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temperature, the formation of inhomogeneous structures 
during changes in temperature and/or by applying external 
fields the crystal [6–9]. Such transitions can be described 
by a general–for all kinds of transitions -phenomenologi-
cal equation, describing the macroscopic volume increase 
of the new phase in the transition process [6].

The major common causes, that leads to diffused phase 
transitions (DPT) are: (1) large-scale heterogeneity of the 
physical system; (2) fluctuations of the physical quantities 
that characterize the state of the system in the phase tran-
sition (PT) region; (3) the impact of various internal and 
external fields; (4) surface or dimensional effects (PT in 
small particles, nanowires, thin films, etc.) [6].

The appearance of superconducting fluctuations higher 
than the critical temperature leads to predecessors of the 
superconducting phase, arising while the system is still in 
the normal phase, sometimes far away from Tc [10].

Obviously, for HTSC single crystals large-scale inhomo-
geneities of the distribution of the labile oxygen are rele-
vant [4, 5], as well as superconducting fluctuations, causing 
paraconductivity (additional conductivity due to the fluctu-
ation of the Cooper pairs, whose increase when approach-
ing the superconducting transition leads to a reduction total 
resistance to zero) [10].

The phase state of the system with diffused phase transi-
tion is described by the inclusion function, L (T), equal to 
the relative share of any of the phases [6]:

This is a step-wise function, near the transition tempera-
ture, Tc. The parameter w characterizes the transition diffu-
sion. The derivative of the inclusion function is portrayed 
by a curve with a final maximum:

(1)L(T) =
1

1 + exp
Tc−T

w

Abstract  In the present study it is shown that the transi-
tion to the superconducting state can be described within 
the framework of the phenomenological theory of diffused 
phase transitions, due to the structural material heterogene-
ity. The paraconductivity due to the appearance of fluctu-
ating Cooper pairs at temperatures above Tc, demonstrates 
2D–3D crossover, which also occurs in a certain tempera-
ture range, located above the superconducting transition 
interval.

It is well known [1–4], that in high-temperature supercon-
ductors (HTSC), the superconducting transition has a sig-
nificant width in comparison to the classic superconducting 
transitions widths observed in pure metals. The broaden-
ing of the superconducting transition in HTSC is primar-
ily associated with the inhomogeneous distribution of the 
labile oxygen concentration [5], which leads to phases with 
different oxygen deficiency in the sample, that is with dif-
ferent critical temperatures (Tc).

At the same time, many phase transitions in real crys-
tals exhibit a number of common features, regardless of 
their microscopic mechanism, such as the existence of pre-
transition phenomena above the nominal critical transition 
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We could note that the resistance measurements are 
carried out in a magnetic field of the measuring current 
and the superconducting transition, fixed on the electrical 
resistance is a type-I phase transition, close to type-II when 
the measuring current is small [6].

In the region of the superconducting transition, the resis-
tivity of a homogeneous sample is proportional to the vol-
ume of the normal phase (which is formed due to various 
reasons), that is � ≈ �nL(T), d�∕dT ≈ �ndL∕dT .

The YBa2Cu3O7-x single crystals were grown by the 
gold crucible solution–melt technology as described in 
detail in previous work [3]. Measurement of the electrical 
resistance of the samples was carried out by the standard 
four-point scheme using two pairs of silver contacts. The 
measurements were performed in the drift mode for two 
opposite directions of transport current to eliminate the 
impact of the false signal. The temperature was measured 
by a platinum thermistor, the voltage across the sample and 
the control resistance by V2-38 nano-voltmeters. The criti-
cal temperature was determined at the maximum point on 
the dρ/dT curves near the superconducting transition. To 
reduce the oxygen content to the initial state the samples 
were annealed for a day in vacuum at 690 °C. After anneal-
ing, the crystals were rapidly cooled to room temperature 
in 2–3 min. Then, they were mounted in the measuring cell 
and cooled until liquid nitrogen temperature for 10–15 min. 
All measurements were performed at heated samples.

Figure 1 shows the ρ(T) and dρ/dT dependencies of the 
optimally doped YBaCuO single crystal near the supercon-
ducting transition [11]. It can be seen that the width at half 
maximum of dρ/dT is ≈0.15 K.

(2)
dL

dT
=

1

w
exp

Tc−T

w

(1 + exp
Tc−T

w
)
2

Figure 1 also shows that the transition to the supercon-
ducting state occurs in two stages [12, 13]. The low tem-
perature stage is connected directly to the superconducting 
transition and demonstrates dρ/dT maximum and the high 
temperature stage is associated with the superconducting 
fluctuations, which are a pre-transition process. The dρ/dT 
derivative at this stage is substantially less than in the low 
temperature stage.

The contribution of the superconducting fluctuations is 
obtained from the difference between the experimental con-
ductivity and the conductivity extrapolated from high tem-
peratures region (Т ≤ θ, θ is the Debye temperature), where, 
obviously, there are no superconducting fluctuations.

