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In this work, we have investigated the effect of high pressure on conductivity in basal
plane of the high temperature super conducting single crystals HoBa,Cu;0,_5 with oxygen
deficiency. It has been determined that the excess conductivity Ao(T) of HoBa,Cu;0,_g
single crystals in temperature interval near the critical temperature (T,) is described
within the framework of the Aslamazov-Larkin theoretical model. It has been shown that
evolution of the transverse coherence length £,(0) in the case of application/removal of the
high pressure is largely determined by the "relaxation” pressure effect during prolonged
exposure of the sample under load at the room temperature.

Keywords: excess conductivity, hydrostatic pressure, YBaCuO single crystals, high-
temperature superconductivity, crossover, pseudogap state.

HUccnenoBano BAUAHUE BBLICOKOTO AABJEHWA Ha IPOBOAUMOCTL B 0a3MCHOIH IIJIOCKOCTU
BTCII-monokpucrantos HoBa,Cu;0;_5 ¢ HegocTaTkoM Kucmopoja. YCTaHOBAEHO, UTO M30HI-
TouHad nposoguMocTs AG(T) MoroKpucTantos HoBa,CuzO,_s B mHTEpBaNe TeMIepaTyp BOIM-
3u KpuTmiecKoi T, yJOBIETBOPHUTEJNLHO OIMCBIBAETCA B PaMKaX TEOPETHYECKON MOJeIU
Acnamazosa-Jlapkuua. Ilokasano, 4TO 9BOJIOIKSA IIONEPEYHON JAJIMHBI KOr€PEHTHOCTI &c(O) B
cayuae TPUJIOKEHUA-CHATUSA BBICOKOTO TaBJIE€HUS B 3HAUNTEJBHON CTENeHU OIpexeasaeTcs
"pesnakcanOHHLEIM 3((PeKTOM JaBjJeHUs B Ipollecce IJIUTEJLHON BBLIAEPMKKU o0pasma IIof
HATPY3KO#l MpM KOMHATHOH TeMmeparype.

Biumme THcKy Ha mapanposigmocts momokpucraxis HoBa,Cuz;O,_s 5 Hecraueo KHCHIO.
E.B.Tiomepesa, A.B.Jloszononosa, O.A.Hoprosoa-Trauenwo, 1.J1.1epiit, P.B.Bogx, C.I.IIpuxodvro.

HocmimKeHO BIJIMB BUCOKOTO THCKY Ha TpoBiAHicTh y OasmcHift mmomuuai BTCII-mono-
KPUCTAJiB HoBaZCu307_5 3 HecTauel KUCHIO. BcTaHOBIIEHO, M0 HAMJMIIKOBA HPOBigHicTb
Ao(T) monorpucranxie HoBa,Cu;O,_5 B imTepBani Temmeparyp mo6imsy kpuruunoi T, samo-
BilbHO omnucyeTbCca y paMKax TeoperuuHol mopmenai Acmaamaszosa-Jlapxima. Ilokasawmo, mio
€BOJIIOIisl IIOIEPeYHOl MOBMKUHU KOTePEeHTHOCTI &c(O) y pasi IpuKIagaHHA S3HATTA BHICOKOTO
THUCKY B 3HAYHIM Mipl BmsHauaeTbesa 'penakcamiiHuM”® e(EeKTOM THCKY y IIPOLEci TpuBasoi
BAUTPUMKH 3pasKa Il HABAHTAMKEHHSM IIPU KiMHATHIN TeMieparypi.

1. Introduction ducting state of HTSC cuprates is still open
[1-5]. In spite of 30 years of intense experi-
mental and theoretical studies, microscopic

sionality to formation of the supercon- nature of the high T, superconductivity is
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still unclear [6, 7]. The layered structure of
HTSC compounds [8, 9], along with short
coherence length [10, 11] and large depth of
penetration [12], contributes to emergence
of a wide temperature section of excess con-
ductivity [18, 14]. It is established that
near the critical temperature T, the excess
conductivity is conditioned by fluctuation
pairing of carriers (fluctuation conductivity
— FC) [15], and at the higher temperatures
T >T, by so-called pseudo-gap anomaly
(PG) [16, 17]. According to the contempo-
rary concepts [6], these unusual phenomena
can serve as a key to understanding the
nature of HTSC.

