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n the present work, we investigated the influence of high hydrostatic pressure up to
11 kbar on the conductivity in the basal ab-plane of Y, PrBa,Cu;O;_5 single-crystalline
samples medium-doped with praseodymium (x = 0.283). It was found that, in contrast to the
pure YBa,Cu;0;_5 with the optimal oxygen content, the application of high pressure leads
to phase separation in the basal plane of Yq4,Pry,3Ba,Cu;O; 5 single crystals. Possible
mechanisms of the effect of praseodymium doping and high pressure on the two-step
transition to the superconducting state are discussed. It was established that in the normal
state, there is a conductivity of the metallic type, limited by the scattering of phonons
(Bloch-Gruneisen regime) and defects. The fluctuation conductivity is considered within
the Lorentz-Doniach model. Hydrostatic pressure, accompanied by a decrease in anisot-
ropy, leads to a decrease in the residual and phonon resistances. The Debye temperature
and coherence length are independent of pressure. The applicability of the McMillan
formula in the presence of significant anisotropy is discussed. The excess conductivity Ac(T)
obeys an exponential temperature dependence in the broad temperature range Tf <T<T".
The dependence Ao(T) ~ (1 — T/T")exp(A”,,/T) is interpreted in terms of the mean-field
theory, where T" is the mean-field temperature of transition to the pseudogap state; and
the temperature dependence of the pseudogap is satisfactory described within the BCS-BEC
crossover theory.

Keywords: YPrBaCuO single crystals, doping, hydrostatic pressure, anisotropy, excess
conductivity, scattering, Debye temperature.

BniuB BHCOKOTO THCKY HA €JEKTPOIPOBigHicTs B 6a30Bill IJIOIIUHI MOHOKPHUCTAJIB
Y 0.77Pf0.23Ba,CU30;_s. I'A Xadxcaii, C.H.Kamuamna, M.Eopobros, A.Heuenopenico, M.P.Boex,
P.B.Bosk,

B pobGori mocnim:xeHo BOINB BHCOKOTO TiIpoCcTATMYHOTO THCKY X0 12 kbap Ha eleKTpo-
omip y 6asoBiii ab-unoumiuHi cepegHboseroBamux mnpaseoguMoM (x = 0.23) MoHokpucraniB
Y, _xPrBa,CusO0;_s. Buasmeno, imo, mopisHsAHO 3i spaskamu umcroro YBa,Cu;0; s 3 onTm-
MaJbHUM BMiCTOM KIUICHIO, 3aCTOCYBaHHA BUCOKOI'O THCKY IPU3BOAUTHL L0 IOTPifiHOTO 3poc-
TaHHA BeJIMIMHU OGapuunol moxiguoi dT,/dP i smimenna temneparypu Touxu 2D—3D xpoco-
Bepa. OBroBOpIOIOTHCA MOKJINBI MeXaHisMU BIJIMBY BUCOKOTO THUCKY Ha T, 3 ypaXyBaHHAM
HAABHOCTI OCOGIMBOCTEll B €JEKTPOHHOMY CIeKTpPi HociiB 3apaAxy, AKUI XapaKTepHUI IS
pemriTok i3 cuiabHUM 3B’A3KOM. BeTaHOBIeHO, 0 HaZIUIIKOBa eleKTpoupoBizHicts AG(T)
MOHOKpPHUCTANIB Y 77Prp 53Ba,Cu304_ 5 Mae excrmomeHIliasbHy TeMIepaTypHy 3aJ€KHICTBH y
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. . ok . .

mupoxomy gianasoni remmeparyp T, < T < T . Hagmuinkosa mpoBigHicTs MoKe GyTu omumca-
Ha crmiBBigmomennam AS(T) ~ (1 — T/T )exp(A* ,/T) Ta imTepmperoBama y Tepmimax Teopii

o ab . o
cepefHbOro moJsi, e T — CepegHBOINOJBOBA TeMIlepaTypa [epexXony B IICeBIOIIIMHHINT
CTaH; TeMIepaTypHa S3aJe’KHIiCTh IICEeBIOIINIMHN 34J0BiIbHO OIUCYETHCA y MeiKaX Teopil
kpocoeepa BKIII-BEK. 36inbiienssa TUCKY, 110 JOKAETHCHA, IPUSBOAUTE 10 edeKTy 3BYIKEeHHS
TeMIlepaTypHOTO iHTepBaNy peatisallii mceBmomiimuHM].

1. Introduction

The use of high-pressure technologies to
study the critical characteristics of HTSC
materials continues to be one of the most
promising experimental techniques that
allow not only testing the adequacy of nu-
merous theoretical models but also finding
empirical ways to improve their electrical
transport characteristics and increase criti-
cal parameters [1, 2]. The latter circum-
stance seems to be especially important,
given the fact that, despite a 85-year his-
tory of intensive theoretical and experimen-
tal research, starting from the discovery of
HTSC in 1986 [3], it has not been possible
to overcome the critical temperature thresh-
old of 200 K, not to mention room tempera-
ture superconductivity for superconducting
materials [4, 5]. At the same time, the mi-
croscopic mechanism of HTSC still remains
unclear [1, 6].

