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The critical temperature relaxation processes and resistivity for YBa,CusO,_5 single
crystals with oxygen deficit § < 0.5 during annealing at room temperature and in case of
high hydrostatic pressure up to 7 kbar have been studied. It is shown that T .(5) depend-
ence evolution during annealing is in satisfactory agreement with the existing theoretic
models. When the samples with oxygen deficit & ~0.5 are kept under pressure at room
temperature, the carriers number for low-temperature phase reduces, while the opposite
process of holes number increase takes place in the high-temperature phase. The authors
have determined the activation energy and characteristic times for relaxation processes for
isobaric and isothermal exposure of the studied samples.

UccnenoBaubl MPOIECCHl PENaKCaAIlliN KPUTUUYECKOH TeMIIepaTypbl U 9JIEKTPOCOTIPOTUBIIE-
HUS MOHOKpHUCTaJIndeckux obpasnos YBa,CuzO,_s ¢ medunurom xuenopoga 6 < 0,5 B yemo-
BUAX OTIKUTA TPU KOMHATHOII TeMIepaType, a TaKsKe B clydae IPUJIOKEHUS BBICOKOTO
THAPOCTATUYIECKOrO AaBieHHs A0 7 kbGap. Ilorasamo, uTo sBommonuma sasucumoctu T,.(0) B
IIPOIlecce OTIKUTA YAOBJIETBOPUTEIBHO COTJIACYETCH € CYIIECTBYIOIMMU TEOPETUUYECKUMU MO-
JeaaMu. B caydae BEIICPXKKN 00pasmos ¢ geunuToM Kuciopoga O ~).5 mog maBiaeHueM IPU
KOMHATHOH TeMIlepaType UYHCJO0 HOCUTEJIel OJd HU3KOoTeMIeparypHoll (asbl yMeHbIIAETCH, B
TO K€ BpeMs, IJId BBICOKOTEMIIePATyPHOI (hashl MPOUCXOAUT OOPATHBIN IIPOIlECC YBEANUESHM
KoauuecTBa ObIpOoK. OIpemelsieHbl 9HEPIrUA aKTUBAIMM U XapPaKTePHbIEe BPEeMeHa pesaKCali-
OHHBIX IIPOIIECCOB B CJIy4yae H300apUUYECKON M M30TEePMUUYECKON BBIAEPIKKU MCCIEIyeMBbIX
00pasIioB.

© 2005 — Institute for Single Crystals

A set of magnetic [1, 2], optic [3, 4],
structure [5] and resistive [6] studies on
different physical properties of yttrium-
based high-temperature superconducting
compounds of 1-2-3 system, show the pres-
ence of non-equilibrium state at a certain
lack of oxygen. External factors are very
important, such as temperature [6] and
high pressure [7—11]: they lead to the
change of lattice parameters and induce the
processes of labile oxygen, which, in its
turn, influences the superconductor critical
parameters. So, the application of these ex-
perimental methods not only gives us pro-
gress in high-temperature superconducting
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nature understanding, but also lets us de-
termine possible empiric ways of increasing
critical parameters for high-temperature su-
perconducting compounds. One should note
that for today the data on pressure influ-
ence on oxygen regulating in nonsto-
chiometric samples of 1-2—8 system studies
remain rather contradictive. One of the rea-
sons here should be the fact that an essen-
tial part of the experimental material has
been obtained on ceramic samples with a lot
of intergranular connections. So, the aim of
our work is to study barie, temperature and
time dependencies for resisitivity and criti-
cal temperature in YBa,Cu30O;_5 single crys-
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tals with wvarious oxygen deficit extent
0.1 <36<0.5 in wide temperature interval
4.2 < T <300 K and pressure 0 < P < 7 kbar.

