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Comparative analysis of the temperature dependences of resistivity p(7), excess conductivity o'(7),
pseudogap (PG) A*(T), and thermoelectric power S(T), measured on textured YBa,Cu;0,_5 (YBCO) polycrystals
with different charge carrier density 7, depending on the level of doping with oxygen, modified by annealing,
has been carried out. It is shown that for an optimally doped (OD) sample with 7. =90 K (sample S1), ¢'(7) near
T, is well described by the Aslamazov—Larkin (AL-3D) and Maki-Thompson (MT-2D) fluctuation theories,
demonstrating 3D-2D crossover with increasing temperature. The crossover temperature 7, was used to deter-
mine the coherence length along the c axis, £.(0). With a decrease in n, (samples S2 with 7, = 84 K and S3 with
T. = 80 K), the MT contribution is suppressed, and the ¢'(7) dependence obeys the Lawrence—Doniach model,
which is typical for samples with defects. The dependence A'(T) obtained for S1 has a form typical for OD sin-
gle crystals of YBCO with a maximum at T}, ~ 114 K and a linear section descending to Ty, ~ 94 K, which li-
mits the region of superconducting fluctuations above 7. As n,decreases, the shape of A"(T) noticeably changes
and becomes typical for YBCO films with a symmetric maximum at 7}, which is the BEC-BCS transition
temperature in high-7, superconductors. As n,decreases, the slope S(7) changes from positive to negative,
demonstrating a feature at the PG opening temperature I". Accordingly, the dependence of S(T)/T on log T
changes from linear to nonlinear, which indicates a change in the nature of interactions in the YBCO electronic

subsystem with decreasing n, since S/T ~ 1/n.
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1. Introduction

The study of the mechanism of superconducting (SC)
pairing in high-temperature superconductors (HTSCs),
which still remains unclear, is still one of the central direc-
tions of research in condensed matter physics. Understand-
ing the mechanism of SC pairing is extremely important
for the search for HTSCs with even higher, preferably
room, critical temperatures, T, for the transition to the SC
state. It is believed that the study of the so-called pseudo-
gap state [1-3], which is observed in the region of the
phase diagram corresponding to the appropriate concentra-
tion of charge carriers less than optimal, which is usually
called the region of “underdoped” states, can shed light on
this, as well as a number of other issues. Pseudogap (PG) is
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a special state of matter, which is characterized by a re-
duced (but not to zero) density of electronic states (DOS)
at the Fermi level [4, 5]. It should be emphasized that the
pseudogap state is fundamentally different from the super-
conducting one, in which the SC gap opens and DOS is
zero [6]. In HTSC cuprates of the YBa,Cu;0,_5 (YBCO)
type, the pseudogap opens at the characteristic temperature
T">>T,. As a result, in a wide temperature range below
7", HTSCs have a number of unusual properties due to, as
it is now commonly believed, the rearrangement of the Fermi
surface [7-9]. However, the physical reason for the occur-
rence of the PG state is also not completely clear and contin-
ues to be the subject of extensive discussions [10—14].

There are two main groups of models for explaining the
PG in cuprates. The first is based on the idea that PG is a
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precursor to superconductivity and arises as a result of the
formation of paired fermions, the so-called local pairs
(LPs) below T” [3, 7, 15-19] with the subsequent estab-
lishment of their phase coherence at 7, [20]. Thus, this
model states the superconducting nature of the PG. In one
version of such model [3, 16, 17], the superconducting
transition is considered as a Bose—Einstein condensation
(BEC) of gas of electron pairs, considered as bosons with a
charge of 2e. This model works at low-electron concentra-
tions, which exactly corresponds to the PG region in the
HTSC cuprates. Unfortunately, the BEC model does not
discuss the SC pairing mechanism, which leads to the ap-
pearance of such bosons above T..

The second group of models assumes that the origin of
the PG state is associated, for example, with low-energy
antiferromagnetic fluctuations [7, 21, 22], since in the re-
gion of low hole concentrations all known HTSC cuprates
are antiferromagnetic dielectrics [3, 7, 8]. The charge
(CDW) [7, 8] and spin (SDW) [2, 7, 23] density waves,
structural distortions [24], as well as recently developed
ideas on modulation of the order parameter in HTSC (pair-
density wave (PDW) state) [14, 25 (and references therein)],
on which there is a strong scattering of electrons, leading
to a pseudogap rearrangement of their spectrum, are also
not excluded. In such models, the non-superconducting
nature of the PG state is stated. Thus, at present, there is
still no consensus on the nature of the PG and its relation
to superconductivity.

It is well known that all properties of HTSC cuprates
are determined by the density of charge carriers n;, which
can vary in a wide range depending on the doping level
[3, 7, 26, 27]. In YBCO n, changes as a result of oxygen
intercalation, and the maximum 7, ~ 91 K corresponds to
the stoichiometric material at & = 0 [26]. In this paper, we
report on the measurement of temperature dependences of
the resistivity p(7) and the thermoelectric power (TEP)
S(7) in three textured polycrystalline YBCO samples with
different n;, which changed as a result of annealing the
samples. For brevity, we will refer to the samples as S1, S2,
and S3. From measurements of p(7), data were extracted
on the excess conductivity, 6’(7), and, accordingly, on the
temperature dependence of the fluctuation conductivity
(FLC) and pseudogap, A"(T). The calculation of the de-
pendences A"(7) was carried out in the model of local pairs
[1, 3, 15-17], and the results were compared with the cor-
responding dependences p(7) and S(7) in order to find a
correlation between the various features found in the PG
phase in different experiments. As far as we know, the
Seebeck coefficient S(7) has not yet been compared with
the temperature dependences of resistance and PG.

The results obtained show that in the region of supercon-
ducting (SC) fluctuations near 7, FLC of the optimally doped
sample S1 is perfectly described by the classical fluctuation
theories of Aslamazov—Larkin (3D-AL) [28] and Hikami—
Larkin (HL) (fluctuation contribution of Maki—-Thompson

(2D-MT) [29-31], and the shape A(7) is the same as in the
YBCO films without defects [3, 17]. D is the dimension of
the HTSC electronic subsystem. In the S2 and S3 samples,
MT contribution is completely suppressed, and o'(7) is
described in Lawrence-Doniach model most likely as a
result of defects arising during annealing [24]. Simultane-
ously the shape of A*(T) and S(7) is also changed. It has
been found that regardless of the density of charge carriers,
S(T) of all three samples clearly changes the slope at the PG
opening temperature 7'. A discussion of these and other
results obtained is given below.