In a fairly numerous series of HTSC cu-
prates, the special place for research, in
this aspect, is occupied by the compound of
the 1-2-3 system with partial replacement of
yttrium by praseodymium [7, 8], which is
due to several reasons. First, the com-
pounds of the 1-2-8 system have a suffi-
ciently high critical temperature (T,), which
makes it possible to carry out measurements
at temperatures exceeding the temperature
of liquid nitrogen [9, 10]. Second, the par-
tial replacement of yttrium with praseodym-
ium, in contrast to replacement with other
rare earth elements, makes it possible to
smoothly change the electrical resistance
and critical characteristics of this com-
pound due to the gradual suppression of
their conductive parameters (the so-called
"praseodymium anomaly™) [11-14]. Thirdly,
in the Y,_,Pr,Ba,Cu30;_s compounds with an
optimal oxygen content [15, 16], the so-called
nonequilibrium state does not arise, which in
pure oxygen-deficient YBa,Cuz0;_5 samples
can be quite easily induced by a jump in
temperature, aging [17, 18] or high-pres-
sure applications [19, 20]. The latter cir-
cumstance is essential, since, in the case of
pure samples, it is often necessary to use
specific techniques that allow one to isolate
the so-called "true pressure effect”™ due to a
change in the crystal lattice parameters of

Functional materials, 29, 3, 2022

the interlayer interaction, electron-phonon
interaction, ete. [21, 22], and relaxation ef-
fect due to the redistribution of the labile
component [28, 24]. Despite a relatively
large number of works available in the lit-
erature on the study of the effect of pres-
sure on the conductivity of the HTSC cu-
prates, only a relatively small part of them
was devoted to the study of the pressure
dependences of the resistive characteristics
and the shape of superconducting transi-
tions of Y,_,Pr,Ba,CuzO;_5 compounds (see,
for example, review [7] and links there).
Moreover, the data presented in these works
are often quite contradictory. For example,
it was reported that both the positive and
negative baric derivative dT./dP were re-
corded, and in some cases, the sign of
dT,./dP changed [25].

At the same time, the approximation of
the temperature dependence of the resistiv-
ity using the known mechanisms of charge
carrier scattering in the normal state and
during the transition to the supercon-
ducting state makes it possible to obtain a
number of characteristic parameters, to re-
late them to each other, and also to study
the influence of external factors on the
scattering processes and the transition to
the superconducting state. In the normal
state, these are known mechanisms of carrier
scattering by phonons and lattice defects.

In our previous works [26, 27], we stud-
ied the effect of high hydrostatic pressure
up to 17 kbar on a number of resistive char-
acteristics and excess conductivity of single
crystal Y,_Pr,Ba,CuzO;_5 samples poorly
doped with praseodymium (x = 0.05). In this
work, we investigated the effect of high hy-
drostatic pressure up to 11 kbar on the
phase separation in the basal ab-plane of
Y _xPryBasCuzO;_5 single-crystal samples
moderately doped  with  praseodymium
(x = 0.28). We approximate the resistivity tem-
perature dependence in the range T, — 160 K
using the Bloch-Gruneisen relation with the
transition to fluctuation conductivity de-
scribed in accordance with the Lorentz-
Doniach results.

HTSC Y1_XPrX882CU3O7_6 single crystals
were grown by the solution-melt technology
in a gold crucible, according to the proce-
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Fig. 1. Electrical resistance of  the
Y0.77Pr023Ba,Cuz0;_5 single crystal in the
basal plane, p (T, P), for: 1 — P=0; 2 — P
=4, 3 — P=64; 4 — P=8.7, 5§ — P=
11 kbar. Insert: Temperature dependences
Pa(300, P) and derivative, (d[lnp, (300,
P)])/dP.

dure [26]. For resistive studies, rectangular
crystals with a size of 8x0.5x0.03 mm?3 were
selected. The smallest crystal size corre-
sponds to the c-axis direction. According to
the standard 4-contact scheme, electrical
contacts made of silver paste were deposited
on the crystal surface; then, silver conduc-
tors with a diameter of 0.05 mm were at-
tached and annealed for three hours at a
temperature of 200°C in an oxygen atmos-
phere. This procedure made it possible to
obtain a contact resistance of less than one
Ohm and to carry out resistive measure-
ments at transport currents up to 10 mA in
the ab-plane. Hydrostatic pressure was cre-
ated in a piston-cylinder multiplier [26, 27].
The pressure was determined using a man-
ganin manometer, and the temperature was
measured with a copper-constantan thermo-
couple mounted on the outer surface of the
chamber at the level of the sample position.

The temperature dependences of the elec-
trical resistivity p,;(T',P) in the basal plane
of the Y0_77Pr0_23832CU307_6 single crystal
measured at different pressures (from P =0
to 11 kbar, see also table) are shown in the
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Fig. 2. Derivative, dp, (T, 6.4 kbar)/dT, in
the superconducting transition region: points
— calculated from experimental data p,(T,
6.4 kbar). Line: empirical distribution func-
tion (7). Box: empirical distribution funec-
tions (7) for the pressures used (see caption
to Fig. 1).

inset to Fig. 1. At atmospheric pressure,
T(0)=67 K and p, (300 K, 0)
=383 uOhm-cm were measured. Thus, in
comparison with the pure YBa,CuzO;_s sin-
gle-crystal samples, the critical temperature
decreased by =25 K with a simultaneous
increase in Py (800 K, 0) by
=120 uOhm-cm, which generally agrees with
the literature data. The reasons for the de-
terioration of the conducting characteristics
of YBa,Cuz0;_5 compounds upon doping
with praseodymium ("praseodymium anom-
aly™) are analyzed in detail in the review [7].

The inset to the figure 1 shows the pres-
sure dependence of the resistance at room
temperature, p,,(800, P), and the deriva-
tive, d[lnp, (800, P)]/dP. The p,;, depends
on pressure primarily due to a decrease in
volume, that is, due to an increase in the
Debye temperature, 0, and, at sufficiently
high temperatures, p o 072,

Then  d(lnp,)/d(InV) = [d(In,,)/d(1n6)]/
[d(InB)/d(InV)] = —2y [28] and (1/p)(dp/dP) = 21,
where B = —(1/V)(dV/dP).

