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Abstract. The normal state resistivity of single phase polycrystalline Gd(Ba2−xPrx)Cu3O7+δ samples with
0.0 ≤ x ≤ 0.50 have been investigated. There is a distinct metal-insulator transition at xMIT

c = 0.2 and
a superconductor-insulator transition at xSIT

c = 0.35 with the increase of x. The two-dimensional variable
range hopping is dominant in the normal state resistivity of the samples. The localization length, hopping
range, and hopping energy of carriers show that Pr doping strongly localizes the carriers in normal state,
and finally causes the suppression of superconductivity.

PACS. 74.25.Fy Transport properties (electric and thermal conductivity, thermoelectric effects, etc.)
– 74.72.Bk Y-based cuprates – 71.30.+h Metal-insulator transitions and other electronic transitions

Introduction

The normal state of the high temperature cuprate super-
conductors shows many unusual properties, which are far
from the standard Fermi liquid behavior. A typical anoma-
lous property is the temperature dependence of the resis-
tivity, which is linearly proportional to temperature T ,
in contrast with the T 2 dependence expected for a Fermi
liquid; the optical conductivity, in contrast with the well
known Drude theory, is roughly proportional to the in-
verse frequency. These indicate that the charge dynamics
have a strongly incoherent character. Another example is
the so-called pseudogap behavior observed in the under-
doped region near the Mott insulating phase, which is a
frequency threshold for the strong excitation of spin and
charge modes [1].

Among high temperature superconductors (HTSC),
the PrBa2Cu3O7−δ (Pr-123) compound in the orthorhom-
bic phase, in contrast with other RBa2Cu3O7−δ (R-123)
compounds (R=Y and rare earth elements), is an insu-
lator [2]. Different anomalous effects have been observed
when Pr atom is substituted in R-123 and other HTSC.
For a recent review on the role of Pr in HTSC see ref-
erence [3]. Although, many attempts have been made to
explain the insulating behavior of Pr-123, some groups
have reported observation of superconductivity in the sin-
gle crystal [4], powder, polycrystalline, and thin films of
this compound [5]. It seems that the appearance of su-
perconductivity in Pr-123 refers to its defective struc-
ture, which arises in highly non-equilibrium synthesis con-
ditions allowing for locating the larger Ba atom at Pr
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position. Such conclusion has recently been reported for
Gd(Ba2−xPrx)Cu3O7+δ system [6] -in agreement with
Tomkowicz [7], and also supported by the experimental
study of Narozhnyi and Drechsler [8]. It has been believed
for a long time that superconductivity suppression in the
R1−xPrxBa2Cu3O7−δ system, caused by the hole localiza-
tion and disappearance of superconductivity at xc = 0.3–
0.6 (depending on R), is associated with a metal-insulator
transition (MIT) [9,10]. The nature of this localization has
not been defined precisely, though many researchers have
suggested the transition to be of the Anderson kind [11].
The conclusion that MIT occurs for all Pr-doped com-
pounds, has been drawn based on the changes of charac-
ter of the temperature dependence of electrical resistivity
from metallic to semiconducting-like. However, the func-
tional dependence of ρ(T ) curve with Pr concentration has
not been systematically studied.

Among different models for describing the charge
transport in materials, hopping conduction between lo-
calized states have been widely used for normal state of
HTSC [12], semiconductors [13,14], perovskites [15], and
quantum interfaces [16]. In hopping conduction, the tem-
perature dependence of resistivity has been calculated for
a number of different cases [17]. The best known examples
for hopping conduction are due to Mott and Davis [18],
and Shklovskii and Efros [13]. For these two cases, the
temperature dependence of resistivity is

ρ(T ) = ρ′0 exp(T0/T )p, (1)

where T0 is a characteristic temperature, which will be
discussed later, and

p = (n + 1)/(n + D + 1). (2)



382 The European Physical Journal B

Here, D is the dimensionality of the hopping process, and
n describes the energy dependence of DOS in the vicinity
of Fermi energy N(EF ), which behaves like

N(EF ) ∼ |E − EF |n. (3)

The ρ′0 is supposed to have weak temperature dependence
so, it is considered to be a temperature-independent co-
efficient. For an energy-independent DOS (n = 0), this
leads to a Mott-Davis variable range hopping (VRH) case
of p = 1/3 in two dimensions (2D) and p = 1/4 in three
dimensions (3D). Shklovskii and Efros have analyzed the
case of low carrier concentration in doped semiconductors,
where electrons interact via the unscreened Coulomb po-
tential. This leads to a gap in DOS that is pinned to EF

