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speak only of some charge excitations, with an insignificant 
degree of their generalization. To date, the issue of conduc-
tivity in the normal state, considered [3, 4] as the state of a 
“strange metal”, has not been fully resolved.

The main difference between HTSC and low-tempera-
ture superconductors is the relatively high looseness of the 
packing, due to the significant contribution of the covalent 
bond. In this connection, it is obvious that it is important to 
consider the role of the crystal structure in the formation of 
conductivity and superconductivity, not only with a change 
in the degree of doping, but also the lattice parameters in 
the normal and superconducting states depending on the 
temperature.

A detailed study of the structure and properties of YBa2C-
u3Oy materials is devoted to the works [6–8]. With a decrease 
in temperature from room temperature to the transition tem-
perature in YBa2Cu3Oy, anomalies of the crystal structure 
appear in the form of jumps in the lattice parameters and/
or thermal expansion [9–16]. The anomaly near the tem-
perature of ∼ 140–180 K is usually associated [17] with the 

1  Introduction

High-temperature superconductors (HTSC), including com-
pounds based on complex copper oxides doped by changing 
the oxygen content, have found wide practical application. 
They are promising for creating components for electric 
power and electronics [1], as systems based on Josephson 
contacts for quantum computers [2]. Interest in these mate-
rials is caused not only by practical applications, but also by 
fundamental research. Until now, establishing the nature of 
high-temperature superconductivity in them remains [3–5] 
one of the most important problems of condensed matter 
physics. Unlike metals, in these materials it makes sense to 
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presence of a pseudogap state. The anomalies are especially 
clearly recorded from the data of acoustic measurements 
[18, 19], showing the maxima of ultrasound absorption near 
∼ 140 − 180 and ∼ 240–260 K. Clear changes in the lattice 
parameters and near Tc are observed for YBa2Cu3Oy single 
crystals, where anomalies of the opposite sign, depending 
on the oxygen content, appear in the a and b directions [10]. 
The oxygen non-stoichiometry of YBa2Cu3Oy is associated 
with mixed valences of copper in the basic plane, which 
determines the relationship between the oxygen content 
and the lattice parameters. The high conductivity observed 
in YBa2Cu3Oy is indisputably linked to the increased popu-
lation of labile oxygen atoms in the b direction and their 
ordered arrangement. This results in the deformation of lat-
tice parameters and the phase transition from the tetragonal 
non-superconducting phase to the orthorhombic supercon-
ducting phase. It is clear that we must consider the role of 
thermal deformation of the lattice during the transition from 
the normal state to the superconducting state. The most 
effective method for identifying phase transitions that are 
temperature- and oxygen-dependent is to measure the coef-
ficient of thermal expansion.

In particular, changes in lattice parameters with temper-
ature changes (from room temperature to transition) have 
been studied with an ultrahigh resolution capacitive dilatom-
eter [20] using relatively thick (typical thickness ~ 0.5 mm 
along the c-axis) twin crystals. The onset of superconduc-
tivity is accompanied by strongly anisotropic jumps in the 
expansion coefficients in the a-b plane, leading to changes 
in orthorhombicity. However, little effect is observed “along 
the c-axis direction” because the non-twinned crystals used 
(typical thickness of about 0.1 to 0.2 μm) were too thin to 
make reliable measurements.

Many works [21–23] have been devoted to studying 
structural parameters, such as lattice deformations, bond 
lengths and angles, displacements of individual ions within 
the unit cell in the YBCO system as a function of tempera-
ture. Studies of features in vibrational spectra during the 
transition to the superconducting state for superconductors 
are quite active [24–26].

Summarizing the conclusions of these studies it can be 
noted that the values of relative displacements of the near-
est pairs of ions inside the unit cell in superconductors are 
anomally changed. In particular, we can note the increase 
of disorder in the Cu-O bond length with decreasing tem-
perature [23]. In this regard, it is particularly important to 
determine the positions of oxygen atoms responsible for 
charge transfer from the reserve layer to the conducting 
layer. However, the exact determination of bond lengths and 
angles in the unit cell is a rather difficult task. At the same 
time, the accuracy of determining the coordinates of oxygen 

atoms is low because of the weak ability of oxygen atoms to 
scatter X-rays, compared to other cations in the system [22].

