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Conductivity of Hf doped YBa,Cu,0;_s ceramics was studied in the work. It was shown that
introduction of Hf additive leads to increase of amount of scattering effective centers of the
normal carriers. Excessive conductivity of the samples studied in a wide temperature range
obeys the exponential temperature dependence, and near T, satisfactorily described by the
theoretical model of Aslamazov-Larkin. At the same time the Hf additive leads to significant
increase of the temperature range of existence of the pseudogap anomaly in ab-plane.
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Hccaemopana IpoOBOAMMOCTD KePaMHUKI YBazCu3O7_5 ageruposauuoii Hf. Iloxasano, uro
BHeceHnue npumecu Hf mpmBoauT K BospacTamuio uucaa dP@PeKTUBHBIX IEHTPOB paccesHUs
HOPMAaJLHBIX HocuTeseli. V30bITouHaA IMPOBOIMMOCTD HMCCAEJOBAHHBIX 00pPAasiloB B MINPOKOM
WHTEepBale TeMIIepPATYyp MOAUYUHAETCS 9SKCIOHEHIMAJbHONH TeMIepaTypHOH B3aBUCUMOCTH,
Bomusu T, yAOBIETBOPUTENBLHO ONMUCLIBAETCA TeopeTHdecKoll mogenbio Acnamasopa-Jlapku-
"a. IIpu sTom gobaBxka Hf mpuBoguT K 3HAUNTEIBLHOMY PaCIIUPEHUI0 TEMIIEpaTypHOTO WH-
TepBaJia CYIIeCTBOBAHUS IICEBIOIINEeBON aHOMAIUUN B ab-TIJIOCKOCTH.

IIpoBigaicte YBaCuQO kepamik y mupoxomy iHTepBaji TeMmepatryp i KOHIEHTpAmii
pomimok radmiro. C.B.Casuu, O.B.Camoiinos, O.JI.Camconix, B.M.Cyxos, K.B.Tromepesa,
A.I.Pycanosuy, P.B.Bosx, A.B.Boiinix, O.Xponeoc.

Hocrimxeno nposigmicTs kepamik YBa,CuzO;_s nerosanux Hf. IlokasaHo, mio BHeCeHHA
momimkun Hf mpumBoamTs M0 3pocTranusa yucia edeKTUBHUX IEHTPIBE PO3CiI0OBAaHHA HOPMAJb-
Hux HociiB. HagnuimkoBa mpoBifHIiCThL mociimkeHUX 3pasKiB y MIUPOKOMY iHTepBaJi TemIe-
paTyp TiATOPAZKOBYEThCA eKCIOHeHMilHifi TemmepaTypHilt sanesmocti, mobnusy T, samo-
BiJIbHO OTHMCYETHCA TEOPETUYHOIO MOomesaio AciamasoBa-Jlapkina. Ilpm mbomy mobaxka Hf
TPUBOAUTEL MO 3HAUHOTO POSUIUPEHHS TEMIEPATYPHOTO iHTEpBANY iCHYBaHHS TICEBIOIIiJIIH-
HOI aHoManii B ab-momniuHi.

1. Introduction plications of high-temperature superconducting
As it is well known [1, 2], one of the (HTSC) — materials is to ensure the sustain-
most important aspects of technological ap- ability of their oxygen subsystem. Mostly it
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relates to high-temperature superconducting
compounds, so called 1-2-3 system or
ReBa,Cu;0;_s (Re — Y or lanthanides).
Such compounds have a sufficiently high
critical temperature (T,), which exceeds
the temperature of liquid nitrogen [3], and
have a high current carrying capacity in
superconducting and normal states [4-6].
At the same time the presence of labile
components in the system [7, 8] often con-
tributes to the non-equilibrium state [9,
10], which can be relatively easily induced
by application of high pressure [11, 12],
abrupt changes in temperature [12, 14] or
can occur during long-term storage or ex-
ploitation [15, 16] in other words aging.
This in turn can change quite significant
the critical parameters and conductive
characteristics of the compound [17, 18].

