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The evolution of the excess conductivity of YBa,CuzO5.5 single crystals upon electron irradiation is investigated.
It was shown that electron irradiation leads to a significant expansion of the temperature range for the existence of
excess conductivity, thereby narrowing the region of the linear dependence of p(7) in the ab plane. It was found that
the excess conductivity Ac(7) of YBa,Cus0,.5 single crystals in a wide temperature range Ti<7<T* (73 - the
transition temperature from the PG to the FP mode) is subject to exponential temperature dependence. Moreover, the
description of excess conductivity using the relation Ac ~ (1-7/T*)exp(A*./T) (A*4, — the pseudogap in ab-plane)
can be interpreted in terms of the mean-field theory, where T* is presented as the mean-field temperature of the
transition to the PG state, and the temperature dependence of the pseudogap is satisfactorily described in the
framework of the BCS-BEC crossover theory. In this case, the value of the transverse coherence length &c(0)
increases 1.4 times and the 2D-3D crossover point shifts in temperature.

PACS: 74.72.Bk

INTRODUCTION

As is known, a characteristic feature of high-
temperature superconducting cuprates (HTSC) is the
presence of a broad temperature region of excess
conductivity, Ao, in the temperature dependences of
conductivity [1-3]. Near the critical temperature (T.)
Ao, it is caused by fluctuation corrections to the
conductivity, which, as a rule, are well described within
the framework of the well-known theoretical models of
Aslamazov-Larkin [4], Mackie-Thompson [5] and
Lawrence-Doniakh [6] for layered superconducting
systems. Far from T, at temperatures of 1.5 T, and
above, Ac is caused by the so-called pseudogap
anomaly (PG), the question of the origin of which is still
quite debatable [2, 7, 8]. Currently, as a rule, two main
scenarios of the occurrence of PG in HTSC compounds
are considered. Its knows as the scenario of
“uncorrelated pairs” [2, 3, 8, 9] and several so-called
mechanisms of various kinds of “dielectric
fluctuations”, which are described in sufficient detail in
reviews [2, 7, 10].

According to modern concepts, the PG anomaly [2,
3, 7-11] and AF [1, 2, 4-6, 12] are the keys to
understanding the microscopic nature of HTSC, which
remains unclear [13], despite more than 30-year-old
history of intensive theoretical and experimental
research.

As shown by numerous experimental studies,
conductivity is very sensitive to various kinds of
extreme impacts, such as high pressures [14, 15], fast
[16, 17] and long-term [18-20] annealing, spasmodic

changes in temperature [21] and several other. An up-
and-coming method is the use of high-energy radiation
[22—-24], which allows a controlled way to change the
morphology of the defective ensemble of a specific
experimental sample without changing its composition.

The most demanded for such kind of studies are
HTSC compounds of the 1-2-3 RBa,Cu;0;-d-system
(where R = Y or another REM element) [25], which is
caused by several reasons. First, this compound has a
high critical temperature 7.~ 90 K, which surpasses the
boiling point of liquid nitrogen [26, 27]. Secondly, there
are well-established technologies for producing cast,
ceramic, film and single-crystal samples of a
sufficiently large size [2]. And thirdly, the electro-
physical characteristics of this compound can be quite
easily varied by changing the oxygen content [28, 29],
as well as the complete or partial replacement [30] of
the constituent elements.

Despite a rather large number of works devoted to
the study of various kinds of experimental effects on
excess conductivity in the YBa,Cu;0,-system [10], only
a small part of them is devoted to the effect of
irradiation on Ac [23]. In this case, as a rule, the
question remains unresolved of what is the relationship
between the PG and the phase transition and in which
temperature region po(7) we can talk about the end of
one mechanism and the beginning of another.

In view of the foregoing, in this work, we studied
the effect of irradiation by fast electrons with a dose of
up to D =8.8-10"® cm™ on the excess conductivity of
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single-crystal samples of the YBa,Cu;O,; — compound
with a critical temperature near the maximum.

1. EXPERIMENT

The YBa,Cus0,_5 single crystals studied in this
work were grown by the melt-solution method in a gold
crucible [23]. All investigated crystals contained twins,
the planes of which had a block structure. Resistance
was measured by the standard 4-pin method. The size of
the crystals was (1.5...2)x(0.2...0.3)x(0.01...0.02) mm,
the smallest size corresponded to the ¢ axis. A transport
current was passed along the largest sample size; the
distance between potential contacts was 1 mm. The
technology of the resistive measurements, as well as the
analysis of the transport properties of samples in normal
and superconducting states, are described in detail in [2,
31]. Irradiation by electrons with energies of
0.5...2.5 MeV was carried out at temperatures T < 10 K.
Note that collisions with electrons of such energies
displace each of the Y, Ba, Cu, O atoms from their
regular positions, and the penetration depth of such
electrons are larger than the thickness of the sample
[32]. Resistance was measured after each radiation dose.
The doses used and the corresponding resistive
parameters of the samples are presented in the Table.

