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ARTICLE INFO ABSTRACT

Keywords: Direct measurements of the temperature dependences of the electrical resistance and the thermal deformation of
YBCO the lattice parameters in microcrystalline YBayCuzOy.5 (YBCO) with two dominant superconducting phases

Superconductors (DSPs) were carried out in the normal state and in the temperature range of superconducting transition (AT, ~
g;?;&:: 10 K). The presence of a linear correlation between the temperature coefficients of electrical resistance (TCR) and

the thermal (volume) expansion (TEC) was shown — below (is direct) and above (is reverse) the temperature of
the transition to the pseudogap state (~ 160 K) with a correlation coefficient of no less than 0.98. As it estab-
lished from the dependences of the derivatives of resistance on temperature for each of these phases the tem-
perature dependences of the lattice parameters demonstrated discontinuity in the region of average values of the
transition temperatures to the superconducting state (T, ~ 90.5 K and T, ~ 87 K). Deviations from the zero TCR
value for these phases at mid-7, were positive and changes in TEC of all lattice parameters at these temperatures
occurred to be with sign inversion. The scenario for the phenomena of charge excitations in YBCO and their
pairing associated with anomalous compression of the volume of lattice upon cooling to T, and its subsequent
positive striction directly in T, in the absence of a magnetic field is present.
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interactions via the lattice. Moreover, it is not clear what the “formation
of an energy gap” means in this case because of the pairing of quasi-
particles that arise as a result of doping determining the order param-

1. Introduction

High-temperature superconductors (HTSC) including YBCO are

promising materials for the creation of second and third generation
superconductors [1,2], memristors [3], quantum computers [4-6] and
others. Knowledge of the true nature of the formation of their properties
can significantly increase the efficiency of endowing these materials
with the characteristics in practical demand. At the same time, the
essence of the nature of the HTSC phenomenon remains to be one of the
unsolved problems in modern physics [7-11], since conductivity and
even superconductivity are observed in non-metals, which are strongly
correlated electron systems.

Unlike metals, concerning HTSC it makes sense to speak only about
some local elementary charge excitations (ECE) in interacting atoms
with an insignificant degree of their socialization due to their obvious

eter. In this regard, it is obvious that to solve these issues it is necessary
to understand the nature of the origin of charge excitations and their
relaxation processes in non-metals. It is necessary to take into account
that charge excitations are the same quasiparticles such as fermions,
similar to elementary excitations of electrons, induced in the neigh-
boring atoms.

An important milestone in this understanding was the BCS theory,
which emphasized the role of the coupling of ECE (electrons) and elastic
excitations (phonons) of the atomic and electron subsystem for low-
temperature superconductors. The presence of bound state of two qua-
siparticles interacting via a virtual phonon implies a vanishingly small
elastic deformation of the lattice. This is possible only at quasi-harmonic
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oscillations close to harmonic ones and temperatures close to 0 K. Quasi-
harmonic oscillations at T # 0 K can occur only in loosely packed
structures, which are characterized by the inversion of the sign of TEC
(corresponding to anharmonicity). The anharmonicity of oscillations,
which ensures the change in the elasticity of the bond between atoms,
excludes the birth of a virtual phonon and determines the dependence of
resistance on the temperature [12]. The main problem of the theory
[12], associated with the impossibility of quantitative description of the
phonon electrical resistance even of classical metals, is the lack of
knowledge about the dependence of the deformation potential on the
temperature, which determines the screening of the lattice ions. So-
cialized electrons in metals with the constant concentration provide
such screening.

According to [12] the anharmonicity has a direct relation to the
formation of the thermal deformation potential, i.e., to the lattice
expansion or contraction due to the free energy loss. The resistance
value depends not only on the temperature change but also on the vol-
ume p(T,V) during the transition to a new equilibrium state at a constant
pressure. Note that the change in free energy when interpreting the
temperature dependence of resistance of both nonmetals and metals is
still neglected [13-19] because of the smallness of the change in volume.
The volume changes by less than ~10 % from O K to the melting tem-
perature. Whereas, in the quasi-static process of transition of the system
from one equilibrium state to another, the value of TEC changes by many
orders of magnitude in this temperature range.

Earlier in [20,21], the constancy of the relation was shown:

p(T,V)/B(T,V) T = p* .

for each equilibrium state of metals, where f(T,V) — TEC; p(T,V)-
T = [dV(T)/V(T)dT]-T. The characteristic resistivity p* is ~ 10°® Om'm
for more than thirty classical conductors, including phases with mag-
netic and atomic ordering [20-24]. The Pearson’s correlation coefficient
(PCC) between the temperature dependences p(T,V) and A(T,V)-T from
the temperatures close to 0 K to the melting temperature is ~0.999,
indicating the closeness of this relationship to a functional one. Note the
changes in each of the parameters p(T,V) and the thermodynamic
complex f(T,V)-T are six or more orders of magnitude, and the change in
p* of the corresponding phase does not exceed the total error of their
determination. The linear relationship (1) between these parameters
shows that at T # 0 K the value of p(T,V) — 0, when (T) — 0. Note also
that the trend S(T) — 0 or B(T) < O below T, is observed for both
low-temperature and high-temperature superconductors [25-27].

Classical metals with predominantly metallic bonding are not su-
perconductors, whereas the probability of superconductivity and the
values of their T, increase with an increase of the proportion of covalent
bonding. For non-metallic conductors, relative thermal deformation is
usually accompanied by the occurrence of the charge excitations, for
example, in semiconductors. Therefore, one should expect the rela-
tionship between the temperature coefficient of electrical resistance
(TCR) a, = dp/pdT and (TEC) ay = dV/VdT in non-metals, in contrast to
classical metals.

