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020 e/cm?) or the changes

Abstract: Medium-fluence fast electron irradiation (101 e/cm? to 1
in the praseodymium concentration in the range of 0.0 < z < 0.5 on the excess conductivity of
YBa;CuzOy7_5 single crystals ware investigated. These can lead to a wider range of the temperature
interval of excess conductivity which narrows the interval of linearity in the ab plane. At fluences
0<® <6.5 x 1019 e/cm?, there was a threefold increase in the transverse coherence length &.(0)
with an increase in ® of more than four times as the praseodymium concentration increased to
z = 0.42. The two-dimensional-three-dimensional (2D-3D) crossover point shifted upward in tem-

019 e/cm?) or low praseodymium doping

perature. Conversely, to irradiation with low fluences (® <1
(z £0.39), irradiation with medium fluences or high praseodymium doping led to a non-monotonic
dependence of &£.(0) on the irradiation fluence, with characteristic maxima at ®~(7-8) x 10'° e/cm?

and z ~ 0.42, likely due to the suppression of the superconducting characteristics.

Keywords: YBa,Cu3Oy_s; fast electrons; excess conductivity; single crystals; electron irradiation

1. Introduction

The data obtained during the investigation of the impact of high-energy electron irradi-
ation or praseodymium doping on the magnetoresistive characteristics of high-temperature
superconducting cuprates (HTSCs) are important experimental material, the processing
of which makes it possible to achieve success in determining the microscopic mechanism
of superconductivity and improving the functional characteristics of existing HTSC com-
pounds [1-19]. Superconducting, high-temperature, single crystals are the technological
basis of fundamental research aimed at establishing the mechanisms regarding the interac-
tion of layered structures with radiation [16,17,20].

Irradiation with high-energy electrons makes it possible to create radiation defects while
at the same time retaining the composition of the material. These defects change the electrical
resistance in both normal and superconducting states [16-20]. Doping with praseodymium
also has a similar effect on the resistance of YBa,Cu3O7_s, which creates impurity de-
fects [6,10,18,19,21-23] without changing the content of labile oxygen [24,25]. Comparing
the resistance of electron-irradiated YBa,CuzO7_s with the resistance of Y1_,Pr,Ba,CuzO7_s
will allow us to better understand the difference in the ensemble of defects in both cases,
especially in the region of the superconducting transition.
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Considering the prospect of using high-temperature superconductors as supersen-
sitive sensors and electric current transmission lines with low energy losses operating
in the region of liquid nitrogen’s boiling temperature, the creation of a so-called “con-
trolled” defect structure [9,10,15] in a superconductor has important fundamental and
practical significance.

Compounds of the YBay;CuzOy_s system are among the most promising HTSC ma-
terials because of the following reasons: (a) these compounds have a fairly high super-
conducting transition temperature, Tc ~ 90 K (higher than the boiling point of liquid
nitrogen); (b) single-crystalline samples of these compounds are relatively easy to grow,
and their physical properties can be varied quite easily by modifying the oxygen concentra-
tion; and (c) they hold technological importance so they need to be stable under extreme
external influences.

The partial replacement of yttrium with praseodymium allows, unlike rare-earth
elements, for a change in the Tc from the maximum value to 0 (antiferromagnetic insulator)
while maintaining the degree of oxygen content at the optimal level (praseodymium
anomaly). Thus, the application of electron irradiation or praseodymium doping makes it
possible to tune the critical and electrical transport properties of Y;_,Pr,Ba;CuzOy_s single
crystals in a wide range.

Note that, despite intensive experimental studies of the influence of various kinds
of external influences on electric transport in the YBa,CuzOy7_s system [1-10,15-17,19-24],
there is only a small amount of scientific work devoted to comparative studies of the
influence of electron irradiation and Pr doping on the pseudogap and fluctuation conduc-
tivity anomalies. At the same time, according to contemporary ideas, it is these “unusual”
physical phenomena observed in HTSC compounds in the non-superconducting state that
are critical to understanding the microscopic nature of HTSC, which is presently not fully
explained, in spite of more than three decades of systematical experimental work.

In previous studies [26], we studied the impact of relatively low irradiation flu-
ences from 1.4 to 8.8 x 10'® e/cm?, or of weak doping with praseodymium on the
fluctuation conductivity (FC) and paraconductivity in YBayCuzO7_s single crystals with
a stoichiometric composition. Here, we consider the effect of medium fluences (up to
100 x 10’8 e/cm?) of irradiation with high-energy electrons or the effect of praseodymium
impurities in a significant concentration range (0.0 < z < 0.5) on the fluctuation conduc-
tivity in Y1, Pr,BayCusOy_s single crystals during the flow of a transport current in basic
ab-plane.