2. RESULTS AND DISCUSSION

The temperature dependences of the electrical
resistivity in the ab plane, p.(T), and the YBa,CuzO7_s
crystal before and after irradiation are shown in Fig. 1.
As can be seen from Fig. 1, radiation exposure leads to
an abnormally strong (compared with a change in
composition [29]) suppression of superconductivity
(decrease in T,) in the high-temperature superconductor
YBa,Cuz0,_s. However, the nature of the change in the
electrical and superconducting properties of HTSCs
with a change in composition [2, 29] and under the
action of irradiation is somewhat different. The main
difference is as follows: while with a change in
composition, a decrease in T, to 86 K is usually
accompanied by a change in the form of the p(7) curves
from metallic to (with c) curves, the so-called “S-shaped
curve” with a characteristic thermally activated
deflection [29], upon irradiation the same, in absolute
value, decrease in T, with a noticeable increase in p in
the temperature range T, — 300 K is not accompanied by
the appearance of an S-shaped dependence p(7). The
thermally activated behaviour of electrical resistance in
irradiated samples is manifested only at sufficiently low
values of T, [33]. One of the reasons leading to a sharp
decrease in T, of the irradiated samples may be the
occurrence of dielectric inclusions under the action of
irradiation due to the redistribution of oxygen between
the O (4) and O (5) positions (in the notation of [34])
and the formation of local regions with a tetragonal
structure. It can be seen that in the p,,(T) dependences
in the region of relatively high temperatures, both
crystals retain a fairly vast linear region, which,
according to the NAFL theory [35], serves as a reliable
sign of the normal state of the system. When the
temperature drops below a specific characteristic value
of T*, ps(T) deviates from a linear dependence, which
indicates the appearance of some excess conductivity,

which, as noted above, is due to the transition to the
pseudogap mode (PG) [2, 3, 7-11]. The temperature
dependence of excess conductivity is usually
determined from the equation:

Ac = 60y, Q)
where 6, = po '= (4+BT)* is  the  conductivity
determined by extrapolating the linear section to zero
temperature, and o=p ' is the experimentally
determined value of conductivity in the normal state.
The experimental dependence Ac(7) of the initial
unirradiated sample is shown in inset (b) to Fig. 1 in the
coordinates InAc — 1/T.

It can be seen that in a sufficiently wide temperature
range, this dependence has the form of a straight line,
which corresponds to its description by an exponential
dependence of the form:

Ac~exp(A*,/T), 2)
where A*,, is the value that determines a certain thermal
activation process through the energy gap - the
“pseudogap”. The value A* obtained from (2) for our
experimental samples is shown in the table. It can be
seen that electron irradiation at maximal dose leads to a
significant decrease in the absolute value of the
pseudogap A*pefore/ A*after = 1.45.
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Fig. 1. Temperature dependences of the electrical
resistance p,p(T) (a) and excess conductivity in the

coordinates In(4o0) — 1/T (b) of the YBa,Cus0;_s single

crystal before and after electron training at a dose of
(0; 1.4; 4.3; 8.8)-10" cm 2 — curves 1-4, respectively.
The dashed lines in Fig. (a) show the interpolation of
the linear sections to the low-temperature region. The
arrows indicate the temperature of transition to the
pseudogap mode T*. The dashed line in figure (b) shows
the approximation of the experimental curve by

equation (2)

The exponential dependence Ac(7) was already
observed earlier on unirradiated YBaCuO samples [36].
It was found that the approximation of experimental
data can be significantly expanded by introducing a
factor (1-7/T*). In this case, the excess conductivity is
proportional to the density of superconducting carriers
ns~ (1-7/7*) and inversely proportional to the number
of pairs ~ exp(-A*/kT) destroyed by thermal motion:

Ac~(L1-TIT*)exp(A*x/T), 3)

in this case, T* is considered as the average mean-field
temperature of the transition to the PG state, and the
temperature interval 7,<T<T*, in which the
pseudogap state exists, is determined by the rigidity of
the order parameter phase, which in turn depends on the



oxygen deficiency or the concentration of the
corresponding defects. Thus, using the technique
proposed in [36] from the experimental curve InAg, it is
possible to construct the temperature dependence
A*(T) up to T*. The temperature dependences of the
pseudogap obtained by this technique for unirradiated
and irradiated at different doses of a single crystal are
shown in the given coordinates A*(T)/Ayex — TIT* (Ayax
— value of A* on a plateau far from T*, i.e.

A(T) =A(0) - A(O)(‘,A(O

Avx * A(T << T*) = A(0)) in
respectively.

In the theoretical paper [37], the temperature
dependences of the pseudogap were obtained earlier in
the mean-field approximation in the framework of the
BCS-BEC crossover theory for the case of weak (5) and
strong (6) pairing. In general terms, these dependencies
are described by the equation:

Fig. 2 curves 1-4,

Y +1-1 (4)

T/ A(0) '

A()

>< 1+erf

where Xg = W/A(0) (u is the chemical potential of the carrier system; A(0) is the energy gap at T = 0), and erf (x) is

the error function.

In the limiting case xo—o (weak pairing), the analytical expression (4) takes the form:

A(T) = A0) - A(0)\2A (O)T exp[ A(O)} ©)

well known in BCS theory. At the same time, for the limit of strong interactions, in the 3-dimensional case (Xq < -—

1), formula (4) is converted to:

AU)=A(O)—%J—_XO[—

ﬁf exp| YA T2 ) “+ANO) . (6)
T

T

Dependences A*(7)/A(0) on T/T * calculated according to (5) and (6) for the crossover parameter p/A(0) = 10
(BCS limit) and pw/A(0) = -10 (BEC limit) are shown in Fig. 2 by solid lines 5 and 6, respectively. Note again that

A(O) ~ A*Max-
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It is seen that in the case of a non-irradiated,
optimally doped with oxygen, pure YBaCuO sample,
the temperature dependence of the pseudogap
experiences a significant discrepancy with theory [37],
as was previously observed in the case of YBaCuO
samples with a close level of deviation from oxygen
stoichiometry [36]. At the same time, for a YBa,Cu3O7.;
single crystal after irradiation, taking into account some
convention for determining the magnitude of the
opening of the pseudogap T* from the deviation of the
dependence p(T) from linear behaviour, the agreement
of the experiment with theory can be considered
satisfactory. From Fig. 2 it can be seen that
experimental curve 4 obtained after maximum exposure
is well described by theoretical curve 5, corresponding
to weak pairing — p/A(0) = 10; experimental curves 2
and 3, obtained after irradiation at intermediate doses,
are satisfactorily described by theoretical curve 5,
corresponding to strong pairing — p/A(0) = -10; initial

Fig. 2. Temperature dependences of the
pseudogap in the given coordinates
A*(D)A*\ox — TIT* (A*,0x — Mmaximum value
of A* on a plateau far from T*). The
numbering of the curves corresponds to the
numbering in Fig. 1.