Summarizing the conclusions of these works, we can 
establish that the cause of the high transition temperature is 
the instability of the crystal lattice and/or abnormal behav-
ior of the phonon spectrum. In this case, for the explicit 
detection of characteristic anomalies, particularly thermal 
expansion, it is necessary to produce high-quality samples 
based on YBCO with a given structure and properties. 
Therefore, the novelty of this work consists in the fabrica-
tion and study of optimally oxygenated samples based on 
YBCO with phases close in oxygen content that show signs 
of preferential crystallite orientation along the c-axis. This 
allows us to carry out precision X-ray diffraction studies of 
the thermal lattice deformation for the YBCO sample in the 
superconducting state and to detect lattice anomalies for 
each of the phases based on oxygen content. The tempera-
ture dependence of electrical resistivity is a sensitive param-
eter to the thermal deformation of the lattice. What is new in 
this work is an attempt to consider the emergence of super-
conductivity from a perspective that takes into account the 
peculiarities of lattice deformation, considering the YBa2C-
u3Oy lattice as a system of interacting polarized atoms. This 
approach uses Slater’s ideas about elementary charge exci-
tations in a condensed medium. The effects of excitation and 
relaxation of elementary charge excitations in the system of 
interacting polarized atoms are accompanied by the work to 
move the system away from equilibrium and back to a new 
equilibrium state after thermal action. Consequently, study-
ing volume changes resulting from phase transformations in 
high-temperature superconducting materials is important. It 
is quite a difficult task to accurately determine bond lengths 
and angles in the unit cell for each of the phases close in 
oxygen content.

The studies performed in this work aim to consider vari-
ous changes in crystal structure and set the functional prop-
erties of the materials, demanded in practice. The research 
provides a new impetus for establishing the nature of HTSC 
superconductivity and their conductivity in the normal state, 
as well as developing technologies for producing HTSCs 
with specific characteristics.

The issues of predicting new superconducting materi-
als with given characteristics and high values, remain one 
of the key issues in condensed state physics. In particular, 
the superconducting transition temperature significantly 
depends mainly on the oxygen content and alloying addi-
tives in the materials, which is manifested through changes 
in their lattice parameters. The authors of the present work 
previously [27] made an attempt to predict the supercon-
ducting transition temperature from the temperature coef-
ficient of resistance before the transition for YBCO samples 
in nanostructured form. In [28, 29], superconducting 
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transition temperature prediction models have been devel-
oped for YBCO and MgB2 systems based on lattice param-
eters. Although these prediction approac In this regard, the 
goal of this work was to conduct X-ray diffraction studies 
of the thermal transformation of the lattice for the YBa2C-
u3Oy sample, within only a few close oxygen phases, in 
normal and superconducting states.hes lead to efficient and 
inexpensive estimates of the superconducting transition 
temperature using empirical dependence [27] and based on 
lattice parameters [28, 29], but it is not clear why exactly 
at a certain temperature the transition occurs. Therefore, an 
attempt to estimate the electrical properties, including the 
temperature of the superconducting transition according to 
the thermal deformation data and, vice versa, to judge the 
changes in interatomic distances by changes in electrical 
properties. Since the temperature dependence of electrical 
resistivity is a sensitive parameter to the thermal deforma-
tion of the lattice, so the emergence of superconductivity 
should be considered from a position that takes into account 
the peculiarities of the formation of lattice deformation. 
These results can be used to predict new superconducting 
materials with specific characteristics and high values of Tc, 
higher than currently achieved.

Consequently, the objective of this study was to perform 
X-ray diffraction analysis on the thermal lattice deformation 
of the YBa2Cu3Oy sample, which contains multiple close 
oxygen phases, in both the normal and superconducting 
states.

2  Methods and materials

The YBa2Cu3Oy -based samples were prepared using the 
solid-state reaction method. Despite the simplicity and effi-
ciency of traditional ceramic technology involving solid-
phase synthesis and many years of experience in producing 
YBCO in different laboratories around the world, there are 
still no universal methods. The production of quality sam-
ples based on YBCO with a specific structure and properties 
significantly depends on the technological methods of syn-
thesis, sintering and processing.