(Coulomb gap (CG)). They have shown that n = 1 for
2D, whereas n = 2 for 3D. This leads to the same expo-
nent p = 1/2 for 2D and 3D in equation (2). In addition,
based on the localized states, Philips [19] has developed
the quantum percolation theory to account for the normal
state properties, including the temperature dependence of
ρ′0 given by

ρ(T ) = ρ0(T/T0)2p exp(T0/T )p. (4)

Now, ρ0 is independent of T . The pre-exponential factor
ρ′0 = ρ0 exp(T/T0)2p should be considered explicitly for a
more exact study [20].

From the experimental point of view, there are
some reports, which show that VRH in 3D (3D-VRH)
is a correct mechanism in the normal state conduc-
tivity of HTSC as discussed below. In polycrystalline
Gd1−xPrxBa2Cu3O7−δ samples, the normal state re-
sistivity for x ≥ 0.35, using equation (4) follows a
3D-VRH mechanism, whereas for x < 0.35 it shows a
CG mechanism behavior [21]. The 3D-VRH is shown to
be the conduction mechanism in polycrystalline Pr-123
with 13 K < T < 100 K [22], Pr-123 films with
4 K < T < 123 K [23], Pr1−xCax-123 ceramics with
16 K < T < 162 K [24], Pr1+xBa2−xCu3O7+δ solid
solution with 20 K < T < 300 K [25], polycrys-
talline Pb2(Sr3−xLax)Cu3O8+δ samples with 4 K <
T < 170 K [26], La2CuO4 compound with 20 K <
T < 67 K [27], and Bi1.7Pb0.3Sr2(Ca1−xNdx)Cu2Oy with
84 K < T < 300 K [28]. Moreover, in double layered per-
ovskite KLaNb2O7 with Li intercalated, it is shown that
2D-VRH well describes the low temperature properties of
the material in 1 K < T < 125 K [29]. On the other hand,
in single crystals of Bi2(Sr,Ca)n+1(Cu1−xCox)nO8−δ with
0 < x < 0.26, the form of ρ versus T behavior is not
clearly VRH, but may be approaching the CG [30]. The
ab resistivity of PrBa2(Cu2.8Ga0.2)O7−δ thin film, grown
by pulsed laser deposition with 110 K < T < 325 K, shows
the CG character for over three orders of magnitude [31].
Jiang et al. [32], have also obtained that CG is a much
better regime for Pr-123 crystals. So, CG, 2D-VRH, and
3D-VRH have been reported for normal state resistivity
of different HTSCs.

In most of the reports dealing with the hopping
conduction mentioned above, the pre-exponent factor

(T/T0)2p is omitted, and a temperature independent pref-
actor (ρ′0 = ρ0) has been supposed in the fitting processes.
Moreover, different temperature domains have been used
in finding the dominant conducting regime. In addition
to the above drawbacks, different amounts of oxygen con-
tent in similar samples is the reason for the non-unique
dominant resistivity regimes. So, to attain the real mech-
anism(s) of conduction, it requires to follow some def-
inite guidelines. Therefore, in order to see if the VRH
or CG conduction mechanism corresponds to Pr-doping,
we have studied the normal state resistivity behavior of
Gd(Ba2−xPrx)Cu3O7+δ samples, paying special attention
to the distinction between metal-insulator transition and
superconductor-insulator transition (SIT).

Experimental details

The Gd(Ba2−xPrx)Cu3O7+δ single phase polycrystalline
samples with x = 0.0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35,
0.4, 0.5, 0.6, 0.8, and 1.0 were synthesized by the standard
solid state reaction technique. In accordance with the pro-
cedures followed in reference [33], appropriate amounts of
Gd2O3, Pr6O11, BaCO3, and CuO powders with %99.9
purity were mixed, ground, and calcined at 840 ◦C for
24 h in an air atmosphere. Calcination was repeated twice
with intermediate grinding. Then powders were reground,
pressed into pellets, and synthesized at 930 ◦C for 24 h in
an oxygen atmosphere. The samples were cooled to 550 ◦C
and retained under oxygen flow for 16 h. Finally, they were
furnace cooled to room temperature. The oxygen content
of the samples was determined by the iodometric titration
technique within ±0.03 accuracy.

