G LuT
¢ University

Unusual behavior of pseudogap in high-temperature superconductors under
the influence of external factors. Part Il (Review article)

Solovjov A.L., Kolesnik A.S., Lahderanta E., Vovk R.V., Rogacki K.

This is a Author's accepted manuscript (AAM) version of a publication
published by American Institute of Physics

in  Low Temperature Physics

Do|:  10.1063/10.0039858

Copyright of the original publication:
© AIP

Please cite the publication as follows:

Solovjov A.L., Kolesnik A.S., Lahderanta E., Vovk R.V., Rogacki K. (2025). Unusual behavior of
pseudogap in high-temperature superconductors under the influence of external factors. Part Il
(Review article). Low Temperature Physics, vol. 51, no. 12. pp. 1406-1426. DOI:
10.1063/10.0039858

This is a parallel published version of an original publication.
This version can differ from the original published article.
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Within the framework of the developed theoretical approach, the temperature dependences of
the resistivity p(T), excess conductivity o'(T) and pseudogap A*(T) in YBa,CuszO7 s (YBCO)
and Y1.xPr«Ba,Cu3O7 5 (YPrBCO, x=0.05) single crystals under effect of high-energy electron
irradiation and hydrostatic pressure up to 1.7 GPa were analyzed. It is shown that the effect of
the external factors is rather specific. This specificity can be detected by analyzing the
properties of the FLC and PG, which turned out to be much more sensitive to changes in the
internal electronic subsystems caused by induced defects than the specific resistance. The
unusual behavior of HTSC single crystals under the influence of external factors is examined
in detail.

Keywords: high-temperature superconductors, cuprates, fluctuation conductivity, pseudogap,
electron irradiation, hydrostatic pressure.

1. Introduction

Thirty-nine years after the discovery of high-temperature superconductors (HTSCs or
cuprates) [1], a rigorous theory of HTSCs is still lacking. As a result, a significant part of the
fundamental properties of HTSCs, such as the mechanism of superconducting (SC) pairing,
which allows obtaining Cooper pairs at T, = 134 K, which is observed in the compound
HgBa,Ca,Cu3Og and increases to ~165 K at a pressure P~30 GPa [2], as well as the physics of
the pseudogap (PG), which opens in underdoped cuprates at T* >> T, [3-12], still remain
unclear. Knowledge of the mechanism of superconductivity pairing is necessary for a targeted
search for HTSC with even higher, preferably room, temperatures [3,8-11]. The study of the
physics of the PG should finally confirm the possibility of the existence of paired fermions,
the so-called local pairs, in HTSC in the temperature range T*>T>Tc and, ultimately, confirm
or refute the possibility of the existence of superconductivity at room temperatures [3,8].

As was written in our previous paper [3], in cuprates at a characteristic temperature T* not
only does resistivity p(T) deviate from linearity in the normal state above T*, but also the
density of states at the Fermi level (DOS) begins to decrease [13,14]. Eventually, a reduced of
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DOS is observed over a wide temperature range, which is just called a pseudogap (PG) [6-
8,13,14]. As a result, numerous anomalies of the electronic properties are observed in the PG
state, most likely associated with the rearrangement of the Fermi surface [4,9-12]. That is why
understanding the physics of PG is of paramount importance to clarify the physics of HTSCs
in general. However, the physics of PG is still not completely clear, as mentioned above.

As discussed in [3], there are two different approaches to understanding the physics of PG.
We share the second approach of a significant part of researchers, who believe that PG arises
due to the formation of paired fermions in cuprates below T*, the so-called local pairs (LPs)
or preformed Cooper pairs, and thus is a precursor to the transition of the HTSCs to the SC
state [8,15,16].

It is believed that LPs appear in cuprates precisely at T < T* in the form of so-called strongly
bound bosons (SBB), which obey the theory of Bose-Einstein condensation (BEC) [17,18].
With decreasing temperature, LPs change their properties and near T, behave as incoherent
Cooper pairs, which obey the BCS theory. Thus, at a certain temperature T in the interval
T*>Tpair>Te, @ BEC-BCS crossover should occur [7,8,17-19]. The presence of LPs in a fairly
large temperature interval above T, has been discussed theoretically [17,20,21] (and
references therein) and observed in a number of experiments [3,8] (and references therein).
This approach makes it possible to explain almost all experimental facts observed in HTSCs
[8], but unfortunately it has not yet been accepted by the entire superconducting community
[6,7,12,16].

A powerful method for studying HTSC is to investigate the effects of various external factors,
such as magnetic field, electron irradiation, the influence of various impurities, strong
pressure etc., which allows one to effectively test the adequacy of numerous theoretical
models, as well as study their unusual physical characteristics in normal and superconducting
states. It should be noted that before our experiments were conducted, the influence of these
factors on the fluctuation conductivity (FLC) and especially on the PG in HTSCs had never
been studied. Most likely, this is due to the very complex crystalline structure of HTSCs and
the variety of defects that arise during the production of samples [22,23] (and references
therein), which is the main reason for the lack of a rigorous theory of HTSCs, as well as a
theory of PG. This leads to the fact that the compounds of the so-called 1-2-3 system
REBa,Cu307.; (RE=Y and other lanthanides) are the most popular as objects of experimental
research of various physical properties of HTSCs. This is due to the fact that these
compounds allow obtaining experimental objects of study with a given topology of the
ensemble of defects and more or less predictable properties. The latter is of decisive
importance both for fundamental research and for obtaining new functional materials with
higher T, [3,6-8,23].

Due to the lack of a rigorous theory, we developed and widely tested the PG analysis method,
which was used to experimentally detect the BEC-BCS transition in cuprates [19]. It has been
convincingly shown that in well-structured YBCO films the BEC-BCS transition temperature
Tpair always corresponds to the maximum of the PG temperature dependence, A*(T).
Moreover, Tpair = 130 K and maintains a constant value regardless of the oxygen content and
the charge carrier density nr. Accordingly, the coherence length in the ab plane at T=T p also



turned out to be approximately the same for all YBCO films, namely: Ean(Tpair) = 18 + 0.4 A,
as discussed in detail in our previous paper [3]. In that paper, we also showed that the PG is
characterized by a decrease in the density of states (DOS) at the Fermi level below T* [13,14]
and examined the modern phase diagram of cuprates [5]. We also considered the influence of
magnetic impurities and magnetic field on various properties of YBa,Cu3O7_s - PrBa;CuzO7.5
(YBCO - PrBCO) superlattices [24], Y1xPrBa,Cu307_s single crystals [25] and YBCO thin
films [26]. In essence, this paper is a logical continuation of the article [3]. We will compare
the results considered in both papers in order to obtain and systematize information on the
behavior of various properties of HTSC under the influence of various external factors and
draw appropriate conclusions.

2. Method for analyzing fluctuation conductivity and pseudogap in HTSCs.

Let us briefly consider the method of analyzing FLC and PG, developed within the framework
of the local pairs (LPs) model, as discussed in detail in [3]. When p(T) deviates downwards
from linearity at T < T*, the so-called excess conductivity o'(T)= o(T) — on(T) arises, which is
given by a simple formula:

o'(T) = o(T)—on(T) = 1/p(T)~1/pn(T), 1)

where pn(T) = aT + po is the resistivity of the sample in the normal state, extrapolated to the
low temperature region, a = dp/dT determines the slope of the linear dependence pn(T) at
high T, and py is the residual resistivity, determined by the intercept of the extrapolated pn(T)
with the Y axis [19,23-26].

Recall, that we believe that PG opens due to the formation of local pairs (LPs) in undoped
cuprates below T*. At high temperatures, LPs are enclosed in the conductive planes of CuO,
and are, so to speak, flat [27,28]. As a result, the in-plane coherence length &g,(0) =~ 10&(0),
where Ec(0) = E(T*) = 1A is the coherence length along the c axis, which is comparable to the
dimensions of the YBCO crystal cell. Thus, it is &(T) = &(0)(T/Te-1) 2 that determines the
behavior of FLC and PG in HTSCs. Near T, &(T) >>d = 11.7 A, which is the unit cell size in
YBCO [29]. According to the Hikami-Larkin (HL) theory [28], this is a three-dimensional
(3D) state of HTSCs, in which o'(T) is always described by the standard equation of the
Aslamazov-Larkin (3D-AL) theory [30]:
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is the reduced temperature, T~ > T is the critical temperature in the mean-field
approximation and Csp is the scaling factor [7,19,31].

mf

Since &(T) = gc(O)s‘”z, it rapidly decreases with increasing temperature and above the 3D-2D
crossover temperature T, the inequality d > &(T) >do; is satisfied. Here dg; = 4A for YBCO is
the distance between the conducting planes of CuO,. As a result, up to the characteristic



temperature To; > Ty this is a two-dimensional (2D) fluctuation state, since &(T) still
connects the planes by the Josephson interaction [27,28]. In well-structured thin films [19]
and single crystals [32] this state is described by the 2D Maki-Thompson (2D-MT) theory,
modified by Hikami and Larkin for HTSCs [28]:
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is the pair-breaking parameter. The factor p = 1.203(&/&), where £ is the mean free path,
corresponds to the case of the clean limit (£> &) being typical for HTSCs [19,24,33]. Above
To1 the data finally deviate from the fluctuation theories [24,27,28], since now &¢(T) < dp; and
any correlation between the conducting layers is lost, suggesting that the LPs are confined in
the CuO, planes [27], as mentioned above. Thus, To; limits from above the range of SC
fluctuation ATq = Tos - T [8,24,32], where Tg is the Ginzburg temperature, down to which
the mean-field theory operates [34]. That is why near T, o (T) is called a fluctuation
conductivity (FLC). Accordingly, at T=To, £(T0) = &(0)eo 2 = d, so &(0) can be easily
determined using a simple formula [7,8,19,24]

£(0)=dyfey ©)
Inturn, at T = To1, E(Tor) = &C(O)sofl/zz do1. Since &:(0) have already been determined by (6),
do1 can now be determined by another simple relation [7,8,19]:

dor = d\/f—o/\/ €o1- (7)
Both do; and especially &(0) are important parameters in our analysis.

In many experiments it was shown that 3D-AL and 2D-MT theories describe FLC well in
HTSCs only in a relatively narrow (~15 K) range above Tg [8,19,24,32,35] (and references
therein). That is why FLC studies cannot provide information on the entire temperature
dependence of PG, since T* is typically around 200 K or even larger [3,8,19,24]. Since a
rigorous theory of HTSCs is still lacking, a corresponding equation for the entire ¢'(T) was
proposed in [19]:
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where A4 is a scaling factor, the same as the C-factor in the FLC theory (see Egs. 2, 4) and T
IS a current temperature. This equation contains the PG parameter A*(T) explicitly and also
takes into account the dynamics of LPs formation ~ (1 — T/T*) at high T and pair breaking
~(exp(—A*/T)) near T¢. Our numerous studies have shown that this equation can describe the
entire experimental curve ¢'(T) from T* to Tg, and all necessary parameters can be found
directly from the experiment.

