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Effect of electron irradiation on the excess conductivity of YBa,Cu;O;_g single crystals is investi-
gated. It is shown that irradiation with electrons leads to significant expansion of the temperature
interval that excess conductivity exists. The excess conductivity Ac(T) has been revealed to
obey an exponential temperature dependence in the broad temperature range T, <T < T". The
description of the excess conductivity can be interpreted in terms of the mean-field theory
where T* is the mean-field transition temperature to the pseudogap state and A™(T) is
satisfactory described within the framework of the BCS-BEC crossover theory. The value of
the transverse coherence length £.(0) increases by a factor of 1.4 and the point of 2D-8D
crossover shifts with respect to temperature.
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Uccnenosana spomionus u3bLITOUHON MPOBOAMMOCTH MOHOKpucTasios YBa,Cu,O,_g mpu 06-
JaydeHUU sjaeKTpoHamu. [lokasamo, uTo OOSydYeHHE DIEKTPOHAMM IPUBOAUT K SHAUUTEIBHOMY
PACIIUPEHUIO TEMIIEPATYPHOrO HHTEPBAJa CYIIECTBOBAHUA WU3OBITOYHON IIPOBOAMMOCTH, TEM
caMbIM cysKas obsacTb JuHelHoit saBucumMoctu P(T) B ab-1iocKocTH. YCTaHOBJIEHO, UTO M30BI-
Tounas mposogumocTb Ac(T) monokpucramios YBa,Cu,O;_s B mupokom nHTepBase TeMIepaTyp
Ty <T < T" mogumHAeTcA SKCIOHEHIIMAJBLHOM TeMIepaTypHol saBucuMocTd. Omnmcanue H30BI-
TOUHOM MPOBOAMMOCTU MOJKET OBIThH WHTEPIPETUPOBAHO B TEPMUHAX TEOPUU CPEIHEro MOJs, I/e
T" npencTaBiena, KaKk cpeHelIoeBas Temeparypa mepexoga B IIII[-cocrosnue, a TeMIepaTyp-
Hafg 3aBUCHMOCTD IICEBJOIENN YIOBJETBOPUTENLHO OIMUCHIBAETCS B PAMKAX TEOPUH KpPoccoBepa
BRIII-B9K. Benuuwnma momepeunoii gnumbl KorepentHoctn (0) yBemuumBaerca B 1,4 pasa u
cmMelaeres o Temneparype touxa 2D-3D kpoccosepa.

Bnaue onpoMiHeHHS eJeKTPOHAMH HA HAJAJUIIKOBY HPOBiTHICTE MOHOKPHCTAJTIB
Y,Ba,Cu;0,_s. M.O.Azapenios, B.M.Boesodin, P.B.Bosk, C.P.Bosk, I'fl.Xadxcait, B.B.Crasap.

Hocaig;xeHo eBOJIOII0 HAAIUIITKOBOI ITPOBIAHOCTI MOHOKPHCTANIB YBaZCuao7 _s Opm om-
pominenHi exexrponamu. ITokazano, 1[0 OIPOMIHEHHS €JeKTPOHAMU HPUBOLUTL 4O 3HAUHOI'O
POBIMINPEHHA TEeMIIePATYPHOTO iHTepBaly iCHYBaHHS HAIJIUIIKOBOI HPOBigHOCTi, TMM caMuM,
3By:Kytoum obJsacTh JiHiliHOl sanexuocti p(T) B ab-nnomuHi. BeranoBieHo, 1o HaJJIUIIKOBA
TPOBifHICTE Ao(T) monoxpuctanis YBa,CusO0;_g B mupoxomy inTepsani Temmepatyp T,<T <
T" migKopAeThCA EKCIOHEHIiaJbHIN TeMmepaTypHilt sajnemuocTi. OUMcaHHA HAZJIUIIKOBOL
mpoBigHocTi Moske GyTH iHTepmperoBaHO y TepMmiHax Teopii cepeguboro mons, ge T mpes-
CTaBJieHa, AK CepPeJHLOMOJNLOBAa TeMmepatrypa mnepexoxy y Illll-cran, a TeMIepaTypHa 3a-
JIeKHICTh TICEBAONMIIMMHY 3aM0BIIBHO OMMCYeThCA Yy paMKax Teopii kKpocoepa BKIII-BEK.
Benuunna momepeunoi goBxuun KoreperTrHocti &.(0) 36inpmryersea B 1,4 pasu i smimyerscea
3a remueparyporo Touka 2D-3D Kpocosepa.
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1. Introduction

