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The influence of high hydrostatic pressure on electrical resistance in ab-plane of
oxygen underdoped Ho,Ba,CuzO,_5 has been studied. It was found that high-pressure-in-
duced redistribution of labile oxygen leaded to increasing phase separation, which was
accompanied by a process of structural relaxation and uphill diffusion in the bulk of the
pilot sample. It has been suggested that the generation of low-temperature (oxygen-de-
pleted) phase can occur at twin boundaries. The temperature dependence of the resistivity
above T, can be accurately approximated by the model s—d-electron scattering by phonons.
Application of high pressure leads to a decrease of the resistance, which at high tempera-
tures is much larger than at low temperatures. This may be due to the weakening the
electron-phonon interaction with increasing pressure.

HccnenoBaro BImsAHEE BBICOKOIO THAPOCTATHUECKOIO AABJIEHHUS HA DJIEKTPOCONPOTUBJIE-
Hue B ab-miiockoctn MoHOKpmeramnos Ho,Ba,CusO,_ 5 ¢ HemocraTKOM KHCIOpOAa. YCTaHOB-
JIEHO, UTO WHAYIIUPYeMOe BBICOKMM JAaBJIEHNEM IepepacmpefiejieHne JaOUIbHOTO KUCJIOPOAa
TPUBOAUT K YCUJIeHUIO (PAB30BOTO PACCIOEHMS, UTO COMPOBOKIAETCA MPOIECCAMH CTPYKTYD-
HO# pesakcamuu u Bocxoxamieil nuddysnuu B 00beMe dKCIIePUMeHTAJILHOTO 00pasia. Bricka-
3aHO TPENOJOKEeHNE O TOM, UTO 3apOKIeHVe HUBKOTEeMIepaTypHOIl (00eIHEHHOH KMCJIOPO-
moM) (hashl MOMKET MPOUCXOAUTHL HA TPAHUIAX ABOMHUKOB. TeMmepaTypHBIEe 3aBUCUMOCTH
9JIeKTPOCOTPOTUBAEHUA BhINIe T, MOTYT OLIThL € BLICOKOH TOUHOCTL. ANIPOKCHMUPOBAHELI B
paMKax MOJIeNaHu S—d-paccesHUs dJAeKTPOHOB Ha (omoHax. IIpuioiKeHne BLICOKOTO AABJIEHUS
TPUBOAUT K YMEHBIIIEHUIO COTTPOTUBJIEHN T, KOTOPOE TTPU BHEICOKUX TeMIEPATypPaX CYIecTBeH-
HO 6OJIBIIe, UeM IPHM HUBKUX. OTO MOKET OBITH CBABAHO ¢ ocJabJeHNeM 3JIeKTPOH-(POHOHHOTO
B3aUMOAEHCTBUA TIPU YBEJIUUYEHUN NABJIECHUA.

1. Introduction

© 2012 — STC "Institute for Single Crystals”

Despite the fact that since the time of
high conductivity (HTSC) discovery [1]
more than two decades passed, the micro-
scopic nature of this unique phenomenon is
still not fully understood. According to
modern concepts [2], it is believed that the
keys to understanding the nature of high-
temperature superconductors can be consid-
ered the physical phenomena, which were
observed in the normal state at tempera-
tures near and above the critical tempera-
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ture (T,.). Such phenomena, in particular,
include the appearance of a wide tempera-
ture HTS excess paraconductivity area in
the basal ab-plane [3], incoherent electro-
transport [2], metal-insulator type transi-
tion [4], the pseudogap anomalies (PG), and
so etc. All of the above phenomena are ex-
tremely important to address one of the
main basic and applied problems in solid
state physics — creation of the new func-
tional materials with high current-carrying
capacity. Great importance in the study of
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these phenomena is to understand the
mechanisms of charge transfer and carrier
scattering. Invaluable role is played by the
use of high pressure as an instrument which
allows not only to test the adequacy of vari-
ous theoretical models, but also to identify
empirical ways of improving the critical pa-
rameters of superconducting compounds,
that is important for practical applications.

