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Electrical and magnetic properties of superconducting-insulating Pr-doped GdBa2Cu 3O 72y
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An extensive study of magnetic, electrical transport, and structural properties of the normal and supercon-
ducting states of Gd12xPrxBa2Cu3O72y ~GdPr-123! are presented. Ceramic compounds have been synthe-
sized by the solid-state reaction technique, and characterized by x-ray-diffraction, scanning-electron-
microscopy, thermogravimetric, and differential-thermal analyses. The superconducting transition temperature
is reduced with increasing Pr contentx in a nonlinear manner, in contrast to Abrikosov-Gor’kov pair-breaking
theory. Magnetic susceptibility measurements show that the nominal Pr valence is 3.861, independently ofx.
A metal-insulator transition is observed atxcr'0.45, similar to that in the oxygen-deficient
RBa2Cu3O72y (R-123! system. Based on this resemblance, we suggest that both Pr doping and oxygen
deficiency act through the same mechanism. Hence, the environment surrounding the CuO2 layers is important
to high-Tc superconductivity~HTSC!. In this sense, HTSC cannot completely be a two-dimentional feature. A
chain-plane-correlation effect is plausible.@S0163-1829~97!05634-8#
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Among the high-Tc superconductors studies so fa
R12xPrxBa2Cu3O72y (RPr-123! systems, in whichR is Y
or rare earth, seem to be the most puzzeling in view of
following two facts.

~1! In RBa2Cu3O72y (R-123! compounds withR being a
paramagnetic ion, magnetic ordering occurs in the low te
perature region@e.g., around 2K in Gd-123~Ref. 1!# and is
seemingly independent of the superconducting electrons
binary intermetallics, even small amounts of magnetic im
rity could cause a marked depression ofTc .2 In R-123 com-
pounds (R being a paramagnetic rare-earth ion, e.g., G!
superconductivity dominates the magnetic interactions. S
the presence of these ions preserves superconductivity, i
be concluded that the interaction between theR element and
conduction electrons is very weak, and hence, the conv
tional pair-breaking mechanism3 will not be effective in this
case.

~2! Pr is the only rare earth ion which can form the ma
netic insulator PrBa2Cu3O72y ~Pr-123! ~Refs. 4 and 5! hav-
ing an isomorphic crystal structure with YBa2Cu3O72y ~Y-
123!. The origin of this behavior in Pr-123 and RPr-123 is
fundamental interest, since any reasonable explanation o
mechanism responsible for high-temperature supercon
tivity ~HTSC! should also explain why Pr-123 is not a supe
conductor.

Several models have been proposed for describing
anomalous behavior ofRPr-123 compounds of which th
most important are~1! hole filling, considering the Pr va
lence to be close to 41 or a mixed valence for Pr ions6 and
~2! magnetic pair breaking, assuming Pr is in the trivale
state and acts as a strong magnetic pair breaker.7 This
mechanism, however, cannot explain why starting fr
x'xcr the system becomes insulating. Also, it was est
lished that the substitution of Pr by Ca both inRPr-123~Ref.
8! and in pure Pr-123~Ref. 9! induces the transition back t
high-Tc superconducting state, which seems incompat
with this model.~3! Another model is strong hybridization o
Pr 4f and Cu 3d–O 2p orbitals, the well-defined mode
combining the features of both above models.10 It is believed
560163-1829/97/56~13!/7894~4!/$10.00
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that the larger radial extent of the Pr ion leads to a signific
hybridization of the Pr 4f electrons with the CuO2 valence
band.

The metal-insulator transition~MIT ! is a common feature
of all doped high-Tc superconductors. InR-123, both oxy-
gen depletion11 and Pr doping could cause a MIT.4 In
the insulating state at low carrier concentrations12 and in
the normal states of YBa2Cu2xLi xO6.51y2x/2 and
Bi 2Sr2CaCu22xLi xO81y2x/2 ,13 a variable-range hopping
~VRH! conduction mechanism has been reported. A differ
temperature dependence of hopping conductivity, i
Lns;T21/2, would have arisen by Coulomb interaction b
tween the localized electrons.14 Thermoelectric power mea
surements have indicated the possibility that correlated e
trons play a role in the supercondutivity mechanism.15 On
the basis of the quantum percolation theory, we interpret
normal-state electrical properties of insulating and meta
samples by VRH and Coulomb gap~CG! mechanisms, re-
spectively.

