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Polycrystalline samples of the Pr doped Yb1−xPrxBa2Cu3O7−δ (i.e. Yb(Pr)-123) sys-
tem for 0 ≤ x ≤ 1 have been investigated for resistivity ρ and magnetization M as a
function of temperature in normal and superconducting states. The gradual decrease
in superconducting critical temperature Tc(x) is found to be correlated with the x-
dependent ratio of resistivity slope (dρ/dT )cc (corresponding to the linear ρ(T ) region)
and residual resistivity ρ0. In particular, the observed difference of critical Pr concentra-
tion where superconductivity is destroyed (xc) in Yb(Pr)-123 (xc ≈ 0.65) and Y(Pr)-123
(xc ≈ 0.55) matches with the difference in the value of Pr concentration where the ratio
(dρ/dT )cc/ρ0 tends to go to zero in them. The M(T ) data of the Yb(Pr)-123 samples
show magnetic ordering for x > xc at characteristic temperatures, Tn, that increase

with x. Interestingly, the Yb(Pr)-123 sample with Pr content (x = 0.6) near xc reveals
several anomalous features like transition from metallic to semiconducting-like ρ(T ), an
excessive broadening of the diamagnetic transition and weakening of the M(T ) signal
related to antiferromagnetic ordering of Pr ions. These observations can be consistently
interpreted by assuming the presence of dynamically fluctuating striped phase in these
systems.

PACS Number(s): 74.62.Dh, 74.72.Bk

1. Introduction

The evolution of superconductivity and magnetism in R1−xPrxBa2Cu3O7−δ
(i.e. R(Pr)-123, where R = Y /Rare Earth), and its dependence on R’s ionic radii,

has been one of the most challenging and interesting issues of high temperature

superconducting cuprates (HTSC).1–8 Both superconducting critical temperature

(Tc) and Neel temperature (Tn, antiferromagnetic ordering of Pr ions) tend to

go to zero at a critical Pr concentration (xc), and take their maximum values

x = 0 and 1, respectively. A decrease in R’s ionic radii (as one moves right in the

Lanthanide series) leads to an increase in xc. Hybridization of Pr-4f with O-2p9 of
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CuO2 planes has been one of the most sought after explanations for simultaneous

destruction of superconductivity and a high Tn(∼ 17 K for x = 1). However, the

observedR’s ionic size dependence of xc is counter-intuitive to a pure hybridization-

based scenario. One attempt to understand this came from the theoretical model of

Liechtenstein and Mazin.10 They suggested that with Pr substitution an additional

band crossing the Fermi energy (EF) grabs holes from the CuO2 planes and its po-

sition depends on R’s ionic size. However, later, Mazin11 attributed the observation

of superconductivity in single crystals of pure Pr-12312 to the same band, which

does not include the Cu-3d of the CuO2 planes and still awaits an experimental

confirmation.

It may well be possible that the Pr-4f and O-2p hybridization might complement

rather than decide the simultaneous destruction of superconductivity and appear-

ance of magnetic order in the R(Pr)-123 system. An alternative understanding,

assuming that superconductivity originates in CuO2 planes even in pure Pr-123

like other HTSC, may come from the proposed model of suppression of supercon-

ductivity by pinning of the dynamically fluctuating striped phase.13–17 There has

been experimental evidence (see Ref. 17 and references therein) of the striped phase

in general in HTSC including the R-123 system. In substituted R-123 systems, we

recently18 observed a correlation between Tc and various normal state transport

parameters, like residual resistivity (ρ0) and temperature derivative of resistivity

(dρ/dT )cc in the high temperature linear region, that also supported the presence

of the dynamic striped phase in R-123. In the present work, we look for a similar

correlation in Yb(Pr)-123 and try to understand the possible source of simultaneous

destruction of superconductivity and origin of magnetic ordering at xc in it.

