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The effects of prascodymium doping on the excess conductivity ¢’(T) and pseudogap (PG) A'(T) in
Y _.Pr,.Ba,Cu;0,_; single crystals with a change in the Pr concentration from x =0 to x =0.43 are
presented. It is found that as x increases the resistance of the samples increases, whereas the critical
temperature 7. drops. At the same time the shape of the p(T) curves changes from metallic (x <0.34)
to one that is typical for weakly doped YBa,Cu;0;_s single crystals with a characteristic thermally
activated deflection (x > 0.34). Regardless of the value of x, close to T, ¢’(T) is well described by the
Aslamazov-Larkin and Maki-Thompson theories, demonstrating a 3D-2D crossover with increasing
temperature. The crossover temperature T, makes it possible to determine the coherence length along
the ¢ axis, £.(0). Atx=0, A*(T) displays a maximum at T}, ~ 110 K that is typical for YBCO films.

JULY 2017

As x increases the maximum at T, is washed out, but a pronounced maximum A*(T) in the high
temperature region appears, followed by a linear section with a positive slope. Such a dependence
A’(T) is normal for magnetic superconductors and is, most likely, caused by the influence of the
intrinsic magnetic moment of Pr (up, ~4ug). Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4995634]

1. Introduction

The study of the pseudogap (PG) continues to be one of
the most topical areas in the field of high temperature super-
conductors (HTSCs).' Despite the large number of accumu-
lated results, both the nature of the PG and its role in the
formation of the superconducting state in HTSCs remain
unclear. One of the most interesting materials in the studies
pertaining to the PG are YBa,Cu30;_s (YBCO) compounds,
due to the ability to widely vary their composition by replacing
yttrium with isoelectronic analogs or by changing the degree
of oxygen non-stoichiometry. Compounds in which there is
partial yttrium (Y) substitution with praseodymium (Pr) are of
particular interest in this regard. PrBa,Cu3z0,_s (PrBCO) is a
dielectric, but isostructural with respect to YBCO.*® In
PrBCO charge carriers are localized in the Fehrenbacher-Rice
(FR) energy band regardless of oxygen content.® Therefore, on
the one hand doping Y _xPr,Ba,Cu;0;_s (YPrBCO) with pra-
seodymium leads to a gradual suppression of superconductiv-
ity with increasing x, but also allows for the preservation of
the test sample’s lattice parameters and the oxygen index 7-0
(Refs. 7 and 8) on the other.

However, in YPrBCO, the superconducting transition
temperature 7. decreases monotonically with increasing x,
which is in direct contrast to the nonmonotonic dependence
that 7, has on (7-0) in YBCO.* Based on resistive measure-
ments*’ and measurements of the Hall effect® it follows
that at x <0.2 the YPrBCO single crystal exhibits a behavior
that is similar to what is observed in YBCO films. However,
at x > 0.3, the temperature dependence of the resistivity
p(T) assumes an S-shape that is normal for weakly doped
YBa,Cu;0-_; single crystals with a typical thermally activated
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deflection,’ and at x> 0.7 YPrBCO becomes an insula-
tor.*”'% It is believed>'' that this occurs as a result of
the electron-hole interaction in the Pr 4f-shell, which ulti-
mately leads to the localization of charge carriers in the FR
band.® As already noted above, the crystal lattice of PrBCO
has almost the same dimensions as the crystal lattice of
YBCO.*” Therefore, doping with Pr does not lead to notice-
able changes in the crystal structure of the sample, or to a
change in the oxygen content, which makes it possible to
study the HTSC properties directly as a result of the change
in the charge carrier density ny.