One of the characteristic features of
HTSC, compounds of the 1-2-3 system, is
relative simplicity of full or partial substi-
tution of components by their isoelectronic
analogues [19-21]. As it was established in
a number of studies [15, 17, 18] such a sub-
stitution often facilitates slowing of the
aging processes in the compounds of such a
type and improving the stability of their
technological characteristics. The most
clearly it is demonstrated in the case of
ceramic samples, which are also currently
the most functional in terms of their practi-
cal application [1].

At the same time, this kind of substitu-
tion often leads to significant evolution of
specific physical phenomena observed in the
high-temperature superconductors — mate-
rials in the normal (non-superconducting)
state. These include the pseudogap (PG) [22,
23] and fluctuation [24, 25] anomalies,
transitions of the type of metal-insulator
[26, 27], non-coherent electric transport
[28, 29], anisotropy of a number of physical
characteristics [30, 31] etc. According to
the modern concepts these unusual effects
can play a key role in understanding of the
nature of the high-temperature supercon-
ductivity. Given the above, in the present
work we investigated an effect of Hf-impu-
rities on the conductivity of HTSC — ce-
ramics YBaCuO at temperatures near or
above the critical value.

2. Experimental

Samples of YBa,Cu;0;_s ceramics were
synthesized by interaction of Y,03, BaCOs3,
and CuO (all OS grades) compounds taken in
the respective molar ratios in the tempera-
ture range of 750-900°C. Obtained powder
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Fig. 1. Bar diagram of the relative intensities
of X-ray diffraction peaks depending on con-
tent of hafnium oxide additives.

was pressed under pressure of 4 ton/cm?2
into disks of 20x4 mm? size and sintered at
the temperature of 950-970°C within 5 h
followed by cooling to the room temperature
with intermediate dwell of 2-3 h at the
temperatures of 890 and 530°C. Obtained
tablets represented superconducting ceram-
ics with rhombic symmetry of lattice and
T.~ 90 K. For obtaining samples with addi-
tion of hafnium the starting material was
added with a various quantity of weight %
of Hf;,O5;. Modes of production and satura-
tion with oxygen were the same as for the
undoped ceramics.

X-ray studies of the structure and phase
composition of the samples of YBa,Cuz0_g
ceramic depending on hafnium additions
were carried out using DRON-3 X-ray dif-
fractometer in Cu—Ko-radiation. Profiles of
the X-ray diffraction peaks were built by
manual scanning with intervals of angles of
20 = 0.1° in the background and with inter-
vals of 20 = 0.02° at maximum. Analysis of
the obtained diffractograms showed that the
initial sample had orthorhombic structure
of perovskite type with the following lattice
parameters: a — 3.8348 A, b — 3.8895 A,
c =11.6790 A, which corresponds to the
literature data. With increasing content of
Hf;O3 hafnium oxide additives the intensity
of the X-ray diffraction peaks correspond-
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Table 1. Phase composition and lattice parameters of (YBaCuO + Hf) ceramics (CuK-radiation),

Angstrom (A)

Phases Axis 0 % 10 % 15 % 20 % 30 %
YBa,Cu;0, a 3.8348 3.8348 3.,8348 3.8576 3.8433
b 3.8895 3.8895 3.8925 3.9163 3.8837
c 11.679 11.672 11.682 11.615 11.685

0 5 5 0 0
II a 4.1380 4.1594 4.1630 4.1523
b 4.1739 4.2718 4.2295 4.2679
c 12.633 12.650 12.643 12.636

0 0 5 5
Phases Axis 32.50 % 37.50 % 50 % 52.50 % 55 %
YBa,Cuz0, a 3.8605 3.8691 3.8633 3.8604 3.8462
b 3.9014 3.9133 3.9314 3.9043 3.9133
c 11.668 11.647 11.677 11.647 11.630

0 5 0 5 0

ing to the initial structure is reduced and
diffraction peaks corresponding to the or-
thorhombic structure perovskite of type ap-
pear in the X-ray diffractograms but with
higher parameters of the lattice.

3. Results and discussion

Table 1 shows the lattice parameters val-
ues depends on content of the additives.
Fig. 1 shows part of a bar chart of the rela-
tive intensities of the X-ray diffraction
peaks depending on the content of hafnium
oxide additives. It is seen from the figure
that with increasing the additives content
of changes the phase composition of the
samples. Amount of the initial orthorhom-
bic phase is reduced and the orthorhombic
phase with the larger lattice parameters in-
creases. In the diffraction pattern of the
sample with the maximum content of haf-
nium oxide (b5 %) the only traces of the
original structure were observed.

