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ABSTRACT

The effect that the partial substitution of Cd for Y has on the mechanism of excess conductivity formation in polycrystalline
Y1−хCdxBa2Cu3O7−δ with x = 0 (Y1), 0.1 (Y2), 0.3 (Y3), and 0.4 (Y4) is investigated. The resistivity ρ of the samples increases markedly
with increasing x, and the critical temperature of the superconducting (SC) state transition, Tc, decreases. The mechanism responsible for
the formation of fluctuation conductivity, σ’(T), is considered within the framework of the Aslamazov–Larkin theory near Tc. The Ginzburg
temperature (TG), the critical temperature in the mean-field approximation (Tmf

c ), the temperature of the 3D–2D crossover (T0), and T01,
which limits the region of the SC fluctuations from above, are determined. It is shown that doping with Cd at x = 0−0.4 increases the
coherence length along the c axis, ξc(0), by 2.7 times, and the distance between the CuO2 planes, d01, by 2.2 times. The temperature
dependences of the pseudogap (PG), Δ*(T), are determined by analyzing the excess conductivity within the framework of the local pair
model. It is found that with an increase in substitution, the maximum value of the PG Δ*(Tpair) decreases from 250.2 to 215.7 K, while the
real value of the PG, measured at TG,Δ*(TG), increases from 217.4 to 224.2 K.

Published under license by AIP Publishing. https://doi.org/10.1063/10.0001712

1. INTRODUCTION

The anomalous properties of layered metal oxide high-
temperature superconductors (HTSC) are one of the most impor-
tant problems in modern solid-state physics.1 In experiments on
the charge transfer dynamics in such systems, a number of objec-
tive difficulties arise, including the rather complex crystal structure
of HTSCs,2,3 the nonuniform distribution of structural defects,4 the
presence of intergrain boundaries and cluster inclusions,5 and the
inhomogeneity of specific experimental samples,6 which is often
caused by different technological prehistories, etc. The physical
properties of HTSCs are also unusual, especially in the normal
state, where a pseudogap (PG) opens along the excitation spectrum
at the characteristic temperature T>> Tc

7–10 (Tc is the critical
temperature of the superconducting (SC) transition). It is believed
that the correct understanding PG physics, which remains one of
the most intriguing properties of cuprates,11,12 will shed light on
the SC pairing mechanism in HTSCs.

Since the discovery of HTSCs with active plane CuO2 (cuprates),
attempts have been made to improve their superconducting

characteristics by isomorphic substitutions of one of the
components.13–20 One of the most interesting materials for studying
the properties of HTSCs is the YBa2Cu3O7−δ (YBCO) compound,
because it is possible to widely vary its composition by replacing
yttrium with its isoelectronic analogues, or by changing the degree of
oxygen non-stoichiometry. In YBCO, yttrium is replaced by a major-
ity of lanthanides and other elements,1,21–30 which usually does not
lead to the deterioration of the compound’s superconducting proper-
ties. Pr is an exception, since PrBCO is an insulator.31,32

It is well-known that ions of rare earth elements and K replace
yttrium atoms. Accordingly, Sr is incorporated into the positions
of Ba atoms, while other dopants are incorporated into the Cu(1)
position.33 However, this process is not well understood. The
mechanisms of how a modification impacts the properties of
HTSCs in underdoped and overdoped regimes remain unclear,
which is important since fulfilling the conditions of these regimes
is necessary to achieving the optimal properties of HTSC materials.
The effect of substitution on fluctuation processes and the PG is,
likewise, poorly understood. Therefore, the study of substitution in
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the classical structure of YBa2Cu3O7−δ provides new data on the
mechanism of superconductivity and the contribution made to
superconductivity by Y, Ba, and Cu atoms.

HTSC materials are synthesized with partial substitution of
Cd for Y in YBa2Cu3Ox, because despite the fact that yttrium and
cadmium are heterovalent, their ionic radii are similar (0.90 and
0.95 Å, respectively). This serves as the basis for such a substitution
in YBaCuO.