This study implements the local pair (LP) model devel-
oped by us in Refs. 3 and 12 to investigate the impact Pr has
on the temperature dependences of the fluctuation conduc-
tivity (FC) and the pseudogap in Y_,Pr.Ba,Cu3;0;_s single
crystals in which the charge carrier density ny and T,
decrease with increasing concentrations of Pr™’!' over a
wide range of concentrations (0 <x <0.5). One essential
circumstance is the fact that Pr has its own magnetic
moment ,uprz3.58,u313 and up,~2up in the PrBCO com-
pound.'* Therefore, studying how Pr impurities impact the
conditions required for the realization of FC and PG states
in such compounds'>'® plays an important role in elucidat-
ing the mechanisms of mutual influence that exist between
superconductivity and magnetism in HTSCs, which is very
important for the final clarification of the nature of both the
PG and high-temperature superconductivity as a whole. The
study of the mutual influence of superconductivity and mag-
netism in HTSCs is one of the most pressing problems in
modern condensed matter physics,'” especially after the
discovery of iron-containing superconductors.'’

Published by AIP Publishing.
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2. The experiment

The YBa,Cu;O,5 single crystals were grown using
solution-melt technology.'® In order to obtain crystals in which
Y is partially substituted by Pr (Y,_,Pr,Ba,Cuz0;), PrsOy,
was added to the initial charge in the appropriate percentage.
The modes of crystal growth and saturation with oxygen were
the same as for unalloyed YBCO crystals.18 Y,03, BaCO;,
CuO and PrsO;; compounds were used as initial components
for crystal growth. Samples with dimensions of 1 x 2 X 7mm
were selected for the measurements, wherein the smallest
dimension corresponded to the direction along the ¢ axis.
Current junctions were mounted from the ends of the sample
in order to ensure uniform propagation of the current. Potential
contacts were in the form of thin strips across the sample. All
junctions were made using silver paste. Resistance in the ab-
plane was measured by a standard four-probe method at a con-
stant current of up to 10 mA. The temperature of the sample
was determined using a platinum thermistor.

The temperature dependences of resistivity p,,(T) = p(T)
in the ab-plane of the Y _Pr.Ba,Cu3z0;_s multicrystals are
shown in Fig. 1. It can be seen that, as noted above, when the
Pr content increases the resistance of the samples increases as
well while the critical temperature drops, which is in agree-
ment with literature data.”'' In this case the p(T) curves
themselves undergo a transition from the typical metallic to
the S-shape that has a characteristically large positive curva-
ture of the experimental curves.””'! This type of temperature
dependence behavior p(T) is also normal for weakly doped
YBCO single crystals.”"”

According to the theoretical NAFL model (Nearly
Antiferromagnetic Fermi-Liquid Model),° at high tempera-
tures the linear dependence p(T) corresponds to the normal
state of the sample that is characterized by the stability of
the Fermi surface (FS). Below the characteristic temperature
T">>T. the dependence p(T) deviates from the linear one
toward lower values, which leads to the appearance of excess
conductivity,

d'(T) = o(T) — on(T) = [1/p(T)] = [1/pn(D)]. (D)
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Fig. 1. The temperature dependences of resistivity p,, of Y;_.Pr.Ba,
Cu307-0 single crystals at different praseodymium concentrations x: 0 (1);
0.19 (2); 0.23 (3); 0.34 (4); 0.43 (5). The dashed line is the extrapolation of
the normal resistance py(T) =aT + po to the low-temperature region. The
inset shows the procedure for determining 7" from the dependence (p — po)/
al=1 (x=0.43).
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TABLE 1. The parameters of Y;_Pr,Ba,Cu;05_s single crystals.

paooky  Te T Tg  To  Ta  ATp &(0) do
x o (uQem) (K)  (K) (K) (K) (K (K) (A (4

0 4487 91.67 91.73 91.75 91.81 939 215 0356 4.12
0.19 9888 7852 81.13 8141 82 8499 358 14 644
023 141.16 66.6 675 67.6 68.02 7403 643 1.0 3.18
034 1977 50.53 51.51 51.73 544 5791 6.8 277 7.86