In the present work, dense (~ 6.1  g/cm3), optimally 
oxygenated samples based on YBCO with phases close 
in oxygen content, showing signs of preferential orienta-
tion of crystallites along the c-axis, were fabricated. After 
prolonged stirring in agate mortar for 10 h of initial pow-
ders of Y2O3 (~ 99.9%, Sigma-Aldrich), BaCO3 (~ 99.9%, 
Sigma-Aldrich) and CuO (~ 99.9%, Sigma-Aldrich) com-
positions, weighed in stoichiometric ratio, with addition 
of alcohol, provided homogeneous distribution of initial 
components during synthesis, at the first stage (the content 
of the main phase according to XRD data after synthesis 

was not less than 90%). This mixing resulted in the ultra-
dispersity of the initial reagents, increasing the number of 
nuclei due to geometric factors (homogenous distribution of 
particles and a larger number and area of contact between 
particles). Subsequently, thorough grinding of the ceram-
ics, mixing with alcohol after the first and second stages, 
and sintering provided homogeneity and recrystallization of 
the grains, resulting in an increase in density. During press-
ing, the directional deformation provides a marked direction 
of grain packing and during sintering there is an oriented 
growth of grains, i.e. a texture is formed (preferential orien-
tation is confirmed by structure studies). Sintering was car-
ried out in three stages at 870 (stage 1, synthesis), 900 (stage 
2) and 910 ºC (stage 3) for 10  h in a Nabertherm muffle 
furnace, providing homogeneous heating of ceramics in six 
planes, oxygen saturation at each stage was carried out in 
air at 450 ºC for 5 h. This technology provided a reduction 
in the synthesis temperature, sintering temperature and the 
number of steps.

Rectangular samples measuring approximately 
5 × 2 × 2 mm were cut out for the study from 20 mm diam-
eter and 3 mm thick tablets.

The temperature dependences of electrical resistance 
were measured using a standard four-probe method with an 
automated stand based on a Keithley 2002 digital multime-
ter. Current and potential contacts were created by apply-
ing silver paste to the sample surface. Contact treatment at 
200 °C allowed us to obtain a contact resistance of less than 
1 Ω. To eliminate the influence of parasitic signals, mea-
surements were performed in the temperature drift mode 
when switching the directions of the transport current.

X-ray structural analysis for the powder obtained by 
grinding the ceramics after the third stage was performed in 
a wide temperature range (from room temperature to super-
conducting temperatures) on a SIEMENS D-500 powder 
diffractometer with a cryostat down to 82 K. The samples 
were loaded at room temperature with subsequent cooling 
to the desired temperature. The imaging was performed on 
a single-crystal silicon substrate with a sample well size of 
15 × 20 mm. Scanning was performed using CuKα1.2 X-ray 
radiation, without a secondary monochromator, in the 2θ 
angle range from 5 to 90° with a step of 0.02 and a time 
exposure of 12  s at each point. For thermal equilibrium, 
each temperature was maintained for about 5 min before the 
measurement. The crystal structure analysis was performed 
using the High Score plus software package. The accuracy 
of determining the lattice parameters was ~ 10 –3 nm.
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but the relationship of the critical current jc on these param-
eters is ambiguous [36]. This is due to the fact that the com-
plex microstructure determines the magnitude and nature of 
the current jc from the temperature and field. The doping 
level p and jc change from the oxygen content in the Cu-O 
direction, determining, in turn, the packing defects, i.e. are 
determined by the distortions of the structure by oxygen. 
Based on the empirical dependence of jc on defects given in 
[36], the fraction of stacking faults f124, in the form of addi-
tional Cu-O layers in YBCO, is estimated and is f124 ~ 0.82 
at p ~ 0.132 for ceramics with a high degree of texturing. 
The doping level p was estimated based on the Tc, off value, 
using the Tc(p) expression from [8]. Figure 2 shows the I-V 
characteristics at different temperatures, the dependences 
of the current density jc and the activation energy on the 
temperature in the region of the transition to the supercon-
ducting state for ceramics YBCO. The magnitude of the 
electric current at 82 K (for which the voltage is 0.01 mV) 
is 0.033 mA. With a decrease in temperature from 88 K to 
82 K, the current jc increases by ~ 11 times, but the increase 
in the value of jc in the region of 88 ÷ 85 K is insignificant 
(no more than ~ 2 times). The maximum value of jc at 82 K 
is ~ 421 A cm2. The value of jc estimated from electrical 
properties is usually an order of magnitude lower than the 
value measured from magnetic properties [37].