An important feature of high-T, com-
pounds 1-2-3 system ReBa,Cu;O;_s (Re=Y,
Ho or other rare-earth ion) is the ability to
implement them in a nonequilibrium state
with a certain degree of oxygen deficiency
[8-5], which can be induced by external in-
fluences such as temperature [4] and high
pressure [3, 5]. This condition is accompa-
nied by a redistribution of labile oxygen and
structural relaxation, which in turn have a
significant impact on the electrotransport
system parameters [3—5]. An important role
is played by the replacement of its isoelec-
tronic rare earth yttrium analogs. Particu-
lar interest in this respect is the replacing
yttrium by holmium with sufficiently large
(more than 10 mV) the magnetic moment
[6], which provides connections paramag-
netism in the normal state. However, as
well as in the case of other rare earth ele-
ments in the implementation of replacing Y
by paramagnetic ions Re = Ho, Dy supercon-
ducting properties of optimally doped with
oxygen compounds ReBa,Cu;0;_5 with
8 £0.1 do not vary significantly [6]. Appar-
ently this is due to the localization of the
ions far from superconducting planes,
which, in turn, prevents the formation of
long-range magnetic order. At the same
time, we know that in the samples of high-
T, 1-2-3 system with non-stoichiometric
oxygen composition, rare earth ion can act
as a sensor that is sensitive to the local
symmetry of the environment and the dis-
tribution of charge density, since their
change affects the crystal field forming the
electronic structure of the ion [7]. A charac-
teristic feature of samples with oxygen defi-
ciency 8 > 0.3 is the broadening of the resis-
tive transition to the superconducting state
under pressure [3, 5, 8, 9]. The reason for
this behavior to date has not been estab-
lished. It should also be noted that, despite
the large number of studies on the relaxa-
tion processes in 1-2-3 system under high
pressure, many aspects of this phenomenon,
such as the nature of the charge transfer
and redistribution vacancy subsystem, are
still completely not understood. Obviously,
a role is played here by the fact that signifi-
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cant part of the experimental data was ob-
tained from ceramic and polycrystalline
samples with a high content of intergranu-
lar bonds [8, 9]. In the case of single-crystal
an additional complexity is created by the
presence of twin boundaries (TB) [10],
whose influence on the transport properties
in the normal state are poorly understood,
due to the experimental difficulties in de-
termining the contribution of these defects.
Taking into account the above mentioned
information, in the present work it was in-
vestigated the effect of hydrostatic pressure
up to 5 kbar at electrotransport charac-
teristics and structural relaxation in the ab-
plane of single-crystal Ho;Ba,Cu;0;_5 with
low oxygen content, the different geometry
of the transport current flowing: I|TB,
when the influence of twins on the processes
of carrier scattering is minimized, as well as
the angle between I and TB was 45°.

2. Experimental

Ho,Ba,Cu;0;_5 single crystals were
grown by solution-melt method in gold cru-
cible using technology similar to the tech-
nology of synthesis of YBa,Cuz0;_5 single
crystals [2—-5]. For crystals with oxygen
saturation to the optimum concentration
8 £0.15 their annealing was performed in a
stream of oxygen at 870+410°C for five
days. It is known [5], that such a procedure
is accompanied by the formation of a devel-
oped system of twin boundaries that mini-
mize the elastic energy of the crystal lattice
at the tetra-ortho transition. To conduct re-
sistivity measurements from one growth
batch size single crystals were selected: K1
— 1.7x1.2x0.2 mm3 and K2 —
1.9x1.5x0.8 mm3 (smallest point in the di-
rection along c¢ axis), in which there were
areas with a one-way system of twin
boundaries. Made from selected single crys-
tals the experimental samples distinguished
in orientation of twinning planes relative to
the direction of the transport current in the
ab-plane (I|TB for K1 (Fig. 1a) and 45° for
the crystal K2 (Fig. 1b). For reducing oxy-
gen content the samples were annealed for
three — five days in a stream of oxygen at
higher temperatures. Electrical contacts
were made of silver wire, which was con-
nected to the crystals with silver paste. Re-
sistivity in the ab-plane was measured at
constant current up to 10 mA in two oppo-
site directions of the current using standard
four-contact method. Hydrostatic pressure
was created in the autonomous cell type pis-
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Fig. 1. Dependences p,,(T) at different pressures and directions of the current relative to the twin
boundaries. a — the "parallel” to the b — "45°" orientation. Curve I was measured before
application of pressure, curve 2 was measured immediately after application of pressure of
4.8 kbar, curve 3 — after keeping the sample at room temperature under pressure of 4.8 kbar in
the week, and curve 4 — immediately after removal of pressure and curve 5 was measured after
exposure sample at zero pressure for three days. Solid lines through an approximation of (1). In the