The goal of this study is to investigate how possible defects and
structural changes impact the physical parameters, fluctuation char-
acteristics, and PG after substituting Cd into Y1−хCdxBa2Cu3O7−δ.
Four samples of Y1−хCdxBa2Cu3O7−δ with х = 0 (Y1), 0.1 (Y2), 0.3
(Y3), and 0.4 (Y4) are considered. The resistivity of the samples
increases with an increase in Cd content, especially sharply at
x = 0.3, whereas Tc decreases nonmonotonically. The fluctuation
conductivity (FLC) is analyzed within the framework of the
Aslamazov–Larkin (AL) and Hikami–Larkin (CL) theories.34,35 Near
Tc, the FLC of all samples, σ’(T), is perfectly described by the three-
dimensional (3D) equation of the AL theory, which is typical for
HTSCs.1,11,32 The local pair model proposed in Refs. 11, 36, and 37
is used to analyze the temperature dependence of the PG, Δ*(T). In
accordance with the phase diagram of cuprates, Δ*(T) increases non-
monotonically with an increase in x.

2. EXPERIMENT

The Y1−хCdxBa2Cu3O7−δ samples are prepared in two stages.23,28

At the first step, the initial components, which are in a stoichiometric
ratio, are mixed and annealed in air at a temperature of 1120 K for
25 h. At the second step, the resulting compositions are annealed in
oxygen (P = 1.2−1.5 atm) at a temperature of 1190 K for 25 h, and
slowly cooled to room temperature. It is found that when yttrium is
replaced with cadmium in the composition Y1−хCdxBa2Cu3O7−δ up
to x∼ 0.4, the superconducting transition is retained at Tc∼ 85 K.
High-resistance samples resulting from the complete substitution of
Cd for Y in the Y1−хCdxBa2Cu3O7−δ composition are obtained, and
these exhibit an SC transition at lower temperatures. In this study, we
analyze the results of replacing Y with Cd up to x = 0.4.

Samples 8 × 4 × 3 mm in size are cut from compressed tablets
(12 mm diameter and 3 mm thickness) of synthesized polycrystal-
line material. The electrical resistance is measured according to the
standard four-probe method. The current contacts are created by
applying a silver paste and subsequently connecting silver conduc-
tors with 0.05 mm diameters to the ends of the polycrystalline
sample, in order to ensure the current spreads across it in a
uniform manner. The potential contacts located at the middle of
the sample’s surface are created in a similar way. Then, a three-
hour annealing process is carried out at a temperature of 200 °C in
an oxygen atmosphere. This procedure makes it possible to obtain
a contact transition resistance of 1 Ω and to perform resistive mea-
surements at transport currents of up to 10 mA in the ab-plane.

3. RESULTS AND DISCUSSION

Resistive properties

The temperature dependences of the resistivity ρ(Т) = ρab(Т)
of the synthesized Y1−хCdxBa2Cu3O7−δ polycrystalline samples at

x = 0 (Y1), 0.1 (Y2), 0.3 (Y3), and 0.4 (Y4) are shown in Fig. 1. The
ρ(T) dependences at different values of х have a shape characteristic
of optimally doped HTSCs.38 One exception is the nonlinear
dependence ρ(Т) at х = 0, ρ(Т)∼ Т2, which is typical for overdoped
cuprates.38 Analysis shows that the data in this case are well
approximated by the equation ρ(T) = ρ0 + В1Т + В2Т

2 with the
parameters ρ0 = 9.07, B1 = 0.1442, and B2 = 0.0000957, obtained by
approximating data using the Origin computer program. The
coefficient of the quadratic term is very small, but nonzero.
Thus, we have an overdoped sample. This result is particularly
interesting, since it is impossible to obtain an overdoped sample of
YBa2Cu3O7−δ simply by oxygen intercalation. The maximum that
can be obtained is δ = 0 and an oxygen index 7 – δ = 7, at
Тс∼ 92 K.38 It is most likely that such a dependence ρ(T) is specific
to this polycrystalline sample.

As seen in Fig. 1, in the considered case, the critical tempera-
tures of the Y–Ba–Cu–O system samples remain up to ∼85 K upon
doping with Cd. At the same time, the resistivity ρ(Т) of the Y1–Y4
samples in the normal phase at 300 K increases by almost 2.5
times, in comparison with YBa2Cu3O7−δ (Table I). In the tempera-
ture range above T* = (123.7 ± 0.5) K (Y2), T* = (134.6 ± 0.5) K
(Y3), and T* = (123.3 ± 0.5) K (Y4) up to 300 K, the ρ(T) depen-
dences of the doped samples are linear with a slope dρ/dT = 0.13,
0.17, and 0.27 (μΩ cm)/K, respectively, for Y2, Y2, and Y3 (Fig. 1).
The slope is determined by a computer approximation of the
experimental dependences in the normal state, ρN(T), which per-
fectly confirmed the linear course of this curve. A more accurate
method for determining T* is obtained by exploring the criterion
[ρ(T)−ρ0]/aT = 1, which is derived by transforming the linear
equation,39 wherein ρ0 is the residual resistivity and the y-intercept

