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ABSTRACT 

A comparative analysis of the changes in the fluctuation conductivity and 

characteristics of the superconducting state of YBa2Cu3O7–d single crystals 

caused by various types of defects is carried out. These defects appeared due to 

irradiation with high-energy electrons (radiation doses from 1.4 to 8.8 

1018 –2cm ), changes in oxygen deficiency (0.08 B d B 0.23) due to annealing at 

different temperatures, or doping with praseodymium (Y1–zPrzBa2Cu3O7-d, 

0 B z B 0.5 at optimal oxygen concentration). It is shown that the introduction 

of such defects leads to a significant expansion of the temperature range of the 

existence of excess conductivity, and upon doping with praseodymium, it also 

leads to the appearance of a thermally activated deflection on the temperature 

dependence of the electrical resistance. The effect of such defects on the 

superconducting transition temperature, Tc, and the coherence length along the 

c axis, nc(0), is studied. In particular, nc(0) more than quadruples (at z = 0.43), 

while the 2D-3D crossover point shifts towards higher temperatures. Possible 

reasons for the suppression of superconductivity in YBa2Cu3O7–d upon irradi-

ation with fast electrons and the qualitatively different temperature depen-

dences of its resistivity in the basal plane, qab (T), are discussed. 

1 Introduction modern solid state physics [1–4]. For high-tempera-

ture superconducting cuprates, the most efficient 
Synthesis of novel superconducting materials with experimental approaches to accomplish this task 
improved current-carrying abilities via modification include the introduction of artificial pinning sites 
of their structure and characteristics of electronic [5–7] as well as the modification of their electronic 
transport is one of the active research directions of 

Address correspondence to E-mail: alexander.chroneos@imperial.ac.uk 

https://doi.org/10.1007/s10854-020-04476-3 

http://orcid.org/0000-0002-2558-495X
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-020-04476-3&amp;domain=pdf
https://doi.org/10.1007/s10854-020-04476-3
mailto:alexander.chroneos@imperial.ac.uk


19430 J Mater Sci: Mater Electron (2020) 31:19429–19436 

transport properties via exposure to ionizing radia-

tion [8, 9] and variation of the composition [10, 11]. 

Among the high-temperature superconducting 

cuprates, compounds from the so-called 1-2-3 system, 

RBa2Cu3O7–d (R = Y or another rare-earth element), 

are most technologically relevant for several reasons. 

First, these compounds have a rather high critical 

temperature which is above the nitrogen boiling 

point [12, 13]. Second, there are well-established 

technologies for the fabrication of polycrystalline [14] 

and cast solid-phase compounds of large sizes. 

Finally, physical properties of these compounds can 

be varied via complete [15–17] or partial [18, 19] 

isovalent or non-isovalent substitution. The super-

conducting transition temperature of these optimally 

doped compounds amounts to Tc & 90 K and it only 
weakly depends on the choice of R. At the same time, 

it is interesting to note that CeBa2Cu3O7–d and 

TbBa2Cu3O7–d do not exhibit the orthorombic phase, 

PmBa2Cu3O7–d is radioactive, and PrBa2Cu3O7–d is 

not superconducting despite the orthorhombic ele-

mentary cell [20]. This is known as a praseodymium 

anomaly [21, 22]. In this regard, compounds with a 

partial substitution of Y for Pr are especially inter-

esting as they allow one to partially suppress super-

conductivity while keeping the lattice parameters 

and the oxygen index almost unaltered. In particular, 

investigations of the effect of Pr impurities on the 

fluctuation conductivity [23] in such compounds not 

only contribute to the clarification of the nature of 

high-temperature superconductivity, but are also 

relevant for the elaboration of empirical ways to 

improve the critical parameters of high-Tc 

superconductors. 

The presence of the labile oxygen in these com-

pounds can give rise to a non-equilibrium state 

[24–26]. Such a non-equilibrium state can easily be 

induced by high pressure [27, 28], abrupt tempera-

ture variations [24, 28, 29], or appear in the course of 

storage or aging [30, 31]. In this regard, the use of 

ionizing radiation has certain advantages [32]. For 

instance, irradiation of YBCO with fast electrons 

leads to a gradual increase of the electrical resistivity 

and a reduction of Tc without essential alteration of 

the oxygen stoichiometry [33]. As for the substitution 

of yttrium by praseodimium [34, 35], it should be 

noted that Pr, in contrast to other RE elements, allows 

one to vary Tc from the maximal value to zero while 

keeping the oxygen concentration at the optimal level 

[32–36]. In this way, both approaches allow one to 

vary the critical and electronic transport characteris-

tics of RBa2Cu3O7–d without affecting stability of the 

oxygen subsystem that is especially important from 

the viewpoint of their technological applications [14]. 