From experimental viewpoint, the most
preferable compounds to conduect electro-
transport studies is so-called 1-2-3 system
ReBa,Cu30,_5 (Re=Y, or another rare earth
ion) [18]. This is mainly due to the fact that
composition of these compounds can be rela-
tively easily varied by changing of oxygen
content [19, 20] or by substituting elements
[21, 22] and, thus, with a controlled manner
to change their conductive [23, 24] and
critical [25, 26] parameters. Notably, de-
spite of huge number of works devoted to
the study of FC [1-5, 27, 28] and PG [16,
17, 29] anomalies in HTSC, many aspects of
these physical phenomena remain unclear
until now, including the question of impact
of structural ordering [30-32] in conduct-
ing Cu-0O planes, in various mechanisms of
conductivity in HTSC.

As is known, the presence of labile oxy-
gen [32,33] in ReBa,Cu30,_5 (Re=Y, or an-
other rare earth ion) compounds, can con-
tribute to emergence of the non-equilibrium
state, which can occur at high pressures
[34, 35], "hopping” changes in temperature
[36, 37] and long-term storage [38—40] and,
in turn, may contribute to the process of
phase separation [41, 42], ascending diffu-
sion [43, 44] and emergence of various
kinds of superstructures [45, 46]. All these
processes have significant impact on the
physical properties of HTSC in the normal
and in superconducting states. This is pro-
nounced by the oxygen hypostoichiometric
composition of the samples [47, 48].

Substitution of yttrium by isovalent
rare-earth atoms is important. Particularly,
the substitution of yttrium by holmium,
having sufficiently high (more than 10 mg)
magnetic moment [49] provides the com-
pound paramagnetism in the normal state.
Nevertheless, as in the case of other rare-
earth elements, when implementing the sub-
stitution of Y by the paramagnetic ions
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Re = Ho, Dy, the superconducting proper-
ties of optimally oxygen doped
ReBa,Cu3;07_5 compounds with & <0.1, do
not change significantly [49]. Apparently
this is due to localization of these ions away
from the superconducting planes, which, in
turn, prevents the formation of long-range
magnetic ordering. At the same time, it is
known that in ReBa,Cus;0;_5 the rare earth
ion can serve as a sensor sensitive to the
local symmetry of its environment and to
the charge density distribution, since their
change affects to the crystal field, that is
forming the electronic structure of such ion
[47]. Notably, the yttrium substitution by
holmium can increase in intensity of the
redistribution processes in the oxygen sub-
system [3, 44].

In the absence of microscopic theory of
the high-temperature superconductivity, ex-
perimental methods reveal the supercon-
ducting parameters, which essentially affect
the physical characteristics in the normal
and superconducting states. One of the most
important methods in this aspect is the use
of high pressure [50, 51], as it not only
allows to clarify the role and influence of
the structural features of the system on the
superconducting state formation, but also
gives the possibility of modeling the con-
ductive characteristics and the critical pa-
rameters of the superconductor.

Taking the above under consideration, in
the present study we investigated influence
of the structural relaxation induced by the
high hydrostatic pressure to FC on
HoBa,Cu30_g single crystals with an oxy-
gen deficiency & = 0.35 and critical tempera-
ture T, =67 K, with a given topology of
plane effects (twin boundaries — TB). The
use of single-crystal samples allowed us
practically, to eliminate the influence on
the conductive properties of these struc-
tural factors such as intergranular bounda-
ries, dislocations, phase switching, ete, that
are often characteristic for films, ceramic
and textured samples. Further, the use of
bridges with unidirectional TB with geome-
try I|TB helped us to minimize the carriers
scattering on the TB. Notably, TB are al-
ways present in HoBa,Cu;0;_s compounds
under oxygen saturation [52-54] minimiz-
ing the elastic energy. Until now, the ques-
tion regarding the impact of TB on the re-
sistive properties remained open, because of
the experimental difficulties encountered in
determining their contribution to the elec-
trotransport process.
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2. Experimental

