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As is known, the discovery of high-tempera-
ture superconductivity (HTSC) in 1986 [1] gave 
rise to many hopes related to the possibilities of 
practical application of these materials at tem-
peratures above liquid nitrogen, in particular, 
for obtaining high magnetic fields. However, as 
it soon became clear, the small coherence length 
[2-4], large penetration depth [5,6], along with 
the presence of intense thermal fluctuations in 
the system lead to the fact that thermally acti-
vated creep in HT-superconductors is observed 
even at temperatures significantly below the 
critical (Т<<Tc) [7,8], and the processes of de-
pinning in the vortex subsystem are much more 
intense [5] than in the case of classical low-
temperature superconductors. As a result, the 

latter still remain out of competition in the field 
of their application for obtaining high magnetic 
fields. At the same time, in recent years, sig-
nificant progress has been made in the field of 
increasing the critical current density in vari-
ous HTSC compounds, mainly by optimizing 
the composition and morphology of the defect 
ensemble [5,9,10].

This paper presents the results of studies 
of the influence of Ti impurities on the magne-
toresistance of YBaCuO ceramic samples. The 
choice of the latter as the object of research was 
due to several reasons. First, YBaCuO ceram-
ics are currently one of the most technologically 
advanced [11,12], due to the relative simplicity 
of their manufacture and high critical tempera-
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Магнітоопір допованих титаном ВТНП-сполук YBaCuO. М.В. Коробков, С.В.Савич, 
Г.Я. Хаджай, Р.В. Вовк

В роботі досліджено вплив домішок титану на магнітоопір в YBa2Cu3O7−δ  кераміках в 
області переходу в надпровідний стан у постійному магнітному полі до 7 T. Обговорюються 
причини появи низькотемпературних “хвостів” (паракогерентних переходів) на резистив-
них переходах, що відповідають різним режимам фазового стану вихорової матерії. При 
температурах вище критичної T>Tc, температурна залежність надлишкової парапровід-
ності задовільно описується в рамках теоретичної моделі Асламазова-Ларкіна для флукту-
аційної провідності шаруватих надпровідників.
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ture [13], which exceeds the boiling point of liq-
uid nitrogen. Second, this compound has one of 
the highest critical current values ​​among HTSC 
materials [5,9]. Тhird, the presence of intergrain 
boundaries, which complicate the diffusion pro-
cesses of the labile component, contributes to 
the stability of the oxygen subsystem under 
conditions of long-term operation and storage 
(aging) [12,14,15]. And, finally, the introduc-
tion of Hf and Ti impurities often does not lead 
to the replacement of the components of the 
compound, which, presumably, can contribute 
to the formation of additional pinning centers, 
which, due to the short coherence length in this 
HTSC compound, can be quite effective even on 
small-scale defects, including vacancies [5,18]. 
Taking into account the above, in this work the 
effect of Ti impurities on the magnetoresistive 
characteristics of ceramic compounds YBaCuO 
in the region of the resistive transition to the 
superconducting state was investigated.

Samples of YBa2Cu3O7–δ ceramics were 
synthesized by interaction in the tempera-
ture range of 750-900 °С of compounds Y2O3, 
BaCO3, CuO (all Especially clean grades), 
taken in the corresponding molar ratios. The 
obtained powder was pressed under a pressure 
of 4 t/cm2 into disks measuring 20⨯4 mm2 and 
annealed at a temperature of 950-970 °С for 
5 hours with subsequent cooling to room tem-
perature with intermediate holding times of  
2-3 hours at temperatures of 890 and 530 °С. 
The obtained tablets were superconducting 
ceramics with rhombic lattice symmetry and  
Tc ~ 90 K. To obtain samples with titanium  
addition, different amounts of weight % of 
Ti2O3 were added to the initial charge. The pro-
duction and oxygen saturation modes were the 
same as for undoped ceramics.

X-ray diffraction study of the structure and 
phase composition of YBa2Cu3O7–δ ceramic 
samples depending on titanium additions was 
carried out on a DRON-3 X-ray diffractometer 
in filtered Cu-Kα radiation. X-ray diffraction 
maxima profiles were constructed by scan-
ning in manual mode through angle intervals 
of 2θ=0.1˚ on the background and through 
2θ=0.02˚ – at the maximum. Analysis of the 
obtained X-ray diffraction patterns showed 
that the initial sample has an orthorhombic 
structure of the perovskite type with crystal 
lattice parameters: a=3.8348 Å, b=3.8895 Å,  
c=11.6790 Å, which corresponds to the litera-
ture data. With an increase in the content of Ti  
oxide additives, the intensity of  X-ray diffrac-

tion maxima corresponding to the original struc-
ture decreases, and X-ray diffraction maxima 
corresponding to an orthorhombic perovskite-
type structure, but with different parameters, 
appear in the X-ray diffraction patterns.