Fourteen polycrystalline GdPr-123 samples with differe
x’s were prepared by the standard solid-state reac
technique.16 The samples were characterized by scanni
electron-microscopy ~SEM!, x-ray-diffraction ~XRD!,
thermogravimetric-analysis~TGA!, and differential-thermal
~DT! techniques. The magnetization and Meissner eff
measurements were made on a VSM PAR 155. The stan
dc four-probe technique was used to measure resistivity
the samples in the temperature range 10–300 K usin
closed-cycle refrigerator.

XRD analysis of the powder before and after sintering
all samples indicates that for the small amounts ofx, 123
phase structure withPmmmorthorhombic symmetry domi-
nates. With increasingx, before sintering, transient secon
ary phases BaCuO2 and PrBaO3 with the main peaks a
2u'29.3° and 28.9°, respectively~Fig. 1!, are dominant, but
after sintering the proportion of these phases reduces to
than 1%. The lattice constant ratiosa/b andc/b, and the cell
volumeV, obtained by Reitveld analysis, are listed in Tab
I. It is evident that replacement of Gd by Pr yields an isot
pic expansion of the orthorhombic lattice. Increasing the c
7894 © 1997 The American Physical Society
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56 7895BRIEF REPORTS
volume byx, prevents the complete substitution of Gd31 by
Pr41, since the ionic radii are 0.938 Å for Gd31, and 1.013
and 0.9 Å for Pr31 and Pr41, respectively. SEM analysi
reveals no significant effect on the microstructure by sub
tuting of Gd by Pr. From TGA and DT analyses it appea
that the oxygen content, listed in Table I, is essentially in
pendent of Pr concentration and thaty is in the range 0.03–
0.18 for allx’s in this system.

Superconducting-state magnetizationM (m0H) for Gd-
123 is shown atT582 K in Fig. 2. For reference, the perfe
diamagnetism due to the Meissner effect is shown b
straight line. The lower critical fields are determined fro
the M (m0H) curve as the magnetic fields at which the ma
netic flux begins to penetrate the superconducting interg
(Hc1

low'4.5 mT! and intragrain (Hc1
high'15 mT! regions. In a

FIG. 1. XRD patterns.
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weak magnetic field the diamagnetism of the supercurren
dominant. With increasing magnetic field the magnetizat
of Gd ions increases gradually and the total magnetiza
will also increase positively. Consequently, it results in t
coexistence of superconductivity with the magnetism
Gd31. Using Bean’s model,17 one can make a rough est
mate of the critical current,Jc

mag'43102 A/cm2 at 82 K,
which is higher than theJc

res, obtained from resistivity mea
surements. This is reasonable, sinceJc

mag andJc
res are related

to the intragrain and intergrain superconducting behavio
respectively.

The x(T) data well obey the Curie-Weiss law
x5x01C/(T2u). On the basis of this equation, the fittin
parameters are obtained and listed in Table I. For Gd-
sample, we findmeff57.38mB which is in good agreemen
with the Hund’s-rule ground-state result 7.98mB for the
Gd31 free ion. Figure 3 shows the typicalx21(T) for dif-
ferent samples. Assuming the weak interaction of Gd and
moments, we can write the observedx for a GdPr-123
sample with definitex as

FIG. 2. Magnetic hystersis loop.
TABLE I. The lattice parameters, oxygen content,x0 andC for different x.

x a/b c/b V ~Å 3) 7-y
x0

~emu/mole!
C

~K emu/mole!