FIG. 1. ρ as a function of temperature for Y1−хCdxBa2Cu3O7−δ polycrystalline
samples, at various cadmium concentrations х: 0 (Y1, squares); 0.1 (Y2,
circles); 0.3 (Y3, triangles), and 0.4 (Y4, diamonds). The straight lines denote
ρN(T), extrapolated to the low-temperature region.
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at T = 0. In this case, T* is defined as the temperature of the devia-
tion of ρ(T) from 1.32,39

3.2. Analysis of fluctuation conductivity

The fluctuation conductivity for all investigated samples is
determined by analyzing the excess conductivity σ’(T), which is
calculated from the difference between the measured resistivity ρ
(T) and the linear normal resistivity of the sample ρN(T) = аT + ρ0,
extrapolated to the low-temperature region:11,40–43

σ0(T) ¼ σ(T)� σN (T) ¼ [1/ρ(T)]� [1/ρN(T)]

¼ [ρN(T)� ρ(T)]/[ρ(T)� ρN(T)]: (1)

As shown in Refs. 11, 40, and 43, the linear temperature depen-
dence of the resistivity at high temperatures is a distinctive feature
of the normal state of HTSC cuprates, which is characterized by
the stability of the Fermi surface.43 It is possible that the Fermi
surface is rearranged below the PG opening temperature, T*.8,43

As a result, at Т≤ Т*, not only are all properties of HTSCs
almost entirely different and ρ(Т) deviates from the linear

dependence,7,40–43 but the density of charge carriers (DOS) at the
Fermi level decreases,44,45 which, by definition, is what we refer to
as the PG.1,7–12 Obviously, the resulting excess conductivity σ’(T),
determined using Eq. (1), should contain information about the
temperature dependence of both the FLC and the PG.11,32,40–43

This approach is used to analyze σ’(T) for all values of x.
Let us consider the method for determining the FLC within

the framework of the local pair (LP) model, in more detail.11,40

First of all, it is necessary to determine the critical temperature in
the mean field approximation Tmf

c , which separates the FLC region
from the critical fluctuation region,11,46 i.e., fluctuations of the SC
order parameter Δ0 directly near Tc (where Δ0 < kT), which are not
taken into account by the Ginzburg–Landau theory.47 Tmf

c is an
important parameter of FLC and PG analysis, since it defines the
reduced temperature

ε ¼ (T/Tmf
c � 1), (2)

which is included in all equations that are utilized in this study. In
an HTSC near Tc, the coherence length along the c axis, ξc(T) = ξc-
(0)(T/Tmf

c −1)−1/2, is greater than the corresponding size of the
YBCO unit cell d = c = 11.7 Å,33 and the fluctuation Cooper pairs
(FCP) interact throughout the entire volume of the superconductor.
Accordingly, this is the 3D fluctuation region. As a result, up to the
temperature of the 3D–2D crossover Т0 > T

mf
c , the conductivity

σ’(ε) is always extrapolated by the fluctuation contribution of the
Aslamazov–Larkin theory34 for 3D systems:11,40–42

σ03D�AL ¼ C3D
e2

32�hξc(0)
ε-1/2: (3)

From here, we easily obtain that σ0−2(T)∼ ε∼ T–Tmf
c . It is clear

that the σ0−2(T) extrapolated by the linear dependence vanishes at
T = Tmf

c ,46 as shown in Fig. 2 for the example Y2. In addition to
Tmf
c and Tc, Fig. 2 shows ТG, which is the Ginzburg temperature up

to which the mean field theories are valid with decreasing Т,47,48

and Т0, the temperature of the 3D–2D crossover, which limits the
region of 3D–AL fluctuations from above.35,49 Tmf

c is determined
for the remaining samples (Table I) in a similar fashion.