At the same time, the use of these approaches can 

noticeably affect the temperature dependence of the 

conductivity of these compounds, thereby creating 

conditions for the observation of a series of intriguing 

phenomena occurring in the non-superconducting 

state. Exemplary phenomena include the pseudogap 

anomaly [1, 2, 37], fluctuation paraconductivity 

[38, 39], metal–insulator transitions [40, 41], incoher-

ent electronic transport [42, 43], making these studies 

especially important from the viewpoint of basic 

research [1]. According to the contemporary under-

standing [44], it is these phenomena which may be 

key to the clearing of the microscopic nature of high-

temperature superconductivity, which remains 

unexplained despite almost 35 years of intensive 

experimental and theoretical investigations. 

Previously, we investigated [45, 46] the influence of 

irradiation with high-energy electrons on the excess 

conductivity in the basal plane of optimally doped 

YBCO single crystals with Tc = 91.74 K and observed 

an essential increase of the electrical resistivity in the 

temperature range Tc–300 K. The increase of the 

resistivity was accompanied by an increase of the 

coherence length nc(0) by more than a factor of 1.4. In 

this work, we compare the effects of electron irradi-

ation with the influence of Pr doping and oxygen 

deficiency on the fluctuation conductivity and char-

acteristics of the superconducting state in YBa2Cu3-

O7–d and Y1–zPrzBa2Cu3O7–d single crystals. It should 

be noted ahead that despite extensive experimental 

investigations [1, 14], the mechanisms of the evolu-

tion of the different conductivity regimes in the 

course of irradiation of RBa2Cu3O7–d compounds 

with electrons or variation of their elemental com-

position remain ultimately unclarified so far. One of 

the possible reasons for this can be the complexity of 

comparison of data for textured ceramic samples 

with a high content of intergranular bounds and films 

grown on different substrates by using different 

preparation techniques [14]. This is why, here, we 

investigate the evolution of different regimes of the 

fluctuation conductivity in YBCO single crystals of 

high structural quality, which allow for such a 

comparison. 
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2 Experimental 

The YBa2Cu3O7–d and Y1–zPrzBa2Cu3O7–d single 

crystals were grown by the solution-melt technique 

[1, 2, 9, 11, 25] in a gold crucible. The batch consisted 

from Y2O3, BaCO3, and CuO compounds. For a par-

tial substitution of yttrium with praseodymium in 

Y1–zPrzBa2Cu3O7–d single crystals, the respective 

percentage of Pr5O11 was added to the batch. The 

conditions for growth and saturation with oxygen 

were the same for both crystal types [47]. For the 

optimal saturation of the crystals with oxygen, 0 1, 

the crystals were annealed in an oxygen flow at a 

temperature of 703 K for 4 days. 

All investigated crystals were twinned with the 

twin planes exhibiting a block structure. Electrical 

resistance measurements were done in the standard 

four-probe geometry. The typical crystal sizes were 

(1.5–2) 9 (0.2–0.3) 9 (0.01–0.02) mm3, where the 

smallest size corresponds to the c axis. The transport 

current was applied along the longest side. The dis-

tance between the voltage leads amounted to 1 mm. 

Irradiation of the samples with electrons at 

0.5–2.5 meV energies was done at T\ 10 K in a 

special helium cryostat with a beamline inlet. The 

irradiation dose D = 1018 cm–2 corresponds to an 

averaged overall sublattices concentration of defects 

of 10–4 displacements per atom [45, 46]. All resistance 

measurements were done at a fixed temperature. The 

temperature was measured with a platinum resis-

tance thermometer. The temperature stability was 

about 5 mK. 

3 Results 

Figure 1a–c show the electrical resistance depen-

dences on the concentration of defects that arise due 

to irradiation, oxygen deficiency, or doping with 

praseodymium. 

Figure 1a displays the temperature dependences of 

the basal-plane electrical resistivity q(T) measured 

before irradiation with fast electrons and after irra-

diation with different doses D = (0…8.8)�1018 cm–2. 