0 0.9877 2.9923 175.587 6.92 2.431025 6.81
0.05 0.9882 2.9951 175.844 6.86 4.831025 6.52
0.1 0.9852 2.9872 175.373 6.97 9.131025 6.24
0.15 0.9864 2.9892 175.586 6.94 9.531024 5.9
0.25 0.9859 2.9895 176.325 6.83 25.131025 5.3
0.3 0.9869 2.9892 175.541 6.97 22.531025 5.04
0.35 0.9859 2.9877 175.812 6.93 3.231025 4.75
0.45 0.9854 2.9849 176.098 6.92 3.231025 4.15
0.6 0.9862 2.9885 176.174 6.87 1.731024 3.36
0.7 0.987 2.9893 176.629 6.82 2.631025 2.71
1 0.987 2.9847 176.902 6.85 22.231025 1.08
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x~T!5
~12x!C~Gd31!1xC~PrV!

T2u
.

Thus, for each sample, using the obtained Curie constan
Pr ion, we calculatedmeff per Pr ion. It is evident thatmeff /Pr
ion for different samples are distributed around the me
value of 2.69mB which is close to 2.54mB for the free Pr41

ion. Using the theoretical resultsmeff(Pr31)53.58mB and
meff(Pr41)52.54mB and the weight relation
2.69mB5(42V)m(Pr31)1(V23)m(Pr41), the formal va-
lence of Pr is obtained to be 3.861, which agrees with pre-
vious reports.6,18

Is it possible to reconcile the apparent high fraction
Pr41 found by magnetic measurements with the relativ
low fraction found by spectroscopy? The extensive hybr
ization of 4f with 5d electrons observed by high-energ
spectrocopy19 indicates that the concepts of valence and
lence determination from magnetic susceptibility through
simple effective moment calculation and from spectrosco
measurements are not comparable. So the discrepancy o
results on the Pr valence is due to the differing nature of
involved experiments. Inelastic neutron scattering~INS! on a
series of YPr-123 polycrystalline samples20 was found to
consist of broad, low-intensity peaks that are difficult to
terpret. Unfortunately, the features in INS spectrum of
123 are rather broad, presumably owing to the admixture
the localized 4f and the conduction electrons, making it d
ficult to determine the Pr-crystalline electric-field~CEF!
energy-level scheme directly.21 INS measurements of Pr-12
with respect to CEF splitting were reported by oth
groups.22 Although the spectra differ from group to grou
they all agree in the conclusion that the widths of the exci
lines are broader in the Pr system compared to other r
earth systems, a result which requires an explanation.
must note that more recent experimental23 and theoretical24

investigations have pointed out, through quantitative ana
ses, the significance of the decrease in the mobile hole

FIG. 3. Inverse magnetic susceptibility versus temperature
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centration in the CuO2 planes due to the Pr doping and ha
suggested the possibility that the Pr valence is intermedia
between 31 and 41.

The electrical resistivity measurements show that the n
mal states ofx,0.45 samples are metallic and atT,Tc ,
become superconductors.Tc decreases with increasingx and
ultimately the samples withx>0.45 show a semicoducting
behavior and are no longer superconductors.4 The metal-
insulator transition occurring in this system is similar to th
in the oxygen-deficientR-123 system.11,25 The resemblance
of r(T) for both systems allows one to conclude that
doping reduces carrier concentration, either by hole filling
by hole localization, in a qualitatively similar way with oxy
gen depletion. The results of electrical resistivity measu
ments of the GdPr-123 samples also reveal the consider
larger influence of the Pr substitution onTc andr(T) depen-
dence than in the corresponding Y-based system.7,10

The resistivity of each sample possesses aTmin at which
r(T) has a minimum. WhenTmin is quite high,r(T) only
shows a semiconducting behavior in the temperature ra
of measurements~10–300 K!, and whenTmin is very low,
r(T) only shows a metallic behavior. Fitting the experime
tal data for different samples with the hopping conducti
relation,14 r5r0(T/T0)2pexp(T0 /T)p, in which p5 1

