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The temperature dependences of the conductivity along and across the basis plane have
been measured in YBa,Cu;0,_, single crystals with different oxygen non-stoichiometry. In
the oxygen-deficit samples, an inhomogeneous oxygen distribution within the crystal bulk
is found, that results in the formation of phases with different critical of superconducting
transition temperatures. The accordance of the experimental results with the predictions
of different theoretical models has been considered. It has been revealed that the anisot-
ropy of the normal resistivity p,/p,,(T) is described well using the universal "law of 1/2",
for thermal activation of the hopping conductivity.

HWamepennl TeMmIiiepaTypHble 3aBUCHMOCTH IIPOBOAMMOCTH BIOJbL M IIOIepeK 0asucHOii ab-
IIocKOoCcTH B MOHOKpucTamaax YBa,Cus;O,_, ¢ pasnnuHOil cTeneHbI0 KUCIOPOAHON HECTeXMOo-
merpun. IlokasaHo, uTo B o0pasiax ¢ Ae(pUIINTOM KHCJIOPOJa peaindyeTcs HepaBHOMEpPHOe
pacmpejejieHne KHCJIOPOLa Mo 00beMy KPHCTAJa, KOTOPoe HPUBOAUT K oO0pasoBaHmuio (as c
PasINUYHBIME KPUTUYECKUMH TeMIepaTypaMu. IIpoaHaJIM3MpOBAHO COOTBETCTBME IIOJYYeH-
HBIX 9KCIIEPUMEHTAJbHLIX Pe3yJbTATOB C IIPEACKA3AHUAMN PA3JINUYHLIX TEOPETUUECKUX MOJe-
ne#t. OGHADY:KEHO, UTO AHM3OTPOIUS HOPMAJILHOTO 3JIEKTPOCONPOTUBIEHUA p,./p,(T) xopo-
II0 OIKCBLIBAETCHA IIOCPEACTBOM YHHBEPCAJBHOTO ' 3aKoHa 1/2" mada TepMOaKTHBAIMOHHOMI
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IPBI?KKOBOII IPOBOLUMOCTH.

The layered structure is a characteristic
feature of high-temperature supercon-
ducting compounds (HTSC) [1-3] that de-
fines a substantial anisotropy of their prop-
erties both in the normal and in the super-
conducting state. An important HTSC is
YBa,Cu;0,_, (YBCO) for which an impor-
tant peculiarity is the strong dependence of
its physical properties, in particular, its
electrical conductivity, on the oxygen con-
centration [1-4]. In spite of numerous
works dedicated to the study of the longitu-
dinal and transversal transport in the 1-2-3
system, many aspects of this dependence are
still uncertain. For example, in the theo-

302

retical work [5], the resonance tunneling
mechanism of charge carriers has been pro-
posed between the conducting CuO, planes
through the localized states in the CuO chains.
According to [5], the temperature dependence
of the resistivity anisotropy p./p,(T) should
be described by the following relation:

Po/ Pgp ~ Tcosh®(Ty/ T), 1)

where T is the process activation energy.
The experimental verification for this model
was performed in [2] for YBa,Cu;0,_, sin-
gle crystal samples. It was demonstrated,
however, that although the theoretical pre-
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Fig. 1. Temperature dependences of resistivity: (a), in the ab-plane, p,(T); (b), along ¢ axis, p.(T).
In the corresponding insets, the concentration dependences are shown: T.(7-x) (light symbols) and

(p3po(7—x) (dark symbols). The superconducting transitions are represented in lg(p/pgo) —T coordi-
nates in Fig. 1 (c) for ab plane and in Fig. 1 (d), along the ¢ axis. The curves 1-6 are measured
after annealing at 670; 720; 760; 790; 810 and 890 K, respectively.