The activation energy E(T) in the region of the transi-
tion to the superconducting state was estimated using the 
expression:

ρ (Т)=ρ0 exp(–E(T)/kBТ)

As can be seen, the results of the study of the E(T) depen-
dence confirm the 3D behavior of ceramics, i.e. it is described 
by a quadratic dependence in the transition region. In a zero 
magnetic field, an increase in the defectiveness of the sam-
ple structure leads to a decrease in the absolute values ​​of the 
activation energy [27, 38].

The diffraction patterns at low temperatures (from 300 to 
82 K) for the obtained YBCO sample are shown in Fig. 3. 
With a change in temperature, only peaks corresponding to 
the rhombic structure (Pmmm) from the planes 002, 003, 
102, 013, 110, 113, 200, 123, 220, 033, 226 are observed. 
Based on the data on the broadening of the diffraction 
peaks, the size of the coherent scattering region (crystallite 
size) and the values ​​of microstrains were estimated using 
the method from [39], using the High Score Plus program. 
The crystallite size and the value of microstrains for all 
temperatures do not change significantly. In particular, at 
temperatures of 300 K, 90.5 K and 84 K the crystallite size 
(in nm) and the value of microstrains (in %) are ~ 80 nm 
(~ 0.15%), ~ 131.8 nm (~ 0.22%) and ~ 95.6 nm (~ 0.11%). 
For clarity of the study of the effect of temperature on the 

3  Results and discussion

3.1  Structure and electrical properties

Figure 1a shows the diffraction pattern of the sample taken 
at room temperature, as well as the results of the structural 
analysis using the crystal structure model from the ICSD 
database (PDF-2) No. 98-003-9359: space group Pmmm, Y 
(½½½), Ba (½½ 0.1851), Cu1 (0 0 0.3557), Cu2 (0 0 0), O1 
(0 ½ 0), O2 (0 ½ 0.3778), O3 (½ 0 0.3776), O4 (0 0 0.1600) 
[30]. The following discrepancy coefficients were achieved: 
weighted profile ωRp = 5.07%, profile Rp = 3.7433%, “good-
ness of the fit” χ2 = 1.39, Bragg coefficient RB = 3.64%. Based 
on the refinement results, the following crystal cell param-
eters were obtained: a = 3.8236 Å; b = 3.8862 Å; c = 11.6854 
Å; V = 173.6397 Å3. The diffraction pattern contains minor 
peaks corresponding to the Y2BaCuO5 (Y-211) and BaCuO2 
phases, the content of which is ~ 3%. For YBa2Cu3Oy, the 
oxygen index calculated using the empirical relationship: 
y = 7 − δ = 75.25 − 5.856×c, where “c” is the lattice parameter 
along the c axis [31], was ~ 6.9. This y value is consistent 
with the oxygen content determined from the superconduct-
ing transition temperature (Tc). The Tc parameter was deter-
mined using the results of measurements of the temperature 
dependence of electrical resistance.

Figure  1b shows the temperature dependence of the 
electrical resistance of the YBCO sample. The value of y, 
estimated from the Tc(y) dependence [8], is ~ 6.87– ~ 6.82. 
Such a high value of y is an indicator of the optimal oxy-
gen content in the YBCO structure with almost completely 
occupied O(1) positions in the CuO chains along the b-axis. 
The observed metallic behavior of the ρ(T) dependence 
from 300 to 100  K is typical of an optimally saturated 
YBCO sample; the electrical resistance value at 300 K is 
~ 5·10− 3 Ohm∙cm. The temperature of the pseudogap state 
T* is about ~ 160 K. In this case, the onset of the transition 
(Tc, on) is ⁓ 92.8 K, which corresponds to the optimal value 
of Tc, and the width of the transition is approximately 7 K 
(Fig. 1c). This indicates the heterogeneity of the distribution 
of superconducting phases with different y values ​​over the 
volume of the original sample.