The existence of the lattice thermal deformation anomaly near T,
confirmed by the results not only for YBCO [28-37], but also for other
HTSCs [38-42]. In particular, the authors of [29] found that the de-
pendences of the ¢ parameter and volume on temperature of optimally
doped YBCO in the absence of a magnetic field exhibit a ‘break’ with a
positive jump of ~ 3 % immediately at T,. Prior to this jump, lattice
compression occurs up to T.. Other authors [31,35] have shown that the
superconducting transition is accompanied by a critical behavior of the
thermal expansion coefficients of the parameters a and b, i.e. a critical
lattice deformation near T..

The results presented in [28-37] performed immediately after the
discovery of superconductivity in both YBCO and other HTSCs [38-42].
The neglect of the significance of the lattice thermal deformation effect
in interpreting the conductivity of these materials was apparently due to
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the persistent view of the insignificance of the volume change.

Although in the same years it was shown in [28] that the absolute
volume deformation (compression) of the YBCO lattice by only ~ 1.6 %
caused by an increase in the content of labile oxygen (8§ < 1) at constant
values of temperature (~5 K) and pressure (~1 atm) leads to a transition
from the dielectric state to the superconductor state with T, ~92 K. The
authors [43-46] tried to relate the mechanism of superconductivity
formation in yttrium and bismuth cuprates to lattice deformation by
changing their doping level. Particular attention was paid to the change
of local structure in CuO planes, which are mainly superconducting.
These planes have features of curvature, which occur when Cu atoms are
displaced toward the apical oxygen relative to these planes. These Cu
atoms with oxygen atoms located in the a and b directions at the corners
of the CuO; plane form triangles. As a result of the careful calculations of
chemical bond lengths, it was found that all six parameters character-
izing these triangles are stable and do not depend on the degree of
doping, from what the stability of the area formed by the bases of these
triangles follows. The results of [43-46] indicate the relationship be-
tween the doping level and the lattice deformation, which provides the
superconducting state. This is in the agreement with the resistance
aspiration to zero at vanishingly small deformation of the conductor
lattice, which is evident from the linear correlation (1) of the tempera-
ture dependences of the athermal resistance p(T)/T and S(T).

Previously, we [47] showed the presence of a linear relationship
between the doping level (p) and TCR for 20 nanostructured super-
conducting ceramics based on YBCO, regardless of their porosity and
particle dispersion, as well as changes in the nature of conductivity. This
relationship follows from the similarity of the dependences of the
average values of p and TCR on AT..

In the present work, for the first time the connection between the
conductivity of HTSPs and lattice strain is considered at the example of
YBCO. Perhaps, this can bring us closer to understanding the nature of
conduction, high-temperature superconductivity [9], the conduction of
“strange metals” [10] and metals with saturated electrical resistance
[11]. Obviously, to establish this connection, first of all, we should
investigate the correlations of the temperature coefficients of electrical
resistance and thermal expansion for the same YBCO sample in the
normal state and in the temperature range of the superconducting
transition.

For this purpose, the temperature dependences of the electrical
resistance and thermal expansion of microcrystalline YBCO in the
normal phase and during its transition to the superconducting state in a
zero magnetic field have been investigated. We have put forward the
hypothesis on the possible mechanisms of the occurrence of charge ex-
citations during lattice compression upon cooling to T, and their pairing,
the “trigger” of which is positive striction at T.

2. Experiment

A microcrystalline sample of YBapCusOy.5 was prepared by solid
phase sintering using Y203 (~99.9 %), BaCO3 (~99.9 %) and CuO
(~99.9 %) taken in a molar ratio of 1:2:3 by metals according to the
following reaction:

Y503+ 4BaCO3+ 6Cu0 — 2 YBayCusO7.s+ 4COa1 )

The components with the addition of ethyl alcohol were mixed in an
agate mortar and pressed under ~100 MPa. Synthesis and sintering of
the samples were carried out in air in 3 steps of about 10 h in each one.
Synthesis of the compound with up to ~ 90 % YBCO took place at ~ 870
°C (confirmed by thermal analysis). The sintering (know-how) at low
temperatures of 900 °C and 909 °C was ensured by the fact that the
starting powder consisted of nano- and microcrystals. The amount of
YBCO phase in the ceramics increased up to ~95 % and crystallites grew
in the c direction during sintering. The heating rates to the synthesis and
sintering temperature were about 2 °C/min, and the cooling rate to 450
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°C was about 1.5 °C/min. Oxygen saturation of the ceramics was carried
out in air at 450 °C for 5 h, and then the furnace was turned off. The
density of the sample after sintering at ~909 °C was 5.9 g/cm>. The
samples were made from this ceramics for electrical resistivity and heat
capacity studies, and powder was obtained from the residue for structure
studies. The analysis of four samples, with insignificant variations of
sintering temperature, obtained by the developed technology, showed
the reproducibility of their structure and properties.

