
theory,?® according to which the T, is given by the fol-
lowing expression:

I(T, /To)=¢(1)—y[1+2nT,7,)7"] (1)
with

7 1=2mn, N(0O)%(g, —1)J(J+1), )

where n; is the concentration of pair-breaking magnetic
impurities (which we take to be nearly trivalent Pr ions in
this case), T, is the transition temperature in the absence
of such impurities, ¢ is the digamma function, N(0) is the
density of states at the Fermi level, g; is the Landé g fac-
tor of the pair-breaking magnetic ion, and J is its total
angular momentum and J is the interaction constant for

exchange interaction between the rare-earth spins S and
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conduction electron spins s given by the Hamiltonian
H=—2J4S-s. Details of the analysis are similar to those
given elsewhere.?! The solid lines in Fig. 4 show a least-
squares fit to the T, data. The fit is reasonably good ex-
cept for the low-concentration points in the Tm-Pr sys-
tem. The values of N(0)J% obtained from this analysis
(in units of 1073 eV states/atom spin) are 4.50 in the Sm-
Pr system, 3.48 in the Gd-Pr system, 2.14 in the Tm-Pr
system, and 2.23 in the Y-Pr system. Using a typical
value of N(0)=0.44 states/eV atom spin, estimated in
Ref. 11 from the specific-heat jump,?? this leads to |Jl
values of 101, 89, 70, and 71 meV in the above-mentioned
four systems in that order. The analysis shows an in-
crease in the value of J in going from the Tm-Pr system
to the Sm-Pr system reflecting the increase in the hybridi-
zation. The values of J; obtained here in the oxide sys-
tems are comparable to those in rare-earth ternary
borides,?® rare-earth-based Heusler alloys,?! etc. The hy-
bridization between the 4f electrons of the light rare
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earths such as Ce, Pr, etc., and the conduction electrons
is usually strong and can lead to large values of the ex-
change interaction constant J Sf.24 It should, however, be
remarked that the T, data can also be explained on the
basis of other models such as the spin-polaron model®®
employed by Wood.

In conclusion, studies on the R,_,Pr,Ba,Cu;0,_, ox-
ide systems with R =Sm, Gd, and Tm reveal that the
critical Pr concentration required to suppress supercon-
ductivity depends on the rare-earth ion R. A simple
band-filling model alone cannot account for this behav-
ior. Instead, the results can be understood on the basis of
hybridization between the Pr 4f states and the
O 2p -Cu 3d states. The results of T, suppression are an-
alyzed on the basis of AG theory, which yields the mag-
nitude of the exchange constant, J4. The exchange con-
stant is found to be larger in the Sm-Pr system compared
to that in the Tm-Pr system consistent with the expected
trend of hybridization.
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