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The temperature dependence of longitudinal and transverse conductivity is investigated
in Y,_,Pr,Ba,Cu;0;_5 single crystals with different praseodymium concentrations. It is
shown, that the increasing of praseodymium concentration in samples of Y,_,Pr,Ba,Cu;0,_;
leads to enhancement of the localization effects and suppression of the superconducting
state. For Y, ,Pr,Ba,Cu;O;_5 (in contrast to YBa,Cu;O;_;, compounds) the anisotropy of
the normal resistivity p,/p,,(T) is described well in the framework of a universal "1/2
law"” for thermally activated hopping conductivity.

HWamepennl TeMIiepaTypHble 3aBHCHUMOCTH IIPOAOJBHON M IIOIEPEUYHON IIPOBOIMMOCTH MO-
Hokpuctamitos Y, Pr,Ba,CuzO,_s ¢ pasnuunbiM cofep:xaHueM mpaseoguma. Iloxasano, 4To
yBeInYeHNe KOHIEHTPAalKUK IIpaseoguMa B MOHOKpucramrtax Y, ,Pr,Ba,CusO,_5 mpusosur K
yeuaeHnoo >(P@eKTOB JOKaJU3alMi U IOJABJCHUIO CBEPXIIPOBOAAIIEr0 COCTOSHUI. Ilpm
aTOM, B OTIHMYHME OT MOHOKpucTamtos YBa,CusO,_ 5, aHM30TPONIMA HOPMAIBHOIO BIEKTPOCOII-
poTuBIeHUA p,/P,,(T) XOPOIUIO OHHCHIBAETCA IIOCPEJCTBOM YHMBEPCATBHOTO ' 3akoHa 1/2"
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IS TEPMOAKTHUBAIMOHHON NMPBLI’KKOBON IIPOBOLMMOCTH.

1. Introduction

A general feature of high-T, supercon-
ducting (HTSC) compounds is their pro-
nounced layered structure, which results in
substantial anisotropy of a whole range of
physical properties, including the electrical
conductivity [1-3]. For example, for com-
pounds of YBa,Cuz0;_s type there is a fun-
damental difference in the behavior of the
resistivity temperature dependence meas-
ured in direction of the basal, ab plane,
pap(T), and along the c¢ axis, p,(T). Whereas
even a small deviation from stoichiometry
in oxygen content leads to a transition from
quasimetallic to semiconductor behavior of
the p.(T) curves, the p (T) curves in the
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high-temperature region, even at an appre-
ciable oxygen deficiencies & > 0.5, retain a
rather wide linear segment which attests to
the stability of the normal-carrier scatter-
ing intensity [4]. Despite the considerable
number of papers devoted to study of the
longitudinal and transverse transport in the
1-2-3 system, many aspects of this ques-
tion remain incompletely clear. For exam-
ple, a mechanism of resonant tunneling of
charge carriers between CuO, conducting
planes via localized states in the CuO chains
was proposed in a theoretical paper [5]. Ac-
cording to [5], the temperature dependence
of the anisotropy of p./py(T) resistivity
should be described by the relation:

423



R.V.Vouk et al. / Conductivity anisotropy in ...

10f @

06¢
04r
02¢
8
0’0 y 1 1 1 1 1
0 5 100 150 200 260 300
T,K

14F 1 b
g 12t
e
\0310—
S ol
6F
4t
2F
0 8 T7 | ”H“ | |
0 5 100 150 200 250 300

T,K

Fig. 1. The temperature dependences of the normalized resistivity (a) — in the ab-plane p,,(T) and

(b) — along c axe, p(T) for K1-K8 single crystals with different praseodymium content z: 1 — 0.0,
2 —0.05,3—0.19,4 —0.23,5 — 0.34, 6 — 0.43, 7 — 0.48, 8 — 0.5. On corresponding inserts
are shown dependences of resistance at a room temperature pj,,(z) and critical temperature T .(z)

from praseodymium concentration.

Pe/ Pap ~ TeosK(Ty/T), 1)

where T, is a certain activation energy of
the process. An experimental check of this
model was carried out in [3] on single-crys-
tal samples of YBa,CusO;_5. However, it
was shown that although the theory of [5]
agreed qualitatively with experiment, the
best description of the experimental data
was obtained for exponential dependence of
the form:

Pe/ Pap ~ eXP(A/T). (2)

A similar expression was justified pre-
viously in a theoretical model of [6] that
proposed a polaron mechanism for trans-
verse transport in HTSCs.