Solving Eq. (9) for the pseudogap, A*(T), the following equation is obtained [19]:

e’A, (1—Tj
T*
A*(T)=T In

o'(T)167&,(0)y26 %, sinh(2& / £* )
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where ¢'(T) is the measured excess conductivity and &* is the theoretical parameter [36],
which affects the shape of the A*(T) at high T [3,8,19,24,32]. Our numerous studies have
shown that Eq. (8) does can describe the entire experimental curve ¢'(T) from T* to Tg, and
all necessary parameters can be found directly from the experiment, as mentioned above. That
fact suggests that Eqg. (9) with the found parameters should give the correct temperature
dependence of PG, A*(T) [8,19,24]. Recall, that in our approach the pseudogap opening
temperature T*, the coherence length &:(0) (Eq. (6)) and o'(T) (EQ. (1)) are determined from
the analysis of resistance and FLC. All other parameters included in Eq. (9) can also be
directly determined from PG analysis [8,19,24], as will be shown in the following sections.

3. Effect of various factors on the resistivity, fluctuation conductivity and pseudogap in
HTSCs

3.1. Unusual effect of strong electron irradiation on fluctuation conductivity and
pseudogap in YBa,CuzO,-; single crystals [37]

As a rule, various structural defects significantly affect the behavior of HTSCs, increasing the
resistivity p(T), but decreasing the superconducting transition temperature T, and increasing
the width 8T, of the SC transition [23, 38-39]. However, these defects arise uncontrollably
and are distributed randomly. For that reason, the possibility of creating defects in a
controlled manner is of considerable interest [38—40] (and references therein). This can be
done, for example, by irradiating a HTSC sample with high-energy electrons. Such electrons
may effectively shift any atoms of the crystal, forming numerous defects on different
sublattices, the number of which can be controlled by choosing the irradiation dose, and, what
is important, without changing the composition of the irradiated sample [40-46]. Obviously,
irradiation defects will effectively affect not only the resistance, but also the excess
conductivity, so the PG. Therefore, by studying the FLC and PG properties under irradiation,
it is possible to obtain additional information both on the mechanism of local pairs formation
above T, and on the mechanism of SC pairing in HTSC. This research is also of some
practical interest, since HTSC devices are sometimes forced to operate under electron
irradiation conditions [46] (and references therein).



Against the background of a huge number of works on HTSCs, the number of works devoted
to the effect of electron irradiation on FLC and PG in HTSCs is extremely small [40-43,46].
To obtain the missing information, measurements of the resistivity p(T), fluctuation
conductivity ¢'(T) and pseudogap A*(T) were carried out on optimally doped untwined
YBa,Cuz07—5 (YBCO) single crystals irradiated at low temperatures with large doses of
electrons with an energy of 2.5 MeV. This made it possible to study the effect of irradiation
defects on the properties of HTSCs in a wide range of irradiation doses increasing from ¢; =0
to @12 = 23 x 10" e/cm? [37].

3.1.1. Experiment

YBCO single crystals were grown in Y,0j3 crucibles by the conventional flux method as
described elsewhere [47]. To avoid the influence of twins and twin boundaries that typically
arise in HTSC single crystals during preparation [48], our single crystals were detwinned.
Detwinning was performed at temperatures below 220 °C under a uniaxial pressure of ~0.1
GPa [47]. Single crystals with an oxygen index (7-9) of 6.96, a T transition temperature in
the range of 90-92 K, and a transition width 6T. < 1 K were investigated. The selected
crystals were small-sized platelets with typical dimensions of (1.5-2) x (0.2-0.3) x (0.01—
0.06) mm®, where the smallest dimension corresponded to the c-axis. The small size of the
samples, which is significantly less than the electron penetration depth, was necessary to
minimize the irradiation time at a limited irradiation current. A fully computerized setup using
a four-probe technique was used to measure the in-plane resistivity pap(T) = p(T). The same
experimental technique was used in all our measurements, as described in detail in [37,48].
The samples were immersed in liquid He, and an electron flux limited to 10** (e/cm?)/s was
used to avoid heating the samples [49]. The irradiations were performed with 2.5 MeV
electrons in the low-temperature facility of the Van de Graaff accelerator at the National
Science Center of the Kharkiv Institute of Physics and Technology (Kharkiv, Ukraine). A
specially designed helium cryostat [49] made it possible to measure the resistance after
irradiation in the temperature range of 10 K < T < 300 K.

3.1.2. Results and discussion
A. Resistance and critical temperature

Fig. 1 shows the temperature dependences of the resistivity 0 (T) = 0 an(T) of the optimally
doped untwined single crystal YBa,CuzO; 5 (YBCO) with = 92.5 K (¢; = 0) and oxygen
index 7 — &) ~ 6.96, measured for irradiation doses from ¢; = 0 to ¢1» = 23 x 10™° e/lem®. With
an increase in the irradiation dose ¢, T rapidly and linearly decreases to extrapolated T, = 0 at
o> 10 x 10* e/cm?, while the resistivity increases, but also linearly (Fig. 2). The resistivity is
believed to increase due to the increase in disorder caused by irradiation defects [40-46].
Within the simple relativistic kinematic relation for electron-atom scattering it was found that
the minimum electron energies required for displacement of O, Cu, Y, and Ba atoms are 129,
413,532, and 730 keV, respectively, suggesting a threshold of 20 eV recoil energy [42]. Thus,
there is no doubt that electrons with an energy of 2.5 MeV effectively displace all the atoms
in the crystal, which leads to the appearance of many predominantly point or small cluster
defects in the CuO2 planes. This increases the disorder [39,41-45,49] and hence the scattering



rate of charge carriers. However, assuming that the oxygen content and nf are independent on
¢, as argued above, the linear decrease in Tc still remains questionable [39,41].

The linear variation of T, with ¢ (Fig. 2) was analyzed in detail in [41] by comparing the
experimental results with the Abrikosov-Gorkov (AG) pair-breaking theory modified for d-
wave superconductors [50], and the Emery-Kivelson (EK) theory, which proposes to take into
account the phase fluctuations of the order parameter, which increase with decreasing so-
called “phase stiffness” of the wave function [51]. The AG theory was shown to describes
Te(d) well at relatively low ¢, but fails at high ¢, most likely due to the very short coherence
lengths & (T) in HTSCs, which does not allow assuming a uniform disorder-averaged gap. On
the other hand, the quantum phase fluctuations predicted by EK turned out to be important for
determining the actual T, in a highly damaged low-T. superconductors, but are hardly
applicable for high-T, i.e. at small ¢. So the main conclusion is that as the disorder increases,
a crossover AG-EK from the pair-breaking regime to the phase fluctuation regime should
occur [41]. However, surprisingly, no peculiarities are observed in the p(p) and Tc(¢)
dependencies (Fig. 2), and, strictly speaking, the reason for the linear decrease in T. in
irradiated YBCO single crystals remained unclear.
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Fig. 1 (left panel). (Colored online) Temperature dependences of the resistivity of an
optimally doped YBa,CuzO7_; single crystal (7- 8 = 6.96) at different irradiation doses from
p1=0t01.3,2.5,3.9,5.6,6.9,7.9,8.7,10.0, 11.2, 15.5 and @1, = 23 X 10" e/cm?. Blue line
denotes pn(T) at s = 6.9 x 10'° e/cm?, above which first signs of a metal-insulator
transition appear and PG disappears.

Fig. 2 (left panel). (Colored online) In-plane resistivity p (300 K) (1), p (100 K) (2) and T (3)
of the optimally doped untwined YBa,Cu3Og96 Single crystal at different irradiation doses
from ¢l =0 to 1.3, 2.5, 3.9, 5.6, 6.9, 7.9, 8.7, 10.0, 11.2, 15.5 and @1, = 23 x 10" e/cm®,
Insert: the dose dependence of T* for the single crystal studied.

However, perhaps the most characteristic feature of the behavior of the resistive curves shown
in Fig. 1 is the fact that their slope a = dp/dT in the normal state above T* remains constant,
regardless of the value of ¢ (Table 1). This suggests that the Matthiessen rule is well satisfied
in untwined YBCO single crystals [41,42]. The evolution of p(T) shown in Fig. 1 is well
described by the Matthiessen formula, p = po + pp, Where py is the residual resistance and pp =
aT is the temperature dependence of the normal state resistance of a pure YBCO single crystal



at @ = 0. Table 1 shows that po(¢p) varies greatly, while dp/dT remains virtually constant [37].
Interestingly, Matthiessen's rule is not satisfied when the resistivity of HTSC changes strongly
with decreasing oxygen doping [51] or due to the effect of irradiation defects in single crystals
containing numerous twins and twin boundaries [38,40,46]. Thus, compliance with
Matthiessen's rule turned out to be a characteristic feature of detwinned YBCO single crystals
and is additional confirmation that twins are practically absent in our samples.

The constant slop of dp/dT also indicates the absence of the so-called S-shaped resistivity
curves, which are usually observed in underdoped YBCO with low T, and reduced ns, the
charge carrier density [19,52,53]. It is believed [54] that the S-shaped resistivity curve may
arise due to the specific scattering of charge carriers at T < T* in HTSCs with the reduced n;,
possibly due to a partial modification of the Fermi surface [4,5,8,55]. Thus, the absence of S-
shaped p(T) curves suggests that the oxygen content and nf in our crystals can remain
unchanged, despite the high number of irradiation defects especially at high ¢ [40,41].

Table 1. Resistive parameters of YBa,Cu3O7_s single crystal at different irradiation doses.
The parameters are described in the text.

® p(300K) | p(100 K) | dp/dT o 8T [T [T™ [Te [To |Ta
(10¥%/em®) | (uQem) | (uQem) | (uQcm/K) | (uem) | (K) | (K) | (K) [(K) [(K) [(K)
0 157.8 41.8 0.56 -6.0 0.7 1925 192,90 | 93.0 |93.2 |96.0
1.3 187.2 68.9 0.59 15.0 1.0 | 83.6 | 84.45 |84.6 |85.0 | 90.0
2.5 218.8 96.2 0.59 41.6 43 | 745 | 75.37 | 75.7 | 79.0 | 88.7
3.9 257.0 133.5 0.62 72.0 2.3 | 58.0 |{59.12 [59.9 |635|71.2
5.6 297.5 175.0 0.62 112.0 2.2 | 435 | 44.77 | 451 |46.1 |51.0

If we assume that the oxygen content and n¢ are indeed independent of o, the linear decrease
in T; becomes even more puzzling [39,41]. Obviously, to clarify the linear decrease in T and
the behavioral features of a number of other HTSC parameters, it is necessary to analyze the
temperature dependences of the excess conductivity at different ¢. However, it is important to
note that above approximately g = 6.9 x 10*° efcm?, the low-temperature resistivity begins to
deviate upward from the extrapolated linear dependence indicated by the blue line in Fig. 1.
This indicates the onset of the metal-insulator transition, which completely occurs above @19 =
11.2 x 10" e/cm2 (Fig. 2). Accordingly, PG disappears. As a result, within the framework of
our local pair model approach [3,7,8], only five p(T) curves with doses from ¢1 =0 to ¢5 = 5.6
x 10" e/cm? can be analyzed. Figure 3 shows the temperature dependences of the resistivity
p(T) = pan(T), measured before irradiation (¢, = 0) and for four subsequent irradiation doses,
as indicated in the figure caption. Thus, actually we consider five different, but similar in
properties, pure single crystals, the properties of which changed by irradiation (see Fig. 3 and
Tables 1, 2, and 3).




