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The temperature dependences of electrical resistance along the c-axis and in the ab
plane for HoBa,Cu;0O,_5 single crystals with various oxygen content have been measured.
The temperature dependences of the pseudogap value have been determined. These depend-
ences have been shown to be described satisfactorily within the frame of crossover (BCS-
BEK) theory. The intensification of localization effects results in depression of the
pseudogap state. A considerable anisotropy of the superconductive properties has been
observed when measuring the temperature dependences of electrical resistance along and
across the basis plane.

HamepeHbl TeMIlepaTypPHbIE 3aBUCUMOCTH JJIEKTPOIIPOBOJHOCTH BIOJb OCU € U B ab-Iioc-
xocTu MoHOKpHucranmnos HoBa,CuzO,_ s ¢ pasnuuHeIM cojepxaHueM Kuciaopona. OmpeneseHs:
TeMIlepaTypHble 3aBUCHMOCTH BeJUUYMHBI [ICeBAOIeN . [I0Ka3aHo, UTO 9TU 3aBUCHUMOCTH yIOBJIE-
TBOPUTEJILHO ONNCHIBAIOTCA B paMKax Teopum KpoccoBepa BKIII-BOK. Vceuiaenume sdpdexTon
JIOKAJIN3alliK TPUBOAUT K IIOJABJIEHUIO IICEBIOIe]eBOoro cocrosiuusa. OOHapys;KeHa 3HAUNTE]b-
Has aHMW30TPONUS CBEPXIIPOBOISIIIUX CBOMCTB IPU HN3MEPEHUSAX TeMIEPATYPHBIX 3aBUCHMOCTEN
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QJIEKTPOCOIIPOTUBJIEHUS BJAOJIb U IIOIIEPEK 0a3MCHOM ILIOCKOCTH.

It is well known that the change of the
oxygen and impurity concentrations in
high-temperature superconducting com-
pounds (HTSC) influences substantially the
current carrier density, the material ther-
mal and electrical conductivity [1, 2]. Re-
cently, the realization of pseudogap state
(PG) anomalies arising in the "underdoped”
HTSC compositions with lower current car-
rier concentration than the optimum one
(see, e.g., [8-5]). According to modern con-
cepts, there are two main scenarios for the
onset of the PG anomalies in HTSC systems.
According to the first scenario, the PG ap-
pearance is related to “dielectric” type
short-range order fluctuations, e.g., the
anti-ferromagnetic fluctuations, spin and
charging density waves, etc. (see [3] for a
review). The second scenario supposes the
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formation of Cooper pairs already at tem-
peratures substantially exceeding the criti-
cal one, T >> T., followed by the estab-
lishment of their phase coherence at T < T,
[4, 5]. Despite the extensive experimental
material collected until now, this question
remains still undetermined. Within this as-
pect, the most promising materials to study
are compounds of the ReBa,Cu;0;_5 system
(Re =Y or other rare-earth ion), that is due
to the acquired knowledge in single crystals
production technology and the relatively
easy way to replace yttrium with its iso-
electron rare-earth analogues. This, in turn,
makes it possible to vary the compound con-
ductivity characteristics by partial or com-
plete substitution of its components. In this
work, we report the results concerning the
PG value evolution and temperature depend-
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Fig. 1. Temperature dependences p.(T) along c-axis in coordinates p/pgoo — T (2); In[(p/pgpe)/T1 —
1/T (c); ln[(p/p300)/T1/2] — 1/TY% (d). The resistive transitions to the superconducting state are
shown in Fig. 1(b). The open symbols for K1 crystal data, the full ones, to the K2. The 1, 2 and 3,
4 curves are measured prior to and after reduction of the oxygen content, respectively. In the inset

the experiment geometry is shown schematically.

ence (that have been obtained by measuring
the conductivity in the ab-plane and the en-
ergy charge transfer gaps along c¢ axis), in
oxygen doped HoBa,Cuz0;_5 single crystals
at decreasing oxygen content.