Electrical contacts were created according 
to a standard 4-contact scheme by depositing 
indium on the sample surface with subsequent 
attachment of silver conductors with a diame-
ter of 0.05 mm. Measurements were performed 
in the temperature drift mode with two oppo-
site directions of the transport current to avoid 
the influence of a parasitic signal. The temper-
ature was measured with a platinum thermis-
tor, the voltage on the sample and the sample 
resistance - with B2-38 nanovoltmeters. Data 
from the voltmeters were automatically trans-
mitted to the computer via the interface. The 
critical temperature was determined at the 
maximum point on the dρab(T)/dT dependences 
in the region of the superconducting transition. 
A magnetic field of up to 7 T was created by a 
superconducting solenoid.

To study resistive transitions to the 
superconducting state, we used the  
Kouve-Fisher method [19], which is based on 

the analysis of the quantity χ
σ

=
- ( )( )d ln

dT
∆

,            

where ∆σ  = σ–σ0 is some correction to the  
conductivity that arises in the conductive sub-
system due to the fluctuation pairing of carriers 
at T>Tc [20,21] and is determined by the phase 
state of the vortex matter at T<Tc [22,23]. Here 
σ = ρ–1 is the experimentally measured con-
ductivity value, and σ0 = ρ0

–1 = (A+BT)–1 is a 
component that is regularly subtracted and de-
termined by extrapolation of the high-tempera-
ture linear section to the SС-transition region. 
Assuming that Δσ diverges as Δσ ~ (Т–Тс)–β 
at Т ≈ Тс, it follows from the derivative that  
𝜒 –1 = β–1(Т–Тс), where β is some index that  
depends on the dimensionality and phase state 
of the fluctuation and vortex subsystems [1]. 
Thus, the identification of linear temperature 
sections on the 𝜒 –1(Т) dependences allows us 
to simultaneously determine important dimen-
sional indices and characteristic temperatures 
of dynamic phase transitions in the subsystem 
of superconducting carriers.

Fig. 1b shows the temperature dependences 
of the electrical resistance in the basic ab-plane, 
ρab(T), measured at Н=0. The Fig. 1a shows re-
sistive transitions to the superconducting state 
at different magnetic fields from Н = 1 to 7 T. 
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As can be seen from the Figure 1b, with a de-
crease in temperature from 300 K ρ(T) decreas-
es almost linearly to some characteristic tem-
perature Т*≈153 K. Below this temperature, a 
systematic deviation of the experimental points 
downwards from the linear dependence begins, 
which indicates the appearance of excess con-
ductivity, Δσ, which was discussed above. Ac-
cording to modern ideas, such behavior of the 
dependence ρab(T) at temperatures Т>>Tc is 
due to the manifestation of the so-called “pseu-
dogap anomaly” (PG), which is discussed in 
more detail by us in [12].

It should also be noted that the application of 
a magnetic field does not affect the behavior of 
the ρ(T) curves above the SC-transition, within 
the experimental error, while simultaneously 
leading to a significant broadening of the su-
perconducting transition itself, compared to the 
rather sharp (ΔТс ≈ 1.5 K) transition observed 
at H=0. It should be noted that there is a sig-
nificant difference in the shape of the resistive 
transitions themselves to the superconducting 
state, which are usually observed in a magnetic 
field for impurity-free samples [7,24] and our 
sample, with a Ti impurity. While in the first 
case a sharp “kink” is usually observed at the 
tail of superconducting transitions, in our case 
a monotonic smoothing of the low-temperature 
part of the resistive transition occurs. The latter 
is reflected in the actual disappearance of the 
low-temperature peak in the temperature de-
pendences of the derivative dρab(T)/dT (Fig.  2). 
As is known from the literature [14,18], the ap-
pearance of such features in the temperature 
dependences ρab(T) and dρab(T)/dT indicates 
the realization of a first-order phase transi-
tion in the system, which corresponds to the  
melting of the vortex lattice.

The disappearance of these features in the 
case of the titanium-doped composition of the 
experimental sample may indicate the sup-
pression of such a transition. At the same time, 
it should be noted that in our case, the resis-
tive transitions fit into some single universal 
dependence, which passes through a slope lo-
cated to the left of the main high-temperature 
peak of the dρab(T)/dT dependence. According 
to [22], the temperature corresponding to this 
peak corresponds to the critical temperature 
in the mean-field approximation, Tcmf. This, in 
turn, may indicate the implementation of some 
new state of the conducting subsystem in the 
system.