It is seen that the value (1/p)(dp/dP) = 2y3
varies within 8+2 (kbar)™1l, which for y= 2
gives the value of the volumetric compressi-
bility, B = 0.005+0.007 (kbar) 1. These val-
ues are in qualitative agreement with the
data of [29], in which the value B = 0.0085
was obtained for YBa,CuzO,. The decrease
in the compressibility of our sample can be
due to both by the presence of praseodym-
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Table 1. Parameters of the empirical distribution function (1)

P, kbar 0 4.1 6.4 8.7 11
Low T., K 67.23 69.0135 69.530 70.027 70.320
w;, K 24.87 8.61 10.98 6.15 5.13
b, WQ-em-K 949 454 524 415 408
(dp/dT) e 67.5 88.8 75.6 105.73 122.57
High T.,, K 67.69 69.422 69.988 70.413 70.729
w,, K 8.28 14.87 5.20 9.85 10.15
b,, uUQ-emK 601 726 447 542 550
(dp/dT)as 121.91 78.3 130.3 85.8 83.6

ium and by the inhomogeneity of the sample
itself (see Fig. 2).

High-temperature superconductors are
characterized by the presence of microscopic
regions (domains) [80] with different T,.
Thus, there is a distribution of T, over the
sample volume. This inhomogeneity of the
sample leads to an extension of the range of
the superconducting transition to 0.1+1 K
in optimally doped HTSCs [31]. Note that
the measured effective resistance decreases
with decreasing temperature, since a single
superconducting cluster consisting of do-
mains that have already passed into the su-
perconducting state grows; and in the ab-
sence of percolation effects, the decrease in
the resistance near the superconducting
transition is proportional to the total vol-
ume fraction of domains that have already
become superconducting at a given tempera-
ture, T'<T,. Under these conditions,the
only experimentally determined charac-
teristic temperature in the region of the
superconducting transition is the tempera-
ture of the maximum of the derivative,
dp/dT, and the derivative itself,
dp(T = T,)/dT, is proportional to the distri-
bution function for T [32, 33]. Note that
the effective resistance vanishes only when
a single cluster formed from supercon-
ducting domains extends from one potential
contact to another. Since the distribution
function for T; is related to the heterogene-
ity of a particular sample, it is a charac-
teristic of the sample, and therefore, it
should be determined by approximating the
function F(T) =dp (T =T,)/dT using good
empirical relationships.

In lightly doped samples and samples
with defects (impurities, substitutional
atoms, etc.), macroscopic regions with their
own distributions of T, over the volume of
the region can form, which leads to a mul-
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tistage superconducting transition [34]. In
this case, according to the well-known para-
bolic dependence [35], each of these phases
is characterized by the corresponding con-
centration of current carriers. In this case,
the distribution function for T,; is the sum
of the corresponding functions F;(T).

Fig. 2 shows the derivative dp,,(T)/dT in
the superconducting transition region for
one of the pressures (6.4 kbar) and the cor-
responding empirical distribution function.
For the latter, we used the sum F(T) = Fy(T)
+ Fy(T), where F;(T) and F,(T) have the
next form

b; (@h)
V(T2 - T2)2 + (w,T)?)"

Fy(T) =

Here i=h, I; T, b; and w; are parame-
ters determined by the least-squares
method. The average approximation error is
close to 8 %. The values of these parame-
ters are presented in Table 1.

Fig. 2 shows that the empirical distribu-
tion function (1) describes well the deriva-
tive, dp,p(T, 6.4 kbar)/dT, in the entire re-
gion of the superconducting transition, ex-
cept for the lowest-temperature region
T < 69.5 K, where there is another distri-
bution of type (1), whose parameters are
difficult to determine due to the small num-
ber of experimental points.

Insert in Fig. 2 demonstrates the shift of
the maxima dp,,(T, P)/dT towards higher
temperatures in the region of the supercon-
ducting transition upon application of hy-
drostatic pressure. In this case, the heights
of the maxima change arbitrarily, i.e. with
each stage of cooling, its own distribution
of T, is created, which only qualitatively
corresponds to the previous one. It can be
seen from the Table 1 that only T, in-
creases with increasing pressure. The pa-
rameters b; and w; are independent of pres-
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sure. An exception is a height of the lower-
temperature maximum, (dp/dT);,q, Which
tends to increase with increasing pressure.
Such a change in the steepness of the steps
indicates a change in the paths of current
flow after annealing the crystals at room
temperature, which is possible with a
change in the spatial distribution of clus-
ters and their sizes for the low-temperature
and high-temperature phases.

The width of the superconducting transi-
tion is determined by the inhomogeneity of
the sample — for example, fluctuations of
its composition [36]. These inhomogeneities
lead to the appearance of regions with their
own local transition temperature, and the
transition in these regions occurs regardless
of the state of neighboring regions. As
noted above, the homogeneous state of
HTSC with defects is unstable; it is ener-
getically favorable to split HTSC into do-
mains I ~ 107® c¢m in size with high and low
conductivities (metallic regions with small
d and poorly conducting regions with large
8). For the case of ferroelectric phase tran-
sitions, such regions are called Kenzig re-
gions [37], the size of which is also esti-
mated as I~1079+10 8 cm, (a <<l <<L;
where a is the crystal lattice constant, L is
the sample size). It can be assumed that the
width of the step of the one-step supercon-
ducting transition — the width of one
maximum dp,(T)/dT at half its height — is
determined precisely by such mesoscopic
fluctuations in the concentration of de-
fects oxygen vacancies or impurity atoms.