dictions [5] are in qualitative agreement
with the experiment, the data is better de-
scribed by the relation:
Pe/ Pap ~ exXp(A/T). 2
It is to note that in [2], all the measure-
ments were carried out using samples with
a significant oxygen deficit (x > 0.3). It is
more interesting to study single crystals
with a small deviation from the
stoichiometry where the peculiarities of the
so-called "pseudo-gap state” are clearly
demonstrated. This has been discussed in
detail by us in a recent work [4]. It should
be noted that an additional source of anisot-
ropy in the YBCO single crystals is the ex-
istence of twin boundaries (TB) [6], the in-
fluence of which on the transport properties
in the normal state is inadequately studied,
due to the experimental difficulties in de-
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termining the contribution of these defects.
Taking the above under consideration, we
have studied in this work the longitudinal
and the transversal conductivity in single
crystals of YBa,Cuz0,_, (0.1<x<0.35) differ-
ing in the transport current geometry. The
transport current geometry was either par-
allel (I|/TB) when the TB effect on the car-
rier scattering processes is minimized, or at
an angle of o = 45° between I and TB.

The YBa,Cus0,_, single crystals were
grown in a gold crucible by the self-flux
method (temperature range 850-970°C) using
the techniques described in detail in [1, 4].
For the resistivity measurements in the ab
plane and along the ¢ axis, two single crystals
(grown simultaneously) were selected. These
have dimensions 2x0.3x0.02 mm3 (K1 sam-
ple) and 0.3x0.5x0.1 mm3 (K2 sample), with
the ¢ axis oriented along the smallest di-
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Table. Experimental sample parameters

T, K T—x Pups MQcm | p., uQcm | T2, K TS K |(T*-T,S, Kl A K
670 6.92 155 11.625 91.74 93.08 -1.34 128
720 6.87 186 14.205 90.85 93.28 -2.43 172
760 6.83 192 19.266 88.71 91.87 -3.16 216
790 6.81 216 37.487 87.89 80.04 7.85 318
810 6.77 243 44.247 78.52 75.26 3.26 349
890 6.65 558 139.5 59.81 53.2 6.61 502

mension. To obtain samples with optimal
oxygen content, the crystals were annealed
in oxygen flow at 400°C for five days. To
reduce the oxygen concentration, the crys-
tals were annealed in oxygen flow at higher
temperatures for three to five days (see Fig.
1 and Table). The oxygen concentration "x”
was determined in accordance to the oxygen
flow annealing duration and temperature,
as in calibration tables [7]. The electric con-
tacts were formed according to the standard
four-contact scheme by applying silver
paste onto the crystal surface and the con-
nection of silver conductors. The resistance
in the ab-plane and along the ¢ axis was
measured using the standard method for
two opposite directions of dec current up to
10 mA as described in detail in [1]. The
temperature was measured with a copper-
constantan thermocouple; the voltage was
measured across the sample and the refer-
ence resistor with V2-38 nano-voltmeters.
The voltmeter signals were transferred to a
PC through an interface. As the critical
temperature (T.), the temperature value
was accepted corresponding to the main
maximum in the dp(T)/dT dependences in
the superconductive transition, according to
[8]- The measurements where carried out in
the temperature drift mode at about
0.1 K/min near T, and at about 5 K/min
when T > T..

Figs. 1 (a) and (b) present the tempera-
ture dependences of the electrical resistance
in the ab-plane and along the c¢ axis, after
the samples were annealed in oxygen flow
at different temperatures. The correspond-
ing resistivity transitions into supercon-
ducting condition are shown in Figs. 1 (c¢)
and (d). The resistivity parameters of the
samples are presented in Table.

It is seen in Fig. 1(a) that the conductiv-
ity nature in ab-plane in all cases is quasi-
metallic, as it will be described in detail
below. As the annealing temperature in-
creases and, accordingly, the oxygen con-
centration drops, the absclute resistance

304

value increases and the critical temperature
(T,) lowers (see inset in Fig. 1 (a)). The
rather small superconducting transition
width of the initial sample (AT.~0.3 K)
rises significantly with the increasing an-
nealing temperature, and the transition
takes a step-like form (Fig.1 (c¢)). The
height and width of the lower step increase
with the annealing temperature. This be-
havior indicates that T, is inhomogeneous
over the single crystal volume and that
there exist two phases, one with a higher T,
and another with a lower one. The presence
of the step evidences the absence of percola-
tion passing paths for the transport current
in the high-temperature phase. The increase
of the step width with the increasing an-
nealing temperature indicates that the dis-
tinction in the critical temperatures of the
low- and high-temperature superconducting
phases increases as the oxygen concentra-
tion drops. In particular, the increase of the
low step height indicates that the low-tem-
perature phase volume increases with the
decreasing oxygen concentration.