Fig. 3 shows resistive transitions to 
the superconducting state in coordinates 
- ( )( )é

ë

ê
ê
ê

ù

û

ú
ú
ú

-
d ln

dT
∆σ

1

–T. It can be seen that in the 

Fig. 1. (a) temperature dependences of the electrical resistance ρab(T) in the region of the superconducting 
transition of a single crystal YBa2Cu3O7–δ with an impurity of 30% Ti at different values ​​of the magnetic 
field; (b) the same dependence for H=0. The dotted line in the figure shows the extrapolation of the linear 
section to the low-temperature region

Fig. 2. Resistive transitions to the superconduct-
ing state of the YBa2Cu3O7–δ sample with an 
admixture of 30% titanium in the coordinates 
dρab/dT – T. The designation of the curves cor-
responds to Fig. 1
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high-temperature region of the superconduct-
ing transition, a rather long linear region with 
a slope angle of β ≈ 0.5 is observed in all curves, 
which, according to [20], indicates the realiza-
tion of a three-dimensional (3D) regime of the 
existence of fluctuation carriers in the system. 
At the same time, the region corresponding to 
the 3D regime is significantly unstable in a 
magnetic field, which is consistent with the re-
sults obtained [18]. With further distance from 
Tc towards high temperatures, there is a fur-
ther increase in the absolute value of β, which 
may indicate the realization of a 3D-2D cross-
over in the system [20,21]

The application of a magnetic field leads 
to a significant expansion and blurring of the 
SC-transition. As is known from the litera-
ture [17,24], such an effect can be caused by 
the presence of strong pinning centers in the 
system, which contribute to the blurring of the 
aforementioned edge and the transition from 
the phase of the ordered vortex lattice to the 
phase of the so-called “vortex glass” or “Bragg 
glass”, which is due to the accommodation of 
the vortex system to the chaotic pinning poten-
tial. In other words, the chaotic pinning poten-
tial violates the long-range order of the vortex 
lattice, thereby suppressing the first-order 
phase transition and stimulating the realiza-
tion of the glassy state of the vortices [17]. In 
this case, long “tails” appear on the resistive 
transitions, the amplitude of which is less than 
the viscous flow resistance, ρff, which is prob-
ably determined by the partial pinning of the 
vortex fluid.

In our case, the role of such a potential can 
be played by intergrain boundaries or inclu-
sions of a new phase that arise when titanium 
is added. The latter assumption is supported 
by X-ray studies of our samples, which regis-
tered the presence of such a phase (see above), 
while the effect of “edge blurring” was often not 
observed on samples 1-2-3 without titanium 
[5,24] or with impurities that lead to complete 
or partial replacement of the original compo-
nents [22]. Thus, it can be assumed that in the 
studied sample, the pinning potential created 
by intergrain boundaries and the bulk pinning 
potential with a suppressed superconducting 
order parameter formed by phase inclusions 
with titanium impurities coexist.

As shown in [18], in the case of the im-
plementation of the “Bragg glass” state in 
the system, on the χ(Т) dependences scaling 
should be observed in the reduced coordinates 

χ(Tc-Tc0) – (T-Tc0)/(Tc-Tc0), where Tc0 is the 
critical temperature of the end of the transi-
tion, determined at the intersection point of 
the linear section approximating the so-called 
paracoherent region, with the temperature 
axis, and Tc is the temperature corresponding 
to the mean-field critical temperature, deter-
mined at the maximum point on the dρab(T)/dT 
dependences. 

Fig. 4 shows the same curves scaled as  
χ(Tc-Tc0) – (T-Tc0)/(Tc-Tc0). As can be seen 
from Fig. 4, the good scaling in the experimen-
tal curves is observed in the all-region of the 
superconducting transition. 

Thus, from all the above, we can conclude 
that in the immediate vicinity of Tc, the phase 
transition is satisfactorily described by the 

Fig. 3. Resistive transitions to the superconducting 
state of a single crystal YBa2Cu3O7–δ with a Ti im-

purity of 30% in coordinates 
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The designation of the curves corresponds to 
Fig. 1

Fig. 4. Resistive transitions to the superconduct-
ing state of a single crystal YBa2Cu3O7–δ with 
a Ti impurity of 30% in the reduced coordinates 
χ(Тс-Тс0) - (Т-Тс0)/(Тс-Тс0). The designation of 
the curves corresponds to Fig. 1
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three-dimensional Aslamazov-Larkin model 
for superconducting layered systems. Applying 
a constant magnetic field to the titanium-doped 
YBa2Cu3O7–δ samples, in contrast to similar, 
undoped samples, leads to a blurring of the  
additional paracoherent transition in the tem-
perature dependences of the excess conductivity 
in the basic ab-plane in the region of resistive 
transitions to the superconducting state. This 
may be a consequence of the effect of volume 
pinning, caused by the presence of phase inclu-
sions in the structure of the experimental sam-
ple, which are formed when titanium is added. 
As a result, at temperatures below the critical, 
T < Tc, the dynamic phase transition of the 
vortex liquid - vortex lattice type is suppressed 
and the transition of the vortex liquid - vortex 
“Bragg glass” type is formed in the system.
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