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Abstract

The effect of Pr and Gd doping on the transport properties of Cu-deficient YBCO superconductors
has been studied. Two series of YiBa;Cuz - xR:07_5 where R = Pr or Gd, were prepared by the con-
ventional solid-state reaction technique. Resistance measurements showed a suppression of T,
with increasing of Pr- and Gd-contents in addition to a normal-state metal-to-insulator transition.
Moreover, a superconductor-to-insulator transition has been observed at ambient pressure for
temperatures less than 50 K for Pr with x = 0.3 and for Gd with x > 0.3. The overall complex beha-
viours of the resistivity data have been preliminary explained in terms of localization of charge
carriers, structural disorders, and magnetic ordering of magnetic moments.
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1. Introduction

Elemental substitutions play an important role in understanding the nature of superconductivity in high T su-
perconductors. Substitutions of Cu by X ions in RBCXO system, where R is a rare earth and X is Mn, Cr, Fe, Co,
Ni, Al, and Ga, have been studied [1]-[11]. The studies have revealed that substitutions with nonmagnetic ions
caused a huge decrease in the critical transition temperature as compared to magnetic ions. Many non-magnetic
mechanisms have been proposed to explain the phenomena in addition to pair-breaking due to magnetic impuri-
ties in accordance with Abrikosov and Gorkov theory. The dependence of resistivity on temperature proved to
be difficult to explain not only for different compounds, but within the same family as well [12]. Metal to insu-
lator transition (MIT) has been observed upon substitutions at Y-, Ba-, and Cu-sites in diverse superconducting
systems [13]-[21]. Moreover, evidence of MIT due to other reasons such as changes in oxygen content, pressure,
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film thickness, and doping at grain boundaries has been reported [22]-[26]. In this work we investigated the ef-
fect of doping magnetic ions of R = Pr and Gd on Cu-deficient Y;Ba,Cu;_R,0;_ s system with x = 0.1, 0.2, and
0.3 and x = 0.1, 0.2, 0.3 and 0.4, respectively. Our aim is to study and compare the MIT and the observed in-
complete superconductor to insulator (SIT) crossovers in the two systems and investigate its origin.

2. Experimental Details

The polycrystallized samples were prepared by the conventional solid state reaction method. Raw powders of
Y,03 (99.99%, Aldrich Chemical Co. Ltd.), Gd,O3; (99.9%, Aldrich Chemical Co. Ltd.), Pr¢O; (99.9%, Sigma
Chemical Co.), BaCO; (99%, NTL Nentech Ltd.), and CuO (99%, Aldrich Chemical Co. Ltd.), were mixed accord-
ing to the nominal chemical formula Y,Ba,Cus_,Pr,0O;_; with x = 0, 0.1, 0.2, and 0.3 and Y;Ba,Cus_,Gd,0;_;
with x =0, 0.1, 0.2, 0.3, and 0.4. The powders were dried for 10 hr at 120°C and mixed according to the required
stoichiometric compositions. Then, they were manually ground using an agate mortar for 1/2 hr followed by
mechanical milling for 5 hr to ensure homogeneity. Calcination of homogenous mixtures took place at 900°C for
10 hr in porcelain crucibles. Then, the calcined powders were subjected to a second cycle of grinding under
same conditions mentioned above. Using a hydraulic press with a pressure of 6 tons/cm?, we obtained tablets of
13 mm in diameter and 2 - 3 mm in thickness. The obtained tablets were sintered at 950°C for 10 hr with an
oxygen flow during the cooling process. Finally, the sintered tablets were reground manually for /2 hr fol-
lowed by mechanical milling for 3 hr. The sintered powders were pressed again and retreated thermally under
same pervious conditions. The X-ray diffraction (XRD) patterns were recorded at room temperature using a
Bruker D8 Advance diffractrometer with Cu target, and it’s Ka radiation. The 26 scanning speed of detector was
3°/min with a step width of 0.02° and running condition of 40 KV and 40 mA. The X-ray diffraction patterns
were analyzed using the XPowder software [27]. The DC resistance was measured using the conventional
four-point probe method in the temperature range 40 - 300 K using a closed cycle helium cryostat (APD Cryo-
genics, USA), programmable current source (Keithley 224), sensitive digital voltmeter (Keithley 182), and au-
totuning temperature controller (LakeShore 321).