The question of effect of dimensionality
on the superconducting state formation in
high-temperature superconducting cuprates
(HTSC) remains open, despite the intense
experimental and theoretical studies carried
out in the last 80 years [1-8]. As it is
established [1, 4], the large penetration
depth, the short coherence length and the
layered structure contribute to appearance
of an anomalously wide region of excess
conductivity (Ac) in HTSC compounds in
Pap(T) dependences (in the basal plane). Far
from the critical temperature (T,) at T, <T
< T* (where T is the temperature that de-
viation from the linear in the p ,(T) depend-
ence commences), Ac is determined by the
so-called pseudogap anomaly (PG) [56-7],
which was previously studied in detail in
[8]. Near T, Ac is caused due to formation of
fluctuation superconducting pairs [9, 10].
Therewith, the width and character of the
behavior of fluctuation para-conductivity (FC)
section essentially depends on the composition
and structure of an experimental sample [1,
11, 12], such as on the presence or absence of
the extreme external influences [13, 14].

At the present time, it can be reliably
considered that near T, the Ac(T) depend-
ence is always well described within the
framework of the Aslamazov-Larkin theory
[9] for three-dimensional paraconductivity.
During the transition through 2D-3D cross-
over point, these curves can be well de-
scribed in the framework of the Lorentz-
Doniach model [15] or the Maki-Thompson
process [16], depending on the degree of
perfection of each particular experimental
sample [17]. High pressure [13, 18], high-
temperature annealing [19], along with the
long-term aging processes [20], can substan-
tially shift the 8D crossover point, and also
lead to the phase separation [14] as a result
of the structural relaxation induced by
these extreme conditions. The magnetic
field, as a rule, leads to a significant blurring
of the superconducting transition [21, 22]
due to appearance of specific dynamic transi-
tions in the SC subsystem. Exceptions are the
cases of strong pinning of the SC fluctuations
on modulated defect superstructure in the
form of developed twinning grid [23], etc.

Notably, despite the large number of
works, new studies of the influence of ex-
ternal impacts on the fluctuation conductiv-
ity in HTSC, there is practically no regard-
ing the effect of irradiation on the FC. The
latter, can significantly change both the ab-
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solute value of the electrical resistivity p
and the nature of its temperature depend-
ences P(T) [24]. This apart from its funda-
mental aspect, has a great practical impor-
tance, given the very large number of vari-
ous instruments and devices developed and
produced in recent years on the basis of
HTSC materials for operation in conditions
with the high radiation activity.

In the present study, the effect of elec-
tron irradiation on the phase transition and
the 2D-3D crossover in superconductor was
studied. Choice of the latter as an object of
investigation was due to its high critical
temperature T,= 90 K [25] exceeding the
boiling point of liquid nitrogen and the
greater possibilities for varying its conduc-
tive characteristics by doping with substitute
elements [26, 27] or by varying the degree of
deviation from oxygen stoichiometry [28,29].

2. Experimental

The YBa,Cuz07_5 single crystals were
grown by solution-melt procedure in a gold
crucible [29]. The technology of obtaining
experimental samples and conducting resis-
tive measurements, as well as the analysis of
the transport properties of the samples in the
normal and superconducting states, are de-
scribed in detail in [27, 29]. Irradiation with
electrons with energies 0.5 to 2.5 MeV was
carried out at temperatures T< 10 K. Irra-
diation densities of @ = 1018 1/cm?2 by elec-
trons with energy of 2.5 MeV correspond to
the average concentration of defects at all
sublattices of 1074 dpa/at. displacements
per atom [30]. The sequence of measure-
ments was as follows: first, the temperature
dependences of the samples resistivity of be-
fore irradiation were measured. Then the
temperature was lowered to 5 K and the
samples were irradiated. The intensity of
the beam was such that the temperature of
the sample did not exceed 10 K during the
irradiation process. After irradiating the
sample was heated to 300 K and, gradually
decreasing the temperature (of the sample),
measurements of the temperature depend-
ences of the resistivity at T < 300 K were
carried out. The resistivity parameters of
the samples are shown in the Table.

3. Results and discussion

The temperature dependences of the resis-
tivity in ab-plane p,,(T) of the YBa,Cu;0;_5
single crystal before and after irradiation are
shown in Fig. 1. As it can be seen from Fig. 1,
the irradiation leads to an anomalously strong

235



N.AAzarenkov et al. /| Effect of electron irradiation ...