2. Experimental Methods

The YBayCuzOy7_; single crystals investigated in this study were grown by the melt
solution method [1,3,5]. The crystals were subjected to an oxygen atmosphere at 430 °C
for four days and this led to their saturation. The crystals contained twins, whose planes
of which had a block structure. Resistivity measurements were taken with the standard
4-pin method. The measured crystal sizes were (1.5...2) x (0.2...0.3) x (0.01...0.02) mm?,
where the third dimension was the c axis. To prepare crystals with partial replacement of Y
by Pr, Y1_,Pr,Ba;CuzOy_s, PrsO;;1 was introduced to the initial mixture in the appropriate
percentage.

The modes of growth and oxygen saturation of Y;_,Pr,Ba;Cu3Oy7_s crystals were the
same as for undoped single crystals [5,20]. Y03, BaCOj3, CuO and Pr50;; compounds
were used in the crystal growth. A transport current of up to 10 mA passed through the
largest sample size, where the typical distance of the potential contacts is 1 mm.

The grown single crystals exhibited characteristics of normal and superconducting
states corresponding to a given oxygen and/or praseodymium content. The technological
and experimental details for the synthesis of experimental samples, resistivity measure-
ments and analysis of the transport properties were previously described [1,3,5,19,20].

Electron irradiation with energies in the range of 0.5 to 2.5 MeV was employed at
temperatures below 10 K. The irradiation fluence ® = 10'® e/cm? by electrons with an
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energy of 2.5 MeV corresponded to a defect concentration averaged over all sublattices of
10~* displacement per atom [26]. The measurement technique was the following: first, the
temperature dependences of the resistivity of the sample were measured. The sample was
then cooled to 5 K and irradiated with electrons. The beam intensity was chosen such that
the temperature of the sample during irradiation did not exceed 10 K. After irradiation,
the sample was heated to a temperature of 300 K and, gradually lowering the temperature,
the resistivity of the sample was measured. The same sample was successively irradiated
at different fluences. To measure electrical resistance after irradiation in the temperature
range of 4.2 < T < 300 K, a specially designed helium cryostat was used. All electrical
resistance measurements were carried out at a fixed temperature; temperature stability was
about 5 mK. Temperature was measured with a platinum resistance thermometer.

3. Results and Discussion

In Figure 1a, the dependences r,,(T) obtained before and after irradiation with fast elec-
trons at fluences from 0 (curve 1) to 86.3 x 10'® e/cm? (curve 8) are shown. These dependen-
cies were analyzed in previous work [27]. The electrical resistivity of Y;_,Pr,BayCuzOy_s
single crystals when the praseodymium content, z, changed from zero (curve 1) to z=0.5
(curve 8) is shown in Figure 1b. As can be seen from Figure 1, in both cases, the curves
are characterized by quasi-metallic behavior of electrical resistivity with a characteristic
linear area of the dependence p(T) at high temperatures. Both at maximum irradiation
fluences and at maximum Pr content, the p(T) curves acquired a characteristic S-shape,
which indicates the appearance of a thermally activated region on the p(T) dependences,
which will be discussed in more detail below.
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Figure 1. (a). Temperature dependencies p.,(T) of YBa,Cu3zOy_; single crystals prior to and after
irradiation with electrons at fluences 0, 13.1, 24.7, 38.9, 55.7, 68.1, 79.2 and 86.3-108 e /cm?—curves
1-8, respectively. Inset: dependence of the critical temperature, Tc (squares), and electrical resistivity
at room temperature, p(300 K) (circles), on fluence for all samples. (b). Temperature dependences r(T)
of Y1_,Pr,;BayCu3Oy_; single crystals for z 0.0, 0.05, 0.19, 0.23, 0.34, 0.43, 0.48 and 0.50—curves 1-8,
respectively. Inset: dependence of the critical temperature, Tc (red circles), and electrical resistivity at
room temperature, p(300 K) (green circles), on the Pr concentration for all samples.