3. Results and Discussion

The X-ray diffraction patterns between 20° and 80° for Y;Ba,Cus - ,Pr,O;_s and Y;Ba,Cus - ,Gd,O;_ 5 were
shown in Figures 1 and 2, respectively. The intensity of peaks for different values of Pr- and Gd-contents, X,
were normalized and shifted for clarity purposes. As seen, the pure sample, x = 0.0, showed the well known
Y123 pattern with all peaks indexed in the orthorhombic structure. The calculated a, b, and c lattice parameters
for x = 0.0 were given as 3.8374, 3.8867, and 11.6650 A, respectively. It is worth mentioned to observe the extra
two peaks, denoted by (+), appeared for x > 0.1 in both series. These peaks matched the insulating Y,BaCuOs
phase with characteristic planes (311) and (112). Table 1 showed the dependence of lattice constants, orthor-
hombicity (tendency towards orthorhombic phase related to the quantity (a—b)/(a+b)), difference in peak po-
sition of (020) and (200) reflections (App), and grain-size diameter (D) with Pr- and Gd-contents.

Since the ionic radius of Pr (1.13 A) is greater than that of Gd (1.05 A) and Cu (0.93 A), one should expect a
systematic increase in lattice parameters with the increase of x if both occupied the Cu sites. Moreover, the ex-
pected increase in the parameters should be stronger for Pr doping (denoted as Pr(Cu)) than that of Gd(Cu). Re-
ferring to Table 1 and checking the expected increase, it is noticed that such expectations did not exist. The ab-
sence of such expectations is an established knowledge that both dopants would occupy the A-sites rather than
Cu-sites. This is consistent with the formation of the impurity insulating Y,BaCuOs phase and its increase with
increasing of doping content. Linear fitting have beenused to investigate the overall variation of lattice parame-
ters with Pr- and Gd-contents in the range x = 0 - 0.3. The rate of change of parameters with x was given for
Pr(Cu) as 0.08, 0.004, and 0.014 for a-, b-, and c-parameters, respectively. Whereas for Gd(Cu) it was given as
0.113, 0.016, and 0.043 for a-, b-, and c-parameters, respectively. These rates confirm that the lattice constant b
is nearly invariant for both systems and that the effect of Gd(Cu) on lattice parameters is stronger than that of
Pr(Cu) even though the ionic radius of the latter is greater than the former. For Gd(Cu) with x = 0.4, it was no-
ticed that the a-parameter decreased sharply which could be attributed to the observed strong formation of the
insulating phase, Figure 2.

The two peaks denoted by (*) in Figures 1 and 2 referred to the (020) and (200) indices that describe the or-
thorhombic nature of the structure. The peak positions of these diffraction peaks have been measured and the
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Table 1. The variation of lattice parameters (a, b, and c), orthorhombicity, difference in peak position of (020) and (200) ref-
lections (App), and grain-size diameter (D) with Pr- and Gd-contents, X.

Pr- & Gd- a b c (b-a)/(b+a) pp D
contents A) A A) x107 ) A
Pr:0.1 3.8240 3.8886 11.6710 8.4 0.92 280
0.2 3.8507 3.8843 11.6663 4.3 0.82 240
0.3 3.8553 3.8896 11.6711 4.4 0.66 190
Gd: 0.1 3.8364 3.8893 11.6719 6.8 0.80 270
0.2 3.8543 3.8923 11.6802 4.9 0.70 170
0.3 3.8691 3.8911 11.6767 2.8 0.70 180
0.4 3.8373 3.8951 11.6886 7.5 0.70 180
+
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Figure 1. Normalized XRD pattern of Y;Ba,Cu;_,Pr,0;_s with x = 0.0, 0.1,
0.2, and 0.3. The peaks denoted by (+) referred to Y,BaCuOs phase while (*)
peaks referred to (020) and (200) indices.
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Figure 2. Normalized XRD pattern of Y;Ba,Cus_,Gd,O7 -5 samples with x =
0.0, 0.1, 0.2, 0.3, and 0.4. The peaks denoted by (+) referred to Y,BaCuOs
phase while (*) peaks referred to (020) and (200) indices.
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variation of resulting position difference (App) with Pr and Gd contents was given in Table 1. It is clear that
there is a lattice distortion for x > 0.1 for Pr(Cu) and x > 0.0 for Gd(Cu) that was mainly due to changes in
a-parameter, since b-parameter was less affected by the substitution. This behavior was reflected on the resistiv-
ity measurements as would be discussed later. Furthermore, the decrease in App with increasing of x-content re-
flected the tendency of the structure towards the tetragonal phase, and a consequent decrease in the critical tran-
sition temperature with increasing of x could be expected. Also, Table 1 lists the dependence of grain size on Pr-
and Gd-contents. As observed, the grain size diameter decreased from 280 to 190 A for Pr(Cu) and from 270 to
180 A for Gd(Cu) as x increased from 0.1 to 0.3. This decrease will be reflected on the nature of the transition
width as will be discussed later.

