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Electrical and magnetic properties of superconducting-insulating Pr-doped GdBaCu ;0;_,
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An extensive study of magnetic, electrical transport, and structural properties of the normal and supercon-
ducting states of Gg ,Pr,Ba,Cu;O;_, (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 conteqin a nonlinear manner, in contrast to Abrikosov-Gor’kov pair-breaking
theory. Magnetic susceptibility measurements show that the nominal Pr valence-s $186pendently ok.

A metal-insulator transition is observed at,~0.45, similar to that in the oxygen-deficient
RBa,Cu;0;_, (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 thiayr®is important

to high-T, superconductivitfHTSC). In this sense, HTSC cannot completely be a two-dimentional feature. A
chain-plane-correlation effect is plausib]&0163-182807)05634-§

Among the high¥, superconductors studies so far, that the larger radial extent of the Prion leads to a significant
Ri_xPr,Ba,Cuz07_, (RPr-123 systems, in whiciR is Y hybridization of the Pr 4 electrons with the Cu@valence
or rare earth, seem to be the most puzzeling in view of théand.
following two facts. The metal-insulator transitiofMIT) is a common feature
(1) In RBa,Cu307_, (R-123) compounds witlR being a of all dope(_j high¥ superconductors. IRR-123, both oxy-
paramagnetic ion, magnetic ordering occurs in the low tem@en depletioft and Pr doping could cause a MfTIn
perature regiofie.g., around 2K in Gd-128Ref. 1] and is the insulating state at low carrier concentratfdnand in
seemingly independent of the superconducting electrons. [}€¢ _normal - states  of YB&uU ,Li,Ogsy x> and

. . 13 . .
binary intermetallics, even small amounts of magnetic impuBi 252CaCl_xLi,Og.y— 2, a variable-range hopping

rity could cause a marked depressiorTgf? In R-123 com- (VRH) conduction mechanism has been reported. A different
pounds R being a paramagnetic rare-earth ion, e.g., Gqtemperature dependence of hopping conductivity, i.e.,

o - - . ~ - Lno~T Y2 would have arisen by Coulomb interaction be-
superconductivity dominates the magnetic interactions. Sinc veen the localized electro$ Thermoelectric power mea-

the presence of these IoNS preserves superconductivity, it Cllrements have indicated the possibility that correlated elec-
be concluded that the interaction between khelement and trons play a role in the supercondutivity mechani€non

conduction electrons is VefYé’;f_ak’ and hence, the convenpe pasis of the quantum percolation theory, we interpret the
tional pair-breaking mechanismwill not be effective in this  ormal-state electrical properties of insulating and metallic

case. _ _ samples by VRH and Coulomb gd@G) mechanisms, re-
(2) Pris the only rare earth ion which can form the mag-spectively.
netic insulator PrBaCuz0;_ (Pr-123 (Refs. 4 and bhav- Fourteen polycrystalline GdPr-123 samples with different

