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The temperature dependences of the transverse resistance of Y, yPryBazCu3O7 _s — single
crystals are measured at high concentrations of praseodymium, where semlconductmg behav-
iour prevails. The approximation of the transverse electrical resistivity of Y,_ a,Cuz0,_5 —
single crystals is performed using a relation describing the total hopping and fluctuation
conductivity with an accuracy of no worse than 3 %. The obtained dependences of the approxi-
mation parameters on the praseodymium content give grounds to assume that in the concentra-
tion range 0.34 < y < 0.43, the sample breaks down into separate conducting regions.

Keywords: transverse electrical resistance, YBaCuO, fluctuations, coherence length.

ITonepeuna npogignicTe Monokpucramis Y,_ PryB:=\2Cu307 _s B IINPOKOMY iHTepBaNi Kom-
nenrpanii npazeogumy. M.B.Kucauysa, I'-I. Xadxait, P.B.Bosx, A.B.Mauenynin, M.€.Ilusosap

Buwmipsano TeMIlepaTypHi 3aJIeKHOCTI IOIIEPeYHOTO omopy MOHOKPHCTAJIIB
Y, Pr Ba20u307 5 TIPM BeJIHKHX KOHIEHTPAIIAX 3MicTy mpaseofima, [le TepeBa)kac Ha-
HlBHpOBl,Z[HI/IROBa noBexinka. AnpoxcuManiio MOIEpPeYHOro eJeKTPOOIOPY MOHOKPHUCTAJIB
Y, Pr Ba20u307 § BUKOHAHO 32 [OTIOMOTOI0 CTIiBBiHONIEHHA, 1110 OTIMCYE CYMapHY CTPUOKO-
By 1 qmy}cTyaulnHy npoeigaicTs 8 Tounictio He ripme 3 %. Orpumani sane:xHocTi mapa-
meTpiB anporcumanil Bix smicTy mpaseogima naroTh mizcTaBy HNPUIyCTHTH, 110 B obiacti
rkounenrpaniit 0.34 < y < 0.43 spasox posnajgaerbca Ha OKpemi uposizui obaacti.

HsamepeHsl TeMIIepaTypPHBIE 3aBUCHMOCTH IIOMEPEUYHOr0 COIPOTHUBICHUS MOHOKPUCTAILIOB
Y. Pr BazCuao7 _5 TIpM GOJBIIMX KOHIEHTPAIMAX IIPA3eofuMa, Tfe IpeobiajaeT ~MOMYIPOBOJ-
HI/IKOBOG noBefeHre. AIMPOKCUMAIINS ITOIEPEUHOIO SJIEKTPOCOIPOTUBICHUA MOHOKPHCTANIOB
Y, yPr Ba,Cu,;0,_s BBEIIOJHEHA HOCPEICTBOM COOTHONIGHHS, ONMCHLIBAIOIEr0 CYyMMAPHYIO IIPBIK-
KOBYIO 1 (PIYKTYaIllMOHHYIO IIPOBOAMMOCTE C TOUHOCTLIO He XyiKe 3 % . [losydeHHLIe 3aBHCUMOC-
TH MIApaMETPOB ANMPOKCUMAIIAN OT COAEPIKAHNA IpaseofnMa IAI0T OCHOBAHME IIPEAIIOIOMKNTD,
uTo B obsactu Kourentpanuii 0.34 < y < 0.43 obpasel; pacmafaeTcsa Ha OTAEIbHBIE TTPOBOAATIINIE
obacTu.

© 2020 — STC "Institute for Single Crystals”

1. Introduction

High-temperature superconductors (HTSC)
are a family of materials with a common struec-
tural feature — the presence of relatively well-
separated copper-oxygen planes [1, 2]. They are

652

also called cuprate-based superconductors.
The superconducting transition tempera-
ture, which has been achieved in some com-
positions of this family at atmospheric pres-
sure, is the highest among all known types
of superconducting compounds [1-4].
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The discovery of this class of high-tem-
perature superconducting materials has
significantly expanded the possibilities for
the practical use of the phenomenon of
superconductivity to create new technol-
ogy [5]. At present, the main applied prob-
lem of HTSC physiecs is to increase the
critical parameters of these compounds
(superconducting transition temperature,
current, field) [56—7]. For its successful so-
lution, it is necessary to complete the con-
struction of the microscopic theory of
HTSC, which is still absent, despite the
nearly 35-year intensive efforts of numer-
ous research teams [8, 9]. To a large ex-
tent, the key to understanding the micro-
scopic nature of HTSCs can be the study
of the physical properties of these materi-
als in the normal state [8]. At the same
time, it is important to obtain the depend-
ences of a number of electrophysical char-
acteristics of HTSC materials on external
parameters — temperature [4, 10], pres-
sure [2, 7, 11], composition [12-14], uni-
formity [15, 16], ete.