A characteristic feature of YBa,Cu;0;_g
compound is the relative simplicity of com-
plete or partial substitution of Y by its
isoelectronic analogs, making it possible to
vary the conducting characteristics to check
the adequacy of different theoretical mod-
els. A partial substitution of Y by Pr at-
tracts the particular interest in this aspect.
The substitution on the one hand, leads to
suppression of the crystal superconductivity
[2, 7] (unlike the case when Y are substi-
tuted by other rare-earth elements), and, on
the other hand, allows to remain practically
unchanged the lattice parameters and oxy-
gen index of the compound [7]. In particu-
lar, study of an influence of Pr impurities
on the conductivity anisotropy of such com-
pounds plays an important role not only in
elucidating the nature of high-temperature
superconductivity (HTSC) but also in deter-
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mining empirical ways of raising their criti-
cal parameters. It should be noted that the
existing data on an influence of doping with
Pr on the conducting properties of Y-Ba-
Cu-0O compound remain substantially con-
tradictory till now. Obviously some role in
this it is played by the fact that a substan-
tial fraction of the experimental material
has been obtained on ceramic and textured
samples with different technological pre-
history and having a high content of inter-
granular links. Taking into account the
mentioned above, in the present paper we
have performed a study of the longitudinal
and transverse conductivity of single-crys-
tal samples of the 1-2-3 Y,_,Pr,Ba,Cu;0_;
system with different content of oxygen at
replacement ittrium by praseodymium in a
wide interval of concentration 0.0<z<0.5.

2. Experimental

Y,_,Pr,Ba,Cuz0;_s single crystals were
grown from the flux in a gold crucible by a
technology analogous to that used to syn-
thesize YBa,Cus;07_5 single crystals [1, 2].
To obtain crystals with a partial substitu-
tion of Y by PI’, Y1_ZPrZBachI3O7_6, an
amount of PrsOq4 was added to the melting
stock in a corresponding atomic ratio. The
regimes of growth and oxygen saturation of
the Y,_,Pr,Ba,CusO,_5 crystals were the
same as for undoped single crystals [1]. As
initial components for growth of the crys-
tals we used the compounds of Y,0;,
BaCO3;, CuO, and PrsO¢4. For the measure-
ments of resistivity we selected single crys-
tals of rectangular form, of length 2.5 mm,
width 1.5 mm, and thickness 0.4 mm. Elec-
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Fig. 2. Temperature dependences of the anisotropy of the resistivity p./p,,(T) in coordinates
In(p./pgp) — 1/T and In[(p./p,)/T1 — 1/T71/2. The symbol types are as given in Fig. 1.

trical contacts were created in the standard
8-contact scheme [1]. Temperature was
measured by the platinum thermoresistor.

3. Results and discussion

Fig. 1a and 1b show the p(T)/pggo curves
measured along and transverse to the basal
plane, respectively (dependences of resistiv-
ity at a room temperature pggo(2) and criti-
cal temperature T.(z) from praseodymium
concentration are shown on corresponding
inserts). Increasing the praseodymium con-
tent leads to an increase of the specific re-
sistance approximately in 5 times and a de-
crease of T, from ~ 92 to =~ 23 K, that
qualitatively is in agreement with literary
data [7]. It is seen that there exists a fun-
damental difference in the behavior of
curves pAT)/pgoo and p,p(T)/pgop- While an
increasing praseodymium concentration
leads to pronounced semiconductor behavior
of the p(T)/pggo curves (Fig. 2), the curves
of the resistivity in the basal plane
Pap(T)/P300, in the region of relatively high
temperatures retain a rather wide (from
~ 180 to ~ 20 K) linear segment, which, ac-
cording to the NAFL theory [4], is a reliable
hallmark of the normal state of the system.
When the temperature decreases below a
certain characteristic value T* a deviation
of p,p(T) from the linear dependence occurs,
that attests to the appearance of a certain
excess conductivity caused by a transition
from the pseudogap regime [1, 2].

The second important feature of the tem-
perature dependence of resistivity of the
samples with depressed Tec is the significant
difference (around ~ 10.8 K for z~ 0.48 K)
of their critical temperatures measured
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along and transverse to the basal plane.
Such an effect was observed previously on
single-crystal samples of Bi,Sr;Ca—-uCu,Og,,
[8] and YBa,CuzO;_5 [9] with a large devia-
tion from oxygen stoichiometry in resistive
measurements of the magnetic susceptibility
measurements. The authors of [9] explained
this effect by the possible realization of a
Friedel transition in the sample [10], which
consists in suppression of the transverse su-
perconductivity in a certain temperature re-
gion below the critical temperature, T, <T
<T, (T; is the Friedel temperature), by
means of a specific mechanism of enlarge-
ment of annular Josephson vortices in a lay-
ered superconductor. It was shown in the
theoretical paper [11] that the realization of
such a mechanism in a real crystal is possi-
ble in the case of a certain breaking of the
periodicity of the conducting layers distri-
bution. According to [9] such a situation
can occur when a sample contains layers
with different T, separating each other.
Evidence in favor of such a scenario is also
provided by the results of work [1], in
which it is shown that decreasing the oxy-
gen concentration in YBa,Cus0; 5 single
crystals leads to decomposition of the con-
ducting subsystem into several phases with
different T,. The presence of such phases is
often not reflected in measurements of re-
sistive transitions to the superconducting
state in the ab plane owing to the percola-
tional flow of transport current via the
phase with the highest T..