2. Experimental Details

Polycrystalline samples of the series Yb1−xPrxBa2Cu3O7−δ, with x ranging from

0 to 1, were synthesized through a solid state reaction method. The ingredients

Yb2O3, Pr6O11, BaCO3 and CuO of 4 N purity were thoroughly mixed in required

proportions and calcined at 860◦–910◦C in air for a period of 24 hours. This exercise

was repeated three times with intermediate grinding at each stage. The resulting

powders were ground, mixed and pelletized. The pellets were annealed in flowing

oxygen at 950◦C for a period of 24 hours, followed by furnace cooling to room

temperature with an intervening annealing for 48 hours at 600◦C. The latter step

ensures the total oxygen content 7− δ ≈ 7 in all the samples.19 The samples were

then characterized for their phase purity and lattice parameters by X-ray diffrac-

tion. The resistance measurements were obtained using the standard four-probe

technique. The DC magnetization as a function of temperature (1.5 to 100 K) was

measured using a commercial squid-magnetometer in the field range of 0–50 kOe.

Special care was taken to avoid residual fields while taking squid measurements. A

flux gate was always used before a set of measurements, and between consecutive

runs the sample was always heated up to 150 K to erase its previous magnetic
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Fig. 1. X-ray diffraction patterns for various x values in Yb1−xPrxBa2Cu3O7−δ .

history, and then cooled down to the starting temperature in the absence of mag-

netic fields.

3. Experimental Results

Owing to the small ionic size of Yb as compared to most other rare-earths, the

X-ray pattern of pure Yb-123 generally shows a few low intensity impurity peaks.

Interestingly however, our present studies revealed that substitution of Yb by the

larger Pr ion resulted in a phase pure material. As depicted in Fig. 1, the X-ray

patterns of Yb(Pr)-123 with varying x show the single phase nature of the samples.

Table 1 shows the variation of lattice parameters a, b and c, and orthorhombic

distortion for all values of x. The increase of c-axis parameter with Pr indicates the

substitution of larger Pr3+ ions (1.14 Å) in the place of smaller Yb3+ ions (0.98 Å).

For all values of x the samples show an orthorhombic structure. However, with an

increase in x (see Table 1) the orthorhombic distortion decreases monotonically.

The evolution of the crystallographic splittings (see Fig. 1), for instance [020], [200]

and [123], [213] supports the change in the orthorhombic distortion. It is also worth

pointing out that, for a change in x from 0 to 1, the c-axis increases by 0.08 Å in

the case of Yb(Pr)-123 as compared to 0.04 Å for Y(Pr)-123.19 This may indicate

that, due to a smaller size of the Yb3+ ion (0.98 Å) in comparison to the Y3+ ion

(1.02 Å), the enveloping CuO2 planes in the former case are relatively compressed

for x < 1.

Figure 2 shows the normalized resistivity (ρ/ρ300) as a function of temperature

for all the samples of Yb(Pr)-123. As is evident from the figure, the ρ(T ) behavior
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Table 1. Lattice parameters (in Å) a, b and c, and
orthorhombic distortion (OD = [(b − a)/b] × 100) for
the Yb1−xPrxBa2Cu3O7−δ system.

x a b c OD

0 3.80326 3.87311 11.6433 1.8035
0.1 3.80472 3.87534 11.6425 1.8223
0.2 3.80950 3.87649 11.6477 1.7281
0.3 3.81653 3.88025 11.6578 1.6422
0.4 3.82074 3.88449 11.6677 1.6411
0.5 3.83080 3.88215 11.6797 1.3227
0.6 3.83464 3.88714 11.6824 1.3506
0.7 3.84709 3.89292 11.6994 1.1773
0.8 3.85670 3.89522 11.7028 0.9889
0.9 3.86585 3.89501 11.7312 0.7487
1.0 3.87991 3.90213 11.7279 0.5694

Fig. 2. Reduced resistivity (ρ/ρ300) as a function of temperature for various x values (from 0.1
to 1 in steps of 0.1) in Yb1−xPrxBa2Cu3O7−δ .