The transport properties of YBCO ceramics are sensitive 
to the fraction of the superconducting phase, the content and 
ordering in the oxygen phase, and the properties are also 
significantly affected by violations of the packing density, 
defects, boundaries between grains and their purity [32–34]. 
The YBCO ceramics obtained in the work in several stages 
(see above) is presented as a system including a large num-
ber of pseudo-single-crystal domains with sizes greater than 
40 μm, providing a certain degree of grain texturing [35].

For YBCO superconductors, the dependences of Tc on 
the oxygen content and the doping level p are well known, 
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several phases with different oxygen contents in the sample. 
As can be seen, with a decrease in temperature to 93 K, a 
shift of the peaks towards larger angles is observed, i.e. lat-
tice compression (Fig. 3 on the right). The shift in the oppo-
site direction occurs when the temperature reaches 90.5 K, 
which indicates the expected increase in volume during the 

lattice parameters, Fig. 3 on the right shows an enlargement 
of some peaks and planes: 32.7° (013), 32.9° (110) and 
46.8° (006 + 020). The intensity of the peaks (006), (020) 
and (200), containing mainly oxygen, is maximum, which 
is probably due to the ordering of oxygen in these planes. 
The peaks had a complex shape, indicating the existence of 

Fig. 1  Experimental (red), calculated (black) and differential (blue) diffraction patterns at room temperature – a); temperature dependence of elec-
trical resistance for the YBCO sample – b) and dρ/dT on T in the region of the transition to the superconducting state – c)
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of atoms (phonon spectrum), but also by changes in the 
static positions of atoms within the complexes [41].

Figure 4 shows X-ray reflections in the 2θ region from 
46.6 to 47.6 from the (006), (020) and (200) planes, for 
which CuKα2 was removed, leaving the diffraction from the 
1.5406-A Kα1 line, and the angle of their displacement at 
temperatures of 300, 92, 90.5 and 84  K. As can be seen, 
for all peaks not only changes in intensity are observed, but 
also shifts depending on temperature. The dependence of 
the shift angle on temperature has a characteristic maximum 
in the region of ⁓ 92 K for all peaks (006), (020) and (200). 
That is, the greatest shift of the peaks depending on tem-
perature occurs at a value corresponding to Tc, on.

transition to the superconducting state. A similar shift is 
observed when the temperature decreases to 87  K, which 
corresponds to the presence of several superconducting 
phases in the sample. It is known [40] that the asymmetry 
of the diffraction peak profile is associated with the pecu-
liarities of the crystallite size distribution for polycrystalline 
materials. In this connection, it is necessary to perform a 
correct analysis of the results.

To isolate the exact position of the overlapping peaks 
(006) and (020), the integral intensities were refined by the 
separation method using the Lorentz function. The observed 
redistribution of intensities is due to the fact that the peak 
intensities are affected not only by the dynamic displacement 

Fig. 3  X-ray diffraction patterns of a YBCO sample studied from room temperature to 82 K

 

Fig. 2  Volt-ampere dependence – a), current density – b) and activation energy – c) of a YBCO sample in the superconducting state
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at 92  K, 88  K and 85  K. In this case, the lowest density 
(~ 6.36  g/cm3) falls on the value of 90  K, which is prac-
tically comparable with the value at 300  K. This abrupt 
decrease in the value of γ to 90 K is associated with a sharp 
increase in volume (up to ~ 173.3 Å3) at this temperature, 
coinciding with the first maximum on the derivative with 
respect to electrical resistance dρ/dT.