insert — the superconducting transition.

ton-cylinder [3, 5]. Value of pressure was
measured by manganin gauge, temperature
by copper-constantan thermocouple
mounted to the outer surface of the cham-
ber at the level of the sample. To determine
the impact of structural relaxation meas-
urements were carried out after a few days
after pressure application/removal, upon
completion of the relaxation processes.

3. Results and discussion

Fig. 1a,b shows the temperature depend-
ences of the resistivity in the basal ab-plane
Pap(T) for samples K1 and K2, which were
measured after the application-removal of
high hydrostatic pressure. Part of the
curves in this and the following figures is
not shown to simplify the picture. Resistive
transition to superconducting state is shown
in the corresponding insets in Fig. la and b.
Analysis of the curves I, measured before
the application of high pressure, shows that
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decrease in oxygen content in addition to
lowering the critical temperature leads to
an increase of the width of the resistive
transition to superconducting state in more
than 10 times as compared with the initial
sample (from AT.<0.83 K to AT, = 3.5 K),
and the superconducting transition acquires
a stepped form. This apparently indicates
an appearance in the sample at least two
phases, which have, respectively, the differ-
ent critical temperatures (T,; and T,.5) of
the transition to superconducting state [3,
5]. Reduction of oxygen content in the both
crystals also resulted in transfer of the
curves of quasimetallic p,,(T) [2, 3] to ap-
pearance of the dependences with a charac-
teristic thermally activated basin, as more
fully described below.

Application of pressure leads to a decrease
in the electrical resistance and an increase in
T. (see Table) at dT./dP =0.7 K/kbar,
which is qualitatively consistent with the
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Fig. 2. Temperature dependences of the derivative dp/dT calculated at different pressures above the
superconducting transition. The curves correspond to Fig. 1.

literature data [3, 8, 9], obtained for sam-
ples of YBa,CuszO;_5 with low oxygen con-
tent. It is important to note that decrease in
the electrical resistance is not only a result
of the influence of hydrostatic pressure, but
also result of the process of isobaric keeping
the sample at room temperature immedi-
ately after the high pressure application.
For example, in Fig. 1la and b the curves 2
and 3 correspond to dependences, measured
for samples K1 and K2 immediately after
the application of pressure of 4.8 kbar and
after isobaric keeping of the sample at the
same pressure at room temperature for five
days, respectively. It is evident that such
exposure leads to an additional decrease in
the resistivity on 4+5 %.

Qualitatively similar behavior of the
curves p,(T) was observed after removal of
the high pressure. Thus, in the same figure
curves 1 and 4 correspond to the depend-
ences measured before application and im-

mediately after removal of the pressure. A
comparison of these curves shows that the
measurement results depend strongly on the
exposure time of the sample at room tem-
perature. Thus, immediately after removal
of the pressure, the value of resistivity of
the sample at room temperature was on ap-
proximately 4 % lower than the value
measured before application of pressure.
The value continued to relax for about three
days till the equilibrium value. Then the
value of p,;(290 K) reached the saturation,

and dependences p,,(T) for both crystals
were in agreement with the original curves,
measured prior to the application of high
pressure. This demonstrates the revers-
ibility of the process.