anomalously changes from metallic to semiconductor-like for values of x ≥ 0.6. All

samples with x ≤ 0.6 show a transition to superconducting state. Figure 3 shows the

variation of reduced critical temperature Tc(x)/Tc(0) with Pr concentration. Similar

data, taken from the literature, for the Y(Pr)-123 system of both polycrystalline

material5,19 and single crystals20 are also plotted in the same figure. Slightly lower

values of Tc(ρ = 0) for single crystals reported in Ref. 20 are mainly due to tail-like

broadening of ρ(T ) when ρ goes to zero. It is clear from the Fig. 3 that suppression

of Tc(x) for Yb(Pr)-123 is slower compared to Y(Pr)-123. The extrapolated value of
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Fig. 3. Reduced critical temperature Tc(x)/Tc(0) as a function of Pr concentration x in
Yb1−xPrxBa2Cu3O7−δ (present work), Y1−xPrxBa2Cu3O7−δ (filled circles19 and open circles5)
and single crystal Y1−xPrxBa2Cu3O7−δ (stars20). In the former, the Tc determination by both
ρ = 0 (hollow squares) and diamagnetic onset (filled squares) are shown. Inset: Tc(ρ = 0) and Tn
as a function of x in Yb1−xPrxBa2Cu3O7−δ.

critical concentration of Pr to quench superconductivity xc is ∼ 0.65 for Yb(Pr)-123

and ∼ 0.55 for the Y(Pr)-123 system. The observed increase of xc with a decrease

in R’s ionic size is in line with previous reports.1–8

Figure 4 shows DC magnetization as a function of temperature, under an ap-

plied field H = 10 Oe, for Yb(Pr)-123 samples with x = 0 to 0.6. The magnetization

data shown in Fig. 4 is normalized by Mmin (the minimum value of M observed

at the low temperature side of the transition) to magnify the transitions for higher

values of x. Values of Mmin, related with shielding fraction, decrease drastically

with the increase in x (results not shown). It decreases by over 25 times for samples

with x = 0.6 when compared to samples with x = 0.1. The incomplete Meissner

effect and similar dependence of shielding fraction on doping in HTSC has been

always observed (e.g. see Refs. 21 and 22) and are not yet completely understood.

However, all the samples show a clear diamagnetic onset in M(T ), marking the su-

perconducting transition. The Tc(x) defined by the diamagnetic onset, also plotted

in Fig. 3, shows a decrease with an increase in x similar to that measured resis-
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Fig. 4. Reduced magnetization (M/Mmin) in an applied field H = 10 Oe as a function of tem-
perature for x = 0 to 0.6 in Yb1−xPrxBa2Cu3O7−δ.

Fig. 5. Magnetization in an applied field H = 10 Oe as a function of temperature for x = 0.7 to
1.0 in Yb1−xPrxBa2Cu3O7−δ.

tively. However, the diamagnetic onset for the x = 0.6 sample was expected at a

temperature lower than that for the x = 0.5 sample, whereas the observed behavior

is found contrary to that (see Fig. 4). This shows that for the x = 0.6 sample the

diamagnetic onset has become anomalously broad. For samples with x = 0.7 to 1.0



June 19, 2002 16:12 WSPC/147-MPLB 00372

Possible Correlation Between Parameters in the Yb1−xPrxBa2Cu3O7−δ System 267

the M(T ) plots (see Fig. 5), under an applied field H = 10 Oe, follow a Curie–

Weiss-like behavior and show no trace of superconductivity down to under 1.5 K.

It is already known1–8 that the non-superconducting R(Pr)-123 system shows an

antiferromagnetic ordering of Pr ions at a characteristic temperature Tn(x). For our

x = 1 sample one could easily notice an anomaly corresponding to Tn at 17 K which

became clear by plotting dM/dT versus T . But for the other three samples of Fig. 5

the same was not so apparent. Following the work of Ref. 8, besides plotting dM/dT

we tried also, by plotting M−1 versus T and log(M) versus log(T ), to extract the

Tn(x) values from the M(T ) data. Tn(x) values were most conspicuous only in the

log(M) versus log(T ) plot, where a change in the slope for all the samples with

x ≥ 0.7 was observed (see Fig. 6(a)). The change in the slopes are also visible as

peaks, typically observed at slightly lower (by ∼3 K) temperatures, in the plots of

Fig. 6. (a) log(M) versus log(T ) and (b) d log(M)/d log(T ) versus log(T ) for various x values

in Yb1−xPrxBa2Cu3O7−δ. M for x = 0.6 is measured in an applied field H = 10 kOe (see text
also), whereas for all other samples H = 10 Oe.
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d log(M)/d log(T ) versus log(T ) (see Fig. 6(b)). The values of Tn(x) (see inset of