As usual, T of our samples is determined by extrapolating the linear part of p(T) at the SC
transition to its intersection with the T axis [see Fig. 3(a)], which gives T, with an accuracy of
~ 0.1 K. As in [41], the width of the SC transition 6T is actually defined as the width of this
linear region. As can be seen from Fig. 3, the values of 6T, measured in this way for all
samples are quite narrow (8T < 2.5 K; see Table 1), which indicates the good quality of our
single crystal and the absence of additional phases with a different T.. Despite the fact that
0T. () increases slightly under irradiation and has a maximum at ¢3 = 2.5 X 10" e/cm?

(Table 1), the resistive transition at g5 = 5.6 X 10™ e/cm? still remains quite sharp, which
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Fig. 3 (left panel). (Colored online) p(T) of an
optimally doped YBa,CuzOs.96 Single crystals
(Te=92.5 K) at different irradiation doses @3 =
0 (gray dots), ¢ = 1.3 x 10" elcm? (blue
dots), g3 = 2.5 X 10" e/cm? (yellow dots), @4

¢210™ (uQ Cm)2

=3.9 x 10" e/cm? (turquoise dots), and @5 = j
5.6 x 10" e/cm? (magenta dots). Red lines i
denote linear pn(T) extrapolated to lower 1
temperatures. Arrows designate the PG . .

74 76 78 80 82

temperature T*. Inset (a) shows resistive
transitions to the superconducting state, which
determine T, for single crystals at different ¢. Inset (b) shows the accurate determination of

T* for 3= 2.5 X 10" e/cm? by using the criterion (p(T ) — po)/ @T =1 [2].

T (K)

Fig. 4 (right panel). (Colored online) ¢'? vs T for the YBa,CusOs.gs Single crystals at two
irradiation doses: (a) 91 =0 and (b) @3 = 2.5 x 10" e/lcm®. Arrows point the characteristic
temperatures: Tcmf , T, the Ginzburg temperature, Tg, and 3D-2D crossover temperature, To.
Straight lines correspond to the range of 3D-AL fluctuations. Different behavior of the FLC
above Ty is observed, caused by the influence of irradiation defects.



indicates a uniform distribution of induced defects (disorder) over the sample volume
[40,41,46]. Figure 3(b) shows, as an example, the exact definition of T* for @3 = 2.5 x 10"
e/cm? using the criterion (p(T) — po)/aT = 1, where a = dp/dT [2]. This approach is used for all

samples and allows one to determine the PG opening temperature T* with an accuracy of =+
0.3 K. In contrast to the generally accepted phase diagram [3,5], the T* remains low and,
moreover, decreases nonmonotonically with decreasing T, showing a pronounced anomaly
(an increase of T*) at 3 = 2.5 % 10™ e/cm? (see insert in Fig. 2). The possible reason for this
feature will be discussed below. Surprisingly, no peculiarities are observed in the p(¢) and
T«(p) dependencies, as mentioned above (Fig. 2), and, strictly speaking, the reason for the
linear decrease in T, in irradiated YBCO single crystals remained unclear. There is also no
clear answer to the question of how the fluctuating Cooper pairs and PG behave under the
influence of irradiation. Thus, to obtain new information, we studied the irradiation dose
dependences of FLC and PG in the untwined YBCO single crystal, as described in following
sections.

Fig. 5 (Colored online), In ¢' vs In & for YBa,CuzOs96 single crystals: (a) at ¢; = 0 (curve 1,
gray dots) and ¢, = 1.3 X 10" e/cm? (curve 2, blue dots) and (b) at ¢, = 2.5 X 10'° e/cm?
(curve 3, yellow dots), ¢4 = 3.9 x 10" e/cm? (curve 4, turquois dots), and ¢s = 5.6 x 10"
e/cm? (curve 5, magenta dots) in comparison with fluctuation theories: 3D-AL (red lines), 2D-
MT (blue curves), 2D-AL (purple lines), and the LD model (dashed green curve). All
characteristic temperatures are marked with arrows: In(gg) refers to the Ginzburg temperature
Te, In(gp) to the 3D-2D crossover temperature Ty, and In(ggs) to Toz, which limits the region of
the SC fluctuations from above. The x-axis scales are shifted to avoid data overlap. In panel
(b) the upper x scale is used for @3 and ¢4, While the lower x scale is used for @s.



B. Fluctuation conductivity

Let us recall that excess conductivity, ¢'(T) = o(T) — on(T) arises when p(T) deviates
downwards from linearity at T < T*, as a difference between measured p(T) and linear
normal-state resistivity pn(T) extrapolated to low T(red lines in Fig. 3). As a result 6'(T) is
always given by the equation (1). To begin the analysis, it is necessary to correctly find the
critical mean-field temperature T.™, which defines the region of critical fluctuations around
the inflection point of the SC transition, in which the SC order parameter A<kT [27,31,34]. It
IS important that T.™ defines the reduced temperature € (Eq. 3), which is included in almost
all equations. Since neat T, o'(T) is always described by the 3D AL theory (Eq. (2)), T, is
determined by extrapolating to zero the linear 3D region of the 6" vs T plot (Fig. 4), since as
T approaches T.™ from above, ¢' must diverge as (T — T,;™) "2[31]. Fig. 4 shows the 6™*(T)
from which we determine T.™ = 92.90 K (¢1) and = 75.37 K (¢s3). The figure also shows T,
T > T.™ and the temperature of the 3D-2D crossover Ty. Using this approach, T." and other
specific temperatures were obtained for all five samples and are listed in Table 1.
Interestingly, above Ty, for @1, the data deviate to lower values indicating the presence of 2D-
MT fluctuations [24,27], whereas for o3, the data deviate to higher values, indicating
complete suppression of 2D-MT fluctuations by disorder [56]. Surprisingly, at s = 5.6 x 10*°
e/cm? with T,™ =44.77 K the data again deviate to the right from the o' ~%(T) straight line,
suggesting a recovery of 2D-MT fluctuations despite the huge number of defects [37].

Having determined T.™ and, therefore, &, we can construct the dependences o'(¢) (Figs. 5 a
and b ), which is necessary for determining &.(0). It is seen from the figures that with
increasing ¢ (increasing number of irradiation defects), the absolute value of ¢'(T) decreases
significantly. Nevertheless, as expected, near T, the FLC is well described by the 3D-AL
theory regardless of ¢ (Eg. 2). In double logarithmic scales, these are red straight lines with a
slope of A = —1/2. The same dependences are demonstrated by all HTSCs that we have studied
[3,7,8,19,24-26] (and references therein). In turn, above Ty and up to To; = 96.8 K (Table 1)
(respectively denoted as In gg = —5.6 and In g9y = —3.22 in Fig. 5 for ¢;), In 6 vs In € for ¢; and
@2 is well described by the 2D-MT fluctuation contribution (Eq. 4) of the HL theory [28]
(blue dashed curves). Interestingly, in the case of ¢, the scaling factor C3p ~ 1 (Table 2), as in
the case of the well-structured YBCO films [7,8,19,24]. The significant increase of disorder
leads to noticeable changes in the behavior of the FLC, as shown in Fig. 5(b). Indeed, the data
convincingly show that at g3 = 2.5 x 10" e/cm? (yellow dots 3) and ¢, = 3.9 x 10" e/cm?
(turquoise dots 4) the 2D-MT fluctuations are completely suppressed by the irradiation
defects. Now, somewhat unexpectedly, the 2D fluctuations are described by the well-known
AL equation for 2D superconductors [the 2D-AL equation (10)], which describes well their
FLC near T, [30], including HTSCs [27,32]:

2
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0z2paL = Cop =€ (10)

as shown in Fig 5(b) by the purple solid lines with a slope A = -1 and labeled 2D-AL.
Surprisingly, the typical for large disorder the Lawrence — Doniach (LD) model [56,57]

(dashed green curve) still does not match the experimental results [37]. Recall, that the LD
model describes c'(g) in compounds with a distorted structure (ceramics [58], first thin films



[31] and films with artificially produced defects [56]), in which defects cancel out all features
of the FLC behavior:
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where o 1is the coupling parameter, as noted above. In accordance with Eq. (11) ¢' will
diverge as ¢ ? (3D behavior) when the temperature is close to T,™, and that o'(¢) will go as
¢! dependence (2D behavior) at high temperature such that o = 2[£,(0)/d]% ™ <1. Thus,
equation (11) describes a long smooth transition from 3D to 2D regime without any
pronounced features [31,56],

In our case (Fig. 5), the 3D-2D crossover temperature T, (denoted as Ingp) is clearly visible in
the figure. Based on the found Ty, using Eq. (6), we find the value of &(0) for all samples,
which increases and shows maximum at g3 = 2.5 x 10" e/cm? (Table 1). Accordingly, To:
determines the range of SC fluctuation, ATq = To1 — Tg, which is only 3 K above T. in the
case of 1, but increases by more than four times up to ~ 13 K for @3. However, at ¢5=5.6 X
10" e/cm? it suddenly decreases again to ~5 K (Table 1). Accordingly do; also increases
significantly (see Table 2), most likely due to a decrease in the thickness of the Ba-O layers in
the YBCO crystal as a result of the displacement of O and Cu atoms during irradiation,
leading to a decrease in the distance between Cul and Cu2 [29].

Table 2. Fluctuation conductivity parameters of YBa,Cu3O;.5 single crystal at different
irradiation doses. The parameters are described in the text.

¢ ATy Csp do1 &:(0) Ean(0)
(10"/cm®) (K) A) A) A)
0 3.0 0.79 3.9 0.71 £0.02 10+ 0.02
1.3 54 0.98 4.1 1.05+0.02 14.84+0.02
2.5 13.0 2.82 6.1 2.57 £0.02 | 36.2+0.02
3.9 11.3 2.25 7.1 3.19+0.02 44,94+ 0.02
5.6 5.9 0.77 5.3 1.98 £0.02 27.9+0.02

Naturally, one would expect that with an increase in the irradiation dose to @5 = 5.6 x 10*°
e/cm?, the contribution of 2D-AL fluctuations would become even more pronounced.
However, a completely unexpected result is obtained [Fig. 5(b), magenta dots], namely,
above T, the experimental points are again well described by the 2D-MT theory (blue curve).
This is also evidenced by the sharp decrease in all parameters of the FLC analysis: ATy, &(0),
dos1, and especially C3p = 0.77, which have become almost the same as in the case of ¢; and ¢,
(Table 2). Surprisingly, it turns out that the more defects, the more isotropic the sample [31].
It can therefore be concluded that the effect of strong electron irradiation on fluctuating
Cooper pairs in HTSC is very specific and differs greatly from the effect of irradiation on
transport properties (Figs. 1 —3) [37]. However, it should be borne in mind that the fluctuation
theories of AL and MT describe the FLC in a relatively narrow temperature range:
approximately 15 K above T.. To obtain information on the behavior of excess conductivity



under irradiation in the entire temperature range from Tg to T*, it is necessary to consider the
evolution of the temperature dependences of PG at different irradiation doses.

C. Pseudogap analysis

As mentioned above, the pseudogap (PG) is one of the most attractive and mysterious
properties of HTSCs. As stated, we believe that PG arises below T* due to the formation of
paired fermions, the so-called local pairs (LPs), which are transformed into fluctuating
Cooper pairsnear T [7,8,51,59-62]. It is believed that the excess conductivity o'(T) (Eq.(1))
arises as a result of the opening of PG and therefore should contain information about its
magnitude and temperature dependence, which definitely has to change under irradiation
[4,5,19,35,45]. To obtain such information, we use equations (8 and 9). In order for Eg. (8) to
adequately describe o'(T) in the entire interval T*—Tg, it is necessary to correctly determine
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Fig. 6 (left panel). (Color online) In ¢' vs 1/T for YBa,Cu3Os 96 Single crystals at o1 = 0 (gray
dots), p3= 2.5 x 10" e/cm? (yellow dots), and ¢s = 5.6 % 10" e/cm? (magenta dots) plotted
over the temperature range from T* down to T.™" . The solid curves are fits to the data with
Eq. (8). The best fits are obtained for A*(Tg) resulting in D* = 2A*(Tg)/kgT, = 5.3, 5.0, and
5.4, for @1, @3, and s, respectively. The x axis is shifted for readability. The upper x axis is
used for @s.