Among the numerous family of high-
temperature superconductors, the most
promising for research are HTSC com-
pounds of the so-called 1-2-3
YBa,CuszVO,_5 system [2, 17]. This is due
to several reasons at once: such com-
pounds have a relatively high critical tem-
perature T.=90 K, which exceeds the
boiling point of liquid nitrogen [18]; their
conducting properties can be relatively
merely varied by replacing the constitu-
ents [12-14, 16] and changing the oxygen
content [4, 10]; it is relatively easy to ob-
tain their cast and single-crystal samples [2,
5]. The latter circumstance is especially im-
portant for experimental research.

The layered structure of HTSC com-
pounds leads to significant anisotropy of
their physical properties, in particular,
electrical conductivity [19, 20]. In this as-
pect, it is crucial to accurately determine
the mechanisms of transport and scatter-
ing of charge carriers [4, 7, 21], which
most significantly affect the electric
transport in HTSC cuprates.

As is known, the replacement of yt-
trium with other rare-earth elements does
not significantly affect the electrical
transport parameters of these compounds
[2, 22]. The only exception is the replace-
ment of yttrium with praseodymium,
which leads to suppression [7, 12, 14, 16,
22, 23] of the conducting characteristics
as the percentage of the latter increases.
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At a praseodymium content of y > 0.6, the
Y,Pr,Ba,CuzO7_5 compound completely
loses its superconducting properties [22, 23]
and becomes an antiferromagnetic insulator.
There are currently a number of theoretical
models that explain this behaviour. The most
famous of them is the so-called "hole filling
model” [24], "pair breaking phenomena” [25],
models assuming the localization of hole car-
riers [26] and various mechanisms of the re-
arrangement of band states caused by the in-
teraction with praseodymium ions [27-29].

Even though the literature has accumu-
lated a reasonably extensive material de-
voted to the study of the effect of praseo-
dymium on electric transport in compounds
Y1_yPI’yBa2Cu3O7_5 [22, 23, 30], intense dis-
cussions on this issue continue to this day.
A certain role in this is played by the fact
that a significant part of the experimental
material was obtained on film [31] and poly-
crystalline [32] samples of a very different
technological background. The study of nor-
mal and fluctuation conductivity in
Y 1_,Pr,Ba,CuszO;_5 single crystals of a high
degree of perfection is of great interest, since
in such, the purest, objects it becomes possi-
ble to controllably vary the scattering and
electrical conductivity parameters by chang-
ing the praseodymium concentration [33].

For the YBa,Cu30,_s compounds, there is
a fundamental difference in the tempera-
ture dependence of the resistivity when
measured in the ab plane, p,(T), and along
the ¢ axis, pT). For p,(T), a "metallic”
temperature dependence is characteristic in
a wide range of § values [2, 4]. For p/(T),
even a small deviation from oxygen
stoichiometry leads to a transition from
quasi-metallic to semiconductor behaviour
of resistance [19, 22]. Despite a large num-
ber of studies of longitudinal and trans-
verse transport in the 1-2-3 system [1, 2,
19, 22], many aspects of this issue are still
not fully clarified.

It was shown in [34] that the electrical
resistance of Y1_yPryBaZCu3O7_5 single
crystals in the plane of the layers, p,,(T),
in the temperature range T, — 300 K and
praseodymium concentrations 0 <y < 0.34
is characterized by a "metallic” tempera-
ture dependence, which can be approxi-
mate, taking into account the scattering
of electrons by phonons and defects, as
well as the fluctuation conductivity in the
form of the 3D Aslamazov-Larkin model.
At the same time, it was established [34]
that the change in the approximation pa-
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rameters depending on the praseodymium
content indicates that the residual electrical
resistance is mainly determined by the de-
fectiveness of the lattice; the Debye tem-
perature passes through a maximum due to
the competition between changes in the in-
teratomic interaction and lattice parame-
ters; changes in the parameters of scatter-
ing by phonons indicate an increase in the
density of electronic states upon the intro-
duction of praseodymium. The parameters
of fluctuation conductivity — the trans-
verse coherence length and the temperature
range of superconducting fluctuations —
tend to increase with increasing praseodym-
ium content. However, with a further in-
crease in the concentration of praseodymium
[84], a structural transition occurs in the re-
gion of 0.35<y<0.43, leading to the appear-
ance of a "semiconducting” behaviour of p.(T)
at low temperatures immediately before the
superconducting transition.