Fig. 3) corresponding to the change in slope, and their increase is in accord with

the general trend reported for the R(Pr)-123 system.1–8

The superconducting samples of Yb(Pr)-123 with x = 0.5 and 0.6 also showed

upturns in M(T ) at low temperatures (see Fig. 4). These upturns presumably in-

dicate the paramagnetic effect due to Pr ions competing with diamagnetism due

to superconductivity. To check that the upturns are not due to magnetic order-

ing in these samples, the M(T ) measurements were carried out under high-applied

fields up to 50 KOe. For instance, for the x = 0.6 sample, the M(T ) data under

H = 10 kOe is also included in Fig. 6. Interestingly, we observe a break in the slope

at a characteristic temperature that may apparently indicate a Tn. However, firstly,

as seen from the inset of Fig. 3, this value of Tn(x = 0.6) does not follow the same

curve as that for non-superconducting samples with x ≥ 0.7. Secondly, on closer

inspection of the data in Fig. 6, we see that the change in slope of log(M) versus

log(T ) and the peak in d log(M)/d log(T ) plots at Tn gets weaker with the decrease

in x until x = 0.7. However, for x = 0.6, there is a fresh enhancement in the break

of the slope and the peak (see Fig. 6). Considering that the x = 0.6 sample is

superconducting, this may actually indicate a diamagnetic decrease occurring at a

lower temperature when H = 10 kOe as compared to that observed with smaller

H = 10 Oe (see Fig. 4). Thirdly, the detailed heat capacity studies carried out

in the temperature range of 2–15 K for this sample failed to show even a broad

hump that could be related to Tn as coexisting with Tc. Thus, the break in M(T )

observed for superconducting samples needs to be considered only cautiously as far

as magnetic ordering is concerned.

4. Discussion

We are looking for a possible correlation of Tc with residual resistivity (ρ0) as

extracted from the extrapolation of linear ρ(T ) region to T = 0 K and resistivity

slope (dρ/dT )cc corresponding to the linear ρ(T ) region in our Yb(Pr)-123 samples.

However, considering the use of substituted polycrystalline samples in the present

work, it is important to consider the possible extrinsic contributions that may in-

terfere with the intrinsic values of these parameters in the material. We first discuss

three such sources of error that may arise due to inhomogeneous substitution, the

anisotropic nature of R-123 system and defects in the grain boundaries. Next, we

delineate the intrinsic nature of ρ0 and (dρ/dT )cc in the Yb(Pr)-123 samples by

a comparison with both polycrystalline and single crystalline Y(Pr)-123 samples,

and discuss that how their correlation with Tc may indicate the presence of dy-

namically fluctuating striped phase as a common source of superconductivity and

antiferromagnetism in these systems.

For a few results obtained in the present work, e.g. at higher values of x (> 0.2)

the Tc(x) determined by ρ = 0 is higher in comparison to that estimated by dia-

magnetic onset (see Fig. 3); the shielding fraction decreases with an increase in
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Pr doping as mentioned in the experimental results; broad diamagnetic response

below the onsets in M(T ) (see Fig. 4) seem to reveal something about the nature

of superconductivity in our Yb(Pr)-123 samples. They probably indicate that, with

increased Pr doping, higher Tc filamentary-superconducting paths start to evolve in

the samples before a weak bulk superconductivity emerges at lower temperatures.

This raises an important question — what is the origin of such superconductiv-

ity observed in our samples? Is it due to some macroscopic inhomogeneity, for

instance, inhomogeneous cation (Pr, Yb) distribution along the Josephson-coupled

grain boundaries? Or can it have some intrinsic origin? The former line of reasoning

is apparently not supported by our XRD results, and the observed Tc(x) and Tn(x)

behavior. The presence of inhomogeneous cation (Pr, Yb) distribution should lead

to broadening of the XRD peaks that should enhance further with an increase in

Pr, and no systematic change in lattice parameters should occur, which is not ob-

served (see Fig. 1 and Table 1). Second, the systematic and expected1–8 decrease

observed in Tc(x) measured both by M(T ) and ρ(T ), and the emergence of Tn(x),

(see Fig. 3) is not accidental and is definitely connected with the intrinsic substi-

tutional effects in the Yb(Pr)-123 system. Thus, we propose looking for answers

that may be generic to highly doped HTSC and where microstructural details of

the sample are irrelevant as far as the origin of superconductivity is concerned.