For resistive studies the pieces of rectan-
gular shape were sawed from the "tablets”.

Contacts were applied by rubbing of ceramic
India into the surface followed by soldering
of copper conductors to these sites. The
electrical resistivity was measured by stand-
ard 4 contact procedure with direct current
up to 10 mA. The sample temperature was
determined by platinum thermal resistor.

Temperature dependences of the stated
electrical resistance of R/Rgyo(T) samples
are shown in Fig. 2. Resistive transitions
into the superconducting state of the same
samples are shown in the inset. It appears
that the dependences are quasimetallic. Pa-
rameters of the studied samples are shown
in the Table 2. According to the literature
data the high values of T, = 92.1 K critical
temperature correspond to oxygen content
5 <0.1 [35].

As appears from the Fig. 1 R/Rgyo(T) de-
viation from linear dependence takes place
with the decrease of temperature below a
certain characteristic value of T which
shows the appearance of the certain excess
conductivity, which according to the theo-

Table 2.
Sample % Hf T., K T", K A”"ab, meV In(epsilonBB € £.(0), A
o)
K1 91.47 154 100.12 -2.87 0.0567 1.39297
K2 91.62 160 68.37 -1.98 0.13807 2.17372
K3 10 89.5 165 67.14 -1.84 0.15882 2.83134
K4 15 91.65 250 58.41 -1.714 0.18014 2.48294
K5 20 90.17 240 30.65 -1.05 0.34994 3.4606
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Fig. 2. Dependences of reduced electrical resis-
tance R/Rg(((T) of ceramic samples with addi-
tion of K1-K6 hafnium. The inset shows tran-
sition to the superconducting state in coordi-
nates of R/Rg(o(T) and d(R/Rgyo(T))/dT — T
the area of superconducting transition of one
sample. Numbering of the curves in the inset
corresponds to the numbering in the Fig.

retical concepts due to the transition to the
pseudogap regime [22, 23, 36, 37]. Cur-
rently, the literature extensively discusses
two basic scenarios the emergence of the
pseudogap anomalies in the HTSC systems.
Firstly, the emergence of the PG due to
fluctuations in the short-range order "di-
electric” type takes place at underdoped
compositions (see. Eg [22, 86]). The second
scenario involves the formation of the Coo-
per pairs at temperatures significantly
above the critical T" >> T, followed by the
establishment of their phase coherence at T
<T.[23, 38T7].

As seen from the Table and Fig. 1, with
increase of the hafnium addition the linear
region according p,,(T) substantially nar-
rows as compared with the unalloyed sample
and the temperature T is shifted toward
the higher temperatures up to 100 K. This,
in turn, indicates a corresponding expan-
sion temperature range in which there ex-
ists excess conductivity.

Temperature dependence of the excess
conductivity is usually determined by the
equation:

Ao =0 - o, 1)

where oy = po’l = (A + BT)"! is conductiv-
ity determined by interpolation of the linear
section of p(T) to the zero value of the tem-
perature and ¢ = p! is the experimentally
determined value of conductivity in the nor-
mal condition. The experimental depend-
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Fig. 8. Temperature dependences of excess con-
ductivity of samples K1-K6 in coordinates of
In(Ac) —1T. Designation curves refer to Fig. 2.
Straight lines shows approximation of Eq. (2),
and insert — straight line with a slope tgo,; = —0.5
(8D-mode) and tgo, = —1.0 (2D-mode). Arrows
show the point of 2D-3D crossover.

ences Ao(T) are shown in Fig. 3 in coordi-
nates of InAc — 1/T. It is seen that in a
sufficiently wide temperature range, these
curves have form of the straight lines,
which corresponds to the description of the
exponential dependence of the form:

A*
Ac~ex{%bj, (2)

where Aab* — value determined by some
thermal activation process through the en-
ergy gap — pseudogap”.