Figure 1b presents the q(T) curves in the original 
state and after reduction of the oxygen content 

(d = 0.08…0.23) at different annealing temperatures. 

The temperature dependences of the basal-plane 

resistivity q(T) of the optimally doped Y1–zPrzBa2-
Cu

3
O7–ö single crystals (0.0 B z B 0.43) are presented 

in Fig. 1c. With an increase in the concentration of 

defects (which is characterized by the radiation dose, 

oxygen deficiency or praseodymium content), the 

q(T) shape is quasi-metallic [48]; the absolute values 

of electrical resistance are increasing, if the tempera-

ture rises, while the region of the linear dependence 

of q(T) at high temperatures is narrowing. 

Figures 1d–f shows the corresponding derivatives, 

dq(T)/dT, in the region of the SC transition. It is seen 
that these derivatives pass through the maxima, the 

position of which we identify with Tc. With an  

increase in the defect concentration, the dq(T)/dT 
maxima shift to the region of lower temperatures, 

demonstrating a tendency towards a decrease in 

height and an increase in width of the originally 

narrow superconducting transition with DTc B 0.3 K. 

Figure 1g–i, which are derived from Fig. 1a–c and 

d–f, show the dependences of Tc and q(300 K) on the 
concentration of defects (see also Table 1). It can be 

seen that, in the case of electron irradiation, a 

decrease in Tc to 86 K corresponds to the largest 

change in q(300 K), and in the case of an increase in 
oxygen deficiency, the change in q(300 K) is the 

86 86smallest, that is, Dq irr(300 K) [Dq Pr(300 -

K)[Dq 86d(300 K). Thus, Tc demonstrates the highest 

resistance to defects caused by irradiation with high-

energy electrons. 

Note that a decrease in Tc to 86 K and a corre-

sponding increase in q in the range Tc–300 K in the 

case of electron irradiation is not accompanied by a 

change in the shape of the q(T) curve. At the same 

time, a decrease in the oxygen concentration or 

doping with praseodymium causes the appearance of 

an S-shaped thermally activated bending of q(T). The 
thermally activated behavior of q(T) for irradiated 
samples manifests itself only at sufficiently low val-

ues of Tc [40] and can be associated with the 

appearance of dielectric inclusions caused by the 

redistribution of oxygen between the O(4) and O(5) 

positions (in the notation [5]) [49] and the formation 

of local regions with a tetragonal phase. 

In samples with a low oxygen concentration, the 

SC transition acquires a step-like shape–curves 1–5 as 

in Fig. 1b, which may indicate the presence of several 

phases with different Tc [48]. 

The temperature dependences of the basal-plane 

resistivity (T) of the Y1–zPrzBa2Cu3O7–d single crystals 

are presented in Fig. 1c. As it follows from Fig. 1c 

and Table 1, q increases with increase of the Pr con-

centration, while Tc is decreasing. These observations 

http:0.08�0.23
http:0.01�0.02
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Fig. 1 Series of representative temperature dependences of the 

basal-plane electrical resistivity q(T) of the YBa2Cu3O7–d single 

crystals. a Before (1) and after (2–4) irradiation with fast electrons. 

b Before (1) and after (2–5) step-by-step annealing leading to an 

increase of the oxygen deficiency. c For samples with different 

contents of praseodymium. d–f The respective resistive transitions 

are in agreement with the literature [1, 24]. It is worth 

noting that for Pr concentrations 0.0 B z B 0.34 ,the 

q(T) curves are quasi-metallic, while with a further 

increase of the Pr concentration, q(T) exhibits a 
characteristic S-shaped bending. 

As one sees in Fig. 1, below some characteristic 

temperature T*, the q(T) curves begin to deviate from 

the linear law that can be attributed to an excess 

conductivity. Its temperature dependence can be 

determined from the following expression: 