The HoBa,Cu;0;_s single crystals were
grown in a gold ecrucible by self-flux
method similar to YBa,Cu;0;_5 single crys-
tals synthesis technology described in detail
in [1]. For the resistivity measurements,
the single crystals of 2x1.8+0.5 mm3 (Sam-
ple K1) and 1.9x1.9x0.5 mm3 (Sample K2)
sizes were selected with the ¢ axis oriented
along the smallest dimension. The experi-
mental geometry was selected so that the
transport current vector was different from
the twin boundaries (TB) orientation in the
ab-plane, as is shown in the inset of Fig. 1(a).
The electric contacts were formed according
to the standard four-contact scheme by ap-
plying silver paste onto the crystal surface
and the connection of gold conductors
(0.05 mm in dia.). This procedure provided
a contact transition resistance of less than
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1 Q. The electric resistance in the ab-plane
and along c-axis was measured using the
standard method for two opposite directions
of a de¢ current up to 10 mA, as it was
described in detail in [1]. To obtain samples
with an optimum oxygen content and high
T., the crystals were annealed in oxygen
flow at 420°C for 3 days. To decrease the
oxygen content, the crystals were annealed
in vacuum at 500°C. The parameters and
the data obtained for the samples are given
in Table. The temperature was measured by
a copper-constantan thermocouple. All the
measurements were carried out three days
after annealing, thus providing an equilib-
rium oxygen distribution over the sample
volume, at room temperature [2].

The p.(T) dependences measured prior to
and after the sample annealing at different
temperatures are shown in Fig. 1(a). The
resistive transitions to the superconductive
state are shown in Fig. 1(b). It can be no-
ticed that as the oxygen concentration is
reduced, p,. increases, T, decreases and the
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Fig. 2. Temperature dependences of the electric resistance in the ab-plane p,,(T) for the K1 crystal
(open symbols) and for the K2 crystal (full symbols) measured prior to (a) and after (b) the the oxygen
content reduction. Insets show the resistive transitions into the superconducting state in R — T
coordinates: [(a)—(1)]; [(b)—(1)] and in dR/dT — T coordinates: [(a)—(2)] and [(b)—(2)].

pAT) curves show a transition from the me-
tallic behavior to that with a characteristic
semiconductor deflection. In Figs. 1(c) and 1(d),
the same dependences are shown in coordinates
In(p./T) - 1/T and In(p,/T1/?) —1/T1/4, that
correspond to the description of p, = f(T) func-
tion by means of analytical expressions:

pe = ATRXpA,/T), (1)

p. = BT "exp(Ty/T)"", 2
where A, B, and T, are constants and A, is
the activation energy. It is known that the
first expression is typical for the activation
mechanism of the carrier motion, while the
second one is typical for the hopping con-
ductance with a variable hopping length. It
is seen from the Figure that for samples

with optimum oxygen composition, the p.(T)

Table. Parameters of experimental samples

dependence of is better fitted by the Eq.(1),
while for oxygen-deficient samples, the de-
pendences are better described by Eq.(2). It is
also seen from the Figure that the slope of the
curves increases with the increasing oxygen de-
ficiency, which, in turn, means that the activa-
tion energy also increases (see Table). It is also
to note that the slope of the curve correspond-
ing to the minimum T,~70 K changes more
than twice at 155 K and 88 K, what, in turn,
corresponds to the activation energy change
from 48 to 15 and to 7.7 meV, respectively,
and reflects the presence of phase transitions
observed before [1] for YBaCuO single crystals.
According to [1], such phase transitions affect
the charge transport kinetics. Thus, the consid-
eration of the experimental data obtained al-
lows us to suppose that the decreasing oxygen
content results in localization of the carriers

c-axis ab-plane
P t
arameters I r, x A, meV p(300), T, T | A | E0),
T< |88K| T> | H¥em K K meV. | A
Sample 88 K |<T <|155 K
155 K
K1 Initial | 91.5 12.67 120 91.3 188 | 68.02 | 1.88
(TITB) | Annealed| 51.87 | 45.25 | 14.14 | 5.52 | 673 69.51 270 | 17.93 | 4.23
K2 Initial | 91.8 13.88 125 | T, =91.33 | 185 | 69.91 | 1.77
(o pp = 45°) T,' = 91.23
1
Annealed| 50.4 |47.75|15.09| 7.67 | 695 | T, =72.18 | 256 | 19.22 | 4.18
1
T.' = 64.18
1
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along the c-axis direction and in a modifica-
tion of the layer interaction.