The methodic for single erystals growth
and obtaining the samples with deviations
from stochiometry has been well described
in [11]. Hydrostatic pressure was created in
a self-contained camera of piston-cylinder
type according to the methodic, described in
[12]. The pressure was measured with a
manganin manometer, the temperature —
with copper and constantan thermocouple,
built in camera outer surface on the level of
the sample location. The resisitivity in ab-
plane was measured by standard four-con-
tacts scheme on direct current 1-10 maA.
Though the methodic used did not let us
make pressure immediately at the tempera-
tures of superconducting transition, we
quickly (15—20 min) cooled the camera with
the sample just after pressure application to
the temperatures, at which no relaxation
processes were observed, to minimize the
oxygen redistribution influence. Then, at
warming up, resisitivity R(T) temperature
dependencies were measured. Then the cam-
era with the sample was exposed to the
fixed pressure at room temperature for
three days, and then R(T) measurements
were repeated. Value T, was determined by
the middle of resistive transition to super-
conducting state at R = Ry/2 level, where
Ry is residual resistance in the normal
state. The width of superconducting AT,
transitions was defined as the difference be-
tween T,, and T, temperatures (at the be-
ginning and the end of superconducting
transition), which correspond to resistance
values 0.95Ry and 0.05R,,.

In inset (a) to Fig. 1 one can see resistive
transitions to superconducting state of sin-
gle crystals K1-K7 with different oxygen
content. The parameters of these 7 single
crystals are given in Table. It is obvious
that with the increase of oxygen deficit the
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Fig. 1. Dependence T (P) for YBa,CuzO,_s
compounds. Curve I corresponds to random
vacancies distribution about chains Cu(1)-
0O(1), curve 2 is calculated under assumption
that oxygen atoms vacancies are redistributed
so that the structure with NCu(1) = 3 is not
realized, and only structures with NCu(1) =4,
NCu(1) = 2, corresponding to ortho- and tetra-

(a)

phases are possible [14]. Points "A" are ob-
tained immediately after sample cooling from
temperatures ~ 650°C, points ¢ — after crys-
tals annealing at T3y, for 8 days. Inset (a):
Resistive transitions to the superconducting
state of K1-K7 single crystals with different
oxygen content. Inset (b): T, (#) dependence
(superconducting transition start tempera-
ture) for sample K2 (curve 1), obtained at P =
6.3 kbar, T,(t) for crystal K3 (curve 2), ob-
tained during annealing at room temperature
and distance dg,,_o4(t) — the data of [5]
(curve 3). Point lines are calculations by for-
mula (2).

Table. The parameters of single crystals with different superconducting transition temperature

Crystal designation T., K AT,, P30, HO-cm o
K1 42 14 8200 0.52
K2 45 10 7500 0.5
K3 48 8 5200 0.48
K4 50 2.4 750 0.46
K5 68 10 620 0.15
K6 82 5 450 0.1
K7 90 0.3 200 <0.1
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critical temperature decreases, and the ma-
jority of samples begin to show the stepwise
form of superconducting transition, which
may be caused by system breakdown into
several phases with different oxygen con-
tent and different T,.. Really, according to
the existing theoretic models [13], high-
temperature superconducting cuprates dop-
ing by other-valence substitution or oxygen
content change, leads to system breakdown
into two types of electroneutral regions —
metal ones, with high carriers concentra-
tion, and dielectric. Ordering dopants can
impose the type of domains. The absence of
steps in the resistive transitions for crys-
tals K4 and K7 doesn’t exclude the co-exist-
ence of two or more phases with different
T.. In fact, in the presence of percolation
ways of current passing through the phase
with high T, on the resistive transition
there will occur the transition into the su-
perconducting state of exactly this phase.
The details will be discussed below.

The literature data show that the de-
crease of oxygen content in YBa,Cus0;_;
compounds caused the increase of specific
resistance and the decrease of critical tem-
perature T,.. The value of T, for the com-
pounds with nonstoichiometric composition
here depends on the oxygen order strength
(see, for example, [6]). The dependence
T.(®) is characterized by two plateaus at
T.; =90 K and at T, = 60 K. According to
the theoretic model [14], the two plateaus
in the dependence T.(3) can be formed due
to the two possible states realization for
bistable oxygen sublattice of apical atoms
O(4). When oxygen atoms leave the position
O(1), they cause the change of copper atoms
Cu(1) number (Ngyqy =4 for 6=10) and
imply the surface change of two-pit poten-
tial, in which the apical atoms O(4) move.
The critical temperature T, can be calcu-
lated [14] as the average of distribution for
critical temperature realized in the crystal
with the sublattice of O(4) atoms with the
potential (¢°;, ¢°;, u°;), at =0, or (¢’4,
qty, uty) — at 3> 0:

T, =T J1 - PO@)] + TLPO@) POy, (1)

where x is relative concentration of copper
atoms Cu(1) with the coordination number
Ngyty < 4, T." being the critical tempera-
ture of superconducting transition in the
crystal with bistable sublattice O(4) and
(q%t, q%t,, u%)) potential, P(®)(x,) defines
the probability continuous sublattice exist-
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ence in the crystal. The sublattice consists
of O(4) atoms, connected with copper Cu(1)
atoms by coordinative number NCu(1) =4.