Anisotropic change in peak intensities depending on 
crystallographic directions suggests that the relationship 
between the phonon and electron spectra in different direc-
tions can also be anisotropic [41]. With further decrease in 
temperature from ~ 92 K, coinciding with the value of Tc, on, 
an anomalous change in the density γ begins (Fig. 5). The 
maxima of the γ(T) dependence fall on the extreme points 

Fig. 5  Changes in lattice parameters and volume – a) and density – b) of the YBCO unit cell depending on temperature

 

Fig. 4  Radiographs of a selected 
region of 2θ angles for different 
temperatures and the dependence 
of the displacement angle on 
temperature
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(αρ and αV) for two intervals from ~ 290 K to ~ 140 K (in the 
normal state) and from ~ 120 K to ~ 95 K (in the pseudogap 
state). The values ​​of αρ and αVVare determined using the 
expressions αρ = dρ/ρdT and αV= dV/VdT. The inset shows 
the dependence of 1/ρ on T for the selected temperature 
interval. The temperature regions were determined by the 
deviation of this function from linear. The dependences 
of αρ(T) on αV(T) for two intervals are close to linear with 
the correlation coefficients r up to the pseudogap state of 
~ 0.992 and in the pseudogap state of ~ 0.977.

Figure 7b shows the temperature dependences of αρ and 
αV in the region of the transition to the superconducting 
state. As can be seen, the curves contain irregularities in the 
form of maxima and minima of the functions, the number of 
which is consistent with the changes (with extremum points) 
in the dependence of dρ/dT on T. The samples produced in 
this work are quite dense and showed signs of preferential 
orientation of crystallites along the c-axis, but there is still 
a high defectivity of the structure, since the samples were 
obtained by prolonged mixing of powders in an agate mor-
tar for 10 h at each stage (total duration of 30 h). For such 
defective samples, the number of nano-crystallites increases 
significantly and, consequently, the probability of existence 
of oxygen superconducting phases increases. This leads to 
an increase in the character of 3D behavior of conductiv-
ity and a decrease in the effect of transition to the pseudo-
slit state. I.e. there is a violation of the transition from the 
state of “strange metal” to the pseudo-slot state. This effect 
is explained by the distortion of the nanoparticle structure, 
which leads to a change in the architecture of electrostatic 
fields created by the dipole moments of ions.

Control of the ordering of cations in the crystal lattice 
mainly ensures the production of materials with specified 
properties. The fundamental properties of superconductors 

The region from ~ 92 to ~ 82 K, where anomalies appear 
in the V(T) dependence, coincides with the width of ΔТс on 
dρ/dT – T. The values ​​of the abrupt increase in V at ~ 90 K 
and ~ 87  K are consistent with the Tc values ​​for different 
phases by oxygen content (~ 90.5 K and ~ 87 K, according 
to the dρ/dT dependence on temperature). In this case, the 
maximum change in volume occurs at ~ 90 K. The nature of 
the change in the lattice parameters (a, b, c) for perovskite 
structures is mainly determined by the deformations of the 
corrugated bonds (compressibility in directions).

Figure 6a shows the results of the change (in %) of the 
lattice parameters and volume with temperature. The values ​​
(Δa, Δb, Δc and ΔV) were estimated using the expression 
((xi-x0)/x0) 100%, where xi is the value of the quantity at a 
given temperature, x0 is the value of the quantity at a tem-
perature of 100 K. As can be seen, with a decrease in T from 
~ 300 K to ~ 100 K, the parameters Δb and Δc change by 
~ 0.35 and 0.25%, respectively, and the value of ΔV changes 
by approximately 0.7%. In this case, the change in the value 
of Δa, in contrast to the parameters Δb and Δc, is almost 
two times smaller and amounts to ~ 0.12%, which is char-
acterized as anisotropic expansion. The data presented in 
this work (Fig. 6b) are in good agreement with the literature 
[14, 42, 43, 44] values ​​(changes of the order of ~ 0.6%). 
All the curves of ΔV versus T are close to linear dependen-
cies. However, an exception is the ΔV– T dependence of the 
authors [35], which is close to parabolic, coming through 
the minimum of the function at a temperature of ~ 150 K, 
corresponding to the pseudogap state.