043 26846 38.5 39.67 399 41.16 46.16 6.26 224 551

on(T) =aT + py gives the sample resistance in the normal
state, extrapolated to the low temperature region.”’>*
Accordingly, pg is determined by the intersection of this lin-
ear dependence with the Y axis. T,. was determined by extrap-
olating the linear part of the resistive transition to the value
o(T.)=0. The FC and PG temperature dependences for each
single crystal were determined based on excess conductivity
analysis. Seven samples with x equal to 0, 0.19; 0.23; 0.34;
0.43; 0.48; 0.5 were studied. However, samples with x = 0.48
and x=0.5 demonstrate a thermally activated dependence
p(T), and are not considered. All samples were analyzed using
the LP model developed by us.*'* This study considers the
results obtained for the YBa,Cu;0;_s (x=0) sample and
praseodymium-doped Y_.Pr,Ba,Cu;0;_5 at x=0.43, with a
subsequent comparison to the results obtained for all other
samples. The analysis parameters for all samples are given in
Tables 1 and 2.

3. Discussion of the results
3.1. Fluctuation conductivity

The dependence ¢'(T) calculated according to Eq. (1) in
coordinates In ¢’ versus In ¢ is shown in Fig. 2. wherein (O)
is YB32CH307,5 (a), (O) is Y0457Pr0.43B32CU3O7_5 (b) Here
¢= (T —T™/T™) is the reduced temperature and 7™
(Table I) is the critical temperature in the mean-field approx-
imation®*> which is determined by extrapolating the linear
section of the ¢’ 2 (T) curve to its intersection with the tem-
perature axis.>”'?

It can be seen that for x =0 in the Ginsburg temperature
range To~91.75K (In g~ —8.2), up until which ¢'(T)
obeys fluctuation theories,”>**® and up to the crossover tem-
perature Th~91.81K (In g~ —6.98), the experiment is
extrapolated well by the fluctuation contribution of the
Aslamazov-Larkin theory (AL) for 3D systems:*~*

arsp = Cap e @

_c
32h¢.(0)

(the dotted lines 1 on Fig. 2). Respectively, above T, up
to Tp1~93.9K (In &~ —3.7), it is well extrapolated by

TABLE 2. Parameters of pseudogap analysis in Y;_Pr,Ba,Cu3;0;_s single
crystals.

X TR AT (K) AT )ipeor(K) - Tinan (K) 28°(Te) /AT 5

exp

0 141 234 229 110 5 0.14
0.19 152 177.1 173 107 4.4 0.18
023 163 166.5 166 105 5 0.43
0.34 223 116 116.2 141 4.6 0.74
043 263 97 96.25 226 5 0.6
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Fig. 2. The dependence of In ¢’ on In ¢ for Y{Ba,Cu307.5 (O) and Yg 57
Pro.43Ba;Cu307_5 (D) in comparison to fluctuation theories: 1 is the AL con-
tribution; 2 is the MT contribution. The vertical arrows denote the values of
In ¢ that correspond to T, T and Ty, temperatures.

the Maki-Thompson (MT) fluctuation of the Hikami-Larkin
(HL) theory:23
, e 1

B 1+ o+ I+ 20
Opr = @mln <(5/ ) ) (3)

I4+o++v1+26

(Fig. 2, solid curve 2). Here d=c=11.67 A is the size of the
YBCO unit cell along the ¢ axis, & = 2[£.(0)/d]e"" is the
coupling parameter,

5 F‘( )} kTt 0

is the decoupling parameter, 74T = nh/8kgey is the phase
relaxation time of the fluctuation pairs. The multiplier f3
=1.203 (I/¢,p,), wherein [ is the mean free path and &, is the
coherence length in the ab plane, accounts for the pure limit
approximation. 12.23

The Ing’ (In &) dependence for a single crystal with
x=0.43 (D) is also shown on Fig. 2 and is well described by
both AL and MT theories. It can be seen that, as is the case for
YBCO, at T=Ty~41.16K (In ¢y~ —3.3) there is a clearly
observable dimensional 3D-2D (AL-MT) crossover (Fig. 2),
and in the interval ranging from T, to Ty ~46.16 K (In
€01 ~ —1.8) the experiment is extrapolated by Eq. (3). Similar
dependences of Ing’ (Ing) were obtained for all other samples
with the parameters given in Table 1. It can be seen from this
table that doping with Pr leads to a significant, almost three-
fold increase in the temperature interval of superconducting
(SC) fluctuations ATy, =Ty, — T; with a simultaneous signifi-
cant (more than six-fold) increase in the coherence length.
This is most likely caused by the enhancement of the magnetic
interaction in Y_Pr,Ba,Cuz0,_s with increasing x. It should
also be noted that since PrBCO is a dielectric, it forms defects
in the conductive matrix of YBCO.*®'*!" This could explain
both the sharp increase p(7) (Fig. 1) and the nonmonotonic
increase in both &.(0) and dy; (Table 1) with increasing x.