Dr ¼ r � r0; ð1Þ 

where r0 = q0 
-1 = (A  ? BT) -1 is the conductivity 

determined by the interpolation of the linear high-

temperature section of q(T) towards zero temperature 

and r = q –1 is the measured conductivity value at 

T\T*. As is known, near Tc, the excess conductivity 

is caused by the fluctuational pairing of charge car-

riers and it can be described by a power-law 

in the dq/dT versus T representation. g–i Dependences of the 
superconducting transition temperature Tc and the resistivity at 

room temperature, q(300 K), on the irradiation dose D, oxygen 

index d, and the Pr content z. Curve numbering is consistent within 

each panel column. Arrows indicate the temperature T* at which 

the q(T) curves begin to deviate from the linear dependence 

dependence obtained within the framework of the 

Lawrence-Doniach model [50]. This model implies a 

gradual crossover from the 2D to 3D regime of the 

fluctuation conductivity with decrease of the 

temperature. � �
2e � ��1=2�1 �1Dr ¼ e 1 þ Je ; ð2Þ 

16gd 

where e = (T–Tmf
c)/T

mf
c is the reduced temperature, 

Tmf 
c is the critical temperature in the mean-field 

approximation, J = (2nc(0)/d)2 is the interlayer pair-
ing constant, nc is the coherence length along the c 
axis, and d is the thickness of the 2D layer. In the 

limiting case T ? Tc, the interaction between the 

fluctuational Cooper pairs takes place in the entire 

volume of the superconductor as nc�d and the con-

ductivity is in the 3D regime. In the opposite limiting 

case T�Tc, pairing of charge carriers is only possible 

within the layers as nc�d and the conductivity is in 
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Table 1 Evolution of the 

resistive and superconducting Variable Tc, K  q (300 K), lXcm T*, K a1 a2 e0 nc(0), Å 

properties of the 

YBa2Cu3O7-d single crystals 

in the course of irradiation 

with fast electrons, annealing 

at different temperatures, and 

doping with praseodimium 

YBa2Cu3O7-d single crystal before and after irradiation with the irradiation dose D 

D = 0 91.74 199 137 - 0.501 - 1.044 0.064 
-21.4�1018 cm 90.60 227 143 - 0.499 - 1.032 0.094 
-24.4�1018 cm 89.24 267 156 - 0.503 - 1.009 0.097 
-28.8�1018 cm 86.79 332 175 - 0.491 - 1.015 0.125 

YBa2Cu3O7-d single crystal before and after annealing at different temperatures 

1.44 

1.79 

1.82 

2.07 

7 - d = 6.92 91.738 155 143 - 0.499 - 1.012 0.064 1.48 

6.87 90.845 186 171 - 0.496 - 1.032 0.104 1.89 

6.83 88.712 192 192 - 0.500 - 1.005 0.145 2.23 

6.81 88.394 216 215 - 0.499 - 1.010 0.206 2.65 

6.77 78.515 243 232 - 0.505 - 1.031 0.292 3.17 

Y1-zPrzBa2Cu3O7-d single crystal with different concentrations of praseodimium 

z = 0 91.74 155 143 - 0.499 - 1.012 0.064 1.48 

0.05 85.78 255 110 - 0.528 - 1.039 0.067 1.51 

0.19 73.75 287.78 127 - 0.504 - 1.017 0.111 1.95 

0.23 67.33 326.89 137.5 - 0.501 - 1.023 0.242 2.88 

0.34 51.74 436.43 187 - 0.492 - 1.042 0.64 4.68 

0.43 45.2 514.04 219 - 0.495 - 1.017 1.381 6.875 

the 2D regime. Accordingly, Eq. (2) can be trans-

formed into the well-known Aslamazov-Larkin rela-

tion [51] for the 2D and 3D limiting cases 

2e �1Dr2D ¼ e 
16gd 

ð3Þ 

and 

2e �1=2Dr3D ¼ e : 
32gncð0Þ 

ð4Þ 

For a comparison of these relations with experi-

mental data one needs to accurately determine Tmf
c as it 

strongly affects the slope of the Dr(e) dependences. The 
quantities nc(0), d, and  Tc in Eqs. (2)–(4) are usually 

varied as fitting parameters [38]. However, comparison 

of theory with experiment yields a rather poor quanti-

tative agreement when one uses such an approach. At 

the same time, the introduction of an additional scaling 

parameter, the so-called C-factor, allows one to account 

for a possible inhomogeneous current distribution in 

the sample volume and to thereby fit experimental data 

better to the theoretical expressions. In our analysis, we 

followed the suggestion [10] to use for  Tmf
c the Tc val-

ues deduced at the maxima of the dq/dT derivatives, 
as illustrated in Fig. 1d, e, f. 

