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Abstract In the present study, we investigate the influence of the hafnium (Hf) impu-
rities on the magnetoresistance of YBa2Cu3O7−δ ceramic samples in the temperature
interval of the transition to the superconducting state in constant magnetic field up
to 12 T. The cause of the appearance of low- temperature “tails” (paracoherent tran-
sitions) on the resistive transitions, corresponding to different phase regimes of the
vortexmatter state is discussed. At temperatures higher than the critical temperature (T
> Tc), the temperature dependence of the excess paraconductivity can be described
within the Aslamazov–Larkin theoretical model of the fluctuation conductivity for
layered superconductors.

Keywords Excess conductivity · YBa2Cu3O7−δ ceramic · Hf impurities · Pinning ·
2D–3D crossover · Coherent length

1 Introduction

The discovery of high-temperature superconductivity (HTSC) [1] has created a lot
of expectation associated with the possibility of using these materials at tempera-
tures above liquid nitrogen temperatures, in particular, to obtain high magnetic fields.
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Nevertheless, the low coherence length [2–4], the large penetration depth [5,6], in
conjunction with the presence of intense thermal fluctuations result in thermally acti-
vated creep in HTSC observed even at temperatures significantly below the critical (T
<< Tc) [7,8]. Furthermore, the processes in the vortex depinning subsystem is pass-
ing much more intensely [5] as compared to classic low-temperature superconductors.
As a result, the latter are still unchallenged regarding their application to obtain high
magnetic fields. Concurrently, in recent years there is significant progress in improving
the critical current density in various types of HTSC compounds, mainly due to the
optimization of the composition and the morphology of the defect ensemble [5,9–15].

In the present study, the impact of Hf impurities on the magnetoresistance in
YBa2Cu3O7−δ ceramic samples, is investigated. This is a technologically important
issue asYBa2Cu3O7−δ is relatively simple to synthesize and has a high critical temper-
ature that exceeds the liquid nitrogen temperature [16–18]. Secondly, this compound
has one of the highest—among the HTSC materials—critical currents [5,9]. Thirdly,
the presence of intergrain boundaries hinder the diffusion processes of the labile
components, contributing to the stability of the oxygen subsystem during long-term
operation and aging [17,19,20]. Finally, the introduction of Hf and Zr impurities leads
to substitutional impurities, which contribute to the formation of additional pinning
centers. These (due to the low coherence length in this HTSC) may also be sufficiently
effective on point defects, including oxygen vacancies [21,22] and impurities [5,23].
Here, we investigate the influence of Hf impurities on the magnetoresistive charac-
teristics of YBa2Cu3O7−δ ceramics in the transition interval to the superconducting
state.

2 Experimental Methodology

The YBa2Cu3O7−δ ceramic samples were synthesized by the reaction of Y2O3,
BaCO3, CuO compounds in the temperature interval 750–900◦C, in appropriate molar
ratios. The resulting powderwas pressed under a pressure of 4000 kg/cm2 in disks (size
20× 4 mm) and was sintered at temperatures 950–970◦C for 5h followed by cooling
until the room temperature, with intermediate exposures of 2–3h at temperatures 890
and 530◦C. The resulting tablets were superconducting ceramics with rhombic lattice
symmetry and Tc ∼ 90 K. To obtain samples with Hf, we added different amounts
of weight concentration (%) of Hf2O3. The production and oxygen saturation modes
were the same as for the undoped ceramics.

The X-ray diffraction study of the structure and the phase composition of
YBa2Cu3O7−δ ceramics in dependence of Hf additives was carried out on the X-ray
diffractometer DRON-3 with Cu-Kα-filtered radiation. The profiles of X-ray diffrac-
tion maxima were produced by scanning in manual mode (angles’ intervals 2θ = 0.1◦
in the background and through 2θ = 0.02◦ at maximum). Analysis of the radiographs
showed that the initial sample has an orthorhombic perovskite crystal structure with

lattice parameters: a = 3.8348Ǻ, b = 3.8895Ǻ, c = 11.6790Ǻ, which is consistent
to previous studies. By increasing the content of hafnium oxide additives (Hf2O3),
the intensity of X-ray diffraction peaks corresponding to the original structure is
reduced, and in the radiographs X-ray diffraction peaks appear that correspond to
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the orthorhombic perovskite structure (but with larger lattice parameters). As a result
of our measurements, it was established that increasing the content of Hf the phase
composition of the samples changes. The amount of the initial orthorhombic phase
decreases and the proportion of the orthorhombic phase with increased lattice para-
meter increases.