Thus, we can distinguish four characteristic tempera-
tures on the ¢'(T) dependence. Let us consider them using
the example of Y;_.Pr.Ba,Cu;0;; with x=0. We have
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T(‘,“f:91.73 K, below which the region of critical fluctuations
in high temperature superconductors is realized®* > the
Ginsburg temperature 7¢=91.75 K, up to which the fluctua-
tion theories are valid as the temperature approaches 7, 25.26
the 3D-2D (AL-MT) crossover temperature To~91.81K
(In &g =—6.98), and T); = 93.9K (In &y; = —3.7). As already
noted, the behavior of the HTSC is, to a large extent, deter-
mined by the exceptionally short coherence length &.(T)
=¢&,(0) ¢ 2, which varies significantly with temperature.
Below T, near T, where ¢.(T) > d, the interaction between
the fluctuation Cooper pairs (FCP) occurs across the entire
volume of the superconductor. This is the 3D mode. As
in, just like all other high-temperature superconductors, near
T., Y, Pr,Ba,Cu;0,s is three-dimensionalized.>!*?32*
Above T, we already have d>E.(T). It is obvious that
(To) = E(0)ey > =d. Therefore, Ty defines the value £.(0)
=d/e.""**? For Y,_,PrBaCu;0;, 5 with x=0, T,
=91.67, and To~91.81, we get £(0)=d /60 =0.356 =
0.05 A so, as noted above, £.(0) is very small, Wthh is typi-
cal for optimally doped YBCO single crystals. Note that in
YBCO &, (0) ~ 15 £.(0),"* and in this case &,;, (0)~5 A,
i.e., its value is sufficiently reasonable. As the content of Pr
increases the value &£.(0) increases rapidly (Table 1) which
correlates with a decrease in T, and at x > 0.4 £.(0) assumes
values that are typical for weakly doped HTSCs.'° Thus,
an increase in the concentration of Pr, which, as noted above,
does not impact the concentration of oxygen in the sample,
leads to almost the same growth in £.(0) as a decrease in
YBCO doping with oxygen.

Thus, £.(T) decreases rapidly with an increasing T, and
at T>T,, where .(T) < d, the FCP correlation interaction
over the entire HTSC volume ceases.”* However, as before,
EAT) > dy,, wherein dy; is the distance between inner con-
ducting planes CuO, in HTSC cuprates.>'*?* Therefore, in
the To— Ty interval E.(T) still connects the CuO, planes
with Josephson interaction.?*** This leads to the formation of
two-dimensional FCPs>*2* at T > Ty, which is extrapolated
by the 2D MT Eq. (3) (Fig. 2). Finally, at T> Ty EAT)
becomes less than dy;. As such, all charge carriers are located
inside the conducting planes that are now no longer con-
nected by any type of correlation interaction.”*** Therefore,
as can be seen in Fig. 2, above T(; the fluctuation theories do
not describe the experiment. Thus, Tj; determines the region
of superconducting fluctuations, AT; =Ty, — T, above T.. In
fact, this is the temperature up to which, according to the the-
ory in Ref. 28, the phase rigidity of the superconducting order
parameter A is preserved, which is experimentally con-
firmed.>*>° In other words, in the T,—T, interval to a large
extent the FCPs behave themselves just like superconducting
pairs, but without long-range order (so-called “short-range
phase correlations™%313%),