Figure 2 displays the temperature dependences Dr(T) 
in the double logarithm representation. One sees that in 

the temperature range between Tc and 1.1 - 1.25 Tc 

(depending on the oxygen concentration) these depen-

dences can be satisfactorily fit by straight lines with the 

slopes a1 & - 0.5. This slope P corresponds to the 

exponent - 1/2 in Eq. (4) that attests the 3D character of 

the fluctuation conductivity in this temperature range. 

With a further decrease of the temperature, the decrease 

rate of Dr strongly increases (a2 & - 1) that, in turn, 

points to a dimensionality change in the fluctuation 

conductivity. As it follows from Eqs. (3) and (4), at the 

2D-3D crossover point one has. 

e0 ¼ 4½n ð Þ=d�2 ð5Þ0c 

With the e0 values thus deduced and the literature 
data for the dependence of the interlayer distance 

d on d [52, 53] one can calculate nc(0). As it follows 

from Table 1, nc(0) calculated by using Eq. (5) 

increases from 1.44 Å to 2.07 Å with decrease of Tc. 

This observation is in a qualitative agreement with 

the dependence of nc(0) on d obtained for YBCO 

samples [48] in the course of a step-by-step decrease 

of the oxygen concentration and increase of the 

praseodimium content [19, 34]. 

As noted above, with decrease of the temperature 

below some characteristic value T*, one observes a 

deviation of q(T) from the linear dependence 

[1, 2, 37]. This deviation attests to the appearance of 

the excess conductivity which is caused by a 
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Fig. 2 Dependences Dr(T) in the double logarithm representation. Curve numbering is the same as in Fig. 1. Insets: Dependence of nc on  

the irradiation dose D and the concentrations of oxygen, and praseodimium 

transition to the pseudogap regime [29, 54]. Specifi-

cally, for the sample with Pr concentrations z B 0.05, 

the linear section of q(T) is expanding as compared to 

the reference YBa2Cu3O7-d single crystal, while T* 

shifts towards lower temperatures by more than 

30 K. This, in return, points to the narrowing of the 

temperature range in which the excess conductivity 

exists. Such a behavior is rather unusual because at Pr 

concentrations z C 0.2 an inverse shift of T* towards 

higher temperatures is observed [19]. 

It should be noted that the essential extension of the 

excess conductivity regime to T[1.5 Tc cannot be, 

probably, explained within the framework of the 

existing fluctuational theories. According to the con-

temporary knowledge (see, for instance [1, 2, 37]), such 

a behavior of  q(T) can be caused by a transition to the 
so-called pseudogap state which is peculiar to under-

doped high-temperature superconducting compounds. 

At the same time, one should not rule out that the 

mentioned peculiarity can also partially be caused by 

the presence of an additive contribution to the con-

ductivity of impurity phases with a higher Tc. As it was  

shown already in early works devoted to investigations 

of the fluctuation conductivity in high-temperature 

superconducting compounds [20], while at normal 

conditions superconducting phases with Tc \140 K are 

structurally unstable, they still can exist as impurity 

phases in alloyed and multi-phase samples. A certain 

role in these can be played by specific quasiparticle 

scattering mechanisms [55–59] caused by the presence 

of structural and kinematic anisotropy in the system. 

4 Conclusion 

To summarize, we can say that the evolution of the 

excess conductivity of YBa2Cu3O7–d single crystals 

was studied during irradiation with fast electrons, a 

decrease in the oxygen concentration, and an increase 

in the praseodymium content. 

In all cases, qualitatively similar effects are 

observed, namely, the temperature range of the 

excess conductivity regime expands, Tc decreases, the 

coherence length increases, and the 2D-3D crossover 

point shifts towards higher temperatures. 

With the same changes in Tc, electron irradiation is 

accompanied by the largest changes in the magnitude 

of the normal resistance, qab(300 K), and the smallest 

changes in the coherence length, nc(0), compared to the 

effect of the composition (oxygen deficiency or pra-

seodymium), that is, the SC state is more resistant to 

defects caused by irradiation than oxygen deficiency or 

praseodymium. One  of  the possible reasons  leading to  

this may be the appearance of radiation-induced insu-

lating inclusions caused by the redistribution of oxygen 

between the O (4) and O (5) positions, and the forma-

tion of local regions with a tetragonal structure, which 

are shunted by the initial superconductor. 
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At the same time, changes in the composition lead 

to a change in the shape of the q(T) curves, up to an S 

shape (thermally activated bend), in the case of 

doping with praseodymium. 
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