The solid lines 5 and 6 show the dependence
of A*(T)/A(0) on T/T * calculated according
to [37]

curve 1 can be described, at least qualitatively, by
strong pairing at uw/A(0) = -10. Thus, an increase in the
defectiveness of the sample (without changing the
composition) leads to a transition — the BCS limit,
which is consistent with the results of our analysis of the
applicability of the McMillan formula [37-39] — with
increasing the Pr concentration in Y_,Pr.Ba,CusO;_; the
electron-phonon bond decreases, tending to such values
that are characteristic of BCS.

As can be seen from Fig. 1,b, as we approach T,
there is a sharp increase in As. It is known that near T,
the excess conductivity is probably due to the processes
of fluctuation pairing of current carriers and can be
described by the power-law dependence obtained in the
theoretical Lawrence-Doniakh model [6], which
assumes the presence of a very smooth crossover from
two-dimensional to three-dimensional fluctuation
conductivity with decreasing sample temperature:



_| € -1 12 7
A(T) [16hd}8 (1+J5 ) , (7
where ¢ = (T-T™)/T™ is the reduced temperature; T™,
is the critical temperature in the mean-field
approximation; J = (2&.(0)/d)> — interplanar pairing
constant; & is the coherence length along the ¢ axis and
d is the thickness of the two-dimensional layer. In
extreme situations near the 7, at & >>d - the
interaction between fluctuation Cooper pairs is realized
in the entire volume of the superconductor — the 3D
mode or far from T, at & <<d — the interaction is
possible only in the planes of the conducting layers —
2D-mode) expression (2) transformed into the known
relations for the three- and two-dimensional cases from
the Aslamazov—Larkin theory [4]:

Aoy = [ e, ®

Aoyp = |—2—|e1/2 ©
2D 32h&,(0) '

In the case of comparison with experimental data,
accurate determination of the value of T™; is essential,
which significantly affects the slope of the dependences
Ao(e).
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Fig. 3. Resistive transitions to the superconducting state
in the dpy,/dT —T coordinates of the YBa,Cuz0-.s single
crystal measured before and after irradiation of the
sample with high-energy electrons, curves 1-4,
respectively

Usually, when comparing with experimental data,
&.(0), d, and T, in equations (7)-(9) are adjustable
parameters [1]. However, when using such a technique,
as a rule, significant quantitative discrepancies between
theory and experiment are observed. This, in turn,
necessitates the use of the so-called C-factor [1] as an
additional fitting parameter of the scaling factor, which
allows combining the experimental data with the
calculated ones and, thus, taking into account the
possible inhomogeneity of the spreading of the transport
current for each specific sample. In our case, T, was
taken as T™,, which is determined, as noted above, at
the maximum point on the dependences dp.,/dT(T) in
the region of the superconducting transition [12], as
shown in Fig. 3.

Fig. 4 shows the temperature dependences Ac(7) in
the coordinates InAc(Ing). It can be seen that in the
temperature range between 7, and 1.1...1.257,

(depending on the oxygen content), these dependencies
are satisfactorily approximated by straight lines with an
inclination angle o;~=-0.5, corresponding to the
exponent -1/2 in equation (8), which indicates a three-
dimensional nature of fluctuation superconductivity in
this temperature range. With a further increase in
temperature, the decrease rate Ac significantly increases
(0 =-1), which, in turn, can be considered as an
indication of a change in the dimension of the phase
transition. As follows from (8) and (9), at the point of a
2D-3D crossover:

g0 = 4[£,(0)/d]’. (10)

In this case, having determined the value of ¢, and
using published data on the dependence of the
interplanar distance on & [31, 40], we can calculate the
values of £.(0). As can be seen from the table, the value
of £.(0) calculated according to (10) increases from 1.44
to 2.07 A as Tc decreases, which is in qualitative
agreement with the dependence of &.(0) on & obtained
on YBaCuO samples [29] with a gradual decrease in
oxygen content. As noted above, irradiation with high-
energy electrons is accompanied by a significant
expansion of the region of existence of excess
conductivity towards high temperatures 7>1.5T,
which, cannot be explained in the framework of existing
fluctuation theories [4-6, 9] and can be caused by a
transition to a pseudogap the state characteristic of the
“underdoped” compositions of HTSC compounds [2, 7,
8]. On the other hand, it cannot be excluded that this
feature can also be partially due to the presence of an
additive contribution to the conductivity from impurity
phases with higher T.. For example, even in the studies
of the phase transition in HTSC compounds [40], it was
shown that although superconducting phases with
T.> 140 K are structurally unstable under normal
conditions, they can exist as impurity phases in doped
and multiphase samples.

Thus, electron irradiation leads to a significant
expansion of the region of existence of excess
conductivity, while the coherence length increases by
more than 1.4 times.

Fig. 4. Dependences 4o(7) in the coordinates
Indo(Ing). The numbering of the curves corresponds to
the numbering in Fig. 1. The inset shows the
dependences ¢&.(0) on the radiation dose D

If we determine the transition temperature from the
PG to the FP mode, T3, from the point of deviation of
the value of InAs up from the linear dependence of



InAG(1/T) [36], we can estimate the relative length of
the existence of the PS mode as t*=(T*-T¢)/T;. The
calculation results show that after irradiation to the
maximum dose, the total relative expansion of the
temperature domain of the PG is more than doubled,
from t* = 0.4345 to 0.9488. One of the possible reasons

for this unusual behaviour of the InAc(1/T) dependences
of the irradiated YBa,Cus;0;.; samples during
irradiation can be specific mechanisms of quasiparticle
scattering [41-43] and relaxation of the defective
ensemble, which we discussed in more detail in [44—
46].