The resistance of a 4 x 2 x 1 mm sample was measured using the
four-probe method in automatic mode on a setup containing a Keithley
2002 multimeter controlled by an SR830 nanovoltmeter for current
switching and a PTC 10 for temperature control. The setup is fully
automated and allows current-switched p(T) measurements over a
temperature range from 80 to 300 K. The control program is written
using the LabView software package. Ohmic contacts of potential copper
probes were attached to the sample in its center at a distance of
~1.5 mm with SP-40 plus silver paste. Current contacts were attached to
the two opposite side faces of the sample with the same paste at a dis-
tance of ~4 mm. The temperature of the sapphire substrate on which the
sample was fixed with BF-2 adhesive is measured using a copper-
constantane thermocouple. The sapphire substrate with a diameter of
~ 10 mm and a thickness of ~ 3.5 mm, cooled with helium gas in a
sealed chamber of a nitrogen cryostat, served as a “thermostat” for the
sample. The temperature dependence of thermal expansion in the tem-
perature range from ~ 82 K to 300 K was established on the basis of
lattice parameters obtained on a SIEMENS D-500 diffractometer
equipped with a low-temperature cryostat. The sample was loaded at
room temperature with subsequent cooling to nitrogen temperatures.
The shooting was carried out on a substrate made of monocrystalline
silicon with the cell sized for the sample of 15 x 20 mm. Scanning was
carried out using CuKay  X-ray radiation in the scheme with a secondary
monochromator in the range of 20 angles from 5 to 90° (or 5-50°) with a
step of 0.02° and an exposure of 12 s at each point. High Score plus
software was used for calculations.

3. Results

The study of the temperature dependence of electrical resistance was
carried out in the quasi-static mode of heating of a preliminary ther-
mostatted sample at the boiling point of nitrogen at a rate of 0.015 K/s.
Fig. 1 shows the p(7) dependence of the studied sample, where the
temperatures of the transition to the pseudogap (T* ~ 160 K) and
superconducting states are indicated. There is a slight increase in the
slope of the almost T-linear dependence upon transition to a pseudogap
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Fig. 1. Dependence of electrical resistance on temperature. Inset are p(T) and
dp/dT from T in the region of transition to the superconducting state.
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state at the dependence of the electrical resistance of a microcrystalline
sample on the temperature, in contrast to a single crystal [48-50]. This
indicates that the conductivity increases without typical to single crys-
tals [51] obvious structural changes due to the polycrystallinity of our
sample. Fig. 1 shows the temperature range where the resistance de-
creases to the temperature of the onset of the transition (7, on), which is
usually observed for such dependences. The onset of the transition to the
superconducting state occurs at ~ 92 K, which corresponds to the T
value for the optimally doped phase. The transition width (AT,) is equal
to ~ 7 K. A deviation from regularity such as a “shoulder” is observed at
~ 89 K in the region of the superconducting transition (inserted at
Fig. 1) on the dependence dp/dT = f(T) determining the middle values of
T,, in addition to two well-resolved peaks (90.5 K and 87 K). The pres-
ence of the “shoulder” in the interval from 90.5 K to 87 K indicates the
existence of other non-dominant superconducting phases in this tem-
perature range. Moreover, a wide interval of the transition AT, and a
large width of individual peaks also indicate the multiphase nature of
the samples in terms of oxygen content. In this regard, a large width of
dominant anomalies on the temperature dependences of thermal
expansion and heat capacity, manifested as a singularity in T, is to be
expected.

The results of the experimental studies of the heat capacity
normalized over temperature (C,/7) in the range of 20 — 160 K are
present at Fig. 2. The values of C,(7)/T decrease monotonically on 3 J/
(kg-K) with decreasing temperature from 160 K to 20 K. The inset
(Fig. 2a) shows an enlarged fragment of the anomaly observed within
the dependence C,/T = f(T) at the region of the superconducting tran-
sition. The anomaly of the excess of the electron component over the
phonon component in the range from ~ 92K to 85K (AT ~ 7K)
determined by the change in the density of states near the Fermi surface
is consistent with the results of the dependence of dp/dT on T (see
Fig. 1).

The anomalous deviations from the regular temperature dependence
of the heat capacity typical for the DSPs were approximated using the
Lorentz function and transformed into individual peaks (Fig. 2b). The
use of the Lorentz function was due to the fact that the width of the peaks
implies the presence of subphases in the dominant phase. The most
intense peaks are observed at temperatures of ~ 90.5, 89.3, 88.7, and
87.4 K, which mainly coincide with the deviations from regularity on
the dp/dT=f(T) dependence. Using this dependence, the Tc tempera-
tures including the onset of the transition at ~ 92 K were refined for
different DCPs of the studied sample.

The results of the study of the structure such as the diffraction
pattern of the powder from ground ceramics in the range from 300 K to
82 K shown at Fig. 3. This powder consists of particles with signs of
texture growing towards the ¢ direction. The parameter ¢ was deter-
mined by the positions of the diffraction peaks from the planes [002],
[003], [005], [006]. The structural analysis was carried out using the
crystal structure model from the database (PDF-2) No. 98-003-9359 for
the space group Pmmm: Y (}4%:'%), Ba (/4% 0.1851), Cul (0 0 0.3557),
Cu2 (0 0 0), O1 (0 4 0), O2 (0 %4 0.3778), O3 (*» 0 0.3776), 04 (0
0 0.1600) [52].

The analysis allowed for the determination (Fig. 4) the following
divergence coefficients: weighted profile wRp = 5.07 %; profile R,
= 3.7433 %; “goodness of the fit” y?> =1.39; Bragg coefficient Rp
= 3.64 %. The following values of the crystal cell parameters were ob-
tained using the Ritveld method: a = 3.82361 f\; b = 3.88624 108; c
=11.68546 A; V = 173.6397 A3. The crystallographic density of the
unit cell is 6.353 g/cm>. Along with the diffraction peaks of the YBay.
Cu307.5 main phase Fig. 4 contains minor peaks corresponding to the
Y2BaCuOs (Y-211) and BaCuO; impurity phases, whose content does not
exceed ~ 3 %.The oxygen index for YBapCu3O7.s, determined from the
empirical relationship: y = 7 —8 = 75.25 —5.856-¢, is ~ 6.9. This index
is close by magnitude to the oxygen content (~ 6.83) established from
the T, value for this sample using electrical resistance data. Such a high y
value is an indicator of the optimal oxygen content in the YBCO
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Fig. 3. X-ray diffraction patterns of YBCO sample at different temperatures.

structure with almost completely occupied O(1) positions in the CuO
chains along the b axis. The ratio of the intensities of reflections from the
[(006) (020)] and (200) planes at Figs. 3 and 4 confirms the ordering of
oxygen atoms into the b direction.