Fig. 1 shows that the dependence T.(9),
obtained for the samples, quickly cooled
from high temperatures, is displaced to the
theoretic curve 1, describing vacancies ran-
dom distribution, at the same time, the de-
pendence T (3), obtained for single crystals,
annealed at room temperatures, moves to
theoretic curve 2, calculated in the absence
of structure with NCu(1) = 3, which testifies
the regulation in the oxygen-vacancy sys-
tem. In the region of oxygen concentration
0 < 0.15, annealing at room temperatures
almost does not change the value T,.. But,
as it is shown in [15], low-temperature
hardening at temperatures from 100 to
270 K can lead to T, increase for 5 K,
which the authors explained by the transi-
tion from one prior type of vacancy super-
structure to another one, the average va-
cancies concentration being unchanged. This
again testifies the conclusion that value T,
is determined not only by the absolute value
of oxygen content, but also by the state of
the oxygen subsystem and its transition (at
certain thermodynamic conditions) from the
unordered state to the ordered one.

An important aspect of T, increase is the
change of crystal lattice parameters and, in
particular, the change of Cu—O and Cu-Cu
distances in ab-plane [5]. Really, as one can
see from inset (b) to Fig. 1, an obvious cor-
relation of T, change is observed during the
annealing (curve I) and distance dCu(2 -0(4)
(curve 3 [5]). So, the smaller values og lat-
tice parameters correspond to the higher
rate of oxygen ordering. The reverse also
seems logical — the higher ordering in oxy-
gen-vacancy system should correspond to
the smaller value of lattice parameters. One
of the most important methods in clearing
up the question is the use of high hydro-
static pressures. As it has been noted above,
in papers [7—11] it was shown that defining
dT./dP, one should distinguish two effects,
connected with the reducing of unit cell vol-
ume and oxygen redistribution. As one can
see from inset (a) to Fig. 2, the critical tem-
perature, evaluated by the middle of super-
conducting transition, virtually does not de-
pend upon the time of sample exposure to
room temperature, and is determined only
by the wvalue of applied pressure. At the
same time, the width of superconducting
transition increases under these conditions
and almost does not change at the measure-
ments taken immediately after pressure ap-
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plication and removal, which must be
caused by oxygen redistribution.

This assumption is confirmed by the re-
sults given in Fig. 2, in which the depend-
encies of baric derivatives of the “real”
critical temperature change on the oxygen
index dT,;/dP(d) for the compounds with
various strontium content taken from [10]
(curves 2, 3) and our results (curve 1) are
shown. The graph makes it obvious that in
this case the behavior of the dependences
dT./dP(d) is qualitatively similar for all the
compounds, in spite of serious difference in
the character of T () dependences. At the
same time, T.(3) with two plateaus at 60
and 90 K for YBa,CuzO;_5, partial barium
substitution by strontium up to 0.5 concen-
trations makes the plateau at 90 K disappear
and another plateau to appear at 45 K, and
further increase of strontium content up to 1
causes monotonous dependence T,.(d) [10].

On the other hand hydrostatic pressure
application leads to the change of width and
form (steps height) of oxygen deficit sam-
ples YBaCuO superconducting transition at
fixed T,., which can be caused by oxygen
redistribution between the phases, which
are characterized by different oxygen con-
tent and its ordering type [11]. For exam-
ple, at pressure increase a part of the oxy-
gen from the phase with a smaller T, mi-
grates to the phase with a higher critical
temperature, and pressure decrease is ac-
companied by the inverse redistribution.
Here the clusters size evaluation L, =
(Dt)1/2 produces the value 30—-300 A, which
is comparable with distance 50-400 A, ob-
tained from the neutronographic [16] and
optic [4] studies, at which the oxygen order-
ing in single crystals with 0 ~ 0.5 at room
temperature is realized.