Fig. 7 (right panel). (Color online) In ¢' vs In € for YBa,Cu3Oggs single crystals at ¢; = 0
(gray dots), g3 = 2.5 X 10" e/cm? (yellow dots), and ¢s = 5.6 % 10* e/cm? (magenta dots)
plotted over the temperature range from T* down to Tg and compared with our theoretical
model [Eq. (8)] (red and black curves). The arrows designate the temperature ranges where
o ~ exp(e). Inset: In o™ as a function of ¢ for @, = 0. Solid line indicates the linear part of
the curve between g, =0.12 and &¢, = 0.25. Its slope a* = 8.5 determines the parameter £*
= 1/a* = 0.12. The €*, and other relevant parameters are given in Table 3 for single crystals
at all irradiation doses.



all the necessary parameters. The values of the pseudogap opening temperature T*, the
reduced temperature € [Eq. (3)] and the coherence length &:(0) [Eq. (6)] have already been
determined from the resistivity and the FLC analysis (Tables | and Il). Other necessary
parameters, such as the pseudogap A*(Tg) [63-65], the parameter ex,, [36], and the
coefficient A4 can now be found directly from our experiment within the framework of the
analysis developed in [19].

This procedure has been described in many of our papers [3,7,8,19,24,37] (and references
therein]. We will now briefly review the main points. Since A*(T) is not yet known, we are
forced to accept A* = A*(Tg), given that A*(Tg) = A(0), where A(0) is the value of the SC gap
at T=0. Thus, it is A*(TG) that determines the true value of PG in HTSCs [8,19,24,63,64]. To
find A*(Tg), we plot the graphs of the experimental ¢’'(T) in coordinates Inc” vs 1/T and
approximate them by Eqg. (8) [3,8,24,32]. Figure 6 shows such plots for single crystals
irradiated with @1, @3 and @s. Since the difference in T, with ¢, is very large, a different upper
x axis is used for @s. When plotted in these coordinates, the shape of the theoretical curves
turns out to be very sensitive to the value of A*(Tg) [24,66]. Considering that A*(Tg) = A (0),
as mentioned above, we can determine the BCS ratio D* = 2A(0)/kgT. = 2A*(Tg)/ks T and,
consequently, calculate D* values using A*(Tg), which results in the best fit to the
experimental data (Fig. 6).

Table 3. The parameters of the pseudogap analysis at different irradiation doses. The
parameters are described in the text.

(P T* Tpair 800* A4 D* A*(TG)/kB A*(Tpa")/kB
(10*° /em?®) (K) (K) (K) (K)
0 139.3 114.0 0.12 34 5.3 245.8 246.7
1.3 120.6 99.8 0.14 39 5.0 209.3 199.5
2.5 132.5 91.3 0.15 74 5.0 184.2 220.5
3.9 94.7 73.6 0.14 82 5.4 152.5 160.8
5.6 90.6 68.6 0.20 20.5 5.4 117.5 118.4

So, D* =5.3 for ¢;, D* = 5.0 for @3 and D* = 5.4 for @5 (Table 3). D* =5 £ 0.2 is a typical
value for YBCO [65], which suggests a strong-coupling limit for our samples [33], despite the
strong influence of disorder on T.. The result also suggests that A*(Tg)/kg =~ 245.8 K (=21.3
meV), which is in good agreement with the literature data [4-8,19]. The shape of the Inc’(1/T)
curves for @, and ¢4 looks exactly the same, but the curves are not shown to avoid cluttering
the graph. It was further found that in the range In e < Ine < In &g (Fig. 7) o' ~ exp(e)
[36]. This exponential dependence turned out to be a common feature of all HTSCs and
corresponds to the transition region of temperatures where SBBs transform into Cooper pairs
[17-19]. Accordingly, in interval g1 < € < g2 (or, respectively, 12 <& < 0.25 for @;; see the
inset in Fig. 7), In(c'?) is a linear function of & with slope o* = 8.5, which determines the




parameter £*x= 1/a* = 0.12 (for ¢1) [37]. This approach allows us to determine reliable
values of €*¢ for all samples (Table 3). Finally, to find scaling coefficient A4, we calculate
Inc' vs Ine using Eq. (8) over the entire temperature range from T* to Tg and fit it to the
experiment in the range of 3D-AL fluctuations near T. (Fig. 7, red and black curves) where
Inc' vs Ing is a linear function of the reduced temperature ¢ with slope A = —1/2 [3,8,19]. Note
that now the only fitting parameter is A4, since all other parameters have been already found
(see the Tables). As can be seen in the figure, the fitting with A, = 34 (for ¢1) is very good,
confirming the well structural quality of the original crystal [37]. Thus, all the parameters
required for the calculation of A*(T) are now determined. It should be noted that the same
approach was used to determine the corresponding parameters for all other studied
samples and, accordingly, in all our other studies.

It is worth noting that the fit at other ¢ is also quite good (Fig. 7), although A, increases
markedly with increasing disorder, showing a highest value of 82 at ¢4 and then an
unexpected sharp decrease to a minimum value of 20.5 at @5 (Table 3). Accordingly, a very
regular shape of the experimental curve is observed at ¢s (Fig. 7) with a pronounced
contribution of the 2D-MT fluctuations as well as an extremely good agreement with our
theory [see also the corresponding data in Fig. 5(b)]. This result appears rather unexpected,
since in this case the number of irradiation defects should be very large and strong damage to
the sample structure is expected. To shed more light on this unexpected result, the properties
of PG under irradiation will now be discussed in detail.
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Fig. 8. (Color online). Temperature dependencies of pseudogap A* for YBa,Cu3Os 96 Single
crystals at @; = 0 (gray dots), ¢, = 1.3 X 10" e/cm? (blue dots), Q3 =25 X 10" e/cm?
(vellow dots), @4 = 3.9% 10" e/cm? (turquois dots), and ¢s = 5.6 x 10*° e/cm? (magenta
dots) calculated using Eq. (9) with parameters as specified in the text. Arrows indicate the
corresponding characteristic temperatures. Stars point the maxima at Tpair. INset shows A*(T¢)
vs ¢ in the range from o, to @s. Solid curves are guidance for eye.



Fig. 8 (gray dots) shows A*(T) calculated for ¢; using equation (9) with the following set of
parameters obtained from the experiment: T.™ = 92.9 K, T* = 139.3 K, &(0) = 0.71 &, &*c=
0.12 and A, = 34 (Tables 1-3). The figure also shows the dependences of A*(T) for all other
studied samples calculated taking into account the corresponding sets of found parameters
[37]. As can be seen from the figure, A*(T) obtained for @1 exhibits a broad maximum at T pair
= 114 K with Apirks = 246.7 K. As expected, in this case the shape of the A*(T) curve with
the highest T* = 139 K, broad maximum at Ty, = 114.0 K, which corresponds to the BEC-
BCS crossover [17,19], pronounced minimum at To; = 96.0 K, maximum around Ty = 93.2 K,
and a small minimum at T = 93.0 K, is typical for optimally doped pure YBCO films [3,19]
and untwinned single crystals [32].

At 2 = 1.3 x 10" efem? p (100 K) increases by ~1.6 times. At the same time, a noticeable
decrease in all characteristic temperatures (Table 1), o' (T ) [Fig. 5(a)], and especially A*(Tg)
and A*(Tpair) (Table 3) is observed, whereas Ty, do1, and &(0) change insignificantly (Table
2). As a result, the shape of A*(T) still looks quite uniform, and the features at all
characteristic temperatures Tpair , To and T as before are very pronounced (Fig. 8, blue dots).
Apparently, in this case the effect of defects on FLC [Fig. 5(a)] and PG (Fig. 8) is relatively
small [37]. This is confirmed by the observation of a pronounced 2D-MT fluctuation
contribution [Fig. 5(a)] with Csp = 1.0 (Table 2), being typical for well-structured YBCO, as
mentioned above. Thus, at relatively low irradiation doses (such as ), A*(T) behaves as
expected.

An unexpected and unusual behavior of A*(T) appears when a single crystal is irradiated with
o3 (Fig. 8, yellow dots), which is approximately twice as large as ¢,. In this case instead of
the expected decrease, a rather unexpected increase in A*(T) is observed, accompanied by an
increase in T* by ~12 K and A*(Tpair)/ke by ~20 K (Table 3). Accordingly, the A*(T) curve
shows the largest width (T*— Tg) = 56.8 K. As a result, the experimental data A*(T) lay above
those obtained at ¢,. Ultimately we come to the conclusion that @3 corresponds to the
irradiation dose at which the AG-EK crossover occurs, that is, the mechanism of interaction
of irradiation with local pairs changes. This assumption allows us to justify the observed
increase in A*(T) at 3. Indeed, as Fig. 5(b) shows, at @3 above Ty, there is a sharp decrease in
o'(T) after the In ¢' vs Ing dependence changes from 2D-MT to 2D-AL . Since A*(T) ~
In[1/c'(T)] [Eq. (9)], this decrease in o'(T) should provide the sharp increase in A*(T)
observed at 3.

With a further increase in the irradiation dose to @4 = 3.9 x 10™ e/cm? a very strong decrease
in A*(Tpair)/Ks by about 60 K is observed compared to @3z (Table 3), which is consistent with
the expected enhancement of EK phase fluctuations by irradiation defects [41]. As a result,
there is a strong decrease in T* (see Fig. 3 and Table 3), and hence in the temperature range in
which the calculations are performed. Thus, in this case we observe a very strong effect of
irradiation, leading to a strong disorder with maximum &,(0) = 3.2 A and dg; = 7.1 A (Table
2), which is approximately twice as large as reported for well-structured YBCO [29]. At the
same time, the width of (T* — Tg) decreases very strongly and shows a smallest value of
~34.8 K. Finally, A*(T) takes on a very unusual narrow shape, which we have never observed
before.



It was natural to expect that with an increase in the irradiation dose to @5 = 5.6 % 10%° e/cmz,
which is more than 1.4 times greater than ¢4 and should lead to a very strong increase in
disorder, the shape of A*(T) would be similar to that obtained at ¢s, only all the dimensions of
A*(T) would be even smaller. However, our results turned out to be completely different (Fig.
8 (magenta dots). The maximum value of A*(Tyair)/ks actually decreased by about 40 K, but
the width of (T*-Tg) of A*(T) clearly increased and amounted to 45.5 K (Tables 1 and 3).
Moreover, between Tp.ir = 68.6 K and To; = 51.0 K, a linear region is observed, the slope of
which o = 0.55 is almost identical (o = 0.53) to that observed in optimally doped YBCO
single crystals without any irradiation defects [66]. Thus, it can be concluded that, according
to the results of the FLC analysis (Fig. 5(b)), a very uniform and smooth A*(T) curve is
observed with a clear maximum at Tpair, @ pronounced minimum at To;, @ maximum near To
and a small minimum at T (Fig. 8, magenta dots). Such a A*(T) dependence is typical for
optimally doped YBCO single crystals with a small number of defects, which looks quite
surprising.