Having determined Tmf
c , we plot ln σ’ as a function of ln ε for

all samples, as shown in Figs. 3 and 4, in order to compare the
results with the fluctuation theories. As expected, it can be seen
that in all cases, the FLC is perfectly approximated by the 3D-AL
fluctuation contribution (3) near Tc (straight 3D–AL lines with a
slope λ =−1/2). This means that the classic 3D FLC is always

TABLE I. Parameters of the Y1−хCdxBa2Cu3O7−δ polycrystalline sample, obtained by analyzing the fluctuation conductivity.

YBCO (Cd)
ρ(300 K),
μΩ cm

ρ(100 K),
μΩ cm Tc, K

Т mf, K
c TG, K T0, K T01, K ΔTfl, K d01, Å ξc(0), Å

Y1 (x = 0) 60 24 90.2 91.99 92.1 92.8 101.0 8.9 3.4 1.1
Y2 (x = 0.1) 65 37 84.9 88.36 88.8 90.2 100.9 12.1 4.3 1.67
Y3 (x = 0.3) 120 80 88.0 90.62 90.7 91.7 99.0 8.3 4.1 1.26
Y4 (x = 0.4) 150 92 86.7 89.06 89.7 95.0 102.6 12.9 7.4 3.0

FIG. 2. The inverse square of the excess conductivity as a function of tempera-
ture σ0−2(Т), for the Y1−хCdxBa2Cu3O7−δ polycrystalline sample at х = 0.1,
which determines the Tmf

c of the Y2 sample. The arrows indicate the character-
istic temperatures Tc, TG, and T0 (see text).
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realized in cuprate HTSCs, when T tends to Tc and ξc-
(T) > d.11,32,40,42 Above Т0, the slope of ln σ’ as a function of ln ε
undergoes a sharp change. Such a dependence with a slope λ =−1
(see straight lines in Figs. 3 and 4 for Y4) is typical for 2D–AL fluc-
tuations:34

σ02D�AL ¼ C2D
e2

16�hd
ε-1: (4)

Thus, at the T0 values given in Table I, there is a 3D–2D crossover.
Obviously, ξс(Т0) = d, from which we get

ξc(0) ¼ d
ffiffiffiffiffi
ε0

p
: (5)

Knowing that Т0 = 92.8 K for Y1, we find ξс (0) = (1.1 ± 0.02) Å
according to Eq. (5). The values of ξс (0) are similarly obtained for
the remaining samples, given in Table I. It can be seen that, upon
doping with Cd, ξс(0) increases to ξс(0) = (3.0 ± 0.02) Å at х = 0.4
(Y4). This is due to a noticeable increase in the region of 3D fluctu-
ations (see Fig. 4, diamonds). At the same time, Y2 (x = 0.2) dem-
onstrates the smallest Тс = 84.9 K, while ξс (0) = (1.67 ± 0.02) Å. As
such, the direct relationship between the coherence length and Tc,
which in the classical theory of superconductivity is given by
the formula ξ ∼ ħvF/πΔ0∼ħvF/kBTc,47 is not observed in this
case. Here, it is taken into account that according to the
Bardeen-Cooper-Schrieffer (BCS) theory,47 πΔ0∼ kBTc.

Above the temperature Т0, up to Т01, which limits the region
of the SC fluctuations from above (≈101.0 K for Y1), d > ξс(Т) > d01
and the 3D state is lost. However, ξс(Т) still connects the inner

conducting CuO2 planes via Josephson interaction, and the dis-
tance between them is d01≈ 3.5–4 Å.33 It can be seen that in
the samples studied above T0, the FLC is perfectly described by the
2D–AL theory (5) (see Fig. 3), with the parameters given in
Table I. Such a dependence of ln σ’ on ln ε, with a short region of
3D fluctuations near Tc, is characteristic of bismuth-based HTSCs
like Bi1.6Pb0.4Sr1.8Ca2.2Cu3O10 (Bi2223),50 and indicates the pres-
ence of various structural defects.1 In well-structured YBCO
samples,40 above T0, the FLC is always described by the 2D Maki–
Thompson (2D–MT) fluctuation term of the Hikami–Larkin
theory:35

σ02D�MT ¼ C2D
e2

8d�h
1

1� α/δ
ln

δ

a
1þ αþ ffiffiffiffiffiffiffiffiffiffiffi

1þ α
p

1þ δþ ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2δ

p
� �

ε-1: (6)

Here, α = 2[ξc(0)/d]2ε
−1 is the coupling parameter;