The electrical contacts are created on a standard four-contact scheme by depositing
indium on the surface of the sample, followed by connecting the 0.05-mm-diameter
silver wires. The measurements were performed in the drift mode at two opposite
directions of transport current to eliminate the influence of interference signal. The
temperature was measured by a platinum thermistor, and the voltage by V2-38 nano-
voltmeters. The critical temperature was determined at the maximum point on the
curves dρab(T )/dT in the superconducting transition interval. The magnetic field of
12 T was produced by a superconducting solenoid.

3 Results and Discussion

To investigate the resistive transition to the superconducting state (SCS), we used the
Kouvel–Fisher method [24], which is based on the analysis of the valueχ = −d(ln�σ)

dT ,
where �σ = σ − σ0 is an amendment to the conductivity occurring in the conductive
subsystem due to fluctuation pairing carriers at T > Tc [25,26] and determined by the
phase state of the vortexmatter at T < Tc [27,28].Here,σ = ρ−1is the experimentally
measured conductivity value, and σ0 = ρ−1

0 =(A+BT)−1 is the regularly subtracted
term determined by extrapolating the linear high-temperature portion until the region
of the SCS transition. Assuming that �σ diverges as �σ ∼ (T − Tc)−βat T ≈ Tc,
from the derivative χ = −d(ln�σ)

dT follows that χ−1 = β−1(T − Tc), where β is
an index that depends on the dimension and the phase state of the fluctuation and
vortex subsystems [23,25–28]. Thus, the identification of linear temperature areas on
the χ−1(T) dependence allows the simultaneous determination of critical dimension
indexes and the characteristic temperatures of the dynamic-phase transitions in the
subsystem of the superconducting carriers.

Fig. 1 shows the temperature dependence of the resistivity in the basal ab-plane
ρab(T ), measured atH=0. The inset shows the resistive transition to the superconduct-
ing state at different magnetic fields ranging from H = 0–12T. As it can be observed,
when the temperature is lowered below 300K, the ρ(T ) decreases almost linearly
down to a characteristic temperature T* ≈ 141K. Below this temperature begins a
systematic downward deviation of the experimental points from the linear dependence
indicating the appearance of excess conductivity�σ , as it was mentioned above. This
behavior in ρab(T ) dependence at temperatures T >> Tc is due to the manifestation
of the “pseudogap anomalies” (PG) (refer to [17]). Notably, the application of the
magnetic field, within the experimental error limits, is not affecting the behavior of
the curves ρ(T ) above the SCS transition and results in a significant broadening of the
superconducting transition, in comparison with the sufficiently sharp (�Tc ≈ 1.5K)
transition, that was observed at H = 0.

There is a significant difference in the form of the resistive transitions to the super-
conducting state, between those that are usually observed in the magnetic field for the
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Fig. 1 Temperature dependence of the resistivity R of YBa2Cu3O7−δ with Hf impurities (a) for H = 0, 1,
3, 6, 9, 12 T—curves 1–6, respectively (b). The dotted lines represent the extrapolation of the linear portion
in the region of low temperatures (Color figure online)

undoped samples [7,29] and those of the present sample that contains Hf impurities.
In the first case on the tail of the superconducting transition, a sharp “kink” is usu-
ally observed and this is a monotonic smoothing of the low-temperature portion of
the resistive transition. The latter is reflected in the actual disappearance of the low-
temperature peak in the temperature dependences of the derivative dρab(T )/dT (refer
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Fig. 2 Resistive transition to the superconducting state for the YBa2Cu3O7−δ+ 37.5% Hf2O3 in dR/dT
versus T coordinates. The numbering of the curves is consistent to Fig. 1 (Color figure online)

to Fig. 2). As it was previously determined [19,23], the appearance of such features in
the temperature dependences ρab(T ) and dρab(T )/dT testifies the implementation in
the system of a first-order phase transition corresponding to the melting of the vortex
lattice. The disappearance of these features in the case of Hf-dopedYBa2Cu3O7−δ can
indicate the suppression of such a transition. At the same time, we should consider that
in this case the resistive transitions exhibit some universal dependence, running over
the slope located on the left from the main high-temperature peak of the dρab(T )/dT
dependence. According to previous studies [27], the temperature corresponding to this
peak is the critical temperature in the mean-field approximation Tmf

c . This, in turn,
can indicate the realization in the system of a new state in the conductive subsystem.