HoBa,Cuz0-_g single crystals were grown
by the solution-melt method in a gold cruci-
ble, similar to the technology of
YBa,Cu;0;_5 single crystal growth [55]. For
oxygen saturation of the crystals to the op-
timum concentrations 8 < 0.15, the single
crystals were annealed in oxygen flow at
temperature range of 370-410°C for five
days. For resistive measurements, from the
same batch of single crystals, we selected a
single crystal with dimensions
1.7x1.2x0.2 mm3 (the smallest dimension is
the direction along ¢ axis). To reduce oxy-
gen content, the samples were annealed for
three to five days in the oxygen flow at the
higher temperatures. Electrical contacts
were made from silver wire and were con-
nected to the crystals with silver paste. The
resistivity in ab-plane was measured at con-
stant current up to 10 mA at the two oppo-
site current directions by the standard four-
contact method. Hydrostatic pressure was
created in a piston-cylinder autonomous
chamber. The pressure value was measured
by a manganin pressure gauge; the tempera-
ture, by a copper-constantan thermocouple
mounted in the outer surface of the cham-
ber on the sample position level. To deter-
mine the degree of influence of the struec-
tural relaxation, measurements were carried
out after expiration of a few days after the
application-removal pressure, upon comple-
tion of the relaxation processes.

3. Results and discussion

Figure 1 shows the temperature depend-
ences of resistivity measured at transport
current orientation Ilc (p,,(T)) and at dif-
ferent pressures. The application of pres-
sure leads to decrease of the electrical resis-
tance and to increase in T, with
dT./dP = 0.7 K-kbar~1, which is in qualita-
tive agreement with previous studies [34,
50] obtained for YBa,Cu;0;_s-samples with
low oxygen content.

Notably, the decrease in resistivity oc-
curs not only as a result of the hydrostatic
pressure, but also during isobaric exposure
of the sample at the room temperature im-
mediately after application of the high pres-
sure. For example, in Fig. 1 curves 2 and 3
correspond to the dependences, measured
immediately after application of pressure
4.8 kbar and after the isobaric exposure of
the sample at the same pressure at the room
temperature for a week, respectively. It is
determined that such exposure leads to ad-
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Fig. 1. Temperature dependences of resistiv-
ity pgp(T) for HoBa,CuzO,_g single crystal in
the process of application-removing of pres-
sure (see text). The inset shows resistive
transition to the superconducting state. Sym-
bols in the inset correspond to the figure.

ditional decrease of the resistivity by ap-
proximately 5 %.

The qualitatively similar behavior of the
curves p,(T) was observed after removal of
the high pressure. Thus, in Fig. 1 curves I
and 4 show the dependences, measured be-
fore application and immediately after the
pressure removal. Comparison of these
curves shows that the results are dependent
upon the exposure time of the sample at the
room temperature. So, just immediately
after the pressure removal electrical resis-
tance of the sample at room temperature
reached value of about 4 % lower than the
value measured before the pressure applica-
tion and further, it relaxed for about three
days until the equilibrium value. After
that, the value p,;(290 K) saturates and the
dependence p,(T) (curve 5) is almost identi-
cal to the original curve, measured prior to
the high-pressure application. This demon-
strates the process reversibility.