In Fig. 2, shown are the temperature de-
pendences of the electric resistance in the
ab-plane, p,;(T), for the same samples,
measured prior to (a) and after (b) the oxy-
gen content reduction. A principal behavior
difference of these dependences is seen as
compared to those ocbserved when measuring
the temperature dependence of electrical re-
sistance perpendicular to the basis plane.
While the oxygen stoichiometry deflection
results in a metal/semiconductor transition
for the p.(T) curves related to the basic
plane, the linear p,,(T) dependences are
maintained within a considerable range of
rather high temperatures. This, according
to NAFL [6], evidences reliably the normal
system state. At further temperature de-
creasing below a certain characteristic value
T*, a deviation of p,(T) from the linear
dependence occurs, which evidences the
presence of some excess conductivity that
may be caused by transition to the
pseudogap (PG) regime, that will be consid-
ered in detail below.

It is seen from Table and Fig. 2(b) that
as oxygen concentration decreases, the criti-
cal temperature decreases, the absolute
value of electric resistance increases and
the area of the linear p,,(T) dependence
narrows significantly. The small width of
the superconducting transition (AT.<0.5 K)
increases considerably, and for the K2 sam-
ple the transition acquires a step-like char-
acter which evidences obviously the occur-
rence of two phases in the sample with dif-
ferent superconductive transition critical
temperatures. Because such a wide bottom
step was not observed in the measurements
of K1 sample (I | TB) (open symbols), it is
logical to explain its existence in the first
case by the superconductivity suppression
at TB. The above is confirmed by a clearly
defined step-like form of the supercon-
ducting (SC) transition obtained from the
pAT) measurements in the same K2 crystal
along c-axis (Fig. 1(b)). In fact, the pro-
nounced step presence in the p,,(T) implies
the presence of percolation paths for the
transport current in the high-temperature
phase when I|TB|lc and their absence when
the angle between I and TB is 45°. It should
be also noted that such a feature in the SC
transition was shown for the K2 crystal
even before oxygen depletion (T, = 90 K) as
two clear peaks in the dR(T)/dT dependences
(inset (2) in Fig. 1(a)). The width increase for
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both the peaks under oxygen deficiency
(inset (2) in Fig. 1(b)) shows that the differ-
ence between the critical temperatures of
the low-and high-temperature supercon-
ducting phases T,.; and T_, increases (see
Table).

A second important feature of the elec-
tric resistivity temperature dependences for
the samples with low T, consists in a sig-
nificant (about 20 K) difference between
the critical temperatures measured along
the basic plane and perpendicular thereto.
Such an effect was observed in
Bi28r3caXCU208+X [7] and Y832CU3O7_8 [8]
single crystals with a large deflection from
oxygen stoichiometry during the resistivity
and magnetic susceptibility measurements.
The authors [8] explained the effect by the
realization of Fridel transition in the sam-
ple [9], which consists in the transversal
superconductivity suppression within a tem-
perature range under the critical T, < T <
T, (Ty — Fridel temperature) due to a spe-
cific mechanism of Josephson vortice
growth in layered superconductors. As it
was shown in theoretical work [10], the re-
alization of such mechanism in real erystal
is possible in case of some disruption in
periodical distribution of conducting layers.
The observed effect seems to result also
from the sample inhomogeneity, for exam-
ple, from the superconductivity suppression
at TB. However, taking under consideration
the experimental geometry, we can conclude
that this is not the governing factor in the
observed T, anisotropy. In fact, as is seen
from Table, when the transport current
passes both along and across the TB in basic
plane, the significant difference is main-
tained between the critical temperature val-
ues measured along ¢ axis and in ab-plane,
including the T,; and T,.; values observed
for both peaks in dR(T)/dT dependences.
According to [8], a periodicity disruption in
the conductive layers distributions could be
due to the existence of layers with different
T, within the sample, separated from each
other. This scenario is evidenced by results
[2] which demonstrate that the oxygen con-
centration reduction in YBa,Cu;0;_s single
crystals causes the conducting subsystem
disintegration into several phases with dif-
ferent T'.. The existence of similar phases is
not observed often during the resistivity SC
transitions measured in the ab-plane due to
percolation paths of the transport current
in the phase with maximum T, (like it is in
case when I|TB|c — open symbols in the
insets (1) and (2) in Fig. 2).