Fig. 5 demonstrates the change in the position of the peaks (005) and
[(006)+ (020)] of the YBayCu3O7.s superconducting phase depending
on the temperature. The blurring of the peaks indicates the presence of
other phases in the sample that are close to this phase in oxygen content.
A shift in the peaks of the YBayCu3O;.5 phase towards larger angles
indicating lattice compression is observed when the temperature is
reduced up to ~ 92 K. A sharp shift in the opposite direction occurs at
the temperatures below ~ 90.5 K. It indicates an increase in the values
of the parameter c at the superconducting state. A reverse in the direc-
tion of the ¢ parameter change occurs in the temperature range of 90.5
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Fig. 4. Experimental (red), calculated (black) and differential (blue) diffraction
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— 87 K, which corresponds to the midpoint values of the transition to
the superconducting state according to electrical resistance data.

Table 1 summarizes the values of the lattice and volume parameters
and the temperature coefficients of expansion of these parameters for
the studied sample. Fig. 6a shows the average temperature dependences
of the volume V(T) and the lattice parameters c(T), a(T) and b(T) over
the microcrystalline sample within the temperature range from 300 K to
the superconducting transition as well as in the AT, range of this tran-
sition with predominance of two phases with different 7, values. The
AT, range of ~ 7 K (from ~ 92 to ~ 85 K) where anomalies appear in the
V(T) dependence (Fig. 6a) is consistent with the AT, value following the
temperature dependences dp(T)/dT (Fig. 1) and C,(T)/T (Fig. 2). The
effect of positive striction of the volume of the two main super-
conducting phases is observed in the temperature ranges of ~ 92 K to ~
90 K and from ~ 88 K to ~ 87 K, respectively. There are extrema on the
dependences of the thermal expansion coefficients TEC ay(T), a.(T),
aq(T), ap(T) (Fig. 6b) and electrical conductivity dp(T)/dT in the similar
regions at 7, ~ 90.5K and 7, ~ 87 K (Fig. 1). The coefficients ay(T),
ac(T), aqg(T), ap(T) deviate from their zero values (Fig. 6b) with sign
inversion within the transition region. The temperature dependences
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Fig. 5. Effects of shifting the maxima of peaks 005, 006 and 020 in the range
from room temperature to 82 K.

ay(T), ac(T), ag(T), ap(T) were determined from the experimental data
(21 points) and shown at Fig. 6a. Directly at the transition temperature
(T, ~ 90.5 K), the extremum of the ay(T) dependence has a negative
sign, whereas the extremum of the dp(T)/dT dependence at this tem-
perature is positive (see the inset in Fig. 1). The visual perception of the
equality of the coefficients ay(T), a.(T), aq(T) ap(T) as zero at T > 95 Kis
due to the fact that their values in this temperature range are approxi-
mately two orders of magnitude smaller than in the T < 95 K range.
All points on the temperature dependences of the YBCO lattice
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parameters (Fig. 6a) correspond to their values in the equilibrium state.
The transition to such a state at heating occurs with an increase in en-
tropy due to thermal excitation of first the electronic and then the
atomic subsystems. At cooling, the transition to these equilibrium states
obviously occurs with the increase of the entropy of quantum chaot-
ization of the electron subsystem and with the increase of the elastic
coupling forces between atoms. Note that the resulting entropy of the
system is the sum of the contributions of the atomic and electronic
subsystems. In turn, the entropy of the electronic subsystem is the sum of
the contributions of quantum and thermal chaotization. Thus, the
removal of atoms occurs by increasing the thermal chaos of the elec-
tronic subsystem, and the lattice compression leads to an increase in its
quantum chaos. Thus, the transition to the equilibrium state always
occurs with the increase in the corresponding contribution to the
resulting entropy. The entropy of quantum chaotization of the electron
subsystem reaches a maximum at the temperatures close to 0 K, when
the volume is nearly constant. While thermal excitation of this subsys-
tem leads to thermal chaos of electrons near the Fermi level and a cor-
responding increase in the entropy of the atomic subsystem. The
socialization of charge excitations occurs with their appropriate modi-
fication by doping in the systems with covalent bonds where conduc-
tivity and superconductivity are observed. The information given in
[43-46] about the presence of “fixed triangles” in the corrugated planes
of CuO; superconducting cuprates indicates that the bonds between Cu
and O atoms are directed and saturated. Saturation is carried out by
additional charge excitations in the polarized atoms providing detailed
charge equilibrium. Directionality and saturation leads to some degree
of covalency. This is confirmed in [53], according to which the ionic
model leads to a good agreement of calculation results with the exper-
imental fact of localization of positive conductivity charges on the CuO5
plane at taking into account such excitations.