3.2  Correlation analysis

Figure 7a shows the results of the correlation analysis of the 
temperature coefficients of resistance and volume expansion 

Fig. 6  Changes in the lattice parameters and volume of the YBCO unit cell depending on temperature – a) and comparison of the volume change 
for YBCO from different authors [14, 33, 34, 35] – b)
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a value of ⁓ 0.007 is observed, the value of which is main-
tained up to the superconducting transition temperature. At 
the same time, significant changes in the degree of ortho-
rhombicity are observed in the region of the transition to 
the superconducting state - at temperatures of 90 and 87 K, 
a sharp increase in the parameter to 0.01 for Tc1 and 0.009 
for Tc2, respectively, occurs. It is evident that an anomalous 
change in the degree of orthorhombicity is observed in the 
region above and below the average values ​​of ⁓ 0.007 dur-
ing the transition to the superconducting state (dotted line, 
see Fig.  8), thereby indicating a significant change in the 
degree of localization of charge carriers with a decrease in 
temperature and setting Tc, which, in general, is reflected 
in the properties. Changes in the cation composition and 
oxygen index lead to orthorhombic lattice deformations in 
YBCO [46]. The authors in [47] suggest that orthorhombic 
deformations are determined by an “independent stability 
loss mechanism”. If the change in the degree of orthorhom-
bicity is related to the number of oxygen atoms in the unit 
cell of YBCO, located in the positions O(1a) (1/2,0,0) and 
O(1b) (0,1/2,0) [48]. However, in the samples the oxygen 
content in positions O(1a) and O(1b) remains unchanged, 
then we can assume that the change in this parameter tem-
perature dependence occurs mainly as a result of lattice 
distortion, for example, octahedrons CuO6 in the unit cell 
[22] Therefore, it is unambiguous to note that these anoma-
lies of the parameter are entirely due to superconductivity, 
and not any additional structural effects. This is confirmed 
by the fulfillment of the thermodynamic Ehrenfest relation 
linking the expansion anomalies to the anomaly in specific 
heat capacity and the pressure (stress) dependence on tem-
perature Tc.

are determined: at the microscopic level - by the degree of 
organization of local environments (distortions), the size 
of crystallites and their defects; at the macroscopic level 
- by crystallite ensembles, porosity and the proportion of 
cracks. Changes in the crystal lattice upon cooling, in the 
form of compression and stretching, ensure the nature of the 
localization of charge carriers, thereby, in general, setting 
(changing) the electronic structure of the sample (the den-
sity of electron states) [44, 45]. Figure 8 shows the tempera-
ture dependence of the parameter that determines the degree 
of lattice orthorhombicity (b-a)/(b + a), which is a function 
of the charge carrier concentration.

At room temperature, the degree of orthorhombicity is ⁓ 
0.008, which is close in value to the parameters known in 
the literature. With a decrease in temperature to 250 K, an 
insignificant decrease in the degree of orthorhombicity to 

Fig. 8  Orthorhombicity parameter depending on temperature

 

Fig. 7  Dependences of αρ on αV in the normal state – a) and temperature dependences of the thermal expansion coefficient and temperature coef-
ficient of resistance in the region of the superconducting transition – b)
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mean-square displacement of atoms from individual layers 
along different directions of the crystals. As a result of such 
displacement of atoms in the direction of the weak bond, 
the distance between atoms within the layer increases. Ulti-
mately, an intralayer compressive force proportional to the 
displacement arises, leading to anisotropic negative expan-
sion, similar to the “membrane effect” [56]. The authors in 
[57] theoretically showed that this effect is due only to the 
presence of high anisotropy of interatomic interaction. Since 
complexes of ions (for example, Cu and O) with different 
electron states differ in the rigidity of the bonds, the oscil-
lations of the ion that unites them are anharmonic. In this 
case, the oscillation potential of such an ion is asymmetric, 
i.e. the equilibrium position is shifted toward a more rigid 
bond. When modeling the anharmonic behavior of oscilla-
tions in HTSC materials at low temperatures, the best fit is 
obtained by using a double-well potential as the oscillation 
potential of atoms. Tunneling of an ion between the wells 
leads to a dynamic charge exchange between these com-
plexes (CuO6). The frequency of charge exchange affects 
the frequency of interwell tunneling of the potential. Near 
Tc, at the onset of structural anomalies, the frequency of 
ion tunneling between the wells increases sharply [58, 59]. 
This fact suggests a connection between fluctuations in the 
superconductivity state and nonlinear phonons. In [60], the 
coordinates of atoms and the degree of splitting of double 
cation-anionic layers of CuO2 were determined as a func-
tion of temperature and oxygen content. It was shown that 
with decreasing temperature, the dispersion of splitting of 
such layers decreases sharply, which ensures the fixation of 
a certain equilibrium structural state in the material, leading 
to a negative thermal expansion.