As was noted above, the decrease in oxy-
gen content leads to the reducing T, (from
92 to 63 K) and to the transformation of
the form of dependency p,;(T), which is ex-
pressed in the transition from quasimetallic

Table. Change the of the approximation parameters (1) in the cycle of application-removal of the

pressure
I|TB 45° between I and DG
Minimum error is reached, assuming s—d| Minimum error is reached, assuming s—s scattering
scattering
Po maximum change of 16 %, a return to | maximum change of —8 %, a return to the original

the original value, up 1.5 %

value, up 3.5 %

C; — the maximum change of 17 %, a
return to the original value, up 0.2 %

C; — maximum change —12.5 %, a return to the

original value with an accuracy of 0.5 %

0 maximum change of 1 %, a return to
the original value, up 0.4 %

maximum change of 10 %, a return to the original

value with an accuracy of 0.3 %

value is not returned, remaining bigger
than the original 20 %

C, | maximum change of 110 %, the initial maximum change of 84 %, the initial value is not
value is not returned, remaining bigger returned, remaining less than the original 60 %
than the original 54 %
T, maximum change of 33 %, the initial maximum change of —43 %, the initial value is not

returned, remaining less than the original 20 %
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behavior of the curves characteristic for the
optimally doped samples [3, 10], to depend-
ences with a characteristic deflection. In
[11, 12], the temperature dependence of re-
sistance for high-temperature superconduc-
tor ReBaCuO (Re = Pr, Nd) was associated
with the presence of metallic and semicon-
ducting phases, and the resistance of the
metallic phase was described as ry+ aT,
which is typical for the scattering of elec-
trons by phonons at high temperatures (T > 6).
In [18] the temperature dependence of
the resistivity for the layered compound
Nb,_,Sn,Se, was qualitatively similar to our
results (Fig. 1), and it has been described in
terms of the assumption of the scattering of
electrons by phonons with the additional
contribution to the conductivity of the elec-
tronic states of the band, the energy of the
bottom is higher than the energy Fermi
[14]. Following this work, we have tried to
describe the experimental curves (solid lines
in Fig. 1) above the superconducting transi-
tion using the same method.

If one of the phases is almost completely
bypasses another one (R,j4501 > Rppase2) OF
if the phases are virtually indistinguishable
from each other (at least, from the tempera-
ture dependence of the resistance), then the
temperature dependence of the resistivity
can be approximated as a single-phase
model [15]:

T
p(T) = (p +ppp) - [1 = Cy - expl—)l (1)

O
T XneX
0

Here py — residual resistance; p,, — re-
sistance due to the scattering of electrons
by phonons [15], 6 — Debye temperature,
thermal activation factor 1-Cgexp(-T,/T)
is associated with the possible influence of
the semiconducting phase [11, 12]. By vary-
ing the parameters of (1), you can minimize
the average error of approximation to a
level close to the experimental error —
~0.5 %. Thus for each of the experimental
dependences p(T) it was obtained a set of
parameters for the approximation (1). The
solid lines in Fig. 1 and Fig. 2 held in ac-
cordance with (1).

If the current is parallel to the twin
boundaries, the smallest approximation
error is achieved when n = 3, which corre-
sponds to s—d scattering (in particular, for
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the initial curve (P = 0) py = 1.090 Ohm-cm
and 0 = 679 K). If the current is directed at
angle of 45° to the twin boundaries, the
smallest approximation error is achieved
when n =15, which corresponds to s—s
scattering, and for the initial curve (P = 0)
Po = 1.240 Ohm-cm and 6 = 669 K. Analysis
of changes in the parameters of the approxi-
mation due to cycles of P = 0 — application
pressure P = 4.8 kbar — exposure at P = 4.8 kbar
for a week — pressure relief P = 0 for three
days” is shown in the Table.