2. The experiment

The samples were parallelepipeds with a length of 10 mm
and a cross-section of 3 by 2 mm, cut from a pellet of tex-
tured polycrystalline YBa,Cu;0;_; with a diameter of 30 mm
and a thickness of 5 mm, obtained by solid-phase synthesis
from yttrium and copper oxides and barium carbonate [32].
Initially, the sample had a value of 7, ~ 90 K (S1). A de-
crease in the oxygen content and, consequently, the density
of charge carriers ng; and, therefore, T,, was achieved by
thermal vacuum annealing. Initially, three 90 K samples
were prepared. The second was annealed at temperature
~ 350 °C and the third one was annealed at temperature
~ 400 °C, both in an oxygen-free environment for half an
hour. After the first annealing 7. = 84 K was obtained
(sample S2), and eventually the sample S3 with 7. = 80 K
was prepared.

The electrical resistivity was measured in a wide tem-
perature range from ~ 290 K to 7, utilizing the four-point
probe technique with stabilized measuring current of up to
10 mA. Silver epoxy contacts were glued to the extremities
of the sample in order to produce a uniform current distri-
bution in the central region where voltage probes were
placed. To measure S(7), potential contacts were clamped
to the upper surface of the sample and were usually located
at a distance of ~6 mm from each other. Thermoelectric
power measurements were carried out by using the diffe-
rential method over the same temperature range. A tempe-
rature gradient of ~1 K was maintained throughout the
measurements. A differential thermocouples made from
copper and constantan and calibrated with a silicon diode
sensor (DT 470) were used to measure the temperature of
the test sample, while thermoelectric voltage (AV) develo-
ped across the sample due to the temperature gradient (A7)
was measured by a Keithley 2000 Multimeter. The ther-
moelectric power S(7) calculated from the linear fits of AV
vs AT curve was corrected for copper electrodes to obtain
absolute thermoelectric power values [33]. More details of
the experimental technique are given elsewhere [34].

A feature of polycrystals is that their n, can change no-
ticeably upon annealing the sample, both in an oxygen
atmosphere (to increase n,) and without it (to decrease n).
However, in the case of a strong change in n; various
kinds of defects can appear in the samples [24], which can
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affect the measurements of p(7) and, to a much lesser ex-
tent, S(7), since the Seebeck coefficient is measured at low
currents and is a characteristic of material, and not a spe-
cific sample with its defects.

3. Results and discussion

3.1. Resistivity, critical temperature, and thermoelectric
power

Figure 1 displays the temperature dependences of the
resistivity, p(7), and the absolute TEP, S(7), of all three
polycrystalline YBa,Cuz07; samples with different oxygen
content, and, consequently, with different 7.: S1 — 7.=90 K,
S2 —T7T,=84K, and S3 — T, = 80 K. As usual, 7, was
determined by extrapolating the linear portion of the p(7)
dependence at SC transition to its intersection with the
temperature axis [35], that is, 7, = T, (pe = 0). In the case
of S1, the width of the resistive transition 67, = T.(0.9py) —
—T.(0.1 py) = 2.5 K is rather narrow, but increases almost
fourfold for sample S3. However, since the linear portion
of the p(7) dependence at the SC transition is well pro-
nounced for all samples, this approach makes it possible to
determine the values of 7. with an accuracy of = 0.1 K
(Table 1). All dependences p(7) exhibit metallic behavior
and are linear above T": py(T) = po + aT, with a slope a =
=dp/dT = 5.76 nQcm/K (S1). py is the residual resistance,
which the extrapolated py(7) cuts off on the Y axis. The
slope was calculated by approximating the experimental
curves on a computer and confirmed the linear behavior of
p(7) with a root-mean-square error of 0.023 + 0.002 in a
given temperature range for all samples.

As can be seen from Table 1, the resistivity of the
samples during annealing increases markedly. However,
with a decrease in 7, from 90 K to 84 K, the slope of p(7)
practically does not change. This fact suggests that in our
samples at large n, the Matthiessen’s rule is fulfilled in a
good approximation, namely: p = po + pig, Where piq is the
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Fig. 1. (Color online) The temperature dependences of resistivi-
ty p and Seebeck coefficient S for YBa,Cu;0; polycrystals S1
(T.=90K), S2 (T.=84 K) and S3 (7. = 80 K).

Table 1. Changes in the parameters of the YBa,Cu;0_; poly-
crystal upon annealing

Samples | 7., K |p(300 K),| p(100 K), Po» dp/dT,
pQ-cm pQ-cm pQ-cm | pQ-em/K

S1 90 3540 2350 1874 5.76

S2 84 4230 2950 2513 5.75

S3 80 4940 3550 3053 6.12

resistivity of an ideal crystal [36]. In our case, this is, in
fact, the resistivity of an unannealed sample containing a
minimum number of defects. It can be seen from the Table 1
that the resistivity of the samples upon annealing actually
increases due to an increase in py, which occurs as a result
of an increase in the number of defects. In contrast to
YBCO single crystals, in which twins and pronounced twin
boundaries are present, in good polycrystals such defects
can be point defects arising with an increase in the number
of oxygen vacancies in the CuO,; planes [37].

With a decrease in 7, to 80 K, the slope still slightly in-
creases to dp/dT = 6.12 pQ/K (S3). Note that a similar in-
crease in dp/dT is observed both in films [17] and in YBCO
single crystals [26] with decreasing n At the same time, the
residual resistivity ratio, defined as p(300 K)/p(100 K), slight-
ly decreases from 1.4 (S1) to 1.27 (S3), which also indicates
an increase in the number of defects during annealing.