The SEM topography have been undertaken to deter-
mine the grain size and homogeneity of samples by JEOL-
JXA-840 instrument. The XRD measurements have been
done by a Philips PW-3710 powder diffractometer with
Cu Kα radiation and λ = 1.5406 Å in room temperature.
The XRD patterns have been analyzed by the Rietveld
structure refinement method, using a modified version of
the DBW3.2 program [34]. An ac four-probe method with
f = 33 Hz and 10 mA current was used for the conductiv-
ity measurements of the samples within the temperature
range of 10 to 300 K. The size of the samples was about
8×3×2 mm3. The electrical contacts were attached to the
long side of the samples by silver paste. A Lake Shore-330
temperature controller with two Pt-100 resistors was used
for measuring and controlling the temperature to within
±10 mK.

Results and discussion

The SEM topographs show a homogeneous granular struc-
ture with micrometer grain size. The XRD patterns show
that the single phase of 123 structure has been formed, and
no considerable impurity peaks are detectable. The com-
plete structural refinement results have been presented
elsewhere [6]. For x ≥ 0.6, the XRD patterns indicate
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Fig. 1. Resistivity of the samples versus temperature for dif-
ferent amounts of Pr-doping (x).

that the 123 structure has not been formed. This is due to
the solubility limit of R3+ at Ba2+ site, which is caused
by the different charges and atomic sizes of Ba2+ and R3+

ions [35].
The resistivity data for 0.00 ≤ x ≤ 0.50 samples are

presented in Figure 1. With the increase of x, the su-
perconducting transition temperature decreases and the
width of transition temperature (∆Tc) as well as the nor-
mal state resistivity increase with nearly the same amount
of oxygen as given in Table 1. With the increase of the
number of insulating parts in the grains (i.e. Pr substi-
tuted unit cells), the homogeneity of the grains decreases,
which leads to larger ∆Tc. The normal state resistivity for
x < 0.2 samples is metallic (dρ/dT > 0), and for x > 0.2
is semiconducting-like (dρ/dT < 0). So, within our 0.05
steps in samples preparation, the critical doping for MIT
is xMIT

c = 0.2. In the metallic samples, the linear part of
ρ(T ) from room temperature down to Tc, decreases with
the increase of Pr doping. This corresponds to the doping
dependence of the pseudogap, which is out of the scope of
this paper, and has been discussed in reference [36].

In the samples with x ≤ 0.35, the superconducting
transition occurs, while for x ≥ 0.4, there is no transition
down to 10 K. Therefore, within our 0.05 steps in samples
preparation, the critical doping for SIT is xSIT

c = 0.35.
A SIT is also observed with application of magnetic field
in Gd(Ba2−xPrx)Cu3O7+δ system. It is important to dis-
tinguish the difference between critical x for SIT and
MIT. The xSIT

c in this system is less than the one for
(Gd1−xPrx)Ba2Cu3O7−δ system (0.45) [37]. This means
that the superconducting suppression by Pr at Ba site is
more effective than Pr at R site. For the Pr at R site, we
have an isovalent substitution of R3+ by Pr3+, while in

Table 1. The superconducting transition temperature (Tc),
the width of superconducting transition (∆Tc), and oxygen
contents of the samples for different amounts of Pr-doping (x).

x Tc(K) ∆Tc(K) 7 + δ

0.00 90.84 2.0 6.99

0.05 86.63 6.5 7.03

0.10 63.69 8.2 7.03

0.15 55.69 10.0 7.09

0.20 44.50 12.5 7.01

0.25 39.02 11.6 7.06

0.30 23.01 18.0 7.06

0.35 10.0 25.0 6.97

0.40 — — 6.99

0.50 — — 6.96

the Pr3+ at Ba2+ site, an effect on carrier density is ex-
pected due to different valency of Pr3+ and Ba2+. This is
also supported by Table 1, proving that valence variation
is not balanced by the change of oxygen content. Another
plausible explanation for this is that the Ba site is between
the CuO2 superconducting plane and Cu-O charge reser-
voir chains [38], which both have proved to be important
in superconductivity of 123 systems. Hence, the existence
of Pr atoms between these two correlated parts would be
more destructive than at the R site, which is between the
two independent CuO2 planes.