The pressure application also leads to sub-
stantial (up to 15 K) expansion of the linear
section of p,;(T) dependence at high tempera-
tures. The latter is displayed by reducing the
value of so-called pseudogap temperature T,
at which it begins systematic deviation of the
experimental points downwards from the lin-
ear dependence. Faster than the linear, is de-
crease of the p,,(T) value, which is observed
in the temperature range T < T*, indicating
the appearance of so-called excess conductiv-
ity A o in the crystal. Temperature depend-
ence of the excess conductivity is usually
determined by the equation:

Ac =0 - 0y, (1)
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where o, = po’l =(A+BT)l, is con-
ductivity determined by extrapolation of
the linear section to zero temperature, and
6 = p 1 is the experimental value of conduc-
tivity in the normal state. According to the
contemporary concepts, far away from the
T, appearance of Ac in HTSC compounds is
often associated with appearance of so-
called pseudogap anomaly [16, 17], which is
analyzed in more detail in the previous
work [56]. As is established [57], near the
T,., the excess conductivity is caused due to
the processes of fluctuation pairing of
charge carriers and can be described by the
Lawrence-Doniach theoretical regime, im-
plying the presence of a very smooth cross-
over from two-dimensional to three-dimen-
sional regime of the fluctuation conductiv-
ity by reduction of the sample temperature:

-1/2 2
}8_1{1 +Je1 7, @

2
e

A =
° {167id

where € = (T — Tmfc)/Tmfc is the reduced
temperature; Tmfc is the critical tempera-
ture in the mean-field approximation; J =
(2§L,(O)/d)2 is the interplane coupling con-
stant; £, is the coherence length along ¢
axis and d is thickness of the two-dimen-
sional layer. In extreme situations (near T,
when &, >> d, the interaction between the
fluctuation Cooper pairs is implemented
throughout the entire volume of the super-
conductor — 3D-regime, or away from T,
when £, << d, interaction is possible only in
the plane of the conductive layers — 2D-re-
gime), the expression (2) is converted into
the well-known relations for the three- and
two-dimensional cases from the theory Asla-
mazov-Larkin [15]:

e2 (3)
8020 = Tea"
e? -1/2 @)

In the case of comparison with the ex-
perimental data it is important to accu-
rately define the value of Tmfc, which sig-
nificantly affects the angle of slope of
Ac(e). Typically, when comparing with the
experimental data £.(0), d and T, in Equa-
tions (2—-4) are adjustable parameters [2].
However, when employing such a technique,
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Fig. 2. Temperature dependences Ac(T) in
InAc(lng) — coordinates for a series of pres-

sures. The curve numbering corresponds to
Fig. 1.

usually there are deviations between the
theory and experiment. This, in turn, neces-
sitates the use as an additional adjustable
parameter the scaling factor, the so-called
C-factor, which allows combining the ex-
perimental data with the calculated and
thus taken into account the possible spread-
ing of inhomogeneity of the transport cur-
rent for each sample [2]. In our case, for
T™, it was taken T,, defined as indicated
above, at the point of maximum on
dR,,/dT(T) dependences in the regime of
the superconducting transition, as sug-
gested in the previous work [10].

Figure 2 shows the temperature depend-
ences Aco(T) in InAoc(lne) coordinates. It is
shown that near T, these dependences are
satisfactorily approximated with the
straight lines with the slope angle o;=—0.5,
corresponding to the exponent —1/2 in Eq.
(4), indicating the three-dimensional nature
of the fluctuating superconductivity in this
temperature interval. At the higher tem-
peratures the rate of the decrease of Ac
increases substantially (0g=—1), which can
be considered as an indication of the change
in the dimension of FC. As it follows from
Equations (3) and (4), in the 2D-3D cross-
over point:

€0 = 4[&0(0)/df. (5)

In this case, by specifying the value g
and using data from the bibliography on the
T. dependence and interplanar distance
from 6 [8, 55], we can calculate the value of
.(0). As it is shown in Fig. 3, the value of
£.(0), calculated in accordance with Eq. (5),
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Fig. 3. Pressure dependences &c(O) in process
of pressure removal-application.