18 2 Pan(300), " A%, t*= &(0),
Dose x 10 1/cm*| T., K nQ-cm T K MeV/ Ts, K (T*-TY/T, oy oy £ i
0 91.7 199 137 97.1 95.5 0.4345 -0.501 | -1.044 | 0.064 1.44
1.4 90.60 227 143 81.7 94.3 0.5164 -0.499 | -1.032 | 0.094 1.79
4.3 89.24 267 156 1035 90.8 0.7181 -0.503 | -1.009 | 0.097 1.82
8.8 86.8 332 175 66.9 89.8 | 0.9488 | -0.491 | -1.015 | 0.125 2.07

ay, 0 — angular ratios in the coordinates InAc(Ine) (see Fig. 4);

CONCLUSIONS

In conclusion, we briefly summarize the main results
obtained in this paper. In this work, the evolution of the
excess conductivity of YBa,CusO;_5 single crystals upon
the phased irradiation with high-energy electrons is
investigated. The excess conductivity, Ac(7), of
YBa,Cus0;_5 single crystals before and after electron
irradiation in a wide temperature range Ts< T<T* is
subject to exponential temperature dependence.
Moreover, the description of excess conductivity using
the relation 4o~ (1-T/T*)exp(4*4/T) can be interpreted
in terms of the mean-field theory, where T™* presented as
the mean-field temperature of the superconducting
transition and the temperature dependence pseudogaps
are satisfactorily described in the framework of the
BCS-BEC crossover theory. An increase in the
defectiveness of the sample (here, due to irradiation
with electrons) leads to the BEC crossover (strong
pairing) - BCS (weak pairing). Irradiation of the
YBa,Cuz0,_s single crystal by electrons leads to the
effect of expanding the temperature interval for the
realization of the PS mode, thereby narrowing the
region of the linear dependence p(7) in the ab-plane.
The dependence of the coherence length in the direction
of the c axis, &.(0), on the radiation dose is obtained. It
was shown that an increase in the radiation dose from
1.4 to 8.8-10™ cm™ leads to a significant expansion of
the temperature range for the existence of excess
conductivity. In this case, the value of &.(0) increases by
more than 1.4 times and the 2D-3D crossover point
shifts in temperature.

REFERENCES

1. T.A. Friedman, J.P. Rice, J. Giapintzakis, and
D.M. Ginzberg. In-plane paraconductivity in a single
crystal of superconducting YBa,Cus;0,_s // Phys. Rev. B.
1989, v. 39, N 7, p. 4258-4265.

2. R\V. Vovk, A.L. Solovyov. Electric transport
and the pseudogap in the 1-2-3 HTSC system, under all-
around compression // Low Temp. Phys. 2018, v. 44,
N 2, p. 111-153.

3. L. Solovjov, L.V.Omelchenko, R.V.Vovk,
0O.V. Dobrovolskiy, Z.F. Nazyrov, S.N. Kamchatnaya,
and D.M. Sergeyev. Hydrostatic-pressure effects on the

€o — crossover reduced temperature — equations (7) and (10).

pseudogap in slightly doped YBa,CusO,; single
crystals // Physica B. 2016, v. 493, p. 58-67.

4. L.G. Aslamazov and A.l. Larkin. The influence
of fluctuation pairing of electrons on the conductivity of
normal metal // Phys. Lett. 1968, v. 26A, N 6, p. 238-
239.

5. J.B. Bieri, K. Maki, and R.S. Thompson.
Nonlocal effect in magnetoconductivity of high-Tc
superconductors // Phys. Rev. B. 1991, v. 44, N9,
p. 4709-4711.

6. W.E. Lawrence and S. Doniach. Theory of layer-
structure superconductors // Proceedings of the 12th
International Conference on Low Temperature Physics,
Kyoto, Japan, 1970 / Ed. by E. Kanda. Tokyo, Keigaku,
1970, p. 361.

7. A.A. Kordyuk. Pseudogap from ARPES experi-
ment: Three gaps in cuprates and topological
superconductivity // Low Temperature Physics. 2015,
v.41, N 5, p. 319-346.

8. A.L. Solovyov, L.V.Omelchenko, V.B. Stepa-
nov, R.V. Vovk, H.-U. Habermeier, P. Przyslupski, and
K. Rogacki. Specific temperature dependence of
pseudogap in YBa,CusO,_s nanolayers // Phys. Rev. B.
2016, v. 94, N 22, p. 224505-1-224505-11.

9. R.V.Vovk, N.R. Vovk, G.Ya. Khadzhai,
I.L. Goulatis, A. Chroneos. Effect of high pressure on
the electrical resistivity of optimally doped
YBa,Cus0,_5 single crystals with unidirectional planar
defects // Physica B. 2013, v. 422, p. 33-35.

10. T. Timusk and B. Statt. The pseudogap in high-
temperature superconductors: an experimental survey //
Rep. Prog. Phys. 1999, v. 62, p. 61-122.

11. RV. Vovk, N.R. Vovk, G.Ya. Khadzhai,
O.V. Dobrovolskiy. Effect of praseodymium on the
electrical resistance of YBa,CuzO;_ single crystals //
Solid State Communication. 2015, v. 204, p. 64-66.

12. R.V. Vovk, Z.F. Nazyrov, M.A. Obolenskii,
I.L. Goulatis, A. Chroneos, and V.M.P. Simoes. Effect
of small oxygen deficiency on the para-coherent
transition and 2D-3D crossover in untwinned
YBa,Cu,0,_s single crystals // J. Alloys Compds. 2011,
v. 509, N 13, p. 4553-4556.