We are interested to find the most correct conduction
mechanism for the whole range of the normal state re-
sistivity since, there is no evidence of any change in the
conduction mechanism in the normal state with temper-
ature variation. In other words, the lack of any special
temperature or phase transition, implies that there should
be a single dominant conduction mechanism in the nor-
mal state of these materials. Therefore, we will try to
fit the ρ(T ) data within the framework of available pro-
posed mechanisms and largest temperature range. Due
to the large range of T in our fitting process, we have
used the ρ(T ) with the explicit temperature dependent
pre-exponent factor in equation (4) [20].

For the special x = 0.15, 0.20, 0.25, and 0.30 sam-
ples, as it is evident in Figure 1, a hump appears at about
80 K. This is an interesting new structural phase related
to superconductivity in Pr-123 system [4], which has been
discussed in details in reference [6]. It is concluded that
no electronic phase difference exists in all the samples. By
ignoring the anomalous parts from the resistivity curves of
the corresponding samples, search for the dominant con-
duction mechanism has been carried out as follow.

In order to evaluate the normal state resistivity of the
samples and judge on the probable effect of Pr on the nor-
mal state conduction, different models such as Anderson-
Zou (ρ = AT + B/T ) [39], thermally activated conduc-
tion (ρ ∼ exp(T0/T )) [13], and semiconducting behavior
(ρ ∼ exp(−∆/T )) [30] have been tested. None of these
models show an appropriate fit for the whole range of Pr
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Fig. 2. The 2D-VRH fit (fixed-p method) for different amounts
of Pr-doping (x). The dots appearing as a thick line are the
experimental data, and the thin lines are the 2D-VRH regime
predictions. (a): 0.00 ≤ x ≤ 0.30, and (b): 0.35 ≤ x ≤ 0.50.

doping. So, to test the VRH and CG regimes, we have
fitted 2D-VRH, 3D-VRH, and CG regimes separately for
all the samples with 0.0 ≤ x ≤ 0.50 (i.e. fixed-p method).
These results are shown in Figures 2 and 3. To recognize
the best fit to the curves, the χ2s for the fits are also
evaluated. The fitting results are shown in Table 2. It is
evident that the numerical results for the 2D-VRH is more
preferable than the others. It is to be noted that there are
other reports in the literature, where the authors could not
distinguish between the exact 2D-VRH or 3D-VRH mech-
anism in the normal state resistivity behavior, i.e. the in-
sulating Y0.37Pr0.63Ba2Cu3O7−δ [32], Pr(SrBa)Cu3O7−δ

compound, in the 50 K < T < 300 K range [40], or in
the normal state resistivities ρc and ρab of two twinned,
fully-oxygenated single crystals of PrBa2Cu3O7−δ and
Y0.47Pr0.53Ba2Cu3O7−δ [41].

Based on the results of the VRH and CG mechanisms
by the fixed-p method in Table 2, the 2D-VRH is more

Fig. 3. The 3D-VRH fit (fixed-p method) for different amounts
of Pr-doping (x). The dots appearing as a thick line are the
experimental data, and the thin lines are the 3D-VRH regime
predictions. (a): 0.00 ≤ x ≤ 0.30, and (b): 0.35 ≤ x ≤ 0.50.

valid. However, it would be interesting to leave the expo-
nent value p as a variable, and obtain the valid regime
automatically (i.e. the variable-p method). These results
are presented in Figure 4 and Table 3. For almost all the
samples, the value of p tends to 1/3 with a reasonable fit’s
results, which corresponds to the 2D-VRH. It is promis-
ing that this result is consistent with the above fixed-p
method. The 2D behavior is the HTSC’s well known char-
acter, which has been established for many years [42]. We
have investigated the two dimensionality aspects of HTSC
in comparison with the 2D electron gas system, which have
been reviewed in reference [43].

It should also be mentioned that the theoretical as-
sumption that has been used in deriving the exponent
p = 1/3 and 1/4 in the Mott-Davis case of equation (2)
is the energy-independent DOS at Fermi energy, which
may not be fulfilled for all HTSCs. So, the differences be-
tween the obtained exponent p and 1/3 may be originated
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Table 2. The resistivity fit in different modes for hopping conduction: 2D-VRH, 3D-VRH, and CG regimes for different amounts
of Pr-doping (x). The ρ0 and T0 are the fit parameters and χ2 shows the goodness of fit.