decreases from 4.53 to 4.44 by the pres-
sure increasing, that is in qualitative agree-
ment with the behavior of the pressure de-
pendences of &.(0) obtained for YBaCuO sin-
gle crystals with the low oxygen content
[68]. It should be noted that the value of
the transverse coherence length changes not
only in the case of the direct application of
high pressure (so-called "true” pressure ef-
fect [58, 59]) — section 1-2, but also dur-
ing the isobaric exposure of the sample at
fixed pressure at the room temperature for
a week — section 2—3 (the "relaxing” effect
[34, 35]). Herewith, in the second case, the
relative change of £.(0) is significantly
larger (from 4.44 to 4.23 ). In the case of
the pressure reset, the opposite pattern is
observed. In the section 3—4, after the di-
rect pressure reset, £.(0) increased from
4.283 to 4.42 , and subsequently, after fur-
ther exposure of the sample at atmospheric
pressure for three days at the room tem-
perature (section 4-5), it recovered to al-
most the initial value of 4.525 . This asym-
metry in the evolution of the value of £.(0)
may be due to several factors.

Firstly, as is known from the literature
[68], the structural relaxation, observed in
the process of isobaric exposure of YBaCuO
samples at the room temperature immedi-
ately after application-removal of the high
pressure, can be accompanied by formation
of various types of superstructures, such as
the pressure-induced lengthening-shorten-
ing of oxygen chains in Cu-O planes or, the
formation-decay processes of phase clusters
with different degrees of oxygen non-
stoichiometry [44, 58] and, accordingly, dif-
ferent superconducting characteristics.
Such processes are often asymmetric due to
the difference in the diffusion path in di-
rect and reverse processes. Indeed, in order
to find a vacant place in the chain, after
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application of the load to oxygen atom, it
requires substantially more time than the
decay time of such a chain after the load
shedding [568]. As an indirect confirmation
of this hypothesis, in [34] phenomena of
asymmetry relaxation of the critical tem-
perature T, and of electrical resistance, the
absolute value of which is directly related
to the size of such clusters [31, 44].

Secondly, the presence in the system of
TB, as it was above mentioned, can also lead
to the phase separation in the system, since
the TB, as defects of higher dimension,
could act as powerful current sources of de-
fects of the lower dimensions, for example,
for the same oxygen vacancies [12, 60].
Thus, TB turning out to be the centers of
nucleation of the depleted oxygen phase
with the reduced critical characteristics
[60].

As it was determined previously [42] the
high pressure application to HTSC samples
with a developed twin structure may facili-
tate the flow in the system of ascending
diffusion processes, when the part of oxy-
gen from phase with the lower T, migrates
into the phase with the higher critical tem-
perature, and by decreasing pressure, occur
the opposite redistribution. Indeed, as it is
shown in the inset in Fig. 1, the resistive
transitions of our sample are characterized
by the clearly expressed stepwise form.
This, apparently, indicates presence in the
sample of at least two phases, with corre-
spondingly, different critical temperature
(T.; and T,5) of the transition to the super-
conducting state [42].

In this Figure, curve I corresponds to
the dependence measured prior the pressure
application; curve 2 was measured immedi-
ately after the application of pressure
4.8 kbar, curve 3, after the sample was re-
tained at the room temperature under a
pressure of 4.8 kbar for a week; curve 4
was obtained immediately after the pressure
removal and curve 5, after holding the sam-
ple at the atmospheric pressure for three
days. It can be deduced from this figure
that the sample exposure at the room tem-
perature in the process of the pressure ap-
plication-removal, in addition to the abso-
lute change in the value of T, leads to
significant qualitative changes in width and
in shape of the superconducting transition.
Comparison between curves 2 and 3 shows
that after exposure of the sample under the
pressure for a week, the superconducting
transition is broadened considerably (i.e.
the difference between the steps correspond-
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ing to the high and low temperature phases
(T.; — T.s) increases). In the dependence,
measured immediately after the pressure re-
moval (curve 4), changes only the absolute
value of T,, whereas the width of the tran-
sition remains practically unchanged. The
comparison of the curves 4 and 5 shows that
after the sample exposure at the atmospheric
pressure for three days at the room tempera-
ture, the width and the shape of the transi-
tion is almost fully restored to their original
values, indicating the process reversibility.