It is seen from Fig. 1 (b) that the quasi-
metallic nature of the conductivity tempera-
ture dependence measured along the ¢ axis,
changes to a semi-conducting character as
the annealing temperature increases. Simi-
larly to the resistance measurements along
the ab-plane, the absolute resistance value
increases, the critical temperature drops
(see Table and inset to Fig. 1 (b)) and the
width of the superconducting transition in-
creases with the decreasing oxygen concen-
tration (Fig. 1 (d)); however, the step-like
nature of the transition becomes substan-
tially smoothed. This evidences that even
though there is an inhomogeneity of the oxy-
gen concentration in the crystal and, respec-
tively, the phases with different critical tem-
peratures are present, percolation paths seem
to exist for the transport current in the high-
temperature phase (at the resistance measure-
ments carried out along the ¢ axis).
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One of the possible reasons for the dif-
ference in the superconducting transition
forms at the longitudinal and transversal
resistance measurements is the generation
of a low-temperature phase at twin bounda-
ries. As it was noted above, the TB planes
are oriented along c¢ axis of the single crys-
tal and at an angle of o = 45° to a and b
axes, that is, at an angle to the transport
current vector, when measuring the electric
resistance along the ab-plane of the K1 sin-
gle crystal. Assuming that the low-tempera-
ture superconducting phase is generated at
the TB, then, at the resistance measure-
ments along the ab-plane, the percolation
paths for the transport current in the high-
temperature phase are absent. In the resis-
tance measurements carried out along the ¢
axis, probably percolation passing paths
exist for the transport current in the high-
temperature phase, as the TB planes are
oriented along the ¢ axis.

The supposition that the TBs are the low-
temperature phase generation centers seems
to be quite probable. In fact, the experi-
ments on decorating the vortex structure
[9, 10] have shown that the vortex density
in the TB is raised in comparison to their
density in the superconductor bulk, that
means suppression of the order parameter
at TB. This, in turn, may be due to the
reduced oxygen concentration in the TB
planes that may act as effective channeling
centers of oxygen vacancies [11]. The sup-
position on the order parameter suppression
at the TB in YBa,Cu30,_, single crystals is
confirmed also by the micro contact spec-
troscopy results [12].

A second important resistance peculiarity
regarding the samples with lowered T, con-
sists in a significant (of about 8 K) differ-
ence between the critical temperatures
measured along and across the basic plane
(see Table). A similar effect was observed in
Bi28r3caXCU208+X [13] and in Y832CU3O7_X
[14] single crystals with a large deviation
from stoichiometry in oxygen. In [14], the
effect is explained by a possible Fridel tran-
sition [15], which consists in the suppres-
sion of the transversal superconductivity
within a temperature range T,<T <T,
under the critical one (T} is the Fridel tem-
perature), through a specific growth mecha-
nism of Josephson vortices in layered super-
conductors. In the theoretical work [16],
such a mechanism could be realized in a real
crystal in the case of some disruption of the
periodical distribution of conductivity lay-
ers. According to [14], such a situation
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arises when the layers with different T,
separating each other are present within the
sample. This is confirmed by the results
from [17] which show that the oxygen con-
centration reduction in YBa,CusO,_, single
crystals causes the conducting sub-system
disintegration into several phases with dif-
ferent T,.. As it was mentioned in [14], a
second possible reason for the observed ef-
fect is the presence of plane defects within
the samples (in our case, twin boundaries).
Twin boundaries act as weak connections
between layers where the superconducting
current arises at temperatures lower than
the layers’” T.. A similar situation is real-
ized, in particular, in granular supercon-
ductors [18], to be explained in more detail
in what follows. As is shown in Table, the
maximum difference (7,% —T.) is ob-
served in the region of oxygen concentra-
tions of x = 0.2-0.25, which could be
connected with an Ortho I-Ortho II tran-
sition and, accordingly, with the type
change of the oxygen hyper-structure.