The appearance of a two-step supercon-
ducting transition (two maxima dp.(T)/dT))
after doping with praseodymium indicates
the appearance of at least two macroscopic
regions with different, lower than in the
initial state, transition temperatures. It is
clear that each of these regions has its own
transition width generated by mesoscopic
fluctuations in the concentration of defects
in this region.

Note that the disappearance of resistance
is due to the formation of a single supercon-
ducting cluster extending from one poten-
tial contact to another and shunting all the
others, both normal and superconducting re-
gions. Thus, doping with praseodymium led
to the appearance, along with mesoscopic,
macroscopic inhomogeneities, which caused
a two-step superconducting transition,
shifted to the region of lower temperatures,
and the steps of which expand with an in-
crease in the concentration of praseodym-
ium. Thus, the spatial distribution of de-
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fects created by the praseodymium impurity
leads to the fact that, along with
mesoscopic fluctuations, macroscopic fluc-
tuations in the concentration of defects are
also observed. It is most likely that such
macroscopic regions with different defect
concentrations are separate phase clusters
in the ab-planes of the YBa,Cu3O7_s single
crystal.

A similar temperature dependence of the
resistance was found in [88] for an amor-
phous Zr-Rh alloy in the range 4.8-298 K
and is attributed to a possible spatial inho-
mogeneity of this alloy. In [30], referring to
the experimental data on the separation of
Lay,CuQy,5 into large metallic regions and
small dielectric regions (the size of the re-
gions is ~ 1073 cm), the authors substanti-
ate the energetic advantage of separating
HTSC into domains with high and low con-
ductivities. Naturally, the separation proc-
ess is controlled by the diffusion of the cor-
responding ions, which is relatively low
even near room temperatures. Nevertheless,
the homogeneous state of HTSC with de-
fects is unstable according to [30].

The phase separation under pressure ob-
served in our case can be associated with
different sizes and compositions of clusters
with different praseodymium content [7].
At the same time, it should be noted that an
increase in the praseodymium content in a
local volume element, as a rule, leads to a
diametrically opposite effect of an increase
in the oxygen content. While an increase in
the oxygen concentration leads to an in-
crease in T, and an improvement in the
conducting characteristics of an individual
phase [17], an increase in the praseodymium
content contributes to the suppression of
conductivity and a decrease in T, [7]. The
structural and kinematic anisotropy in the
system can play a special role in this [39-43].
It can be assumed that in contrast to the
case of pure YBa,CuzO;_5 samples, the
phase separation  observed in  the
Y0_77Pr0_23882CU307_6 single crystal under
high pressure is a more complex and am-
biguous process. However, to verify the va-
lidity of this assumption, additional stud-
ies are needed on the effect of all-round
compression on the critical temperature of
Y 1_xPryBas,CuzO;_5 compounds, including a
wider range of praseodymium concentra-
tions, as well as using structural measure-
ments on samples with a higher degree of
doping with praseodymium.

The dependences of the transition tem-
peratures on the applied pressure for

Functional materials, 29, 3, 2022
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Fig. 3. Pressure dependences of the supercon-
ducting transition temperatures: 1 — Thigh

2 — T%, 3 — Y,g5PrposBa,Cus07 5 [20].
Inset: Pressure dependences of the deriva-
tives dT,/dP for Y, Pr,Ba,Cu;O; 5 single
crystals (x = 0.23, x = 0.05). Numbering of
the curves is the same as in the main panel).

Y 1_xPrBasCuzO;_g single crystals (x = 0.23
in this work, x = 0.05 from [20]) are pre-
sented in Fig. 8. The pressure dependences
of the corresponding derivatives
(dT,./dP)(P) are shown in the inset to Fig. 3.
The curves T,"8"(P) and T, “(P) are nearly
parallel to each other. This means that an in-
crease in the pressure does not result in a
notable change of the difference T,Mgh — T low
(see Table 1), which may indicate the pres-
ervation of the initial phase segregation in
the crystal. It should be noted that the oxy-
gen content in our sample is close to the
stoichiometric one, which should minimize
the redistribution of the labile oxygen in
the above-described processes. Indeed, as
shown in [1, 2,17, 19], in the case of
stoichiometric single crystals, application of
high pressure usually does not cause struc-
tural relaxation processes due to the diffu-
sion of labile oxygen in the bulk of the
sample.

Phase segregation in our sample under
pressure is probably due to the different
size and composition of clusters with differ-
ent concentrations of Pr [7, 11]. At the
same time, one should note that an increase
in the Pr content in the local volume of the
experimental sample leads, as a rule, leads
to an effect opposite to the effect of an
increase in the oxygen content. If an in-
crease in the oxygen concentration leads to
an increase of T, and improvement of the
conducting characteristics of a given phase
[1, 16, 17], an increase of the Pr content
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contributes to a suppression of the conduc-
tivity and a decrease in T, [7, 11, 14, 20].
In this way, one can assume that the phase
segregation observed in the
Y0_77Pr0_23882CU307_6 single crystal under
pressure is a more complex and ambiguous
process in contrast to YBa,CuzO;_5 single
crystals without Pr. Verification of this as-
sumption requires additional studies of the
effect of uniform compression on T, of
Y0_77Pr0_23882CU307_6 compounds in a wide
range of Pr concentrations in combination
with the structural characteristics of sam-
ples with a higher level of Pr doping.