δ ¼ 1:203(l/ξab)(16/π�h)[ξc(0)/d]
2kBTτw (7)

is the uncoupling parameter; τw the phase relaxation time of fluctu-
ation pairs, which is determined by the formula τwβT = πħ
(8kBε01) =A/ε01. The factor β = 1.203(l/ξab), where l is the mean
free path and ξab is the coherence length in the ab plane, which
takes into account the pure limit approximation.11,40 The depen-
dence of ln σ’ on ln ε (6) is observed in sample Y3 between
T0 = 91.7 K (ln ε0 =−4.46) and T01 = 99 K (ln ε01 = –2.38) (the
MT–2D curve in Fig. 4) with the parameters given in Table I. This
result indicates a possible, but somewhat unexpected, improvement
in the structure of the Y3 sample (x = 0.3) upon doping. With a
further increase in the Cd content to х = 0.4 (sample Y4), the FLC
value noticeably decreases (Fig. 4, diamonds), and above Т0, the
2D–AL dependence (4) is restored. At the same time, the largest

FIG. 3. Dependences of ln σ’ on ln ε for the Y1−хCdxBa2Cu3O7−δ polycrystal-
line sample at х = 0 (Y1) and 0.1 (Y2), in comparison with the 3D–AL (3) and
2D–AL (4) fluctuation theories. ln ε01 determines T01 (Table I), which specifies
the region of SC fluctuations above Tc, ln ε0 determines the crossover tempera-
ture T0 (Table I), and ln εG is the Ginzburg temperature TG (Table I).

FIG. 4. Dependences of ln σ’ on ln ε for the Y3 and Y4 polycrystalline samples
of Y1−хCdxBa2Cu3O7−δ, in comparison with the 3D–AL (3), 2D–AL (4), and
2D-MT (6) fluctuation theories. For clarity, the data are shifted along the y-axis.
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region of 3D fluctuations is observed, T0 – TG = 5.3 K, which is
∼7.6 times greater than that in Y1 and 5.3 times greater than that
in Y3. Sample Y4 also demonstrates the largest region of SC fluctu-
ations, ΔTfl = T01 – TG, ξс(0), and the value d01 (see Table I). It can
be concluded that the content of Cd at x≥ 0.4 leads to noticeable
distortions of the YBCO structure, which then lead to an increase
in the distance between the conducting planes d01 by a factor of
∼2.2, compared to that in undoped YBCO.

The value of d01 is found based on the fact that above T01, the
experimental data for all samples deviate from the fluctuation theory
towards smaller values. Above Т01, the value ξс(0) < d01, and all
charge carriers—both fluctuation pairs and normal electrons—are
inside the CuO2 planes, which are not related by any correlation
interaction.40,49 It is obvious that ξс(T01) = d01, i.e., ξс(0) = d01√ε01
(5). At the same time, ξс(0) = d√ε0. Based on this, using simple
algebra and accounting for the fact that d = 11.7 Å, we get that
d01= d

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0/ε01:

p
As follows from Table I, all parameters of the

samples increase nonmonotonically with an increase in the content
of Cd. The only exception is the parameter d01, which greatly
increases at x = 0.4. Simultaneously, ξс(0) also increases by ∼2.7
times. Such an increase in ξс(0) does not follow from theory, where
ξ∼ ħvF/kBTc,47 since Тс changes insignificantly (see Table I).
This result confirms the conclusion that it is the incorporation of Cd
into the YBCO structure that leads to the noticeable increase in
ξс(0). Otherwise, it must be assumed that doping greatly increases
the Fermi velocity, vF, which is not an obvious idea and requires
further study. Thus, the various defect ensembles that arise in YBCO
upon doping with Cd significantly affect the behavior of HTSCs. It is
assumed that the behavior of the PG temperature dependences, con-
sidered below, should also change with increasing x.

3.3. Analyzing magnitude and temperature
dependence of PG

The fact that the FLC obeys classical fluctuation theories at
ΔTfl = T01 – TG means that SC fluctuations exist up to T01 in
HTSCs. This also suggests that the phase rigidity of the order
parameter wavefunction in HTSCs is conserved until T01.

51,52 That
is, in this temperature range, FCPs largely behave as superconduct-
ing, but not coherent pairs (the so-called “short-range phase corre-
lations”11,40), as noted above. At the same time, as follows from
Table I, the temperature range in which the SC fluctuations obey
the fluctuation theories, ΔTfl∼ 13 K above Tc, which is relatively
small, whereas the range in which excess conductivity is observed
for the studied samples is T*–Tmf

c � 40 K. However, a rigorous
theory that could describe the excess conductivity σ’(T) over the
entire temperature range from T* to Tmf

c is still lacking. Therefore,
the PG will be analyzed according to the approach developed in
Refs. 53 and 54.