4 and
p5 1

2 in VRH and CG regimes, respectively, we find th
with decreasingx, there is a crossover from the VRH to C
regime. Ther(T) of x,0.35 samples could be fitted bette
with this equation in the CG regime. The monotonous beh
ior of T0 and the gradual change ofr from metallic to semi-
conducting as a function ofx suggest thatEF is in the local-
ized states region, in the semiconducting samples. Hence
insulator-to-metal transition observed by increasing Gd c
tent is a consequence of correlations and charge tran
through the long localization lengths rather than of cross
the mobility edge. Another feature of these observations
that in Gd-rich samples, where the CG regime dominates,
density of states~DOS! at EF is zero. However, in the Pr-rich
samples where the VRH regime dominates, the DOS atEF is
nonzero but is in the localized state region.26 The important
question is why Pr substitution forR in R-123 would create
such disorder, which, as a result, forcesEF to move into the
region of localized states, whereas other rare-earth ions
not lowerTc . Presumably, since Pr has a tolerance of be
in different oxidation states, such a disorder is due to the
valence fluctuations in theRPr-123 or even in Pr-123 mate
rials.

DecreasingTc with increasingx shows that the Pr con
tent, carrier concentration, andTc are closely related to eac
other. To investigate the existence of such a strong corr
tion betweenTc and the formal valence of Cu-O, we use th
susceptibility results of the samples which show that Pr31

and Pr41 coexist in the series of GdPr-123, and the follow
ing equation, to estimate the value of holes per cell for Cu
band. Supposing the mean valence of Pr to be 3.861, and
that the valence of the Cu ion is partially 21 and 31, we
have according to the charge balance equation

~12x!Gd3110.86xPr4110.14xPr3112Ba21

1~72y!O221~32d!Cu211dCu3150,

where d is the value of holes per cell for GdPr-123. Th
values ofd obtained by this equation as well asTc /Tc0 for
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variousx’s are shown in Fig. 4. Hered(x) follows theTc(x)
curve within the limits of accuracy of determining the ox
gen content of the samples. This figure also reveals that
Tc(x) curve strongly deviates from the prediction o
Abrikosov-Gor’kov ~AG! theory. This is not surprising or
unreasonable, since AG theory is based on the magnetic
breaking of the phonon-mediated Cooper pairs. The form

FIG. 4. (3) Tc /Tc0(x) of the GdPr-123 system~left-hand y
axes!, (s) Tc /Tc0(y) of the Y-123 system from Ref. 11~left-hand
y axes!, and (,) d(x) of the GdPr-123 system~right-handy axes!.
The solid line is a guide to the eye.
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tion of Cooper pairs as such in HTSC is highly questiona
and has not yet been resolved experimentally or theo
cally.

Consistent with the reports on the other Pr-dopedR-123
systems,4,6,27 the Tc(x) curve consists of a flat region forTc
at x'0 –0.05. There is another flat region forTc at
x'0.15–0.25, which is consistent with previous reports
this system.4,28 The data points from Ref. 11 for an oxyge
depleted system of Y-123 are also plotted in Fig. 4 a
function of y for comparison. The close agreement betw
our results and those of the deoxygenated system indic
clearly a strong correlation between Pr substitution
deoxygenation in theR-123 system.

As a final noteworthy fact, it should be noted that par
substitution of Pr forR in R-123 suppresses superconduct
ity and leads to the establishment of antiferromagnetic~AF!
order29 in the same layer which was responsible for sup
conductivity. Regardless of whether the large overlap of
Pr 4f electrons with those of neighboring CuO2, which, on
the one hand, enhances the Pr-Pr exchange and, on the
hand, is effective in destroying superconductivity in t
CuO2 planes, leads to AF ordering in these planes, or
other mechanism is responsible for this behavior, it can
concluded that the environment surrounding the CuO2 layers
is very important to superconductivity in these copper
ides. This environment provides the proper source or sin
the charge carriers. Therefore, in this sense, HTSC cann
a completely two-dimensional feature. As a matter of fa
there are many items of evidence, such as the resemblan
Tc(y) and Tc(x), which lead to the concept of the chai
plane-correlation~CPC! effect as an explanation for HTS
in GdPr-123 system.
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