We note that T, increases with increas-
ing pressure. Specifically, the curves T .(P)
for x = 0.23 pass below those for x = 0.05
[20]. Qualitatively, this observation agrees
with the data [7] for Y1_XPrX832CU3O7_6
composites. The inset to Fig. 3 shows that
dT./dP decreases almost linearly with in-
creasing pressure, but at the highest pres-
sures an increase is observed. At the same
time, for Y0_95Pr0_05882CU3O7_6 [15, 20], the
pressure dependences of dT,./dP pass
through a minimum at P =10 kbar. Prob-
ably, such a minimum can be expected for
Y0_77Pr0_23882CU307_6 at even higher pres-
sures.

The temperature dependence of the sam-
ple resistivity was approximated by the re-
lations:

Pup(T) = (p71 + Ao, p) 1 (2)

p=(py+pPg+ps - (1—by- T2
9
_o L[ x"e* .
Pn = Cy 0 )" (e — 1)2dx’
0

ez
AGLD = (th}_l(l + JE_I)(_l/z) H

Here p, is the residual resistivity due to
the scattering of charge carriers on defects;
P3, P5 are the resistivities due to scattering
of charge carriers by phonons (Bloch-
Gruneisen (regime) relation): p charac-
terizes the interband scattering and py is
the intraband scattering [44]; b, charac-
terizes the change in the shape of the curve of
the density of electronic states with increasing
temperature [45]; Acyp is the Lawrence-
Doniach excess conductivity [46]; d is the in-
terplanar distance in the Y0_77Pr0_23832CU307_6
single crystal; € = (T-T,)/T,; J = (2£.(0)/d)? is
the interplanar pairing constant, &, is the
coherence length along the ¢ axis. The tem-
perature of the superconducting (SC) transi-
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Table 2. Parameters of the approximation according to (2), relative decrease in volume and
interplanar spacings calculated using [47] and & ,(0) values for various applied pressures

P, kbar 0 4.1 6.4 8.7 11
Tphigh, K 67.67 69.42 69.98 70.38 70.73
Tpluw, K 67.23 69.02 69.52 70.04 70.33
0, K 279 284 281 279 279
Tphigh/e 0.242 0.244 0.249 0.252 0.254
Po» 1Ohm cm 58 49 35 34 37
C;, pOhm-em 71 60 68 65 31
C5, UOhm-cm 1456 1462 1369 1244 1199
by, 1076, K2 3.1 4.2 5.4 4.8 4.0
J 14.4 7.2 21 18.5 11.4
£.(0), A 22 15 26 24 19
Error, % 1.5 1 1.5 1.5 1.5
tion was determined experimentally from
the position of the maximum dp(T)/dT. The 200
parameters of the approximation according
to (2) are given in Table 2, together with
the values of the relative decrease in vol- 150
ume and interplanar spacing calculated 5
from the data of [47], as well as the values G 100~
of &.(0). a
Fig. 4 shows the p,;(T) dependences at 50 -
various pressures and the corresponding ap-
proximating curves for the 0 A . . . .
60 80 100 120 140 160

Y0_77Pr0_23832CU307_5 single crystal. It can
be seen that the p,,(T) dependence does not
qualitatively change at all applied pressures
and remains metallic. At the same time, the
parameters of the approximation according
to (2) are changed (see Table 2). Inset a
shows the SC transition at one of the pres-
sures (11 kbar). The total width of the tran-
sition (~ 8 K) and the presence of steps on
it indicate the inhomogeneity of the sample,
i.e., the existence of both macroscopic re-
gions with different T, and variations in T,
within such macroscopic regions. The kinks
of the steps correspond to the maxima of
the derivatives dp/dT. It can be seen from
Table 2 and inset b, that with increasing
pressure, the dp/dT maxima shift to higher
temperatures, but the distance between the
maxima ((T, 8" — T %) = 0.4) does not de-
pend on pressure [48].

Since T, depends on the oxygen defi-
ciency, 0, and the Pr concentration, it is
clear that the pressure within the limits
used has very little effect on the distribu-
tion of oxygen and praseodymium atoms in
the sample.
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7, K

Fig. 4.Temperature dependences of the resis-
tivity in the Dbasal plane of the
Yo.77P0 23Ba,Cu30;_5 single crystal at differ-
ent pressures: 1 — P=0; 2 — 4.1 kbar; 3 —
6.4 kbar; 4 — 8.7 kbar; 5§ — 11 kbar. Sym-
bols are the experimental data; lines are the
approximations according to (2). Inset a:
transition to the superconducting state at P
= 11 kbar and the corresponding temperature
derivative of the resistivity. Inset b: The
temperature derivatives of the resistivity in
the SC transition region at various pressures.

Fig. 5 shows the temperature depend-
ences of individual parameters and factors
in (2) in the initial state (P = 0). It can be
seen that in the normal state, the main con-
tribution to the resistivity comes from the
intraband scattering py and the residual re-
sistance py. The contributions from the in-
terband scattering p; and the corrections
associated with a change in the shape of the
curve of the density of electronic states (1 —

Functional materials, 29, 3, 2022
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Fig. 5. Temperature dependences of values of pa-
rameters in (2) for P=0: 1 — total resistivity
PTY 2 — ps; 8 — Pos 4 — pgs 5 — (1 — byTH).
Inset: 1 — total conductivity 1/p(T); 2 — Aoy p,-

boT?) are an order of magnitude smaller.
The inset in Fig. 5 shows the temperature
behavior of the conductivity in the Lorentz-
Doniach model [46], AG;p, in comparison
with the total conductivity of the sample in
the normal state, p,,(T, P = 0). It is seen that
at temperatures below a certain one (in this
case, at T' < 68 K), the value AG;p prevails.

According to [47, 49], at the pressure
values we used, the relative decrease in the
sample volume does not exceed 1 %, while a
relative decrease in the approximation pa-
rameters (2) is much larger (Table 2). This
means that the effect of pressure on the
resistivity of the sample is due not so much
to a change in the density of the conduction
electrons as to a change in the electronic
structure.