ing an isomorphic crystal structure with YB@u3;O,_, (Y-  x’'s were prepared by the standard solid-state reaction
123). The origin of this behavior in Pr-123 and RPr-123 is of techniquet® The samples were characterized by scanning-
fundamental interest, since any reasonable explanation of theectron-microscopy (SEM), x-ray-diffraction (XRD),
mechanism responsible for high-temperature superconduthermogravimetric-analysi§sTGA), and differential-thermal
tivity (HTSCO) should also explain why Pr-123 is not a super-(DT) techniques. The magnetization and Meissner effect
conductor. measurements were made on a VSM PAR 155. The standard
Several models have been proposed for describing thdc four-probe technique was used to measure resistivity of
anomalous behavior dRPr-123 compounds of which the the samples in the temperature range 10-300 K using a
most important areg1) hole filling, considering the Pr va- closed-cycle refrigerator.
lence to be close to#4 or a mixed valence for Pr iofsnd XRD analysis of the powder before and after sintering of
(2) magnetic pair breaking, assuming Pr is in the trivalentall samples indicates that for the small amountsxpflL23
state and acts as a strong magnetic pair breakenis phase structure witP mmmorthorhombic symmetry domi-
mechanism, however, cannot explain why starting fromnates. With increasing, before sintering, transient second-
X~X. the system becomes insulating. Also, it was estabary phases BaCu®and PrBaQ with the main peaks at
lished that the substitution of Pr by Ca bothRRr-123(Ref.  26~29.3° and 28.9°, respective{Fig. 1), are dominant, but
8) and in pure Pr-123Ref. 9 induces the transition back to after sintering the proportion of these phases reduces to less
high-T. superconducting state, which seems incompatibléhan 1%. The lattice constant ratiath andc/b, and the cell
with this model.(3) Another model is strong hybridization of volumeV, obtained by Reitveld analysis, are listed in Table
Pr 4f and Cu 3-O 2p orbitals, the well-defined model 1. It is evident that replacement of Gd by Pr yields an isotro-
combining the features of both above mod@lk.is believed  pic expansion of the orthorhombic lattice. Increasing the cell
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' ' ! PO ‘ ! weak magnetic field the diamagnetism of the supercurrent is
20 30 40 50 60 dominant. With increasing magnetic field the magnetization
26 of Gd ions increases gradually and the total magnetization
FIG. 1. XRD patterns. will also increase positively. Consequently, it results in the

coexistence of superconductivity with the magnetism of

volume byx, prevents the complete substitution of &dby ~ Gd**. Using Bean’s model] one can make a rough esti-
Pr4*, since the ionic radii are 0.938 A for &d, and 1.013 mate of the critical current){"%~4x10* Alcm? at 82 K,
and 0.9 A for PP and PF", respectively. SEM analysis Which is higher than thd:®, obtained from resistivity mea-
reveals no significant effect on the microstructure by substisurements. This is reasonable, sidf8%andJ:° are related
tuting of Gd by Pr. From TGA and DT analyses it appearsto the intragrain and intergrain superconducting behaviors,
that the oxygen content, listed in Table I, is essentially indetespectively.
pendent of Pr concentration and thyais in the range 0.03— The x(T) data well obey the Curie-Weiss law
0.18 for allx’s in this system. x=xo+tC/(T—6). On the basis of this equation, the fitting
Superconducting-state magnetizatidh(noH) for Gd-  parameters are obtained and listed in Table |. For Gd-123
123 is shown al =82 K in Fig. 2. For reference, the perfect sample, we findu.s=7.38wg Which is in good agreement
diamagnetism due to the Meissner effect is shown by avith the Hund’s-rule ground-state result 788 for the
straight line. The lower critical fields are determined from Gd®* free ion. Figure 3 shows the typicgl *(T) for dif-
the M (uoH) curve as the magnetic fields at which the mag-ferent samples. Assuming the weak interaction of Gd and Pr
netic flux begins to penetrate the superconducting intergraimoments, we can write the observed for a GdPr-123
(H9"~4.5 mT) and intragrain H!2"~15 mT) regions. Ina  sample with definitex as

TABLE I. The lattice parameters, oxygen contegg, and C for differentx.

Xo C

X a/b c/b V (A3 7y (emu/molé (K emu/molg
0 0.9877 2.9923 175.587 6.92 X405 6.81
0.05 0.9882 2.9951 175.844 6.86 A.80°° 6.52
0.1 0.9852 2.9872 175.373 6.97 81075 6.24
0.15 0.9864 2.9892 175.586 6.94 9.50™* 5.9
0.25 0.9859 2.9895 176.325 6.83 -5.1x10°° 5.3
0.3 0.9869 2.9892 175.541 6.97 —2.5x10°° 5.04
0.35 0.9859 2.9877 175.812 6.93 8.207° 4.75
0.45 0.9854 2.9849 176.098 6.92 R20°° 4.15
0.6 0.9862 2.9885 176.174 6.87 X104 3.36
0.7 0.987 2.9893 176.629 6.82 X80 ° 2.71

