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Abstract

The effect of high pressure on the conductivity in the basal plane of HTSC single
crystals of Y ,,Pry,3Ba,Cu;0,_; is investigated. It has been established that the
excess conductivity, Ao(T), of these single crystals in a wide temperature range
T;<T<T%* can be described by an exponential temperature dependence. The
description of the excess conductivity using the relation Ao~ (I — T/T*)exp(A*,,/T)
can be interpreted in terms of the mean-field theory, where T* is represented as the
temperature pseudogap opening, and the temperature dependence of the pseudogap
(PG) is satisfactorily described in the framework of the BCS-BEC crossover theory.
An increase in the applied pressure leads to the effect of narrowing the temperature
interval for the realization of the PG-regime, thereby expanding the region of the
linear dependence p(T) in the ab-plane.
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1 Introduction

The study of the pseudogap anomaly (decrease in the density of states) continues to
be one of the main directions of high-temperature superconductivity (HTSC) phys-
ics [1-3]. According to contemporary concepts [1, 2, 4], it is this unusual phenom-
enon, along with the fluctuation paraconductivity [5, 6], the metal-insulator transi-
tions [7, 8], the incoherent charge transfer [9, 10], which are essential to understand
the nature of HTSC [4].

Presently, the most debated scenarios for the realization of the PG state in HTSC
cuprates are the concept of uncorrelated pairs [2, 3, 11] and various models of die-
lectric fluctuations [1]. Among the theoretical works supporting the first point of
view is the crossover theory from the Bardeen—Cooper—Schrieffer (BCS) mecha-
nism to the Bose—Einstein condensation (BEC) mechanism [11], in which the tem-
perature dependencies of the pseudogap were obtained for the case of weak and
strong pairing. In general, these dependencies are described by equation:

/42
A(T) = A(O)—A(O)\/; /mexp [_T x| 1 +erfl \| —onu
(1

T/A(0)
where x, = p /A(0) (u is the chemical potential of the carrier system; A(0) is the
energy gap at T=0), and erf(x) is the error function.
In the limiting case x, — oo (weak pairing), analytical expression (1) takes the
form:

3
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well known in the BCS theory. At the same time, for the limit of strong interactions
in the 3-dimensional case (x,< — 1), formula (1) is transformed into:

A0\ Vi2A2(0
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=

Herewith, as it was shown in [2, 3, 12], with sufficiently high measurement accu-
racy, the values of the pseudogap in a wide temperature range can be determined
from p_,(T) dependencies (electrical resistivity in the basal plane) at temperatures
below a certain characteristic value T* (temperatures of the transition to the pseu-
dogap state).

The most promising system for research is the 1-2-3 system HTSC compounds
with partial replacement of yttrium with praseodymium (Y,_PrBa,Cu;0;—),
due to two main reasons. Firstly, doping with praseodymium, in contrast to other
rare-earth elements [13, 14], leads to a gradual suppression of the superconducting
parameters of the compound [15, 16], which makes it possible to smoothly vary the
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electrical transport properties of the compound. Secondly, such a replacement allows
keeping the oxygen stoichiometry of the compound practically unchanged [15, 17,
18]. This, in turn, makes it possible to avoid the appearance of the so-called non-
equilibrium state, which can be induced in oxygen-deficient YBa,Cu;0,_s samples
in the case of a sudden change in temperature [19, 20], aging [21, 22] or application
of pressure [23, 24]. In the latter case, this requires the use of special techniques that
make it possible to separate the so-called actual [25, 26] and relaxation [2, 3, 23, 24]
pressure effects. Notably, despite a quite large number of studies regarding the effect
of pressure on various characteristics of 1-2-3 compounds, only a small part of them
was obtained on the Y,_ Pr Ba,Cu;0,_s compounds [15] and the effect of pressure
on the PG in such samples was not studied at all. In our previous works [27, 28],
we studied the effect of pressure on the resistive transition to the superconducting
state and the fluctuation conductivity at temperatures near the critical temperature
(T>T,). In the present study we investigate the effect of high hydrostatic pressure up
to 11 kbar on the temperature dependence of the pseudogap in Y,_,Pr Ba,Cu;0,_;
single crystals with an average (x~0.23) concentration of praseodymium at tempera-
tures far from the critical temperature (7> >T,).

2 Experimental methods

The HTSC Y,_PrBa,Cu;0,_;s single crystals were grown by the solution-melt
technology in a gold crucible, according to the procedure reported previously
[16, 27, 28]. For the resistive studies, we used rectangular crystals with a size of
3%0.5%0.03mm?>. The smallest crystal size corresponded to the c-axis direction.
The electrical contacts were created according to the standard 4-contact scheme by
applying a silver paste to the crystal surface, followed by connecting silver conduc-
tors 0.05 mm in diameter and annealing for three hours at a temperature of 200 °C
in an oxygen atmosphere. This procedure made it possible to obtain a contact resist-
ance of less than one Ohm and to carry out resistive measurements at transport cur-
rents up to 10 mA in the ab-plane. The hydrostatic pressure was created in a pis-
ton-cylinder multiplier [24, 26-28]. The magnitude of the pressure was determined
using a manganin manometer, and the temperature was determined with a copper-
constantan thermocouple mounted in the outer surface of the chamber at the level of
the sample position.