It is necessary to point out that the final
conclusion about the distribution nature of
the high and low temperature phases, as
well as the influence on the TB effect on
the superconducting properties anisotropy
in YBa,Cu307_, single crystals, needs to be
studied additionally. It is logical to carry
out additional measurements of the super-
conducting transitions in non-twinned and
twinned single crystals with a specific TB
plane distribution. In one segment of the
crystal, the transport current vector has to
be oriented in parallel, while in another
one, perpendicular to the TB plane. In the
latter case, the transport current inevitably
crosses the TB plane in one of the single
crystal segments (when I.LTB) and can flow
within the superconductor volume of the,
omitting the TB plane in another crystal
segment (when I|TB). The measurements in
the non-twinned crystals should provide
data concerning the existence (or lack) of
the step-like superconducting transition
form, as well the difference [T,%® — T,] in
the absence of plane defects in the sample.

As it was mentioned above, in the basis
plane, in p,;(T) dependences in relatively
high temperature region, the wide enough
linear section is kept even under a signifi-
cant oxygen deficit (x>0.35). To explain
this kind of dependence, various theoretical
models were proposed, among them, the
well-known RVB-theory [19] and the NAFL
model [20]. According to the first one, the
scattering process in HTSC compounds is
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Fig. 2. Temperature dependences of resistance in p-T — T2 coordinates: (a), in the ab-plane; (b),
along the ¢ axis. The curves are numbered as in Fig. 1. The dashed lines illustrate the approxima-
tion of the linear sections of the experimental curves.

realized by means of the interaction be-
tween the carriers and the two types of the
quasi-particular excitations — spinons and
holons [19]. Herewith, the temperature de-
pendence of resistance assumes, in addition
to the item linear with respect to tempera-
ture, an additive proportional to 1/T [17],
in both the longitudinal as well as the
transversal resistance:

o(T) = AT 1 + BT. 3
Indeed, as it is seen in Fig. 2, the pg(T)
and p.(T) resistivity dependences under an
oxygen doping close to the optimal level be-
come straightened in the p-T — T2 coordi-
nates. However, in the medium-doped and
underdoped samples, the experimental
curves cannot be described by the equation
(3). According to the NAFL model [20], the
carrier scattering in HTSC systems is de-
fined by antiferromagnetic interaction. For
this, the existence of a linear section in the
p(T) dependences evidences reliably the nor-
mal state of the system. Even so, none of
the theoretical models, explaining this be-
havior of p(T) curves in the relatively high
temperature region, could describe satisfac-
tory the deviation from the linearity taking
place at temperatures lower than a charac-
teristic value T corresponding to the
pseudo-gap opening [3, 4].

The temperature dependences of the
Po/Pap(T) anisotropy are shown in Fig. 8 in
Pe/Pap — T and In[(p./p,p)/T] - 1/T1/2 coor-
dinates. Those are in agreement with the
description of the function p./p,,(T) in the
second case by means of the following ana-
lytical expression:
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Fig. 3. Temperature dependences of the resis-
tivity anisotropy p./p,(T) in p./p,, — T and
In[(p,/pPgp)/T1 — 1/T1/2 coordinates. The
curves are numbered as in Fig. 1. The dashed
lines illustrate the approximation of the ex-
perimental curves by equation (4).

pc/pab ~ Texp(TO/T)l/z’ (4)
where Ty — constant. It is known that the
equation (4) is typical for the hopping con-
ductance with a variable hopping length —
"law of 1/2" [21].