13. J. Ashkenazi. A Theory for the high-T,
Cuprates: Anomalous Normal-State and Spectroscopic



https://aip.scitation.org/author/Vovk%2C+R+V
https://www.sciencedirect.com/science/article/pii/S0921452616301351
https://www.sciencedirect.com/science/article/pii/S0921452616301351
https://www.sciencedirect.com/science/article/pii/S0921452616301351
http://www.sciencedirect.com/science/article/pii/S0921452613002433##
http://www.sciencedirect.com/science/article/pii/S0921452613002433##
http://www.sciencedirect.com/science/article/pii/S0921452613002433##
http://www.sciencedirect.com/science/article/pii/S0921452613002433##
http://www.sciencedirect.com/science/article/pii/S0921452613002433##
http://www.sciencedirect.com/science/journal/09214526
http://www.sciencedirect.com/science/journal/09214526/422/supp/C
https://www.sciencedirect.com/science/article/pii/S0925838811001575
https://www.sciencedirect.com/science/article/pii/S0925838811001575
https://www.sciencedirect.com/science/article/pii/S0925838811001575
https://www.sciencedirect.com/science/article/pii/S0925838811001575

Properties, Phase Diagram, and Pairing // J. Supercond.
Nov. Magn. 2011, v. 24, N 4, p. 1281-1308.

14. A. Driessen, R. Griessen, N. Koeman,
E. Salomons, R. Brouwer, D.G. De Groot, K. Heeck,
H. Hemmes, J. Rector. Pressure dependence of the T of
YBa,Cu;0-; up to 170 kbar // Phys. Rev. B. 1987, v. 36,
N 10, p. 5602-5605.

15. R.V.Vovk, A.A.Zavgorodniy, M.A. Obo-
lenskii, I.L. Goulatis, A. Chroneos, and V.M. Pinto
Simoes. Effect of High-Pressure-Induced Structural
Relaxation on Evolution of the Temperature
Dependence Pseudogap in HoBa,CuzO75 Single
Crystals // Modern Physics Letters B (MPLB). 2010,
v.24,N 22, p. 2295-2301.

16. J.D. Jorgencen, P. Shiyou, P. Lightfoot, H. Shi,
A.P. Paulikas, B.M.W. Veal. Time-dependent structural
phenomena at room temperature in quenched
YBa,Cuz04 41: Local oxygen  ordering and
superconductivity // Physica C. 1990, v. 167, N 5-6,
p. 571-578.

17. G.Y. Khadzhai, R.V. Vovk, N.R. Vovk,
S.N. Kamchatnaya, 0.V. Dobrovolskiy. Room-
temperature annealing effects on the basal-plane
resistivity of optimally doped YBa,CusO;5 single
crystals // Physica C. 2018, v. 545, p. 14-17.

18. B. Martinez, F. Sandiumenge, S. Pinol, N. Vi-
lalta, J. Fontcuberta, X. Obradors. Aging of critical
currents and irreversibility line in melt textured
YBa,Cuz0- // Applied Physics Letters. 1995, v. 66, N 6,
p. 772-774.

19. R.V.Vovk, N.R.Vovk, G.Ya. Khadzhai,
O.V. Dobrovolskiy, Z.F. Nazyrov. Evolution of the
electrical resistance of YBa,Cus0,_s single crystals in
the course of long-term aging // J. Mater. Sci.: Mater.
Electron. 2014, v. 25, N 12, p. 5226-5230.

20. D.A. Lotnyk, R.V. Vovk, M.A. Obolenskii,
A.A. Zavgorodniy, J. Kova¢, M. Kanuchova, M. Sef-
cikova, V. Antal, P. Diko, A. Feher, A. Chroneos.
Evolution of the Fishtail-Effect in Pure and Ag-doped
Mg-YbCO // Journal of Low Temperature Physics.
2010, v. 161, N 3-4, p. 387-394.

21. R.V.Vovk, Y.l. Boiko, V.V. Bogdanov,
S.N. Kamchatnaya, I.L. Goulatis, A. Chroneos.
Different diffusion mechanisms of oxygen in

ReBa,Cuz0,, (Re =Y, Ho) single crystals // Physica C.
2017, v. 536, p. 26-29.

22. F.Rullier-Albenque, H. Alloul, and R. To-
urbot. Influence of pair breaking and phase fluctuations
on disordered high T, cuprate. Superconductors // Phys.
Rev. Lett. 2003, v. 91, N 4, p. 047001-1-047001-4.

23. N.A. Azarenkov, V.N. Voyevodin, R.V. Vovk,
G.Ya. Khadzhai, S.V. Lebedev, V.V. Sklyar, S.N. Kam-
chatnaya, O.V. Dobrovolskiy. Effect of electron
irradiation on the pseudogap temperature dependence of
YBaCus0;_; single crystals // J. Mater. Sci.: Mater.
Electron. 2017, v. 28, N 21, p. 15886-15890.

24. G.Ya. Khadzhai, R.V. Vovk, Z.F. Nazyrov,
O.V. Dobrovolskiy. Annealing of defects after
irradiation of YBCO single crystals with fast electrons //
Physica C. 2019, v. 565, p. 1353507-4.

25. D.M. Ginsberg (ed). Physical properties high
temperature superconductors I. Singapore: Word
Scientific, 1989, 640 p.

26. M.K. Wu, J. R. Ashburn, C.J. Torng, P.H. Hor,
R.L. Meng, L. Gao, ZJ. Huang, Y.Q. Wang, and
C.W. Chu. Superconductivity at 93 K in a new mixed-
phase Y-Ba-Cu-O compound system at ambient
pressure // Phys. Rev. Lett. 1987, v. 58, N 9, p. 908-910.