1 0.987 2.9847 176.902 6.85 —2.2x107° 1.08




7896 BRIEF REPORTS 56
220 centration in the Cu@ planes due to the Pr doping and have
suggested the possibility that the Pr valence is intermediated
| (+) x=0.45 a between 3 and 4+.
(1) x=06 P The electrical resistivity measurements show that the nor-
180- E;)) ::8'; AA‘ mal states ofx<<0.45 samples are met_alli(_: and 'ErKTC,
) x= 0:95 A‘A be_come superconductofﬁ? decreases with mcrea_rsnxgan(_j
e T (@) x=1.0 R 7 ultlmarely the samples witk=0.45 show a semicoducting
g WA X behavior and are no longer superconducfoithe metal-
L 1407 a insulator transition occurring in this system is similar to that
9 A in the oxygen-deficienR-123 systent?® The resemblance
g | AA‘ >23< pﬁﬁ of p(T) for both systems allows one to conclude that Pr
1000 A X ] doping reduces carrier concentration, either by hole filling or
< Y, by hole localization, in a qualitatively similar way with oxy-
- N = - gen depletion. The results of electrical resistivity measure-
g ments of the GdPr-123 samples also reveal the considerably
60- P qan! larger influence of the Pr substitution &g andp(T) depen-
= ! ' dence than in the corresponding Y-based systé.
7 gan! 'J.:._HM The resistivity of each sample possessél, g at which
et p(T) has a minimum. WhefT ., is quite high,p(T) only

20 T T T T T T T T T A 1 1 1 H
100 130 160 190 220 shows a semiconducting behavior in the temperature range
T (K) of measurement§10—-300 K), and whenT,, is very low,
' _ . p(T) only shows a metallic behavior. Fitting the experimen-
FIG. 3. Inverse magnetic susceptibility versus temperature. tal data for different samples with the hopping conduction
relation!* p=po(T/Ty)2Pexp(T,/T)P, in which p=% and
= (1-x)C(Gd*) +xC(Pr) p=3 in VRH and CG regimes, respectively, we find that
x(T)= T—0 ' with decreasing, there is a crossover from the VRH to CG
regime. Thep(T) of x<<0.35 samples could be fitted better

Thus, for each sample, using the obtained Curie constant p&fith this equation in the CG regime. The monotonous behav-
Prion, we calculategi.q per Pr ion. It is evident thakeq/Pr ~ 1©F of Ty and the gradual change pffrom metallic to semi-

ion for different samples are distributed around the mearfonducting as a function of suggest thak is in the local-
value of 2.6@g which is close to 2.545 for the free Pf* ized states region, in the semiconducting samples. Hence, the