Figure 3 shows the variation of normalized resistance with temperature for Y;Ba,Cuz_4Pr,O;_s samples with
x = 0.0, 0.1, 0.2, and 0.3. As shown, the x < 0.3 samples still showed a metallic-normal state behaviour
(d (R/R0 )/dT > 0) as expected for polycrystalline Y123 system. This could be attributed to weak holes locali-
zation (as discussed below) due to the assumption that Pr unoccupied the Cu sites, as mentioned above. The in-
crease in the normal state resistance as x increased from 0 to 0.2 could be attributed to the corresponding ab-
sence of Cu ions. Whereas, the sample with x = 0.3 showed a normal-state metallic to insulating transition (MIT)
(with d(R/R, )/dT <0) down to about 82 K. Then, a superconducting behaviour existed (with a decrease of
normalized resistance by about 58% from its value at the onset of transition) in the small temperature range 82 -
50 K. This incomplete superconducting state, no T.(offset), was lost for T < 50 K and a crossover from super-
conducting to insulating transition (SIT) took place in the form of a twofold increase in normalized resistance as
the temperature decreased below 50 K by just 16 K. The dependence of the critical transition temperatures and
transition width on Pr-content, x, was shown in Figure 4. Moreover, the pure sample, x = 0, showed a transition
width of about 1.1 K which confirms the well coupling of grains in the sample. Furthermore, increasing x re-
sulted in a decrease in critical transition temperatures with an increase in the transition width, AT,.

On the other hand, the variation of normalized resistance with temperature of Y,Ba,Cu;_,Gd,O,_ s samples
with x = 0.0, 0.1, 0.2, 0.3, and 0.4 was shown in Figure 5. Unlike Pr(Cu), the normal-state MIT

(d (R/R0 )/dT < 0) existed for all values of x > 0 and the insulating nature increases systematically with the in-

crease of x. This could be attributed to strong holes localization of Gd(Cu). The sample with x = 0.4 showed an
onset of superconductivity at around 83 K and the state existed down to about 50 K with a strong reduction in
normalized resistance by about 96% in the temperature range 83 - 50 K. The incomplete superconducting state
was lost for T < 50 K and SIT appeared with the gain of about 95% of the value of normalized resistance at the
onset of transition over the small temperature range 50 - 40 K. To confirm the SIT in our system, we have pre-
pared and measured the sample with x = 0.5, as shown in Figure 5. As expected, this sample followed the nor
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Figure 3. Variation of normalized resistance with temperature of
Y1Ba,Cus_ 4Pr,O; - 5 samples with x = 0.0, 0.1, 0.2, and 0.3.
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Figure 4. Dependence of the critical transition temperatures and transition
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Figure 5. Variation of normalized resistance with temperature of
YBa,Cus_,Gd,O7 _ 5 samples with x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5.

mal-state nonmetallic pattern with MIT tendency in addition to SIT at lower temperatures. It is important to ob-
serve that the normalized resistance at the onset of superconducting state decreased with just 87% as compared
to 96% for x = 0.4 over the same temperature range. This suggests the tendency of the system to show less (or
loss of) superconducting behaviour with further increase in x due to the gradual decrease in charge carriers con-
centration. The variation of the critical transition temperatures and transition width with Gd-content, X, was
shown in Figure 6. As seen, increasing the Gd-content resulted in a decrease in critical transition temperatures
with an increase in the transition width, AT.. The transition width was more affected by Gd(Cu) than Pr(Cu),
Figure 4, which could be attributed to very small grain coupling due to participation of the insulating
Y,BaCuOs phase in these grain boundaries, Figures 2 and 3.