In the previous work [47] it was noted
that YBa,CuzO7_s compounds are charac-
terized by a significant anisotropy of linear
compressibility in the directions along and
perpendicular to the ¢ axis. This anisotropy
of compressibility decreases with increasing
pressure and characterized by the equation
An =[e/8 — (a + b)/2]/VV/3 (a, b and ¢ are
the unit cell parameters) [47]. Fig. 6 shows
the relative changes in the approximation
parameters from (2) at different pressures
P, (lower scale) and anisotropy of linear
compressibility, An, (upper scale).

In [50], a geometric crossover indicates a
transition from the 8D regime at §(T) <<l|h
(h is the film thickness) to the 2D regime
at §T) > h with decreasing temperature.
In [51], a decrease in the anisotropy in
Sr14.4Ca,Cus O0yq+5 With increasing pressure
was associated with the transition from one-
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Fig. 6. Relative changes in approximation pa-
rameters from (2) depending on pressure P
(lower scale) or anisotropy of linear compressi-
bility An = [¢/8 — (a + b)/2]/VY? (upper scale).
I —pp;2—0;3—Cs5 4 —0Cs 5 — by

dimensional to two-dimensional conductiv-
ity. The decrease in the anisotropy in
Y0_77Pr0_23882CU307_6 with increasing pres-
sure is due to a rapid decrease in the inter-
planar spacing ¢ in comparison with ¢ and b
parameters. At high pressures, this process
can lead to a "baric” crossover from 3D to
2D regime by reducing the interplanar spac-
ing to ¢ < §(T), when pressure is applied.

Fig. 6 shows that under pressure, the
greatest relative change is observed for the
parameter by, which, according to [45], de-
pends on the shape of the curve of the den-
sity of electron states on the Fermi surface;
parameters py, Cs and C3 show a tendency
to decrease with increasing pressure or with
decreasing anisotropy; the Debye tempera-
ture, 0, obtained from the Bloch-Gruneisen
relation does not depend on pressure.

Since A6/0 = AV/V + AF/F (AF/F is the
magnitude of the interatomic interaction),
the constancy of 6 (at AV/V < 0) means that
in the range of used pressures (and for the
corresponding change in the anisotropy of
the linear compressibility) AF/F = |AV/V, i.e.
the increase in the interatomic interaction
compensates for the decrease in volume.

It was shown [52] that to describe the
phonon heat capacity of RBa,CuzO, sam-
ples, three Debye temperatures should be
introduced: 0; corresponding to transverse
fluctuations propagating along the ¢ axis;
05 corresponding to transverse fluctuations
propagating perpendicular to the ¢ axis; and
03 corresponding to longitudinal fluctua-
tions at that 03 ~ 65 > 0;. For YBa,CuzO,:
0, =90 K, 6, = 850 K, and 065 = 295 K.
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As can be seen from Table 2, for our
sample, 6 = 280 K, i.e. charge carriers are
scattered mainly by longitudinal fluctua-
tions. Since longitudinal fluctuations are al-
ways associated with deformations in all
three directions, a decrease in anisotropy
with increasing pressure affected them
rather weakly, which caused the Debye tem-
perature 0 to be constant.

The values of T, and 6 obtained from the
experimental dependences p(T) make it pos-
sible to determine the electron-phonon in-
teraction constant A from the McMillan re-
lation [58, 54]:

0 1.04(1+))

= - (3)
e = 1455 A — i1+ 0.62%)]’

T

where U is the effective Coulomb repulsion.
However, from (3) it follows that there is a
maximum value of the T,/0 ratio:
(T./0)0r = 0.2438 at 1* = 0 and A — . Ac-
cording to our data, the T,"€"/0 ratio in-
creases from 0.242 to 0.254, that is, either
it corresponds to unrealistically large values
of A or does not correspond to equation (3) at
all. In our opinion, the real phonon spectrum
of an anisotropic Y0_77Pr0_23882CU307_6 single
crystal cannot be described by the Debye
model, and the parameter 0 obtained from
fitting relations (3) to the experimental val-
ues P,p(T) characterizes the type of fluctua-
tions on which charge carriers are scat-
tered. Note that in [55], where the Debye
temperature in polyerystalline YBa2Cu30Ox
was determined from the spin-lattice relaxa-
tion time, the value of 6 varied from 450 K
to 280 K for T, from 74.7 K to 56.3 K,
which corresponds to T,./0 from 0.166 to
0.201. From McMillan’s formula, it was
found that A varies from 4 to 10, respec-
tively. It is clear that the adequacy of the
McMillan formula is determined in this case
by the value of 6 which turned out to be
greater in an isotropic polycrystal than in

an anisotropic single crystal.

Table 2 also shows that the interplanar pair-
ing constant, J = (2£,(0)/d)?, does not depend
on pressure. Taking into account the depend-
ence ¢(P) [47], the calculated average value of
the coherence length is &,(0) = (2118) 9. This
is an order of magnitude higher than the
value obtained in [48]. This discrepancy is
probably due to the method of separating
excess conductivity. In [48], the excess con-

354

ductivity was determined by subtracting the
high-temperature conductivity, extrapolated
to a low temperature, from the experimen-
tal values; and here the excess conductivity
was determined by subtracting the conduc-
tivity calculated by the formula (2) from
the experimental values of p~l. The large
error in the value (J) is most likely associ-
ated with the inhomogeneity of the sample
(see inset a in Fig. 4).