From Figure 1, it can be deduced that when the T dropped below T*, in the basal plane,
on the p,(T) dependencies in the region of relatively high temperatures, an extended linear
section was preserved even at for high irradiation fluences. Numerous theoretical models
have been introduced to explain these dependences including the resonating valence band
theory (RVB theory) [28] and the nearly antiferromagnetic Fermi liquid (NAFL) model [29].
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In the RVB theory, scattering in HTSC compounds occurs through the interaction of carriers
(spinons and holons) [28]. Herewith, the T dependence of the electrical resistivity addition-
ally to the linear T term introduces an additional term, proportional to 1/T [30], in both
cases, as in longitudinal and as in transverse electrical resistivity:

p(T) = AT ! + BT (1)
From Figure 2 (note: irradiation fluences up to <70 x 10'® cm~2 or a low level of Pr

doping, z < 0.25), it was observed that the dependences of the products p,,(T)-T on T?
become close to linear.
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Figure 2. Temperature dependencies of electrical resistivity in p-T-T? coordinates in the ab-plane.
The curves’ numbering is consistent with Figure 1.

For medium and high fluences of @ > 100 x 108 cm™2 or in the case of medium and
heavily Pr-doped samples z > 0.25, the experimental curves p.(T) could not sufficiently be
described by the dependence from Equation (1).

Figure 3 shows the dependencies of the linearity parameters A and B in Equation (1)
from fluence (P) or praseodymium concentration (z).
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Figure 3. A and B linearity parameters [Equation (1)] dependencies from (a) fluence (®) and
(b) praseodymium concentration (z).

As inferred from the figure, the linearity of the p(T)-T-T? dependence was directly
related to the defectiveness of the structure of the experimental samples, since both the (lin-

ear) parameters increased rapidly by increasing ® or z, i.e., by increasing the concentration
of irradiation and impurity defects.
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From Figure 4, it could be concluded that increasing ® led to a rapid decrease in the
interval of linearity or shift toward high temperatures (measurements were carried out up
to 300 K); regarding the increase in z, the situation was even more diverse, and namely, for
concentration number 8 (of the experimental measurements) there was no linearity (up
to 300 K), and the derivative decreased by increasing the temperature. That is, there was
a contradiction such that by (with) increasing defectiveness, the parameters of the linear
dependence p(T)-T-T? increased, but the linear dependence itself showed a tendency to
disappear due to the narrowing of the interval of its existence.
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Figure 4. Interval of linearity as a function of ® or z for the cases of irradiation with different fluences
of electrons or changes in praseodymium concentration. Numbers 1—8 correspond to the numbers of
the curves in Figure 1.

As noted above, there were noticeable differences in the evolution of resistivity curves
under irradiation or doping with praseodymium. Figure 1 reveals that irradiation resulted
in an anomalously strengthened (in comparison to the change in composition [1,16,22])
decrease in T in YBayCu3Oy_s5. Nevertheless, the nature of the change in the electrical
and superconducting properties of HTSC with a change in composition [1,22] and un-
der the action of irradiation was somewhat different. The primary difference was for
Y1, Pr,BayCuzO7_s single crystals with T, < 85 K, where as a rule, a change in the shape of
the p(T) curves was observed from metallic to the so-called “S-shaped” with a characteristic
thermally activated deflection [1,17,18] (z > 0.2, Figure 1b); during irradiation, a similar
“S-shaped” shape of the p(T) curves was observed for T, <35 K (® > 60 e/ cm?, Figure 1a).

A key reason for the strong decrease in T, in irradiated samples was the appearance
of dielectric inclusions under the influence of irradiation because of the redistribution of
oxygen between the O(4) and O(5) positions and the formation of local regions with a
tetragonal structure.

With increased fluence, the T, decreased from~92 to~24 K, and p,;(300 K) increased
from p~158 to 384 LOhm-cm, respectively, which is consistent with previous studies [26,30].
Clearly similar effects were avoided when supplemented with praseodymium [1,18]. The
dependencies of T, and p(300 K) on ® and z are shown in the insets in Figure 1a,b.

As shown from Figure 1, below, for the characteristic temperature T*, the dependencies
for all p,,(T) curves were “rounded off”, which may have been caused by the emergence of
excess conductivity Ao,,. Lawrence and Doniach [13] used the following relation for the
fluctuation conductivity in the plane of layers in the immediate vicinity of the SC transition:

2 1

: , 2)
16hd \/le(e +1)]

AO’ab =
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where d = 11.7 A and is the interlayer distance [31].

_ 2
_T-Te o, 40 3)

€ Tc d?