It is obvious that .(Ty;)=dy,. Accordingly, the equality
£.(0) =do1\/eo1 = d\/ep must be satisfied, which allows
us to identify dy,, since £.(0) is already known.*'? From here
we derive that at x=0, dy; =4.12 A (Table 1), which is in
good agreement with the data from the YBa,Cu;0-_s structural
measurements, wherein dy; = (3.5-4.5) A.>3* However for
x=043 (T,=385K and Ty ~46.16K, In g =—1.8) we
obtain do; =5.51 A. As in, doping with Pr leads to an increase
in the effective distance between the conductive planes in
Y,_PrBa,Cu3;0;_5 with increasing x. Simultaneously, as
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already noted, the SC fluctuation region AT;=To —Tg
also increases dramatically, from 2.15K (x=0) to 6.26K
(x=0.43) (Table 1). It should also be noted that above Ty,
the dependence o'(T) deflects upward appreciably, forming
a hump above the theoretical MT curve (Fig. 2). A similar
dependence ¢'(T) was observed in the study of the FCPs in an
iron-containing magnetic superconductor EuFeAsOq ssFo 15.°>
Therefore, it can be argued that since doping with Pr does not
lead to a change in the amount of oxygen in the sample, all of
the observed effects, including the increase in &.(T), are pre-
sumably caused by an increase in the influence of magnetism
in Y _Pr.Ba,Cu3;0,_s with an increasing x.

3.2. Analysis of the pseudogap temperature dependence

When analyzing the PG, we assume'*"'? that the devi-
ation in the resistance of the sample toward smaller values,
observable at T<T" (Fig. 1), is due to the formation of local
pairs in the HTSC (strongly coupled bosons, SCB), which
are subject to the Bose-Einstein condensate (BEC) theory.31
As the temperature decreases, at T'= Tp,;, the local pairs are
transformed into fluctuation Cooper pairs that obey the BEC
theory.?® This idea is the main assumption in the LP model.’
As a result, according to Eq. (1), excess conductivity is man-
ifested in the interval T" > T > T, and is defined by equation

A (1 - TT> (exp (‘ AT))

<16héc(0) 28josh(28/sj0))

d'(e) =

) (&)

wherein (1 —T/T") defines the number of LPs formed at
T<T", and exp(—A"/T) defines the number of LPs destroyed
by fluctuations at Tpui > T > Tel 12

Accordingly, the equation for parameter A*, which we
identify with the PG, looks like?

€2A4 (1 — %)
o/ (T)161E,(0) | [2¢7sh (2¢/¢1o)

wherein ¢'(T) is the excess conductivity measured in the
experiment.

Since T is determined independently based on resistive
measurements, and T{,“f, g, and &, (0) are defined based
on FCP analysis, the only unknown parameters in Egs. (5)
and (6) are the parameter from the theory in Ref. 36 &,
= (T},/T™ — 1) = 1 /o and the scaling coefficient A;. In
order to find the necessary parameters, the test samples were
processed in the same manner for all values of x, and this
approach will be examined based on the sample with
x=0.43. Following Ref. 36 we will consider the dependence
o 71(8), in order to determine ¢ (the inset to Fig. 3). We
assume that just as is the case in YBCO, the value ¢ s the
inverse of the excess conductivity, and that it is exponen-
tially dependent on & over a certain temperature interval
above T,;.>° Consequently, the dependence of In ¢’ ' on ¢
should be linear in this temperature interval. It is easily visi-
ble that in the interval &.gi-econ (Teo1—Tco2 = (72.2—100.2)

K), denoted by In ¢.; —In &, in Fig. 3, In d Ye) is

A*(T) =Tln (6)
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Fig. 3. The dependence of In ¢’ on In & (D) for the Y,_Pr,Ba,Cu30._s single
crystal with x=0.43 in the temperature range from 7" to T™ . The dotted
curve shows the calculation according to Eq. (5) with the parameters given
in the text; In €. and In €., limit the interval of the exponential depen-
dence ¢’ ! (¢). The inset shows: the dependence of In (1/¢”) on ¢ (), dotted
is the straight line, the inverse slope 1/o of which defines ¢, = 1.67.
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approximated by a linear dependence In ¢’
(dotted line).