Doping of YBCO with oxygen atoms at a constant temperature, which
delivers it the property of superconductivity [28], is accompanied by
deformations of the same order as in the Fig. 6a. In the normal state, the
estimates of the anisotropy of deformations of the parameters V, ¢, b and
a (in percentage) and their average relative deformations per degree
occurred to be: (-0.7 % and 35:107° K™1); (-0.24 % and 12:107° K™1);
(0.3 % and 17-107% K™1); (-0.11 % and 1-10® K1) respectively. In this
state (Fig. 6a), the change of the a parameter over the entire temperature
range is three times less than the change in the b. The temperature de-
pendences of these parameters are opposite in the temperature range
from 300 K to 95 K, where the T-linear dependence for electrical resis-
tance up to 160 K and a dependence corresponding to a pseudogap state

Table 1

The values of the lattice parameters, volume and the temperature coefficients of expansion of these parameters.
T, K a, A b, A ¢ A v, A3 o, [1073K71] ap [107°K71] ®[1073K 1] ay [1073K 1]
300 3,82361 3,88624 11,68546 173,63972 4,35888E—5 0,03311 0,00428 0,03743
240 3,8236 3,87852 11,68246 173,24972 9,69854E—4 0,02384 0,00706 0,03187
200 3,82331 3,87627 11,67786 173,06799 0,00539 0,0126 0,0164 0,03436
150 3,82161 3,8742 11,66446 172,7005 0,01055 0,00913 0,01863 0,0383
120 3,82021 3,87332 11,65946 172,52416 0,01226 0,00785 0,01144 0,03153
100 3,81927 3,87269 11,65746 172,42413 0,01575 —0,07004 0,02689 —0,02741
95 3,8189 3,87556 11,65483 172,49639 0,02439 0,2406 0,04072 0,30559
93,2 3,8187 3,87117 11,65407 172,28061 0,14463 0,42049 0,32559 0,89226
92 3,81751 3,87019 11,64547 172,05554 —0,02467 —0,41256 0,02132 —0,41278
91 3,81869 3,8742 11,65213 172,38514 —0,36924 —1,08022 —-1,01183 —2,41237
90,5 3,81951 3,87638 11,66059 172,6362 0,39621 —5,6625 -0,1861 —5,45927
90 3,81718 3,89615 11,65431 173,32761 0,45409 —1,90059 0,84926 —0,62917
89 3,81838 3,87142 11,64708 172,16289 0,0275 3,61237 0,38186 4,02599
88 3,81697 3,86818 11,64541 171,94136 —0,55934 —0,39295 —0,75523 —1,70283
87,5 3,81981 3,87132 11,65504 172,34491 -0,15271 —5,16878 —0,52166 —5,83442
87 3,81755 3,88819 11,65149 172,94689 0,25715 —2,6902 —0,09548 —2,54038
86 3,8201 3,87537 11,66081 172,62163 —0,26395 2,71974 0,36726 2,80949
85,5 3,81983 3,87124 11,65187 172,29928 0,69811 3,29352 0,63037 4,6853
85 3,81743 3,86262 11,65347 171,81436 0,65795 0,99155 0,13816 1833
84 3,81721 3,8722 11,64705 172,15434 0,07597 —1,04075 0,30974 —0,71303
82 3,8165 3,86916 11,64546 171,96538 0,09345 0,39285 0,06827 0,5494
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Fig. 6. Temperature dependences of the lattice parameters of the YBCO unit cell and TEC of these parameters.

below 160 K are observed. The compression (volume change by 0.25 %)
is observed for all parameters directly in the region of the transition (~
92 K) to the superconducting state beginning of one of the DSPs
(Fig. 6a), which is followed by a sharp increase by more than two times.
The temperature (7, =~ 90.5 K) accounting to the midpoint of the interval
of this increase for the b, ¢ and V parameters agrees with the established
for this DSP from p(T) dependence value. The absence of a clear reso-
lution of this feature for the a parameter is apparently due to the fact
that its change is an order of magnitude smaller than the change in the b
parameter. As can be seen (Fig. 6a), the minimum volume value of 172
A3, which the lattice had at its compression at the beginning of the
transition to the superconducting state, practically does not change with
decreasing temperature.

The estimates of the anisotropy of the absolute deformation in
percent (%) and the average relative deformations per degree for the V,

175
174 1
<
Ny
173 +
172 1
! | —9— V[Exper]
A
171 + 1
90,5Ky
82 84 86 88 90 92 94 96 98 100 102

>

¢, b and a parameters during the transition to the superconducting state,
occurred to be: (0.75 % and 51073 K_l); (0.013 % and -810°° K_l);
(0.7 % and —4.6:1073 K™1); (0.005 % and —3-107° K™ !) respectively.
Here, the decisive role in the changing V belongs to the change in the b
parameter. Moreover, the change in Ab (Fig. 6a, solid line) is practically
equal to zero if we do not take into account the effects associated with
the superconducting transition of each of the phases. The decisive role of
the b parameter in the formation of the temperature dependence in the
region of the transition to the superconducting state is also evident from
the TEC data at Fig. 7b, where ap(T) as well as ay(T), are approximately
five times higher than a(T) and a4(T). The values of ay(T), ac(T), aq(T),
ap(T) in the normal state are two orders of magnitude lower than in the
interval of the transition to the superconducting state.

The changes in volume in the temperature ranges of ~ 200 K (in the
normal state) and 1.5K (jump) during the transition to the
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Fig. 7. Temperature dependences of electrical resistance and volumes of our sample as well as from table [27] directly in the region of transition to the super-

conducting state.
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superconducting state DSP (~ 90.5 K) are approximately equal in ab-
solute value and opposite in sign according to Fig. 6a. The transitions of
the dominant phases to the superconducting state (Fig. 6a) are presented
as a positive deviation of the volumes from a constant value and the
derivative of the temperature dependence of electrical resistance over
the temperature dp(T)/dT (in the inset of Fig. 1).