The authors in [61] note that the lattice anomalies are 
caused by the dynamic, rather than static, nature of the 
splitting of the Cu-O bond in the CuO2 plane. In this case, 
oscillations of oxygen ions in a double-well potential are a 
common property for all superconductors with a perovskite 
lattice.

In [62], the electron configurations of atoms of distorted 
lattices corresponding to different temperatures were calcu-
lated for the compounds YBa2Cu3O7, HgBa2CuO4 and Bi2S-
r2CaCu2O8. It was found that such distortions are responsible 
for the expansion of the band and modification of the Fermi 
surface. The observed thermal expansion anomalies at low 
temperatures are a fundamental property for many super-
conductors with a perovskite structure (Figs. 5 and 9). Since 
they are accompanied by large changes in volume [63], it 
can be assumed that superstructural charge ordering occurs 
in the oxygen sublattice (charge density waves), which 
makes it possible to stabilize the lattice instability [64]. In 
[65], the compression of the lattice in HTSCs is explained by 
the energy gain during the transition to the superconducting 

3.3  Unusual lattice dynamics

Unlike classical superconductors and normal metals, HTSC 
materials have a crystalline structure with lattice sizes of up 
to several tens of angstroms. They are characterized by a 
layered structure exhibiting significant anisotropy of prop-
erties [32, 33, 34, 36], anomalies of the phonon spectrum [9, 
17, 42, 44], singularities of elastic and acoustic properties 
[10, 12, 13, 19, 49, 50, 51, 52], especially near Tc [12, 13, 
43, 53, 54, 55]. Figure 9 shows the results of changes (in 
%) in the lattice parameters and volume from temperature 
in the region of the transition to the superconducting state. 
The values ​​(Δas, Δbs, Δcs and ΔVs) during the transition to 
the superconducting state were estimated using the expres-
sion ((xmax-xmin)/x0) 100%, where xmax and xmin are the 
maximum and minimum values ​​for the transition regions 
Tc1 and Tc2 (for two dominant superconducting phases, see 
Fig. 8). The change in volume ΔVs in the temperature range 
from ~ 92 to ~ 90.5 K (Tc1) is approximately 1.2 times higher 
than for the interval from ~ 88 to ~ 87 K (Tc2) and is 0.73% 
and 0.58%, respectively. In this case, the change in param-
eter Δbs (0.67% at Tc1 and 0.5% at Tc2) exceeds the change 
in parameter Δcs (⁓0.13% for both phases) by almost 4–5 
times. As can be seen, the expansion of the lattice along the 
a direction, in contrast to the b and c directions, is insignifi-
cant, i.e. the value of Δas is only ⁓ 0.05% for Tc1 and 0.06% 
for Tc2, respectively.

The negative thermal expansion (NTE) characteristic of 
HTSC materials is a result of the unusual dynamics of their 
lattice. The interaction between individual atoms or groups 
of atoms in such structures is highly anisotropic. The ampli-
tude of atomic oscillations is significantly higher along the 
direction of the weak bond normal to the planes (chains) 
than along the direction of the planes where the bond is 
strong enough. This local anisotropy leads to a noticeable 

Fig. 9  Change in lattice parameters in the interval of transition to the 
superconducting state for two dominant superconducting phases
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in the pseudogap state of ~ 0.977. Irregularities in the form 
of maxima and minima of the functions are observed on the 
curves, the number of which is consistent with the changes 
(with extremum points) in the dependence of dρ/dT on T. 
It is found that for samples containing several supercon-
ducting phases of different stoichiometry, during the tran-
sition to the superconducting state up to Tc, compression 
is observed, followed by a positive volume jump for each 
phase. The observed anomalies of thermal expansion at low 
temperatures are a fundamental property for superconduc-
tors with perovskite structure.
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