Fig. 3 shows the resistive transition to the superconducting state in
[−d(ln�σ)

dT

]−1−
T coordinates. In the high-temperature SCS transition, in all curves we observed a
somewhat extended linear section with a slope angle β ≈ 0.5 that, according to
previous work [25], indicates the implementation of a three-dimensional (3D) mode
of fluctuation carriers’ existence in the system. Herewith, the area corresponding to
3D mode is significantly unstable in a magnetic field, which is consistent with the
results obtained by Costa et al. [23]. When increasing the temperature from Tc to
higher temperatures, there occurs a further increase in the absolute value of β, which
can indicate the realization of a 3D-2D crossover in the system [25,26].

The application of magnetic field leads to a significant broadening and smearing
of the SCS transition. It is established [22,29] that this may result by the presence of
strong pinning centers in the system, contributing to the blurring of the aforementioned
kink and to the transition from the phase of the ordered vortex lattice to the phase, of
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Fig. 3 Resistive transition to the superconducting state for the YBa2Cu3O7−δ+ 37.5% Hf2O3 in[−d(ln�σ)
dT

]−1 − T coordinates. The numbering of the curves is consistent to Fig. 1 (Color figure online)

the so-called “vortex” or “Bragg” glass, which is conditioned by the accommodation
of the vortex system to chaotic pinning potential. That is, a chaotic pinning potential
violates the long-range order of the vortex lattice, thereby suppressing the first-order
phase transition and promoting the implementation of the glassy state of the vortices
[22].At the same time on the resistive transitions appear extended “tails,” the amplitude
of which is less than the resistance of viscous flow ρff , which is probably due to the
partial pinning of the vortex liquid.

In the present study, this potential can be due to the intergrain boundaries or the
inclusion of a new phase, arising from the introduction of Hf impurities. In favor of the
latter assumption is the radiographic study of our samples that registered the presence
of such a phase (see above), despite the fact that the effect of “kink smearing” is
often not observed in samples 1–2–3 without Hf impurities [5,29], or with impurities,
resulting in the total or partial substitution of the initial component [27]. Thus, we can
assume that in the sample coexist pinningpotential, generatedby intergrain boundaries,
and volume pinning owing to the order parameter suppression induced by the Hf
impurities.

As it was shown by Costa et al. [23], in the case of implementation “Bragg glass”
state in the system on the χ(T ) curves there should be scaling in reduced χ (Tc-Tc0)
versus (T − Tc0)/(Tc − Tc0) coordinates, where Tc0 is the critical temperature of the
end of the transition in the paracoherent area. This is determined in the intersection
of the linear section, approximating the so-called paracoherent area with the axis
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Fig. 4 Resistive transition to the superconducting state for the YBa2Cu3O7−δ+ 37.5% Hf2O3 in χ (Tc −
Tc0) versus (T − Tc0)/(Tc-Tc0) coordinates. The numbering of the curves is consistent to Fig. 1 (Color
figure online)

of temperature and Tc is the temperature corresponding to the mean-field critical
temperature, which is determined at the maximum point on the curves dρab(T )/dT.

Fig. 4 shows the same curves, scaled as χ (Tc-Tc0) versus (T − Tc0)/(Tc − Tc0). As
it can be observed from Fig. 4, on the experimental curves the best scaling is in the
paracoherent area at T < Tc. At higher temperatures, the spread of the curves becomes
significant, apparently, due to the influence of the pinning of the superconducting
fluctuations in the phase inclusions, as well as with the possible increase of the role
of some specific mechanisms of the quasi-particle interaction [30–34].

4 Conclusions

We can conclude that in the immediate vicinity of Tc the fluctuation conductivity
can be described by the 3DAslamazov–Larkin model for the layered superconducting
systems.The application of a constantmagnetic field toYBa2Cu3O7−δsampleswithHf
impurities, in contrast to similar, undoped samples, leads to a smearing of the additional
paracoherent transition to the temperature dependence of the excess conductivity in the
basal ab-plane in the area of the resistive transition to the superconducting state. This
can be due to the influence of the volume pinning, caused by the presence of phase
inclusions in the structure of the experimental sample, formed by the introduction
of Hf impurities. As a result, at temperatures below the critical T < Tc, there is a
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suppression of the dynamic-phase-transition-type liquid vortex–vortex lattice and the
formation of a transition-type liquid vortex–vortex “Bragg” glass in the system.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 Interna-
tional License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if changes were made.
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