At first glance, this result is completely unexpected and cannot be explained within the
standard resistive approach, especially taking into account the huge number of defects
produced by irradiation. It is obvious that irradiation-induced defects greatly increase the
scattering of normal charge carriers. As a result, the crystal resistance increases sharply, and
at @, as already noted, the metal-insulator transition begins (Fig. 1). However, the number of
local pairs in the sample also apparently remains quite large. Indeed, as can be seen from the
experiment, superconductivity is preserved up to very high irradiation doses, practically up to
¢10 (Figs. 1 and 2). Thus, it is obvious that we are dealing with two subsystems of charge
carriers in HTSCs, namely, normal charge carriers and local pairs (LPs), most likely in the
form of fluctuating Cooper pairs (FCPs) near T.. However, the influence of defects on the
LPs, which by definition transfer charge without dissipation, is not so obvious.

To clarify these issues, we conducted a series of special studies. Using high-energy electron
irradiation we succeeded in producing a fairly controlled disorder in untwined optimally
doped YBCO single crystals by creating numerous uniformly distributed defects. This
allowed for a detailed study of the temperature dependence of the resistivity and excess
conductivity of a series of crystals irradiated with electrons of energy 2.5 MeV at doses from
91 = 01t0 o =23 x 10" e/cm? We found that the single crystals retained pseudogap for
doses up to s = 5.6 x 10'° e/cm?. For these crystals, the temperature dependences of the
fluctuation conductivity (FLC) and the pseudogap (PG) derived from the excess conductivity
were carefully analyzed in in the frame of different theories, including our FLC approach.

In summary, it was shown that the formation of various defects in YBCO single crystals
under the influence of high-energy electron irradiation is a nonmonotonic process and has its
own specificity. This specificity can be detected by analyzing the properties of the FLC and
PG, which turned out to be much more sensitive to changes in the internal electronic
subsystems caused by induced defects (Figs. 4-8) than the specific resistance (Figs. 1-3). A
generalization of the very peculiar features of the FLC and PG behavior observed in untwined
YBCO single crystals under electron irradiation allows us to draw some more universal
conclusions. The absence of any unusual features for p(p) and T.(¢) dependencies indicates



that interaction of the irradiation defects with normal charge carriers, responsible for
resistivity, and with local pairs, responsible for FLC and PG, differs significantly. Then,
taking into account the diversity of the A*(T) dependencies for different ¢ and remembering
the constant linear decrease in the A*(Tg) values with ¢ (see insert in Fig. 8), we can further
conclude that the effect of defects on small tightly bound local pairs, responsible for the PG
properties at high temperatures, and on large fluctuating Cooper pairs near T, responsible for
the behavior of A*(Tg), are also completely different. In addition, all findings confirm the
conclusion we drew in our previous work that the more defects, the more isotropic the sample
becomes [46]. The analysis of the results within our local pair model allows us not only to
rationally explain the observed features, but also confirms the existence of paired fermions in
the form of local pairs in HTSCs at T < T*, the interaction of which with irradiation defects
determines the unusual behavior of FLC and PG revealed in the experiment.

3.2. Features of fluctuation conductivity and pseudogap in Y.gsProosBa,CuszO5—5 single
crystals under pressure up to 1.7 GPa [68].

Another powerful method for studying HTSCs, which affects the structure, T, resistivity,
FLC and PG, is hydrostatic pressure. It also enables validating the adequacy of numerous
theoretical models, as well as establishing most significant parameters of HTSC structures,
that determine their physical characteristics in normal and SC states [23] (and references
therein). To begin with, we will consider some general provisions. Recall, that one of the most
promising materials for studying the PG is the YBa,CuzO;-s (YBCO) family, as mentioned
above. It is so due to the possibility of variation in its composition by substitution of yttrium
(YY) with the isovalent analogues, or changing the degree of oxygen non-stoichiometry. The
compounds Y -PrBa,Cu3O0;,—s (YPrBCO) with partial substitution of Y by praseodymium
(Pr) atoms are of particular interest in that respect. The replacement of Y with other rare-earth
elements in this compound does not lead to a significant change in its resistive characteristics
[67]. The only exception is the replacement of Y with Pr (also known as the “praseodymium
anomaly”), which leads to a noticeable increase in the resistivity p and a decrease in the
critical temperature T, of the superconducting (SC) transition [69-73]. It is believed that in
YPrBCO this occurs as a result of the interaction of holes with electrons of the 4f shell of Pr.
Finally, with increase in Pr content (regardless of the oxygen content), in PrBa,CuzO;—s
(PrBCO) the charge carriers are localized in the Ferenbacher-Rice energy zone (FR) [74].
Thus, PrBCO becomes a dielectric being isostructural to YBCO [71-73]. The PrBCO
dielectric inclusions, arising in the process of manufacturing of YPrBCO crystals, form
multiple defects in the YBCO superconducting matrix [70-73], which significantly affect the
transport properties of the sample. Therefore, doping of the Y _PrBa,Cu3O,_s with Pr on the
one hand leads to a gradual suppression of superconductivity with increasing of the
concentration x, and on the other, it allows to preserve almost constant both the lattice
parameters and the oxygen content (7-6) of the sample under investigation [73-75]. It should
also be stressed that Pr*® atoms have an intrinsic magnetic moment of ppr = 3.58ug [76], which
IS Megs = 2ug I the PrBCO compound [77]. That is why the study of the effect of Pr impurity
on the properties of YPrBaCuO single crystals is considered very promising for revealing the



mechanisms of the interplay of the superconductivity and magnetism in HTSC, (for example
[24,25] and references therein), which is important for the final clarification of the physical
nature of both the PG and high-temperature superconductivity in general [5,17,78-80].

In cuprates the dT./dP dependence is mostly positive, while the derivative dlnp/dT is
negative and is relatively large [81-87]. However, the data given in studies of the effect of
pressure on the T, of YPrBCO compounds (see, for example, Reviews [23,88]) are often
inconsistent. In the case of single-crystal samples, difficulties may be caused by the
appearance in the system of a sufficiently disordered structure of twin boundaries (TBS)
[89,90]. TBs being extended two-dimensional defects can serve as drains for lower
dimensionality defects, which in turn represent strong scattering centers for normal and
fluctuation charge carriers [23,91], thereby having a significant impact on charge transfer
processes in a particular experimental sample. Notably, in the literature there is a lack of
experimental data on the effect of pressure in compounds with Pr concentration x < 0.1. When
pressure is applied, the volume of the unit cell decreases contributing to the ordering of the
system leading to a decrease in the number of structural defects and a decrease in p [23,84].
At any rate, the mechanisms of influence of pressure on both T, and p are not fully
understood, as the nature of the transport properties of HTSCs is not completely clear. The
main contribution to the conductivity of cuprates is by the CuO; planes, between which there
is a relatively weak interplanar interaction. It is assumed that the pressure leads to an increase
in the density of charge carriers n¢ in the conducting CuO, planes and, as a result, to a
decrease in p [23,84]. An increase in ng under pressure should also lead to an increase in T,
i.e. to a positive dT./dP value as observed in experiments [66,81,83,87,92]. Nevertheless,
there are only very few studies that investigated the effect of pressure on the FLC and PG in
HTSC cuprates [23,66,92], and, to our knowledge, such studies have not been conducted
previously in YPrBCO.

In the present study we investigated the effect of hydrostatic pressure up to P = 1.7 GPa on
resistive characteristics, the excess conductivity 6'(T) and the pseudogap A*(T) of doped with
Pr (x = 0.05) single crystals of Y;—xPrBa,CusO;-s with nearly stoichiometric oxygen content.
The geometry of the transport current | flow was chosen parallel to the TBs (I || TB), which
made it possible to minimize the effects of scattering on the twin boundaries [86,93].

3.2.1. Results and discussion
A. Resistance and critical temperature

Temperature dependences of the resistivity p(T) = pap(T) of the Yo.95Pro.0sBa2CuszO7—5
(YPrBCO) single crystal measured at pressure P = 0 (curve 1) and at P = 1.7 GPa (curve 2)
are shown in Fig. 9. T, and p(300) at P = 0 were 85.2 K and 190 pQ-cm, respectively [68].
Thus, compared to the optimally doped (OD) YBaCuO single crystals, T, after Pr doping
dropped by 5-7 K, at the same time being accompanied by the 3040 pQ-cm increase in
pab(300), which is consistent with previous studies [23,37,81-85]. Nevertheless, at all applied
pressures in the normal state above T* and to 300 K the p(T) dependences are linear: p(T) =
po + aT, with the slope a =dp/dT = 0.61 pQ-cm/K (P = 0) and dp/dT = 0.37 pQ-cm/K (P = 1.7
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Fig. 9. Temperature dependences of the resistivity p of Yo.95Pro0sBa,CuszO7_s single crystal at
P = 0 (curve 1, dots) and at P = 1.7 GPa (curve 2, circles). Straight dashed lines designate
extrapolated pn(T). Inset (a) illustrates the method of determining T* with the use of the
criterion [p(T) — po)]/aT = 145 [2], insert (b) — pressure dependence of T, and p(300 K).

GPa), which is typical to OD HTSCs [35,44,52,66]. The computer linear fitting confirmed
high linearity of the p(T) dependencies with the root-mean-square error of 0.002 £ 0.001 in
the specified T interval for all the samples studied [68]. The insert (a) in Fig. 9 shows the
determination of T* with great accuracy [2], as discussed in section 3.1.2, A (see Fig. 3). In
total five curves obtained at pressures P = 0, 0.45, 0.92, 1.27 and 1.7 GPa, which can be
considered as 5 different samples (YO — Y5, respectively) were analyzed. The corresponding
resistive curves for intermediate pressures have a similar shape and are located between the
p(T) curves at P =0 and P = 1.7 GPa. They are not shown in Fig. 9 for clarity.

As usual, T, (R = 0) was determined by extrapolation of the linear part of the SC transition
towards the intersection with the temperature axis [24,37,68]. Notably, the width of resistive
transitions 8T¢ = T¢(0.9p) — Te(0.1pn), where p, is the resistivity of the sample above the
transition [92], is rather small. At P =0, 8T, = 1.4 K and 8T, = 2 K at P = 1.7 GPa, which
gives d(8T.)/dP ~ 0.35 K-GPa™*. However, in OD YBCO with Tc = 91.07 K and without Pr
impurities, the resistive transitions are noticeably narrower, namely, 6Tc =~ 0.3 K (P =0), 8Tc
~ 0.5 K (P = 0.95 GPa) and d(3T.)/dP =~ 0.18 K-GPa * [66]. It is significant that in all the
cases the pressure increases the resistive transition width. This effect is most pronounced in
lightly doped (SD) YBCO single crystals (T¢(P = 0) = 49.2 K) and d(8T.)/dP ~ 0.65 K-GPa *
[92] and especially in HOBCO single crystals (T¢(P = 0) = 61.3 K, and ppo = 10.5 pg) [23],
containing extended defects in the form of TBs [48]. In the latter case, d(6Tc)/dP = 3.5
K-GPa *. The resistive parameters of the studied samples at different pressures are given in
Table 4.