In this case, the excess conductivity σ’(T) over the studied
temperature range can be described by the following equation:

σ0(T) ¼ A4

e2 1� T
T*

� �
exp �Δ*

T

� �

16�hξc(0)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ε*c0sh 2

ε

ε*c0

� �s , (8)

which contains the PG parameter Δ* in explicit form. In Eq. (8), 1
– T/T* determines the number of pairs arising at T≤ T*, and exp(–
Δ*/T) gives the number of pairs destroyed by thermal fluctuations
below Тpair.

11,53 Solving Eq. (7) with respect to Δ*(T), we obtain the
equation for the PG

Δ*(T) ¼ ln A4 1� T
T*

� �
1

σ0(ε)
1

16�hξc(0)
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ε*c0sh 2
ε

ε*c0

� �s
2
66664

3
77775, (9)

where σ’(ε) is the experimentally measured excess conductivity.
Equations (8) and (9) include a number of parameters, which are
also determined from the experiment32,40 within the LP model. In
addition to Тс, T*, ξс(0), and ε, which are obtained from resistive
measurements and FLC analysis, both equations include the coeffi-
cient A4, which has the same meaning as the C-factor in FLC
theory, Δ*(TG), and the theoretical parameter ε*c0.

53–55

Figure 5 shows the dependence of ln σ’ on ln ε for the Y2
sample, over the temperature range from T* to TG, which shows
that in the interval from Tc01 = 94.4 K to Tc02 = 106.7 K, highlighted
in the figure by arrows at ln εс01 =−2.69 and ln εс02 = –1.57,
σ0−1∼ exp ε.55 This feature turns out to be one of the main
properties of most HTSCs.11,40,53–55 As a result, in the interval
εс01 < ε < εс02 (inset in Fig. 5) ln σ0–1 is a linear function of ε with
slope α* = 12.4, which determines the parameter ε*c0¼1/α*≈ 0.0855

(Table II). This approach makes it possible to obtain reliable ε*c0
values for all other samples, which are also given in Table II, and,

FIG. 5. Dependence of ln σ’ on ln ε for polycrystalline Y2, plotted in the tem-
perature range from T* to TG. The line shows the approximation of experimental
data according to Eq. (8) with the parameters given in the text. The inset shows
the dependence of ln (1/σ’) on ε. The straight line marks a linear section, the
inverse slope of which 1/α* determines the parameter ε�c0 = 0.08.
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as established in Refs. 1, 32, and 40, they also noticeably affect the
shape of the theoretical curves shown in Figs. 5–7 at T >> T01; i.e.,
the curves are much higher than the SC fluctuation region.

Let us find the coefficient A4, but first we will determine Δ*
(TG), which is used in Eq. (8), by superimposing the theory onto
the experimental data, which are plotted as ln σ0 as a function of
1/T (see Fig. 6).56 Refs. 1, 32, and 40 show that in these coordi-
nates, the shape of the theoretical curve turns out to be very
sensitive to the value Δ*(TG). In addition, it is assumed that Δ*
(TG) = Δ0(0), where Δ0 is the SC gap.57,58 We emphasize that
it is the quantity Δ*(TG) that determines the true value of the
PG, and is used to estimate the value of the BCS ratio
D* = 2Δ0(0)/kBTc = 2Δ*(TG)/KBTc in a specific HTSC sample.1,32,40

The best approximation of ln σ’ as a function of 1/T by Eq. (8) for
sample Y2 is achieved at D* = 5 ± 0.2. The same D* is obtained for
all samples analyzed in this study (Table II), which is a typical
value for YBCO53,54 and significantly exceeds the limit of the BCS
theory for d-wave superconductors [2Δ0 (0)/kBTc≈ 4.28].59,60

Having determined the parameters, we find the coefficient A4.
We calculate σ0(ε) according to Eq. and, having chosen A4, super-
impose the theory onto the experiment in the region of 3D–AL

fluctuations near Tc, where ln σ0(ln ε) is the linear function of the
reduced temperature ε with slope λ = – 1/232,40,61 (Fig. 5). As
can be seen in the figure, Eq. (8) with ε*c0 = 0.08, Δ*(TG)/
kB = 2.5Tc ≈ 213 K, and A4 = 55, provides a good description of the
experiment between T* and TG, as expected. This fact allows us to
assume that Eq. (9) gives a reliable value and temperature depen-
dence of the PG, Δ*(T).