27. RV.Vovk, N.R.Vovk, G.Ya. Khadzhai,
I.L. Goulatis, A. Chroneos. Effect of praseodymium on
the electrical resistance of YBa,CuzO;_; single crystals
/I Solid State Communications. 2014, v. 190, p. 18-22.

28. K. Widder, A. Zibold, M. Merz, H.P. Geserich,
A. Erb, G. Miiller-Vogt. Ordering of chain oxygen in
YBa,Cuz0,. Optical investigations on single-domain
crystals // Physica C. 1994, v. 232, N 1-2, p. 82-88.

29. M.A. Obolenskii, R.V.Vovk, A.V.Bonda-
renko, and N.N. Chebotaev. Localization effects and
pseudogap state in YBa,CuzO,_5 single crystals with
different oxygen content // Low Temp. Phys. 2006,
v. 32, N 6, p. 571-575.

30. R.\V.Vovk, M.A. Obolenskii, A.A. Zav-
gorodniy, I.L. Goulatis, A. Chroneos, E.V. Biletskiy.
Resistive investigation of pseudogap state in non-
stoichiometric ReBa,Cus;0,_s (Re=Y, Ho) single
crystals with account for BCS-BEC crossover //
Journal of Alloys and Compound. 2009, v. 485, N 1-2,
p. 121-123.

31. G.Ya. Khadzhai, N.R. Vovk, and R.V. Vovk.
Conductivity of single-crystal Y, ,Pr,Ba,CuzO;_; over a
wide range of temperatures and Pr concentrations //
Low Temp. Phys. 2014, v. 40, N 6, p. 488.

32. J. Giapintzakis, W.C. Lee, J.P. Rice, D.M. Gin-
sberg, |.M. Robertson, R. Wheeler, M.A. Kirk,
M.O. Ruault. Production and identification of flux-
pinning defects by electron irradiation in YBa,CusO,_,
single crystals // Phys. Rev. B. 1992, v. 45, p. 10677
https ://doi.org/10.1103/PhysR evB.45.10677

33. JM. Valles, Jr., A.E.White, K.T.Short,
R.C. Dynes, J.P. Garno, A.F.J. Levi, M. Anzlowar, and
K. Baldwin. lon-beam-induced metal-insulator tran-
sition in YBa,Cus0;_5: A mobility edge // Phys. Rev. B.
1989, v. 39, N 16, p. 11599-11602.

34. T.Siegrist, S.Sunshince,  D.W. Murphy,
R.J. Cava, and S.M. Zahurak. Crystal structure of the
high-T, superconductor Ba,YCuzOy_5 // Phys. Rev. B.
1987, v. 35, N 6, p. 7137-71309.

35. B.P. Stojkovic and D. Pines. Theory of the
longitudinal and Hall conductivities of the cuprate
superconductors // Phys. Rev. B. 1997, v. 55, N 13,
p. 8576-8595.

36. D.D. Prokofyev, M.P. Volkov, Yu.A. Boikov.
Pseudogap and its temperature dependence in YBCO
from the data of resistance measurements // Phys. Solid
State. 2003, v. 45, N 7, p. 1223-1232.

37. E. Babaev, H. Kleinert. Nonperturbative XY-
model approach to strong coupling superconductivity in
two and three dimensions // Phys. Rev. B. 1999, v. 59,
N 18, p. 12083-12089.

38. R.V.Vovk, G.Ya.Khadzhai, O.V.Dobrovo-
Iskiy. Transverse conductivity in PryY; ,Ba,CusO7 s
single crystals in a wide range of praseodymium
concentrations // Appl. Phys. A. 2014, v. 117, N 3,
p. 997-1002.