As we already know™ " the inverse of the slope o of
this linear dependence is exactly what determines &/, = 1/«
= 1.67 (Table 2). We can see from this table that as the
value of x increases the value &}, also increases from 0.14
(x=0) to 1.67 (x=0.43). This same increase in &}, was also
observed by us when the number of PrBCO layers in
the superlattices and heterostructures YBCO-PrBCO was
increased,'? and is most likely caused by the increase in the
influence of magnetism that occurs with an increasing con-
centration of Pr.°

In order to determine the A, coefficient we construct an
experimental curve [Fig. 3(O)] over the entire temperature
range from 7" = (236 + 2) K to T™=39.67K and approxi-
mate it with Eq. (5).3%12 The calculated curve (dashed curve
in Fig. 3) is constructed from Eq. (5) with the experimentally-
determined parameters T" =236 K, T;,“f =39.67K, & =1.67,
E(0)=2.24 A and A4=14. The alignment occurs in the
region of 3D AL fluctuations, where In ¢’ versus In ¢ is a
straight line with a slope of 4 = —1/2.*'*?7 It can be seen that
Eq. (5) proposed by us (curve 1) provides a good description
of the experimental dependence ¢’ (&) which justifies using
the coefficient A4 and other parameters to calculate the PG
according to Eq. (6).

Let us emphasize that in order to construct the dotted
curve on Fig. 3, in addition to the above parameters it is also
necessary to know the value of A*(T™)~ A (T,)=A (Ref.
37) which is also substituted into Eq. (5) when finding A4,
In order to determine A*(T,) it is necessary to convert the
experimental data into In ¢’ versus 1/T coordinates (Fig. 4,
@), and compare In ¢'(1/T) with the theory using Eq. (5)
(Fig. 4, solid curves).3 The best result is obtained when the
BEC ratio D" = ZA*(TL.)/kBT(:S (curve 1), which corre-
sponds to the strong coupling limit and is characteristic of
YBCO.'*7 Theoretical curves 2 and 3, for which 2A*(TC.)/
kgT.=3 and 2A"(T,)/ksT. =1, respectively, are also shown
on Fig. 4. It can be seen that in this case the curves calculated

3,36
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Fig. 4. The dependence In ¢’ versus 1/T for the Y;_.Pr,Ba,Cu30;_s single
crystal in the 7" to T™ temperature range, at x=0.43 ®. The solid curve 1
is defined by Eq. (5) for D" =2A" (T,.)/kzT.=5. Solid curves 2 and 3 are
obtained for D“ =3 and D" = 7 and are shown for comparison.

from Eq. (5) do not correspond to the experiment. The corre-
sponding parameters obtained in a similar manner for the rest
of the samples are given in Tables 1 and 2.

The dependences A*(T) obtained from Eq. (6) for x=0
(curve 1), x=0.23 (2) and x = 0.43 (3) with the set of parame-
ters corresponding to each sample that were also used in anal-
ysis with Eq. (5), are shown in Fig. 5. At x=0, A"(T)
increases sharply in the 7" > T > T Tegion, demonstrating a
maximum at Ty~ 110K (curve 1). It is also important to
note the clearly expressed minimum at T, denoted by arrows
on Fig. 5. This means that in the region of SC fluctuations
below Ty, A'(T) is always increasing. Such a dependence is
typical for high-quality thin YBCO films with different con-
centrations of oxygen® and optimally doped YBCO single
crystals.27 Tair corresponds to the BEC-BCS transition tem-
perature, at which the local pairs are transformed into
FCps.!—3-31:38.39 Figure 5 also shows the dependences A (T)
for samples with x=0.23 (curve 2) and x=10.43 (curve 3). It
can be seen that just as in compounds YBCO—PrBCO,12 in this
case doping with praseodymium leads to a decrease in T,
whereas T" increases. At the same time the maximum at Tpair
is blurred, A*(Tpair) decreases, and eventually, the maximum
at Ty, disappears. However, even at x = 0.23 there is a maxi-
mum at higher temperatures, the magnitude of which increases
rapidly with increasing x. At x=0.43 there is a pronounced
maximum at T, ~ 226K, below which is a linear section
with a positive slope (Fig. 5, curve 3). This type of depen-
dence is similar to the analogous dependence A*(Tpair) that is
observable in iron-containing superconductors (pnictides).'*>