The dependences Δ*(T) are plotted according to the deter-
mined parameters, for samples Y2, Y3, and Y4. Note that no PG is
observed in Y1, since the sample is in the overdoped mode. The
dependence Δ*(T) is calculated in the LP model according to
Eq. (9) for Y2, with the experimentally determined T* = 123.7 K,
Tmf
c = 88.36 K, ξ(0) = 1.67 Å, ε*c0 = 0.08, and A4 = 55, as shown in

Fig. 7(circles). This same dependence is plotted for Y3 with
the parameters T* = 134.6 K, Tmf

c = 90.62 K, ξc(0) = 1.26 Å,
ε*c0¼0:25, and A4 = 15 (triangles). A similar dependence for Y4 is
shown by diamonds in Fig. 7, with parameters T* = 123.3 K,
Tmf
c = 89.06 K, ξc(0) = 3.0 Å, ε*c0¼0:125, and A4 = 40. The shape of

the dependence Δ*(T) for Y2 is characteristic of high-quality thin
YBCO films with different oxygen concentrations1,11,53,54 and
with a clearly pronounced maximum at Tpair = 106.7 K and Δ*

TABLE II. PG analysis parameters of polycrystallineY1−хCdxBa2Cu3O7−δ.

YBCO (Cd) T*, K Α* ε*c0Z Tpair, K D*, K Δ*(Tpair), K Δ*(TG), K

Y1 (x = 0) – – – – – – –
Y2 (x = 0.1) 123.7 12.4 0.08 106.7 2.5 250.2 217.4
Y3 (x = 0.3) 134.6 4 0.25 125.5 2.5 234.5 223.2
Y4 (x = 0.4) 123.3 8 0.125 111.2 2.5 215.7 224.4

FIG. 6. ln σ’ as a function of 1/T (dots) for the Y2 polycrystalline sample in the
temperature range from T* to Tmf

c at x = 0.1. The line shows the data approxi-
mation according to Eq. (8) at D* = 2Δ*(TG)/kBTc = 5.

FIG. 7. Dependences Δ*(T)/kB for samples Y2 (circles), Y3 (triangles), and Y4
(diamonds). With an increase in the concentration of Cd, the maximum value of
the PG Δ*(Tpair) decreases, while Δ*(TG) increases (see inset). Inset: the same
dependences Δ*(T)/kB in the region of SC fluctuations near Tc.
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(Tpair) = 250.2 K. Recall that Tpair is the temperature at which LPs
are transformed from small-sized strongly coupled bosons that can
be described as Bose–Einstein condensate (BEC), into FCPs that
obey the BCS theory.1,11,36 In other words, this is the BEC–BCS
crossover temperature.62–64 At the same time, as can be seen in the
inset of Fig. 7, Δ*(T) has a minimum at T0 = 90.2 K (Table I).
Conversely, in pure YBCO, the temperature Т0 usually corresponds
to a maximum.61 This indicates that defects that arise during the
intercalation of Cd noticeably affect the sample properties, includ-
ing those near Tc.

As the concentration of cadmium increases to х = 0.3 (Y3), the
shape of the Δ*(T) curve changes (Fig. 7, triangles). The Δ*(T)
maximum shifts toward higher temperatures and Tpair≈ 125.5 K,
while Δ*(Tpair) = 234.5 K, i.e., it decreases. In the interval from Tpair
to ∼108 K, the dependence Δ*(T) is actually linear. This shape of
Δ*(T) is characteristic of optimally doped YBCO single crystals.65