As expected, sample S1 has the highest 7. = (90.0 £ 0.1) K
and the smallest p(7 = 100 K) = 2350 pQ-cm, as well as
the lowest maximum value S, = 1.93 uV/K. In this case,
the dependence S(7) is almost linear with a positive slope,
which changes to negative clearly at 7" (Fig. 1). For sam-
ples S2 and S3, the resistivity p(100 K) is 1.26 and 1.51
times higher, respectively (Table 1). In this case, S(7) of
both samples at high temperatures is also close to linear
and, curiously, with almost the same but already negative
slope, which increases almost 2 times at 7< 7". A change
in the slope S(7) with decreasing n,in YBCO was reported
in a number of works [38—40], but the fact that the slope
changes precisely at 7= T " was shown for the first time.
For a more precise definition of T *, we use the criterion
(p(T) — po)/aT [41]. In the normal state (p(7T) — po)/al =1,
but deviates downward from unity at 7= 7", which makes
it possible to obtain 7~ values with an accuracy of + 0.3 K
[35, 37, 41]. According to the model of LPs [1, 3, 15-17]
at T= T part of the normal electrons is transformed into
local pairs, which transfer charge without dissipation. We
believe that this is precisely what leads to an increase in the
slope and to faster growth of S(7) below 7". Having reached
the maximum, S(7) begins to decrease rapidly and, together
with the resistance, turns to zero also practically in 7,. In
Fig. 1, these portions of the S(T)curves are not shown in
order not to overload the figure.
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At the first stage, the thermoelectric power data were
analyzed within the ‘“Two band model with modified linear
T-term”. This model was originally proposed to describe
the temperature dependences of the Seebeck coefficient in
CeNi, compounds [43]. But then it was successfully used
for S(7) analysis in HTSC systems [40, 42, 44], taking into
account the assumption of a Lorentz resonance near the
Fermi level. The following formulas were used to analyze
the data:

S = , A=
B?+T? e

AT 2AEp—E,)

_ (Ep=Ep) T

B2
n’k;

, (1)
where AT shows the conduction of metallic holes and B/T
the conduction of the semiconductor type electrons. E
and I' are the center and width of the resonance, respec-
tively. The theory is based on a localized band in density
of states D(E) near the Fermi level, which is superimposed
on a broadband [40]. Accordingly, the value (£, —-E;)
determines the position of the Fermi level relative to the
middle of the peak D(E) (see Fig. 3(a) in Ref. 40). This
resonance peak gives the characteristic temperature de-
pendence of TEP. To explain the temperature dependence
of TEP in HTSCs, the linear term o7 was added to Eq. (1)
for S(7), which represents the contribution of the normal
band [40, 44, 45]:

AT

S:
B2+T?

+aT. ©)

Equation (2) has been used to fit TEP data for HTSCs by
many research groups, and the results obtained showed
good agreement with experimental results, especially well
above T, [40, 45 and references therein) ]. However, from
Eq. (2), the TEP is expected to become zero at 0 K, but for
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Fig. 2. (Color online) Temperature dependences of S for
YBa,Cu;0_5 polycrystals S1 (7° = 125 K), S2 (T" = 138 K), and
S3 (T" = 143 K) in comparison with theoretic models (2) (black
dashed curves) and (3) (red solid curves).

Table 2. Results of experimental data processing within the
framework of the model (3)

Samples | T,, | 4, B, o, Er—Ey, T, To»
K |pv| K | pvK? meV meV | K

S1 90 | 52 | 22 | 0.0127 0.026 | 3.43 | 88
S2 84 | 570 [40.5| 0.017 0285 | 632 | 84
S3 80 | 800 | 46 | 0.026 0.4 717 | 78

HTSCs, the TEP drops to zero just below 7. To eliminate
this inconsistency, the temperature 7" has been replaced by
(T -T,,) in Eq. (2) as shown below [45]:

AT -Tg)

S:W'F(X(T—TSO), (3)

where T, = T, is the temperature of zero TEP for HTSCs.

Temperature dependencies of experimental TEP data
for samples S1, S2, and S3 are shown in Fig. 2. The expe-
rimental S(7) data were fitted to the formula (3) (red
curves) and the fitting parameters are given in Table 2.
Let’s note the following. Model (3) gives good agreement
between the experimental and calculated curves for all
samples, and with reasonable values of the parameters.
Unlike Y,_.Pr,Ba,Cu;0, [40], with a decrease in the con-
centration of charge carriers, all parameters are gradually
increased. Interestingly, both the width of the resonance
peak I' and the value (£, — E,)) increase linearly. That is,
as well as in Y_,Pr,Ba,Cu;0, the Fermi level moves to the
upper edge of the band [40], suggesting the observed in-
crease in the TEP value [46]. However, it should be noted
that the fitting is incomplete. Indeed, all theoretical
curves deviate downward from the experiment at I'< 7.
This result seems to be quite reasonable since it is be-
lieved that at 7< T, the PG opens in the HTSCs and the
rearrangement of the Fermi surface begins [5, 7-9].

As a result, the Lorentz resonance near the Fermi level
can be suppressed, making the model (3) inapplicable. In
addition, the black dashed curves in the figure correspond
to model (2) and clearly do not fit the experiment. There-
fore, model (2) is not considered in detail. We awaited
more information, comparing the S(7) data with the results
of the FLC and PG analysis as shown below.

3.2. Fluctuation conductivity

The linear p(7) above T was proven to be an integral
feature of the normal state of cuprates (e.g., YBCO) [47],
which is characterized by the stability of the Fermi surface
[5, 7-9], as mentioned above. At < T the p(T) deviates
downward from the linearity, resulting in appearance of the
excess conductivity o'(T):

1 1

'T)=o(T)—oy(T) = ————,
c'(I)=o(T)—oy(T) o™ on@)

“

886 Low Temperature Physics/Fizika Nizkikh Temperatur, 2021, vol. 47, No. 10



Comparative analysis of the temperature dependences of the resistivity, pseudogap and thermoelectric power

where p, (T) = aT +p, is the resistivity of the sample in
the normal state, extrapolated to the low temperature re-
gion. It is worth noting that at 7= 7" not only p(7) deviates
downward from linearity but also DOS at the Fermi level
begins to gradually decrease, which means the opening of
PG [2, 4, 5]. In addition, at T=T " the Fermi surface is be-
lieved to change [7-9], most likely because of the for-
mation of the LPs just below 7" [3, 15, 16]. Thus the proper
determination of 7" is of a primary importance for the FLC
and PG analysis. Fortunately, the above precise method for
finding 7" allows a quite well way of determining 7" with
sufficient accuracy.

In accordance with modern concepts [1, 3, 15, 16, 27,
48-51], the small coherence length in combination with the
quasi-layered structure of HTSCs leads to the formation of
a noticeable, in comparison with conventional superconduc-
tors, range of SC fluctuations, AT 1 in cuprates above T,.
In this range, fluctuating Cooper pairs (FCPs) behave in a
good many ways like ordinary SC pairs, but without long-
range order (the so-called “short-range phase correlations”)
[1-3, 1016, 48], and the excess conductivity, ¢'(T), obeys
the classical fluctuation theories [28-31]. Usually, in YBCO,
AT, =Ty, - T = (10-20) K, where Tj; is the Ginsburg
temperature, down to which the Bogolyubov mean-field
theory works. The range of AT, is determined by a change
in the oxygen stoichiometry, the presence of impurities
and/or structural defects which have a significant effect on
o'(T) and, accordingly, on the implementation of various
models for describing the FLC above 7, [24, 28-31, 47].
Importantly, as mentioned above the behavior of TEP in
the range of SC fluctuations has not yet been studied in
detail.