In order to confirm this, there is a comparison of the
A'(T) dependence obtained for Y s57Prp43Ba,CuzO7_5 in this
study, against the results of the PG analysis for pnictides
SmFeAsOg g5 (Ref. 3) and EuFeAsO,_,F, (Ref. 35) on Fig. 6.
It can be seen that the slope of the linear section and its
length, determined by the T's and Tspy temperatures, are prac-
tically the same for all samples. This result confirms the mag-
netic nature of the maximum that appears in the nonmagnetic
YBCO upon doping with Pr. Thus, it can be argued with a
high degree of certainty that the evolution of the A (T) depen-
dence that has been discovered by us in Y;_Pr,Ba,Cu;07.s
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Fig. 5. The dependences A"lkg on T for the Y,_,Pr,Ba,Cu30;_; single crys-
tal, calculated based on Eq. (6), for x =0 (1), x=0.23, and x=0.43 (3).

and is observable with increasing x, is caused by the
enhancement of the magnetic interaction in the single crys-
tal. This conclusion seems reasonable given the fact that it
has already been noted that Pr has its own magnetic moment
Upr A2 3.58 .“13.13’14

In pnictides, Ty is the temperature of the structural transi-
tion from the tetragonal to the orthorhombic phase. Tspyy is the
temperature that corresponds to the antiferromagnetic ordering
of the iron spins and to the transition to the spin-density-wave
(SDW) mode."””> Thus, it can be assumed that upon doping
with Pr, YBCO becomes a magnetic superconductor, in which,
upon the attainment of a certain concentration of Pr, there are
both structural (at Ts), and antiferromagnetic (at Tspy) transi-
tions. We note that a similar change to the temperature depen-
dence of the PG with the appearance of the “magnetic”
maximum at high 7 is observed by us with an increase in the
number of PrBCO layers in the superlattices and heterostruc-
tures  YBCO-PrBCO.'"? Consequently, the obtained result
allows us to make the conclusion that the interaction between
the local pairs and the magnetism (magnetic fluctuations) is of
the same nature for all HTSCs in which the coexistence of
superconductivity and magnetism is observed. The specific

1.0

e
o
T

e
[}
T

Fig. 6. A (I)/Amayx as a function of T/T" for the Y 57Prg 43Ba,Cu304_s single
crystal and iron-containing superconductors SmFeAsOggs (Ref. 3) and
EuFeAsO;_F, * The length of the linear portion between the temperatures
T and Tspyw and its slope are practically the same for these samples.
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mechanisms of quasiparticle scattering, caused by the presence
of structural and kinematic anisotropy in the system,**** could
play a certain role in this process.

It should also be noted that the dependence A"(T) exhib-
its the same behavior (Fig. 6) both for Pr doping of YBCO,
and iron-containing HTSCs in the region of SC fluctuations
below Ty;. This behavior is illustrated in detail in Fig. 7,
which shows the dependences A*(T) for x=0 (curve 1) and
x=0.43 (curve 2) near T,.. As T decreases there is a minimum
that is always observed at Ty, after which there is a rather
sharp increase in A"(T), then a maximum between T, and T,
and then a minimum at 7. After T; there is an abrupt growth
of A"(T), which corresponds to the HTSC transition into the
critical fluctuation range at 7 < T?f.12’27’43 The A*(T) oscil-
lations between T and T, observable at x =0 are most likely
manifestations of the specific behavior belonging to the given
sample. No oscillations were observed for a similar YBCO
single crystal at 7.,=91.1 in the indicated temperature
range.”’ Thus, it can be concluded that in the region of SC
fluctuations before the resistive transition, all HTSCs demon-
strate the same behavior, regardless of whether or not mag-
netic ions are present in the sample.