Table. Resistivity parameters of experimental sample.

Sample |T., K 300), [T, K| A*  |T,K| = o o e 0), A
‘ p‘;ﬁg.cm) wd | 7 @ -y, 2 0 =0
Before |91.7| 199 137 | 97.1 | 95.5 | 0.3029 |-0.5039|-1.0163| 0.0603 | 1.44
irradiation
After 86.8 332 175 66.9 89.8 0.4869 |-0.4483|-1.0365| 0.1193 | 2.02
irradiation
suppression of the superconductivity in the 350, .
YBa,Cuz0;_s crystal (in comparison with the o
change in its composition [31]). 3001/
Nevertheless, the nature of changes in |8
the electrical and superconducting proper- 250300 i i2
ties of the HTSCs by varying composition 5 Rk f]
[81] and under irradiation is different. The E 2001 wl° I
main difference is as follows: while chang- 2 e
ing the composition, decrease in T, to 86 K o 150
is usually accompanied by a change in the
shape of p(T) curves from the metallic curve 1004
to the so-called "S-shaped curve” with char-
acteristic thermal activation deflection [31], 501
in the irradiation, the same absolute de- 0

crease in T, with appreciable increase of
p in the temperature interval T, — 300 K
is not accompanied by appearance of the
S-shaped p(T) dependence. The thermo-acti-
vation behavior of the electrical resistance
in the irradiated samples is manifested only
at sufficiently low values of T, [82]. One of
the reasons that lead to the significant de-
crease in T, of the irradiated samples could
be appearance of dielectric inclusions under
the influence of irradiation, due to the re-
distribution of oxygen between O(4) and
O(5) positions (consistently with the nota-
tion of [383]) and formation of the local
areas with tetragonal structure .

It can be seen that the qualitative behav-
ior of the temperature dependence of con-
ductivity before and after irradiation re-
mains quasimetallic. Moreover, in the p,(T)
dependences in the region of relatively high
temperatures, in not irradiated and in irra-
diated crystals, a rather wide linear region
remains, which, according to the NAFL the-
ory [34], is a reliable sign of the normal
state of the system. After irradiation, the
absolute value of the electrical resistivity
increases, and the region of existence of the
Pap(T) linear dependence decreases substan-
tially at the high temperatures.

As can be seen from the Table, as well as
the insert to Fig. 1, after irradiation, the
critical temperature is lowered. Herewith,
the narrow initial width of the supercon-
ducting transition (AT, < 0.3 K) increases
substantially, which serves as a sign of the
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Fig. 1. Plot of p(T) dependences obtained be-
fore (1) and after (2) electron-irradiation of
the crystal. Insert: dependence dp,,/dT —-T in
the superconducting transition region. The
numbering of the curves on the inserts corre-
sponds to the numbering in the figure.

appearance of several phases in the sample
[14, 31], having, respectively, different
critical temperatures of the transition to
the superconducting state. As the tem-
perature is lowered below a certain charac-
teristic value T*, a deviation of Pap(T) from
the linear dependence occurs, which indi-
cates the appearance of some excess conduc-
tivity, which, as noted above, is due to
transition to the pseudogap regime [5-T7].
The "rounding” of the p,(T) curves below
the certain characteristic temperature T" is
due to the appearance of excess conductiv-
ity, the temperature dependence of which
can be obtained from the formula:

AG = 6 - oy, 1)

where oj = po’l = (A + BT)! is conductiv-
ity, determined by interpolating the linear
portion of the measurements observed in
the high-temperature region to the zero
temperature, and ¢ = p~! is the experimen-
tally measured value of the conductivity at
T < T".