In order to estimate the FLC within the local pair
model [1, 3, 15, 16], it is also necessary to determine the
critical temperature in the mean-field approximation, Tc’"f
[3, 51, 52], which limits the range of critical fluctuations
around 7, in which the order parameter A <kzT [52, 53].
The T, c”’f is an important parameter of both FLC and PG
analysis since it determines the reduced temperature

T— Tcmf i
€= P

c

, which is included in all equations. In HTSCs

near T,, the FLC is always described by the Aslamazov—
Larkin [28] equation for any 3D systems [3, 35, 51, 54]:

2
’ e —
S3p =GCsp —32}[& (0)3 1z (5

To determine 7, cmf we use an approach proposed by Beasley,
etal: from Eq. 5, o' X(T) ~e~ T — Tc'”f and is zero when
T= Tcmf [52]. The result is shown in Fig. 3, using S1 as an
example. Also shown are T,, the Ginsburg temperature
Ts > TC’"f, and 3D-2D crossover temperature 7;,. Using the
same approach, Tcmf for all samples was obtained (Table 1).
Having determined both 7 *, o'(T) and TC’”f , we can plot the
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Fig. 3. Temperature dependence of the inverse square of the ex-
cess conductivity, o' %(T), for the polycrystal of YBa,Cu;O7
with 7, = 90 K (sample S1), which determines 7" = 91.9 K. The
arrows also show T, the Ginzburg temperature 7;;, and the
3D-2D crossover temperature T;.

dependences Inc’ versus Ine for each sample. Figure 4 shows
results for S1 (a) and S3 (b). As in all cuprates [24, 54], near
T,, Inc" in both S1 and S3 is well described by Eq. (5).
In the figure, these are straight red lines (1) with a slope
A= —1/2. This is because at T <7, the coherence length
along the ¢ axis, &_.(T)=£,(0)e""? >d = 11.67 A, which
is the YBCO unit cell size along the ¢ axis [55], and FCPs
can interact in the entire sample volume forming the 3D
state. It should be noted that S1 demonstrates the behavior
of FLC, which is characteristic of well-structured YBCO,
both films [53] and single crystals [54]. Indeed, above the
3D-2D crossover temperature 7, (marked as In g, = —5.25
in the figure) the data deviates above the 3D—AL line and
can be well described by the 2D Maki—Thompson (2D—
MT) equation of the Hikami—Larkin theory [29]:

2
Gy = 2De_. 1 In (S/Q)'l+a+\/l+2a (6)
8dn 1-a./d 1+8++/1+28

where a=2[£,(0)/d ]*€7! is the coupling parameter,

16[e. 07
SZBE{%} kgTt, (7
is the pair-breaking parameter, t,B7 =nh/8kze, = A/ ¢,
is the lifetime of the FCPs and 4 = 2.998-10 '* sK. The
factor B =1.203(¢/¢,,), where ¢ is the mean free path and
&4 (T) is the coherence length in the ab plane, corresponds
to the case of the clean limit (¢/>§&) [3, 29, 31]. On a double
logarithmic scale Eq. (6) is the solid blue curve in Fig. 4(a),
which perfectly describes the data in the range between T,
(Ingg;= —3.45 in the figure) and 7j,. This is because at
T,<T<Ty d>£.(T)>dy = 4 A [55], which is the dis-
tance between the conducting CuO, planes. Thus the planes
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Fig. 4. (Color online) Inc’ vs Ing of the YBa,Cu;30g44 polycrystal with T, = 90 K [S1, gray dots, (a)] and after annealing to the 7, = 80 K
[S3, green dots, (b)] in comparison with fluctuation theories: 3D-AL (red solid lines ), 2D-MT [blue solid curve 2, (a)], and LD [green
solid curve 3, (b)]. In (g;) determines the Ginzburg temperature 7, In(g,) determines the crossover temperature Ty, and In (g,,) deter-

mines 7y, which limits the region of the SC fluctuations from above.

are connected by the Josephson interaction forming the
2D fluctuating state of cuprates [29, 30]. Accordingly, at
T=T, &.(T,)=d [3, 35, 53, 54]. This allows the determi-
nation of the coherence length along the c axis [51, 54]

£ (0)=d\[e, . (8)

Taking found 7;, = 92.4 K (Ing; = —5.25) into account, from
the Eq. (8) we find &_(0) = (0.86 = 0.02) A (S1), which is a
typical value of &_(0) for optimally doped untwined YBCO
single crystals with close 7, = 91.6 K [54]. In turn, S3
demonstrates the behavior of FLC, which is characteristic
of YBCO films with defects [52] and indicates the for-
mation of point defects in the sample upon annealing, as
mentioned above [37]. Indeed, above T;, = 92 K (denoted
in the figure as Ingy = — 4.08), the data deviate downward
from the 3D-AL line [Fig. 4(b)] and can be well described
by the Lawrence—Doniach (LD) [56] equation of the
Hikami—Larkin theory [29]:

o ,=C —62 ¢!
B end 1+ 20

In this equation, we note that ¢’ will diverge as eV 3D
behavior) when the temperature is close to 7, C’”f , and that ¢’
will go as ¢! dependence (2D behavior) at sufficiently

(€)

Table 3. Parameters of the FLC analysis of YBa,Cu30;_;
polycrystal at different annealing

Samples | 7", K Te,K | Tor, K | £(0), A | do, A
S1 9191 92.0 94.8 0.86 4.82
S2 90.62 90.7 99.7 1.4 4.41
S3 90.8 90.8 102.5 1.52 4.24
888

high temperature such that 2£_(T")/d <1. On a double lo-
garithmic scale, this is the solid green curve in Fig. 4(b),
which perfectly describes the data in the range between
Ty, = 102 K (Ingy; = — 2.05 in the figure) and Tj,. Taking
found 7, into account, from the Eq. (8) we find &,(0) =
=(1.52 £ 0.02) A (S3), which, as expected, increased with
decreasing T, in accordance with the theory of supercon-
ductivity [6]. Above Tj,; the CuO, planes are no longer
related by the correlation interaction [27, 30], since now
€.(T)<d,, the experimental data completely deviate
down from the theory. It is clear that & (T,;)=d,, and fi-
nally dy, =d.gy/gy = =(4.5 + 0.3) A [3, 35, 53, 54],
which is close to the inter-planar distance in YBCO [55].
Found from the FLC analysis &_(0) are important parame-
ters for calculating the temperature dependences of PG, as
will be shown below.