Equation (1) describes a 2D-3D crossover that occurs in a certain temperature interval:
when ¢ << 7 0,,ALx(e r)~1/2 (3D mode), but at € >> r 0, e =1 (2D mode). According to
the theory [12], the 2D-3D crossover should happen when

Ty = Tcfl + 2[£c(0)/d]}, 4)
where it is assumed that « = 1/2, i.e., the following:
£c(0) = (d/2)eo" /2. (5)

Having determined the value of ¢y and applying the literature data on the dependence
of T¢ and interplanar spacing on 6 [31], it was feasible to calculate the value &.(0).

In Figure 5 are shown the Ao,,(T) dependencies in InAo(Ine) coordinates for different
r values, experimentally derived from the following relation:

Ao-abexp(T) =1/pexp(T) — 1/ puap(T), (6)

before and after irradiation. With a temperature range between T, and < 1.1T, (depending
upon the oxygen concentration), these dependencies were adequately approximated by
straight lines with a slope angle of «; ~ —0.5, thus indicating a three-dimensional character
of fluctuation superconductivity in this temperature regime. by increasing the T, the rate
of decrease in Ao increased significantly (x; ~ —1). This is an indication of a change in
the dimensionality of fluctuation conductivity (FC). This change corresponds to a 2D-3D
crossover. Notably, in previous studies of the FC in YBa,CuzOy_s HTSC systems of various
compositions using the Kouvel-Fisher method [4,6,10], a whole chain of crossovers was
repeatedly recorded, and this was interpreted as a sequence of transitions of 1D-2D, 2D-3D
and 3D—critical fluctuations and intermediate types between them.

Figure 5. (a). Dependencies InAc(T) on Ine for fluences 0 (circles) and 55.7 x 1018 e /cm? (squares) and
79.2 x 10! e/cm? (inset (a)). The inset (b) shows the dependencies of £.(0) on ®. (b). Temperature
dependencies of excess conductivity in the ab-plane for Y;_,Pr,Ba;CuzOy_s single crystals in InAo-Ine
coordinates. Inset (a) shows the dependence for z = 0.48. Inset (b) shows the dependencies of &.(0) on
z. The curves’ numbering is consistent with Figure 1.

Taking into account these results, we considered the following picture of supercon-
ducting pairing in HTSC. Fluctuation pairs, nucleated inside the CuO; planes at T < T*,
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led to an increase in nsc. Since at T >> T the values of nsc and especially the &.(T) are very
small, there is likely to be no interaction between the pairs. The corresponding electronic
state of the fluctuation pairs can be considered as 0-D, which is not represented by the
existing FC theories. At T < T;p, fluctuation pairs begin to overlap, but still only within the
CuO; planes, forming a 2D electronic state, which was described by the Mackie-Thompson
regime (MT) contribution of the Hikami-Larkin (HL) theory [14]. At T < T3p, the increas-
ing &.(T) becomes greater than d and connects the conducting planes by paired tunnel
interactions of Josephson type. Now, the fluctuation pairs interact through the whole
volume of the superconductor and form a 3D electronic state, which is well described by
the 3D contribution of the Aslamazov—-Larkin (AL) theory [12]. In fact, only now is the
system entirely ready to complete the transition to the superconducting state.

Note that for the InAs(lne) dependences obtained at maximum irradiation fluences
(F =792 and 8.63 x 10'° e/cm?), a non-monotonic progression of the curves was observed,
which may have indicated an additional crossover at temperatures e > ey with a sharp
decrease in slope, «. This behavior was already observed previously in [8] and may have
indicated the possible presence of the so-called Mackie-Thompson (MT) regime of behavior
of the temperature dependences of paraconductivity As in the system [14].

In the 2D region, two-particle tunneling between layers is excluded, resulting in su-
perconducting and the normal carriers being located directly in the planes of the leading
layers. The dominant contribution to the FC in this regime is made by an additional contri-
bution, justified by Mackie-Thompson [14] and determined as a result of the interaction
of the fluctuation pairs with the normal charge carriers. This contribution depends on the
lifetime of fluctuation pairs and is determined by the processes of pairing for each specific
sample. Importantly, the degree of heterogeneity of the sample structure has to be taken
into account. According to [8], for samples of a perfect structure:

B ¢2 S\1+a+ (1+20)2]
o= smm—ml“{ (a) 1ot (14207 7
Here,
a = 2[¢c(0)/d)*e ™  and 6 = 1.203(1/&5(0))(16/ 7th) [E(0) /d)*ky Ty 8)

are the communication and depairing parameters, respectively. Here, | is the mean free path,
&ab is the coherence length in the ab-plane and Ty, is the existence time of fluctuation pairs.
In the presence of inhomogeneities in the structure, the Ac(T) dependence is determined
by the Lawrence-Doniach (LD) model [13].