3D-VRH(p = 1/4) 2D-VRH(p = 1/3) CG(p = 1/2)

x ρ0(mΩ–cm) T0(K) χ2 ρ0(mΩ–cm) T0(K) χ2 ρ0(mΩ–cm) T0(K) χ2

0.00 0.02 0.03 0.9983 0.3 35 0.9991 0.6 167 0.9979

0.05 0.7 136 0.9953 0.9 313 0.9984 0.7 136 0.9953

0.10 1.1 811 0.9857 1.2 715 0.9987 1.1 812 0.9857

0.15 2.4 3229 0.7220 2.4 1500 0.9477 2.4 3229 0.7225

0.20 1.9 26224 0.9989 2.2 5105 0.9991 1.9 26224 0.9989

0.25 3.2 16802 0.9843 3.6 3912 0.9960 3.8 1077 0.9858

0.30 2.9 37391 0.9939 3.6 6407 0.9987 2.9 37392 0.9939

0.35 2.8 37870 0.9881 3.7 6018 0.9940 2.9 37871 0.9882

0.40 3.3 89812 0.9946 5.0 10909 0.9981 3.3 89813 0.9946

0.50 1.3 448583 0.9975 3.6 31272 0.9986 1.3 448583 0.9975

Fig. 4. Hopping conduction fit with the variable-p method for
different amounts of Pr-doping (x). The dots appearing as a
thick line are the experimental data and the thin lines are the
hopping conduction predictions. (a): 0.00 ≤ x ≤ 0.30, and (b):
0.35 ≤ x ≤ 0.50.

Table 3. The resistivity fit with the variable-p method in hop-
ping conduction for different amounts of Pr-doping (x). The ρ0,
T0, and p are the fit parameters and χ2 shows the goodness of
fit.

x ρ0(mΩ–cm) T0(K) p χ2

0.00 0.5 98 0.39 0.9994

0.05 1.0 349 0.37 0.9988

0.10 1.2 676 0.36 0.9998

0.15 2.4 1144 0.38 0.9902

0.20 2.1 9274 0.30 0.9998

0.25 3.7 2083 0.39 0.9994

0.30 3.8 3700 0.37 0.9995

0.35 3.9 4036 0.36 0.9945

0.40 5.4 7404 0.36 0.9983

0.50 3.4 38493 0.32 0.9986

from the later assumption. On the other hand, the VRH
mechanism normally occurs in the low temperature region
(below room temperature), where the energy is insufficient
to excite the charge carriers across the CG. Hence, con-
duction takes place by hopping in small region (∼kBT ) in
the vicinity of EF [44], where the DOS remains almost a
constant. Of course, recent studies have shown that the
VRH mechanism could also occur over a fairly large tem-
perature range (100–900 K) [45]. Therefore, based on the
present available approximate-theory, the non-zero DOS
at Fermi energy (calculated for Gd-123 in reference [46]
and other R-123 systems in [47]), and measured by the
thermopower data in the 123 systems [48], we can con-
sider a 2D-VRH behavior in the Gd(Ba2−xPrx)Cu3O7+δ

system. A definite conclusion requires exact experimental
DOS data at Fermi level for HTSC, and development of
the Mott-Davis localization theory for energy dependent
DOS at EF , which have not been yet performed.
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Fig. 5. The localization length (d) and hopping range (R)
versus different amounts of Pr-doping (x), calculated from the
results of the fixed-p method. The inset shows d versus x in
the full range. The lines are guides to the eye.

Using the Mott parameterization [18], the T0 in equa-
tion (1) is related to the DOS at Fermi energy and the
localization length of the carriers, as follow:

T 2D
0 = 14/(kBN2D(EF )d2) (5)

T 3D
0 = 21/(kBN3D(EF )d3) (6)

where d, the localization length, is the decay length of
the localized wave function, N(EF ) is the DOS at the
Fermi energy, and kB is the Boltzman constant. In 2D,
the hopping energy (W ), which the carriers need to hop
over a distance R is [49]:

W2D = 1/
{
πR2N(EF )

}
(7)

and the hopping range (R) is:

R2D = [d/ {πN(EF )kBT }]1/3 . (8)

With the current estimate of N(EF ) ≈ 1021 states/(eV-
cm3) in 3D [50,51], and therefore, 1014 states/(eV-
cm2) [52], which is equivalent to 10−2 states/(eV-Å2)
in 2D, and the derived T0 from fitting, the localiza-
tion length, hopping range, and hopping energy can be
achieved.