So, to divide the contributions of real
and relaxation effect of the pressure, it
seems important to distinguish labile oxy-
gen redistribution processes for phases with
different critical temperatures within one
sample. In the inset (a) to Fig. 2 the de-
pendencies of baric derivatives for the re-
laxation part of superconductiong transi-
tion start (high-temperature  phase)
dT,.,./dP(3) (curve 1) and superconductiong
transition end (low-temperature phase) —
chfr/dP(S) (curve 2) are shown. The holes
number change under pressure An(P) was
calculated according to the ratios obtained
in [17] for critical temperature (T,) depend-
ence on pressure T.(P) and with account to
the data shown in Fig. 2. The results of the
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Fig. 2. dT_./dP(5) dependence, determined by
the middle of superconducting transition
(curve 1) and data for the “real” pressure
effect (curves 2 u 3) [10]. Inset (a): Critical
temperature “relaxation” change baric de-
rivatives dependence on oxygen index
dT_./dP(d) for the start (curve 1) and the end
(curve 2) of superconducting transition. Inset
(b): The evolution of the start (T,,), end (ch)
and the middle (T,) of sample K2 supercon-
ducting transition during application and re-
moval of 4.3 kbar pressure.

calculation testify that with pressure in-
crease, during the exposure to room tem-
perature, the carriers number for low-tem-
perature phase reduces, while with the
high-temperature one the opposite process
of holes number increase is observed. This
confirms the above-mentioned assumption
that the high hydrostatic pressure applica-
tion causes diffusion displacement of the
labile component from the phase with lower
T, to the high-temperature phase.

The results of time dependencies T,.,(%)
(superconducting transition start tempera-
ture) for samples K2 (curve 1) measure-
ments, obtained at P = 6.3 kbar and T, ({)
of K3 crystal (curve 2), taken during the
annealing at room temperature after quick
cooling from temperatures ~650 C, are
shown in the inset (b) to Fig. 1. The point
lines in the dependencies 1 and 2 are the
results of evaluation made according to the
method suggested in [5, 10]. It is supposed
that the oxygen redistribution process can
be conventionally divided in to the main
galloping process with time constant t;, re-
sponsible for oxygen ordering within frag-
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ments Cu-O of the chains, and a slower
process, with characteristic time 15, defin-
ing the two-dimension ordered structure form-
ing. Then the dependence T (P = const, t) can
be described by the following two-exponen-
tial law:

T(t,a,11,T9) = T(0) = [T(0) = T(0)] < (2)
X {aexp(—t/rl)0-5 +(1 - a)exp(—t/12)0-5},

where a is weighting coefficient for two re-
laxation processes; T.(0) and T () are the
superconducting transition temperatures be-
fore and after the relaxation respectively.
The values t; » 50—90 min and 15 = (2—
4)-103 min, obtained by the given formula,
are in satisfactory agreement with the de-
pendencies 1 and 2, as well as with the data
[6, 10]. This confirms that superconducting
transitions evolution both under pressure
and during annealing at room temperature
is defined by labile oxygen redistribution
within Cu-O planes. This assumption is also
confirmed by the results of resisitivity
isothermic relaxation under hydrostatic
pressure measurements shown in Fig. 3. As
one can see from the figure, the time of
resisitivity relaxation to the equilibrium
value is about 50 hours at temperature
298 K, while the baric dependence Rgqo(P),
measured just after hydrostatic pressure ap-
plication, has a pronounced linear character
(see the inset to Fig. 3). It is necessary to
note that resisitivity relaxation after pres-
sure application (removal) was observed at
low temperatures too. But the relaxation
rate sharply reduced with temperature de-
crease, and at liquid nitrogen temperature
we observed no changes for seven days,
which testifies for the thermoactivation
mechanism of resisitivity relaxation.
Taking this fact into account and com-
paring the resisitivity relaxation time de-
pendencies during the annealing at room
temperatures and hydrostatic pressure ap-
plication, we found out that the pressure
change for 1 kbar is equivalent to tempera-
ture change for 17 K. Using the curves tilt
angle change method and cuttings method
[18], we determined the process activation
energy in both cases. The activation energy
3-103 K was obtained from the measure-
ments. We should note that after samples
exposure to room temperature for 20 h, the
activation energy value in the first case in-
creased to 12-108 K. Such activation energy
dependence on sample exposure time at
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Fig. 8. Time dependencies of YBa,Cu;0,_5
0 ~ 0.5 single crystal resisitivity at 6.4 kbar
pressure application (curve 1) and pressure
decrease to the atmospheric one from 6.4 and
4.3 kbar (curves 2 and 3). The inset shows

the baric derivative of the given sample at
room temperature Rgqo(P).

fixed temperature shows that activation en-
ergy is a function of oxygen distribution.