4. Conclusion

Detailed measurements of the resistivity p(T) of the
Y,_.Pr.Ba,Cu30,_s single crystal with increasing praseo-
dymium content x from x =0 to x =0.43 are conducted. It is
shown that an increase in x leads to a significant increase in
p(T) and the pseudogap opening temperature 7", as well as
to a sharp decrease in T.. For the first time the temperature
dependences of excess conductivity ¢’(T) and PG, extracted
from resistive measurements using the local pair model®
were analyzed for the Y;_,Pr,Ba,Cu;0,_s single crystal with
different contents of Pr. It is shown that regardless of doping,
excess conductivity ¢’(T) in the T.<T < Ty range is well-
described by fluctuation theories: the 3D Aslamazov-Larkin
theory (2) and the 2D Hikami-Larkin model (MT contribu-
tion) (3). This region of fluctuation conductivity, or SC fluc-
tuations, is defined by the temperature 7,; where the
fluctuation Cooper pairs behave largely like superconducting
pairs, but without long-range order.”®>'*? An increase in
the content of Pr leads to a marked increase in the region of

32 36 40 44 48
T T T
1™ -3967K
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240+ T =91.73K
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Fig. 7. The pseudogap A'/kg in the Y,_Pr,Ba,Cus0;_ 5 single crystal, con-
structed as a function of the temperature for x =0 (1) and x =0.43 (2) near
to T... The top and right scales correspond to x = 0.43.
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SC fluctuations and to a simultaneous more-than-six-fold
increase in the coherence length £.(0) (Table 1). Thus, as is
the case in classical superconductors, the coherence length
increases with decreasing 7.

At x=0 the PG temperature dependence A*(T) turned
out to be similar to the analogous dependence that is
observed for optimally doped YBCO, with a maximum in the
Tpair~ 110K region (Fig. 5). As x increases the value of PG
decreases, and the maximum at T, gradually disappears.
At the same time, at x>0.2, along the A*(T) dependence
there is a maximum at higher temperatures, which is clearly
expressed at x =0.43 and followed by a linear region with a
positive slope, characterized by the temperatures Tg and
Tspw- (In iron-containing HTSCs, T is the temperature for the
transition from the tetragonal to the orthorhombic phase, and
Tspw is the temperature of antiferromagnetic ordering and
the transition to the spin-density-wave (SDW) mode!>1739),
A comparison of the dependence A*(T) obtained at x = 0.43
to the results of PG analysis for pnictides SmFeAsQy g5 (Ref.
3) and EuFeAsO,_F, (Ref. 35) shows that the slope of the
linear section and its length, determined by the T and Tspy
temperatures, are practically the same for all samples. This
result points to the magnetic nature of the maximum that
manifests itself in the non-magnetic YBCO upon doping with
Pr. As such, it can be argued with a high degree of certainty
that the observed changes in the In ¢’ (In &) dependences and
the evolution of A*(T) in Y,_,Pr,Ba,Cu;0,_s that are observ-
able with increasing concentration of Pr, are caused by the
enhancement of the magnetic interaction in the single crystal.
The obtained results are confirmed by our conclusion from
Ref. 12, which states that the nature of the mutual influence
mechanism between superconducting and magnetic fluctua-
tions in the temperature interval between T" to T, is most
likely identical for all magnetic superconductors.

It is shown that the transition to the SC state, regardless
of the presence or absence of magnetism, always takes place
according to the same law (Fig. 7). All A"(T) curves demon-
strate a sharp increase in the PG with a maximum between
Ty and T, below Ty;. Then there is a minimum at T and a
sharp increase in A"(T) at T < T™ which corresponds to a
transition to the critical fluctuation region. We detected such
behavior of A"(T) for all HTSCs, without exception.30 Since
doping with Pr does not lead to changes in the amount of
oxygen in the sample, all of the observed effects can be pre-
sumably attributed to an increase in the influence of magne-
tism in Y;_,Pr,Ba,Cu;0,_s with increasing Pr content.
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