The exponential dependence Ac(T) was ob-
served previously in the single-crystal
YBaCuO [38]. As it was shown in [38], ap-
proximation of the experimental data can be
significantly enhanced by introducing the fac-
tor (1 — T/T). In this case, the excess con-
ductivity is proportional to the carrier den-
sity of superconducting ng ~ (1 — T/T) and
inversely proportional to the number of the
pairs -~ exp(—Aab*/kT) destroyed by thermal
motion. Here T is considered as a mean tem-
perature of the superconducting transition,
and the temperature range T, <T <T* where
there is the pseudogap state is determined by
the stiffness of the order parameter phase, in
turn, depends on oxygen deficiency or con-
centration of dopant element. The value of
A", obtained from (2) for our experimental
samples, is shown in the Table. It can be seen
that the doping with hafnium leads to signifi-
cant reduction in the absolute value of the
pseudogap (decrease of angle of the linear

Functional materials, 23, 1, 2016
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Fig. 4. Temperature dependences of excess
conductivity of samples K1-K6 in InAc — lne.
Designation curves refer to Fig. 2. Straight
lines shows approximation to the angle tgo,; = —
0.5 (3D-mode) and tgo, = —1.0 (2D-mode). Ar-
rows show the point of 2D-3D crossover.

part of the curve), which also shows corre-
sponding decrease in the ratio of
p(300)/p(0). This in turn can be indicative of
increasing the number of active carriers of
the scattering centers [10, 37] as the content
of Hf in the volume of the experimental
sample.

As follows from Fig. 3, when we ap-
proach to the T, there is sharp increase in
the value Ac. From the theory [39] it is
known that near T, there is an excess con-
ductivity due process of fluctuation of pair-
ing carriers. Their contribution to the con-
ductivity at T>T, for two (2D) and
three-dimensional (3D) cases is determined
by the following power dependence:

e2 (3)
2020 = Tera®

2 (4)
A —_ ¢
©2D = gonE (0)°

where ¢ = (T — T,)/T,, e — electron charge,
€.(0) — is coherence length along the c axis
at T — 0 and d is characteristic size of the
two-dimensional layer. In our case T, was
determined at the maximum point in the
dependences of d(R/Rg)/dT in the area of
superconducting transition (Fig. 2, Inset).
Fig. 4 shows the temperature depend-
ences of Ao(T) in InAc — lne coordinates. It
can be seen that near T, these curves are
approximated satisfactorily by the straight
lines with a slope of tga; ~ 0.5 correspond-
ing to the exponent parameter of —1/2 in

Functional materials, 23, 1, 2016
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Fig. 5. Dependences of coherence length £ (0)

and the value of A* pseudogap on the percent-
age content of hafnium in the samples.

equation (4), which obviously evidences
about 3D character of the fluctuation con-
ductivity in this temperature interval. Upon
further temperature increase the decrease
rate Ac substantially increases (tgog ~ 1)
which in its turn can be interpreted as an
indication for change of the fluctuation con-
ductivity dimensionality. As it follows from
Egs. (3) and (4) at the point of 2D-38D cross-
over there is:

E(0)eg”2 = d/ 2. (5)

In this case having determined g, value
and using the literature data on the depend-
ence of interplane distance on o [40, 41]
(d=11.7 A) it can be possible to calculate
the values of £.(0). Fig. 5 shows the concen-
tration dependence of the coherence length
£.(0) and the value of A" pseudogap on the
percentage content of hafnium in the sam-
ples.

The made calculations showed that with
introduction of Hf additives the change in
the value of coherence length from &.(0) =
1.39 A in YBaCuO to £,(0) = 3.44 A in the
Hf doped samples takes place by 37.5 %
and 3D-2D crossover point significantly
shifts with regard to the temperature (see
Table 2 and Fig. 4, 5). Certain influence in
this may have specific mechanisms of the
quasiparticle scattering [42, 43], due to the
presence in the system of kinematic and
structural anisotropy.

4. Conclusions

In conclusion, we briefly sum up the
main results obtained in this work. Exces-

sive conductivity Ao(T) of Hf-doped
YBaCuO samples in the wide temperature
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Ty <T <T* an exponential temperature de-
pendence, and in the case near T, is satis-
factorily described in the framework of

theoretical

model of Aslamazov-Larkin.

Doping of YBaCuO single crystals by haf-
nium leads to the effect of expansion of the
temperature range, the implementation of
the PG-mode, thereby narrowing the area of

the linear relationship p(T") in ab-plane.
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