39. R.V.Vovk, G.Ya. Khadzhai, O.V.Dobrovol-
skiy, N.R. Vovk, Z.F. Nazyrov. Effect of defects on the


http://www.worldscinet.com/mplb/mkt/archive.shtml?2010&24
https://www.sciencedirect.com/science/article/pii/0921453490906766
https://www.sciencedirect.com/science/article/pii/0921453490906766
https://www.sciencedirect.com/science/article/pii/0921453490906766
https://www.sciencedirect.com/science/article/pii/0921453490906766
https://www.sciencedirect.com/science/article/pii/S0921453417305051
https://www.sciencedirect.com/science/article/pii/S0921453417305051
https://www.sciencedirect.com/science/article/pii/S0921453417305051
https://www.sciencedirect.com/science/article/pii/S0921453417305051
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Martinez,%20B..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Sandiumenge,%20F..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Pinol,%20S..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Vilalta,%20N..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Vilalta,%20N..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Fontcuberta,%20J..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Obradors,%20X..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Obradors,%20X..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Obradors,%20X..QT.&newsearch=partialPref
https://aip.scitation.org/doi/10.1063/1.114089
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=4816218
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=4885996
http://www.sciencedirect.com/science/article/pii/S0038109814001549
http://www.sciencedirect.com/science/article/pii/S0038109814001549
http://www.sciencedirect.com/science/article/pii/S0038109814001549
https://link.springer.com/article/10.1007/s10854-014-2292-5
https://link.springer.com/article/10.1007/s10854-014-2292-5
https://link.springer.com/journal/10854/25/12/page/1
https://www.researchgate.net/author/D.+A.+Lotnyk
https://www.researchgate.net/author/R.+V.+Vovk
https://www.researchgate.net/author/M.+A.+Obolenskii
https://www.researchgate.net/author/A.+A.+Zavgorodniy
https://www.researchgate.net/author/J.+Kov%C3%A1%C4%8D
https://www.researchgate.net/author/M.+Ka%C5%88uchov%C3%A1
https://www.researchgate.net/author/M.+%C5%A0efcikov%C3%A1
https://www.researchgate.net/author/M.+%C5%A0efcikov%C3%A1
https://www.researchgate.net/author/V.+Antal
https://www.researchgate.net/author/P.+Diko
https://link.springer.com/article/10.1007/s10909-010-0198-z
https://link.springer.com/article/10.1007/s10909-010-0198-z
http://www.springerlink.com/content/0022-2291/161/3-4/
http://aip.scitation.org/author/Vovk%2C+R+V
http://aip.scitation.org/author/Boiko%2C+Y+I
http://aip.scitation.org/author/Bogdanov%2C+V+V
https://www.sciencedirect.com/science/article/pii/S0921453417300862
https://www.sciencedirect.com/science/article/pii/S0921453417300862
https://www.chemweb.com/redirect/SV10854/10.1007%252Fs10854-017-7483-4
https://www.chemweb.com/redirect/SV10854/10.1007%252Fs10854-017-7483-4
https://www.chemweb.com/redirect/SV10854/10.1007%252Fs10854-017-7483-4
https://www.sciencedirect.com/science/article/abs/pii/S0921453419302278?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S0921453419302278?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S0921453419302278?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S0921453419302278?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0921453419302278
https://www.sciencedirect.com/science/article/pii/S0921453419302278
https://www.sciencedirect.com/science/journal/09214534
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.58.908
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.58.908
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.58.908
http://www.sciencedirect.com/science/article/pii/S0038109814001549
http://www.sciencedirect.com/science/article/pii/S0038109814001549
http://www.sciencedirect.com/science/article/pii/S0038109814001549
http://www.sciencedirect.com/science/article/pii/S0038109814001549
http://www.sciencedirect.com/science/article/pii/S0038109814001549
https://www.sciencedirect.com/science/article/pii/S0038109814001549
https://www.sciencedirect.com/science/article/pii/S0038109814001549
http://www.sciencedirect.com/science/journal/00381098
file:///F:/Papers/HTSC/Облучение-2/Комплект-2018-1/V.%20190
https://www.sciencedirect.com/science/article/abs/pii/0921453494902968#!
https://www.sciencedirect.com/science/article/abs/pii/0921453494902968#!
https://www.sciencedirect.com/science/article/abs/pii/0921453494902968#!
https://www.sciencedirect.com/science/article/abs/pii/0921453494902968#!
https://www.sciencedirect.com/science/article/abs/pii/0921453494902968#!
https://www.sciencedirect.com/science/article/abs/pii/0921453494902968#!
https://www.sciencedirect.com/science/article/pii/0921453494902968
https://www.sciencedirect.com/science/article/pii/0921453494902968
https://www.sciencedirect.com/science/article/pii/0921453494902968
https://www.sciencedirect.com/science/journal/09214534
https://www.sciencedirect.com/science/journal/09214534/232/1
https://aip.scitation.org/author/Khadzhai%2C+G+Ya
https://aip.scitation.org/author/Vovk%2C+N+R
https://aip.scitation.org/author/Vovk%2C+R+V
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.39.11599
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.39.11599
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.35.7137
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.35.7137
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.55.8576
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.55.8576
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.55.8576
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.59.12083
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.59.12083
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.59.12083
https://link.springer.com/search?facet-creator=%22Ruslan+V.+Vovk%22
https://link.springer.com/search?facet-creator=%22Georgij+Ya.+Khadzhai%22
https://link.springer.com/search?facet-creator=%22Oleksandr+V.+Dobrovolskiy%22
https://link.springer.com/search?facet-creator=%22Oleksandr+V.+Dobrovolskiy%22
https://link.springer.com/article/10.1007/s00339-014-8670-2
https://link.springer.com/article/10.1007/s00339-014-8670-2
https://link.springer.com/article/10.1007/s00339-014-8670-2
https://link.springer.com/article/10.1007/s00339-014-8670-2
https://link.springer.com/article/10.1007/s00339-014-8670-2
https://link.springer.com/article/10.1007/s00339-014-8670-2
https://link.springer.com/article/10.1007/s00339-014-8670-2
https://link.springer.com/search?facet-creator=%22Ruslan+V.+Vovk%22
https://link.springer.com/search?facet-creator=%22Georgij+Ya.+Khadzhai%22
https://link.springer.com/article/10.1007/s10854-014-2558-y

basal-plane  resistivity of  YBa,Cus0;-5s and
Y1,Pr,Ba,Cuz0; single crystals // J. Mater. Sci.:
Mater. EIl. 2015, v. 26, N 3, p. 1435-1440.

40. A.L.Solovjov, E.V.Petrenko, L.V.Omel-
chenko, R.V. Vovk, I.L. Goulatis, A. Chroneos. Effect
of annealing on a pseudogap state in untwinned
YBa,Cus0,_5 single crystals // Sci. Rep. 2019, v.9,
p. 9274-9286.

41. 0O.V. Dobrovolskiy, M. Huth, V.A. Shklovskij,
and R.V. Vovk. Mobile fluxons as coherent probes of
periodic pinning in superconductors // Scientific
Reports. 2017, v. 7, p. 13740 — 1-10.

M. Huth, B. Hillebrands, and A.V. Chumak. Magnon-
fluxon interaction in a ferromagnet/superconductor
heterostructure // Nature Physics. 2019, v. 15, p. 477-
482.

44, M.A. Hadi, M. Roknuzzaman, A. Chroneos,
S.H. Nagib, A.K.M.A. Islam, R.V.Vovk, and K. Os-
trikov. Elastic and thermodynamic properties of new
(Zr;4Ti)AIC, MAX-phase solid solutions // Compu-
tation Materials Science. 2017, v. 137, p. 318-326.