According to the previous work [23], the
value of the critical temperature of com-
pound ReBa,Cuz07_5 (Re=Y is related to the
number of holes in CuO, plane, through the
universal parabolic relationship:

T, = Tmax [1 - 82.6(n - nopt)ﬂ, (6)

where T, /™% js the maximum critical tem-
perature and n,,, = 0.25 is the optimal con-
tent of the holes number on a plane for this
compound. The calculations performed
based on this relation, indicate that by in-
creasing the pressure during exposure at
the room temperature, the number of carri-
ers for the low-temperature phase is re-
duced by about 3-4 %, while regarding the
high temperature phase, the reverse process
(i.e. increasing the number of holes) occurs.

Finally, the asymmetry in change of &.(0)
in the case of pressure application-removal
processes, may be partly due to the fact
that the time of pressure rising in our ex-
periment was substantially more than the
pressure reset time. This is due to the spe-
cific of obtaining the high pressure in mul-
tipliers, piston-cylinder type [61], which is
usually generated by a slow (about 30 min-
utes) indentation of the piston in the work-
ing channel by press. At the same time, the
pressure reset until the atmospheric pres-
sure is happening rather fast, just in a few
seconds. Thus, it is logical to assume that
under the relatively slow pressure increase,
the structure is improved (for example, the
concentration of vacancies decreases) and
the pressure reset leads to destruction of
the order with formation of the excess (non-
equilibrium) defects, whose concentration at
P =0 relaxes to the initial equilibrium
value [42]. Thus, in this case, a certain in-
fluence could have the specific mechanisms
of quasiparticle scattering [62—64], due to
the presence in the system kinetic and
structural anisotropy.

Notably, in the case of our sample there
is a clear correlation in the behavior of the
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pressure dependences .(P) and T (P). With
the growth of T.(P), the value E(P) de-
creases, and vice versa, which could indi-
cate that the ratio between these values may
be governed by the general theory of super-
conductivity [65], from which it follows
that ao ~ h'VF/kBTC'

It is important to note once again that
when the pressure is removed and all the
relaxation processes are completed, the de-
pendence p,(T) practically coincides with
the original curves, measured prior the high
pressure application, which indicates the re-
versibility of the process. Thus, given some
conventionality in the definition of 2D-3D
crossover temperature €;, we can assume
that evolution of the transverse coherence
length £.(0) in the case of the high-pressure
application-removal to the non-stoichiomet-
ric oxygen samples HoBa,Cu;0;_s is prob-
ably related not only to the change of the
lattice parameters, the electron-phonon in-
teraction, the connections between layers,
etc. (so-called "true” pressure effect), but
also, to the large extent, is determined by
the "relaxation” pressure effect during the
prolonged exposure of the sample under
load at the room temperature. That in its
turn is caused by the redistribution of the
labile oxygen.

4. Conclusions

In conclusion, we briefly sum up the
main results obtained in this study. Appli-
cation of the high pressure to single crys-
tals HoBa,Cu3z07_5 (8 < 0.85), leads to sig-
nificant expansion of the interval of the
linear dependence p,;(7T), which in turn, the
corresponding narrowing of the temperature
section of the pseudogap regime realization.
Thus, the excess conductivity in the tem-
perature range near the critical T, is satis-
factorily described within the framework of
the Aslamazov-Larkin theoretical model.
Under pressure the evolution of the FC re-
gime of mnon-stoichiometric by oxygen
HoBa,Cu30,_g samples, is apparently deter-
mined by the two processes: a general
trimerization of the system, due to changes
in the relation between &, and d, on the one
hand, and the pressure “relaxation” effect
conditioned by the redistribution of the
labile oxygen, from the other. Herewith, in
contrast to the undoped samples
YBa,Cu;0;_5, application of the high pres-
sure leads to substantial increase in the
value of the pressure derivatives dT./dP
and d€./dP.
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