In the conclusion, we should again em-
phasize the importance of dividing the ef-
fect of immediate unit cell reducing and
oxygen redistribution due to pressure appli-
cation to YBaCuO samples of nonsto-
chiometric content. At the same time, sev-
eral times increase of activation energy
value for resisitivity relaxation process in
case of annealing at room temperatures and
exposure to hydrostatic pressure can con-
firm the transition to another labile compo-
nent ordering mechanism. For instance, the
dominating galloping process of oxygen or-
dering within Cu-O chains [5] can be re-
placed by a slower process of fragments and
chains uniting into two-dimension structure
[10, 19]. This assumption is also confirmed
by 2 orders change of the characteristic
time constants of relaxation processes dur-
ing isothermic and isobaric samples expo-
sure, obtained from our experimental data.
Besides, it seems important to distinguish
the processes of labile oxygen redistribution
for the phase with different critical tem-
peratures within one sample, dividing the
contributions of real and relaxation pres-
sure effects. The calculations of carriers
number change under pressure An(P) we
made taking into consideration the depend-
encies shown in Fig. 2 testify that with
pressure increase, during the exposure at
room temperature, the carriers number for
low-temperature phase reduces, while the
inverse process of hole number increase
takes place for high-temperature one.

Thus, dependence T.(3) evolution during
annealing at room temperature is in satis-
factory agreement with Saiko-Gusakov theo-
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retical model. During the exposure of sam-
ples with oxygen deficit & ~ 0.5 under pres-
sure at room temperature, the carriers
number for low-temperature phase reduces,
while the inverse process of hole number
increase takes place for high-temperature
one. This can be caused by oxygen redistri-
bution between the phases, characterized by
different oxygen content and its ordering
type. In case of annealing at room tempera-
tures and exposure to hydrostatic pressure
the characteristic relaxation processes time
constants change for two orders, and the
activation energy of resisitivity relaxation
process increases four times, which can be
caused by labile oxygen ordering mechanism
change.
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Appl. Magn.

PenakcaniiiHi mpoiecu y HeCTeXioOMEeTPUUHHUX
MoHOKpHucTanax YBa,Cu;0;_s; BHacxigok BigmamaoBaHHA
i BHCOKOI0 THCKY

M.0.060nencorkutl, P.B.Boex, O.B.Bondapenko

Mocaimeno mporecu penaxcaiil KPUTUYHOT TeMIEpaTypy T4 eJeKTPOOIIopY MOHOKPUC-
raniuaux spaskis YBa,Cus;O;_5 3 medinmurom xucuio § < 0,5 B ymoBax BiamamioBamHs TpU
KiMHaTHOI TemMmepaTypu, a TAaKOM y pasi MOKJaJZaHHS BHUCOKOTO TiIpPOCTATUUYHOTO THUCKY IO

7 x6ap. Ilokasano, mo esomonisa sanexsocti T,(8) y mpormeci BignmamroBamHA 3aK0BLIBEHO
VBroMKyeThCAd 3 ICHYIOUMMH TEOPEeTHYHMMH MOAeasaMU. ¥ pasi BUTPUMYBaHHSA 3Pas3KiB 3

pedpinurom KmcHIO O~ 0,5 mim Thckom npm KimHaTHIZ Temmeparypi KinpkicTe HociiB mns
HUBBLKOTEMIIEPATYPHOI a3y 3MEHIIYEThCA, BOAHOUAC IS BUCOKOTEMIIepaTypHOi (asu Bigldy-
BAETHCA 3BOPOTHUIT mpollec 30inblIeHHA KigbKOCTiI Aipok. BusHaueHo eHeprito akTmBaiii Ta
XapaKTepHi TepMiHu mpolleciB pejakcarii 3a yMoB izo6apuyHOTo Ta i30TEPMIiUHOTO BUTPUMY-

BaHHA 3pasKiB, M0 AOCHiAKyBaTHCH.
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