The Table shows that:

1) Under I|TB, s—d scattering dominate,
and if the angle between I and TB is 45° —
s—s scattering is predominant. It means that
s—d scattering of electrons by phonons oc-
curs in the sample, and s—s scattering re-
lated to the twin boundaries, thermally acti-
vated factor is also influenced by twin
boundaries. Indeed, experiments on decora-
tion of the vortex structure [16, 17] showed
that the density of vortexes at the TB is
increased compared with their density in
the bulk superconductor. It indicates the
suppression of the order parameter on the
TB. This, in turn, may be due to low oxygen
content in the plane of the domain wall,
which can serve as effective centers of the
flow of oxygen vacancies [18], as a conse-
quence of stress, creating a potent attrac-
tion for the lattice vacancy (i.e. field of
repulsion for oxygen atoms). The latter as-
sumption can be supported by the existence
of different forms of superconducting tran-
sitions obtained in parallel and 45° th ge-
ometries [5]. At 45° the second geometry SP
transition is almost 2 times wider and more
diffuse than in parallel (see the inset in Fig. 1).
Obviously, in the second case it is probable
the presence of percolation paths of current
flow on the high temperature phase [19]. At
the same time, in the second 45° geometry
(measuring electrical resistance of a single
crystal K2) percolation current path for the
high-temperature superconducting phase
seems to be lacking [20]. Thus the intensity
of the scattering of charge carriers should
be minimal at the geometry of the experi-
ment I|TB, which is reflected in the trans-
formation of the form of the underlying
relationships dp,(T)/dT and p,(T). The
last assumption is indirectly confirmed by
the difference in the absolute value of the
resistivity at room temperature, which is
about 7 % less than in the case of parallel
geometry in comparison with the case of the
second 45° geometry. A certain role can be
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played by the specific mechanisms of quasi-
particle interaction due to the presence in
the system of structural and kinematic an-
isotropy [21-23].

2) The parameters py, C3, Cy5 and 0 vary
slightly and after discharge they returned
to baseline (or close) values, i.e. electron scat-
tering by defects and phonons is reversible
with respect to the removal of pressure.

3) Thermal activation factor varies
strongly and it does not return to the initial
value during 3 days, i.e. its changes may be
irreversible.

4) In the parallel and 45° th geometries
the parameters of thermally activated factor
(C4 and T) are changed in the opposite ways,
in particular at 45° geometry the role of this
factor decreases, i.e. under the influence of
twin boundaries temperature dependence of
the resistance becomes more "metal.”

It should be noted that the final conclu-
sion about the nature of the influence of TB
on the phase separation in Ho Ba,Cu3z0;_g
single crystals requires additional experi-
mental studies. It seems logical to perform
the measurements of superconducting tran-
sitions in untwinned and twinned single
crystals with a specific distribution of the
TB-planes: in one of the parts of the crystal
the current transport vector should be ori-
ented parallel to and in the other part —
perpendicular to the plane of the domain
wall. In the latter case, the transport cur-
rent is inevitably crosses the plane of the
wall in one part of the single erystal (when
I1LTB) and can flow in the bulk of the super-
conductor, bypassing the plane walls in an-
other part of the single crystal (when I|TB).
Measurements on the same untwinned crystals
give information about the existence (or ab-
sence) of a step-like form of the supercon-
ducting transition and the difference (T',;—T,5)
in the absence of planar defects in the sample.
It should be also noted that all charac-
teristic changes in the shape of the tem-
perature dependences of the electrical resis-
tance and in the absolute values of resestiv-
ity parameters (observed during isobaric
annealing at room temperature for
HoBa,Cu;0_5 compounds) were much more
pronounced in comparison with the samples
YBa,Cus;0,_5 [8]. Apparently, in the case of
the samples HoBa,Cu30;_s a certain role in
the structural order in the system has been
played by replacement yttrium by holmium,
which has a much larger ionic radius that
in turn leads to a change in the interaction
of oxygen ions in CuO-planes. Indeed, as it
is known from the literature [7], the re-
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placement of yttrium by other rare earth
elements with large ionic radius results in
significant qualitative change in the T,(3).
The characteristic for YBa,Cu;0,_5 depend-
ence T .(8) with two plateaus at 60 and 90 K
degenerates into much sharper monotonic
dependence, and ortho-II structure is not
implemented at all [7]. Thus, we can assume
that in the case of deviation from
stoichiometry on oxygen the compound
HoBa,Cu30_g should be characterized by a
much more disordered oxygen superstruc-
ture in comparison with YBa,Cu;0;_;.