At the same time, the shape of Δ*(T) near Tc is the same as that of
other HTSCs: at T01∼ 99 K, a minimum is clearly observed, and at
T0 = 91.7 (Table I), there is a maximum at Δ*(T) (Fig. 7 and inset).
Also, the true value of the PG, Δ*(T)/kB, increases from 217.4 K
(Y2) to 223.2 K (Y3). This result allows us to conclude that sample
Y3 most likely has a minimum number of defects, which is also
supported by the detection of the 2D–MT fluctuation contribution
along the dependence of ln σ’ on ln ε (Fig. 4). With a further
increase in the cadmium concentration to х = 0.4 (Y4), the shape of
the Δ*(T) curve (Fig. 7, diamonds) changes again. At the same
time, the temperatures Т*, Tpair, and Δ*(Tpair) decrease noticeably
(Table II), and the maximum at T0 and the minimum at T01 disap-
pear, which is clearly seen in Fig. 8. In fact, everything becomes the
opposite: a maximum is observed at T01 = 102.6 K, and at
T0 = 95 K, there is a pronounced minimum, indicating an increase
in the effect of defects. At the same time, Δ*(T)/kB increases to

∼224.4 K (Table II). Ref. 66 reported a significant increase in Δ*
(TG)/kB under pressure in Y0.95Pr0.05Ba2Cu3O7−δ single crystals,
containing defects in the form of PrBCO dielectric cells. Similarly,
it can be assumed that doping with Cd creates internal pressure in
YBCO due to structural defects. This idea is supported by the
sharp increase in the distance d01 between the conducting CuO2

planes, determined from FLC analysis. Table I shows that d01
increases by almost 2.2 times with an increase in the Cd content
from x = 0 to 0.4. Thus, various defect ensembles resulting from the
intercalation of Cd significantly affect the properties of the studied
Y1−хCdxBa2Cu3O7−δ polycrystalline samples.

4. CONCLUSION

We studied the impact that partial substitution of Cd for Y
has on the mechanism of excess conductivity and PG formation in
Y1−хCdxBa2Cu3O7−δ, with x = 0, 0.1, 0.3, and 0.4 (samples Y1, Y2,
Y3 and Y4). It is shown that with an increase in x, the resistivity of
the samples ρ increases noticeably, and the critical temperature of
the transition to the superconducting state Tc decreases. It is found
that the dependence ρ(T) at x = 0 is not linear, but ρ(T)∼ T2,
which is typical for overdoped cuprates. Most likely, this type of ρ
(T) curve is a specific feature of the studied polycrystalline sample.
Fluctuation conductivity is determined by analyzing excess conduc-
tivity σ’(T) in Y1–Y4, in the Tmf

c , T , T01 temperature range. It
is shown that near Tc, the fluctuation conductivity is well described
within the framework of the 3D Aslamazov–Larkin (AL) fluctua-
tion theory. Above the temperature of the 3D–2D crossover,
Т0 < T01, the 2D–AL theory is applicable. In samples Y1, Y2, and
Y4, the 2D Maki–Thompson (MT) contribution is not detected,
which indicates the presence of defects in the studied polycrystal-
line samples. Sample Y3 with x = 0.3 is eliminated from the overall
scenario, as it exhibits weak 2D–MT fluctuations above T0, indicat-
ing a somewhat unexpected improvement in the structure of the
sample. This is also supported by the shape of the PG dependence,
Δ*(T), which is typical for optimally doped YBCO single crystals
with a pronounced minimum at T01 and a maximum at T0, near
Tc. Accordingly, the value of the PG in Y3, Δ*(TG)/kB = 223.2 K, is
noticeably larger than Δ*(TG)/kB = 217.4 K inY1.

With a further increase in the concentration of cadmium to
х = 0.4 (Y4), the shape of the Δ*(T) curve (Fig. 7) changes again. In
this case, Т*, Tpair, and Δ*(Tpair) decrease noticeably (Table II), and
the maximum at T0 and the minimum at T01 disappear. At the
same time, Δ*(TG)/kB increases to ∼224.4 K (Table II). It can be
assumed that doping with Cd creates an internal pressure in
YBCO, which leads to the observed increase in Δ*(TG)/kB, as a
result of structural defects. This is also supported by a sharp
increase in the distance d01 between the CuO2 conducting planes,
as determined by analyzing the fluctuation conductivity. According
to the data given in Table I, it can be seen that d01 more than
doubles with an increase in the Cd content from x = 0 to 0.4.
However, as a whole, the change in the sample parameters with
increasing x is nonmonotonic. Therefore, it can be noted that
various defect ensembles arising as a result of Cd intercalation sig-
nificantly affect the properties of the studied Y1−хCdxBa2Cu3O7−δ
polycrystalline samples.

FIG. 8. Dependence Δ*(T)/kB for sample Y4 in the region of SC fluctuations
near Tc. The arrows indicate the characteristic temperatures T01, T0, and TG.
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