The localization length and hopping range for differ-
ent amounts of Pr-doping are shown in Figure 5. The
length of the localized wave functions is highest for Gd-123
(x = 0.0). This means that due to the very large d with re-
spect to the distance of the neighboring atoms the overlap
of the carriers’ wave functions is enough for the conduction
to perform easily. Further, by Pr-doping, the d decreases.

Fig. 6. The localization length (d) and hopping range (R)
versus different amounts of Pr-doping (x), calculated from the
results of the variable-p method. The inset shows d versus x in
the full range. The lines are guides to the eye.

With the increase of x, due to the decrease of localiza-
tion length, the hopping range decreases too. This means
that Pr-doping localizes the carriers in the normal state.
When the localization length is very large, the extended
carriers could do the conduction process easily. Therefore,
for small x, the hopping range is less than the localiza-
tion length. As we know, for VRH mechanism, R should
be larger than d. So, in low temperatures e.g. 50 K, and
for x ≥ 0.20, the 2D-VRH occurs probably in the CuO2

planes. With the increase of temperature, due to thermal
fluctuations, hopping range decreases and the threshold
of x (xt), above which hopping occurs, changes; with the
increase of temperature, xt increases (Figs. 5 and 6).

The localization length has been calculated for dif-
ferent HTSC systems. Based on the I-V characteristic
of planar-type junction specimens, it has been concluded
that the localization length of Pr-123 films of 3000 Å thick-
ness is 85 Å at 2K [52]. This is an evidence that the local-
ization length is much larger than the size of the unit cell
in 123 structures, in agreement with our results. However,
in the bulk Gd1−xPrxBa2Cu3O7−δ system, d changes from
85 Å to 5 Å for x = 0.0 to 0.7, respectively [21]. The ap-
parent discrepancy in the value of d for Pr-123 besides the
fact that 2D-VRH has not been considered in [21], proba-
bly arises from the incompatibility of the data of films and
bulk materials. This phenomenon has also been observed
in the superconducting Tb-123 films [53] and insulating
bulk Tb-123 compounds [54].

Figure 6 shows the localization length and hopping
range for different x with variable-p method. Although, d
and R have small differences in their values in compar-
ison with the fixed-p method, their orders of magnitude
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Fig. 7. The hopping range (R) versus temperature for different
amounts of Pr-doping (x), calculated from the results of two
methods (a): fixed-p, and (b): variable-p. The lines are guides
to the eye.

and changes with x and temperature are the same. This
shows that the 2D-VRH, which has been resulted from the
variable-p method, gives consistent T0 with the fixed-p
approach. The values of R versus temperature for both
methods are presented in Figure 7. With the decrease of
temperature, the thermal fluctuations decreases and hop-
ping occurs also for larger distances. This results in the
increase of R. This result is consistent with the values
of hopping range versus temperature in perovskites [44].
Our results are also consistent with the hopping range in
Pr-123, which is 960 Å at 2 K [52].

Figure 8 shows the hopping energy versus x for differ-
ent temperatures with both fixed-p and variable-p meth-
ods. With the increase of Pr-doping, due to the destructive
effect of Pr in conduction, the required energy of carriers
for executing the hopping conduction increases. For per-

Fig. 8. The hopping energy (W ) versus different amounts of
Pr-doping (x) for different temperatures, calculated from the
results of two method (a): fixed-p, and (b): variable-p. The lines
are guides to the eye.

forming VRH, the hopping energy should be larger than
kBT . In Figure 7, the horizontal lines show the kBT for
each temperature. For small temperatures, e.g. 50 K, due
to small thermal fluctuations, small amount of hopping en-
ergy is enough to do hopping conduction. So, for x ≥ 0.20,
the VRH is a dominant mechanism of conduction in the
normal state at T = 50 K. It is worthy to note that with
the increase of temperature, xt increases, which is exactly
consistent with the extracted xt from the hopping range
curves. The results of both fixed-p and variable-p methods
are also consistent with each other. In addition, Figure 9
shows the hopping energy versus temperature. With the
increase of temperature, the hopping energy increases due
to thermal fluctuations, which is destructive for hopping
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Fig. 9. The hopping energy (W ) versus temperature for dif-
ferent amounts of Pr-doping (x), calculated from the results
of two methods (a): fixed-p, and (b): variable-p. The lines are
guides to the eye.

conduction. This result is also consistent with the changes
of hopping energy versus temperature in perovskites [44].