3 Results and discussion

Figure 1 shows the temperature dependences of the electrical resistivity measured
at the orientation of the transport current /Lc (p,; (7)) and at different pressures. It
can be seen that as the applied pressure increases, the critical temperature of the
sample increases and the electrical resistivity decreases, which is consistent with
previous studies [15]. The application of pressure also leads to a significant (up to
47 K) expansion of the linear portion of the p,,(T) dependence in the high-temper-
ature region. The latter is reflected in a decrease in the temperature 7%, at which a
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Fig. 1 Temperature dependences of the p,,(7) of the Y ,,Pr,,3Ba,Cu;0,_; single crystal obtained at
pressure: 0; 4.1; 6.4; 8.7; 11 kbar—curves 1-5, respectively. The arrows show the temperatures of the
transition to the pseudogap state 7*. The inset shows the temperature dependences of the excess conduc-
tivity Ao(T) of the single crystal at atmospheric pressure

systematic deviation of the experimental points begins downward from the linear
dependence. According to contemporary concepts, 7* corresponds to the opening
temperature of the pseudogap state [1-3], which will be discussed in more detail
below.

A faster than a linear decrease in the value of p,,(T), which is observed in the
temperature range 7<T%, indicates the appearance in the crystal of the so-called
excess conductivity (Ac). The temperature dependence of excess conductivity is
usually determined by:

Ao =0 — oy, 4)

where 6}, =py;, "' =(A+BT)"! is the conductivity determined by extrapolating the
linear section to zero temperature, and 6=p~! is the experimental value of conduc-
tivity in the normal state.

The obtained experimental dependence Ao(T) is shown in the inset to Fig. 1 in
InAc — 1/T coordinates. It can be seen that in a relatively wide temperature range,
these dependencies are linear, which corresponds to their description by an expo-
nential dependence:

Ac ~exp(A, /T), 3)

where A*, is a quantity that determines a specific thermoactivation process through
an energy gap—the “pseudogap.”

The exponential dependence Ao(T, P=0) has already been observed earlier in
YBaCuO film samples [12]. As shown in [12], the approximation of the experi-
mental data can be substantially extended by introducing the factor (1—T7/T%).
In this case, the excess conductivity turns out to be proportional to the density of
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superconducting carriers n,~ (1 —7/T*) and inversely proportional to the number of
pairs ~exp(— A*/kT) destroyed by the thermal motion:

Ao ~ (1 =T/T*)exp (A%, /T). 6)

wherein T* is considered as the temperature of occurrence (opening) of the pseu-
dogap, and the temperature interval 7, < T<T* in which the pseudogap state exists,
is determined by the phase rigidity of the order parameter, which, in turn, depends
on the oxygen deficiency or the concentration of the dopant. Thus, using the tech-
nique proposed previously [12], from the experimental curve InAc it is possible to
construct the temperature dependence A* ,(T) up to T*.

Figure 2 shows the temperature dependences of the pseudogap in
A*(D)/A,— T/T* coordinates ((4,,, is the value of A* on a plateau far (away)
from T%*) obtained at different pressures. Dependencies A*(T)/A(0) from 7/T*
that were calculated according to (2), (3) in the mean-field approximation in the
framework of the BCS-BEC crossover theory [11] for the values of the crosso-
ver parameter u/A(0)=10 (BCS border), -2, -5, -10 (BEC border) are shown in
Fig. 2 with dashed lines. It can be seen that as the applied pressure increases, the
experimental curves shift from dependences of the form (3) to (2). This behav-
ior turns out to be qualitatively similar to the transformation of the temperature
dependences of the pseudogap of the YBaCuO samples observed with a decrease
in the degree of oxygen non-stoichiometry [2, 3]. The correlations in the behav-
ior of the curves A*(T) are not random. In particular, as it is well known from
previous studies (refer for example to [23-26]), the application of high pressure
to the samples of the 1-2-3 HTSC system, as well as an increase in the oxygen
content [2, 8], leads to an improvement in the conducting characteristics. This is
expressed in an increase in the absolute value of 7, and a significant decrease in
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Fig.2 Temperature dependences of the pseudogap of the Y ;;Pr,,3Ba,Cu;0,_s single crystal in the
A*(T)/A* = T/T* coordinates (A*,,, is the value of A* on the plateau far (away) from 7%). The num-
bering of curves corresponds to the numbering in Fig. 1. The dependences A*(7)/A(0) from 7/T*, cal-
culated according to [11] for the values of the crossover parameter x/A(0)=10 (BCS border), -2, -5, -10
(BEC border) are shown in Fig. 2 with dashed lines (6-9), respectively
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electrical resistivity. Herewith, specific mechanisms of structural relaxation and
quasiparticle scattering [29-35], due to the presence of kinematic and structural
anisotropy in the system, can have a certain effect. Thus, taking into account cer-
tain conventionality in determining the magnitude of the 7* from the deviation of
pap(T) from linear behavior, the agreement between the experiment and theory in
our case can be considered quite satisfactory.

4 Conclusions

Here we can conclude that the application of high pressure to Y, Pr,Ba,Cu;0;5
(x<0.23) single crystals leads to a significant expansion of the interval of the
linear dependence p_,(T) and a narrowing of the temperature section of the imple-
mentation of the pseudogap state. Herewith, the excess conductivity obeys expo-
nential temperature dependence in a wide temperature range, and the temperature
dependence of the pseudogap is satisfactorily described within the framework of
the BCS-BEC crossover theory.
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