Just as in the overwhelming majority of cuprates, in the YPrBaCuO single crystal under
study, the hydrostatic pressure leads to the increase of T. at a rate dTo/dP = +1.82 K-GPa™
and decreases the resistance as dlnp/dP = — (10.5 + 0.2) %-GPa * (Fig. 9, inset b, and Fig. 2a).
However, there are some noticeable differences. Typically, in cuprates in the pressure range

Table 4. Changes in the parameters of the Y g5Pro0sBa,CusO7—;s single crystal under pressure.

P p(300 K) p(100K) T . Ts To T ATa du &(0)
(GPa) (ucm) (ucm) (K)  (K) K K K (K A A
0 190.05 69.22 852 8585 8597 880 9277 68 6.43 1.84

0.45 171.84 67.41 86.8  87.51 87.66 90.18 96.72 9.06 6.35 2.03
0.92 154.42  65.10 87.6  88.42 88.58 9132 98.78 102 63 212
1.27 142.0 61.84 88.1  88.77 88.92 91.72 99.18 10.26 6.22 2.14
1.70 134.0 57.94 89.1 89.17 89.4 9215 9953 10.13 6.22 2.16

under consideration, the dependences of T, T*, and p on P are linear [83,87,94]. It is true not
only for YBCO [48,81,95]. In our case, the dependence of T on P is appreciably nonlinear
and already comes to saturation at P > 0.9 GPa (Fig. 9, inset b, and Fig. 2a). At this pressure
the dependence p(300) on P also deviates from linearity towards higher values (Fig. 9, inset
b). However, the most interesting pressure dependences are demonstrated by p (100),
measured in the pseudogap region and the T*(P) (Fig. 10 a, b). Both dependences clearly
change the slope at P ~ 0.9 GPa. As it will be shown below, most of the measured parameters
of YPrBaCuO demonstrate some peculiarity at P ~ 0.9 GPa.




Fig. 10 (left pannel). The pressure dependencies: T, (panel a, squares), T* (panel b, triangles),
p(100 K) (panel a, dots) and ATy (panel b, diamonds) for Y g5Pro0sBa,CusO7_s single crystal.
The red curves are the 4th degree polynomial approximations. The dashed lines present the
linear interpolation.

Fig. 11 (right pannel). Temperature dependencies c’_Z(T) for Yo.05Pro.0sBa,CusO7—s single
crystal at P = 0 (curve 1, points) and P = 1.7 GPa (curve 2, circles) that define T.™". The
arrows point to the characteristic temperatures (refer to the text). The straight lines are to
guide the eye.

We also note a very small, compared to pure YBCO single crystals with a similar T, = 85.2 K
[96], value of the PG temperature T* = 110 £+ 0.3 K at P = 0. Any dopants, including Pr, may
play the role of impurities in the sample, since their random Coulomb fields create additional
scattering centres for charge carriers [71-73]. It can be assumed that additional defects
induced by PrBCO, as well as the magnetic moment of PrBCO, prevent the establishment of
phase coherence and the formation of fluctuating Cooper pairs (FCPs) above T, consequently
reducing T* [25,73]. Another difference is the relatively weak decrease of resistance under
pressure, especially if one considers that the pressure in this case is 1.7 times greater than the
pressure we employed in previous studies [48,66,92]. The obtained value dlnp/dP = - (10.5 +
0.2) % GPa ' is 1.6, and it is 1.8 times less than in OD [66] and SD [92] pure YBCO single
crystals, respectively. One of the possible reasons for the decrease in resistance is the
redistribution of charge carriers under pressure from the CuO chains into the CuO, planes,
which should lead to an increase in the density of charge carriers, n, in the planes [23]. As
noted above, in YPrBCO part of the charge carriers is localized, which can suppress the rise
of ng under pressure in the CuO; planes and lead to the observed decrease in the rate of p
reduction. The observed unexpected increase in the PG temperature to T* = 122.9 + 0.3 K at
P = 1.7 GPa is discussed below. In accordance with the phase diagram of cuprates [5,6,44] an
increase in n¢in the CuO, planes under pressure should lead to an increase in the T, of the
samples (see review [23] and references therein). In the single crystal YPrBaCuO under study
we have dT./dP = +1.82 K-GPa* (Fig. 9, inset b). This is ~2.7 times less than in SD YBCO
single crystals, where dT¢/dP = +5 K GPa * [92], but ~2.5 times higher than in OD of YBCO
single crystals, where the increment rate of the critical temperature dT./dP = +0.73 K-GPa™*
[66]. The dT./dP observed in YPrBCO is approximately the same magnitude as it should be in
pure YBCO with T, = 85 K. Thus, the localization of charge carriers due to the presence of
PrBCO in this case has little effect on T.. This result once again confirms that the mechanisms
of the effect of hydrostatic pressure on the critical temperature and the resistivity of both
YPrBCO and YBCO single crystals, are most likely different [23,48].

B. Fluctuation conductivity

Now we should consider the influence of pressure on the FLC and PG in YPrBCO single
crystal. As before the excess conductivity is given by Eq. (1) and can be easily determined
from experiment (Fig. 9). As shown in many previous studies (see [68] and references
therein), the linear temperature dependence of the resistivity in the high temperature region is
a distinctive feature of the normal state of cuprate HTSCs, for which stability of the Fermi
surface takes place. Below the opening temperature of the pseudogap T* the Fermi surface
may undergo rearrangement [4-6]. As a result, at T < T*, not only practically all properties of
HTSCs change and p(T) deviates from the linear dependence [97] but also the density of



states at the Fermi level begins to decrease [13,14], which by definition is called a pseudogap
[4-7]. Obviously, the resulting excess conductivity o'(T), defined by Eq. (1), should contain
information on the temperature dependence of both the FLC and PG (see [68] and references
therein). This approach was used to analyze ¢'(T) at all applied pressures. We consider below
in more detail the procedure for determining the FLC and PG in the model of local pairs (LPs)
[ 7,17,21,96,98] on the example of the samples YO (P = 0) and Y5 (P = 1.7 GPa).

Figure 11 shows the 6" %(T) for Yo.05Pro0sBa>CusO_s single crystal at P = 0 (curve 1, points)
and P = 1.7 GPa (curve 2, circles) that define T,™". The arrows point to the all characteristic
temperatures. The straight lines are to guide the eye. T.™ separates the FLC region from the
region of critical fluctuations [19,23-25], i.e. the fluctuations of the SC order parameter A
immediately near T, (where A < kT), ignored in the Ginzburg-Landau theory [34]. The T.™ is
an important parameter of both FLC and PG — analysis, because it determines the reduced
temperature ¢ (EQ. (3)) which is present in all equations of this article. The significant
difference between the results shown in Fig. 11, from the analogous dependences obtained on
pure YBCO single crystals [23,66,92], is in the deviation of the experimental data leftwards
and upwards from the linear dependence of o' %(T) above T°. Such o' %T) dependence
indicates the absence of the fluctuation contribution of the Maki — Thompson (MT) [28] in the
FLC and is typical for samples with defects [31,56]. In well-structured films and single
crystals of YBCO the MT fluctuation contribution is always observed, and the experimental
points above T, deviate to the right from the linear dependence ¢ %(T). The result confirms
the above conclusion about the presence of additional defects in the sample induced by
PrBCO [68] (and references therein).

In HTSCs near T, the coherence length along the c axis, &(T) = F,C(O)(T/Tcmf —1) 2 s greater
than the corresponding unit cell size of YPrBCO d = ¢ = 11.7 A [29], and the FCPs interact in
the entire volume of the superconductor. Accordingly, this is the area of 3D fluctuations. As a
result, up to the temperature of the 3D — 2D crossover To > T.™, the o'(c) is always
extrapolated by the fluctuation contribution of the Aslamazov — Larkin (AL) theory [30] for
3D systems (Eq. (2)). In the logarithmic coordinates, the latter are plotted as dashed red
straight lines (1) at Fig. 12 with slope A = —1/2. This result confirms the above conclusion that
classical 3D — AL FLC is always realized in cuprate HTSCs with &(T) > d when T tends to
Tc. The linear dependence Inc’ (In€) is maintained up to the temperature To = 88.0 K (Ingg =
—-3.69, P = 0), at which the 3D-2D crossover occurs [19,23,24], and the experimental points
deviate towards smaller values. At T = Ty, &(To) =d = 11.7 A, as mentioned above. Thus
&.(0) can be determined using Eq. (6). After getting & from the Eq. (6) we find &(0) = (1.84
+0.02) A for P = 0. Similarly, the values of &.(0) are obtained at all other pressures (Table 1).
These values of &.(0) are in reasonable agreement with the data reported for YBCO
[36,66,83,92], and at P = 0 they actually coincide with &.(0) = (1.86 £ 0.02) A, found for the
two-layer film YBCO-PrBCO with the similar T, = 85 K (sample SD1) [24]. The pressure
increases the £.(0) a little bit: £.(P) = (2.16 + 0.02) A (Table 4)

Above Ty (Fig.12) we have &(T) < d, and the sample loses its 3D state [19,24]. However, as
before, in the temperature range To < T < Toz (Ingy < Ing < Inggy, Fig. 12) &(T) > dos Where do
is the distance between the inner conducting CuO; planes, and the CuO2 planes are connected
by the Josephson interaction [7,27,28]. As a result, two-dimensional (2D) FLC is realized in
HTSC. However, in contrast to well-structured YBCO single crystals [66,86,92], in this case
the temperature dependence of the FLC is described by the Lawrence — Doniach (LD) model
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Fig. 12. Dependence of Inc’ on Ing of Yo.95Pro05Ba,CuzO7—s single crystal for P = 0 (panel a,
dots) and P = 1.7 GPa (panel b, circles) in comparison with fluctuation theories: AL — 3D (red
dashed line 1), LD (green solid curve 2) and MT — 2D (blue solid curve 3).

(solid green curves 2 at Fig. 12), which is a special case of the Hikami — Larkin (HL) theory
[28] (see Eg. (11)). As mentioned above, such temperature dependence o'(¢) is typical for
HTSC samples with defects arising under the influence of PrBCO. Accordingly, the
fluctuation 2D-MT contribution to o'(g), given by Eq. (4) (blue curves (2)) and typical for the
well-structured YBCO, does not match the experiment.

Above To; [i.e. corresponding to Ingp; at Fig. 12 (Toys = 92.77 K and Ingg; = —2.5, P = 0)], the
experimental data deviate from the LD curve towards smaller values. Thus, Ty limits the
range of SC fluctuation from above. Above Ty, we have &(T) < dos and disappearance of the
Josephson interaction between the inner conducting planes of CuO,. In this case, both
superconducting and normal charge carriers are confined directly in the CuO, planes, which
are now not interconnected by any correlation interaction. For this reason, above Ty; the
fluctuation theories do not describe the experiment, as it is clearly seen from the experiment
(Fig. 12). It is obvious that &(To1) = &(0)eor M2 = doa. Taking &x(0) = (1.84 + 0.02) A (P = 0)
and using Eq. (7) for P = 0 we get do; = (6.43 £ 0.05) A and, respectively, do; = (6.22 + 0.05)
A for P = 1.7 GPa (Table 4). Thus, the pressure somewhat reduces the inter-plane distance in
YPrBCO single crystals, which seems to be reasonable, given that the pressure noticeably
reduces all the parameters of the YBCO unit cell [99].