Functional materials, 13, 4, 2006
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As it was above mentioned, below a cer-
tain characteristic temperature T*, the
pap(T) dependences become "rounded”; per-
haps this fact might be due to the appear-
ance of an excess conductivity determined
by the relationship

AG = - Gy, (3)

where 6 = po’l = (A + BT) 1 is the conduc-
tivity value determined by extrapolating the
linear section to zero temperature and ¢ = p1
is the experimental conductivity in the nor-
mal state. The temperature dependences of
the excess conductivity in IlnAc — 1/T and
Ac — T (inset (a)) coordinates are shown in
Fig. 8. It is seen that these dependences are
linear in a wide temperature interval, in
agreement with the expression:

Ac~exp(A},/T) (4)

where A*ab is a quantity defining a certain
thermo-activation process across the energy
gap, also called "pseudo-gap” (PG). As it is
seen from Table, the PG value calculated
from (4), reduces from 70 to 18 meV with
decreasing oxygen concentration. Thus, a
clear correlation exists in the evolution of the
PG value A*ab in the basic plane and the en-
ergy gap of charge transfer along the ¢ axis
direction A., as oxygen concentration varies.
The A*ab value decreases while A, increases,
and vice versa. Thus, the analysis of the ob-
tained experimental data allow us to conclude
the PG-regime suppression at a simultaneous
amplification of the localization effects.

The exponential dependence Ac(T) was
observed in YBaCuO ceramics [11], films
[5], and manganese doped samples [12],
with comparable A" values. As shown in [5],
the experimental data approximation could
be extended significantly by introducing the
(1 - T/T¥) factor. In this case, the excess
conductivity is proportional to the density
of superconducting carriers ng ~ (1 — T/T")
and in inverse proportion to the number of
pairs ~exp(—A*/kT) destroyed by thermal
motion:

Ac ~ (1 = T/T"exp(AL,/T) (5)

T* is considered as the field-averaged super-
conducting transition temperature, while
the temperature interval T, < T < T” where
the pseudogap state exists is defined by the
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Fig. 3. Temperature dependences of the ex-
cess conductivity in the ab-plane for the K1
crystal in In(Ac) — 1/T and Ac — T [inset (a)]
coordinates measured prior to and after the
oxygen content reduction (curves I and 2,
respectively). Inset (b) presents the
pseudogap temperature dependences in the
AN(T)/A" e — T/T" coordinates (A",
teau A* value far from T™). The open symbols
are for K1 crystal data, the full ones, for K2.
The curves denoted by squares were measured
prior to the oxygen content reduction, those
denoted by circles, after that. The otted line
shows the A™(T)/A(0) vs. T/T" dependence cal-
culated in [13, 14].

is pla-

rigidity of the order parameter phase which
decreases as the oxygen deficiency in-
creases. It is seen in Fig. 8 that the A*ab
value is essentially temperature-independent
far from T (A*ab = A*max) and becomes tem-
perature-dependent quantity when ap-
proaching T™:

s(T) ~ Af (1 - T/TH1/2, (6)

The Ac(T) dependence approximation by
expressions (4), (5) and (6) is shown in Fig. 3
by dash-and-dot, dot and dash lines, respec-
tively. In such a manner, using the method-
ology proposed in [5], the temperature de-
pendence A*,,(T) can be constructed from
the experimental curve InAc up to the point
T*. Inset (b) in Fig. 3 show the temperature
PG dependences in A*(T)/Amax — T/T* coordi-
nates (A,,,, is the plateau A” value far from
T*). The A*(T)/A(0) vs. T/T" dependence in
this Figure are shown by the dotted line.
The dependences were calculated according
to [18, 14] using the average field approxi-
mation within the BCS-BEK crossover theo-
retical model, taking as the crossover pa-
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rameter pu/A(0) = 10 (where u is chemical
potential of the carrier system; A(0), the
energy gap value for T = 0). Taking into
consideration the conventionality in deter-
mining the PG opening value T* as a devia-
tion from linearity in the R(T) dependence,
we may consider the experiment to agree
well with the theory.

As is shown in Fig. 38, Ac increases
sharply when approaching T,.. It is well
known [15] that the excess conductivity
near T, is caused by the fluctuating pairing
of carriers (FC) the contribution of which to
the conductivity at T > T,, regarding the
two-dimensional (2D) and three-dimensional
(3D) cases, are described by the equations:

e 0
AS2p = Terat
2 (8)

AGap = —o ¢
8D " 32nE,(0)

where ¢ = (T — T,)/T,; e is electron charge;
£.(0) is the coherence length along ¢ axis at
T — 0; and d, a characteristic size of the
two-dimensional layer. As mentioned above,
the T, value was determined in our case in
the maximum point of the dR,,(T)/dT de-
pendence in the superconductive transition
area corresponding to the high-temperature
phase (Fig. 2).