Some points should be clarified, namely, the tendency of the normal-state to transit from metallic to insulating
transition (MIT) with increasing of Pr- and Gd-contents, the incomplete superconducting states, and the loss of
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Figure 6. Dependence of critical transition temperatures and transition width
on Gd-content, x, of prepared Y;Ba,Cus; —,Gd,0; _ s samples.

the incomplete superconducting transition (SIT) for x = 0.3 in case of Pr(Cu) and for x > 0.3 for Gd(Cu). As
known, high-temperature superconductors (HTS) cuprates with optimal doping are highly anisotropic with two-
dimensional (2D) charge carriers concentration in the normal and superconducting states. A shift from optimal
doping makes it easier for carriers to hope in 3D (rather than the 2D ab-plane) through the “hard” c-axis where
the effective mass anisotropy T =m, / m,, =26 for Y123 [28]. This involves a suppression of charge carriers
with a consequent normal-state 2D to 3D crossover, namely, metal to insulator transition, MIT. This means that
HTS cuprates stretch out to the metal-insulator edge [29]. Let us now study the origin of the shift in optimal
structure in our systems. First, since the possibility of Pr and Gd to occupy the Cu-sites is minimal, that would
cause a structure distortion leading to a shift in oxygen content from its optimal value, and therefore a decrease
in mobile hole concentration, i.e., metallic to insulator transition. The deficiency in oxygen content is reflected
in the tendency of the structure towards the tetragonal phase, Table 1. This view agrees with the work of Chang
et al. [30] who concluded that mobile holes concentration decreases quite linearly with the increase of rare earth
ionic radius.

Secondly, let us comment on the observed incomplete superconductivity for high Pr and Gd contents. Ahn et
al. [31] have studied the effect of the polarization field formed by ferroelectric oxide lead zirconate titanate layer
on GdBa,Cuz0; _ HTS thin film. They observed a dip in the normal-state nonmetallic behaviour started at
around 50 K and have been attributed to nonuniformity in the thickness of the HTS thin film. The observed in-
complete superconducting state in our samples could be explained as follows. These samples are characterized
by the strong development of the insulating Y,BaCuOs phase, Figures 1 and 2, and wide transition width, Fig-
ures 4 and 6. We suggest here that both characters are responsible for the absence of zero-resistance where the
wide transition width is a signature of increasing lattice imperfections and the number of grain sizes [32]. In our
samples, the lattice distortion and the intensity of the insulating phase increased with increasing of x. Moreover,
the decrease in grain size with increasing of x, Table 1, implies an increase in the number of grain sizes. This
would suppress the superconducting tunneling between grains.

Thirdly, as indicated by Figures 4 and 6, we observe that the offset critical temperature of Pr(Cu) is less than
Gd(Cu). Furthermore, while Pr(Cu) with x = 0.3 showed incomplete superconducting state, the same content
showed a complete transition in case of Gd(Cu) substitution, Figures 3 and 5. These observations could not be
explained purely in terms of the magnetic nature of Pr and Gd ions. Whereas, the reported critical temperatures-
offset are greater than that required for ordering magnetic moments. The observed negative impact of Pr(Cu) as
compared to Gd(Cu) could be attributed to the Pr¥*-Pr** mixed valent state and Gd** [16]. These electronic con-
figurations require the depletion of charge carriers (holes localization) in the CuO, planes due to Pr(Cu) to be
stronger than that of Gd(Cu).

Finally, let us examine the superconducting to insulator transition (SIT) observed at low temperatures. Ko-
bayashi et al. [33] have observed SIT in A-BETS,Fe,Ga; - «Cly (A-type BETS alloys; BETS = bis(ethylenedithio)
tetrathiafulvalene) with x = 0.43 at ambient pressure and with x = 0.55 at 1 k bar. The observed SIT have been
considered as an intrinsic property of the crystals. Explanation of the observed superconductor-insulator transi-
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tion below 50 K in our samples with high x contents is a difficult task. It could be attributed to the established
high crystal structural disorder along with the rule played by grain boundaries, such as segregation of Pr and Gd
ions at grain boundaries [34]. Another reason might be due to ordering of magnetic moments of Pr and Gd ions
[35] [36]. Further work is needed to identify the nature of the observed transitions in these systems.

4. Conclusion

We have investigated the effect of partial doping of Pr and Gd on the electrical resistance of Cu-deficient Y123
superconductors. Resistance measurements showed a suppression of the critical transition temperature with in-
creasing of Gd-content and this suppression increased in case of Pr doping. A normal-state metal-to-insulator
crossover has been observed with x > 0 and x = 0.3 for Gd(Cu) and Pr(Cu), respectively. Moreover, Pr(Cu) with
x = 0.3 showed incomplete superconducting transition, while the same content showed a complete transition in
case of Gd(Cu). Furthermore, a superconductor-to-insulator crossover has been observed for Pr with x = 0.3 and
for Gd with x > 0.3 at temperatures less than 50 K. To the best of our knowledge, no SIT has been reported in
the studied two systems before. The observed crossovers were preliminary explained in terms of localization of
charge carriers, structural disorders, and magnetic ordering of magnetic moments.
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