3.3. Analysis of the pseudogap temperature dependence

To analyze the excess conductivity o'(7) in the entire
temperature range from 7 down to 7; we use equation [17]

(=T /T yexp (=A™ /T)
1615, (0)y 27 sinh (2¢/€%)

o'(T)=4, , (10

where (1 — T/T") determines the number of pairs arising
at T<T", and exp(—A*/T) gives the number of pairs de-
stroyed by thermal fluctuations below 7., [3, 17]. The
equation (10) is based on ideas from Leridon, et al. [57]
but markedly modified to provide the best fit for o’'(7) over
the entire temperature range from 7" down to 7. In addi-
tion, it was successfully used to describe the excess conduc-
tivity in different HTSCs [3, 17, 24, 35, 54, 58] including
FeAs-based superconductors [59]. Solving Eq. (10) with
respect to A*(T'), we obtain the equation for the PG [17]:
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A(T) =
2
=Tm‘@@—13 I e 1 ,
") c'() 16hE,(0) \[2¢ sinh (26 /&%)

(In

where o'(T) is the experimentally determined excess con-
ductivity.

In addition to T*, Tcmf , & and &_.(0), which were al-
ready defined above, both equations contain A™(7;), the
theoretical parameter €., [57] and the coefficient A,,
which has the same meaning as the C-factor in the theory
of FLC [30]. It is believed, that in cuprates A*(7;) = A(0),
which is a SC energy gap at 7= 0[17, 60, 61]. Thus, A*(7;)
determines the actual PG value in the sample. Note that
in the model of LPs, all parameters included in Egs. (10)
and (11) can be directly determined from experiment [3, 17,
24,35, 54], as discussed below.

To find A*(7;), we plot the experimental values of ex-
cess conductivity in coordinates Inc’ vs 1/T [3, 17] (Fig. 5)
and approximate them by the theoretical dependences
Inc’(1/7) calculated by the Eq. (10) (red curve in Fig. 5).
With this construction, the shape of the theoretical curve
turns out to be very sensitive to the value of A*(7y)
[17,24,35]. The best approximation is achieved at the
value of the Bardeen—Cooper—Schrieffer (BCS) ratio
D" =2A(0)/ kT, =2A"(T,;)/ kyT, =5.2 for S1. D" =(5+0.2)
is a typical value for YBCO, suggesting the strong cou-
pling limit for HTSCs [62]. To find the theoretical pa-
rameter €., [57] we use the experimental fact that in the
region Ing,j <lne<lne,y, (refer to Fig. 6) o' ~ exp(e)
[17, 24, 54]. As a result, in the temperature range
€.01 <E<E,q IN(c’") is a linear function of & with a slope
a” = 17, which defines the parameter &, =1/a" = 0.059
for S1 (refer to inset to Fig. 6). Now the coefficient 4, can
be determined. For this, using Eq. (10), the dependence

6
Tl
=
o
= 2A" kT, =52
S "
b, 2
£
0 L | L L
0.009 0.010 0.011
T, 1/K

Fig. 5. (Color online) Ino’ as a function of 1/T of the sample S1
in the entire temperature range from 7" down to Tcmf (gray dots).
Red curve is approximation of experimental data by Eq. (10) with
a set of parameters given in the text. The best approximation is
achieved at the value of the BCS ratio D" = 2A"(T};) / kT, = 5.2.

4 Ing,y =-3.5
G
T/'\
g 20 Ing,,=-2.1
C} - Ingj, = 1/17=0.059
~ E1SF
<0 o a* =17 o
b 2rg
g | 3o
L
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-0.1 0 0.81 0.2 0.3
0 1 1 1
-7 -6 5 4 3 2
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Fig. 6. (Color online) Inc' as a function of In¢ (dots) of the sam-
ple S1 in the entire temperature range from 7" down to 7. Red
curve is approximation of experimental data by Eq. (10) with a
set of parameters given in the text. Insert: In (1/c’) as a function
of &. The red straight line denotes the linear part of the curve between
€., = 0.03 and €.y, = 0.12. The corresponding values of In(g,;)
and In(e,(,) are indicated by arrows on the main panel. The slope
o = 17 determines the parameter ., =1/ a* = 0.059 [57].

o'(7) is calculated with the parameters already found and,
selecting 4,, is combined with the experiment in the re-
gion of 3D-AL fluctuations, where Inc’ is a linear function
of Ing with the slope A = —1/2 [29, 30, 49, 52] (Fig. 6,
red curve). The fit gives 4, = 0.22 for S1. For all the
samples under study, the similar graphs were obtained as
in Figs. (5), (6), and the corresponding parameters were
found for samples S2 and S3 (Table 4).

Having determined all necessary parameters (refer to
Tables 1, 2, and 3) we were able to plot the temperature
dependences PG, A*(T), for all samples. For example, the
curve A*(T) for S is calculated using Eq. (11) with the
following set of parameters: T* = 125 K, Tc’”f =91.91 K,
£.(0) = 0.86 A, gy = 0.059, and 4, = 0.22. The corres-
ponding parameters determined for S2 and S3 are listed in
the tables. The results are shown in Fig. 7(a)—(c) together
with p(7) and S(7). S1 demonstrates A*(T) [Fig. 7(a)],
which is typical for optimally doped (OD) single crystals
with a moderate number of defects and very likely without
twins [63]. The pseudogap A*(T) sharply increases in the
range 7" >T>T pair demonstrating maximum at 7,,,;, ~ 114 K,
which is characteristic of OD YBCO single crystals [64].
Recall that 7, corresponds to the temperature at which
LPs transform from strongly bound bosons SBBs into
FCPs [3, 17]. As in OD YBCO single crystals, below T pair»
the A*(T') dependence becomes linear with a positive slope
down to Tj, (red line in the figure). In addition, A*(T)
shows a minimum at 7 = 7j,;, a maximum at about 7}, and
a final small minimum at 7. This behavior of A*(T') near
T, is typical for all well structured HTSCs [35, 54, 63],
including even FeSe [65].
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Table 4. Parameters of the pseudogap analysis of YBa,Cu;0;_5 at different annealing

Samples T*, K T K el 4, D', K A (Ty) K | A'(T5).K | Sy HV/K
S1 125 114 0.06 0.22 5.2 245 236 1.93
S2 138 100 0.09 0.33 5.4 237 226 9.0
S3 143 107 0.22 0.17 5.0 239 200 12