In [35], for the electrical resistance of
Y1_yPryBaZCu3O7_5 single crystals along the ¢
axis, p.(T), at sufficiently large values of y,
the dependence pJT) ~ T-exp[(Ty/T)'/?], was
found, which is characteristic for hopping
conductivity with variable jump length.

The hopping conductivity is due to the
tunnelling of electrons between localized
states. The physical reason for localization is
the interaction of electrons with a random
potential, leading to increased scattering and
a strong dependence of the dynamics of elec-
trons on the degree of disorder in the system.

At sufficiently low temperatures, the hop-
ping conductivity is determined by states with
energies in a narrow strip near the Fermi level
[386]. If the density of states at the Fermi level
is nonzero, then the temperature dependence
of the resistivity has a universal form:

p(T) = exp[(TO/T)l/ 4], (1)
__ B
0= hgwa® @

where g(u) is the density of state at the Fermi
level, a is the radius of localized states close to
the Fermi level, and f is a numerical coefficient.

However, numerous experiments carried
out with nanocomposites of various composi-

tions show that the resistance p(T) of such
systems is described by the universal 1/2 law:

p(T) = exp[(TO/T)l/ 2} 3)
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where T is the temperature parameter, the
value of which strongly depends on y and
tends to zero as y — y.. Therefore, attempts
were made to modify the Mott model by
postulating some "selection rules” for ad-
missible hops (for example, the relationship
between the hopping length and the size of
actual granules [37] in nanocomposites with
granules of different sizes) in order to ob-
tain the 1/2 law within its framework.
Usually, the 1/2 law is interpreted as a
manifestation of the Coulomb gap in the
density g(E) of states of electrons on impu-
rities, when, near the Fermi energy, Ep, the
density of states turns to zero according to
the law g(E)~(E—EF)2. In this regard,
there are numerous works in which, on the
one hand, the question of the nature of the
Coulomb gap in the density of states of elec-
trons on nanocomposite granules is investi-
gated [87] and, on the other hand, the ef-
fect of such a gap on the temperature de-
pendence of its conductivity is studied [38].
It is clear that if the "gap” scenario is real-
ized, then the region of its applicability is
low temperatures at which the Coulomb gap
is not washed out by thermal excitations
(actually at T <1 — 10 K). At higher tem-
peratures, the Coulomb gap plays no role,
and the problem of thermoactivation con-
ductivity of granular metals remains open.
It follows from this that the 1/2 law is not
associated with any artificial selection rules
for tunnel junctions between granules, but is a
simple consequence of the wide scatter of the
granule size inherent in real nanocomposites.
At T =0 K and in the absence of an ex-
ternal electric field, all-metal granules in
the dielectric phase of the nanocomposite
are neutral, like the electrostatic energy of
the configuration of charged granules E >
0. However, at a temperature other than
zero, due to the tunnelling transitions of
electrons between the granules, thermody-
namic equilibrium is established in which
part of the granules acquires a positive (and
the same part — negative) charge. As a
result, conditions arise for the appearance
of conductivity due to tunnel transitions
(hopping) of charges (electrons or "holes™)
from charged metal granules to neutral
granules. The number of such charges in-
creases with increasing temperature. This
means that the conductivity of dielectric
nanocomposites is associated with thermal
activation of current carriers [37].
On the other hand, as was shown in [35],
relation (3) has a much more universal char-
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acter and can be fulfilled for a broad class
of conducting compounds with a sufficiently
high degree of structural disordering. In
particular, it is known that doping of HTSC
cuprates by means of alternative substitu-
tion or changing the oxygen content leads
to the decomposition of the system into
electrically neutral regions of two types —
metallic, with a high carrier concentration,
and dielectric [39]. In this case, the type of
domains can also be "imposed” by ordering
dopants. Obviously, with a sufficiently
small size of inclusions with metallic con-
ductivity, the system can acquire the fea-
tures characteristic of granular metals. In
our case, the decisive effect on the struc-
tural order in the system is apparently
played by doping with praseodymium, which
leads to an increase in the degree of struc-
tural disordering in the conducting layers
[16] and an enhancement of the "semicon-
ductor” character of the behaviour of the
temperature dependence of the conductivity
across the basal plane [33].