We have presented the resistivity at T = 100 K (ρ100)
versus x for all the samples in Figure 10. The ρ100 changes
linearly in the 0.00 ≤ x ≤ 0.50 range, but at x > 0.35 the
slope of the line changes. This means that the normal state
resistivity behaves differently depending on the samples’
status, i.e. superconducting or non-superconducting. This
is an important exhibition showing that the normal state
of HTSC has inherent information on the superconducting
state of the system.

It is worth noting that MIT does not necessarily
occur at the concentration at which superconductivity
disappears, as has been also emphasized by Tomkowicz
et al. [11]. It is known that in some systems e.g.
Si1−xAux [55], superconductivity is suppressed even be-

Fig. 10. Resistivity at T = 100 K versus different amounts of
Pr-doping (x). The lines are linear fits.

fore the occurrence of MIT. The opposite situation hap-
pens in most of the hole-doped HTSCs, as have been listed
in Table 4. Different kind of samples: single crystals, poly-
crystallines, and thin films, with and without Pr-doping
substitution at rare earth or Ba sites in 123 structure show
MIT before SIT with doping. As the amounts of oxygen
in our samples with different x remain constant (Tab. 1),
the change of carriers doping in the CuO2 superconduct-
ing planes should be due to the change in oxygen ordering,
probable hybridization due to substitution, or others. Al-
though, in some systems the MIT and SIT with x have
been taken to be equivalent, such as in La2−xSrxCuO4

system [1], it seems that the distinction between them is a
general rule, and the superposition of MIT and SIT should
be viewed as a special case. Understanding the relation be-
tween MIT and SIT due to the elemental substitution in
HTSCs needs more investigation.

Conclusions

We have studied the normal state resistivity versus tem-
perature in Gd(Ba2−xPrx)Cu3O7+δ system. There is a
MIT at xMIT

c = 0.20 and a SIT at xSIT
c = 0.35. Dis-

tinction between MIT and SIT is a general rule, and their
superposition is a special case. The appropriate conduc-
tion mechanism in the normal state is 2D-VRH. This
dominant mechanism has been obtained with the fixed-p
and variable-p methods. With the increase of Pr-doping,
the hopping conduction is performed harder, and the lo-
calization length and hopping range decrease, while the
hopping energy increases, consistent with d and R vari-
ations. Therefore, with Pr-doping, the normal state con-
duction is strongly affected. The localization of carriers
in normal state with Pr-doping causes the suppression of
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Table 4. Different compounds with different kinds of crystalline structures showing MIT and SIT values, with doping, including
their references.

Compound xMIT
c xSIT

c Sample Reference

Y1−xPrxBa2Cu3O7−δ 0.4 0.55 Polycrystalline [56–58]

Y1−xPrxBa2Cu3O7−δ 0.22 0.53 Single Crystal [59]

Y0.4Pr0.6Ba2−xSrxCu3O7−δ 0.5 0.75 Polycrystalline [60]

Gd1−xPrxBa2Cu3O7−δ 0.3 0.4 Polycrystalline [61,62]

Sm1−xPrxBa2Cu3O7−δ 0.2 0.32 Polycrystalline [51]

Sm(Ba2−xPrx)Cu3O7+δ 0.15 0.3 Polycrystalline [63]

Nd1−xPrxBa2Cu3O7−δ 0.25 0.35 Polycrystalline [64]

Nd1+xBa2−xCu3O7+δ 0.25 0.35 Polycrystalline [64]

Y1−xNaxBa2Cu3O7−δ 0.2 0.5 Polycrystalline [65]

La1−xPrxCaBaCu3O7−δ 0.5 0.7 Polycrystalline [66]

Bi2(PrxCa3−x)Cu3O8+δ 0.5 0.6 Thin Film [67]

(La1−xPrx)(Ba1.875La0.125)Cu3O7+δ 0.17 0.22 Polycrystalline [68]

(Pb0.5Ti0.5)Sr2(Ca1−xPrx)Cu2Oz <0.35 0.6 Polycrystalline [69]

superconductivity in Pr-doped systems. Finally, our re-
sults indicate evidences for strong correlations between
normal and superconducting states in HTSCs.

The authors wish to thank M. Sedaghat. This work was sup-
ported in part by the Offices of Vice President for Research and
Dean of Graduate Studies at Sharif University of Technology.
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