Fig. 7 shows the anomalies in the dependences of the volume on the
temperature of our sample directly in the region of the transition to the
superconducting state (green balls) in comparison with the results (black
squares) from [29]. The inset (Fig. 7a) demonstrates the discontinuity of
the V(T) dependence at the superconducting transition observed in this
study. Such a comparison was possible due to the approximate equality
of the T, value for our sample (~90.5 K) determined from the electrical
resistance and the sample from [29], where it was established from the
diamagnetic susceptibility. The temperature dependences of the lattice
parameters of the YBCO sample in the form of powder in [29] were
determined from the change in the position of the peaks in the diffrac-
tion pattern from the (013) and [(110), (103)] planes. Our dependence is
constructed based on sixteen V(T) values, while there are only seven of
these values in the corresponding table from [29]. The ceramics from
which the powder sample was obtained (seven more points in the inset
of Fig. 7a) was additionally studied for achievement of a better resolu-
tion of the dependence of the V(T) function in the T, region; it was
single-phase according to [29]. However, we note that the probability of
obtaining a single-phase YBCO sample with one superconducting phase
is not high, even if it is a small single crystal due to the inevitability of
defects in it. Our results show (Fig. 7b) that with a higher resolution
(increasing the number of points) of the V(T) dependence in range from
95 K to 85 K, another anomaly could appear at a temperature of ~ 89 K
in addition to the anomalies for the two DSFs. This can be seen in the dp
(T)/dT dependence (insert on Fig. 1).

Fig. 7b shows that the experimental data on V(T) for our optimally
doped sample and the sample from [29] fit well to the similar depen-
dence shown in the inset of Fig. 7a. The vertical dashed black lines
(Fig. 7b) are drawn through the points of the beginning (T = 91.1 K) and
the end (T =89.9K) of the volume jump highlighted in [29]. The
average value (red dashed line) between these points is located at
temperature of T, =~ 90.5 K. According to our data, for each DSP, the
volume decreases by ~0.25 % during the transition to the super-
conducting state, and according to data from [27] with one DSP, the
contraction is ~1.15 %, and then increases sharply between 91.1 K and
89.9 K. As can be seen, the value of T, ~ 90.5 K, obtained in present
study for the first DSP based on the results of the electrical resistance
study, falls on the right slope of the dependence from [29]. The value of
T, ~ 87 K for the second DSP falls on the left slope of this dependence.
These temperatures are highlighted by red rings there and below. The
green ring highlights the temperature range where T, of the interme-
diate superconducting phase is ~ 89 K. The volume decreases (the
dotted line in Fig. 7b) so that ay = dV(T)/VdT = constant in the interval
from ~ 95K to the complete transition of our sample to the super-
conducting state.

Reaching extremes at T, in the absence of a magnetic field, both
when approaching from high and low temperatures, leads to a second-
order phase transition with zero entropy difference. Transitions to the
equilibrium state to the left and right of 7. at constant pressure and
temperature 7, according to the virial theorem [54] should occur with a
change in the volume. In this case, the work on an abrupt change in
volume occurs due to a change in the internal energy. Experimental facts
indicate that the transition from the superconducting state to the normal
(disordered) state along with an increase in temperature occurs with an
increase in the excitation energy, as is valid for all second-order phase
transitions. A sharp increase in volume in T, leads to a sharp decrease in
internal energy. That is, totally it leads to a sharp decrease in the exci-
tation energy of the charge subsystem and establishment of order in it. In
YBCO, the transition (Fig. 6a) to the superconducting state is preceded
by an anomalous compression of the lattice. The effect of such a
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compression upon cooling over an interval of only 3 K (Figs. 6a and 7b)
can manifest itself only in loosely packed structures. Compression of the
lattice of such structures indicates a weakening of the directionality and
saturation of the covalent bond ensured by the high inertia of the elec-
trostatic field between the interacting atoms, typical of such a bond. A
decrease in the inertia of this field (with a weakening of the bond) leads
to an increase in the response of the system to minor external effects.
This implies the appearance of additional charge excitations, which are
prone to socialization, as evidenced by the increase in conductivity.
These charge excitations can be consider as quasiparticles — fermions
with the energy spectrum obeyed to the Pauli principle. Compaction of
the structure not only increases the socialization of these charge exci-
tations but also decreases the amplitude of thermal vibrations of atoms
due to a decrease in anharmonicity upon lattice compression. A slight
linear change in the average values of the volume of these phases
associated with a decrease in the contribution of the anharmonic
component of the amplitude of thermal oscillations is maintained until
the complete transition. The volume decrease up to T on = 92K,
apparently, should be considered as a limit of admissible lattice
compression, followed by its sharp increase.

The anomaly (Fig. 6a) associated with a 0.75 % volume increase
after such a compression results in the decrease in the Fermi wave vector
contained in the expression the solution of the Schrodinger equation for
quasiparticles. This is consistent with the fact that an energy gap arises
in HTSC, which is the larger when the coherence length is smaller. For
HTSC, this length is of the order of the interatomic distance. It can be
assumed that a pair of quasiparticles (socialized ECEs arising from the
weakening of covalent bonds) with antiparallel spins is a Cooper pair.
The socialized quasiparticles which characterized by paramagnetism
and a sharp deformation of the lattice in 7 leads to the emergence of the
gap caused by the antiparallel spin ordering of ECEs at the interatomic
distance. This effect is possibly similar to the Villari effect, i.e. under the
corresponding deformation, magnetic ordering with a transition from
paramagnetism to diamagnetism occurs in YBCO.