Upon annealing, not only 7, changes, but the shape of
the dependences A*(T) also changes noticeably [Figs. 7(b)
and (c)]. Ultimately, at 7, = 80 K, the shape of the A*(T)
becomes the same as in well-structured YBCO films [17]
and single crystals [54], with a wide maximum at 7.
Indeed, the more defects, the more isotropic the sample
[37]. However, the behavior of A*(T') near T, is noticeably
violated, namely: the minimum at 7j,, and the maximum at
T, disappear, but the minimum remains at 7;. Most likely,
this is a feature of polycrystals with defects, which leads to
very low values of 7,,;. observed in the experiment. As can
be seen from Table 4, the values of D™ and A*(Tpair) re-
mains almost independent on the charge carrier density 7.
At the same time, as expected, the “fundamental” value of
A"(t)=A(0) [60, 61] noticeably decreases upon annealing,
that is, with a decrease in 7. This result seems reasonable,
since a decrease in 7; with decreasing n, is clearly ob-
served for both YBCO [17] and BiSCCO (Bi-2212) cuprates
[66]. In Fig. 7, in addition to A*(T'), are also shown p(7) and
S(T) for each specimen S1, S2, and S3, allowing details of
the behavior of PG and TEP to be analyzed.

Above T*, S(T) is perfectly approximated by the model
(3), as noted above (red curves at the bottom of Fig. 7). At
T<T" the slope of the S(7) curves markedly changes.
Comparison with A"(T) convincingly shows that the
growth of S(7) begins precisely at 7*. It is currently be-
lieved that the opening of PG in cuprates at 7" is accom-
panied by a rearrangement of the Fermi surface [7-9, 67]
due to the formation of bound fermions, the so-called LPs
[10-16]. As a result, model (3) does not fit the S(7) data
below T*. However, since the resistivity decreases below
T*, it can be concluded that LPs can transfer electric
charge without dissipation [16], which can lead to the ob-
served increase in S(7). Interestingly, with a decrease in
the density of charge carriers n, upon annealing, S(7) in-
creases by more than 6 times (Table 4). Figure 7 also
shows that TEP of all three samples reaches maximum at
Ty, then begins to decrease in the region of SC fluctua-
tions, and, as expected, rapidly drops to zero below T .
The fact that the TEP demonstrates a maximum precisely
at T'=T,, was also discovered for the first time.

300 ‘ 300 300
LT, ~ 924K a [ N b I T..~107K (¢
250 o T~ 114K 250 4 3‘O/T°‘ qx ®) 250 &ngéop (©)
M 200 A ) Mzooj/i’(£g o ¥ 200( § @
- ! | 94K . | \ - Ty X 102K
<150 7+ 92K 9 <150 [Tg~P1K g <1507~ 91K O\
91000 || 9100 | \O 91001 o
S T"=125K 501 \i I'=138K 50( \?=143K
0 N B ¢ 2. (A R 4 0 \% . L 116 0 o, ST I
c H./O.’.'is . Eo o000 . 4+ M16
A 3 412 | ]
52T I3 I ¥ &5 3P 112
g g < g | = [
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a 1Ip e ¥ oo SENS 19
- 41 . 1 14 - 1 ! —14
a | Q L&) i S8 K ]
N I S T 0 [0V A1 A R P S oot o L
90 120 150 180 90 120 150 180 90 120 150 180
I,K T,K T,K

Fig. 7. (Color online) (a) Upper panel: the temperature dependence of the pseudogap A*(T') for sample S1 (dots) calculated using Eq.
(11) with the set of parameters given in the text. The red line denotes the linear part of A*(T) below T, . . Arrows indicate the cor-

pair *

responding characteristic temperatures. Solid curve is guidance for eye. Bottom panel: p(7) (blue dots) and S(7) (gray dots) for S1.
Red line denotes p, (T) extrapolated to low T. Red curve is a fit of the S(7) data by the model (3). (b) Upper panel: the temperature
dependence of the pseudogap A*(T) for sample S2 (dots) calculated using Eq. (11) with the set of parameters given in the text. Ar-
rows indicate the corresponding characteristic temperatures. Solid curve is guidance for eye. Bottom panel: p(7) (blue dots) and
S(T) (gray dots) for S2. Red line denotes p, (7') extrapolated to low 7. Red curve is a fit of the S(T) data by the model (3). (c) Every-

thing is the same for sample S3.
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3.4. Analysis of the thermopower dependence on charge
carrier density

Unfortunately, there is no consensus on the mechanism
that governs the thermoelectric power in cuprates. While
phonon drag has been invoked to explain the temperature
dependence in Bi,Sr,CaCu,0g., (Bi-2212) [68], it is not
satisfactory for the case of YBCO where neither electron-
phonon nor mass-enhancement mechanisms are adequate
[69, 70]. It is believed that both the temperature and dop-
ing dependence of S are of electronic origin at least below
100 K [67]. It has been shown theoretically that in the limit
of dominant impurity scattering, S/7~(C,/T)(1/ne),
where C, is the electronic specific heat, n, is the density
of charge carriers, and e is the charge of the electron [71]
for a wide range of strongly correlated electron systems
[72]. Therefore, at low temperature the thermoelectric
power approximately represents the electronic heat capaci-
ty per charge carrier [67]. To elucidate the evolution of
TEP and clarify the possible change of electron interaction
in our samples with decreasing n, upon annealing, we
analyzed the S/T vs log T curves within the framework of
the model developed. The results are shown in Fig. 8. As
can be seen from the figure, three different types of S/7 vs
log T'behavior are observed.