Good starting points in this direction are offered by various models, for instance, of

quantum percolation in the presence of nanolevel inhomogeneities23 and tunneling

of cooper pairs across the static striped phases17 (see below also).

Due to the anisotropic nature of HTSC, the measured resistivity in the polycrys-

talline sample seems to represent the sum of the contribution along and across the

CuO2 planes. However, we believe that the resistivity of the R-123 samples will be

mainly determined by the transport along well-connected CuO2 planes across the

grain boundaries. This assumption follows from the fact that the resistivity of the

R-123 system, due to anisotropy, is roughly 20 times smaller along the CuO2 planes

than along the c-axis (i.e. across the CuO2 planes).24 Moreover, as reported,25 in the

R(Pr)-123 system the anisotropy increases further with Pr doping. Thus, the main

error may arise only from the microstructure dependent effective cross-sectional

area and length for electrical transport in different samples. Considering the ra-

tio of (dρ/dT )cc/ρ0 should cancel out these geometrical factors. The third source

of error, i.e. defects in the grain boundaries, may contribute to the temperature

independent part of the resistivity, namely ρ0. This aspect can be cross-checked

by a comparison with single crystal data, that we could find only for the Y(Pr)-

123 system.20 The ratio of (dρ/dT )cc/ρ0 as a function of x is shown in Fig. 7 for

polycrystalline Yb(Pr)-123 (present work) and Y(Pr)-123 (taken from Ref. 19), and

single crystals of Y(Pr)-123 (taken from Ref. 20). Values of ρ0 are extracted from

the extrapolation of linear ρ(T ) region to T = 0 K, and thus represent only a lower

limit to the true value. Due to an increasing curvature of ρ(T ) for single crystals

with x ≥ 0.4 in Ref. 20, the ratio could not be determined reliably for higher

values of x. The data on Y(Pr)-123 single crystal samples had to be normalized
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Fig. 7. Ratio of resistivity slope (dρ/dT )cc and residual resistivity ρ0 as a function of Pr concen-
tration x in Yb1−xPrxBa2Cu3O7−δ (filled squares represent present work), Y1−xPrxBa2Cu3O7−δ
(open squares19) and single crystals Y1−xPrxBa2Cu3O7−δ (stars20). The solid lines represent a
linear fit of the data.

by a constant factor of four to match it with that of the polycrystalline samples

in Fig. 7. This factor reveals a definite contribution of grain boundaries to ρ0, as

mentioned above, in case of the latter samples. However, as seen in Fig. 7, the be-

havior of the polycrystalline samples does qualitatively resemble that of the single

crystals, giving credence to the fact that the ratio of (dρ/dT )cc/ρ0 in the former is

indeed related to the intrinsic property of the material. From Figs. 7 and 3, we may

thus infer two interesting observations: (a) the ratio (dρ/dT )cc/ρ0 decreases with

increasing x, in both Y(Pr)-123 and Yb(Pr)-123, as does the Tc(x) in them; and

(b) the ratio tends to go to zero at Pr concentration that is roughly 0.1 smaller for

Y(Pr)-123 than Yb(Pr)-123, that also matches with the observed difference of xc in

them. These observations reveal a definite correlation of Tc with ρ0 and (dρ/dT )cc

in these systems.

Now, we show that superconductivity due to dynamically fluctuating striped

phase in CuO2 planes can consistently explain the observed correlation of Tc with