Reduction of the oxygen concentration is
seen to result in a significant increase of
the absolute anisotropy value p./p,,. From
the experimental data analysis, it can be
concluded that, although equation (2) pro-
vides a qualitative description of the experi-
mental dependence p./p,,(T) in the region
of relatively high temperatures, it is not as
an efficient description as equation (4) of
the hopping conductivity. It is known from
the theory that the "law of 1/2", is usually
treated as a Coulomb gap in the energy
spectrum of the carriers, more typical of
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semiconductors [22]. On the contrary, as it
was shown in [21], the equation (4) is more
general and can be applied for a broader
class of conducting compounds with a sig-
nificant structural disorder. In particular,
it can be used for a dispersion of small metal
granules within a dielectric matrix [21]. It is
known that doping HTSC cuprates either by
substituting with isovalent analogues, or by
changing the oxygen concentration, causes
the system disintegration into electron-neu-
tral regions of two types — metallic, with a
high carrier concentration, and dielectric
[28]. The kind of domains can be"imposed”
also by ordering dopants. It is obvious that
under adequately small dimension inclusions
with metallic conductance, the system may
take features typical of the granular metals.

It is evident from Fig. 8 that the slope of
the curves increases in parallel with the
oxygen deficiency. This implies that the ac-
tivation energy also increases. It should be
also noted that for the curve 6, with the
lowest T,, at temperatures around 135 K,
the slope changes more than twice. This, in
turn, evidences a reduction of the activation
energy, and reflects the presence of phase
transitions observed in [1] for the YBCO
single crystals. According to [1], the phase
transitions of this type influence the charge
transport kinetics. A certain deviation from
the linear dependence for the curves 1-5
occurring in the relatively low temperature
region could be due to the increasing contri-
bution from the fluctuation component to
the longitudinal conductivity that becomes
essential near the superconducting transi-
tion temperature [4].

Thus, the analysis of the obtained experi-
mental data gives rise to supposition that the
decrease of the oxygen content in YBa,Cu;0,_
x single crystals results in localization of
the carriers along the direction of ¢ axis
and in a modification of the layer interac-
tion. The temperature dependence of the re-

sistivity anisotropy p./pg(T) is described
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well within a wide temperature range by the
universal "law of 1/2" for the thermal acti-
vated hopping conductivity.
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IIpuraiveHHsa HAANMPOBIAHOCTI HA ABIHHMKOBHUX MeKax i
aHi30TPONIiA IMO3T0BKHHOTO i MONMEPEYHOTO TPAHCIOPTY
y moHOkpucraaax YBa,Cu;0,_, 3 nedinurom kmucHio

P.B.Bosx, M.0.06onencoxkuii, A.A.3a620podHnii,
O.B.Bondapenko, 1.JI1.I'ynamic, H.H.Ye6omaes

Bumipsazo TemMnepaTypHi 3asie;KHOCTiI MpoBigHOCTI B3IOBK i momepek 0asucHOI ab-mromiu-
HE y MoHOKpucranax YBa,Cu;O,_ , 3 pisaum crymenem kumcHeBoi Hecrexiomerpii. ITokasawo,
mo y 3paskax 3 gedimmuToM KHCHIO pealidyeTbcd HEPiBHOMipHUII POSIOAiJI KUCHIO B 00’eMi
KpucTaja, AKUI BUKJIUKAE yTBOpPeHHA (pas 3 pisHUMU KPUTUUYHUMU TeMueparypamu. IIpo-
aHaJIi30BaHO BiITOBigHICTHL OfEepP/KAHNX eKCIEePUMEHTAJbHUX Pe3yJbTaTiB 3 mepeibauyeHHAMU
PiBHUX TeopeTMUHUX MoJejeii. BuapjeHo, o0 aHisoTponis HOPMAaJbHOTO €JEeKTPOOIIOPY
P./Pap(T) HOOpe ommCyeThes 3a JOIOMOIOI0 YHiBepcaJbHOro ~3aKoHY 1/2" 1id TepMOaKTH-
BaIiiiHoi cTpubKoBOi MpPOBigHOCTI.
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