This work aim is to analyze the trans-
verse resistance of high-temperature super-
conductors Y1_yPr Ba,Cu307_5 in a wide tem-
perature range f{)r high concentrations of
praseodymium to elucidate the mechanisms of
conduction and scattering of charge carriers,
based on currently known models.

2. Experimental

Single crystals of Y, PrBa,Cu3O7_g
were grown by the solution-melt method in
a gold crucible at a temperature of 850—
970°C, as described in detail in [4, 7, 9, 16].
To obtain crystals with partial replacement
of Y by Pr (Y1_yPr 832CU307_8)’ Pr5011 was
added to the inltiai/ charge in the appropri-
ate percentage. The regimes of growing and
saturating crystals with oxygen were the
same as for undoped YBCO single crystals
[4]. Compounds Y,05, BaCO5;, CuO, and
PrsO44 were used as initial components for
growing crystals. The characteristic dimen-
sions of the samples were 2x0.3x0.02 mm3.
The smallest crystal size corresponded to
the c-axis. To obtain samples with optimal
oxygen content, 8 < 0.1, the selected crys-
tals were annealed in an oxygen flow at a
temperature of 400°C for five days. The
electrical contacts were made from silver
conductors, which were connected to the
surface of the crystals using silver paste.
The electrical resistance was measured by
the Montgomery method [40].

The temperature was measured with a
copper-constantan thermocouple, the volt-
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Fig. 1. Curves of electrical resistance

Y1_yPryBazCu307_5 along the ¢ axis with dif-
ferent Pr concentration: 1 — 0.34; 2 — 0.48;
3 — 0.48, 4 — 0.5. Points correspond to the
experiment; the line corresponds to the ap-
proximation.

age across the sample and the exemplary
resistance — with V2-38 nanovolmeters.
Data from voltmeters were automatically
transmitted to a computer via the interface.
The measurements were carried out in the
temperature drift mode, which was about
0.1 K/min for measurements near T,, and
about 5 K/min at T > T,.. In this case, all
measurements were carried out three days
after the completion of annealing, which en-
sured an equilibrium oxygen distribution
over the sample volume at room tempera-
ture [4]. A specially written program was
used to approximate the results obtained.

3. Results and discussion

In Fig. 1 shows the temperature depend-
ences of the electrical resistance of
Y1_yPryBazCu3O7_5 — single crystals in the
Pr concentration range of 0.34-0.5.

As seen from Fig. 1, the nature of the
temperature dependence of resistance is a
semiconductor. The critical temperature,
T., decreases, and upon reaching y = 0.5,

superconductivity suppresses.
The presented temperature dependences of

the transverse resistivity of YBa,Cu;O7_g
were approximated by a relation that takes
into account the semiconductor behaviour
through the activation exponent and fluctua-
tion conductivity in the form of the 3D Asla-
mazov-Larkin model [41]:

655



M.V Kislitsa et al. /| Transverse conductivity ..

200 1 a)
150

100 | //2
50 %
5r \3

1 1 1 1 1 4 1
0.50

0.42 0.46

y

0.34 0.38
Fig. 2. Dependence of the approximation pa-

rameters on the Pr concentration. 1 — Ty, K,
2 - A, mOhm-cm, 3 — B-10%, K2, 4 — n-10

p(T) = (4)

1 (-1)

= - + o)

A Lo 1+B.T2
o2 5
6,4,(T) = s-e . (5)
82182, N2 g sinr{S—EJ
0

Here ¢ is the reduced temperature, € =
In(T/T,); €y =In(T*/T,), T" is the condi-
tional boundary for the existence of supercon-
ducting fluctuations [42]; A, B, n — approxi-
mation parameters, T = E/k (E — activation
energy, £ — Boltzmann constant; o4 (T) —
fluctuation conductivity [2, 7, 41].

The adjustable parameters in (4) are A,
which has the physical meaning of the re-
sidual resistance, the exponent n in the
modified version of Mott’s law, and the pa-
rameter B, which is probably related to the
electron mobility. The fitting parameters in
() are £ ;(0) — the coherence length in the
layer, and g;.