The distorted perovskite structure of BaBiO3 was shown [55] to be
energetically favorable due to the presence of initially paired electrons
and holes in the upper antibonding orbital of Bi6s -O2ps+ of neighboring
octahedral complexes. Doping of this compound changes the lattice
distortion and transfers it from the insulator state to the superconductor
state. A transition from the insulator state to the superconductor state
occurs with a change in the volume of YBCO by only ~1.6 %, because of
its doping with oxygen [28]. Obviously, such structures have something
in common that ensures their transition from the state of normal con-
ductivity to the superconducting state with small thermal deformations.

The change in the energy of the system with the absolute volume
deformation of the lattice of the order of ~ AV ~ 5 A% ~ 51073 m®
(Fig. 7) directly upon the transition to the superconducting state, ac-
cording to the virial theorem [54], is of the order of 107° eV. Such a
positive deformation AV leads to the decrease of the wave vector and the
Fermi level (2Aeg = 1% (Ak)%/2:m) by ~ 0.4 eV. Taking into account that
2Aep ~ T, it is possible to determine the thermal energy to break a
Cooper pair ECE: € ~ kp-90 K =~ 0.01 eV. Based on this, we can estimate
the proportionality coefficient between 2Aer and kg'T. for YBCO. Its
value is of the order of ~ 40, i.e. an order of magnitude greater than that
for low-temperature superconductors — 3.5. Thus, our results may
indicate the possible applicability of the BCS model for
high-temperature superconductors.

Materials with a covalent type of bond have high elasticity therefore
in HTSC the probability of the emergence of a virtual phonon is signif-
icantly higher than in low-temperature superconductors with a lower
proportion of covalence. Apparently, this also explains the presence of
high values of T, for HTSC. In this case, the model adopted in the BCS
theory is close to reality in terms of the emergence of a bound state of the
ECE of two interacting neighboring atoms through a virtual phonon. A
decrease in thermal deformation below 7, means a decrease in the
anharmonicity of atomic vibrations in this temperature range and an
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increase in the elasticity of the YBCO lattice. The thermal deformation of
the lattice (Fig. 6a) immediately after the transition to the super-
conducting state tends to zero (AV — 0), i.e. over the entire range T, —
0 K the change in volume is vanishingly small. This is the confirmed by
the results of the studies on changes in the lattice parameters within this
interval [25-27].

4. Correlations

The role of volume change in the formation of superconductivity in
YBCO can be substantiated by analyzing the correlation of relative
changes in electrical resistance and thermal deformation of the lattice
above T, and in the transition range, since the relative changes in these
parameters are orders of magnitude greater than their absolute values.
Moreover, they reflect the quantum nature of the change in the elastic
component of deformation as well as charge excitations and their
relaxation during the transition from one equilibrium state to another. It
is determined by the change in the value of the thermal expansion co-
efficient such as a change in the anharmonicity of atomic vibrations,
which is the quantized, and the quantum nature of the change in the
excitation energies of quasiparticles.

Fig. 8a — d show the temperature coefficients of resistance a, = dp/
pdT and volume expansion a, = dV/VdT above and below the transition
to the pseudogap state in the ranges from ~ 290 K to ~ 140 K and from
~ 120 K to ~ 95 K as well as the results of the correlation analysis of
these dependences. The dependence ay(T) was obtained from the tem-
perature dependence of the volume established as a result of approxi-
mation of the temperature dependences of the a, b and c lattice
parameters (Fig. 6a), and a,(T) — from the data p(T) presented at Fig. 1.

As can be seen, the relationship between ay(T) and a,(T) are linear
with the Pearson’s correlation coefficients ~ 0.992 and ~ 0.977 above
and below the transition to the pseudogap state temperature (~ 130 K
+ 15 K) respectively. The correlation above this temperature is direct as
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in classical conductors and it is inverse below it as in the intermetallics
with saturable resistance. The values of ay(T) and ,(T) differ (Figs. 8a
and 8b) by two orders of magnitude; nevertheless, the correlation of
these dependencies is linear with correlation coefficients close to unity.

Fig. 9a - ¢ show the temperature dependences of dp(T)/dT and ay(T;
a,(T) and ay(T); ay(T)/a,* and ay(T) in the region of the super-
conducting transition, where a,* is the maximum value of a,(T) for each
of the phases.

The anomalous deviations of the dependences of p(T) at the corre-
sponding temperatures in these Fig. 9 are indicated by circles. The red
circles highlight the T, values for the two dominant phases and the blue
ones indicate the T, values for the weakly manifested superconducting
phases in the temperature dependence of p(T). The parameter a,/a,* is
presented to reveal two superconducting phases in the range from ~
86 K to ~ 91 K, which are unresolved at Figs. 6b and 9a. The dp(T)/dT
dependence (Fig. 9a) clearly shows DCPs with T, ~ 87 K and ~ 90.5 K.
The phase with T, ~ 86 K appears on Fig. 9b and the a,/a,* dependence
(Fig. 9¢) clearly shows the superconducting phases with T, ~ 86 K and ~
89 K, which are poorly manifested at Figs. 1 and 9a. Anomalies in the
temperature dependences dp(T)/dT, ap(T) and a,/a,* are well resolved
due to a large number of p(T) values. There are fewer points on the V(T)
dependence but the anomalies for the two DCPs observed on the p(T)
and V(T) curves are in good agreement.