The temperature curves p./pg(T) are
shown in Fig. 2 in the coordinates In(p./p,z)
- 1/T and In[(p./py)/T]1— 1/T71/2, which
corresponds to their description by means of
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equation (2) in the first case and by an
analytical expression of the form:

P,/ Pap = BTexp(To/ T2, (3)

in the second case. Here B and T are con-
stants. As we know, equation (8) is charac-
teristic for variable-length hopping conduc-
tion — the "1/2 law™ [12, 13].

It is seen that decreasing the oxygen con-
centration leads to significant growth of the
anisotropy p./p,, in absolute value. Here it
follows from Fig. 2 (a) and (b) that, al-
though Eq.(2) does permit a qualitative de-
scription of the experimental dependence at
relatively high temperatures, it does this
considerably less well than relation (3) does
for the hopping conductivity. It is known
from the theory that the "1/2 law"” is ordi-
narily interpreted as a manifestation of a
Coulomb gap in the energy spectrum of the
carriers, that is more characteristic for
semiconductor configurations [12]. On the
other hand, as it was shown in [13], relation
(3) has of a much more universal character
and can be used for a wide class of conduct-
ing compounds at a sufficiently high degree
of structural disorder. In particular, such a
situation is realized for the case of granular
metals (nanocomposites) — sets of small
metallic granules in a dielectric matrix [13].
At the same time, it is known that doping
of HTSC cuprates by heterovalent substitu-
tion or changing the oxygen concentration
leads to decomposition of the system into
electrically neutral regions of two types —
metallic, with a high carrier density, and
dielectric [14]. Here the form of the do-
mains can also be "imposed” by ordered
dopants. It is clear that at a sufficiently
small size of the metallically conducting in-
clusions the system can acquire traits which
are characteristic for granular metals.

As it is seen from Fig. 2, with increasing
praseodymium concentration the slope of
the curves p./p,(T) increases, attesting to
an increase of the activation energy from
87-98 K to 374-8396 K. It should be also
noted that for the curves with depressed
T ,~23+48 K at temperatures above 128 K a
change of slope by more than a factor of
four is observed, which in turn attests to a
decrease of the activation energy and reflects
the presence of phase transitions observed
previously in [1] for YBCO single crystals.
According to [1], transitions of this type af-
fect the kinetics of charge transport.
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4. Conclusions

In summary, analysis of the experimen-
tal data obtained allowed us to suggest that
an increasing praseodymium concentration
in Y,_,Pr,Ba,Cu;0;_g single crystals results
in localization of the carriers in the direc-
tion of the ¢ axis, and to a change of the
interlayer interaction. The temperature de-
pendence of the anisotropy of the resistivity
Pe/Pap(T) for the single crystals studied, un-
like YBa,Cu30,_5, is well described by a
universal "1/2 law” for the thermally acti-
vated hopping conductivity. This depend-
ence provides evidence that the carriers
transport mechanism at perpendicular lay-
ers occurs with the help of thermal acti-
vated hopping with variable length. The
factor 1/2 indicates that the hopping con-
ductivity is 1-dimensional, and /or the Cou-
lomb interaction plays a significant role in
the perpendicular transport. Recently, such
a behavior was found out in layered organic
superconductors in a perpendicular mag-
netic field [15], that could provide the clue
to the question of the incoherent transport
across the layers. This effect once more em-
phasizes the difference between the HTSC
cuprates and the Fermi-liquid metals, be-
cause the temperature dependence of the re-
sistivity along and across the layers is not
the same and differs from the characteristic
dependence of the common metals.
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AHizoTpomia mMpPoBiTHOCTI B MOHOKpHCTAJAX
Y,_,Pr,Ba,Cu;0,_5 3 pisHMM BMicTOM mpaseogumy

P.B.Boéx, 3.®.Ha3upos,|M.A.O6onencoruii],
A.A.3a6z20poonii, B.M.Ilinmo Cimoec

Bumipsno TemmeparypHi 3ajesXHOCTI IIO3J0BKHBOI i momepedyHoi mpoBigHOCTI MOHOKpPHMC-
ranis Y,_,Pr,Ba,CusO;_s 3 pisaum BMicTom mpaseogumy. Iloxasano, mo 36inbIIeHHA KOH-
meHTpallii mpaseoguMy HOPUBOAUTL OO0 IOCHUJIEHHs e(deKTiB jorkasisaiii i mpurmiuenns Hai-
nposiguoro crany. IIpum npomy, Ha BigMiny Big MOHOKpucTaIiB YBazCu3O7_8, aHisoTpoOIisa
HOPMAJIBHOTO eJIeKTPOOIOPY P,./P,,(T) Zobpe omucyeThea 3a JOIOMOTOI0 YHiBepCAJILHOTO ~3a-
KoHy 1/2" nns TepMoaKTUBAIifiHOI cTPUOGKOBOI MPOBigHOCTI.
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