Functional materials, 25, 2, 2018
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It is known that near T, the excess con-
ductivity is probably caused by the fluctu-
ational pairing of the current carriers and
can be described by the power law depend-
ence obtained in the theoretical Lawrence-
Doniach model [15], assuming the presence
of a very smooth crossover from two-dimen-
sional to three-dimensional fluctuation con-
ductivity regime by decreasing the sample
temperature:

o2
o=
|:167id

where & = (T — Tmfc)/Tmfc is the reduced tem-
perature; TmfC is the critical temperature in the
mean-field approximation; J = (2&0(0)/d)2 is the
constant of the interplanar pairing; &, is the
coherence length along ¢ axis and d is the
thickness of the two-dimensional layer. In
the limiting situations (near T,, when £, > d
— interaction between the fluctuation coo-
per pairs is realized in the entire volume of
the superconductor — 38D regime or far
from T,, when &, << d — interaction is
possible only in the planes of the conducting
layers — 2D-regime) expression (2) is trans-
formed into known relations for three- and
two-dimensional cases from the Aslamazov-
Larkin theory [9]:

}8‘1{1 4‘&]8_1}_1/2, @

e2 (3)
802D = Tenat

ez 1)
A —_ &
3D = 3amE (0)°

In the case of comparison with the ex-
perimental data, it is important to accu-

rately determine the value of Tmfc, which

has significant effect on the slope in the Ac(e)

dependences. Usually, when compared with
the experimental data, £.(0), d and T, in
equations (2—-4) are adjustable parameters
[1]. However, when using such a technique,
as a rule, there are significant quantitative
discrepancies between the theory and ex-
periment. This, in turn, makes to use, as an
additional fitting parameter, a scaling fac-
tor, the so-called C-factor, which allowing
to combine the experimental data with the
calculated ones and, thus, takes into ac-
count the possible inhomogeneity of the
spreading of the transport current for each
particular sample [35]. In our case, Tmfc
was taken as the T,, determined, as noted
above, at the maximum point on the
dpap/dT(T) curves in the superconducting
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Fig. 2. Ao(T) dependences in Ac — ¢ (a) and
InAG — Ine (b) coordinates. The numbering of

the curves corresponds to the numbering in
Fig. 1.

transition region [11, 13], as shown in the
inset to Fig. 1.

Figure 2 shows Ao(T) dependences in
InAc(lne) coordinates. It is seen that di-
rectly near T, these dependences are satis-
factorily approximated by the straight lines
with an slope angle 04 = —0.5 corresponding
to the exponent —1/2 in Eq. (4), which indi-
cates the three-dimensional character of the
fluctuation superconductivity in this tem-
perature interval. With a further increase
in temperature, the rate of decrease Ac sig-
nificantly increases (o9 =—1), which, in
turn, can be regarded as an indication of
the change in the dimension of the phase
transition. As follows from Eqns. (3) and
(4), at the 2D-3D crossover point:

go = 4[E,.(0)/ d]>. (5)

In this case, having determined the value
€y and using the data from the bibliography
regarding the dependence of T, and the in-
terplanar distance from & [86, 37], we can
calculate the values of £ (0). As it can be
seen from the Table, after irradiation, the
value £, (0) calculated according to Eqn. (5)
increases from 1.44 to 2.02 A, which agrees
qualitatively with the dependence of £.(0)
from 8 obtained on the YBa,CuzO;_5 sam-
ples by decreasing T, [31], but it is signifi-
cantly smaller from the absolute value of
.(0) from the values obtained in [381] with
a similar decrease in T, as a result of de-
crease in the oxygen content.

As noted above, the electron irradiation
is accompanied by significant expansion of
the region of existence of excess conductiv-
ity toward the high temperatures T > 1.5T,
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which obviously cannot be explained within
the framework of the existing fluctuation
theories. According to contemporary con-
cepts (see, for example, [5—7]), such a be-
havior of the p,,(T) dependences can be
caused by the transition to the so-called
pseudogap state, characteristic for the "un-
derdoped” compositions of the HTSC com-
pounds.

The reduced dependences AG(T) are pre-
sented in Fig. 8 in InAc versus 1/T repre-
sentation. In a rather broad temperature
range these dependences fit to the straight
lines described by the following exponential
dependence:

Ac ~ exp(A*a/T), (6)

and assuming some thermally activated
process over the pseudogap A*ab- The values
of A" before and after irradiation are re-
ported in Table. The electron irradiation has
led to a reduction of the absolute value of
the pseudogap A*KI/A*Kz by a factor of
about 1.45.