(dρ/dT )cc/ρ0. The increase of residual resistivity ρ0 reflects an increase of impuri-

ties/defects, which can suppress the superconductivity by pinning the fluctuating

stripes. Tc should, as observed, correlate as inversely proportional to ρ0. On the

other hand, the increase of resistivity slope (dρ/dT )cc reflects either an increase

in carrier concentration or an increase in carrier-carrier scattering. The increase

of carrier density should amount to an increase in the density of charged stripes,
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which we expect would then require larger disorder to get pinned. For the latter

case, because now the source of scattering is a carrier itself that is mobile, we expect

that it (the carrier) will tend to depin the striped phase. In both cases the increase

of (dρ/dT )cc will thus tend to relatively enhance Tc. The Tc should, as observed,

correlate as directly proportional to (dρ/dT )cc. One may also say that, based on

the decreasing ratio of (dρ/dT )cc/ρ0 with x in Fig. 7, with an increase in Pr substi-

tution, the dynamically fluctuating striped phase in CuO2 planes slows down more

and more. Above xc the fluctuating striped phase may become static, which then

leads to the ordering of the Pr ions by a mechanism involving hybridization of Pr-

4f with O-2p of CuO2 planes. And with increasing x (above xc), a larger number

of Pr ions participate in magnetic ordering to give an increasing Tn(x), as seen

in the inset of Fig. 3. It is tempting to conclude that xc in the phase-diagram for

R(Pr)-123 marks the transition from static to fluctuating charge dynamics in CuO2

planes. As also seen in Fig. 2, the non-superconducting Yb(Pr)-123 samples with

x ≥ 0.7, i.e. just above and greater than xc ∼ 0.65, show an increasing tendency of

exponentially dependent ρ(T ) at low temperatures. This may be an indication of

inter/intra-charge hopping in a static striped phase.17 The superconducting sample

with x = 0.6, i.e. just below xc ∼ 0.65, shows a negative dρ/dT along with a very

broad diamagnetic onset extending much above its Tc(ρ = 0) ∼ 20 K (see Figs. 2

and 4). This may reflect the precursor of a “spin-gap” at T > Tc due to critical slow-

ing down of fluctuating stripe dynamics in samples with x near and below xc. This

is corroborated by the fact that the diamagnetic onset becomes relatively sharp as

one moves away and to smaller values of x (see Fig. 4). It may be interesting in

future to study more samples with Pr concentration around and near to xc. We

would like to mention here that the observed unusual broadening of M(T ) for the

x = 0.6 sample cannot be related with inhomogeneity in a straight forward way, as

then it should have been present in all the superconducting samples, prepared in

identical conditions, for values of x ≤ 0.6, which is not the case.

Finally, we discuss a possible physical origin for the ionic-size dependence of

xc in R(Pr)-123. It may come from the dependence of anti-site substitution of

Pr3+ at the Ba2+ site26 and/or Pr4+ at R3+ site27 on the ionic size of R. It was

shown in Y(Pr)-123 single crystals that these aliovalent substitutions directly lead

to the creation of oxygen vacancies in CuO2 planes.27 Such vacancies can be an

important source of impurities in CuO2 planes that can pin the fluctuating stripes.

However, the impact of such anti-site substitution on (dρ/dT )cc is not a priori

clear, which needs to be studied in more detail for various R(Pr)-123 systems. In

the present case, however, because of smaller ionic size of Yb the possibility of anti-

site defect formation should be less in comparison to Pr substitution in Y-123.27

Thus, comparatively the oxygen disorder is expected to be less as corroborated

by the lattice parameter data, showing fewer O(5) sites getting filled-up. As a

result the pinning of fluctuating stripes is less in Yb(Pr)-123 and the value of xc

is higher.
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5. Conclusion

In summary, the gradual destruction of superconductivity with increasing Pr, in

both Yb(Pr)-123 and Y(Pr)-123 systems, seems to show up in the change of normal

state parameters ρ0 and (dρ/dT )cc, which can be extracted from the ρ(T ) curves.

In both cases, it is found that the ratio of (dρ/dT )cc/ρ0 tends to decrease with

increasing x as does the Tc(x). The difference in the values of Pr concentration

where this ratio tends to go to zero matches with the observed difference of xc

in them. Moreover, for the Pr content near xc, several properties like ρ(T ), the

diamagnetic onset in M(T ) and the antiferromagnetic ordering of Pr ions show

anomalous behavior. These results can be consistently explained by the presence of

dynamically fluctuating striped phase in them. The critical Pr concentration xc in

R(Pr)-123 probably marks a transition from dynamic to static striped phase, where

simultaneously superconductivity gets destroyed and magnetic ordering of Pr ions

originates.
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