The fitting was carried out using the
program for searching for the minimum of
the absolute error, the values Pexp. ~ Peale.s

Ocale. calculated by formulas (4)—(5). Table 1
shows the values of the fitting parameters
that were obtained. They provide a mini-
mum approximation error of no more than
3 %. The results of approximation showed
that the region of existence of supercon-
ducting fluctuations, characterized by the
parameter T*, decreases as the concentra-
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Fig. 3. Dependence of the coherence length

€.p(0) and temperature T on the Pr concentra-
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tion y = 0.5 is approached, where supercon-
ductivity is not observed. The coherence
length in the layer, p,;(0), remains in the
region of 100 A. If we take into account
that the transverse coherence length £.(0) is
of the order of 1 A [2, 42—44], it turns out
that the superconducting pair in the
Y1_yPryBazCu3O7_5 — HTSC exhibits a pro-
nounced anisotropy. In Fig. 2 and 8 show the
dependences of the approximation parameters
on the praseodymium concentration.

It can be seen that starting from y =
0.48, parameter A demonstrates a sharp in-
crease — when it reaches 0.5, more than
two times. This confirms the transition of
this compound at y > 0.6 in the state of an
antiferromagnetic dielectric. Parameter B
decreases monotonically from 2,80.10% to
7,10-106. Note that in (4) the first term is
the role of a semiconductor, then the ex-
pression 1/(1 + BT?) plays the mobility. At
B > 0, the mobility decreases with increas-
ing temperature, which is typical for the
scattering of electrons by phonons in semi-
conductors (see, e.g., [45]).

However, with an increase in the concen-
tration of praseodymium, parameter B be-
comes negative (see Table), that is, the mo-
bility now increases with increasing tem-
perature, which is typical for electron
scattering by impurities — in this case, pra-
seodymium. Thus, the change in the sign of
the parameter B with increasing y can be asso-
ciated with the transition from the predomi-
nant scattering of electrons by phonons to the
predominant scattering by Pr impurities.

The exponent, n, in the concentration
range 0.34 <y < 0.43 drops sharply from
n =1 to the level n = 0.5, which indicates a
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Table 1. Parameters of approximation of
resistance Y1_yPryBaZCu307_5

y 0.34 | 0.43 | 0.48 0.5

A, mOhm-cm | 43.0 | 43.3 | 66.1 | 103.6

B-106, K2 2.8 0.01 -4.5 -7.1

n 0.93 | 0.57 | 0.50 | 0.445

Ty, K 47.2 | 111.6 | 191 200
£,,(00105, cm| 1.4 0.9 1.3 -
T, K 95.7 62.6 37.4 -

transition at n > 0.43 to hopping conductiv-
ity with a variable hopping length — "law
1/2". 1t was shown in [36] that the "1/2
law” is due to electron hopping between
conducting granules of different sizes. A
more accurate calculation of the conductive
granule size optimal for electrical conduc-
tivity leads to n = 4/9 [36]. It is this value
of the exponent that was obtained at y =
0.5 (see Table).

It can be assumed that, in our case, the
presence of conducting and non-conducting
regions is associated with significant vari-
ations in the concentration of praseodym-
ium, y, when approaching the state of an
antiferromagnetic dielectric.

Note that, in the model [36], the parame-
ter Ty vanishes when percolation over the
conducting phase occurs. In our case, an
increase in the concentration of praseodym-
ium leads to a transition from metallic to
semiconducting conductivity and then to the
state of an antiferromagnetic insulator.
Thus, it can be assumed that in the concen-
tration range 0.34 < y < 0.43 (where n falls
from 1 to 0.5), the common conducting clus-
ter breaks up into separate conducting re-
gions (granules) and the conductivity ac-
quires a hopping character. Therefore, in
our case, T, grows with increasing y.

4. Conclusion

Thus, it can be concluded that the ex-
perimental temperature dependences of the
transverse resistance of Y,_ Pr Ba,CuzO;_s
single crystals in the region of the "semi-
conductor” resistance curve can be approxi-
mated by a relationship that includes ther-
mally activated jumps of variable length
and fluectuation conductivity in the 3D Asla-
mazov-Larkin model. An analysis of the
concentration dependences of the approxi-
mation parameters shows that the concen-
tration range 0.34 <y < 0.43, the sample
disintegrates into separate conducting re-
gions (granules) and the conductivity ac-
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quires the character of hopping with vari-
able length. With an increase in the concen-
tration of praseodymium, the effect of scat-
tering of charge carriers by praseodymium
impurities increases monotonically. The re-
gion of existence of superconducting fluc-
tuations decreases with an increase in the
concentration of praseodymium. A pro-
nounced anisotropy of the coherence length,
that is, the size of the superconducting
pair, is found — the size across the layer is
two orders of magnitude smaller than along
the layer.
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