In Fig. 4, the Ao(T) dependences are pre-
sented in InAo(Ing) coordinates. In the tempera-
ture interval between T, and 1.05 — 1.15T, (de-
pending on the oxygen concentration), these
dependences are approximable well by straight
line with a slope of tgo;~—0.5, in accordance
to the power index —1/2 in the equation (8),
thus evidencing the 3D character of fluctu-
ating superconductivity within this tem-
perature range. At the further temperature
elevation, the Ac decline rate increases ap-
preciably (tgog~—1). This is an indication of
the fluctuation conductivity (FC) dimen-
sional change. Then, it follows from the
equations (7) and (8) that at the 2D-3D
crossover point,

£(0)eg2 = d/2. 9)

In this case, having determined the g,
value and using published data on the inter-
plane distance dependence on & [16]
(d=11.7 A), we can calculate the the coher-
ence length £.(0). As is shown in Table, the
£,(0) value calculated according to (9), in-
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Fig. 4. Conductivity Ac(T) dependences in
InAc — Ine coordinates. The curves in are nu-
merates as in Fig. 1. The dotted lines present
the approximation at tgo;~—0.5 (3D regime)
and tga,~—1.0 (2D regime).

creases from 1.8-1.9 mo 4.2 A as T, de-
creases, which is in agreement with £.(0)
values obtained for YBaCuO samples with
various oxygen concentrations [17].

In summary, the main results of the pre-
sent work are as follows. A decrease of the
oxygen doping degree in the HoBa,Cu;0;_g
single crystal results in a transition from
the metallic behavior of temperature con-
ductivity dependences along the axis ¢ to
the hopping conductivity with a wvariable
length of hop. In the case of oxygen defi-
ciency, phase transitions at 155 and 88 K
change the activation energy of the charge
transfer along the c-axis. In the ab-plane,
the reduction of oxygen content results in a
significantly narrowed linearity interval of
Pap(T) dependence and in extended interval
where the pseudogap regime is realized. The
excess conductivity is described by exponen-
tial temperature dependence within a wide
temperature range. When the oxygen con-
tent is varied, the absolute values of the
in-plane and off-plane energy gaps (in the
ab-plane, along c-axis) change, the signs of
their derivatives being different. When the
A, increases, the pseudogap value A*ab de-
creases and vice versa. The theoretical
model of crossover (BCS - BEK) provides a
satisfactory description of the pseudogap
temperature dependence. The shift towards
lower critical temperature values for the su-
perconducting transition for the p,. compo-
nents as compared to p,;, may be a result of
Fridel transition in the investigated samples.

Functional materials, 13, 4, 2006
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AHi3oTpomnmia mpoBigHOCTI i eBOMIOIiA IMCEeBION[IIMHHOTO
crany y MoHokpucraiaax HoBa,Cu;0,_;
i3 3a/IaHOI0 TOMOJIOTi€I0 MIOIMHHUX AedeKTiB
NpM 3HUKEHHI BMICTy KHCHIO

M.0.O60nencokuii, P.B.Bosx, O.B.Bondapenko, I1.JI.'ynamic

Bumipszuo TemmeparypHi 3a/ie:KHOCTiL eJeKTPOIpPOoBigHOCTI B3ZOBK oci ¢ i B ab-miaomuui
monokpucraiis HoBa,Cu;0;_; 3 pisaum BMmicToM KucHIo. BusHaueHo TemIepaTypHi 3ajex-
HOCTi BesmuumHU MnceBromliiuHu. [loKasaHo, IO I[i 3aJeKHOCTI 3am0BIILHO OIMCYIOTHCH Y
mexxax Teopili xpocosepa BKRIII-BEK. Ilocunenns ederTiB Jokagisamii mpuBOAUTL OO IIPHU-
rHiYeHHS [ICeBIOMIiJIMHHOIO CTAaHy. BUABIEHO 3HAUHY AaHIi30TPOIMiI0 HAAIPOBIAHMX BJIACTHU-
BOCTEel IIPM BHUMIipIOBAHHI TeMIepaTypHHX 3aJIe:KHOCTEH eJIeKTPOOIIOPY B3AO0BMK 1 IIOIEepeK

0a3MCHOI ILIOIIWHM.
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