We note that the application of pressure
also leads to a considerable (up to 17 K)
broadening of the linear section in the
Pup(T) plot at higher temperatures. The lat-
ter is expressed in a decrease of the tem-
perature T* at which experimental points
begin to systematically deviate downward
from the linear dependence. According to
the modern concepts, T corresponds to the
pseudogap opening temperature [1, 8], as
will be described in detail below.

A faster than linear decrease in p,(T)
observed at T < T™ reflects the appearance
of the so-called excess conductivity AG in
the crystal. The temperature dependence of
the excess conductivity is determined [1, 8]
from the relation:

AG =0 — 0y, 4)

where 6y, = psin ' = (A + BT)™! is the con-
ductivity determined via extrapolation of
the linear section ofp,,(T) toward zero tem-
perature, and ¢ = p~! is the experimentally
measured value of the conductivity in the
normal state.

In the rather wide temperature range,
these dependences have a linear section that
allows for their description with an expo-
nential dependence:

Ac ~ exp(A*a/T), (5)

where A*,; determines some thermally acti-
vated process over the energetic gap —
pseudogap.

At present, the most widely discussed
mechanisms for the pseudogap state in HTS
cuprates are represented by the concept of
uncorrelated pairs [1, 56] and various mod-
els of dielectric fluctuations [57]. Here, one
should especially mention the theory of
crossover from the BCS mechanism to the
mechanism of Bose-Einstein condensation
(BEC) [56]. Within the framework of this
theory, temperature dependences of the
pseudogap were obtained for the cases of
strong and weak coupling. In the general
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form, these dependences are described by
the equation:

_ T 0), _(6)
A(T) = A0) — A(O)\/; \ A(JO) exp[~{A"5] X

[1 + er _0_x2+1 —1 ]’
T/ A0)

where x5 = u/A(0) (1 is the chemical poten-
tial; A(0) is the energy gap at T = 0), and
erf(x) is the error function.

In the limiting case of weak pairing [56],
Eq. (6) is reduced to:

AT) = A0) — A(O)\/ZﬂA(O)TeXp[—A(TO)} &

which is well known in the BCS theory.

In the BEC limit of strong pairing [56],
in the 3D case, xy < —1, Eq. (6) acquires the
form:

AT) = (€))

8 A0V % [ 2T A% ‘
= A0) - W —Xg TJ eXp|:— T

Herewith, as it was shown in [1, 8, 17,
20, 58], if the measurements are done accu-
rately enough, the pseudogap values in a
wide temperature range can be deduced
from the p,(T) data at T < T* The expo-
nential dependence AG(T) was previously ob-
served for YBCO films [58]. As it was
shown in [58], fitting of the experimental
data can be substantially improved by intro-
ducing a prefactor (1 — T/T™). In this case,
the excess conductivity appears proportional
to the density of superconducting carriers
ng ~ (1 — T/T") and inversely proportional to
the number of pairs ~ exp(—A*/ET) broken by
thermal motion:

Ac ~ (1 = T/T*expA s/ T). (9)

Here, T* is considered as the mean-field su-
perconducting transition temperature. The
temperature interval T, <T" of the
pseudogap state is determined by the phase
rigidity of the order parameter, which in
turn depends on the oxygen deficiency and
the dopant concentration. In this way, adopt-
ing the approach suggested in [58] the experi-
mental curve InAc allows one to deduce the
temperature dependence A*,,(T) up to T™.
Fig. 7 shows the temperature depend-
ences of the pseudogap for a number of
pressures as A*(T)/A,,, versus T/T”. Here,
Apax is the value of A" on the plateau far
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Fig. 7. Temperature dependences of the
pseudogap in the reduced -coordinates
*, * *
A(T)/A versus T/T for the

Yo.77P0 23Ba,Cu30;_5 single crystal (A*max is
the A" far away from T on the plateau). The
numbering of the curves corresponds to Fig.
4. The dependences A*(T)/A(0) on T/T" calcu-
lated according to [56] for the crossover pa-
rameter pu/A(0) = 10 (BCS limit), -2, -5, —10
(BEC limit) are shown by dashed lines 6-9,
respectively.

away from T¥. The dependences A*(T)/A(0)
on T/T* calculated by Eqgs. (7) and (8) in the
mean-field approximation within the frame-
work of the BCS crossover theory [56] for
the crossover parameter L/A(0) =10 (BSC
limit), -2, -5, —10 (BEC limit) are shown by
dashed lines in Fig. 7. With an increase in
pressure, experimental curves develop from
dependences described by Eq. (8) to those
described by Eq. (7). This behavior turns
out to be qualitatively similar to the trans-
formation of the temperature dependences
of the pseudogap of YBCO single crystals
upon a decrease in the degree of oxygen
non-stoichiometry [4, 35]. These correla-
tions A*(T) do not seem to be accidental.
Indeed, as is known from the literature
(see, e.g. [1, 2,19, 20]), to type 1-2-3
HTSC, as well as an increase of the oxygen
content [17, 22], leads to enhancements of
the conducting characteristics, which mani-
fests itself in an increase of T, and a de-
crease in p. In this way, with some conven-
tionality in determining T from the devia-
tion of p,(T) from the linear dependence, the
agreement between experiment and theory in
our case can be considered satisfactory.