The dependence of the coherence length &.(0) on the fluence of electron irradiation is
shown in the inset (b) in Figure 5a.

On the main panels and inserts (a) in Figure 5a,b shows the dependencies of excess
conductivity in the ab-plane in InAo-Ine coordinates for YBay,CuzOy_s (Figure 5a and insert
(a)) and for Y;_,Pr,Ba,Cu3O7_s (Figure 5b and insert (a)). The dotted lines show the
approximation of the experimental curves by straight lines with slopes o; ~ —0.5 (3D
regime) and & ~ —1.0 (2D regime). Arrows show 2D-3D crossover points.

Insets (b) show the values of £.(0), calculated using Equation (5) for different ® or z. It
can be seen that £.(0) passes through a maximum at ®,, ~ 80 x 10'® e/cm? (Figure 5a) or
zm =~ 0.43 (Figure 5b).

Figure 6 shows the dependencies of &.(0) on T, for all investigated samples. Dark
squares show the data obtained previously for YBa,Cu3O7_s film samples at different
volumes of 6 [8]. As is known from the general theory of superconductivity (Bogoliubov-de
Gennes—BdG [32]), the relationship between &.(0) and T, in superconducting compounds
obeys the following relation:

& ~ Iive/[A(0)], ©9)
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where A(0) is the order parameter at T = 0 K. Since for YBa,Cu3zOy_s the value 2A(0)/kgT, ~ 5,
then, taking &y = &(0), this can be written as

&(0) =G/ T, (10)

where G = 2Khop / (5mkg) and the proportionality coefficient is K ~ 0.12.
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4
uu‘33'_ /A

ol

1-

0 N 1 N 1 N 1 N 1 N 1 N 1 N 1 N
20 30 40 50 60 770 80 90
To K

Figure 6. Dependencies of £.(0) on T, for YBayCuzOy_s (circles) and for Y1_,Pr,Ba,Cu3zOy_s (trian-
gles). Squares—data [8] for YBayCuzOy_s films.

The dependence £.(0) as a function of T, is shown in Figure 6 with the red solid
line, which indicates that the pairing mechanisms in HTSC films, in this range of tem-
peratures and praseodymium concentrations, obey to a large degree the general theory
of superconductivity. Qualitatively similar behavior of analogous dependencies was ob-
served for YBa,CusOy_s (circles) and Y1, Pr;Ba,CuzOy_s (triangles) single-crystal samples
at T, > 65 K and 55 K, respectively. Note that for the InAc(Ine) dependences obtained at
maximum irradiation fluences (/ = 7.92 and 8.63 x 10!° e/cm?), a non-monotonic pro-
gression of the curves was observed, which may have indicated an additional crossover
at temperatures ¢ > ¢y with a sharp decrease in the slope, .. This behavior was already
observed previously in [8] and may indicate the possible presence of the so-called Mackie—
Thompson (MT) regime of behavior of the temperature dependences of paraconductivity
Ao in a system [14]. Structural and kinematic anisotropy in the system can play a particular
role [33-59].

4. Conclusions

The presented data and their analysis allowed us to draw a general conclusion that for
optimally oxygen-doped YBa,CusOy_s single crystals, irradiation with medium fluences
of high-energy electrons or an increase in the degree of doping with praseodymium leads
to similar changes in the temperature dependences of electrical resistivity, p(T), in the
ab plane. In particular, there is a significant expansion of the temperature interval of
excess conductivity Ac(T) existence. In both cases, there is a multiple increase in the
transverse coherence length £.(0) and the 2D-3D crossover point significantly shifts by
temperature. It was for the first time established that, in contrast to the case of irradiation
with small fluences of high-energy electrons (® < 10" cm~2) or with praseodymium
doping to concentrations z < 0.39, irradiation with medium fluences or praseodymium
doping at higher concentrations leads to a non-monotonic dependence of the transverse
coherence length £.(0) from the critical temperature T,, with characteristic maxima at
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® ~ (7-8) x 10" e/cm~2 or z ~ 0.42, which may be associated with a suppression of
superconducting characteristics.
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