The fact that in the temperature range ATq = To; — T FLC obeys the classical fluctuation
theories means that To; is the temperature up to which the order-parameter phase stiffness, as



well as the superfluid density ns, have to maintain in HTSCs [68]. In the YPrBCO single
crystal under study the ATy = 6.8 Kand Toy/T. =~ 1.05 at P =0, i.e., it is 1.7 times less than in
the well-structured SD1 film [24]. This result once again confirms the conclusion that it is the
defects induced by magnetic impurities in the form of PrBCO inclusions, arising in YBCO
doped with Pr, which prevent the establishment of phase coherence of the FCPs and
noticeably reduce the region of SC fluctuations. Under the pressure of 1.7 GPa, the critical
temperature increases to T, = 89.1 K becoming almost the same as in the SD2 film [24].
Correspondingly, the range of SC fluctuations ATy = 10.13 K as well as Toa/T. = 1.11, i.e.
increase noticeably (refer to Table 4). At the same time the C-factor Csp also increases, from
0.62 (P =0) to 0.93 (P = 1.7 GPa), i.e., the better the sample structure, the closer C3p to unity
[96]. Thus, it can be assumed that the pressure not only decreases do;, but also reduces the
number of defects in the sample, minimizing the degree of disorder, consistently with
previous studies [68].

It was found that the increase in ATy also occurs non-monotonously. Up to P = 0.92 GPa, the
range of SC fluctuations rapidly widens, and then comes to saturation (Fig. 10b, red curve).
From Fig. 10. it can be seen that the dependence ATy (P) is essentially the same as the
dependence T. (P). Taking into account the observed decrease in p(P) (Fig. 10a) it can be
assumed that the reason for the increase in both T and ATy is in growth of the density of
charge carriers in the sample under applied P. For the first time such non-monotonic behavior
of all the functions (Fig. 10) was found. It can be attributed to specific features of the
Y 0.05Pro.0sBa;Cuz07_5 single crystal under study.

C. Pseudogap analysis

The study of the pseudogap (PG), which is one of the most attractive and mysterious
properties of HTSCs, should provide new information. In the model of local pairs (LPs) [68]
(and references therein) it is assumed that the deviation of p(T) from the linear dependence is
due to opening of the PG at T* > T, leading to appearance of the excess conductivity o’'(T),
Eq. (1), as a result of formation of the LPs. This in turn means that the excess conductivity
o'(T) arising from such processes should contain information about the magnitude and
temperature dependence of PG. To obtain such information, we use Egs 8 and 9. In addition
to T, T*, :(0) and ¢, that are already defined above, both Egs. contain the coefficient Ay,
which has the same meaning as the C-factor in the theory of FLC, and also A* along with the
theoretical parameter ¢*¢, [19,36], which determines the shape of theoretical curves for T >
To1. Within the framework of the LPs model, all these parameters can be directly determined
from experiment [19]. In order to find ¢*, we use the experimental fact that in the interval
Ingos < Ine < Inggy (Inggy = —3.4; Inggz = —2.5, at Fig. 13) the excess conductivity 6 ~ exp (¢),
which is apparently an intrinsic property of cuprates [68]. Accordingly, in the temperature
range €01 < € < £c02 (89.2 < T < 92.8 K) (see inset to Fig. 13), In (¢’ %) is a linear function of &
with the slope a* = 9.4, which defines the parameter e*co = 1/a* = 0.11 at P = 0. The similar
graphs with a* decreasing to 5.9, which gives ¢*; =~ 0.17 at P = 1.7 GPa, were plotted for all
other pressure values. The latter allowed us to obtain the reasonable values of *, which tend
to increase with P, as can be seen from Table 5 [68].

To find A4, using Eq. 8, it is necessary to calculate the dependence ¢'(T) and, selecting Aa,
combine with the experiment in the region of 3D — AL fluctuations (solid red curve at Fig.
13), where Inc’ is a linear function of Ine with the slope A = —1/2 [19,24,68]. The fitting is
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Fig. 13 (left pannel). Dependence of In(c’) vs In(g) (points) of the Yo.95Pro0sBa,CusO7—5 single
crystal for P = 0, plotted over the entire temperature range from T* to T,™". The red curve is
the approximation of the experimental data by Eq. (8). Inset: In(c" ") as a function of €. The
red line marks the linear part of the curve, the inverse slope of which is 1/a* = g*; = 0.11.

Fig. 14 (right pannel). Inc’ as a function of 1/T for a Y.95Pro0sBa,Cuz07—s single crystal over
the entire temperature range from T* to T,™ at P = 0 (curve 1, points) and P = 1.7 GPa (curve
2, circles). Red curves - approximation of the data by Eq. 8 with A*(Tg)/kgT, =2.5 K (P =0)
and A*(Tg)/ksTe = 3.2 K (P = 1.7 GPa).

very good. However, A* still remains undetermined. While using Eq. 8 we take into account
the results of works [63,64] and assume A* equal to A*(Tg) = A(0), where A(0) is the SC gap
at T = 0, as noted above. Accordingly, the following relation should be satisfied: D* =
2A*(Tg)/keTe = 2A(0)/kgT,. Ultimately, to estimate A*(Tg), which is used in Eqg. 8 we plot
Inc’ as a function of 1/T [19,24,37,68]. The results for P = 0 and P = 1.7 GPa are shown at
Fig. 14. In this case, the shape of the theoretical curve turns out to be very sensitive to the
value of A*(Tg)/kgT.. The best approximation for P = 0 is achieved at A*(Tg) = 2.5 kgT, i.e.
D*=5.0£0.1 (curve 1 at Fig. 14), which is the typical value for the d-wave superconductors
in the strong coupling limit at ambient pressure [8,23-26,68]. For P = 1.7 GPa, respectively,
we obtain A*(Tg) = 3.2 kgT; or D* = 6.4 £ 0.1 (curve 2 in Fig.14). It can be seen that for the
chosen values of the parameters the calculated curves perfectly describe the experiment, thus
confirming the validity of the present approach. Similar graphs were obtained for all the
pressure values chosen, which made it possible to obtain reliable A*(Tg) and D* values for all
the samples (Table 5). It is also seen from the figure that the pressure significantly increases
the value of the excess conductivity o', especially in the high-temperature region. However, it
IS necessary to point out the threshold nature of the results obtained. Namely, the change in
the value of the parameter D* derived from the experimental curves begins only above P ~ 0.9
GPa (see Table 5).

Since all the necessary parameters have been found, we can construct the dependences A*(T)
for all pressure values. The fact that Eq. 8 perfectly approximates the experimental data (Figs.
13 and 14) allows us to conclude that calculated by Eq. 9 dependences A*(T) will give the
correct values and temperature dependencies of PG. The function A*(T) for P = 0 based on



Table 5. Transformation of the parameters used in the analysis of the PG behavior in
Y 0.95Pr0.0sBa,CusO7-;s single crystal under pressure.

*

*

P T A (100K) . | Tpair |D
A € 0

(GPa) | (K) | (K) (K)

0 110 |197.2 94011108 |5
0.4 113.8 | 214.3 6.5/0.15|109.7 | 5
0.9 118.4 | 229.9 6.2]0.16 | 1106 | 5
1.2 122 | 243.6 55(0.18]114.6 | 5.4
1.7 122.9 | 264 59[017]115 |6

the experimentally determined parameters T* = 110 K, T.™ = 85.85 K, &(0) = 1.84 A, &*¢ =
0.11 and A4 = 34 is shown at Fig. 15 as solid dots. Accordingly, A*(T) for P = 1.7 GPa is
plotted at Fig. 7 in empty circles. This curve was based on the parameters T* = 122.9 K, T,;™
=89.17K, £,(0) = 2.16 A, e*,o = 0.17, A4 = 85. Similar dependences A*(T) for P = 0.45, 0.92
and 1.27 GPa based on the parameter sets given in Tables 4 and 5 are located between these
two curves but are not shown here for the sake of not complicating the figure.

The pressure noticeably increases the A*(T) (Fig. 15). Using the data of Table 5 we find that
under the pressure A* and D* increase as dlnA*/dP = 0.17 GPa'. We emphasize that for
making dInA*/dP estimates we took the values of A*(Tg), which, as noted above, can be
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Fig. 15 (left pannel). Temperature dependences of the pseudogap A*(T) of

Yo0.05Pro.0sBa,Cuz07_5 single crystal, calculated from Eqg. (9), at P = 0 (points) P = 1.7 GPa
(circles). The arrows indicate the characteristic temperatures Tpair, Tmin, Tmax, To1, To and Te.
The solid line is to guide the eye.

Fig. 16 (right pannel). The dependence A*(T) in Y.95Pro0sBa,CusO;—s single crystal near T,
calculated by Eqg. (9) with the parameters given in the text for P = 0 (points). The arrows
indicate the characteristic temperatures Tmax, To, Tg and Tcmf. The solid curve is to guide the
eye.



considered as an analogue of the SC gap A(0) [19,24,68]. Thus, the hydrostatic pressure
increases both A* and respectively D*, which is consistent with the results of [66,87,92],
where an increase under pressure in both PG and SC gap A, as well as increase of the BCS
relationship 2A(0)/kgTe, is reported. However, the values of the derivatives dlnA*/dP = 0.17
GPa! for the samples with Pr doping are almost two times less than dlnA*/dP = 0.32 GPa !
and dInA*/dP = 0.36 GPa ' measured for the OD and SD YBCO single crystals [66,92],
respectively. Taking into account the results obtained, it is possible to conclude that in
YPrBCO the influence of the different processes on dinA*/dP is relatively weak due to
possible partial localization of the charge carriers, presence of defects and intrinsic magnetism
of PrBCO [68] (and references therein). But, strictly speaking, his question remains open.

It is seen from Fig. 15. that at P = 0 GPa the shape of the A*(T) curve is quite unusual,
namely at T < Tpair = 108 K a weakly pronounced minimum is observed that corresponds to
Tmin = 103 K. Below Tpin the A*(T) grows uniformly showing a maximum at Tmax = 88.7 K,
where A*(Tmax) = 218.7 K. It is significant that this maximum is ~ 0.7 K above T, = 88.0 K,
which was determined from the FLC analysis (Fig. 12), as detailed in Fig. 16. With further
reduction of T the A*(T) abruptly decreases by ~6.5 K, and A*(Tp) = 212.2 K. Most likely,
the observed maximum and the jump in A*(T) are due to the inertia of the measuring system
that reflects a reaction to change in the cooling rate in the interval 93 K-88 K coinciding with
the change in measurement step from 6T =1 K at T>93 Kto 8T =0.1 K at T <88 K (Fig. 9).
Below Ty there is a large scatter of experimental points, which ends with a maximum of
A*¥(Tg) =216.1 Kat T = Tg, as shown in detail at Fig. 16. The same type voltage jumps near
T. were observed when studying the Hall effect on the Y 9Pro1Ba,Cu3O;-; film (see Fig. 3 in
[100]), which is a manifestation of specific behavior of HTSCs containing PrBCO magnetic
impurities directly inside the YBCO matrix [73,100]. It can also be seen that it is precisely
below Tg the transition to the area of the critical fluctuations begins. However it is possible to
obtain yet another point, which is 0.05 K above T.™. The similar behavior of A*(T) below
Tmax IS also demonstrated by the single crystal under study at P = 1.7 GPa (circles at Fig. 15).
The dependences A*(T) obtained (Fig. 15) significantly differ from the analogous A*(T),
which we observed in the region of SC fluctuations near T. in all cuprates and pnictides
studied previously [68] (and references therein). For all of the mentioned HTSCs the A*(T)
always shows a minimum with decrease of temperature at T ~ To; and then a maximum at T ~
Ty followed by a small minimum always at T = Tg. However, the correlation between the
temperatures To;, To, T and the features (minima and maxima) in the A*(T) dependence
usually observed in the HTSCs is clearly absent in the Y g5Prp0sBaCusO7—s single crystal
under study. Most likely, this is due to defects produced by PrBCO.