As we can see from insert to Fig. 7, ex-
cess conductivity has a strong increase near
T,.. The excess conductivity near T, is prob-
ably due to the processes of fluctuation
pairing of the charge carriers and can be
described in terms of the Lawrence-Doniach
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model [46]. This model assumes the pres-
ence of a very smooth crossover from the
2D to the 8D regime of fluctuation conduc-
tivity with decreasing temperature of the
sample:

B I T A TR O
AG_[lGhd}g {1 +Jg } ,

where ¢ = (T — T"™,)/T™, is the reduced
temperature; T, is the critical tempera-
ture in the mean-field approximation; J =
(2£,(0)/d)? is the interlayer coupling con-
stant; &, is the coherence length along the
c-axis, and d is the thickness of the 2D
layer. Near T,, when &.<d, the interaction
between fluctuational Cooper pairs is real-
ized in the entire sample volume, that cor-
responds to the 3D regime. The 2D regime
is realized when &, > d and the interaction
is only possible within the planes of the
conducting layers. Accordingly, in the lim-
iting cases, Eq. (10) is transformed into the
known relations for the 38D and 2D cases,
obtained in terms of the Aslamazov-Larkin
theory [560]:

ez (11)
ASap = Tehpdt
e2 12)
AOp = =€ 172,
3D " 32KE (0)
An accurate determination of 7™ , which

¢
strongly affects the slope of Ac(e), is essen-
tial for comparison of experiment with the-
ory. In such a procedure, £.(0), d and T, in
Egs. (10)—(12) are usually varied as fitting
parameters [59]. However, this approach
often results in quantitative discrepancies
between theory and experiment. This re-
quires the inclusion of some scaling term as
an additional fitting parameter. This so-
called C-factor makes it possible to improve
the agreement with the experimental data
and, thus, take into account the possible
inhomogeneity in the distribution of the
transport current in the system under con-
sideration. In our analysis, for 7™/, we used
the values of T, at the points of maxima in
dp,p/dT in the region of the supercon-
ducting transition [2].

The temperature dependences AG(T) are
presented in Fig. 8 as InAc versus In e.
Near T, these dependences are satisfactory
approximated by straight lines with a slope
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Fig. 8. Temperature dependences Ac(T) for a

series of pressures in the ln Ac versus Iln &
representation. Curve numbering corresponds
to Fig. 4. Inset: Dependences T,(P) and  (P).

oy = —0.5, corresponding to the exponent
1/2 in Eq. (12), which indicates the 3D
character of the fluctuation conductivity in
this temperature range. With a further in-
crease in temperature, AG decreases faster
(09 = —1), which indicates the dimensional-
ity change in the fluctuation conductivity.
From (11) and (12), it follows that at the
2D—-3D crossover point:

o = 4E.0)/d- (12)

Thus, from the determined value of &, and
literature data for the dependence of T, and
the interlayer distance on 6 [60, 61] one can

calculate the value of &.(0).

As follows from the inset to Fig. 4, £.(0)
calculated by Eq. (12) decreases from
2.88 A to 2.69 A with increasing T,. This
qualitatively differs from the pressure de-
pendences of £.(0) obtained for impurity-
free YBCO samples of an optimal composi-
tion [17, 22] and for single crystals lightly
doped with Pr [8, 20]. Namely, for opti-
mally-doped YBCO single crystals, &.(0)
only slightly varies with an increase in
pressure [2, 22]. At the same time, for sin-
gle crystals lightly doped with Pr [20], £.(0)
exhibits an increase by about 15 % with
increasing pressure from 0 to 17 kbar. It
should also be noted that in our work, there
is a clear correlation in the behavior of the
dependences & (P) and T.(P) with an in-
crease in pressure (see the inset to Fig. 8).
Both these physical values change simulta-
neously; namely, an increase in T.(P) is ac-
companied by a decrease in .(P), that may

Functional materials, 29, 3, 2022
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indicate the same nature of the change in
these characteristics.

Conclusions

As a result of the studies performed, it
can be concluded that doping with praseo-
dymium leads to an anisotropic distribution
of defects: flat macroscopic superconducting
regions with different T, are formed. Mac-
roscopic inhomogeneities cause the forma-
tion of a multistep superconducting transi-
tion, shifted to the region of lower tempera-
tures; the steps of this transition are longer
than during the initial transition due to the
enhancement of mesoscopic inhomogenei-
ties. An increase in the concentration of
praseodymium leads to a decrease in the
localization length of charge carriers, which
indicates a decrease in the spatial propaga-
tion of the wave function of charge carri-
ers. In the normal state, the main contribu-
tion to the resistivity of the
Y0_77Pr0_23832CU307_6 single crystal is due
to intraband scattering (eT?) and residual
resistivity. Hydrostatic pressure leads to a
decrease in the anisotropy of linear com-
pressibility together with a decrease in re-
sidual resistivity and phonon resistivity;
the Debye temperature and coherence length
remain constant. The superconducting tran-
gition and Debye temperatures obtained
from the experimental temperature depend-
ence of the resistivity do not correspond to
the McMillan formula, probably due to the
large anisotropy. In general, the application
of high pressure to Y,_,Pr,Ba,CuzO;_5 sin-
gle crystals with moderate Pr doping levels
(x = 0.23) leads to an essential broadening
of the linear section of the dependence
pap(T), corresponding to narrowing of the
pseudogap temperature range. Herewith,
the excess conductivity obeys an exponen-
tial temperature dependence in a broad
range of temperatures, while the tempera-
ture dependence of the pseudogap is satis-
factory described within the BCS-BEC cross-
over theory. The pressure-induced evolution
of the fluctuation conductivity in lightly
Pr-doped Y,_Pr,Ba,CuzO;_s single crystals
seems to be determined by two processes:
the general “three-dimensionality”™ of the
system, due to the evolution of the relation-
ship between &, and d and due to the doping
of Pr with a shift of the Fermi level relative
to the features of the density of states.
Thus, in contradistinction with impurity-
free and lightly Pr-doped YBCO samples,
the application of high pressure leads to a

Functional materials, 29, 3, 2022

substantial increase in the pressure deriva-
tives dT,/dP and df./dP.
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