Recall that the line marking the approximate position of
the pseudogap temperature T on the YBCO phase dia-
gram falls to zero at p* = 0.19 + 0.01, which corresponds
to critical doping, below which, as is known, a PG appears,
i.e., so-called quantum critical point [7, 8]. At the same
time, at H = 0, the 7™ line intersects the SC dome approxi-
mately at p* = 0.16 [8], which corresponds to the OD
YBCO system, roughly to our sample S1 (7, = 90 K). As a
result, in this case S/T, exhibits a perfect log (1/7) depen-
dence from ~ 280 K down to Tj;, with the expected change
of the slope at T* (Fig. 8). For sample S2 with doping
less than p* (T, = 84 K), S/T is nonlinear at high 7, but
becomes linear below T* (Fig. 8). That is, the expected

12

SIT-10°, pV/K?
o0

N

7300

Fig. 8. (Color online) S/T as a function of log 7 for samples S1
(gray dots, T* = 125 K), S2 (blue dots, T* = 138 K), and S3 (green
dots, 7" = 143 K). All solid lines and curves are eye guidance.

dependence log(1/7) is observed in a wide temperature
range at T'<T". This result is in good agreement with
the dependence of S/T on log (1/7) obtained in [67] for
La, 4 .Ndy4Sr,CuO4 (Nd-LSCO) with p relatively close to p*.
For sample S3 with doping much less than p* (7, = 80 K),
S/T is nonlinear, in the whole temperature range of inte-
rest, from ~ 280 K down to T;, and undergoes a large in-
crease at low temperature. This result is in good agree-
ment with the dependence of S/T on log(1/T) obtained in
[67] for Nd-LSCO with p< p*. The observed similarity
with the results obtained at Nd-LSCO suggests that there
are three different regimes of quantum criticality in both
materials: relatively flat in the Fermi liquid state, which we
probably observe for S1, logarithmically divergent at the
critical point p= p* and a jump in the ordered state, which
are typical signs of a quantum phase transition in HTSCs at
p<p". According to Ref. 67 we can conclude that these
observations suggest that p* is a quantum critical point,
below which some order sets in, causing the reconstruction
of the Fermi surface, the fluctuations of which are presum-
ably responsible for the logarithmic thermoelectric power.
We also believe that the possibility of observing such be-
havior of TEP in our samples is most likely associated with
a rather high degree of impurity scattering in YBCO poly-
crystals due to the presence of defects, taken into account
in the theory [71].

4. Conclusion

For the first time, a comparative analysis of the tempe-
rature dependences of resistivity p(7), fluctuation conduc-
tivity o'(7), pseudogap A*(T) and thermoelectric power
S(T), measured on optimally doped textured YBa,Cu;0,_;
(YBCO) polycrystals before and after annealing, has been
carried out. Annealing was performed in two stages, which
led to a noticeable decrease in T, from 90 K (sample S1) to
84 K (S2) and, finally, to 80 K (S3), most likely due to a
decrease in the charge carrier density 7. The resistance of
the samples in the course of annealing noticeably increas-
es, but the slope dp/T in the region of linear behavior of
p(T) above T* practically does not change. This suggests
that, in our samples at large ng, Matthiessen’s rule is satis-
fied in a good approximation. That is, the resistance of the
sample during annealing actually increases due to an in-
crease in py, which occurs as a result of an increase in the
number of point defects in the sample. This conclusion is
supported by the results of the FLC analysis. In the case of
S1, Inc’ vs Ine demonstrates a clear contribution of 2D-MT
fluctuations above the 3D-2D crossover temperature 7j,,
which is typical of well-structured HTSCs [Fig. 4(a)]. Af-
ter annealing (sample S3), the MT term is completely sup-
pressed, and Inc’ vs In€ above T is described by the LD
model typical of HTSCs with defects [Fig. 4(b)].

In contrast to the resistivity, the temperature depen-
dence of the PG, A*(T), turned out to be more informative
(Fig. 7). S1 demonstrates A™(T) [Fig. 7(a)], which is typical
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for optimally doped single crystals with a moderate num-
ber of defects and without twins [63]. It is shown that
A" (T) sharply increases in the range 7" >T > T air demon-
strating maximum at 7},;. ~ 114 K, which is characteristic
of OD YBCO single crystals [64]. Below T, the A*(T)
dependence becomes linear with a positive slope down to
Ty, (red line in the figure). In addition, A*(T) shows a mi-
nimum at 7 = T,;, a maximum at about T;,, and a final
small minimum at 7 . This behavior of A*(T) near T, is
typical for all HTSCs [35, 54, 63], including even FeSe
[65]. Upon annealing the dependences A*(T) change no-
ticeably [Figs. 7(b), and 7(c)]. Ultimately, at 7, = 80 K,
the shape of the A"(T) becomes the same as in well-
structured YBCO films [17] and single crystals [54], with a
wide maximum at 7,;.. Indeed, the more defects, the more
isotropic the sample [37]. However, the behavior of A™(T)
near T, is noticeably violated, namely: the minimum at 7,
and the maximum at 7 disappear, but the minimum re-
mains at T; . Most likely, this is a feature of polycrystals
with defects, which leads to very low values of 7, ob-
served in the experiment. But the values of D" and A" (T, pair)
remains almost independent on the charge carrier density
n, (Table 4), while, as expected, the “fundamental” value
of A*(TG) = A(0) [60, 61] noticeably decreases upon an-
nealing, i.e., with decreasing of ny. This result seems rea-
sonable since a decrease in A*(Ty) is clearly observed for
both YBCO [17] and BiSCCO (Bi-2212) cuprates [66]
with decreasing in n,. However, due to the lack of a rigor-
ous PG theory, it is impossible to draw an unambiguous
conclusion from these results about the change in the elec-
tronic interactions in the sample.

Somewhat unexpectedly, it turned out that the study of
TEP provides more relevant information. The S(T) analysis
was carried out in two stages. We first tried to describe S(7) in
terms of the ““Two band model with modified linear 7-term”
which is based on the fact that the TEP in HTSCs is similar to
heavy fermion systems with mixed-valence [42, 43]. The re-
sults shown in Figs. 2 and 7 by red curves describe the data
well, but only above T*, making it impossible to obtain
information about the change of interaction in the electron-
ic subsystem in the pseudogap state. Then we examined
the S(7) data within the approach proposed in Ref. 67.

Unfortunately, there is still no consensus on the mecha-
nism that governs the thermoelectric power in cuprates.
However, it is believed that both the temperature and dop-
ing dependence of S are of electronic origin at least below
100 K [67]. It has been shown theoretically that in the limit
of dominant impurity scattering, S/7~(C,/T)(1/ne),
where C,, is the electronic specific heat, n,is the density of
charge carriers, and ¢ is the charge of the electron [71] for
a wide range of strongly correlated electron systems. To
elucidate the possible change of electron interaction in our
samples with decreasing n, upon annealing, we analyzed
the S/T vs log T within this theory using the approach de-
veloped in Ref. 67. Three different types of dependences of

S/T on log T were observed (Fig. 8), which suggests that
the mechanism of electronic interaction in YBCO changes
upon annealing, since S/T~ 1/n .