The anomaly of one phase smoothly passes into the anomaly of
another phase for multiphase samples (Fig. 9), therefore, exact coinci-
dence of anomalies for all phases after the first one should not be ex-
pected. The values of a,(T) are approximately three orders of magnitude
higher than those of ay(T) in the transition interval. Note also that ay(T)
in the normal state is two orders of magnitude lower than in the tran-
sition interval. As can be seen, the temperature dependence of electrical
resistance is a sensitive parameter to thermal deformation of the lattice.
The correlation of a,(T) and ay(T) indicates the importance of thermal
deformation in the formation of p(T) in the normal and superconducting
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Fig. 8. Dependences ay(T) and a,(T) — a) and b). Correlations ay(T) and a,(T) in the normal — ¢) and pseudogap — d) states.
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Fig. 9. Temperature dependences: dp(T)/dT and a(T) — a); a,(T) and ay(T) — b); a,(T)/a,* and ay(T) — c) in the region of the superconducting transition.

states.

The emergence of superconductivity occurs with the manifestation of
an anomaly of thermal deformation of the lattice as well as its defor-
mation at a constant temperature [28], which takes place with a change
in the oxygen content between the sites occupied by copper atoms in the
base block. The Meissner-Ochsenfeld effect in a magnetic field occurs
with deformation since this transition is a first-order transition. In this
regard, the effects of equality of resistance to zero in the super-
conducting state and the Meissner-Ochsenfeld effect should be the
considered from a unified position taking into account the features of the
formation of deformation of the HTSC lattice. The effects of excitation
and relaxation of the ECE in the system of interacting polarized atoms
[54] are accompanied by the performance of work to exit the system
from the state of equilibrium and return to a new state after various
external influences. According to [56], the detailed charge equilibrium
in YBCO is restored because of the distortion of the lattice parameters
relative to its idealized state due to the redistribution of the electron
density around the nuclei, which differs from the electron density in
neutral atoms. The stability of the crystal structure, like any structure, is
determined by the rules (L. Pauling), which provide the polarization
capacity of ions [56] and their screening. The collectivization of charge
excitations and their relaxation in such systems can be similar to the
processes observed for classical conductors in terms of the fact of sat-
isfiability of Ohm’s law. This law for non-metallic conductors is satisfied
in a quasi-static process. To interpret the temperature dependence of the
resistance of strongly correlated electron systems, for example, HTSC
the theory based on the concepts of the gas and Fermi-liquid models of
collectivized electrons within the Drude-Bloch concept is non-applicable
[7]. When interpreting the resistance of non-metals, preference is the
given to the physically substantiated concept of charge spreading, which
follows from Maxwell’s equations based on empirical laws. Moreover, it
turns out to be valid for classical conductors as well, if the concept of
electric current determined by the Gauss theorem is taken into account.
The contradiction associated with the direct and inverse resistance on
relaxation time dependences within the Maxwell and Drude-Bloch
concepts is removed [57] by taking into account the thermal deforma-
tion of the lattice. According to [56,58], dielectric screening of local
inhomogeneity of ion charges within the YBCO unit cell is realized by
changing the concentration of socialized charge excitations with insig-
nificant lattice deformations. Compression of the lattice leads to an in-
crease in the doping level as indicated by the relationship [59,60] of the
oxygen content and the T, value with a decrease in the ¢ parameter.

The transition from the normal to the superconducting state and back
in a magnetic field is accompanied by the jump in volume [61]. Despite
the obviousness of such a jump, the change in volume is the neglected
due to its smallness in the theory. However, according to Maxwell’s
equation:

1o 1 0B _0S
éEdf:}éfzﬁzz(fsafB§> 3

a change in magnetic flux implies a change not only in magnetic in-

duction but also a change in the geometric dimensions of the sample
over time directly during the transition. The reasoning about the inev-
itable capture of the magnetic field when the external field is reduced to
zero follows from the fact that the presence of such a deformation is not
taken into account. If we take into account BdS/dt in expression (3), then
for any path of transition to the superconducting state, the effect of a
trapped magnetic field does not arise. The deformation of the lattice for
any path of transition to the superconducting state in a magnetic field
implies a change in the density of states at the Fermi level.

Thermodynamics of the processes in these systems is directly related
to quantum electrodynamics of ECE formation by inducing them with
appropriate lattice deformations. Understanding of the relationship
between properties characterized by the considered by thermodynamics
and quantum electrodynamics processes is revealed [62] when consid-
ering the correlation in the formation of YBCO properties. Authors [62]
show the relationship between thermodynamic parameters such as heat
capacity and the second critical field H. with an increase in the effective
mass of quasiparticles — an increase in the measure of inertia of elec-
trostatic fields depending on the doping of YBCO. Such changes lead to
the formation of the stable ortho-I and ortho-II superconducting phases
resulting from the formation of the corresponding densities of states on
the Fermi surface.

5. Conclusion

The analysis of the formation of electrical resistance and lattice
deformation of YBCO with predominantly ionic-covalent bonding be-
tween atoms performed above shows that the restructuring of the energy
spectrum of the charge subsystem leading to a change in the absolute
and relative values of conductivity occurs at insignificant deformations.
A linear correlation of the temperature coefficients of electrical resis-
tance and volumetric thermal expansion is found for this connection
with a correlation coefficient of no less than 0.98 in the normal state.
The onset of the superconducting transition for each superconducting
phase determined by the temperature dependence of electrical resis-
tance is accompanied by lattice compression, after which an increase in
the volume in the region of the middle values of T, of these phases oc-
curs. Deviations of the coefficients of volumetric expansion from their
zero values for each of the superconducting phases in the interval of the
transition to the superconducting state, in contrast to the derivative of
electrical resistance with respect to temperature, occur with a change in
the sign. We have established the order of the “virtual phonon” energy to
be ~ 107> eV, which is more than 2 orders of magnitude lower than the
energy for YBCO (0.04 eV) established by the Debye temperature in
[63]. This is consistent with the condition of interaction of electrons via
phonons, which underlies the BCS theory.
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