We presume that the normal component of the electri-
cal resistance of HTSC cuprates is determined by the scat-
tering of charge carriers by phonons and defects. Subse-
quently the conductivity at the high temperature stage is 
expressed by the equation:

where ρ0=const., is the residual resistivity; ρph is the 
perfect resistivity: [14]

and [10]

where � = (T − Tc)∕Tc; r = 4�2
c
()∕d2 = J2∕T  is the Law-

rence-Doniach anisotropy parameter; J is tunneling motion 
energy along the с axis [10, 15].

Since at ε<<r the Δσfluct ∼ ε−1/2, which corresponds 
to the 3D case and in the opposite case at ε>>r the 
Δσfluct ∼ ε−1, which corresponds to 2D case [10], then with 
a decrease in temperature (a decrease in ε), a transition 
occurs from 2D to 3D motion of Cooper pairs, that is, a 
2D–3D crossover. Naturally, the crossover occurs in a cer-
tain range of temperature changes. Тhe temperature corre-
sponding to ε = r, can be considered as the temperature of 
the 3D–2D crossover, Tcross. Wherein, ξс(εcr) ∼ d [10].

This crossover is shown in Fig. 2, where the temperature 
dependences of ε and r are shown. It is seen that the transi-
tion from ε>>r to ε<<r occurs in the interval ≈ 91–94 K, 
that is, the crossover is “diffused” along this interval. The 
intersection of ε (T) and r (T) occurs at Tcross. ≈ 92.6  K. 
This point can be considered as the crossover temperature.

Figure  3 shows the ρ(Т) and dρ(Т)/dT dependence for 
the oxygen substoichiometric sample (higher values of oxy-
gen deficiency, δ) [16]. It can be seen that the entire transi-
tion to the superconducting state is expanded in the interval 

(3)1∕�(T) = 1∕
(

�0 + �ph
)

+ Δ�fluct,

(4)�ph = A3

(

T

�

)3

⋅

�∕T

∫
0

x3dx

(ex − 1)(1 − e−x)

(5)Δ�fluct =
e2

16d

1
√

�(� + r)
,
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Fig. 1   The superconducting transition in the optimally doped 
YBaCuO single crystal. 1 – ρ(T), 2 – dρ/dT. Points – experiment [11], 
lines – approximations: dρ/dT by (2); ρ(T)—by (1) and (3)–(5)
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≈35–55 K and consists of distinct steps for ρ(Т), or distinct 
maxima for dρ(Т)/dT. This behavior can be connected with 
the presence of phases in the sample (probably meta-stable) 
with their δ values and, respectively, their Tc.

Generally, these phases cannot be considered as con-
nected in parallel or sequentially [17], that is, the resistance 
of such an inhomogeneous sample depends not only from 
the volume and the resistivity of the phase components, but 
also from the shape of the areas occupied by these phases. 
In particular, the vanishing of resistance at T < 37 K can be 
caused not only by the fact that the entire sample is trans-
ferred to the superconducting state, but also by the fact that 
the phase which has the lowest Тс (≈40 K), forms a super-
conducting percolation cluster, shunting the volume of the 
sample, still remaining in normal state.

In Fig.  3 is also observed that the width of maximum 
in each observed phase is ≈2–5  K, which is much larger 
than the total width of the superconducting transition and 
the pre-transition process of the superconducting fluctua-
tions appearance for monophasic sample (see Fig. 1). Such 
large widths of dρ(Т)/dT maxima, are apparently due to the 
existence of microdomains into the phase (similar to Kan-
zig fields in ferroelectrics [6, 18]) with different oxygen 
content and thus with different Tc.

Due to the different Tc within each phase, the supercon-
ducting regions coexist with regions where the fluctuation 
mode is implemented. Therefore, in a heterogeneous sam-
ple, to divide the pre-transition region (area of paracon-
ductivity) and the actual superconducting transition area 
for each of the phases is not possible. For the whole inho-
mogeneous sample the allotment of the fluctuation region 
according to (3) - (4), as it was discussed in [16] carries an 
averaged, qualitative character.

Thus, in high-temperature superconductors the transition 
to the superconducting state occurs in a certain, sometimes 
quite wide, range of temperatures. This “diffusion” of the 
superconducting transition is due to the inhomogeneity of 
the material structure and to the presence of fluctuation 
Cooper pairs above Tc. In this case, a certain influence 
could have the specific mechanisms of quasiparticle scat-
tering [19–23], due to the presence in the system of kinetic 
and structural anisotropy.

In the oxygen hypostoichiometric samples there exist 
macroscopic regions with different concentrations of labile 
oxygen, and, therefore, with different Tc, which generate 
steps in the ρ(Т ≈ Тс) dependencies, that corresponding to 
the superconducting transition in each of the phases. The 
superconducting transition for such each phase is blurred 
because of their micro-inhomogeneities and the presence of 
fluctuation Cooper pairs.
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