45. D.H.S. Smith, R.V. Vovk, C.D.H. Williams,
and A.F.G. Whyatt. Pressure dependence of phonon
interactions in Liquid “He // Phys. Rev. B. 2005, v. 72,

42. 0.V.Dobrovolskiy, V.M. Bevz, M.Yu. Mi-
khailov, O.1. Yuzephovich, V.A. Shklovskij,
R.V. Vovk, M.I. Tsindlekht, R. Sachser, and M. Huth.
Microwave emission from superconducting vortices in
Mo/Si superlattices // Nature Communications. 2018,
V. 9, p. 4927-4935.

43. 0.V. Dobrovolskiy, R. Sachser, T. Brécher,
T. Fischer, V.V. Kruglyak, R.V. Vovk, V.A. Shklovskij,

p. 054506.

46. A.L.Solovjov, L.V.Omelchenko, E.V. Pet-
renko, R.V. Vovk, V.V. Khotkevych, and A. Chroneo.
Peculiarities of pseudogap in YqgsPrgosBa,CuzO7_s
single crystals under pressure up to 1.7 GPa // Sci. Rep.
2019, v. 9, p. 20424.

Article received 14.11.2019

IBOJIIOL M U3BBITOYHON TPOBOAMMOCTH MOHOKPUCTAJLJIOB YBa,CusO-;
TP BO3JJEMCTBHUU OBJIYYEHUA BBICOKOOHEPTETHYECKNMM 9JIEKTPOHAMUA

H.A. A3apenkos, B.H. Boesooun, P.B. Boek, H.P. Boexk, I.A1. Xaoxcaii, C.H. Kamuamnas

HccnenoBana dBOJIONMS H30BITOYHONH MPOBOAMMOCTH MOHOKpHCTAWIOB YBa,CuzO7s; mpu  obmydeHun
anekTpoHamu. [TokazaHo, 4TO 0OIyueHHE IEKTPOHAMH ITPUBOJHUT K 3HAYUTEILHOMY PACIIMPEHHUIO TEMIIEPATYPHOTO
HHTEpBaJa CYIIECTBOBAHMS N30BITOYHOI MPOBOIMMOCTH, TEM CAMBIM, CyXas 00acTs nuHeitHoi 3aBucumoctu P(7)
B ab-mockocTu. YeranosneHo, uto u3dbirouHas npoBoauMocth Ac(7) monokpucramio YBa,CuzO7 5 B mnpokom
uHTEpBasie TeMmmepaTyp 1<7<T* moguumHsAeTcd HKCHOHEHIHMAIBHOW TeMIlepaTypHOH 3aBUCHMOCTH. IIpm sTOM
OIMCaHWe W30BITOYHON TPOBOAUMOCTH C TOMOMNIBI0 cooTHOIeHUusT Ac~(1-T/T*)exp(A*y/T) Moxer ObITh
HMHTEPIPETHPOBAHO B TEPMHMHAX TEOPHH CPEIHETo Mo, rae 1™ mpeacTaBieHa, KaKk CpeJHETNoieBas TeMIeparypa
nepexona B IIll[-cocrostHne, a TemmeparypHasi 3aBUCHMOCTH IICEBJIOLIEIH YIOBJIECTBOPUTEIHHO OIMCHIBACTCS B
pamkax Tteopuu kpoccoBepa BKII-BOK. Ilpu srom BenmumHa mnomnepedHoi miuHbl KorepeHtHoctu Ec(0)
yBenuuuBaeTcs B 1,4, pa3a u cmemaeTcs 1o temreparype rouka 2D-3D kpoccosepa.

EBOJIIOIA HAUIMIITKOBOI ITPOBIJTHOCTI MOHOKPUCTAJIIB YBa,Cuz0.4
IIPU BIIVIMBI OITPOMIHEHHS BUCOKOEHEPTETUYHUMUA EJIEKTPOHAMU

M.O. A3zapenkos, B.M. Bocsooin, P.B. Bosk, H.P. Boexk, I 1. Xaoxcaii, CM. Kamuamna

JloCHiIDKEHO  CBOJNIOIII0 HAUIMIIKOBOI TPOBITHOCTI MOHOKpuctamiB YBa,CuzO;5 mnpu ompoMiHEHHI
esrlekTpoHaMu. ITokazaHo, 110 ONPOMIHEHHS €1eKTPOHAMH IPU3BOANTH A0 3HAYHOTO PO3MIMPEHHS TEMIEpaTypHOTO
iHTepBay iCHYBaHHS HAUTHIIKOBOI MPOBIIHOCTI, THM CaMHM, 3BYXYyIO4H 06nacTh JiHiiHOI 3anexHocti p(7) B ab-
wronuHi. Beranosneno, mo HamikoBa npoBiaHicTe Ac(7T) MoHokpucTaniB YBa,Cus;07_s B mupokoMy iHTepBali
temriepatyp T<7<T* miINOPAIKOBYETHCS EKCIOHEHIIMHIN TemneparypHii 3anexHocti. [lpm 1mpomy ommc
HaJTUIIIKOBOT MPOBIIHOCTI 3a H0moMororo criBBigHOIIeHHST AG~(1-T/T*)eXp(A*a/T) Moxe GyTH iIHTEpIPETOBAHO B
TepMiHax Teopii cepeHbOro mos, ne 7™ mpecTaBieHa, Ik cepelHbOIIoNIeBa TemMIepaTypa nepexoay B I11]-cran, a
TeMIlepaTypHa 3aJIeXXHICTh IICEBAOLIUIMHA 3aJI0BIJILHO OIUCYEThCs B paMkax Teopii kpocosepa BKIII-BEK. Ipn
[[FOMY BEJIMYMHA IIOTIEPEYHOi MOBXMHH KorepeHTHocTi &c(0) 36impmryetscst B 1,4 pasm, 1 3MIIIyeThes IO
temmnepatypi Touka 2D-3D kpocosepa.
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