The exponential temperature dependence
of Ao(T) was earlier observed for as-grown
samples of YBaCuO [3, 27]. As it was re-
vealed, the approximation of experimental
data can be substantially extended by intro-
duction of the factor (1 — T/T¥) in Eq. (6).
In this case the excess conductivity turns
out proportional to the density of the super-
conducting charge carriers n, ~ (1 — T/ T*) and
inversely proportional to the number of pairs
~exp(—A”/ET) broken by thermal motion:

Ac ~ (1 = T/T*exp(A*a/T). (7

In Eq. (7), T" is considered as the mean-
field superconducting transition tempera-
ture. The temperature range T, < T < T of
the pseudogap state is determined by the
phase stiffness of the order parameter that
depends on the oxygen content and the de-
fect concentration. In this way, employing
the approach proposed in [3, 27], the ex-
perimental data InAc allow one to plot the
temperature dependence A*ab(T) up to T*.
The pseudogap temperature dependences de-
duced by this approach are shown by curves
1 and 2 in insert in Fig. 8 in A™(T)/A,,ux
versus T/T" representation, where A, ., is
the value of A" on the plateau far from T".

In the theoretical work [88] the
pseudogap temperature dependences were
derived in the mean-field approximation
within the framework of the BSC-BEC
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Fig. 3. Temperature dependences of the ex-
cess conductivity of YBa,CuzO;_g single crys-
tal before (I) and after (2) electron irradia-
tion in In(Ac) versus 1/T representation.
Dashed lines are fits to Eq. (6). Inset: tem-
perature dependences of the pseudogap in
AN(T)/A e
A", is the value of A" on the plateaus far
from T”. The curve numbering corresponds to
Fig. The dependences A™(T)/A(0) versus T'/T"
calculated by Egs. (8) and (9) [38] are shown
by solid lines (3) and (4), respectively.

versus T/T" representation.

crossover theory for the cases of weak [Eqg.
(8)] and strong [Eq. (9)] coupling:

A(T) = A(0) — AO2RAO)T exp [~ %O)righ%ﬁ)

A(T) =

3/2 ®
2 2
= A(0) - %\'_xo %0)] ex{_iﬂl"‘TA(O) i

where xo = W/A(0) with n being the chemical
potential of the system of charge carriers and
A(0) is the superconducting gap at T = 0.
The dependences A*(T)/A(0) on T/T* cal-
culated by Egs. (8) and (9) for the crossover
parameter u/A(0) =10 (BCS limit) and
w/A(0) = -10 (BEC limit) are shown in in-
sert in Fig. 3 by dash lines (3) and (4),
respectively. One sees that the pseudogap
temperature dependence of the optimally
doped, impurity-free as-grown sample no-
ticeably deviates from the theoretical curve
[38], as this was the case for the YBCO thin
films with the same oxygen content [27]. At
the same time, for the irradiated sample,
even admitting the conditionality in the de-
termination of the pseudogap opening tem-
perature T” from the downturn of p(T) curve

Functional materials, 25, 2, 2018
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from the linear law, the experimental data
fit to the theoretical curve satisfactory.
From the inset in Fig. 8 it follows that
the rapid increase of Ac ensues when T ap-
proaches TC. From the theory [9, 15] it is
known that near T, the excess conductivity
is stipulated by the fluctuational pairing of
the charge carriers. If the temperature T
corresponding to the transition from the
pseudogap state to the regime of fluctuation
conductivity is determined at the point
where InAc starts to turn up from the lin-
ear law InAoc(1/T) [27], then one can esti-
mate the temperature range where the
pseudogap state exists as t* = (T - Ty)/Ty.
The calculations reveal that electron irra-
diation causes a relative expansion of the
pseudogap temperature range by more than
50 %, from t" = 0.8029 to t" = 0.4869. A
certain role at this can be played by other
specific mechanisms of quasiparticle scat-
tering [39—-43] stipulated by the structural
and kinematic anisotropy in the system.

4. Conclusions

The results of this work can be summa-

rized as follows. The excess conductivity Ac(T)

of optimally doped YBa,Cu;0;_g single crys-
tals both, before and after electron irradia-
tion obeys the exponential temperature de-
pendence in a broad range of temperatures
T;,<T< T*. The description of the excess
conductivity by the relation Ao~ (1 -
T/T*)exp(A*,,/T) can be interpreted in
terms of the mean-field theory where T~ is
the mean-field transition temperature to the
pseudogap state and Ac(T) is satisfactory
described within the framework of the BCS-
BEC crossover theory. In all, electron irra-
diation of the YBa,Cu;O;_s single crystals
has been revealed to lead to an expansion of
the temperature range where the pseudogap
state exists, thereby narrowing the range of
the linear dependence of p(T) in ab-plane,
while the coherence length increases by al-
most one and a half times and the crossover
point shifts substantially with temperature.
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