It is shown that S1 (7, = 90 K) exhibits rather unusual,
almost flat dependence of log (1/7) from ~ 280 K to T,
with the expected change in slope at 7*. This dependence
is typical for p > p*, where reduced charge carrier density
p* corresponds to the quantum critical point in cuprates
[8, 67]. Accordingly, S2 (T, = 84 K) exhibits nonlinear S/T
at high 7, but, as expected, a clear log (1/7) dependence is
observed over a wide temperature range at 7 < T*. This
result is in good agreement with the dependence of S/T on
log (1/T) obtained in [67] for La; ¢ Ndy4Sr,CuO, (Nd-LSCO)
with p < p*. Ultimately, for sample S3 with doping much
less than p* (T, = 80 K), S/T is nonlinear, in the whole
temperature range of interest, from ~ 280 K down to T,
and undergoes a large increase at low temperature. This
result is in good agreement with the dependence of S/7 on
log (1/T) obtained in [67] for Nd-LSCO with p < p*. The
observed similarity with the results obtained at Nd-LSCO
suggests that there are three different regimes of quantum
criticality in both materials: relatively flat in the Fermi
liquid state, which we probably observe for S1, logarithmi-
cally divergent at the critical point p < p* and a jump in
the ordered state at p < p*, which are typical signs of a
quantum phase transition in HTSCs at p < p*. According
to Ref. 67 we can conclude that these observations suggest
that p* is a quantum critical point, below which some or-
der sets in, causing the reconstruction of the Fermi surface,
the fluctuations of which are presumably responsible for
the logarithmic thermoelectric power. The possibility of
observing such behavior of TEP in our samples is most
likely due to a rather high degree of impurity scattering in
YBCO polycrystals due to the presence of grain bounda-
ries, which is assumed in the theory [71].
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IMopiBHANBHUI aHani3 TeMmnepaTypHUX 3anexXHocTen
NMTOMOro Onopy, NcesaoLwinuHu Ta TepmoEPC
y nonikpuctanax YBa,CuzO7_s Npy 3HMKEHHI
LWiNLHOCTI HOCIB 3apsaay

A. L. Solovjov, V.B. Stepanov, Yu. A. Kolesnichenko

IIpoBeneHo MOpPIBHSUIBHUI aHAI3 TEMIIEPATypHUX 3aJIeKHO-
creii HammmmkoBoi mpoinHocti o' (7), ncepominuan (TILI)
A*(T) ta TepMOoEPC S§(7) B TeKcTypOBaHHMX HOJNIKpPHCTaNaX
YBa,Cu307_5 3 pi3HOIO MIITBHICTIO HOCIIB 3apsALy 7, B 3aJIEXKHO-
CTi Bin piBHA JoIyBaHHA KHCHeM. Iloka3zaHO, IIO Uil ONTH-
MmanbHO nomnoanoro (OJl) 3paska 3 T, = 90 K (3pasok S1), o'(7)
nobinmsy 7, nobpe ommcyerbess (QIyKTyamiHHUMH TEOpisiMH
AcnamasoBa—Jlapkina (AJI-3D) i Maki-Tomncona (MT-2D), Ta
nemoHcTpye 3D-2D kpocoBep NpH MiABUINECHHI TeMIEpaTypH.
ITpu TemnepaTypi KpocoBepa 7 BH3HAUYCHO IOBKHHY KOTE€pEH-
THOCTI B310BX oci ¢, &.(0). Ipu 3menmtenHi n, (3pasku S2 3 T, =
=84 K ta S3 3 7, = 80 K) BHecok MT npurHiuyeTbcsi, a 3a1ex-
Hicth ¢'(7T) ninnopsimkoByetbest Teopii Jlopenna—/loniaxa (JI/),
II0 THIOBO JUist 3pa3kiB 3 nedexramu. Otpumana st S1 3anmex-
micts A"(T) mae Tunosuit Bursy s O] Moxokpucranis YBCO
3 MakcuMyMmoM HpH Tpuir ~ 114 K Ta niniiinoro ninsHkoro, 1mo
cnagae 1o To; ~ 94 K, sxa oOMexye o0JIacTh HaIIPOBITHHX
¢bmykryaniit sume 7. Ilpu 3menmenni n, hopma A'(T) momitHO
3MIHIOETBCS T CTa€ TUMOBOIO st ITiBOK YBCO 3 cuMerpuaHuM
MaKCUMyMOM NpH Tp,;, Aka € Temneparyporo BEK-BKIII nepe-
XO/ly Y BUCOKOTEMIIEPAaTYPHHUX HAJIPOBIAHUKAX. 31 3MEHIICHHIM
ny Haxua S(T) 3MIHIOETBCS BiJl MO3UTUBHOTO JIO BiJl’€MHOIO Ta
JIEMOHCTpY€e OCOONMBicTH mpu Temmeparypi Bimkpurrs I 7 "
Bianosigno, 3anexuicte S(7)/T Bix logT 3MiHIOETBCS BiX
JMHIKHOT 70 HENiHIWHOI, IO BKa3ye Ha 3MiHY XapakTepy
B3a€MOJIiH B enekTpoHHii mixcuctemi YBCO npu 3MeHIIeHHi 71y,
ockinbku S/T ~ 1/ ny.

KirouoBi crnoBa: BHCOKOTEMIIEpaTypHa HAANPOBIAHICTh, (IIyK-

TyamiiHa mpoBigHicTh, TepMOEPC, momi-

kpucramu YBCO.

Low Temperature Physics/Fizika Nizkikh Temperatur, 2021, vol. 47, No. 10


https://doi.org/10.1103/PhysRevB.68.024520
https://doi.org/10.1103/PhysRevB.68.054533
https://doi.org/10.1016/j.physc.2004.09.003
https://doi.org/10.1016/j.cap.2016.05.014
https://doi.org/10.1063/1.4995634
https://doi.org/10.1063/1.4995634
https://doi.org/10.1063/10.0001059
https://doi.org/10.1002/pssc.200881763
https://doi.org/10.1103/PhysRevB.79.219905
https://doi.org/10.1103/PhysRevB.51.6175
https://doi.org/10.1103/PhysRevB.51.3104
https://doi.org/10.1103/PhysRevLett.75.4114
https://doi.org/10.1143/JPSJ.74.254
https://doi.org/10.1088/0953-8984/16/28/037
https://doi.org/10.1088/0953-8984/16/28/037

	1. Introduction
	2. The experiment
	3. Results and discussion
	3.1. Resistivity, critical temperature, and thermoelectric power
	3.2. Fluctuation conductivity
	3.3. Analysis of the pseudogap temperature dependence
	3.4. Analysis of the thermopower dependence on charge carrier density

	4. Conclusion