From Fig. 15 it is also seen that the pressure not only increases A*(T), but also changes the
shape of the A*(T) curve. With increasing the pressure, the maximum at T, becomes wider
and is shifted to higher temperatures. Finally, at P = 1.7 GPa the dependence A*(T) (circles)
takes the form close to that observed for OD YBCO single crystals, demonstrating a falling
linear dependence A*(T) in the interval Tpair > T > To1 [66]. The latter indicates a strong
influence of pressure on the dynamics of the lattice [84,87,99], especially in the high
temperature range. Recall that Ty, is the BEC-BCS crossover temperature [19]. As the
temperature decreases below To; the A*(T) increases showing a maximum at T = T =~ 93.4
K, where A*(Tmax) = 298.2 K (circles at Fig. 15). This is where the similarity with the A*(T)
curve obtained for OD YBCO ends, since the non-standard behavior of A*(T) begins below
Tmax, Which resembles the Pr effect on A*(T) at P = 0. In the interval Tyax — To, there is also a



jump of A*(T), the nature of which is most likely the same as in the case of P = 0. Then,
similarly to P = 0, at P = 1.7 GPa there is a region characterized by large scatter of A*(T)
values ending with a maximum of A*(Tg) = 290.0 K at Tg = 89.4 K. This behavior reflects
the specificity of A*(T) in YBCO under influence of PrBCO.
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The dependence of the relation D* = 2A*(Tg)/kgT. on pressure is also unusual (Fig. 17, curve
1). In contrast to OD (curve 2) and SD (curve 3) of pure YBCO single crystals, up to P ~ 0.9
GPa the D* in YPrBCO does not change, conserving the values equal to ~5 (Fig. 17 and
Table 5). At P > 0.9 GPa, a sharp increase in D* is observed, and, curiously, the dependence
comes to a straight line, which is the continuation of the linear dependence D*(P) (dashed line
in the figure) demonstrated by the OD single crystal. Thus, as noted above, it can be assumed
that the pressure improves the structural order in the sample28,37,40 and minimizes the effect
of defects in YPrBaCuO, the number of which at the given Pr content is probably relatively
small. As a result, at P > 1 GPa, the D*(P) dependence becomes the same as in a defect-free
YBCO OD single crystal, where, unfortunately, the measurements were performed only up to
P =0.95 GPa [66]. Summarizing the results, we can conclude that, at P > 1 GPa, the YPrBCO
single crystal behaves to a large extent as an YBCO single crystal with a relatively small
number of defects. As noted above, this is confirmed by the dependence A*(T), measured at P
= 1.7 GPa, whose shape at high T is the same as in OD YBCO single crystals (Fig. 15,
circles), and also by a noticeable increase in ATy and Csp with pressure (refer to Table 4).
Attention is drawn to the fact that the growth of D* begins only after ~0.9 GPa.

In summary, as an example of the effect of pressure on HTSCs, the influence of hydrostatic
pressure up to 1.7 GPa on the temperature dependence of the excess conductivity ¢'(T) and
the PG of the Y;.xPr«Ba,CusO7.5 single crystal (x = 0.05) was experimentally studied. It is
shown that when the hydrostatic pressure is applied, the resistivity p(T) decreases with the
rate dinp(100K)/dP = — (10.5 + 0.2)% GPa™*, while the critical temperature increases with the
rate dT./dP = +1.82 K - GPa™! that is consistent with the literature data. It was determined
that, regardless of the external pressure, the excess conductivity ¢'(T) in the interval T, < T <
Toz is described by the classical fluctuation theories, namely the 3D Aslamazov-Larkin theory
(Eg. 2) and Lawrence-Doniach (LD) theory (Eq. 10). The fluctuation contribution of the
Maki-Thompson (Eg. 4) is not observed, which indicates the presence of defects in the sample



induced by PrBCO cells embedded in the YBCO matrix. Moreover, the dopant has intrinsic
magnetic moment p prco = 2us.

The presence of defects led to the observation of a number of unusual effects. Among them is
a small value of the region of SC fluctuations, ATy = 6.8 K, and a very small (for the cuprates
with T, = 85.2 K) value of T* = 110 K. It is assumed that the defects produced by PrBCO as
well as its intrinsic magnetism effectively disturb the exchange interaction between electrons,
preventing the formation of the FCPs. Under pressure, T* increases to ~ 123 K. Such
behavior of T* is unusual as according to the phase diagram of cuprates, the T* should
decrease with increasing T.. The observed effect of increasing T* becomes clear, if we
assume that pressure, improving the structure, minimizes the effect of defects and restores the
value of T*. This is confirmed by a decrease in sample resistance (Fig. 1), a noticeable
increase in ATy and a Csp coefficient (Table 4), as well as a corresponding transformation of
the dependence A*(T) (Fig. 15). Simultaneously, the pressure reduces the distance between
the conducting layers do;, but increases &:(0) (Table 4). A decrease in do; seems reasonable,
since the pressure reduces all the dimensions of the unit cell. The increase in &c(0) is also
observed in a number of other works [68].

Finally, we note the most non-trivial results that are not observed on pure YBCO single
crystals. These are the nonlinear character of the dependences of T, and ATy on P and a sharp
change in the character of the pressure dependences p(100 K) and T* at T > 0.9 GPa (Fig. 10).
Moreover, the change of virtually all measured parameters with pressure has a threshold
character. Thus, the slope of the dependences o' %(T) (Fig. 11), the growth of o’(T) and the
shape of the curves In(c") vs (1/T) (Fig. 14) begin change only at P > 0.9 GPa. This effect is
most clearly observed in the D*(P) dependence (Fig. 17), which is determined with the
highest accuracy. Unlike the OD and SD pure YBCO single crystals (curves 2 and 3 in Fig.
17), D* in YPrBCO does not change up to P ~ 0.9 GPa, keeping the value equal to ~5 (Table
5). At P > 0.9 GPa, a sharp increase in D* is observed, and the points fall on a straight line,
which is a continuation of the D*(P) dependence in the defect-free OD YBCO single crystal.
This result confirms the assumption that pressure improves the structural order in the sample
and, thus, minimizes the effect of defects in Yq.o5Proo5sBa,CuszO7.5. However, for this, the
pressure must overcome a very specific value, equal in this case to P = 0.9 GPa [68].

In conclusion, we would like to emphasize once again that all the features discovered are due
to the specific influence of additional defects created by Pr, as well as the intrinsic magnetism
of PrBCO. These non-trivial results require further study.

4. Conclusion

To elucidate the unknown physics of both the super-conducting pairing mechanism and the
pseudogap (PG) in HTSCs, we continue the studies of various external factors on the
properties of HTSCs. In the first part of our Review, we considered the effect of magnetic
PrBCO impurities and external magnetic field on the properties of HTSCs [3]. In this paper
we consider the effect of high-energy electrons and of hydrostatic pressure on the
temperature dependences of the resistivity p(T), fluctuation conductivity (FLC) &'(T), and
pseudogap (PG) A*(T) in YBa,CuzO (YBCO) and in Y/.gsPro0sBa,CuszO7.5 (YPrBCO) single
crystals using a theoretical approach developed within the local pair (LP) model. It is
convincingly shown that the effect of these factors is rather specific. This specificity can be
detected by analyzing the properties of the FLC and PG, which turned out to be much more



sensitive to changes in the internal electronic subsystem caused by induced defects (Figs. 4-8,
and 11-17 ) than the specific resistance (Figs. 1-3, 9,10).

It was shown that the formation of various defects in YBCO single crystals under the
influence of high-energy electron irradiation is a nonmonotonic process and has its own
specificity. A generalization of the very peculiar features of the FLC and PG behavior
observed in untwined YBCO single crystals under electron irradiation allows us to draw some
more universal conclusions. The absence of any unusual features for p(¢) and T¢(p)
dependencies indicates that interaction of the irradiation defects with normal charge carriers,
responsible for resistivity, and with local pairs, responsible for FLC and PG, differs
significantly. Then, taking into account the diversity of the A*(T) dependencies for different ¢
and remembering the constant linear decrease in the A*(Tg) values with ¢ (see insert in Fig.
8), we can further conclude that the effect of defects on small tightly bound local pairs,
responsible for the PG properties at high temperatures, and on large fluctuating Cooper pairs
near T, responsible for the behavior of A*(Tg), are also completely different. In addition, all
findings confirm the conclusion we drew in our previous work that the more defects, the more
isotropic the sample becomes [46]. The analysis of the results within our local pair model
allows us not only to rationally explain the observed features, but also confirms the existence
of paired fermions in the form of local pairs in HTSCs at T < T*, the interaction of which
with irradiation defects determines the unusual behavior of FLC and PG revealed in the
experiment.

The presence of defects produces by magnetic PrBCO inclusions led to the observation of a
number of unusual effects in YPrBCO single crystals under applied pressure. It is shown that
the shape of the temperature dependence of the PG parameter, A*(T), calculated according to
Eq. (9), at P = 0 is rather unusual, which we have never observed before (Fig. 15). Perhaps the
most unusual behavior of A*(T) is observed in the temperature range Tmax > T > Tg, as shown
in detail in Fig. 16. Where continuous oscillations of A*(T) are observed, naturally as a result
of the influence of impurities PrBCO. The pressure noticeably changes the shape of the A*(T)
curve, which is not observed on pure OD YBCO single crystals. At P = 1.7 GPa, the shape of
A*(T) becomes the same as in OD of YBCO, confirming the assumption about minimization
of the effect of defects under pressure.

Another very interesting fact is a “threshold effect”. As shown in Fig. 10, all the sample
parameters. Such as T¢, T*, p (100K) and ATy change their behavior just at P > 0.9 GPa. This
effect is most clearly observed in the D*(P) = 2A*(Tg)/kgT. dependence (Fig. 17), which is
determined with the high accuracy. Unlike the OD and SD pure YBCO single crystals (curves
2 and 3 in Fig. 17), D* in YPrBCO does not change up to P ~ 0.9 GPa, maintaining the value
equal to ~5 (Table 5), characteristic of YBCO. At P > 0.9 GPa, a sharp increase in D* is
observed, and the points fall on a straight line, which is a continuation of the D*(P)
dependence in the defect-free OD YBCO single crystal. This result confirms the assumption
that pressure improves the structural order in the sample and, thus, minimizes the effect of
defects in Yqgs5ProosBaCusO75. However, for this, the pressure must overcome a very
specific value, equal in this case to P = 9 GPa [68].

Summarizing the results obtained in both parts of our Review, the following general
conclusions can be drawn:



— It is shown that various external factors significantly affect the properties of HTSCs and,
first of all, the temperature dependences of the pseudogap, especially in comparison with the
basic dependences obtained for well-structured YBCO films;

— It was found that external factors interact differently with the subsystems of normal charge
carriers responsible for the resistance and local pairs responsible for the pseudogap, thus
confirming the existence of local pairs in HTSCs.

We hope that the obtained results will provide impetus for the development of appropriate
theoretical models to describe the identified effects.
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