4. Conclusions

To conclude let us briefly summarize the
main results obtained in this study. Lower-
ing the degree of doping by oxygen of sin-
gle crystals HoBa,Cu;0,_5 leads to an un-
even distribution of oxygen in the crystal
volume and the formation of phases with
different critical temperatures. Thus replac-
ing yttrium by holmium affects the charge
distribution and effective interaction in
CuO-planes, thereby encouraging disorder
in oxygen subsystem. Redistribution of
labile oxygen induced by the high pressure
leads to an increase in the amount of phase
separation in HoBa,Cuz0;_5 single crystals
with an oxygen deficiency. It also leads to
the stimulation of uphill diffusion processes
between the superconducting phases with
different degrees of deviation from the oxy-
gen stoichiometry in the crystals. The tem-
perature dependence of the electrical resis-
tance of HoBa,Cu;O;_s (above T) in the
plane of the layers at different hydrostatic
pressures can be accurately approximated
by the model of the scattering of electrons
by phonons. The parameters characterizing
the electron scattering by defects and pho-
nons change in a reversible manner under
the pressure change. Twin boundaries are
effective scattering centers of normal carri-
ers in compounds HoBa,Cuz0;_s. In the vol-
ume of the sample the interband (s—d) scat-
tering of electrons by phonons dominates, but
near the twin boundaries the intraband (s—s)
scattering dominates and the temperature de-
pendence of the resistance becomes more
"metal.” Thermally activated factor changes
irreversibly under the pressure change.
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EBouaroiiss HOpMaJbHOTO €JIEKTPOOIIOPY B
HeT00NOBaHNX KHCHeM MoHOKpucraaax Ho,Ba,Cu;0,_g
y mpoueci MpUKJaJaHHA-3HIMAHHSA BHMCOKOTO
TiIPOCTATHYHOTO THUCKY

P.B.Boék, I''A.Xadxucait, 3.0.Ha3upos

Hocaig:KeHO BHJUB BHUCOKOTO TiJPOCTATUYHOIO THUCKY HA eJeKTPoolip B ab-miommHi
monoxpucranis Ho,Ba,Cu,0,_s 53 Hecrauero xucHio. Beranosieno, mo ingyKoBaHuil BUCOKUM
TUCKOM IIepepol3noais JabilbHOro KHCHIO HPHUBOAUTL A0 IIOCHJEHHS (DA30BOr'0 PO3IIapPyBaH-
Hs, IO CYIIPOBOJMKYETHCA IIPOIlecaMM CTPYKTYpPHOI penakcarii i Bucxigmol audysii B 06’emi
€KCIePUMEHTAJIbHOr0 3pasKa. BUCIOBIEHO NPUIYIIEHHS IPO Te, IO 3aPOJKEeHHS HUSLKO-
TemueparypHoi (30igHeHol KucHem) dgasu moxxe BimbysaTucsa Ha Mexxax aBifimmkis. Temmepa-
TYDHI 3aJI€:KHOCTI eleKTpoonopy Buile T, MOMYTb OyTH 3 BUCOKOIO TOYHICTIO AIIPOKCHMOBAHI
y paMKax MomeJi s—d-poscioBanusa eleKTPOoHIiB Ha dononax. IIpuKIagaHHd BHCOKOI'O THUCKY
HIPUBOLUTH A0 3MEHIIEHHSA OIOPY, AKe IIPH BHCOKUX TeMIepaTypax icTtorHo Gijablie, HimX mpu
HusbKux. lle Mose OyTy MOB’S3aHO 3 IOCHA0JMEHHAM eJIeKTPOH-QOHOHHOI B3aemomil mpu

3b6inpmienHi THCKY.
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