ion. Using the theoretical resultg.(PrP*)=3.5845 and insuletor—to-metal transition observed by increasing Gd con-
er(PPT) =2.54ug and the weight relation tent is a consequence o_f correlations and charge tran_sfer
2.69u5=(4—V)u(PP")+(V—3)u(PP"), the formal va- through rhe long localization lengths rather than of crossing
lence of Pr is obtained to be 3.86 which agrees with pre- the mobrllty edge. Another feature of theee obser_vatrons is
vious report$:18 that in Gd-rich samples, Where the CG regime domlnates, the
Is it possible to reconcile the apparent high fraction ofdensity of state¢DOS) at Er. is zero. However, in the Pr-rich
Pri* found by magnetic measurements with the relativelyS@mples where the VRH regime dominates, the DOS:&s
low fraction found by spectroscopy? The extensive hybrid-10nZero butis in the localized state regfSithe important
ization of 4f with 5d electrons observed by high-energy AUestion is why Pr substitution @ in R-123 would create
spectrocop¥’ indicates that the concepts of valence and vaSuch disorder, which, as a result, fordgsto move into the
lence determination from magnetic susceptibility through d€9ion of localized states, whereas other rare-earth ions do
simple effective moment calculation and from spectroscopié'©t lowerT.. Presumably, since Pr has a tolerance of being
measurements are not comparable. So the discrepancy of tipdifferent OX|detlon states, such a dlsorder is due to the Pr
results on the Pr valence is due to the differing nature of th&/alence fluctuations in thBPr-123 or even in Pr-123 mate-
involved experiments. Inelastic neutron scattefiizdS) ona  "als. _ o .
series of YPr-123 polycrystalline sampisvas found to DecreasingT . with increasingx shows that the Pr con-
consist of broad, low-intensity peaks that are difficult to in-t€nt, carrier concentration, ard are closely related to each
terpret. Unfortunately, the features in INS spectrum of pr_c_)ther. To investigate the existence of such a strong correla-
123 are rather broad, presumably owing to the admixture ofion betweenr; and the formal valence of Cu-O, we use the
the localized 4 and the conduction electrons, making it dif- Susceptibility results of the samples which show that Pr
ficult to determine the Pr-crystalline electric-fielCEF)  and Pf* coexist in the series of GdPr-123, and the follow-
energy-level scheme directfyINS measurements of Pr-123 ing equation, to estimate the value of holes per cell for Cu-O
with respect to CEF splitting were reported by otherband. Supposing the mean valence of Pr to be 8,8&nd
groups? Although the spectra differ from group to group, that the valence of the Cu ion is partiallyt2and 3+, we
they all agree in the conclusion that the widths of the excited’@ve according to the charge balance equation
Iinesr;] are broader in thle Prr] s%stem compared tlo other rare-  (1—x)Gd* +0.86xPr** +0.14xPrP* +2B&*
earth systems, a result which requires an explanation. We _
must note that more recent experimefitaind theoreticaf T(7-y)0* +(3-9)CLP " +5Cu*" =0,
investigations have pointed out, through quantitative analywhere § is the value of holes per cell for GdPr-123. The
ses, the significance of the decrease in the mobile hole cowalues of§ obtained by this equation as well &s/T, for
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tion of Cooper pairs as such in HTSC is highly questionable
and has not yet been resolved experimentally or theoreti-
cally.

Consistent with the reports on the other Pr-doped23
systemg:52the T (x) curve consists of a flat region fdr,
at x~0-0.05. There is another flat region fdr. at
L 0.751 x~0.15-0.25, which is consistent with previous reports on
v this systent:?® The data points from Ref. 11 for an oxygen-
depleted system of Y-123 are also plotted in Fig. 4 as a
function ofy for comparison. The close agreement between
our results and those of the deoxygenated system indicates
clearly a strong correlation between Pr substitution and
deoxygenation in th&®-123 system.

As a final noteworthy fact, it should be noted that partial
substitution of Pr folR in R-123 suppresses superconductiv-
ity and leads to the establishment of antiferromagn@ti€)
ordef® in the same layer which was responsible for super-
conductivity. Regardless of whether the large overlap of the
Pr 4f electrons with those of neighboring CyQwhich, on
the one hand, enhances the Pr-Pr exchange and, on the other
hand, is effective in destroying superconductivity in the
CuO, planes, leads to AF ordering in these planes, or an-
other mechanism is responsible for this behavior, it can be
concluded that the environment surrounding the Gleyers
is very important to superconductivity in these copper ox-
ides. This environment provides the proper source or sink of
the charge carriers. Therefore, in this sense, HTSC cannot be
a completely two-dimensional feature. As a matter of fact,
there are many items of evidence, such as the resemblance of
T.(y) and T.(x), which lead to the concept of the chain-

variousx’s are shown in Fig. 4. Heré(x) follows theT.(x) : .
curve within the limits of accuracy of determining the oxy- plane-correlaﬂor(CPQ effect as an explanation for HTSC
in GdPr-123 system.

gen content of the samples. This figure also reveals that the
To(x) curve strongly deviates from the prediction of  The helpful assistance of B. Shamsi throughout this work
Abrikosov-Gor'kov (AG) theory. This is not surprising or is most gratefully acknowledged. This work was partially
unreasonable, since AG theory is based on the magnetic paiupported by a grant from the Office of Vice President of
breaking of the phonon-mediated Cooper pairs. The formaResearch at Sharif University of Technology.
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